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Abstract. We investigate a two-player zero-sum differential game with asymmetric infor-
mation on the payoff and without Isaacs’ condition. The dynamics is an ordinary differential
equation parametrized by two controls chosen by the players. Each player has a private infor-
mation on the payoff of the game, while his opponent knows only the probability distribution
on the information of the other player.

We show that a suitable definition of random strategies allows to prove the existence of a
value in mixed strategies. This value is taken in the sense of the limit of any time discretization,
as the mesh of the time partition tends to zero. We characterize it in terms of the unique
viscosity solution in some dual sense of a Hamilton-Jacobi-Isaacs equation. Here we do not
suppose the Isaacs’ condition, which is usually assumed in differential games.

Key words. zero-sum differential game; asymmetric information; Isaacs’ condition; viscos-
ity solution; subdynamic programming principle; dual game
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1 Introduction

We consider a two-player differential game which dynamic is given by the following differential
equation

dXs
ds
parametrised by two controls w : [t,T] — U and v : [t,T] — V chosen by the Players 1 and 2,
respectively. Here the function f : R x U x V +— R¢ satisfies standard assumptions, and U and
V denote two compact metric spaces.
The final cost involves I x J payoffs g;;(Xr)i=1,2...1, 5 =1,2...J, where the g;; : R —
R are given bounded functions. The first player aims to minimize the cost, while the second
player’s objective is to maximize it.

= f (Xs,us,vs), s€[t,T)
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Let us now describe how the game is played. For this purpose let us fix an initial time
t€10,77.
- Before the game starts, a pair (¢,7) is chosen randomly according to a probability measure
p®q € A(l) x A(J). Here A(I) denotes the set of probabilities p = (p;)i=1,..r on {1,...,I};
A(J) is similarly defined.
- The choice of 7 is communicated to Player 1 but not to Player 2, while j is communicated to
Player II but not to Player I;
- The game is played on the time interval [¢,T7;
- Both players know the probability p® g and observe their opponents’ controls during the game.
Note that the players do not know which g;; they are actually optimising, because they have
only a part of the information on the pair (7, j). Nevertheless they can try to guess their missing
information by observing what their opponent does. 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 opponent.

Games with asymmetric information where introduced by Aumann and Maschler in the
1960s [1]. They proved that games with lack of information on one side have a uniform value.
The existence of a value in the general case but in a weaker sense was established by Mertens
and Zamir [21]. Models with asymmetric information in economics have been investigated
extensively, for instance in [2, 3, 4, 27|. They study the case that participants in a market have
private information not public to the others.

A milestone in the literature of differential games is the article [18] which has been later
extended to stochastic differential games in [19]. It was shown there that under the following
Isaacs’ condition

inf supf (x,u,v) - £ = supinf f (z,u,v) - &,

uelUycy veVuelU
the value function of a differential game is given as the unique viscosity solution of a Hamilton—
Jacobi-Isaacs (HJI in short) equation. For two-person zero-sum stochastic differential games, we
also refer the reader to [5] for an overview and a more complete description. Differential games
with asymmetric information on the payoff were studied first by Cardaliaguet in [8] ( see also
[11, 13]) . The case where the asymmetric information concerns the initial position was studied
in [10]. The extension to stochastic differential games was investigated in [12, 14]. The proof
was accomplished by introducing the notion of dual viscosity solutions to the HJI equation of a
usual differential game, where the probability (p,q) just appear as additional parameters. Such
a notion of dual solution was introduced in [8] for differential games and in [16] for repeated
games. A different unique characterisation via the viscosity solution of the HJI equation with
double obstacles in the form of constraints in (p, q) was given in [9]. More recently, Oliu-Barton
[22] extends Cardaliaguet [8] to the case of correlated types, and where the lack of information
carries over the initial state, the dynamic and the pay-off function.

Differential games without Isaacs’ assumption where first considered by Krasovskii and Sub-
botin[20], using relaxed controls. This approach has also been chosen by Sirbu [24]. Recently,
the article [6] considered zero-sum differential games with complete information without Isaacs’
condition by playing classical, randomized controls, imposing on the underlying controls for
both players a conditional independence property. The article [7] generalized this method to
stochastic differential games using the approach of backward stochastic differential equations.
In comparison with [6] we have made here the choice of a randomisation of the strategies apply-
ing pathwise to control processes, rather than to consider strategies applying globally (and not
only pathwise) to randomised control processes. Both approaches lead, of course, to the same



value, which also can be gotten by considering relaxed controls. While the approach of [6] with
its randomisation of controls is in some sense still near to this idea of relaxed controls, the choice
we have made in the present work is justified by the fact that both players use strategies, the
associated controls are only a consequence and computed with the help of the chosen strategies.
In addition, our approach is not only justified from the point of view of interpretation but it
leads also to a considerable simplification of the computation.

The present paper introduces this method to differential games with asymmetric information.
By using a suitable notion of random, non-anticipative strategies with delay, we show that the
upper and lower value function of the game along a partition of [t,T] (where the players are
restricted to react at times t =ty < t1 < ... < ty = T') converge to the unique dual viscosity
solution of the following HJI equation

{ 9 (t,z) + H (z,DV (t,2)) =0, in [0,T] x R, w1)
V(T,z)= Zij piqigij (), '

where
H(z,§)= inf sup f(zyu,v) p(du) v (dv) - €.

HeEPW)yep(v) JUXV
Here P (U) denotes the space of all probability measures on U, P (V') that on V. Since both
control state spaces U and V are compact, P(U) and P(V') are compact, convex subsets of the
linear topological spaces of signed measures over U and V, respectively. Moreover, taking into
acount the continuity of f(z,.,.) : U x V — R, for all (u,v) € P(U) x P(V) the functions
PWU) >t = [y [ uv)p (du)v(dv) and P(V) > v = [ f(z,u,0)u(du)v(dv) are
continuous (w.r.t. the topology generated by the weak convergence of measures), and from the
linearity of the functions we get their convexity and concavity, respectively. But then it follows,
for instance, from Sion’s Minimax Theorem, that

inf  sup / f(zu,v)p(du)v(dv) - & = sup  inf / f(zyu,v) p(du)v(dv) - €.
nwePWU)vep(v) JUxV veP(VHEPWU) JUuxv
(1.2)

Non-anticipative strategies are randomised on a single probability space. The obtained limit
value is similar to the value with relaxed controls concerning P (U) and P (V) as the control
spaces, although players are not allowed to use relaxed controls. See [6] for more explanation.

The organisation of the paper is as follows. In the next section we present necessary defi-
nitions. Section 3 shows the convexity (concavity) of the value of the game along a partition
and considers its dual game. A subdynamic programming principle is established for the dual
game in section 4. In section 5, we prove that the lower value function and the upper value
function are a viscosity subsolution and a viscosity supersolution respectively of the associated
HJI equation. In section 6, we show by a special comparison principle of partial differential
equations that the limit value of the game along partitions exists as the mesh of partitions tends
to zero, and the limit value function is characterized as the dual solution of some HJI equation.
In the last section we consider the case of lack of information on the dynamics.

2 Settings of the game

Throughout the paper we work with the following probability space:
(Q,f, P) = ([07 1] 78([07 1]) 7dx) )



where the interval [0, 1] is endowed with the Borel o-field B (][0,1]) and the Borel measure dz.
Let {¢j;, 1 > 1, j =1,2} be a family of independent random variables following all a uniform
distribution on [0,1]. Let us consider two compact metric spaces U and V representing the
control state spaces used by player 1 and 2, respectively. P (U) and P (V') denote the space of
all probability measures over U and V', endowed with Borel o-field B (U) and B (V), respectively.
It is an immediate consequence of Skorohod’s Representation Theorem that P (U) (resp., P (V))
coincides with the set of the laws of all U-valued (resp., V-valued) random variables defined over
(0,1}, B([0,1]) , dz).

Let us now introduce the admissible controls for both players.

Definition 2.1 (Admissible controls) Given the initial time t € [0,T], we define the sets of
admissible controls for player 1 and player 2 by

Ur = {all U-valued and Lebesque measurable functions (us)se[tﬂ},

Vir = {all V-valued and Lebesque measurable functions(vs)se[tﬂ}.

Both spaces are endowed with the topology generated by the convergence in L'([t,T)).

The dynamics of the game is given by

{ axbewny — f (Xém,u,v’us,vs> ds, se[t,T], (u,v) €U X Vi, (2.1)

t,x,u,v
Xt”’ :;L',

where f : R? x U x V — R is bounded, continuous, and Lipschitz continuous in = € RY,
uniformly with respect to u and v. Standard estimates show that there exists a constant C' > 0
such that, for all (t,z),(t,2') € [0,T] x R and all s € [t V ', T],

(i) ‘Xﬁ’x’u’v — a:‘ <C(s—t),

(ii) (Xt“ - Xt“( <CO(t—t)|+ |z — ).

While player 1 tries to minimise a given cost functional, the objective of player 2 is to
maximise it. For this they have at their disposal the above introduced spaces of admissible
controls. But can they play the game “control against control”? As it is by now well-known,
apart from rather particular cases, differential games of the type “control against control” don’t,
in general, admit the dynamic programming principle and don’t have a value. This is why
in the literature approaches studying games of the type “strategy against control” and “non
anticipative strategy with delay (NAD-strategy) against NAD-strategy” have imposed. This
latter type has turned out to be the best adapted one for the study of differential games with
asymmetric information. Taking into account the asymmetry of the information, the players
aim to hide a part of their private knowledge. To do this they randomise their strategies. From
a technical point of view, this randomness is also the key argument to get a value of our game
without Isaacs’ condition.

Let us consider now a partition 7 = {0 =ty < t; < ... <ty =T} and let us fix arbitrarily
the initial time of the game t € [tx_1, tx], for some 0 < k < N.

Definition 2.2 (Random NAD strategies along the partition w) A random NAD-strategy along
the partition 7 for player 1 is a mapping o : Q@ X Vi — Uy of the form

a(w,v)(s) =a; ((Ck,--->C) (W),v)(s),

weQN, s€tVt_1,tVt), k <1< N, with a Borel measurable mapping o : R/-k+1 X Vi = U
satisfying the following: For all v,v" € Vi, it holds that, whenever v =v" a.e. on [t,t;_1], we
have for all x € RI7F qp (2,v) = ap (2,0'), a.e on [tV t_1,tV 1.



Similarly, a random NAD strategy along the partition w for player 2 is a mapping 5 : € X
Uy T — Vi of the form

B (w7u) (S) = Bl ((C2,k7 cee 7C2,l) (w) 7“’) (3) )

weQ, s€e[tVt_1,tVt], k<l<N, with a Borel measurable mapping p; : R7FTL x Uy 7
Vi1 satisfying the following: For all u,u’ € Uy, it holds that, whenever u =u' a.e. on [t,t;_1],
we have for all x € RI7FHL By (z,u) = By (z,u), a.e on [tV t_1,t V).

We denote by AT (t,T) the set of all such random NAD strategies for player 1, and by
Bl (t,T) that for player 2. Sometimes we will use pure (i.e. deterministic) strategies: Let
A™ (t,T) (resp. B (t,T)) denote the subset of strategies in AT (t,T) (resp. BF (t,T)) which do
not depend on w € ).

Remark 2.1 Gwent € [ty_1,t;], for s € [t,T], (u,v) € Uy X Vi1, we have

a (w,v) (s) = ak (G (@), 0) L) () + gy @ (G- -5 Ca) (@), 0) < Ly ()

B (w,u) (s) = Br (Co (@) 1) - Lg) (8) + gy Ba (Cos -5 Cot) (@), w) - Lpgy gy (3)-( |
2.2

Remark 2.2 The above notion of strategies comes close to the one used in the framework of
repeated games. One difference is that here the actions of the players on each interval [t;,t;11]
depend on the whole sequence of random variables (i, ..., (. introduced since the beginning of
the game, while in repeated games, the strategy at stage | depends only on the last, new random
variable.

In fact, in the proof of the dynamic programming principles -crucial step to establish the HJI-
equation-, it is important that the strategies may depend on the past trajectory of the dynamic.
There are several possibilities to take this into account: firstly, as for repeated games, by letting
the action at stage | depend not only on the action of the opponent but also on its own past
actions, or, secondly, by observing directly this trajectory. In our setting, the most convenient
was to keep, at each stage | the memory of the randomness introduced in the previous steps. In
terms of the required information, all these approaches are equivalent.

Thanks to the delay of the strategies, we have the following property.

Lemma 2.1 For any (o, B) € AF (t,T) x B (t,T) there is a unique (up to a null set) mapping
Q3w (uw, V) € Uy X Vi1 such that, for all w € ,

a(w,vy) = Uy, (W, uy) = vy, ae on [t,T]. (2.3)

The proof of this lemma uses standard arguments. However since the special form of the
random NAD-strategies which we use here is new, we prefer to give the proof for the convenience
of the reader.

Proof Let t € [ty_1,tk], 0 < k < N. For each w € Q, a(w,v) and [ (w,u) restricted to
[t,tx] depend only on v € Vy 1 and uw € U, 7 restricted to [t,tx_1]. But [t,tx_1] is empty or a
singleton, so that a (w,v), B (w,u) on [t,t;] do not depend on v and u. Thus, for any v° € V; 1

and u° € Uy T, we can define ul = « (w,vo), vl = (w,uo). We observe that this definition



guarantees the measurability of the mapping 2 3 w > (ul v, ) € Uy x Vi 7. Moreover, from
this definition we have

@ (w,vl) =u', B (w,ul) =o', ae., on [t,ty].
Assume that for 7 > 2, 2 > w — (u&_l,vg,_l) € Uyt X V1 is measurable and such that

- ) o~ . -
@ (w,vﬁ, ) = B <w ul ) = vl ", ae., on [f,tgy;—o]. Then we set ul, = « <w,vﬁ, ),

vﬁ; J— JoayJ

=p <w,uw 1). Obviously, the thus defined mapping w (uw,vw) is measurable and
(uz,,vg,) = <u&_1,vﬁ;—1>, a.e., on [t,ty4;—2]. Then by the NAD property of a and f3, ul, =

« (w,vﬁ;), vl = 15} (w,uz,), a.e., on [t,t54;_1]. Iterating the above steps, we can obtain the
desired result. The uniqueness is an immediate consequence of the above construction. [J

Thanks to Lemma 2.1, to any pair (a, 8) € A%(0,T) x B7(0,T) and any (z,w) € R% x [0,1]
can be associated a trajectory t — Xt " O‘(w 1B Jefined as:

X:,m,a(w,v),ﬁ(w,-) = Xf,m,uw,vw

)

with (u,v,,) uniquely determined by relation (2.3).

Remark 2.3 We observe that, for all 1 < 1 < N — 1, the processes u and v constructed in
the above proof and restricted to the time interval [t,t;] are conditionally independent knowing
G = (G k) Go1 = (C11=1,C24-1). Indeed, the processes u and v are of the following
form:

{ Uu. (S) = uk (Sa Cl,k) : 1[t,tk) (S) + Z?:k+1 ul (Sa C/m .. 7([—17 Cl,l) . 1[1‘,;,1,1‘/1) (3) )
v. (S) = Uk (37 <2,k) : 1[t,tk) (S) + Eln:k—‘,-l Ul (37 Ck) cee 7<l—17 CQ,I) : l[tl,l,tl) (S) )
l

where (u ,vl) are measurable functions of s, (ijm, j = 1,2, k <m <1—1 and ¢ = (¢11,C2,),
forl > 1.

The description of the game involves I x J terminal payoffs (where I,J > 1): g;; : R’ — R
fori=1,...,1 and j = 1,...,J, which are supposed to be Lipschitz continuous and bounded
throughout the paper.

We now define the lower and the upper value functions.

Definition 2.3 Let (p,q) € A(I) x A(J), (¢,
(@)imr,.1 € (AT (T, B=(8)),2y. 5 € (BT (4,

7 (1n ) = 33 o (557 24

the upper value function

W™ (t,z,p,q) =  inf sup J<t,$,@,5,p,q), (2.5)
ae(Ar (t.1)) pe(Br (¢,1))”

x) E [0,7) x R, Fort € [ty_1,tx), & =
1)), we define the cost functional

as well as the lower value function

VT (t,x,p,q) = sup inf J (t,az,d,B,p, q) ) (2.6)
Be(Br (t,T))” @€ (AF (8,7))"



3 Convexity and Fenchel conjugates

The convexity (resp. concavity) of the value functions with respect to the probabilities p (resp.
to q) is a crucial aspect in the analysis of games with asymmetric information. In this section
we study this property and introduce the Fenchel conjugate of the value functions.

The proof of the following lemmas are inspired by [8]. We just remark that, in order to take
into account the missing Isaacs’ assumption, our notion of strategy is much more explicit and,
therefore, more restrictive than the one defined in [8]. This explains additional difficulties in the
proofs.

Lemma 3.1 The value functions W™ and V™ are Lipschitz continuous with respect to (t,x,p,q),
uniformly with respect to m.

Proof We only give the proof for V™. By the definition of V™ and the boundness of g;;, it is
easy to see that V™ is Lipschitz with respect p and ¢. For every ¢t € [0,T] and (u,v) € Uy X Vi,

we can show that z — g;; (Xthuv> is Lipschitz uniformly w.r.t. (¢,u,v) and, hence, for any

(&.8) € (A7 (+.1))" x (BF (t.7))", the mapping

z e J (t,w,@,ﬁ,p,q)

is Lipschitz continuous with a Lipschitz constant C' (for short, C-Lipschitz) independent of
(t,p,q) € [0,T]x A(I)x A(J) and 7. Therefore, we deduce that V™ is C-Lipschitz with respect
to x.

Now we show that V™ is Lipschitz in ¢. Let 2 € R?, (p,q) € A(I) x A(J) and t < t' < T
be fixed. Let 3 = (Bj)j=1...7 € (BF (t,T))” be e-optimal for V™ (¢, z,p,q). We have to associate
with each ; a strategy 5; € Br (¢/,T). To this aim, we fix some arbitrary constant control
u € U and set

Bj (w,u) = B (w, @), where @ (s) = { u7(s), Z e [t,1].

If t/ < ty, then Bj € B (¢',T) and we set f3; = Bj-

Otherwise, let I > k such that t;_; < t' < t;. We consider now [ — k + 1 random variables
Kk, ...,k on ([0,1],B([0,1]),dz) with k;(z) = z,z € [0,1], which are uniformly distributed on
[0,1], mutually independent, and independent of (; m, (i,m) # (2,1). We remark that then
also the composed random variables ki 0 (2, ...,k 0 (2 are mutually independent, uniformly
distributed random variables, which are moreover independent of all ; ,, (¢, m) # (2,1). Indeed,
recall that the (;;’s themselves are also i.i.d. and obey a uniform distribution over the interval
[0, 1].

Now we set, for any u € Uy p, | <m < N, and s € [t' V ty—1,tm),

/8;(("}7 u)(s) = /377771 (K‘k o C2,la ..., KO C2,l7 C2,l+17 ey C27m) (w7 u)(s)

Then f; € By (t',T). Moreover, for all u € Uy r,5}(u) and B3;(u) obey the same law knowing
G215 G241, - - -, Com, if £ <t < t; (Here we use the fact that x;((2;) = (2,1). Thus

t/ ,:E,/LLMB‘;‘ (u)

Elg(Xy )] = Blg(xpm ),



and, hence, for all & = (o) € (AT (¢, T))",

j(t/7 x, (547 (/8;)7])7 Q) = j(t/u Z, du (B])upu q)
Next, to every a € AT (/,T), we associate some new strategy o’ € AT (¢, T) by setting, for all
v E quT,
u € [t,t)
o (w, v S:{u(s)’ S U )y
(w,v) (5) o (w,vlp ) (s), selt',T].

By construction, if t;_; < ¢ < ¢ (k <1 < n), the couples of random controls associated by
Lemma 2.1 to the couples of strategies (o/, 8;) and (o, ;) coincide on the time interval [¢/,T]

under the conditional law P[ - [C2,, (141, - --,Cn] - Therefore the standard estimate applies :
B [‘X?:E,o/ﬂj . X;g/,:v,aﬂj’} <M |t, _ t| s € [t/,T],

where M is a constant depending on the bound of f as well as the Lipschitz constants of f and
the functions g;;, but not on . Hence, for any & = (a;);—; ;€ (AT (t',T))", we have

J (t',az,d, (ﬂ;) . D, q) =J (t',az,d, (@) . D, q) > 7 (t,x,d',ﬁ,p, q) — LM |t' — t|

> inf T (b Bpg) - LM —t|
are(Ar (1)

>V™(t,x,p,q) —¢ —LM|t’ —t‘
where we have used the fact that 3 is e-optimal for V7 (t,z,p,q). Consequently,
v (t/,x,p,q) >VT (t,x,p,q)—e—LM!t'—t‘. (3.1)

To prove the reverse inequality, we associate in a symmetric way to above to a vector of strategies
8 = (ﬁj)jzl ;€ (B~ (t',T))” which is e-optimal for V™(¢,z,p,q) and each arbitrary & €
(AT (t,T))" some vectors of strategies 3’ € (BT (t,T))” and & € (AT (¢,T))", in order to get
the inequality

j (t7w7d76/7p7Q) 2 j (t/7x7é/7/37p7q> _LM‘t_t/’ Z Vﬂ (t/7x7p7Q) _E_LM‘t/_t|

and, thus,
VT (t,x,p,q) > V™ (t/,:n,p,q) —€—LM|t/—t‘. (3.2)
Finally, thanks to the arbitrariness of ¢ > 0, from (3.1) and (3.2) we get the Lipschitz con-
tinuity for V™ in ¢. [

Next we have to prove that V™ and W™ are convex in p and concave in ¢. We can use the
standard argumentation of [25], provide we show that the sets of strategies satisfy the following
convexity property.

Lemma 3.2 Let (t,z,p) € [0,T) x R? x A(D), ¢°,q¢" € A(J) and A € (0,1). Set @ =01-
ANg® + Mgt For all 39,3 € (BF (t,T)), there exists 5 € (BT (t,T))’, such that, for all
G € (AT (1, T)),

j <t7x7@7/8>\7p7 q>\> = (1 - A)j(t7$7 d’BO,p’qO) + A"7(2(:71;‘7(i75"171)7q1)'

An analogue result holds for the strategies of Player 1.



~)g°
Proof Forall j € {1,...,J}, we set ¢; = (1(1%. Forw e Q, u € Uyp, s € [tViE_1,t Vi),

k<I<N,j=1,...,J, we define the followingjstrategies
B (w, ) (5) = Bij (Coes - - > Cou) (w) ) (s)
where
o (1
Blj ((y17’-’7yl—k+1)7u) = Blj ;ylay27”’7yl—k+17u : 1[0,Cj] (?Jl)
J
1
+B}; <i (Y1 —¢j) Y2, 7yl—k+17u> Lo,y (v1) -
J

The mappings ﬁg ; and ﬁll’ i k <1 < N, are associated with 5]0- and ﬁ} through Definition 2.2.
It is easy to see that <ﬁ])‘> € (Br (t,T))".
Fix now (i,7) € {1,..., I} x {1,...,J}. A straight forward computation yields

Elg ; (X" 5005)]

z,04,89( (L1, ooy w
:/ E g (Xt, 0,8 ((ijl G2,k 15562, N)( )))] dun
[Ovcj]

tv ) 1751( %c —Cy 7<, 7"'7<,
+) ]E gog [ XA\ e G MXW)))]dyl
Cj,l

(1_)\)(]0 t,l‘,ai,ﬁq Aql t7SC7OCi751»
= q>»‘ FE |:gij <XT J>:| + q—;\JE |:gij <XT J .

J

Consequently it holds that

J tz,a;,8)
t.a,0,67 t,z,04,6;

=(1-NY],¢E [gij <XT ﬂ +AY ¢E {gz-j (XT ﬂ

The result follows. O

Lemma 3.3 (see [25], Chapter 2) For any (t,z) € [0,T) x R, the mappings W™ (t,x,p,q),
V7™ (t,x,p,q) are convez in p and concave in g on A(I) and A (J), respectively.

For the proof the reader is referred to [25].

Let us now introduce the Fenchel conjugates: Given a mapping w : [0,T) x R? x A(I) x
A(J) — R convex in p and concave in ¢ on A (I) and A(J), respectively, we denote by w* its
convex conjugate with respect to variable p:

w* (t,z,p,q) == sgg){@,m —w(t,z,p,q)}, (t.z,p,q) €[0,T]x R xR x A(J),
peE

and w# its concave conjugate with respect to variable ¢:

q€
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In coherence with these notations, we write V™* (W7#) for the convex (resp. concave) conjugate
of V™ (W™) with respect to p (resp. ¢). As the previous lemma, the following alternative
formulation of V™ is standard for normal-form games with convex sets of strategies (see also
[25], Chapter 2). For this reason we omit the proof.

Lemma 3.4 (Reformulation of V™) For all (t,x,p,q) € [0,T) x R4 x R x A (J),
(i) we have

Tk A~ . xaﬁ
VTt x,p,q) = inf sup  max ¢ E |gii (X} j 3.3
( ) (8))EBr (t,1)) ac A (t,T)i€{L,... T} Z J [ ”( ﬂ (3:3)

4 The subdynamic programming principle

For any continuous time control problem, the first step leading to the Hamilton-Jacobi-equation
is a dynamic programming principle. In the case of differential games with asymmetric informa-
tion, we have to prove two sub- (resp. super-) dynamic programming principles: one for each
Fenchel conjugate.

Lemma 4.1 (Subdynamic programming principle) For any (t,z,p,q) € [tp—1,tx) x R? x R x
A (J) and for all I (k <1< N), we have

VT(* t.x p,q mf sup E V7r* t thaﬁ p)q 4.1
(& )< (B)EBT () ac A7 (t,t,) ( ﬂ (4.1)

< inf sup E V™ (¢ thaﬁp,q ) 4.2
(BH)EBT (L) e AT (1,t,) ( ﬂ (42)

Proof The second inequality is obvious. Let us prove the first one. For this, we let V™ (¢, t;, x, p, q)
denote the right side of (4.1). For arbitrarily given ¢ > 0, let 3° € BT (t,t;) be an e-optimal
strategy for V™ (t,t;,x,p,q). For any z € R, let B = (5;) € (Br (tl,T))J be an e-optimal
strategy for player 2 in the dual game with value function V™ (¢;,2,p,q). From the uniform
Lipschitz continuity of the mappings

Yy sup max Zq [g ( tl’ya’ﬁ )]
aeAr (1, TYiE{ LT} R

and, hence, also that of y — V™ (t,y,p,q), it follows that B is a (2¢)-optimal strategy for
V™ (t;,y,p,q), if z belongs to the ball B, (y), for some radius » > 0 small enough but not
depending on y € R? Because the coefficient f is bounded, X”a’ﬁ takes all its values in
some ball Bg (0), for R > 0 large enough. We choose a finite sequence (x,) c R? such
that Bg (0) C Up2, By (v5,). This allows to construct a Borel partition (4y),_; _,, of the ball
Bpr (0) such that, for all 1 < n < ng, z, € A, C B, (z,). To simplify the notation, we write
B} = Bj". We observe that on the event {Xfl’x’a’ﬁ € By (z5)} the strategy B} is (2¢)-optimal

for V™* (tl,thaB,p,q)
For any w € Q and u € U 7, we set

B (w,u) (s), s €[t ty),
X, u 0
B (w,uliyry), s € [t T) and Xp""7 (W) € Ay

n=1,...,ng

B (w,u) (s) = {
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Since, for all 1 < n < ng, (w,u) — 14, (Xfl’x’u’ﬁo(w)> is 0 {Coks-- G2, ulpy,) f-measurable,

there are Borel functions f™ : RI=**1x14; ;, +— R such that 14, (Xfl’m’“ﬁo) = fn (C27k7 NCYE u][t,tl)).
Note also that, by the definition of 3} € Bf (t;,T),

Bj(w,u)(s) = (ﬁo(w,u)( [t.40) Zﬂ (ws ulie, ) ()™ (Cakl@)s -+ 5 Coa (W) ule))) e, 1) (3)>-

Thus 3; € By (t,T).
For any a € A™ (t,T), we have

0
5t tz,X“”’“’B G, B ¢330
gy (X0m0) = ng< z )1 (xtme),

where & € AT (t;,T) is a restriction of « to [t;,T] defined by
a(v) (s) = a (V) (s), Vv € Vyr, where v/ (s) = { S(S) ’ z € ltt),

with the controls (% (-),% (-)) being associated with («, 3%) through Lemma 2.1,
Remark that, since 8° is a deterministic function of (C2,k> - -, Ci—1), the same holds for v and
for &. During the computations, we shall need to fix this dependence by the notation & :=

&(CQ,ka cee 7([—1)-
0
Further we observe that Xfl’x’a’ﬁ is independent of B;'L- Indeed, while BJ’»L depends only on

(Cots--rCoN)s Xfl’x’a’ﬁo = Xfl’f’a’ﬁo only depends on (Cok,-..,C2y-1). It follows that

max {ﬁi - Z}Izl 9B [QU <Xt 5 a’ﬁj)] }

ie{1,...1}

0
R 0, X" 6,7 t,2,0,5°
- ie?ll,a..).(,l} pi— Zy 14 Zn 1945 <X : 14, (th >
. ~ J no tlvy a(z 75 >:| ( t,m,a,ﬁo
= max i— > <. qiB 2 [ < “1a, (X
ie{1,...,I} bi Z]_l 9 Zn_l & yZXfl'x'a’Bo7Z=(C2,k7---7C2,171) K

N tl,% t,z,a ﬁ

<[ g, - o (207 ()
n=1 ie{l,...,.I} ! Z]_l / & y:XZx'a’BO7Z=(C2,k7~~~7C2,171)

A t 7y7o¢/76n 0
SE|Y0L sup o omax $pi— 3 G gy (XU . la, (Xf{wﬁ )
)ZE{L ,I} y:XE,x,a,B
1

I o/ EAT (T
<FE 22021 v <tl7tha’B 7p7 ) ]-A <tha5 >:| + 2
< VW-* (t7tlv$7]§7 ) + 3e.

The latter inequality is due to the fact that B° is e-optimal for V™ (¢,t;,x,p,q). Then we
conclude that V™ (t,x,p,q) < V™ (t,t;,x,p,q). O

5 Viscosity solutions of the dual game

Let (my,),~, be a given sequence of partitions of the time interval [0, 7] such that the mesh of
the partition |m,| tends to zero, when n — co. We prove in this section that (V™*) converges



12

to some function V as |m,| — 0 and that, for fixed (p,q), the limit function V is a viscosity
subsolution of the following HJI equation:

%_‘: (t,z) + H* (x,DV (t,a;)) = 0,in [0,7] x R (5.1)

where
H* (2,§) = —H (z,—¢)

= inf sup <UXVf(a:,u,v),u(du)u(dv)f)

veP(V)ueP(U)

= sup inf < vaf (z,u,v) u(du) v (dv) - §> . (5.2)

peP(UEPV)

The following lemma is obtained directly from the boundedness of f and the Lipschitz
continuity of f (-,u,v) and of g (-).

Lemma 5.1 There is some constant L € R™, depending only on the bound of f and the Lipschitz
constant of f(-,u,v) and of g, such that, for all partition w of the interval [0,T] and for all
(t,z,p,q), (", 2,9, q¢) €[0,T) x R x RI x A(J),

V™ (t,2,p,q) — V™ (¢, 2,0, ¢)| S L(t=t|+ |z =2'|+|p—F|+]a—¢]|)-

By the above equi-Lipschitz continuity of the family of lower dual value functions, applying
the Arzela-Ascoli Theorem, we have

Lemma 5.2 There exists a subsequence of partitions, still denoted by (my,),~, and there is a

bounded Lipschitz functions V:[0,T] x REx R x A (J) — R such that
V™* 5V ouniformly on compact sets in [0,T] x R x RT x A (J).

We deduce from Lemma 5.1 that also the function V in Lemma 5.2 is Lipschitz continuous
with respect to all its variables. More precisely, we get the following corollary:

Corollary 5.1 For the constant L introduced in Lemma 5.1, we have,
for all (t,z,p,q), (', 2',p',¢") € [0,T) x R* x RT x A (J),

f/ (t7$7]§7Q) - f/ (t/,x/,ﬁ/,q/)

<L(t—t|+|z—2|+|p—F|+]a—d]).

Remark 5.1 Lemma 5.1 and Lemma 5.2 also hold for W™# on [0,T) x R x A (I) x R’. Let
W : [0,T) x RE x A(I) x R’ — R denote the uniform limit of W™# on compact sets of
[0,7) x RY x A(I) x R?. Then Corollary 5.1 also holds for W.

Proposition 5.1 (viscosity subsolution) The function V (t,x,p,q) is a viscosity subsolution of
HJI equation (5.1).
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Proof For fixed (p,q) € R! x A(J), we denote V(t,z,p,q) by V(t,x) for short. Fix (t,z) €
[0,7] x R%. Let M > 0 such that, for all (s,y) € [0,T] x Bi(z), all n € N* and all (o, 8) €
AT x BT, XEYP ¢ Byy(x) (where B By () is the closed ball of center z and radius M).

Let ¢ € Cl([O T] x RY) such that V — ¢ attains a strict maximum on [0,7] x By (z) at (t,z):

(V= 9)(t,2) > (V= 9)(s,9). (5,9) € 0,T] x Bar() \ {(t,)}.

For all n € N, let (s,,7,) € [0,T] x By(z) be such that V™* — ¢ achieves at (sy,zy) its
maximum over [0,7] x By (). Then there exists a subsequence (still denoted by (s, z,,) which
converges to (t,x) (see [15] Proposition 4.3).

Let Ny € N such that, for all n > Ny, |x — z,| < 1. Then, for any n > Ny, let k, be such that
th | < sp <ty . By the dynamic programming principle (Lemma 4.1), we have

0< infﬁEBf"(sn,th)SupaeAf"(sn,tz ) E[V™* (tz ,Xsn,mm ,ﬁ) VT (s, )]
< infﬁEBEn(Sn,th) SupaeA;\jn(&“th) E[ (tn X5n750n7 76) @(Snaxn)]
M t nHytn,
= lnfgelg;}'n(sn’tzn) SupaeA;\.’n(sn7t';€Ln) E[f kn (W (’I" Xs T CVB)
+f(XTsn7-'En7a767 o, Br) D (r, XS ’ﬁ))dr]
. tn
< infgenmn s, SWPacdrn (sng,) B Lo (55050, 2n)
+f(Zn, o, Br) Dp(sp, ) + m(C‘ﬂkLn - Sn‘))dr]y
with
m(6) :=

supg, | (Z¢(s,y) + f(y,u,v)De(s,y)) — (Lo(r,y') + (', u,0)Do(r,y))]|,

with Es = {u € Uyv € V,s,7 € [0,T),y,y € By(z);|s —r|+ |y — 9| < §}. Remark that
limg\ o m(d) = 0.
It follows that
_(tfkln — Sp) (%cp(sn,xn) + m(C\th — sn]))
<infgepms,, 1) SUPae AT (5,17 ) [ftkn f :En,ar,ﬁr)Dgp(sn,:En)dr]
< SupaEAﬂn(Sn, [f kn f $n,0é7«,5r)D<,0(8n,ﬂj‘n)d’f’:| )

where (w,u) = Zf\gf”ﬂ 9(¢2,) (W)L, _, 1) (8), for some arbitrary measurable map o : [0,1] — V.
Now we can find a (t7 — sn)2-optimal strategy o™ (depending on ) such that

—(tf, = sn) (Fr(sn,wn) +m(CIHR, = sul) + (8, — 5n))
<FE fst:n f(xn,a?,ﬁT)Dgo(t,x)dr]
= B[ (@0, 0" (ks D) 5(Co)) D50 wa)dr |
Due to the time delay, on [s,,t} ], @ doesn’t depend on the control @ of Player 2. (Note that

this is the crucial point where we use that both players have the same time grid.) Then, thanks
to the independence between (; i, and (a1, , we get

‘ﬁ&—%ﬂiw%mw+mwwgww+u&—%»
< (7 = $pn) SUpepy Jy ELf (@, 4, 5(Cop, ) Dp (80, ) pr(dac).
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Thus, thanks to the arbitrariness of v,

(tn — Sp) (gt@(smxn) + m(0|tn —sal) + (th - Sn))
< (t” — sp,) infy SUPep(U fU f(@n, u,0(Cok, ) Dp(Sn, ) (du)
= (ty — sn) infLep) sup,epwn Jy vy (@, 1, 0) Dp(sn, 2n) p(du)v(dv).

Now recall that (s,,z,) — (t,2) and that 0 < () —s,) < (t; — 1t ) <|mu[ — 0 asn — oo.
Therefore, taking the limit as n — oo, we obtain

0
——p(t,x) < inf sup/ [z, u,v)Do(t, z)pu(du)v(dv).
gree) < dnt s [ S ) Delt ()

The result follows.

Proposition 5.2 (viscosity supersolution) The function W (t,z,p,q) is a viscosity supersolution
of HJI equation (5.1).

Proof Note that

W™ (t,x,p,q) = sup inf ZZMJ [ 9@)( txaz,ﬁgﬂ.

()€ (AR (7)) (B)EBF T T 5=

The right side of this equation has the same form as V7, only the role of players changes.
Hence, the convex conjugate of (—W™) with respect to ¢, i.e., —W™# (— q) satisfies a subdynamic
programming principle. Then, as a consequence of the above result for V, we can deduce easily
the following:

For any (t,z,p,4) € [0,T) x R* x A(I) x R’ and for all I (k <1< n), we have

Wk (tapq) = swp inf B[WE (X pq)] (5.3)
ac A (tt7)(B))€BT (t.t3)

and W, the uniform limit on compact sets of (W7™#), is a supersolution of the HJI equation
(5.1). )
(Here we have used equality (5.2). Actually W is a supersolution of (5.1) with Hamiltonian

H* (2,6 = sup inf [ f(a,u,0)p(du)v(dv)-€)
nePUWEPV)JUuxv

0

6 Existence of the value

In this section we show that the limit of the game along partitions has a value. This value can
be characterized by dual solutions of some HJI equation.

We now recall the definition of dual solutions for the following HJI equation:
{ % (t,x)+ H (z,DV (t,2)) =0, in [0,T] x R, (6.1)
V(T z) =3, piq;9i5 (), '

where

H(z,§)= inf sup < vaf(a:,u,fu),u(du)u(dv) . §> .

HeEPWU)yep(v)
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Definition 6.1 A function w : [0,T] x R? x A (I) x A(J) — R is a dual subsolution of (6.1)
if w is Lipschitz continuous, convexr with respect to p, and concave with respect to q and if for
any (p,q) € A(I) xR7, (t,z) — w? (t,z,p,q) is a supersolution of the dual HJ equation

9 (t,z)+ H* (x,DV (t,z)) =0, in [0,T] x RY, (6.2)

where H* (x,§) = —H (z,=§).

We call w: [0,T] x R* x A(I) x A(J) = R a dual supersolution of (6.1), if w is Lipschitz
continuous, conver with respect to p, and concave with respect to q and if for any (p,q) €
R x A (J), (t,z) — w* (t,z,p,q§) is a subsolution of (6.2).

The function w is called the dual solution of (6.1) if w is at the same time a dual subsolution
and a dual supersolution of (6.2).

Note that P (U) and P (V) are compact spaces. The measures p € P(U) and v € P (V)
can be interpreted as control variables. Therefore, the comparison principle applies here in the
sense of Cardaliaguet [8].

Lemma 6.1 (comparison principle) Let wy,ws : [0,T] x R x A (I) x A (J) = R a dual subso-
lution and a dual supersolution of HJ (6.1), respectively. If, for all (z,p,q) € RTx A (I)x A (J),
wy (T, z,p,q) < ws (T,z,p,q), then we have wy < wy on [0,T] x R x A (I) x A (J).

We now state the main result of the paper.

Theorem 6.1 (uniqueness and existence of the value) For all sequences of partitions (m,) with
|| — 0, the sequences (V™) and (W™) converge uniformly on compact sets to a same Lipschitz
continuous function V', which is the unique dual solution of the HJ equation (6.1).

We will establish a, in appearance, weaker result :

Proposition 6.1 For all sequences of partitions (m,) with |m,| — 0, there exists a subsequence
of partitions, still denoted by (mn),~,, such that (V™ , W™ ) converges uniformly on compact
sets to a couple (V, V'), where the function V is the unique solution of the HJ equation (6.1).

But we remark that, if Proposition 6.1 is true for the partition (m,), it holds also for all
subsequence of (,): there exists a sub-subsequence (7,,,) such that (V™ , W7 ) converges uni-
formly on compact sets. But Proposition 6.1 characterizes the limit V(= W) as the unique dual
solution of the Hamilton-Jacobi-equation (6.2). Consequently, all converging sub-subsequences
have the same limit, and the Theorem 6.1 follows.

Proof of Proposition 6.1

Step 1. We know since Lemma 3.1 that, for all n, V™ and W™ are Lipschitz continuous
in all their variables, with the same Lipschitz constant depending only on f and g. It follows
that there is a subsequence of partitions, still denoted by (7,,),~,; and two bounded Lipschitz
functions V, W:[0,T] x R? x A (I) x A (J) — R such that (V™ W) — (V, W) uniformly on
compact sets in [0,7] x R x A (I) x A (J) and, obviously, the functions V, W are also Lipschitz
continuous with respect to all their variables, convex in p, concave in ¢ (see Lemma 3.2).

lim (W™)# V = lim (V™)*. Due to our results in Section
n—-+4o0o n——+00

Step 2. Recall that W =

5, wy = W# and wy = V* are, respectively, a dual subsolution and a dual supersolution of HJI
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equation (6.1) and W# (T, z,p,q) = V* (T, z,p,q) = Zij Piq;jgij (x). Then, by the comparison
principle (Lemma 6.1), we have

W# <V*on [0,T] x REx A(I) x A(J). (6.3)

Step 3. Since V™ converges to V uniformly on compact sets, for any ¢, M > 0, there is a
positive integer N. s such that for all n > N. a, t € [0,7] and |z| < M, (p,q) € A(L) x A(J),

V™ (t,z,p,q) =V (t,2,p,q)| <e.
Here € > 0 is arbitrarily given. Consequently, we have for all n > N p, t € [0,77], |z| < M and

(h,a) € RT x A(J),

|V7Tn* (t7$7]§7 q) -V (t,ﬂ?,ﬁ, q)| < sup {ﬁ pb— Vi (t,JE,ﬁ,Q)} — Sup {ﬁ P V(t7$7p7 Q)}

pEA(I) peA(I)

< sup |V7Tn (t7$7]§7 Q) -V (t,l‘,p, Q)|
PEA(I)

<e.

Hence, V = liIJIrl V7T* = V* and, consequently, since V is convex in p, V = V** = V.
n——+0oo
In a symmetric way, it is easy to get that W# = lim W™ = W.
n——+o0o

As a consequence of (6.3), we have W < V in [0,7] x R% x A (I) x A (J). Observing that
W= lim W™ > lim V™ =V, we obtain that the game has a limit value

n—-+00 n—-+00
W=Vin [0,T] xR x A(I) x A(J).

From the above proof we deduce that the value V' (= W) is the unique dual solution of HJ
equation (6.1). O

7 The case of lack of information on the dynamics

In this section, we consider a game in which the players have also an asymmetric information on
the dynamics: In each of the scenarios (i,j) € {1,...,I} x {1,...,J} the game has a different
dynamic given by

ij

t7 b K
Xijmuv (t) =T € Rd,

{ AXGT () = Fy (X ) u () 0 () dsy s € LT), (W) €thar x Vi)

where f;; : R? x U x V + R? is bounded, continuous and Lipschitz continuous in z, uniformly
with respect to (u,v). The possible payoffs are still given by g;; (X:Jm” o (T)), with g;; bounded
and Lipschitz.

As already in the sections before, for some fixed (p,q) € A(I) x A(J), at time ¢, a scenario
(i,7) is chosen at random with the probability p;q;; the choice of i is communicated only to
player 1, while the choice of j is communicated only to player 2. The players observe their oppo-
nent’s behavior and try to deduce from it their missing information. Player 1 aims to minimize,
Player 2 to maximize the payoff. We remark that, in the case with Isaacs’ assumption but with
correlated information, the case of lack of information on the dynamics has been considered by
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Oliu Barton [22].

As in the previous chapters, we fix a partition 7 = {tg =t < ... < ty = T}. Keeping the
same definitions for the sets of strategies AT and B[, the upper and lower values of the game

associated to 7 are then, respectively, for (p,q) € A (1) x A(J), (t,x) € [0,T) x (Rd)u

i Tig 0,55
W= (t,x,p,q) =  inf sup pigiE |giy (X5 (D)) ] (7.2)
(ai)E(Ar(th))I(ﬁj)e(B;r(t,T))( ZZ; JZ; / [ J ( J >}

and

™ t 7%
VT (t,x,p,q) =  sup inf ZZWJJ [gm ( sl (T)ﬂ : (7.3)
(85)€(Br (1,1))” () €A (TN 1T 52
The idea to solve this case of asymmetric information is to blow up the dynamics: We
introduce the following auxiliary dynamic with values in R¥*/:

dXEXuv (s) = F (XU (s) ,u(s),v(s))ds, se€[t,T],

Xt,x,u,v (t) =x (74)
with F =(f;;) ,x =(z;;) and a new family of payoffs G;; (x) = gi; (x;;). This permits us to
rewrite the value functions as

Wﬂ— t7 s My — inf i txa“ﬁj
(tx0.0) (ai)e(j}f(th))I(ﬁj)e(S;fIzt,T))‘ ;;pq] [ ( )}

and

VT (t,x,p,q) =  sup inf ZZ% [ <txawﬁj)]’

(BB (8,1))” () (AT (ET)) =1 5=
and we recover the case of asymmetric information solved in the previous chapters. As a conse-
quence we have the following result:

Theorem 7.1 The limit value of the game exists, as the mesh of partitions tends zero, and it
is the dual solution of the following HJI equation:

{ W (t,x) +H(x, DV (t,x)) =0, in [0,7] x (R%)"

VAT, x) = 325 pid;9ij (ij) » (7.5)

where

H(x,¢& inf  sup fii (X, u,v) p(du) v (dv) - &;
(&) = nePWU)vep(v )%: UxV i (i Jus(du)o(dv) - &g

= sup inf fii (X5, u,0) p(du) v (dv) - &;.
veP(V)HEP(U) 7 JUXV 3 (i Judu) v (dv) - &

Remark 7.1 In the present paper the asymmetric information structure concerns a number of
finite types of the payoffs gi;;(Xr), i = 1,2...1, j = 1,2...J. An interesting question would
concern the case where the set of types is infinite : typically each player, instead knowing a prob-
ability measure with finite support which represent the information on its opponents knowledge,
would know a probability measure which support is an arbitrary subset of some RY.

In this direction the results of the present paper could be extended using methods of [13] and

[10].
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