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Abstract
We investigate a two-player zero-sum differential game in which the players
have an asymmetric information on the random terminal payoff. We prove
that the game has a value and characterize this value in terms of dual solu-
tions of some Hamilton-Jacobi equation. We also explain how to adapt the
results to differential games where the initial position is random.

1 Introduction

In this paper we investigate a two-player zero-sum differential game in which
the player have an asymmetric information on the random terminal payoff.
The dynamics of the game is given by

' (t) = fa(t),u(t),v(t)), u(t) e U, v(t) eV (1)
z(to) = o
where U and V are compact subsets of some finite dimensional spaces, and
f: RN xUxV — RN is Lipschitz continuous. We consider a finite
horizon problem with a terminal time denoted by 7. The game starts at
time top € [0, 7] from the initial position x.
The description of the game involves I x J terminal payoffs (where I, J >
1): gij : RN — Rfori=1,...] and j = 1,...,J, a probability p =
(pi)i=1,..,1 belonging to the set A(I) of probabilities on {1,...,I} and a
probability ¢ = (g;);=1,....s of the set A(J) of probabilities on {1,...,J}.
The game is played in two steps: at time tg, a pair (7,7) is chosen at
random among {1,...,I1} x {1,...,J} according to the probability p ® ¢ ;
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the choice of i is communicated to Player I only, while the choice of j is
communicated to Player II only.

Then the players control system (1) in order, for Player I, to minimize
the terminal payoff g;;(x(T)), and for Player II to maximize it. We assume
that both players observe their opponent’s control. Note however that the
players do not know which g;; they are actually optimizing, because they
only have a part of the information on the pair (i, 7). They can nevertheless
try to guess their missing information by observing what their oponent is
doing. Indeed, in order to use his information a player necessarily reveals
at least a part of it, and any piece of information he reveals can be later
exploited by his oponent.

As usual we introduce two value functions associated to this game. We
have here to take special care of the way we define the strategies of the
players, since this definition has to represent the lack of symmetry in the
knowledge of the players.

The upper-value is given by

V+ t ) s Py = inf ) « 3 Xtowo,alﬂ] )
(fo, 70,9,) (@) EAnto)T (3,)e (B to) ;;pq] & (g]( ))

where the o; € A, (tg) (for i = 1,...,1) are I random strategies for Player
I, the B; € By(to) (for j =1,...,J) are J random strategy for Player II and
Eo, s (913 (Xto’xo’a“ﬁ”)) is the payoff associated with the pair of strategies
(a, B;) for the terminal payoff g;;: these notions are explained in the next
section. The key point in the definition is that Player I chooses his strategy
a; (1 = 1,...,I) according to the value of the index i only, while Player
IT has a strategy ((3;) which only depends upon the index j. This reflects
the asymmetry of information of the players. The sum 3 ; >°, pig; . . . is the
expectation of the payoff when the pair (7,7) is chosen according to the

probability p ® ¢, where p = (p1,...,pr) and ¢ = (¢1,...,qJ)-
The lower-value is defined by the symmetric formula:

_ o
Vv (th Zo, P, Q) = sup inf pzq o i Xto 0 ) .
(B;)€(Br(t0))” (i) €(Ar(to))! ;; J Bj ( J ( ))
Obviously we have
V- (t()? Zo, D, q) < Vv—"_(ll,o7 To, P, q)

for any (tg,z¢) € [0,T] x RY, any probability p € A(I) on {1,...,I} and
any probability ¢ € A(J) on {1,...,J}. Our aim is to show that the equality



holds, i.e., that the game has a value, and to provide a PDE characterization
of the value.

The game studied in this paper is strongly inspired by repeated games
with lack of information on one side and on both sides introduced by Au-
mann and Maschler : see [2], [21] for a general presentation. Repeated games
with lack of information on one side (i.e., I =1 or J = 1) or on both sides
(i.e., I,J > 2) have a value [2], [17], in the sense that the averaged n—stage
games converge to a limit as n — 4o00. This value can be characterized in
terms of the value of the game without information. In this paper, we prove
the existence of a value for differential games with lack of information on
both sides. However, we show in the companion paper [10] that the char-
acterization in terms of game without information does not hold. In that
respect, our game is close to stochastic games with incomplete information,
as studied in [20] for instance. Although it is known that stochastic games
with lack of information on one side have a value when the game is con-
trolled by the informed player only [20], the general case is still open.

There are several proofs of Aumann and Maschler’s result. In order to
show that our game has a value, we use a strategy of proof initiated by
De Meyer in [12] and later developed in [13, 14, 16]. We first note that
the maps VT = VT (t,2,p,q) and V™ = V~(t,z,p, q) are convex in p and
concave in ¢ (Lemma 3.2). This leads us to introduce, for a generic map
w:[0,T] x RN x A(I) x A(J) — R, the convex Fenchel conjugate w* of w
with respect to the variable p and its concave conjugate w® with respect to
q: V(t,x,p,q) €10, T] x RN x R x A(J)

w*(ta .’E,ﬁ, q) = Ssup pﬁ - w(ta z,p, q)
pEA(I)

and, Y(t,2,p,q) € [0,T] x RN x A(I) x R’

4 o N
w*(t,z,p,q) = inf q.q—w(t,x,p,q) .
(t, 2z, p,q) ouf a4 (t, 2, p,q)
Then the proof of the equality VT = V'~ runs as follows: we first check
(Lemma 4.2) that V—* satisfies a subdynamic programming principle and
thus (Corollary 4.3) that (¢,x) — V~*(¢,z,p, q) is a viscosity subsolution of
the (dual) Hamilon-Jacobi (HJ) equation

wy + H* (x, Dw) = 01in [0, T] x RN (2)



for any (p,q) € R! x A(J). The map H* is defined through the standard
Hamiltonian H of the game

H(z,&) = inf sup f(x,u,v).§ = sup inf f(z,u,v).£
uel yev veV uel

via the relation by H*(z,£) = —H (x, —¢). Note that we assume that Isaacs’
condition holds. We recall that the notion of viscosity solutions was intro-
duced by Crandall-Lions in [11] and first used in the framework of differential
games in [15] (see also [3], [4] for a general presentation). We also establish
a symmetric result for V% (Corollary 4.4): for any (p,§) € A(I) x R’, the
map (t,z) — V*tE(t, z,p, ) is a viscosity supersolution of the same equation
(2). A new comparison principle (Theorem 5.1) then implies that V* < V.
Since inequality V' > V"~ is obvious, the game has a value: VT =V ~. We
also have the following characterization of this value: V := VT = V= is
the unique Lipschitz continuous function which is convex in p, concave in g,
such that (t,z) — V*(t,z,p, q) is a subsolution of the HJ equation (2) while
(t,x) — Vi(t,z,p,§) is a supersolution of (2). We call such a function the
dual solution to the Hamilton-Jacobi equation

we + H(x, Dw) =0 in [0,T) x RN
w(T, ) = 32, pigj9ij(x) in RN

We discuss this terminology below.

We explain in section 6 how to adapt our approach to differential games
with lack of information on the initial positions. As previously, the game is
played in two steps. At time £g, the initial position of the game is chosen at
random among I x J possible initial positions x?j according to a probability
p ® q where p € A(I) and ¢ € A(J); the index ¢ is communicated to Player
I while the index j is communicated to Player II. Then the players control
system (1) in order, for Player I, to minimize a terminal payoff g(z(T")), and,
for Player II, to maximize it. The key assumption is that the players observe
their opponent’s behaviour, but not the state of the system x(-). We prove
that this game has a value, which can be characterized as the unique dual

solution of some HJ equation in [0, 7] x RN!7.

Although there has been several attemps to formalize differential games
with lack of information [5, 6, 7, 8], there are only very few papers in which a
game is proved to have a value: see in particular [18] and [19], which discuss
interesting examples. In [9] we consider a game with lack of information



on the current position, but with symmetric information. To the best of
our knowledge, our result is the first one showing the existence of a value
for differential games with asymmetry in the information in a general setting.

The kind of characterization proposed in this paper for the value func-
tion (as dual solution of some Hamilton-Jacobi equations) is also new. It
relies upon a new comparison principle (Theorem 5.1) stating the following;:
assume that w; and wy defined on [0, 7] x RN x A(I) x A(J) are convex in
p, concave in ¢, that (t,x) — w% (t,z,p,q) is a supersolution of the dual HJ
equation (2) for any (p, q) and that (¢t,z) — w3 (t, z, p, q) is a subsolution of
this HJ equation for any (p,q). If futhermore wi (T, z,p,q) < wao(T, z,p,q)
for any (x,p,q), then w; < ws.

Note that the fonction we for instance is a kind of supersolution for our
problem. For this reason we call it a dual supersolution of the orginal HJ
equation

wy + H (z, Dw) = 0in [0,T] x RN (3)

and we see the HJ equation (2) as a dual one. Let us recall that, although
the Fenchel conjugate of a supersolution of (3) is a subsolution of the dual
equation (2) (see [1]), the converse does not hold in general. In fact we show
through several examples in [10] that the value function V := Vf = V'~
of our game is not a solution of the original HJ equation (3), nor are its
Fenchel conjugates V* and V* solutions of the dual one (2). The particular
structure of our problem leads us to replace the classical notion of sub- and
supersolutions by a weaker one, involving families of sub and supersolutions
in some dual spaces (see also Lemma 5.4 where an equivalent definition for
dual subsolution is discussed).

We complete this introduction by describing the organization of the pa-
per. In section 2, we introduce the main notations: in particular we explain
the notions of random strategies and define the value functions of our game.
Section 3 is mainly devoted to the proof of the convexity properties of the
value functions. In section 4 we show that V=" satisfies a subdynamic pro-
gramming principle and the dual HJ equation, and give the corresponding
results for V. Section 5 is devoted to the comparison principle and to the
existence of a value. In the last section, we extend our results to differential
games with lack of information on the initial position.



2 Definitions of the value functions and notations

Notations : Throughout the paper, x.y denotes the scalar product in
the space RY, R! or R’ (depending on the context) and | - | the euclidean
norm. The ball of center = and radius r will be denoted by B,(x). If F is a
set, then 1 is the indicatrix function of E (equal to 1 is E and to 0 outside
of E). The set A([) is the set of probabilities mesures on {1,..., I}, always
identified with the simplex of R':

I
p=(p1,...,p1) € A(I) & ZpizlandpiEOforizl,...I.
i=1

The set A(J) of probability measures on {1, ..., J} is defined symmetrically.
The dynamics of the game is given by:

{ 2(t) = fx(t),ut),v(t)),  u(t)eU, v(t)eV )

.%'(to) = X0
Throughtout the paper we assume that

i) U and V are compact subsets of some finite dimensional spaces,
ii) f:RN xU xV — R is bounded, continuous, Lipschitz
continuous with respect to the x variable,
iii) fori=1,...,]and j=1,...,J, g;j : RN — R is Lipschitz
continuous and bounded.
(5)
We also assume that Isaacs condition holds:
H(z,€) := inf sup f(x,u,v).§ =sup inf f(z,u,v).£ (6)
uel yev veV uel
for any (z,€) € RN x RN. We note that the Hamilton-Jacobi equation
naturally associated with the dynamics is the so-called primal Hamilton-
Jacobi equation

wy + H(x, Dw) =0 in [0,7) x RN (7)

For any ty < t; < T, the set of open-loop controls for Player I on [tg, 1]
is defined by

U(to,t1) = {u: [to,t1] — U Lebesgue measurable} .

Ift; = T, we simply set U(to) := U(ty,T'). Open-loop controls on the interval
[to, t1] for Player II are defined symmetrically and denoted by V(to,t1) (and
by V(to) if t; = T).



If u € U(ty) and to < t; < to < T, we denote by u, the restriction of

t1,t
u to the interval [t1,t2]. We note that uy,, 7 belongs to Z]{(tl).

For any (u,v) € U(tyg) x V(tp) and any initial position zg € RY, we
denote by t — X" the solution to (4).

Next we introduce the notions of pure and mixed strategies. The defini-
tion of mixed strategies involves a set S of (non trivial) probability spaces,
which has to be stable by finite product. To fix the ideas we choose from
now on

S ={([0,1]", B([0,1]™), L"), for some n € IN*} |

where B([0,1]") is the class of Borel sets and £" is the Lebesgue measure
on IR™. As the reader can easily check, the results presented in this paper
do not depend on this particular choice of S.

Definition 2.1 (Pure and random strategies)

A pure strategy for Player I at time to is a map « : V(ty) — U(to) which
1s nonanticipative with delay, i.e., there is some T > 0 such that, for any
vi,v2 € V(ty), if vi = vy a.e. on [to,t] for some t € (to,T — 7), then
a(v1) = avg) a.e. on [to,t + 7).

A random strategy for Player Iis a pair ((Qq, Fa,Pa), @), where (Qq, Fo, Po)
belongs to the set of probability spaces S and « : Qo xV(tg) — U(to) satisfies

(i) « is measurable from Q4 x V(tg) to U(ty), with Q, endowed with the
o—field Fo, and U(ty) and V(to) with the Borel o—field associated with
the L' distance,

(ii) there is some delay T > 0 such that, for any vi,ve € V(tg), any t €
(to, T —7) and any w € Q,,

v] = vy on [tg,t) = a(w,v1) = a(w,ve) on [tg,t+ 7).

We denote by A(tg) the set of pure strategies and by A, (tg) the set of random
strategies for Player I. By abuse of notations, an element of A, (tg) is simply
noted a—instead of ((Qq,Fa,Pa), @)—, the underlying probability space
being always denoted by (24, Fo, Pa)-

In order to take into account the fact that Player I knows the index
i of the terminal payoff, a strategy for Player I is actually a I—upplet
a= (041, e ,Oq) S (Ar(to))l.

Pure and random strategies for Player II are defined symmetrically: at
time tp, a pure strategy [ is a nonanticipative map with delay from U(tg)



to V(to), while a random strategy is a map 3 : Qg x U(ty) — V(to), where
(23, F3,Pg) belongs to S, which satisfies the conditions:

(i) B is measurable from Qg x U(tg) to V(to),

(ii) there is some delay 7 > 0 such that, for any uj,us € U(tp), any
t € (to,T — 1) and any w € Qg,

up = ug on [ty,t) = Blw,u1) = B(w,us) on [tg,t+ 7).

The set of pure and random strategies for Player II are denoted B(tp) and
B, (to) respectively. Elements of B, (ty) are denoted simply by 3, and the
underlying probability space by (Qg, F3,Pg).
Since Player I knows the index j of the terminal payoff, a strategy for Player
IIis a J—upplet 8= (B1,...,85) € (B:(to))’.

Lemma 2.2 For any pair (o, 5) € A, (to) X Br(to) and any w := (w1,ws) €
Qo x Qg, there is a unique pair (uy,v,) € U(to) X V(to), such that

a(wr, vy) = uy, and B(wa, uy,) = vy, (8)

Furthermore the map w — (uw,v,) is measurable from Q x Qg endowed
with Fo, @ Fa into U(ty) x V(ty) endowed with the Borel o—field associated
with the L' distance.

Notations : Given any pair («,3) € A, (tg) X By(tg), we denote by
(X[or0:BY) the map (t,w) — (X[070™ ) defined on [tg, T] x Q X3, where
(uw, vy) satisfies (8). We also define the expectation E,s3 as the integral
over {1, x {13 against the probability measure P, ® Pg. In particular, if
¢ : RN — R is some bounded continuous map and t € (tg, 7], we have

oo (3274) = |

where (uy, v,,) is defined by (8). Note that (9) makes sense because the map

6 (X[m0t ) dPo @ Py(w) ,  (9)
aXQﬂ

t . . . t
(u,v) — X,*"" being continuous in L!, the map w — ¢ (Xto’xo’u“’v“

) is
measurable in 2, x {23 and bounded. If either o or 3 is a pure strategy, then
we simply drop o or 3 in the expectation E,g, which then becomes Eg or E,,.

Proof of Lemma 2.2 : The existence of (uy,v,) is proved in [9].
We only show here the measurability of w — (u,,,v,). For this we argue by



induction by proving that w — (uy, v,) [ from 2, x Qg into LY([to, to+
n7]) is measurable, where 7 a the minimum of the delays for o and (3 (see
condition (ii) in Definition 2.1).

Let us start with n = 1. It is enough to show that, for any Borel subsets
By and By of U(to,to + 7) and V(tg,to + 7), the set

Q.= {wEanle(uw,%)‘ : € By x By}

[to.to+T

is measurable. Let us fix @ and v in U(tp) and V(tp). Since a(wi,-)
and (w9, -) are nonanticipative with delay 7, the restrictions of a(wi,?)
and (w2, ) to [to,to + 7] do not depend on @ and 0. Hence (uy,v,) =
(a(w, ), B(w,0)) a.e. in [tg,t9 + 7). Therefore

Q= {w1 S Qa ’ a(wl,@) € Bl} X {CL)Q S Qg ’ ﬁ(w%ﬁ)‘ ) S BQ} ,

|[t0vto+7) [to.to+7

which is measurable since a and 3 are measurable. So the result holds true
for n = 1.

Let us now assume that w — (uy,, Uw)'[t0«10+n7] from Q, x5 into LY ([to, to+
nT]) is measurable, and let us show that this still holds true for n + 1. It
is again enough to show that, for any Borel subsets By and By of U(to,to +

(n+ 1)7) and V(to, to + (n + 1)7), the set

Q:i={w e Qy x Q3| (v, vy) € B; x By}

‘[to,t0+<n+1)f)

is measurable. Let us fix again @ and ¢ in U(tp) and V(ty). For any (u,v) €
U(to, to+nT) x V(to, to+nT), we denote by @ and ¥ the maps equal to u and
v on [to,tp + n7| and to & and ¥ on [ty + n7,T]. Note that (u,v) — (a,?)
is continuous from L' to L'. Since o and (3 are nonanticipative with delay
T, Uy = awi,vy) on [to,to + (n + 1)7) and v, = B(wi,uy) on [to,to +
(n 4+ 1)7). Therefore Q is the preimage of the set By X By by the map
w — (a(wi,vy), B(w2, uy)) which is measurable as the composition of the
mesurable maps w — (uw,vw)hto,tﬁm], the map (u,v) — (@,0) and the
maps « and 3. Hence {2 is measurable, and the result is proved.

QED

We now define the payoff associated with a strategy & of Player I and a
strategy 3 of Player II:
Definition of the payoff: Let (p,q) € A(I) x A(J), (to, z0) € [0,T) x RV,
& = (ay)iz1,..1 € (A (to)) and B = (3;) € (B.(ty))”. We set

I J
j(t07x07 &7ﬁ)p7 Q) = Z ZP@Q]Eazﬁj (gl] (X;S]’zmai’ﬂj)) ) (10)

i=1j=1



A~

where E,, 5, is defined by (9). Note that & does not depend on j, while 3
does not depend on ¢, which formalizes the asymmetry of information.

Definition of the value functions: The upper value function is given
by
V*t(to,z0,p,q) =  inf sup  J(to, 0, &, 5,p,q)
€A (o)) (B, (t0))?

while the lower value function is defined by

V_(t07$07p7 q) = Sup N inf Ij(thandvﬁAvpv q) .
BE(Br(to))” € (Ar(to))

Let us underline that, because of the special form of the payoff, the value
functions defined above cannot be recasted in terms of usual value functions
of a zero-sum differential game with perfect information. For instance they

do not satisfy the standard dynamic programming principle, as we show in
the companion paper [10].

3 Convexity properties of the value functions

The main result of this section is Lemma 3.2 which states that the value
functions are convex in p and concave in q. We also investigate some regu-
larity properties of the value functions.

Lemma 3.1 (Regularity of V™ and V™)
Under assumption (5), V't and V™~ are Lipschitz continuous.

Proof : We first note that the Lipschitz continuity of V'~ and V' with
respect to p and ¢ just comes from the boundness of the g;;. Using standard
arguments, one easily shows that, for any ¢y € [0,7], (u,v) € U(ty) x V(to),
the map

T — Gij (Xég,x,u,v>

is Lipschitz continuous with a Lipschitz constant independant of ¢y € [0, 7.
Hence for any pair of strategies (&, 3) € (A.(t0))! x (B,(to))” the map

I J
A, 3 to,x,0,0;
v = T Bp.) = 3D piasBaus, (g (X))
i=1j=1

is C'—Lipschitz continuous for some constant C' independant of ¢ € [0, 7], of
p € X(I) and of ¢ € A(J). From this one easily deduces that V* and V—

10



are C'—Lipschitz continuous with respect to z (see for instance [15]).

We now consider the time regularity of V'~ and V. We only do the
proof for V=, since the case of VT can be treated similarly. Let 2o € RY,
(p,q) € A(I) x A(J) and tg < t; < T be fixed. Let 8 = (3;) € (B.(to))”’
be e—optimal for V= (to,x0,p,q) and o € A, (t1). Let us define, for any
j=1,...,J, B; € B.(t1) and o/ € A, (ty) by setting (for some @ € U fixed)

3 . . o Jou if t € [to,t1)
Bj(w,u) = Bj(w, ) where u(t) = { u otherwise

for any w € Qﬁj = Qg and u € U(t1), and

U if t € [to,tl)

/ . ._
o (w,v) = { O‘(w’v\[tl,ﬂ) otherwise Yw € Qy 1= Qq, Yv € V(i) .

We note that, for any o € A, (t1) and j =1,...,J, we have
‘Xtto,xo,a'ﬁj . Xflyl“o,a,ﬁj < Mlto — tl‘eL(t_tl) Vi >t
(where M = ||f|lcoc and f is L—Lipschitz continuous) because the pair
(uw, vy) satisfying
o/(wl,vw) = u, and fj(wa, uy) = vy

is given by u, = @ and v, = f;(wa, 1) on [ty, t1] and coincides on [t1, 7] with
the pair (ul,,v],) satisfying

a(wr,v),) =, and Bj(wa, ul,) = vl, on [ty, T] .
Therefore, for any & = (a;) € (A,(t1))!, we have

j(tl,l‘o,d? (/é]>7pa Q)A
> I (to, x0,&, B, p,q) — LM|tg — t1]eL(T—t)
2 In a"€(Ar(to))! J (to, w0, &, B,p,q) — LM |to — t1|6L(T—t1)
> V= (to, 20,p,q) — € — LM|tg — t;|e=(T—1)

(where L is also a Lipchitz constant for the g;), because B is e—optimal for
V= (to, z0, p,q). Since this holds for any & = (o;) € (A,(t1))! and any € > 0,
we get

V_(tl,iﬁ(),p, Q) > V_(t(]ax(]:pa q) - LM‘tO - t1|€L(T_tl) .

11



The reverse inequality can be proved in a similar way: we choose some
e—optimal strategy 3 = (8;) € (Br(t1))” for V= (t1,z0,p,q) and we extend
it to a strategy (8;) € (By(to))” by setting (for some v € V fixed)

. { v if t € [to,t1)

ﬁj(UJ7u) - ﬁj (w,U|[t1 T]) otherwise Vw € 5, 1= Qﬁj’ Vu € U(to) ’

Bj

Then similar estimates as above show that, for any & € (A, (ty))! we have
T (to, 20,4, (B;),p,q) = V™ (t1,30,p,q) — € — LM tg — t1]e"T ")
from the e—optimality of 3 for V= (t1,20,p,q). Then we get
V™ (to, 20, p,q) = V™ (t1, 20, p,q) — LM [tg — t;]e" ")
QED

Lemma 3.2 (Convexity properties of V~ and V1)
For any (t,x) € [0,T) x RN, the maps V* = V*¥(t,z,p,q) and V~ =
V=(t,z,p,q) are convex inp and concave in q on A(I) and A(J) respectively.

Remark : This result is well-known for repeated games with lack of
information. The procedure we use in the proof is usually called “splitting”:
see [21] for instance.

Proof of Lemma 3.2: We only do the proof for V', the proof for V~
can be achieved by reversing the roles of the players. One first easily checks
that

J I
+ — ; . . t0,%0,0,0
V™ o, 20, ’q)_<ai>el<1j<to>>sz_:1q] 5B () Lz_:lpZEaiﬂ (o (x5 ))] '

Hence ¢ — V*(t,z,p, q) is concave for any (¢, x,p).

We now prove the convexity of V't with respect to p. Let (t,z,q) €
[0,7) x RN x A(J), p°,pt € A(I), A € (0,1) and &° = () € (A (t))!
and &' = (a}) € (B-(t))! be e—optimal for V*(t,z,p° q) and V* (¢, z,p', q)
respectively (e > 0). Let us set p* = (1 — \)p” + Ap'. We can assume
without loss of generality that pg\ # 0 for any ¢ (because pf‘ = 0 implies that
pg = p} = 0, so that this index ¢ plays no role in our computation). We now
define the strategy &* = (a?) € (A.(t))! by setting

1

Qoﬁ‘ = [0, 1]XQQQXQQ1, fag\ = B([O, 1])®fao®fa1, Pag\ = £1®PQQ®P 1

o )
7
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(where B([0,1]) is the Borel o—field and £! the Lebesgue measure on [0, 1])
and

a?(wa,v) if wy €10, (1= /\)p L)
(-

a;\(w17w27w37v) = ) 1]

at(ws,v) ifw €]

;
for any (wi,wz,w3) € Q » and v € V(t). We note that (., F ,P ) be-

a
longs to the set of probability spaces S and that o belongs to A, (ty) for
anyt=1,...,1.

The interpretation of the strategy & is the following: if the index i

is choosen according to the probability p*, then Player I chooses a? with
0 3.0 1

probability a pi) i+ and o} with probability 1 — (110& = %. Hence the

7 7

probability for the strategy o to be chosen is p)‘( )‘)p = (1 — \)pY, while

7,

the strategy o appears with probability p)‘ i = Ap}. Therefore

R . 7
sup@j(t,x,oﬁ\,ﬁ) E i qj supﬂE: sz 35 (%(Y & 00 B)>
= Xt 0.8 Apl t 8
243 43 9P i [ )sz af,B (gm( e )> ppAZE 1 (ng(X 0 ))]
3 27ﬁ
(1 =) 225 ¢jsupg > oE a?,8 (g” (X7 e )> 4

tx,al,B
AD2; 45 8upg D P E, <9m (X7 )>
< (1 =NVH(Et a0 q) + AV (L z, pt, Q) e

IN

because &° and &' are e— optimal for V¥ (¢,2,p°, ¢) and V*(t,z, p', q) re-
spectively. Therefore

A~

VE(ta,ptq) <sup J(t 2,64, 0) < (1= NV (ta,0°) + AV (82, p') +e
B
which proves the desired claim because € is arbitrary.

QED

The convexity properties of the value functions leads naturally to con-
sider their Fenchel conjugates. Let w : [0,7] x RY x A(I) x A(J) — R
be some function. We denote by w* its convex conjugate with respect to
variable p:

w*(t,z,p,q) = sup pp—w(t,z,p,q)  V(t,z,p,q) € [0, TIxRY xR xA(J) .
pEA(I)

13



For instance V~* and V** denote the convex conjugate with respect to the
p—variable of the functions V'~ and V.

For a function w = w(t,z, p, q) defined on the dual space [0, 7] x RY x
R! x A(J) we also denote by w* its convex conjugate with respect to p
defined on [0,7] x RY x A(I) x A(J):

w*(t,x,p,q) = sup ph—w(t,z,p,q)  V(t,z,p,q) € [0, TIx RV xA(I)xA(J) .
pER!

In a symmetric way, we denote by w# = wﬁ(t, x,p,q) the concave conju-
gate with respect to g of w:

w(t,z,p, §) = ing)d.q—w(t,x,p,Q) V(t,2,p,q) € [0, TIx RN xA(I)x R’ .
qe

4 The subdynamic programming

The main result of this section is that V% and V~* are subsolution of the
dual HJ equation. To fix the ideas, we study here the case of V™* and
explain at the very end of the section how we deduce the symmetric results

for V.

Lemma 4.1 (Reformulation of V%)
We have

Vﬁ*(ta x7ﬁ7 Q) =

J
. ~ fe sye sl 11
inf sup max {pi — ZQjEOlﬂj (gij(Xthaﬂ]))} : 1
j=1

(BHEBr(t0)) ac A, (to) €L, 1}

Proof of Lemma 4.1: Let us denote by z = z(¢, z, p, ¢) the right-hand
side of the equality. We first claim that

z is convex with respect to p. (12)

Proof of (12): The proof mimics the proof of the convexity of V. Let
(t,z,q) € [0,T)x RN xA(J), p°,p' € R, X\ € (0,1) and (ﬂjo) € (B.(t))” and
(ﬁjl) € (B.(t))? be e—optimal for z(t,z,p°, q) and z(t,z,p', q) respectively
(€ > 0). Let us set p* = (1 —A\)p° + A\p'. We define the strategies B])f € B,(t)
by setting

QBJ_A = [0, 1]XQﬁ?XQﬁJ1.’ fﬁj_A = B([O, 1])@?@)@?@1’, Pﬁ;-‘ = £1®Pﬁ§)®Pﬁj1_ s
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and .
A _ ) Bj(wa,u) ifwr €[0,(1-N))
ﬁ] (w17W2,w3,u) - { ﬁ;(w:))’u) if w € [(1 _ )\)7 1]
for any (w1, w2, ws) € Qg1 and u € U(t). Then (R4, Fyn, Py ) belongs to S
J J J J

and (ﬂj)‘) € (B(tg))?. For any a € A,(t), we have by using the convexity of
the map (s;) — max;{s;}:

~ t7x7a’/8>'\
max; {P? — 25 4B p) (gij(XT ! ))}
A t7x7a760
= max; {(1 - N — > quOéﬁ? (gij(XT j ))
~ t?z7a7ﬁ]:
+ AB; — 25 ¢ Bas <gij(XT ’)) }

t7x7a76§]

< (1= Wsupgmas; {1 - 5, 08 (950577 )|
1 t,x,a,ﬁ;
+A Sup, Max; § p; — Z] QJEaﬂjl 9ij (XT )
< (L= Nzt 2, 0% q) + Az(t,z,p',q) + €

because 3° and 3' are e—optimal for z(t,z,5°, ¢q) and z(t,z,p', q) respec-
tively. Hence
Z(tax)ﬁ)\7Q)
AN t7m7a7ﬁ]>'\
< sup, maxj 4 p; — >_; (Ian,ﬁ; 9i5(Xp )
< (1= Nzt a, %) + Xt 2, q") +e,

which proves the desired claim because € is arbitrary.

Next we show that V~* = z. Indeed we have by definition of z:

Z*(t, @, p,q)
. L b0, 35
= supp.p — inf max < p; — mfz ¢ Eap; (gij (Xp ))
P (B;) ¢ a ;

1 N N 1 t? sy 05
- ?;11[)’ sSup min {p-P -pit ugfz ¢ Eap; (gij(XTx “ 5J)) }
j) P j

In this last expression, the sup is attained by
D

b= 1nf Y q;Bag, (95(X7)
J

15



for which all the arguments of the min; are equal. Hence

. Lo
2 (60,p,0) = subg, Xypiinfa X, 0B, (0(X7"7))
V=(t,z,p,q) .

Since we have proved that z is convex with respect to p, we get by duality
V™ =2 =2,

QED

Lemma 4.2 (Sub-dynamic principle for V%)
We have for any (to, 2o, D, q) € [0, T) x RN x RI x A(J) and any t; € (to, T,

XtO,iUOya B

Vﬁ*(t()am(hﬁa q) = inf sup V- ( 7p7 Q) .

BEB(to) e A(to)

Proof : Let us denote by Vi *(to,t1,x0,p,q) the right-hand side of
the above inequality. Arguing as in Lemma 3.1 one can prove that V; * is
Lipschitz continuous with respect to . We also note that Player I can play
in pure strategies in ¥V ~*: Namely

V7 (t,z,p,q) = inf su max E i tha’ﬁj
( p Q) (ﬁj)E(Br(t))J aE.AP()t) ie{l,.-.,l} { ZqJ ﬁj [g]( )} }

(13)
for any (¢, z,p,q) € [0,T) x RN x R! x A(J). Indeed, we have from Lemma
4.1 that

Vi*(t,.'lf,ﬁ, Q) =

inf sup max { qu af; (9zg twaﬂ]))} .

(B))(Br(t0))” ac Ay (to) i1€{1:1

Hence the inequality “>" in (13) is obvious because A(t) C A, (t). To prove
the reverse inequality we first note that, for any a € B,.(ty) and for any
wy € Qq, awy, ) belongs to A(tg). Let us fix (3;) € (B(t))’. We have, from
the convexity of (s;) — max;{s;},

SupaeAr(t) max; {pZ E q] B (ng(thaﬁJ»}
= SUWPaca, (1) an max; {p’ 225 4 Eg, (9ig (Xt el )ﬁ]))} dPy(w1)
< SUPqe A, (t) SUPw, eq,, MaX; { — E QJE[EJ (92] (Xt 0wy )7/8]))}
e s )

IN
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Taking the infimum over (3;) € (B(t))” gives (13).

Let e > 0 and 3° € B(ty) be some pure e—optimal strategy for V;~*(to, t1, o, P, q)-
For any z € RY, we can find some e—optimal strategy 3% = (B7) € Br(t1)
for Player IT in the game V~*(t1,z,p,q). From the Lipschitz continuity of
the map

~ t:y7a7ﬁ:p
Yy — sup _max {pi—qu'Eﬁ; [Qij(XT ])]},
j

acA(t) i€{l,....1}

and of y — V7*(t1,y,p,q), 4* is also (2¢)—optimal for V™*(¢t1,y,p,q) if
y € B,(x) for some radius r > 0. Using the fact that f is bounded, one can
show that the reachable states from (¢g, zo) by using the differential equation
(1) is bounded, and contained in some ball Br(0). Let us set M = || f|loo
and let us fix o > 0 small such that Mo < r/2. Then we chose (x7);=1,...1,

)

.....

I _ o 1 _ 1 _ I _

forj=1,...,Jand I =1,...,lp. We choose some delay 7 € (0, 0] common
to all the strategies ﬂ;-.
We note for later use that, if for some controls (u,v) € U(tg) x V(to) and

t
for some [, we have X;""" € FEj, then

X[t X020 < || fllr < Mo < /2,

t1—7

so that Xff’xo’“’v belongs to By(z;). In particular (ﬁ;)J is (2¢)—optimal for
VT at (tl,Xff’mO’“’v,ﬁ, q). To summerize

X{0mom e B = (Bl); is (2¢)—optimal for V= at (t1, X{2""" p, q).
(14)
Let us now define a new strategy 3 = (8;) € (B,(to))” in the following
way: set
lo Ol 1 ! 1 j
Qp, =2, Q;, Fp, =F; @...0 F and Py, =P; ® ... @ PY
and, for any w = (w',...,wh) € Qg and u € U(to),

{ BO(u)(t) if t € [to,t1)
l

t To,u u
Bl u)) By, )(1) it € [, T) and X270 € B

17



Then (Qg,, F,, Pp,) belongs to S and 3 =(8;) € (Br(t))”.
For any pure strategy o € A(tp), we have:

tO (g, 6 ~ Al
i ( to,l‘o, ,ﬁj Z gi t17 70476]' 1 o
Z_] Z_] {Xto,zo,a,ﬁ EEZ}

t1—7

where & € A(t;) is defined by

@(t) ift e [to,tl]
v(t) otherwise

a(v) = av') Vo € V(t1) where v'(t) = {

the controls (i, %) being the pair associated with (a, 3°) as in (8). Hence

ie?%f“ffz}{ - ZoBs, (0™ ’BJ)>} )

lo t, XtO , T, 6 ~ ﬁl }
_ max pi — Z%’Z / gij | Xp dP; ( ) 1o
ie{1,....1} 7 = !

(where we have set O! = { X" B ¢ E})

t1—7

< i sup max <{p Zq / g th,XZ‘;)’ZO’D‘”B B, dPl( IRE!
< o . g o
= wesyiettnn | G0 Ve 7T

(because of the convexity of the map s = (s;) — max{s;})
lo

< Z (V (t Xto,xo,aﬁ D,q ) + 26) 1o
=1

(because of (14))
=V (1, X[ g) + 26

< ‘/l_*(t(btlvx(]aﬁa q) + 3€ 5

because (39 is e—optimal for Vi *(to, t1, 70, P, q)-
From this we conclude easily that

V_*(t07x07ﬁ7 Q) S ‘/1_*(t07t17x07ﬁ7 Q) .

QED
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Corollary 4.3 (V~* is a subsolution of HJ)
For any (p,q) € R x A(J), the map (t,x) — V*(t,x,p,q) is a viscosity
subsolution of the dual Hamilton-Jacobi equation:

wy + H*(x, Dw) = 01in [0, T] x RN . (15)
where H is defined by (6) and H*(x,&) = —H (z, —=§).
Remark : From the definition of H, we have

H*(z,§) :=sup inf f(z,u,v). = inf sup f(x,u,v).£ (16)
uelU veV VeV yeU

Proof of Corollary 4.3: It is well-known that a function satisfying
a subdynamic programming principle is a subsolution of the associated HJ
equation when the game is played with classical nonanticipative strategies
(see [15]). We give a short proof of this fact in the framework of nonantici-
pative strategies with delay. Let (p,q) € R! x A(J) be fixed and let ¢ be a

smooth test function such that

o(t,z) >V *(t,x,p,q)  Y(t,z) €[0,T] x RV, (17)

with an equality at (to,xo), where to € [0,7). For any v € V, let us define
the pure strategy 3 € B(ty) by setting

Bu)(t) =v Yu € U(ty), t € [to, T] .

Let us fix € > 0 and h > 0 small.
Since V~* satisfies the subdynamic programming principle of Lemma
4.2, there is some strategy «j € A(tg) such that

V= (to, 00,5, 4) < V" (to + hy X[ pg) + e (18)

Let us set up(s) = ap(v)(s) and zp,(s) = Xtor0:anb = Xlo,zounv  Then

to+h to+h
xp(to+h) = xo+ f(zn(s),un(s),v)ds = xo+ f(zo, up(s),v)ds+he(h)
to to

where €(h) — 0 as h — 0. From (17) and (18) we have

0 < V*(to+ h, X[070on8 5 q) — V=*(to, x0, b, q) + €h

to+h
o(to + h,zo + j;i°+h f(zo,un(s),v)ds + he(h))ds — ¢(to, xo) + €h
hoy(to, z0) + [ De(to, o). f (w0, un(s), v)ds + hey (h) + eh

hor(to, xo) + hsup,cy Do(to, xo). f (zo, u,v) + hei(h) + eh

VANRVANR VAN VAN
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where €1(h) — 0 as b — 0%. Diviving the last inequality by 2 > 0 and
letting h — 0% gives

¢t(t0a .’L'O) + SuIU) D¢(t0a .’L'())-f(fﬂ(],u, ’U) Z —€.
ue

Then we let ¢ — 07, take the minimum over v € V and use (16) to get the
desired inequality:
¢t (to, zo,p) + H™ (20, Do(to, z0)) = 0.
QED

To state the symmetric results for V', we only need to note that

—V*(t.z,p, f i i) (X))
(t.z,p,q) = B A Zzljzlp 4iEaus, ((—9:7) ( )

which is of the same form as V'~ when one changes the roles of the Players.
In particular the convex Fenchel conjugate of (—V ) with respect to g, i.e.,
—V+Ht(—4§), satisfies a subdynamic programming principle and is therefore
a subsolution of some associated Hamilton-Jacobi equation. From this we
easily deduce the

Corollary 4.4 (V** is a supersolution of HJ)
For any (to,t1,70,p,q) € [0,T] x [0,T] x RN x A(I) x R, we have

V+ﬁ(t0,.’L‘0,p, (j) Z Sup inf V—Hj(t Xt07x07a67p7 Q) .
acA(to) BEB(to)

Hence V't is a supersolution of the dual Hamilton-Jacobi equation (15).

Remark : We use here Isaacs assumption (6). Indeed, if V7" is a
subsolution of the HJ equation (15) with H*(z,£) = inf, sup, f(z,u,v).§,
V** is actually a supersolution of (15) with a Hamiltonian H* defined by

H*(z,§&) = sup, inf, f(x,u,v).£.

5 Existence of the value and solutions of the pri-
mal/dual HJ equations

In this section we prove that our game has a value: V* = V. This value
can be characterized in terms of dual solutions of some HJ equations.
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The key argument for this is the following comparison principle, that
we state for later use for a general Hamiltonian H. We assume that H :
RN x RN — R is continuous and we suppose that there is a constant C
such that, for any z1, 29 € R and 6 > 0,

|H(x1,0(x1 — x2)) — H(x2,0(x1 — 22))| < Clz1 — 22|(1 + 021 — 22]) . (19)

Let us point out that the map H defined by (6) satisfies the above assump-
tions under conditions (5) on the dynamics.

Recall that, for any map w = w(t, z, p, ¢) defined on [0, 7] x RN x A(I) x
A(J), w* denotes the convex Fenchel conjugate of w with respect to p, while
w! denotes its concave Fenchel conjugate with respect to g.

We now consider a Hamilton-Jacobi equation of the form:

zi+ H(x,Dz) =0, (20)

We say that a function w : [0,7] x RN x A(I) x A(J) — R is a dual
subsolution of (20) if w is Lipschitz continuous, convex with respect to p
and concave with respect to ¢ and if, for any (p,q§) € A(I) x R, (t,z) —
wh(t,x,p,q) is a supersolution of the dual HJ equation

2+ H*(z,Dz) =0, (21)

where H*(x,£) = —H (z,—&). In a symmetric way, w is a dual supersolution
of the HJ equation (20) if w is Lipschitz continuous, convex with respect to
p and concave with respect to ¢ and if, for any for any (p,¢) € R x A(J),
(t,x) — w3 (t, z,p,q) is a subsolution of the dual HJ equation (21). We say
that w is a dual solution of (20) if w is at the same time a dual subsolution
and a dual supersolution of (20).

Theorem 5.1 (Comparison principle) Let w,ws : [0, T] x RN x A(I) x
A(J) — R be respectively a dual subsolution and a dual supersolutions of
the HJ equation (20). We assume that for any (z,p,q) € R x A(I) x A(J),
wy (T, z,p,q) < we(T,z,p,q). Then wy < wsy in [0,T] x RN x A(I) x A(J).

Remarks:
1. We cannot compare wj-i and w; at time ¢t = T'. So this result is not an

application of the classical comparison principle.

2. Tt is known that, if we is a supersolution of the HJ equation (20),
then w3 is a subsolution of the dual HJ equation (21) (see for instance
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[1]. The converse does not hold true in general, and so we cannot
rephrase the asumptions in term of sub- and supersolutions of (20) for
wy and wo. However it turns out that ws for instance is a supersolution
at “some suitable points”, related with its convexity property with
respect to p. We explain this more precisely in Lemma 5.4 below.

3. The result can be extended to bounded uniformly continuous subso-
lutions by standard techniques (see [3] for instance).

The comparison principle is proved at the end of the section. Let us now
state the main result of this paper:

Theorem 5.2 (Existence of the value)
Assume that conditions (5) on f and on the g; hold and that Isaacs assump-
tion (6) is satisfied. Then we have

Vi(ta,p,q) =V (ta,p.q)  Y(ta,p) € [0,T] x RY x A(I) x A(J) .

Proof of Theorem 5.2: From Lemma 3.1 V~ and V1 are Lipschitz
continuous. From Lemma 3.2, we know that VT and V'~ are convex with
respect to p and concave with respect to ¢q. Corollary 4.3 states that, for any
(p,q) € RT x A(J), V7*(-,-,p,q) is a subsolution of the dual HJ equation
(15). Hence V™ is a dual supersolution of (7). Corollary 4.4 states that
VFE(.,-,p,q) is a supersolution of the HJ equation (15) for any (p,q) €
A(I) x R’, and therefore a dual subsolution of (7). Since V*(T,-,p,q) =
V=(T,-,p,q) = >_i.j Piqj9ij, the comparison principle states that Vt<Vv-.
But the reverse inequality always holds. Hence V~ = V' and the game has
a value.

QED

The above proof also shows the

Corollary 5.3 (Characterization of the value)
Under the assumptions of Theorem 5.2, the value function V := V1t =V~
is the unique dual solution of the HJ equations (7), such that V(T,x,p,q) =

Zij Piq;9ij-

We complete this section by an equivalent formulation of the notion of
dual supersolution. Although the result is not needed in the rest of the text,
we think that it can help to enlighten the notion.
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Lemma 5.4 Letw : [0, T]x RN xA(I)xA(J) — R be Lipschitz continuous,
convexr with respect to p and concave with respect to q. Then the following
statements are equivalent:

(i) w is a dual supersolution of (20).

(ii) for any q € A(J), for any test function ¢ = ¢(t,x, p) which is C' and
convezx in p, and such that

(t,.f,p) — w(t7$7p7 q) - ¢(t7x7p)

has a strict global minimum at some point (to, zo,po) € [0,T) x RN x
A(I), we have

¢¢(to, xo, po) + H(xo, Do(to, 0, po)) < 0. (22)

Remarks :

1. This result means that a dual supersolution of (20)—originaly defined
in terms of subsolution of the dual HJ equation—is indeed a super-
solution of the primal HJ equation (20) in weak sense. However it is
not a classical supersolution. For instance, if I = 1, f = f(u,v) and
gj(z) = aj.x for some a; € RN (j = 1,...,J), then we prove in [10]
that

VT (t,z,p) =V (t,x,p) = (T —t)Cav(h)(p) + ijx.aj

where h(p) = H(};pja;) and Cav(h) is the concave hull of h with
respect to p € A(I). Then

Vi + H(DV™) = —=Cav(h)(p) + h(p) 2 0,

with a strict inequality in general. In particular, V'~ is not a classical
supersolution of the primal HJ equation.

2. Note carefully that we require the minimum w(t,x,p,q) — é(t,x,p)
at (to,zo,po) to be strict. This point is absolutely crucial for the
equivalence. It is related with similar definition in repeated games,
where some function has to be tested only at extreme points (see [16]).
Let us point out that a general minimum of w — ¢ cannot not be
made artificially strict by substracting €|(t,x,p) — (to, o, p0)|* to ¢
(as is usually done in viscosity solutions) because one then looses the
convexity of ¢ with respect to p.
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3. A symmetric result holds for subsolutions: w is a dual subsolution of
(20) if and only if, for any p € A(I), for any test function ¢ = ¢(t, z, q)
which is C! and concave in ¢, and such that w — ¢ has a strict global
maximum at some point (¢, zo,qo) € [0,T) x RY x A(J), we have

¢t(t07$03q0) + H(xoang(thl‘OaQO)) Z 0.

Proof of Lemma 5.4 : Let us first assume that w is a dual superso-
lution of (20). Let ¢ € A(J), ¢ = ¢(t,z,p) be a test function which is C!
and convex in p, and such that w — ¢ has a strict global minimum at some
point (tg, zg,po) € [0,T) x RN x A(I). This means that

w(t,x,p, Q> < (Z)(tvxap) + W(to,.%'(),p(],Q) - ¢(t0,x0,p0) (23)

for any (t,z,p) € [0, T] x RN x A(I), with an equality only at (o, zo, po). By
using the fact that the minimum of w — ¢ is strict and standard perturbation
argument (consisting in replacing ¢ by ¢+ €|p|? if necessary), we can assume
that ¢ is strictly convex in p. Then ¢* is differentiable in ¢ and = and one
easily checks that

¢:(t0,$0,}3) = —¢t(t0,$0,p) and D¢*(t07$07ﬁ) = _D¢(t07x07p) ) (24)

for any p € R’, p being the unique element of the subdifferential of ¢*(tg, zo, -)
at p. Let po belong to the subdifferential with respect to p of w at (¢g, o, po).-

Then inequality (23) shows that pg belongs to the subdifferential of ¢ with

respect to p at (tg, xo,po). Since w and ¢ are convex in p, we have

w* (to, 2o, Po, ¢) = po-Po—w(to, Zo, po, ) and ¢" (o, Zo, Po) = po-Po—¢(to, To,Po) -
Thus

w(to, o, po, q) — P(to, xo, po) = w*(to, zo, Po, ¢) — ¢*(to, To, Do) - (25)
We note that (23) can be rewritten as

p-po — w(t,x,p,q) > p.po — ¢(t, x,p) — w(to, xo, o, q) + ¢(to, To, o)

for all (t,z,p) € [0,T] x RN x A(I). Taking the sup over p € A(I) and
taking into account (25) gives

w*(taIE?ﬁan) > ¢*(t7x>]§0) + w*(thx(JaﬁOa(J) - ¢*(t0>$07}50) .
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Therefore (t,z) — w*(t,z,po,q) — ¢*(t,z,po) has a maximum at (to,xo).
Since w* is a subsolution of the dual HJ equation, we have

QS:(tO? x07ﬁ0) + H*(x07 D(z)*(t(b x()?ﬁO)) Z 0 )
which implies the desired inequality (22) thanks to (24).

Conversely, let us assume that (ii) holds. Let ¢ be a C! test function
such that (¢,z) — w*(t,z,Po,q) — ¢(t,z) has a local minimum at (¢g, zo)
for some (pg,q) € R! x A(I). Without loss of generality, we can assume
that this minimum is a global one and that ¢(to, zo) = w*(to, zo, Po, q) (see
[3]). Let é(t,z,p) = é(t,x) if p = po and @(t, x,p) = +oo otherwise. Then
b > w*(+,-,-,q) on [0,T] x RN x R!, with an equality at (¢, 20, po). Thus,
by duality,

p.po — P(t,x) = ¢*(t,x,p) < w**(t,z,p,q) = w(t,z,p,q)

for any (t,z,p) € [0,7] x RN x A(I), with an equality at (to,xo,po) for
any po € ow*(to, zo, Po, q) (where dw*(to, zo, , Po, q) denotes the superdiffer-
ential of the convex function p — w*(to,xo,p,q) at pp). Hence (¢, z,p) —
w(t,z,p,q) — (p-po — ¢(t,x)) has a minimum at (tg,zo,po) for any py €
ow*(to, o, Po,q). In order to get a strict minimum, we have to introduce
some perturbation term. Let v > 0, ¢ > 0 and (¢, z¢, pe) be a point of
minimum of w — 1), 5, where

we,’y(tv xap) = pﬁo + 6|p‘2 - (b(tu x) - ")/|(t,3'}) - (t07$0)‘2 .

Then (te, xc, pe) converges (up to some subsequence) to (tg, g, po) for some
po € Ow*(to, o, Po,q) as € — 0T (we use here the penalization term in 7).
Moreover, we have

w(tvxap) = ¢6,’y(t7$7p) - €’p _p6|2 - 6‘(t7x) - (t67x6)|2
< we,'y(t,l'ap) _
S w(t7$7p) —W(t€,$5,pe)+¢(te,$e,pe)

for any (¢, z,p) # (tc, Te, pe), with an equality at (t, Te, pe). This means that
w — 1 has a strict minimum at (te, z., pe). Since 9 is still convex in p we get
from assumption (ii) that

Di(tes Te, pe) + H (e, DY(te, we,pe)) < 0.

Using the definition of ¢ and letting ¢ — 01, we then obtain
¢t(to, z0) + H*(z0, Dd(to, z0)) > 0,

which proves that w is a dual supersolution of (20).
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QED

Proof of Theorem 5.1: We follow the proof of Theorem 3.7 in [3].
Let us argue by contradiction, by assuming that there is some (¢1, x1,p1,q1)
such that wq(t1,21,p1,q1) > wa(t1,z1,p1,¢q1). This means that, for some
o > 0, we have

tit’lgq wy(t,x,p,q) —wa(t,x,p,q) —o(T —t) > 0. (26)

We now use the standard method of separation of variables. In order

to avoid burdensome details, we do the proof under the additional assump-

tion that there is some R > 0 such that wi (¢, x,p,q) < wa(t, x,p, q) for any

(t,z,p,q) with |x| > R. This assumption can be omitted by using penaliza-

tion arguments at infinity (see [3] for the details). Let € > 0 be fixed. From
our assumption, the map

(t, 2z, 8,y,p,q) — wi(t, x,p,q) — wa(s,y,p,q) — %\(t,w) ~(s.y)P —o(T ~1).

(27)
has a maximum over [0, T]x RY x A(I)x A(.J) and we denote by (t, Zc, Sc, Ye, Pe, e )
such a point of maximum. From usual arguments in [3], we have ¢, < T and
s¢ < T for small € because w1 (T, x,p,q) < wa(T,z,p,q) and w; and wy are
Lipschitz continuous. Moreover

1
lm —|(te, ze) — (S, y€)|2 =0. (28)

e—0t €

Since, for (s,y) = (Se, Ye), (te, Te, ge) is @ maximum in (27) we have

w1 (tea Tey Pe, QE) + w2(867 Ye) Pe, Q) - w2(867 Ye Pe, QE)

+% (‘(tvx) - (SE)yE)|2 - |(t€7x5) - (Seaye)|2) + U(tf - t)
(29)

for any (¢, z, q), with an equality at (te, =, gc). Let g belong to the superdif-

ferential 8;w2(56,y€,p6,q€) of we with respect to q at (Se, Ye, Pe, ge). Then

the above inequality shows that . € Oywi (te, Ze, pe, ¢c). From the concavity

of wy and wy with respect to g, we have

wl(tv L, Pe, Q) <

wﬁl(teaxapea (je) = Qc-Ge — wl(tea T, Pe,s QG)

and
wg(sea Ye, De, qu) = Qe'QG - w2(56’ Ye, De, QE) ,
so that

wl(tﬁ?wﬁ?p&?qﬁ)_w2(867y€7p€?qﬁ) = wg(se,yapade)—wg(te,xe,pmde) . (30)
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Combining (29) with (30) then gives

Q-(je - wl(tal'apeaQ) >
Wh(te, T, Per Ge) + @-Ge — Wa(Se, Yes Per 4) — Wh(Se, Yer e, Ge)
—L(|(t, @) = (5, y)? = |(te; we) = (s, ye)|?) —o(te — 1) .

Taking the infimum over ¢ in the above expression then gives
w% (t7 L, Pe, qu) >
wﬁ(tezxape’(?&) - % (|(t’33) - (85, y€)|2 - |(t67$€) - (Sevye)P) - U(te - t) .
So (t,x) — w (t, 2, pe, 4e) — (—7“'5’:”)_(656’%)‘2 + at) has a minimum at (e, ).
Since w§(~, *,Des Ge) 1s a supersolution of the HJ equation (20), we get
2 2
O+E(Se_te)+H* (xeye(ye_xe)> §0 (31)
We now argue in a symmetric way for wy. Since (S, Ye, pe) is @ maximum

in (27), we have

wa(8,Y, P, Ge) > W2(Se, Yes Pes Ge) + wi(te, Te, Py Ge) — w1 (e, Te, Pes Ge)
_% (I(te;ze) = (s, 9)* = [(te, we) — (se,5e)?)
(32)
for any (s,y,p) € [0,T] x RN x A(I). Let p. belong to the subdifferential
0, w1(te, Te, Pe, ge) of w1 with respect to p at (¢, Ye, Pe; @e)- Then the above
inequality shows that p. € 0, w2 (Se, Ye, Pe, ge). Therefore we have as above

w2(867y67p67 Qe) - 'wl(tevxsvpe; QE) = wi(tewrevﬁe: QE) - w;(swysaﬁev Qe) .
Then we get from (32):

(te xe) - (567 ye) |2)

for any (s,y) € [0,7] x RN, with an equality at (s, yc). Since w3 (-, -, Pe, ¢c)
is a subsolution of the HJ equation (20), this gives

w3 (8,9, De, @) < W3 (Se, Ye, Pes Ge) + % (’(taxe) - (s,y)|2 -

2o —t)+ H* (y g(ye - xg)) >0. (33)

€

Computing the difference between (31) and (33) and using the assump-
tion (19) on H (recall that H*(x,&) = —H (z, —£)) gives

2“%.6 - ye‘ (
€

—0+C 1+ |zc—yel) 20,

which is in contradiction with (28) as e — 0.

QED
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6 The case of lack of information on the initial
position

In this section we investigate a two-player zero-sum differential game in
which the Players have some private information on the random initial po-
sition. The dynamics of the game is still given by

2 (t) = fx,ut),v(t)), u(t) e U, v(t) eV (34)

where U, V and f satisfy (5). The terminal time of the game is denoted by
T and the payoff is a terminal payoff g(z(T')) where g : RN — R is Lipschitz
continuous and bounded. The game starts at time ¢y € [0,77].

The description of the game involves I x J initial positions x%, 1 =

I, 7 =1,...,J, a probability p € A(I) and a probability ¢ € A(J).
As before, the game is played in two steps: at time tg, the pair (i,7) is
chosen according to the probability p ® ¢, the index 7 is communicated to
Player I only and the index j to Player II only.

Then the players control system (34) with initial position x%
for Player I, to minimize the terminal payoff g(x(7T)), and for Player II to
maximize it. The players observe their oponent’s behavior, and try to deduce
from this behaviour their missing information. They cannot compute the
actual position of the system in general.

As before we define the upper and lower value functions associated to
this game. For this we introduce the new state of the system: x = (z;;),
which denotes the I x J—uplet of possible positions. The upper-value is
given for to € [0,T), x* = (x?j) € RN pe A(I) and ¢ € A(J), by

in order,

1 tOv 7a176
V*¥(to,x",p,q) =  inf sup Pig;iEa,; ( (X ’ J)) )
() €(Ar () (8;)€ (B (t0))” ;; 7ol

0,50, . R "
Where t— X, oyl | is the random solution to (34) with initial position

ij at time ty9 when the players play the random strategies c; and [3; (see

section 2). The lower-value is defined by the symmetric formula:

- to, 7a17ﬁj

Vo(to.x",p.q) =  sup inf i@ Ea,p; ( (X i ))
(8;)€(By(t0))? (i) E(Ar(to))" ;JZ; /

Obviously we have

V_(t07X07p7 Q) S V+<t07xo7p7 q) V(t(),XO,p, q) € [07T]XRN[JXA(I)XA(J) .

Our main result is that the equality holds:
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Theorem 6.1 Assume that f, U and V satisfy (5), that the payoff g :
RN — R is Lipschitz continuous and bounded and that the following gener-
alized Isaacs condition holds:

I J

H(x,¢) = 1nf supZZf Tij,u,v).&j = sup 1nf ZZf (wij, u,v).&j

UEV,L 1j5=1 7, 1j5=1
(35)
for any x = (z;;) € RN and € = (¢;) € RN/,
Then the game has a value:

V= (to, x",p,q) = V*(to,x%,p, q) V(to, X", p,q) € [0, TIx RN/ X A(I)x A(J) .
Furthermore this value is the dual solution of the HJ equation

_ - NIJ
{ z+H(x,Dz) =0 in[0,7)x R (36)

2T, %,p,q) = Yty Y01 pigsg(as;) for x = (x;5) € RN/

Proof of Theorem 6.1 : The proof is mainly the same as the proof
of Theorem 5.2 and Corollary 5.3 and we only give an outline of it. We first
note that V™ and V'~ are Lipschitz continuous in their arguments, convex
in p, concave in ¢ as in Lemma 3.1 and Lemma 3.2. Then, following Lemma
4.1, one proves that

—* 0 D p— 1 tSCZ7 7/6]
4 (t,X Dy q) = inf sup Hll’a)f { ZEaﬁ] |: J ):|}

(B EBr(t0))” acAn(to) *
for any t € [0,7], x° = (x?j) € RN, p € R and ¢ € A(J). Using this, one
obtains as in Lemma 4.2 that V ~* satisfies the subdynamic programming

principle

V" (to,x% by q inf  sup VRt XX 5 g
( )< BEB(t0) ae A(to) T X, )

for any 0 <ty <t; < T, x° e RN/, pc R and ¢ € A(J), where
t ,X aﬁ thl’?-aaﬂ
XXl = (x5
j=1,...,J
Hence V~*(-,-,p, q) is a subsolution of the dual HJ equation

2z +H"(z,Dz) =0 in [0, 7] x RN/
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for any (p,q), which means that V'~ is a dual supersolution of (36). One
proves in the same way that VT is a dual subsolution of (36). The compari-
son Theorem 5.1 then implies that V' < V. Since the inequality V— < V'
is obvious, we get the equality and the characterization of the value function.

QED
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