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Markov games with frequent actions and incomplete
information

P. Cardaliaguet* Catherine Rainer! Dinah Rosenberg!
Nicolas Vieille?

July 11, 2013

Abstract

We study a two-player, zero-sum, stochastic game with incomplete information
on one side in which the players are allowed to play more and more frequently. The
informed player observes the realization of a Markov chain on which the payoffs depend,
while the non-informed player only observes his opponent’s actions. We show the
existence of a limit value as the time span between two consecutive stages vanishes; this
value is characterized through an auxiliary optimization problem and as the solution

of an Hamilton-Jacobi equation.

Key-words: Markov games, incomplete information, zero-sum games, Hamilton-Jacobi

equations, repeated games.

A.M.S. classification : 91A05, 91A15, 60J10

1 Introduction

This paper contributes to the expanding literature on dynamic games with asymmetric
information, in which information parameters change with time, see e.g. Athey and Bagwell
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(2008), Mailath and Samuelson (2001), Phelan (2006), Renault (2006), Wiseman (2008),
Neyman (2008) and more recently Escobar and Toikka (2013) and Renault, Solan and Vieille
(2012). In these papers, payoff-relevant types are private information, and follow Markov
processes.

The mathematical analysis of such games for a fixed discount factor ¢ remains beyond
reach, and all of the above papers (as well as most of the literature on repeated games, see
Mailath and Samuelson (2006)) focus on the limiting case where § — 1, with the interpreta-
tion that players are "very patient”. Yet, another, equally interesting interpretation which
is consistent with 6 — 1 is that the players get the opportunity to play very frequently.
That the two interpretations may lead to sharpingly contrasted results was first pointed in
Abreu, Milgrom and Pearce (1991) for repeated games with imperfect monitoring, see also
Fudenberg and Levine (2007) for a recent elaboration on this issue. Recently, this point was
also convincingly made in Peski and Wiseman (2012), which analyzes stochastic games with
frequent actions, and which contrasts results with those proven in Hérner, Sugaya, Takahashi
and Vieille (2011) for stochastic games with patient players.

We here adhere to this alternative interpretation. Our goal is to clear the mathematical
problems in the analysis of the benchmark case of two-player, zero-sum games, and we revisit
the model of Renault (2006) as follows. The interaction between two players is affected by a
payoff-relevant type, which evolves in continuous time according to a Markov process (st ):>o-
The two players choose actions at discrete time instants (called stages). Together with the
current type, these actions determine the (unobserved) payoff of player 2 to player 1. The
realizations of (s;) are observed by player 1, but not by player 2, who only observes past
action choices of player 1. Players discount future payoffs at a fixed and common discount
rate r > 0, and the time span between two consecutive stages is %

We prove the existence and provide a characterization of the limit value, as the time
span % goes to zero. While our setup is directly inspired from Renault (2006), our analysis is
significantly different. In Renault (2006), the transition rates between any two consecutive
stages remain constant when players get more patient. (At least when the process of types
is irreducible,) the initial private information of a player has a finite lifetime, and the limit
value does not depend on the initial distribution. Here instead, transitions rates are of the
order of %: as players play more often, the probability that the state changes from one stage
to the next vanishes. As a result, the limit value does depend on the initial distribution.

We first analyze the case of exogenous transitions (transition rates do not depend on
action choices). Adapting techniques from the literature on repeated games with incomplete
information, see Aumann and Maschler (1995), we give a semi-explicit formula of the limit
value as the value of an auxiliary optimization problem, which we use to get explicit formulas
in a number of cases. Using PDE techniques, we provide an alternative characterization of the
limit value as the unique solution (in a weak sense) to a non-standard Hamilton-Jacobi (HJ)



equation. This equation can be understood as the infinitesimal counterpart of a dynamic
programming principle.

We next expand significantly this framework to allow first for endogenous transitions
(transition rates do depend on actions) and next, for incomplete information on both sides
(each player observes and controls his own Markov chain). In both settings we show that
the limit value exists and is characterized as the unique (weak) solution of a HJ equation.
Our techniques for this analysis (viscosity solutions of Hamilton-Jacobi equations, passage
to the limit in these equations) are reminiscent of the ones developed for differential games,
as in Evans and Souganidis (1984). However, because of the information asymmetry, the
Hamilton-Jacobi equation satisfied by the limit value takes the form of an obstacle problem,
much as in the case of differential games with incomplete information (Cardaliaguet and
Rainer (2009a), Cardaliaguet (2009)), yet with a significant difference. Indeed, information
is here disclosed to the informed player(s) through time (and not only at the initial instant);
this leads to a new HJ equation and to a slightly different definition of weak solution (cf. the
discussion after Definition 1 and at the beginning of the proof of the comparison principle).
The passage from discrete games to continuous equations partially relies on methods devel-
oped for repeated games in Vieille (1992), Laraki (2002), Cardaliaguet, Laraki and Sorin
(2012), and the starting point of our analysis for incomplete information on both sides is
inspired by Gensbittel and Renault (2012).

The paper is organized as follows. We first present the model and state the main results
(Section 2), which we illustrate through several examples in Section 3 and which we prove
in Section 4. Games with endogenous transitions are analyzed in Section 5, while Section 6
is devoted to games with incomplete information on both sides. In the appendix we collect
the proofs of several technical facts, including a new comparison principle adapted to our
framework.

2 Model and main result

2.1 Model

We start with the simpler version of the model. There is a finite set of states S of cardinal
|S]. With each state is associated a zero-sum game with finite action sets A and B and
payoff function g¢(s,-,-), where g : S x A x B — R. Time is continuous, and the state
s¢ at time ¢ > 0 follows a Markov chain with law P, initial distribution p € A(S) and
generator R = (psy)s.sres. For s # ', pge is thus the rate of transitions from s to s, while
—Pss = Z pss 18 the rate of transitions out of state s. We denote by P(-) the transition

s'#s
semi-group of (s;)i>0, so that Py(s,s’) = P(sgp = | s = s) forall t,h > 0 and 5,8’ € S.



The map t — P, is a solution to the Kolmogorov equation P/ = RP;, and is given by
P, = exp(tR).

Given n € N*, we let G,,(p) denote the following, two-player game with infinitely many
stages. In each stage k € N, players choose actions a, and b, in A and B, and the payoff

is given by g(s,i"), ag, b) where s,i") i= Sk/n is the state at time % Along the play, player 1

observes past and current realizations of the states sg@) and both players observe past actions
of player 1, but payoffs are not observed.!

We view G,,(p) as the discretized version of a continuous-time game, with stage k of G, (p)
taking place at physical time % As n increases, the time span between two consecutive stages
shrinks and the players get the option to play more and more frequently. In physical time,
players discount (£ut1;1/re payoffs at the fixed, positive rate » > 0. Hence, the weight of stage

+1)/n
k in G,(p) is / re"tdt = A\, (1 — M\,)¥, where ), := 1 — e™"/". Note that \, — 0 as
k

/n
n — 400 (and 1 — A, may be interpreted as the discount factor between two consecutive

stages in G, (p)).
We denote by @, (p) the value of the game G, (p).> From the perspective of the literature
on repeated games, the game G, (p) is thus a discounted game, with discount factor 1 — A,,.

2.2 Results

Our main result is the existence of lim,, ., 0,(p), together with different characterizations
of the limit. We need a few definitions.

Define S(p) to be the set of adapted, cadlag processes (p:)i>0, defined on some filtred
probability space (2, F, P, (F)i>0), with values in A(S), and such that, for each ¢,h > 0,
one has

Elpin | F] =" P(h)p;, P — aus. (1)

Given p € A(S), we denote by u(p) the value of the one-shot, zero-sum game I'(p) with
action sets A and B and payoff function

g(p,a,b) : Zp (s,a,b).

seS

That is, u(p) = ma min T min ma x
, u(p) xeA(X)yeA(B)g(p, Y) = yeA()xeA(ﬁ)g(p, Y)-

Theorem 1. The sequence (U,(+))nen converges uniformly, and P1 and P2 hold, with
v(p) = limy, 00 0n(p)-

"'Whether or not actions of player 2 are observed is irrelevant.
2We abstain from using the notation v, (p), which is associated with games with n stages.



+o0
P1 v(p) = max E [/ rertu(pt)dt} .
(pt)€S(p) 0

P2 u(-) is the unique viscosity solution of the equation
min {rv(p) + H(p, Dv(p)) ; —Amax(p, D*v(p))} =0 in A(S), (2)

where H(p,&) = —(TRp, &) — ru(p).

Few comments are in order. We first comment on P2, and on the intuitive content of
equation (2). Assuming v(-) (extended to a neighborhood of A(S)) is a smooth function,
Duv(p) and D*v(p) stand respectively for the gradient and Hessian matrix of v(+) at p, while,
loosely speaking, Apax(p, D?v(p)) is the maximal eigenvalue of the restriction of D?*v(p) to
the tangent space of A(S) (all formal definitions will be provided later). According to (2),

(1) —Amax(p, D*v(p)) > 0, so that the limit value v is concave. This concavity property—
which actually holds for each o, (thanks to the so-called splitting results, such as
Propositions 2.2 and 2.3 in Sorin (2002))—can also be established using P1.

(ii) the inequality rv(p) + H(p, Dv(p)) > 0 always holds on A(S), with equality at any
point p where v is strictly concave (or, more precisely, at which — .y (p, D*v(p)) > 0).

It turns out that the Hamilton-Jacobi equation
rw(p) + H(p, Dw(p)) = 0, p € A(S)

characterizes the limit value of the auxiliary game in which no player observes (s;) — the
PDE actually being the infinitesimal version of the dynamic programming equation.
In our game, the equality rv(p) + H(p, Dv(p)) = 0 must intuitively therefore hold
wherever it is optimal for player 1 not to disclose information. For this reason, the set

H:={p e A(S) | rv(p) + H(p, Dv(p)) = 0} (3)
is called the non-revealing set.

In general however, one cannot hope the limit value v(+) to be smooth. For this reason,
the interpretation of the equation (2) is in the viscosity sense, see Definition 1 in Section 5.

To illustrate P1, let us specialize Theorem 1 to the case where R is identically 0. In
such a case, the state sg is drawn at time 0 and remains fixed throughout time. The game
G, (p) thus reduces to a truly repeated game with incomplete information a la Aumann and
Maschler (1995). Note that S(p) is then equal to the set of cadlag martingales with values
in A(S) and initial value p.



Consider two A(S)-valued processes (p;)e>0 and (pr)rep,1), such that p. = p_wa-n or
equivalently p; = p;_.— a.s., for each t > 0 and 7 € [0, 1]. Observe that (p;) is a martingale
iff (Pr)refo,1) is @ martingale, and

Bl ["rertuma] <5 1 (]

Therefore, denoting by Mg 11(p) the set of cadlag martingales defined over [0, 1], with values
in A(S) and starting from p, one has

1
v(p) = max E w(py)dr| 4
W=, max B[t 0

a well-known formula for repeated games (see Section 3.7.2 in Sorin (2002)). In a sense, the
assertion P1 thus provides the appropriate generalization of (4) to the case of an arbitrary
transition rate matrix R.

P1 and P2 provide two alternative (and independent) characterizations of the limit value,
as the value of an auxiliary optimization problem, and as a solution to a Hamilton-Jacobi
PDE. We next state a verification theorem, which relies on P2 to give a sufficient condition
under which a process in S(p) is optimal in P1.

Theorem 2. Assume that v is of class C? in a neighborhood of A(S). Let p € A(S) and
(pt) € S(p) be given, and assume that (i) and (ii) below hold.

(i) P-a.s., one has ps € H and v(ps) — v(ps—) = (Dv(ps—), ps — ps—) for all s >0,
(ii) (p;) has no continuous martingale part.

Then (p;) achieves the mazximum in P1.

Remark 3. As R is the generator of the transition semi-group P, (1) implies that each
process (p;) € S(p) can be decomposed, P-a.s. for all t > 0, as

¢
pr=p+ / TRpyds +my, (5)
0

where (m;) is a martingale in the filtration generated by (p;). This martingale itself can be
decomposed into a continuous and a purely discontinuous part (see Protter (2005)).

The most important condition in Theorem 2 is (i), which states that the “information
process” (p;) must live in the non-revealing set H and can jump only on the flat parts
of the graph of the limit value v(-); this condition is known to be sufficient in a class of
simpler games, such as in Cardaliaguet and Rainer (2009b). Condition (ii) is often satisfied
in practice, as the examples in the next section show.
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Proof. We write the It6 formula for e "v(p;), using the decomposition (5):

t t 1 t
e "u(p) = v(p) —/ rersv(ps)dst/ erst(ps)dps+§/ e " D*v(p,s)d(m),
0 0

+ jg: e‘TS<U(pS)-—-U(pS,) —'<l)U(psf>7Z% —-ps,>),

0<s<t

where (mf) is the continuous part of the martingale (m;) and (m¢) its quadratic variation.
Under the assumptions (i) and (ii), the two last terms in this equation vanish. Then,
replacing (p;) by its martingale decomposition and taking expectations on both sides, we get

Bl = o)~ | [ e (o) — (TRpw Dolpy)) ).

It is time now to apply the assumption ps € H , which leads to

e Blolp) = o)~ B [ [ re utpas]

The result follows when letting t — +4-o00. O

3 Examples and Applications

We here illustrate how P1 can be used to provide explicit formulas for v(p) in various cases.
This section is organized as follows. We first provide in Lemmas 1 and 2 respectively upper
and lower bounds on v(-) which always hold. We next identify several cases where these
bounds coincide, thereby pinning down v(-). We finally discuss two examples in more detail.

3.1 Upper and lower bounds for the limit value

Let (p;) be defined by p; =7 P,p. The process (p;) is the unique deterministic process
in S(p). It is the process of beliefs held by player 2 when player 1 plays in a non-revealing
manner (that is, ignores his own private information) or equivalently, the beliefs of an outside
observer who would not observe the informed player’s actions. Observe that E[p;| = p; for
every t > 0 and (p;) € S(p).

We denote by cav u := A(S) — R the concavification of u(-).

Lemma 1. One has -
v(p) < / re "cav u(p})dt.
0



Proof. For any (p;) € S(p), one has

E/ re_”u(pt)dt:/ re_”E[u(pt)]dtS/ re_”cavu(E[pt])dt:/ re”"cav u(p;)dt,
0 0 0 0

where the first equality follows from Fubini Theorem, and the first inequality follows from
the inequality u < cav u and from Jensen inequality. O

For s € S, we denote by s € A(S) the probability measure which assigns probability
one to s.

Lemma 2. One has -
v(p) > / re”"u(py )dt,
0

and

v(p) > Zu(és) /OOO re_rtp:(s)dt.

seS

Proof. These lower bounds for v(p) are obtained when computing E / re”"u(p;)dt for
0

specific processes (p;) € S(p).

The first lower bound is obtained when setting p; := p;. Intuitively, the right-hand
side is then the amount which is secured by the strategy which plays at each ¢ an optimal
(non-revealing) strategy in the average game associated with the current belief of player 2.

The second lower bound obtains when setting p; := d,,. Indeed, one then has

E /0 Oore_”u(pt)dt = /0 Oore_rtE[u(ést)]dt
= 3w /0 e TP (s, = s)dt

ses

- Zu(és) /000 Tef”tpr(s)dt.

ses

Intuitively, the right-hand side is then the amount which is secured by a strategy which
would announce at each t the current state, and then play optimally in the corresponding
game. ]

Corollary 4. If u is concave, then v(p) = / re” " u(p;)dt.
0

If w is conver, then v(p) = Zu(és)/ re”"'pi(s)dt.
0

SES



Proof. If u is concave, then u = cav u, and the result follows from Lemmas 1 and 2 (first
lower bound).

If u is convex, then cav u(p) = Y .qp(s)u(ds) for each p € A(S), and the result again
follows from Lemmas 1 and 2 (second lower bound). O

We now illustrate in these two simple cases the alternative characterization P2 in Theo-
rem 1. If u is smooth and concave, then the map

w(p) == / re”"tu(p;)dt = / re "u(TPp)dt
0 0
is concave and satisfies

rw(p) + H(p, Dw(p)) = rw(p) — ("Rp, Dw(p)) — ru(p) = 0.

Therefore w is a solution to the Hamilton-Jacobi equation
min {rv(p) + H(p, Dv(p)) i —Amax(p, D*v(p))} =0 in A(S). (6)

By P2, this shows (again) that v = w. Recalling the definition of the non-revealing set H

in (3), we here have H = A(S). As the deterministic process (p;) satisfies conditions (i) and

(ii) of Theorem 2, it is optimal in P1: in other words, player 1 does not reveal anything.
Assume instead that « is smooth and convex. Then the map

wlp)i= Y uld) [ re i

SES

satisfies

rw(p) + H(p, Dw(p)) = r Y _ psu(d,) — ru(p) > 0,

because u is convex. As D?*w(p) = 0, w solves (6) (actually one has to be more cautious
here and to use the notion of viscosity solution of Definition 1). From this and P2, it follows
that v = w. Moreover, the non-revealing set is given by H = {p : u(p) = cav(u)(p)} and
thus contains S. Then the process (p; := ds,) satisfies conditions (i) and (ii) of Theorem 2,
so that it is optimal in P1: player 1 reveals all his information.

In both the concave and the convex cases, v(p) is given by re”"cav u(p})dt. We

0

show that this latter formula is valid in many cases beyond the concave and convex case,
but not always.



3.2 Two-state games

In the following, we focus on the case where S := {s1, 55} contains only two states, and we
identify a probability measure over S with the probability assigned to state s;. In particular,
u will be viewed as a function defined over [0,1]. We denote by pk, := lim; . pf € [0,1]
the unique invariant measure of (s;), and let p,p € [0,1] be such that p < pi < p, and
(res cav u(py)) = alp, u(p)) + (1 — @) (B, u(p)), for some a € [0, 1].

Such distributions p and p always exist, but need not to be uniquely defined.

Lemma 3. Assume p < p%, < p. One has

v(p) = /000 re”" cav u(p;)dt for each p € [p,p. (7)

If moreover the equality u = cav w holds on [0,p] (respectively on [p,1]), then (7) holds on
the interval [0, p] (respectively on [p, 1]).

If we further assume that cav u is of class C' with cav u(p) > u(p) in (p,p), then one can
easily check that the non-revealing set defined in (3) satisfies {p, p} C H C [0,p] U [p,1]. In
particular, (7) follows from the construction—in the proof below—of a process (p;) € S(p)
such that p; € {p, p} a.s.: this process satisfies (i) and (ii) of Theorem 2 (because v is affine
on [p,p]) and therefore is optimal in P1. If, moreover, the equality u = cav u holds in [0, p],
then one has [0, p]U{p} C H. We show in the proof below that there is a process (p;) € S(p)
with p; € [0,p] U {p} a.s.: the same arguments as above show that this process is optimal.

Proof. Define 0 := inf{t : p; € [p,p|}, the first time at which the “average” belief enters the
interval [p, p]. Note that 6 < +oc and that p; € [p,p] for every ¢ > 6.
The result follows from the fact, proven below, that there is a process (p;) € S(p) such

that p, = pj for t < 0, and p; € {p, p} for t > 0, P-a.s. Indeed, for any such process, one has

') 0 [e'e)
E/re%@w::/nﬂwmw+/rw%wmw
0 0 0

0 o
= / re”"cav u(p})dt +/ re "cav u(p})dt,
0 0

which will conclude the proof of the lemma.

1
We now construct the process (p;). For t > 6, define @, := < an(t) an(t) ) by

1 —qgn(t)  g2(t)

q(t) = ]%p (27 - (B x pu(t) + (1 - B)pm(t)))

10



d
an 1

qoa(t) = Z?p(l — P — ((1 = P)p2a(t) + P X p12(t))) -
Intuitively, @; is the transition matrix between the two "states” p and p induced by P;. To
see why, observe that, when starting from p, the probability of being in state s; at time ¢ is
pp11(t) + (1 —p)pa1(t), which is equal to qi1(t)p + (1 — ¢i1(t))p. Similarly, when starting from
P, the probability of being in s; at time ¢ is pp11(t) 4+ (1 —p)p21(t) = (1—qo2(t))p+qo2(t)p. An
elementary computation using the Kolmogorov equation P/ = RP; yields @} = RQ,, where
—P12 P12

the rate matrix R = ( ~ -
P21 —pP21

) is given by

. (1 =p)p21 — pp12 _ pp12 — (1 —p)px
P12 = and pg; = - .

pP—p p—p

Both p12 and po; are positive. Therefore, there is a Markov process (¢:):>¢ with values in

A({p,p}), with rate matrix R and initial distribution gy defined by p; = gy (p)p+ q(p)p.
By construction, the process (p;)i>¢ defined by p; := ¢:(p)p + ¢:(p)p is a Markov process

and E[pgyn | FP] =T Pup; for all t > 0, h > 0. Set now p; = p} for t < . Then the process

¢+ )e>0 satisfies the desired properties. O
(Pe)e> prop

In all previous cases, the equality v(p) = / re”""cav u(p})dt holds. This is however not
0

always the case, as we now show.

Example: Let a game A, B and g : {s1,$2} X A x B be such that (i) u(0) = u(1) = 0, (ii)

u(p) =1 for p € [3,2], and (iii) u is strictly convex on each of the intervals [0, 5] and [3,1].
12

Assume that transitions are such that p’_ € (g, g),3
Proposition 1. For every p ¢ [%, %], one has v(p) < / re " cav u(p?)dt.
0

Proof. Fix p € [0, %) for concreteness. We argue by contradiction, and assume that

/ re_rtE[u(pt)]dt:/ re”"cav u(p;)dt,
0 0

for some process (p;) € S(p). Since E[u(p;)] < cav u(p;) for all ¢, one has E[u(p,)] = cav u(p])
for Leb-a.e. t € R*.

3The existence of such a game follows from Proposition 6 in Lehrer and Rosenberg (2003), which does
not appear in the published version of the paper, Lehrer and Rosenberg (2010).

11



Let 6 := inf{¢ : p; > £}. Observe that cav u(p;) = 1 for t > 6, and cav u(p}) = 3p; for
t<0.
For t < 0, the equality Elu(p;)] = cav u(p;) implies that the law of p; is concentrated
on {0, 3}, with P(p, = 3) = 3p}. Ast — 0~ we get P(pp- = 3) = 1, so that py_ = pj; a.s..
Then (1) implies that p, = (e~ BO-D)ps = p* as. for t € [0,6], which is impossible since
pe€{0,3} as..
U

Intuitively, maximizing E[u(p,)] leads player 1 to disclose information at time ¢ which he
later wishes he hadn’t disclosed.

3.3 An explicit example

We conclude this section by providing an explicit formula for the limit value in an example
due to Renault (2006) (see also Horner, Rosenberg, Solan and Vieille (2010)). In that
example, both players have two actions, and the payoffs in the two states are given by

10 0 0
and
0 0 0 1
Transitions occur at the rate m > 0, so that R = <

—2 1 1
M ™0 M~ where M = , so that
0 0 11

PR e 2 0 ol L +e—2“f 1 -1
! 0 1 2\ 11 2 1 1 )

Note that u(p) = p(1 — p) is concave, hence

B ) Observe that R =

™ —T

o) = [ retuidt= [ e g )
0 0
* : 11— p: _ 11— p . .
On the other hand, p; is given by . = P(t) . Integration in (8) leads to
Dy p

RtV
4 4 r4+4n’

v(p) =

12



4 Proof of Theorem 1

In this section, we prove P1. Statement P2 is a particular case of Theorem 7 below, and we
postpone the proof to section 5. The proof of P1 is divided in three parts. We first prove
that -
liminf 9,,(p) > sup E {/ re_rtu(pt)dt} ,
" S(p) 0
and next that -
lim sup 0,,(p) < supE [/ re”u(pt)dt] .
n S(p) 0

We finally show that the supremum is reached.

4.1 Step 1

Let (p;) € S(p) be arbitrary. We will prove that liminfo,(p) > E {/ re” tu(pt)dt].
" 0

The proof will make use of Lemma 5 below. This lemma is conceptually similar to (but
technically more involved than) the elementary, so-called splitting lemma (Aumann and
Maschler (1995)) which we quote here.

Lemma 4. Let a finite set L, and a probability p € A(S) be given, such that p = Zalpl,

leL
for some o € A(L) and p € A(S) (I € L). Then there is a probability distribution P over

L x S with marginals given by a and p, and such that the conditional law of s given [ is py.

The usual interpretation of Lemma 4 is as follows. Assume some player, informed of the
realization of s, draws [ according to P ([ | s) and announces [. Then, the posterior belief of
an uninformed player with prior belief p is equal to p;. Lemma 4 formalizes the extent to
which an informed player can “manipulate” the belief of an uninformed player by means of
a public announcement.

Lemma 5 below is the appropriate generalization of Lemma 4 to a dynamic world with
changing states. Some notation is required. We fix a Markov chain (w,,)men over S, with
initial law p € A(S), transition matrix II = (7(s’ | s))sses, and law P. Given a sequence
p = (fim)meN, Where i, is a transition function from (A(S))™ x S to A(S),* we denote by
o P the probability measure over (A(S) x S)N which is obtained as follows. Together with
I, p, induces a transition function v, from A(S)™ x S to A(S) x S defined by

Vm(qmawm;Qm—l—lawm—l—l) = 7T(Werl | wm)ﬂm(qmawm-‘rl;QM-i—l)' (9)

1We write pim (g™, s;+). Thus, pm(g™,s;-) is a probability distribution over A(S) for each given ¢™ =
(o, ---,qm) € A(S)™, and s € S, and the probability p.,(¢™,s; A) assigned to a fixed (measurable) set
A C A(S) is measurable in (¢, s).
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The distribution o P is the probability measure over (A(S) x S)N induced by the sequence
(Vm)men (by means of the Ionescu-Tulcea Theorem) and the initial distribution of (go,wp)
which assigns probability p(wp) to ({p},wo) € A(S) x S.

To follow-up on the above interpretation, we think of an uninformed player with belief
p over wy, and of an informed player who observes the successive realizations of (w,,), and
picks a new belief ¢,+1 € A(S) for the uninformed player, as a (random) function pu,, of
the earlier beliefs ¢™ = (qo,...,qn) and of the realized state w,,,1 in stage m + 1. The
distribution p o P is the induced distribution over sequences of beliefs and states.

Lemma 5. Let Q be a probability distribution over A(S)N such that Q-a.s., qo = q and that
Elgns1 | ¢ =7 Tgy, for each m.

Then there exists a sequence p = (p,) such that the probability measure o P satisfies
C1 and C2 below.

C1 The marginal of 1o P over A(S)N is Q.
C2 For each m >0, qy, is (a version of) the conditional law of w,, given q™.

The proof of Lemma 5 is in the Appendix. We now construct a behavior strategy o; of
player 1 in G,,(p). We let a: A(S) — A(A) be a (measurable) function such that «(p) is an

optimal strategy of player 1 in the one-shot, average game I'(p), for each p € A(S).

For k > 0, we set 5,(9") := Spn and p,g") := Py/m- The sequence (sé"))keN is a Markov chain

with transition function P/, and initial distribution p We let (ur)ren be the transition

functions obtained by applying Lemma 5 with wy = sk ) and Q= p,i").
According to oy, player 1 picks pk+1 € A(S) according to uk(pg ), . ,p/,(C ), 3,(€+)1, -) then
plays the mixed action a(p,(gl) € A(A).

Let o9 be an arbitrary strategy of player 2 in G,,(p). For any given stage k, one has

E[g(s,i"),ak,bk)] = E E g(sk , g, by |p0 ,...,p,(g")H
:rEbgm,< )0 106,
= E E (e i), br) Ipé"),---,pin)ﬂ
> BE[ubl) [5"....o"]] = Bt

Summing over k, and denoting by ¢ — pt ) the step process equal to Pk over the interval
[k E+1

n’ n

), one has therefore
5u(p) > E [ / re”u(pgn))dt] | (10)
0
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Since (p;) is cadlag, the map t — p; has P-a.s. at most countably many discontinuity
points. Note also that lim,, p,§") = p; at every continuity point. Thus, one has lim,, p,§") =y

P ® Leb-a.s. . By dominated convergence, this implies

lim E/ re "u(pi™)dt = E/ re”"u(p;)dt.
0 0

n—-+o0o

By (10), one thus has

lim inf 0, (p) > E/ e "u(py)dt.
0

n—-+4o0o

4.2 Step 2

Let n € N*, and o7 be an arbitrary strategy of player 1. We adapt Aumann and Maschler
(1995), and construct a reply o of player 2 recursively. Together with oy, the strategy
o9 induces a probability distribution over plays of the game, denoted P,. Given a stage
k, we denote by py = Po(spm = - | HIT) the belief of player 2 at the beginning of stage
k, where Hi! is the information available to player 2, that is, the o-algebra generated by
(ai,bi)iz1,. k1. We let oq play in stage k a best reply in the average, one-shot game T'(py,)
to the conditional distribution of a;, given H}!.

We introduce the belief p := P(sp/n = - | Hk+1) held by player 2 at the end of stage k
(that is, after observing ag), so that py i = Pl/npk.

By Lemmas 2.5 and 2.6 in Mertens, Sorin and Zamir (1994), one has®

E[g(sk/ns ar, b)) | Hi'] < ulpr) +E [|pr — bl | 7' -

Taking expectations and summing over stages, one obtains

Ay (1- Ay (1- Z V¥lpw = Brle| (1)
k=0 k=0 k=

We now introduce a process (p;) in S(p) defined by py/, = px and py =7 P,_ i py/n for each k
and t € [£ )

n’ n

Choose a constant ¢ > 0 such that [p; — Pr/n|i < € for each k,n € N* and t € [£ &),
We first bound the first term on the right-hand side of (11):

Z u(lpr)| <E [/ re_rtu(pt)dt] + sup [u(pr) — w(Prpp)|-
P 0 t>0 "

5The belief py is used to define o5 in stage k, and the computation of py uses the definition of o5 in the

first £ — 1 stages only. Hence, there is no circularity.
bdenoting by | - |1 the L'-norm on A(S).
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Since u is Lipschitz for the L'-norm, one has, for some C,

)\ni(l — )\n)ku(pk)] < sup E [/OOO re~"u(p, )dt} N c

k=0 (pt)ES(P)

Next, adapting Mertens Sorin and Zamir (1994), one has

Ay (1 \pk—pkh] = > M\ Zl— E [|pi(s) — pe(s)|]
k=0 sesS k=0
< Z(%Z E [[pk(s) — ﬁk(s)l2]>
sES k=0
= Z(Anz E(pi(s ))—E(ﬁi(s)))> :
sES k=0

which is also equal to

> (An > (1= 2 (B(p(5) — E(pr(s) + E(pp(s) — E(ﬁi(s)))) -

seS
Therefore
~ :
Z ‘pk_pkh] < Z (A + An Z (1= X)) E (pf1a(s) — ﬁi(s))>
k= sES

< 9] <)\n+%)2
n

Plugging into (11), and since oy is arbitrary, this yields

Un(p) < sup E U 'f’e”u(pt)dt] + % +9] <An + f) ,
0

(pt)eS(p)

and the inequality limsup 9,,(p) < sup E [ / rertu(pt)dt] follows.
n—00 (pt)eS(p) 0

4.3 Step 3

We conclude by proving that the supremum in P1 is reached. First we remark that the
claim P1 can alternatively be written as

o(p) = max Ep l /0 m re”u(pt)dt} ,

PeX(p)
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where, if € denotes the set of cadlag functions from R™ to A(S) and (p;) the canonical
process on (), ¥(p) is the set of probability measures P on {2 under which (p;) belongs to
S(p). This reformulation permits us to use classical arguments: We apply the tightness
criterion of Meyer and Zheng (1984). Let (P,,),, be a maximizing sequence for P1. Although
strictly speaking the coordinate process (p;) need not be a quasimartingale, Theorem 4 in
Meyer and Zheng (1984) still applies.”

Denote by P the weak limit of some subsequence of (P,,),. It is routine to show that

P € S(p). Finally, since the functional E {/ e‘”u(pt)dt} is weak continuous, P is a
0

maximizer in P1.

5 Games with endogenous transitions

In this section we extend Theorem 1 to games with endogenous transitions. We show that the
limit value exists and is characterized as the unique viscosity solution of a Hamilton-Jacobi
equation.

5.1 Model

We now introduce a more general model in which players control transitions. As before, S is
a finite set of states, A and B are finite action sets and g : S X A x B — R denotes the payoff
function. In contrast with the previous sections, we here assume that the generator depends
on actions : R := (R(s,s;a,b),s,s8 € S;a € A,b € B), where for all (s,a,b) € S x A x B,

o forall s’ # s, R(s,s';a,b) >0,
. Z R(s,s";a,b) = 0.

s'eS

For fixed (a,b) € A x B, we denote by t — P;(a,b) the transition semi-group of the Markov
chain with transition rates R(-;a,b). Given t > 0, and =z € A(A), y € A(B), we set
Pz,y):= Y w(a)y(b)P(a,b).
acA,beB
For n € N*, G,,(p) now denotes the two-player game with infinitely many stages, where, at
each stage k € N, players first choose actions a, € A and b, € B, the payoff is g(slgn), ag, by),

and next 31(:31 is drawn using Pl/n(sfg"), - ag, by).

"One may e.g. consider the laws PL of the coordinate process stopped at T and then use a diagonal
argument. Alternatively, we may apply Theorem 4 directly to the "damped” process q; := e~ %p; where
a € (0,7), with values in the cone spanned by A(S).
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The information structure of the game is as before: player 1 observes past and current
realizations of the states sé") and both players observe past actions of their opponent, while
payoffs are not observed. As before, the weight of stage k in G,(p) is A\.(1 — \,)*, with
Ay i=1—e7"/m,

The value of the game G, (p) is still denoted o, (p).

5.2 Viscosity Solutions

In this section, we introduce the Hamilton-Jacobi equation which characterizes the limit
value and we define the notion of weak solution (in the viscosity sense) used in Theorem 1.

We first need to fix some notations. As the partial differential equations encountered
below take place in the simplex A(S), we have to define a tangent vector space Ta(s)(p) to
the set A(S) at each point p:

Taes)(p) == {z = (2s)ses € R 3 >0, p+eze A(S), p—ez € A(S)} .

For instance, if p belongs to the relative interior of A(S), one has Ta(s)(p) = {z € RI¥l, 3 oz, =
0}, while Th(sy(p) = {0} if p is an extreme point of A(S). We also define, for any symmetric
matrix X € RIS

Xz, 2
. X) = s { 2 € o M0} (12)
By convention Apax(p, X) = —oo if Tasy(p) = {0}. Note that Aypax(p, X) is a kind of

maximal eigenvalue of X on the tangent space Ta(s)(p)-
Given a continuous map H : A(S) x RISl — R, we consider the Hamilton-Jacobi equation

min {rw(p) + H(p, Dw(p)) ; —Amax(p, D*w(p))} =0 in A(S). (13)

Definition 1. A map w : A(S) — R is a viscosity subsolution of (13) if it is upper
semicontinuous and if, for any smooth test function ¢ : RSl — R such that w— ¢ has a local
mazximum on A(S) at a point p € A(S), one has

min {rw(p) + H(p, Do(p)) ; —Amax(p, D*¢(p))} < 0.

A map w : A(S) — R is a viscosity supersolution of (13) if it is lower semicontinuous and
if, for any smooth test function ¢ : RS — R such that w — ¢ has a local minimum on A(S)
at a point p € A(S), one has

min {rw(p) + H(p, DA(p)) ; —Amax(p, D*¢(p))} > 0.

Finally, w : A(S) — R is a viscosity solution of (13) if it is a subsolution and a supersolution

of (13).
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Remark 5. 1) This definition does not exactly match the standard notion of viscosity
solution given, e.g., in Crandall, Ishii and Lions (1992): the reason is that we work with
functions defined on the simplex A(S), instead of the entire space. It is not even quite the
same as in recent papers dealing with differential games with incomplete information, see e.g.
Cardaliaguet and Rainer (2009a). In these papers, no private information is ever disclosed
after the initial time and the “dynamics” on the parameter p is simply the evolution of the
belief of the non-informed player. As a consequence, a key property of these games is that
the faces of the simplex are invariant under this dynamics: in terms of PDE, this is expressed
by the fact that the conditions for supersolution only need to be tested in the relative interior
of A(S). In the present framework, the variable p has a dynamics (the controlled Markov
chain), which leaves the entire set A(S) invariant, but not the faces. As a consequence, the
equations have to hold up to the boundary, as in the so-called state-constraint problems.

2) In the above definitions, one can always replace the assumption that w — ¢ has a local
maximum or minimum by the condition w — ¢ has a strict local maximum or minimum (see,
e.g., Crandall et al. (1992)).

Uniqueness for the solution of (25) holds thanks to the following comparison principle,
proved in the appendix. We assume that the Hamiltonian H : A(S) x Rl — R satisfies
the condition:

|H(p,q) — H(p,d)| <Clg—¢| VpeAS), ¢,¢ € RI¥ (14)
as well as
|H(p.q) — H(p',q)] <Clp—p|(lgl +1)  Vp,p' € A(S), ¢ € R (15)

Theorem 6. Under assumptions (14) and (15), if wy is a continuous viscosity subsolution
of (13) while wq is a continuous viscosity supersolution of (13), then wy < wq in A(S).

In particular, equation (13) has at most one continuous viscosity solution.

Examples: We have already encountered several examples of subsolution and supersolu-
tion for the Hamilton-Jacobi equation (2): for instance, it can be checked that the maps

w(p) == / re”""cav u(p})dt in Lemma 1 is a supersolution to (2), while the maps w;(p) :=
0

/ re”"u(py)dt and wy(p) = Zu(és)/ re” "'pf(s)dt in Lemma 2 are subsolutions of
0 0

seS
(2). Hence, by P2 and Theorem 6, one has v < w and v > max(wy, ws). This provides an

alternative proof of Lemmas 1 and 2.
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5.3 The convergence result

In the endogenous case, it seems difficult to provide a characterization of lim ¢, of the type
of P1 in Theorem 1. However, characterization P2 still holds:

Theorem 7. The uniform limit lim v,(p) exists and is the unique viscosity solution of the
n—-+00

Hamilton-Jacobi equation (13), where H is now given by

H(p,§) = min | max {—"R(z,y)p,&) —rg(p,z,y)} . (16)

Note that, when the transition are independent of actions, one recovers statement P2 of
Theorem 1 as a particular case. As the map H defined by (16) satisfies conditions (14) and
(15) above, Theorem 6 applies, and equation (13) has at most a unique viscosity solution.

5.4 Proof of Theorem 7

5.4.1 Step 1: dynamic programming principle and regularity

As is well-known, the maps 0, are (uniformly) Lipschitz on A(S), concave and bounded, and
satisfy the following dynamic programming principle:

Un(p) = max  min (Ang(p,x,y)ﬂl—kn) > x(p)(a)y(b)@n(TP;(a,b)ﬁ(x,a)))

z€(A(A))S yeA(B) a€A, beB

— min  max (Ang<p,x,y>+<1—An> ) :v(p)(a)y(b)@n(TPl(a,b)ﬁ(x,a)))

YEA(B) 2€(A(4)) e en B
(17)
where z(p)(a) = Zpsxs(a) and, for a € A, p(z,a) := (ﬁf)—;&?) . is the conditional law of
se
ses
the state given a:

We will prove that any accumulation point of (7,) for the uniform convergence is a
viscosity solution of (13). Since (13) has a unique viscosity solution, this will imply the
uniform convergence of the sequence ().

We thus consider a uniformly convergent subsequence of (7,). We denote by w the
continuous limit, and relabel the subsequence as ().

5.4.2 Step 2: w is a viscosity supersolution

Let ¢ be a smooth test function such that w — ¢ has a strict local minimum on A(S) at some
point p € A(S). This implies the existence of a sequence (p,) which converges to p and such
that v, — ¢ has a local minimum at p,, for any n: namely,

Un(p) = &(p) — ¢(pn) + Un(pn)  for any p € A(S). (18)
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As 7, is concave, the inequality Amax(pn, D*¢(p,)) < 0 holds by definition of T, Aes)(p). Since
Ta(sy(Pn) D Tags)(p) for n large enough, letting n — +oo yields —Amax (P, D*¢(p)) > 0.
Let y, € A(B) achieve the minimum in (17) for @, (p,), so that

Un(pn) = max (Ang(pna T, Yn) + (1= An) Z x(pnxa)yn(b)ﬁn(TP% (a,0)pn (7, a)) )

A(A))S
z€(A(4)) aEA, bEB

Up to a subsequence, still denoted (y,), we may assume that (y,) converges to some y €
A(B).

Let now = € A(S) be arbitrary. Applying the latter equation with the non-revealing
strategy (,...,z) € A(A)%, one has (with some abuse of notation) z(p,) = = and p,(r,a) =
Pn, hence

Un(Pn) = Ang(Pns T, 9n) + (1= Ap) Z x(a)yn(b)ﬁn(Tpl (a,b)pn) -

acA, beB "
Using (18), this yields

z~]n(pn) > (1 - An) <_¢(pn) + z~Jn(pn»
g (D 2, yn) + (L= X)) Y 2(@)ya(0)6("Pr(a, b)py) (19)

a€A, beB

Since P%(a, b) =1+ %TR(a,b) +0(%)’

S(Py(a0)p2) = 0(on) + = ("R(a,b)pn, D(pa) +0(-)

n

T

1
Since A, =1—¢e n = Ty o(—), the inequality (19) can then be rewritten
n n

0 > —rB(pn) +1g(Pns 2, y0) + Y (@)ya(b)("R(a, b)pn, DY (pn)) + o(1) .

a€A, beB

Letting n — 400 then yields 0 > —rw(p) + rg(p,x,y) + ("R(z,y)p, Do(p)). Taking the
infimum over z € A(A) gives:

) R ’D >O
(p)+yglAE?X)xglAl%{ rg(p,x,y) — ("R(z,y)p, Do(p)) §

In conclusion we have proved that
min {rw(p) + H (B, DH(p)) ; —Amax(p, D*¢(p))} 2 0,

as desired.
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5.4.3 Step 3: w is a viscosity subsolution

We will use the following technical remark, which follows from Cardaliaguet and Rainer
(2009a) or from Step 1 in the proof of Proposition 4.4 in Griin (2012):

Lemma 6. Let w : A(S) — R be a concave function and ¢ be a smooth test function such
that w — ¢ has a local mazimum on A(S) at a point p € A(S). If Amax(D, D*¢(p)) < 0, then
there is & > 0 such that, for any p € A(S) such that p — p € Tas)(P),

w(p) < w(p) + (Do(p), p — p) — d|p — p|*. (20)

Let ¢ be a smooth test function such that w — ¢ has a strict local maximum on A(S)
at some point p € A(S). If Apax(p, D*¢(p)) > 0, then the desired inequality holds. So we
may assume that Apax(p, D?¢(p)) < 0 and it remains to check that, in this case, rw(p) +
H(p,Do(p)) < 0.

As before there are p, € A(S) which converge to p and at which 9, — ¢ has a local
maximum. Let now z,, = (x, ) achieve the maximum in (17) for v,,(p,). Given an arbitrary
y € A(B), one thus has

Up(Pn) < Ang(Pns Tnsy) + (1= Ap) Z xn(pn)(a)y(b){}n(TPI (a,0)pn(n, a)). (21)

acA, beB

Since A, = o(1), since TP1 (a, b)p,(xn, a) = pn(z,,a)+o0(1), and using the uniform continuity
of v, this implies

0(1) < Z xn(pn)(a)y(b) (@N(ﬁn(xm a)) - @n(pn))

a€A, beB
Let © = (x5)ses be the limit of (a subsequence of) (x,),. Letting n — 400 in the above
inequality we get
0< > @@y (wplz,a) - w(p))
acA, beB (22)

> a(d)(a) (w(p(z, a)) — w(p))

acA

As Z z(p)(a)p(z,a) = p, all the points® p(z, a) belong to the same face of A(S) as p. Hence
acA
p(x,a) —p € Tacs)(p) for any a € A. Since w — ¢ has a local maximum on A(S) at p € A(S)

()
with Apax (D, D?¢(p)) < 0, Lemma 6 states that there is § > 0 such that, for all p € A(S)
with p—p € TA(S) (]5),

w(p) < w(p) + (Do(p), p — p) — 8|p — p|*. (23)

8such that z(p)(a) > 0
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Plugging (23) into (22) gives
0 < > x(p)(a) ((DS(D), pn(tn,a) = P) = S|pn(wn, a) — pI)

acA

= _52 |pn Ty, )_ﬁ|27

a€A

because Z a)pp(xy,a) = p. In particular, p(z,a) = p if z(p)(a) > 0. By definition
acA
of x(p)(a), we have therefore z; = zy for any s # s’ such that p; > 0 and py > 0 (which

means that x is non revealing). We denote by z € A(A) this common value and note that
p(z,a) = p whenever x(a) > 0.
We now come back to (21) and use the concavity of ©,, to deduce that

Un(Pn) < Ang(Pns Tns y) + (1 — An) 0y ( Z xn(pn)(a)y(b)TP% (a,b)pn(n, a))
acA, beB

Since ©,, — ¢ has a strict local maximum at p,, € A(S), we get
0 < A (9(Pns Ty y) — Ualpn))

+(1=A) (cb ( Y zalpa)(a)y(h) Psa, b)%(%@)) - cb(pn)) (24)

n
a€A, beB

Observe next that

Z :L’n(pn)(a)y(b)TP% (a,b)pn(Tn,a) = pn+ % Z xn(pnxa)y(b)TR(av b)pn(2n, a) + 0(%)
=t Y np) @y )R, D)+ o)

where the second equality holds because p,(x,,a) — p. Plugging into in (24) we obtain

t _n)\n) <D¢(pn), Z :En(pn)(a)y(b)TR(a’ b)p> + 0(%)

a€A, beB

0 < )‘n (g(pnaxmy) - f)n(pn)) +

Since x,(pn)(a) — z(a), multiplying by n and letting n — 400 yields
0 < r(gpa,y)—w®)+(Dsd), Y z(a)y(b)"R(a,b)p)
a€A, beB

When rearranging, we find that

p i —rg(p — (D¢(p),"R p)) <0 .
Tw(p)+mg&)yg§>§)( rg(p, z,y) — (De(p)," R(z,y)p)) <

Therefore w is a subsolution.
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6 Incomplete information on both sides

6.1 Model

The approach developed in the previous section can also be adapted to games with lack of
information on both sides, in which each player observes and controls a Markov chain. The
framework is close to the one of Gensbittel and Renault (2012). In particular, we also assume
that each player observes only one Markov chain. However, the fact that players play more
and more often completely changes the nature of the results.

We assume that there are two controlled Markov chains (s}) and (s?) with values in the
finite sets S! and S? respectively. The process (si) is observed and controlled by Player
i = 1,2. That is, the generator of (s;);>o is of the form (R'(s,s';a),s,s’ € S',a € A), and
that of (s?) is (R%*(s,s’;b),s,s' € S',b € B). The assumptions on R' and R? are the same
as in the previous section.

Much as before, for given a, we denote by P!(a) the transition function of a Markov
chain with transition rates R'(-;a), and set P}(z) := Y 4 z(a)P}(a) whenever z € A(A).
The transition function P?(y) is defined similarly for y € A(B).

In this new game, the payoff function depends on both states and actions: g : S* x S? x
A x B — R. The initial positions s} and s2 of the chains are chosen independently with
laws p! € A(S) and p? € A(S?). As before, the weight of stage k in G, (p) is A\,(1 — \,)F,
with A, :== 1 — e™™/™. The value of the game with initial distribution (p', p?) is denoted by

(P, P?)-

6.2 The Hamilton-Jacobi equation

In this setting, we have to introduce a slightly new type of Hamilton-Jacobi equation. The
Hamiltonian is now a map H : A(S') x A(S?) x RIS'H15*l - R and the Hamilton-Jacobi
equation is given by the pair of inequalities

max {min {rw + H(p", p*, Dw); —Amax(p"s D}1w) } 5 =Amin(p°, Dyw) } < 0

in A(S") x A(S?), (25)
min {max {rw + H(p', p*, Dw); = Amin(p*, D3w) } ; = Amax (p', D7 jw) } > 0

in A(S1) x A(S?)

In the above expressions, r > 0 is the discount rate, w : A(S?) x A(S?) — R is the unknown
(formally extended to a neighborhood of A(S') x A(S?)), Dw = (Dyw, Dyw) is the full
gradient of w with respect to (p', p?), Diw (resp. Dyw) being the derivative with respect to
p1 (resp. pa), D3 w (resp. D3,w) is the second order derivative of w with respect to p* (resp.
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P?), Amax(p', X) is defined by (12) while

a2, X) =t { 522 e 1o 200 (26)

where Ta(s2)(p®) is the tangent space of A(S?) at p®. By convention we set Apin (p?, X) = +00
if TA(52)<p2> = {O}

As before, one cannot expect equation (25) to have a smooth solution in general, and we
use instead the following notion of viscosity solution:

Definition 2. A map w : A(S') x A(S?) — R is a viscosity subsolution of (25) if it is
upper semicontinuous and if, for any smooth test function ¢ : RIS'H15% 5 R such that w —¢
has a local mazimum on A(S') x A(S?) at (p',p?) € A(S') x A(S?), one has

max {min {Tw(pl,pQ) + H(p',p*, Do(p", p?) 5 —Amax(p*, D710(p", p ))} ;
Amln(p7D2¢p p }<0

A map w : A(SY) x A(S?) — R is a viscosity supersolution of (25) if it is lower semicon-
tinuous and if, for any smooth test function ¢ : RIS'HS’l & R such that w — ¢ has a local
minimum on A(SY) x A(S?) at (p*,p?) € A(S?) x A(S?), one has

min {max {rw(p',p?) + H(p",p*, Do(p". p*)) i —Amin(p?, D500, 0%))}
—Amax(p', D30(p",p%))} >0 .

Finally, w : A(S') x A(S?) — R is a viscosity solution of (25) if it is a sub- and a
supersolution of (25).

Uniqueness of a viscosity solution for (25) holds thanks to a comparison principle, which
generalizes Theorem 6. We will assume that H : A(S?) x A(S?) x RIS'#15°1 & R satisfies
the condition:

|H(p,q) — H(p,d)| <Clg—¢|  Ype A(SY) x A(S?), ¢,¢' € RIS (a7)
as well as
|H(p,q) — HW,q)| <Clp—7|(lgl +1)  Vp,p' € A(SY) x A(S?), ¢ € RISHIS (28)

Theorem 8. Assume that (27) and (28) hold. Letw; be a continuous viscosity subsolution of
(25) and wy be a continuous viscosity supersolution of (25). Then wy < wq in A(S')x A(S?).
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6.3 The limit theorem

Here is our main result in the framework of lack of information on both sides.

Theorem 9. The uniform limit v = lim v, exists and is the unique viscosity solution of
n—-+00

Hamilton-Jacobi equation (25) where H is given by

H(p',p*, €& = xénAl(n)yglAaé{ R'(z)p', &Y — ("R*(y)p°, &) — rg(p",p*, x,y) }
= max mln{ R'(x)p', &Y — ("R*(y)p, &) — rg(p",p*, x,y) }

yeA(B) z€A(A)
(29)

Note that the Hamiltonian defined in (29) satisfies conditions (27) and (28). So equation
(25) has at most one viscosity solution.

6.4 Proof of Theorem 9

The proof is close to the one for Theorem 7. The main difference is that we have to deal
with the fact that both players now have private information, which complicates the proof
of the viscosity solution property. On the other hand, the problem is now symmetrical, so
that it is enough to show the supersolution property, the argument for the subsolution being
identical.

6.4.1 Step 1: Dynamic programming principle and regularity
For (p', p?) € A(S") x A(S?), (z,y) € (A(A)S' x (A(B))I¥* and (a,b) € A x B, we set

= Z pixs( and y Z psys

seSt s€S52

z(p')(a) z(p?)(b)

tributions of the states given a and b respectively.

1 s 2 5 b
and p'(z,a) := (Lﬁ (@) ) and p*(y,b) = <psy (b) ) denote the conditional dis-
sest s€S2
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The dynamic programming principle for v,, reads

o, (p', p?)
=  max min ()\ng(pla p*,2,y)
z€(A(A)I5 ye(A(B))IS?

H1=X) > 2@y () (b)on("PL(a)p! (z, a), TPE(b)p (y,b))>
a€A, beB "
= min max ()\ng(p17p27 .’,U, y)
ye(A(B))I5? ze(A(A))ISH]

H1=A) Y e @y O)a("Pi(a)p! (2, a)," P2 (b)° (y,b))>

acA, beB

(30)

As before, the maps 9,, are uniformly Lipschitz and bounded, and we will prove that any
(uniform) accumulation point of the sequence (7,) is a viscosity solution of (25). Again up
to a subsequence, we may assume that (9,) converges to some continuous map w.

6.4.2 Step 2: w is a viscosity supersolution

Let ¢ be a smooth test function such that w— ¢ has a strict local minimum on A(S?) x A(S?)
at some point (p', p?) € A(S?) x A(S?). From standard arguments, this implies the existence
of a sequence (p.,p?) which converges to (p', p?) and such that @, — ¢ has a local minimum
at (pL,p2) for any n: namely,

on(p",p?) = (0", p°) — d(pp, p;) + nlpy,pa)  for any (p',p*) € A(SY) x A(S?).  (31)

As 0, is concave in p!, we must have Anax(p;, D7, 6(py, p2)) < 0 by definition of Tas1)(pl).
Since Tast)(pn) D Tacsy(P') for n large enough, we get, as n — +o00:

~Amax (D', D116(p',9%)) = 0.
It remains to check that
max {rw(p', p*) + H(p",p*, DO(B', 7)) : —Auin(P*, D36(p",5%)) } = 0.
For this we assume that Ay, (p®, D3,¢(p", p°)) > 0 and we are left to prove that
rw(p',p*) + H(p', 0, Dé(p', 1)) 2 0.
Let y, € (A(B))I¥°l be optimal in the dynamic programming equation (30) for @, (py):

Un(Propy) = max _ (Aug(pp, i 7, Yn)
ze(A(A))IST

H1=A) Y e (@)ya(pl) ()T ("PL(a)py(, ), TPz(b)pn(y,b))> :

a€A, beB
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Let y = (ys)ses2 be the limit of (a subsequence of) (y,). Fix z € A(A). (With a slight
abuse of notation), if Player 1 plays the non-revealing strategy (z,...,z) € (A(A))S'], we
get x(pl) =z and pl(z,a) = p. and therefore

Bn(phsP2) = Ang(Dhs P2 T, Yn)
H1=M) Y @@y 05 (PL(@)p, PE0)p;(y,0) . (32)

acA, beB
Recalling that A\, = o(1), that TPi(a,b)p. = p. + o(1) and that TP} (a,b)p?(y,,b) =
P2(Yn, b) + 0(1), we get, letting n — +oo in (32),
> >y )w(p' p*(y.b)) - (33)
beB

From (33) we conclude as in the proof of Theorem 7 that p*(y,b) = p? if y(p*)(b) > 0.
Coming back to the definition of y(p?)(b) > 0, we have therefore that y, = yy for any s # s’
such that p? > 0 and p? > 0: this means that y is non revealing. We denote by y € A(B)
this common value and note that p?(y,b) = p whenever y(b) > 0.

With this in mind, we come back to (32), which becomes, since ¥, is convex in p?, and
since the dynamics of (s}) is independent of Player 2:

B (phsD2) > Mg (Dmy D2y Ty Yn)

+(1—=A\y) Zx(a)ﬁn <TP1 pn,Zyn p2)(b)TPL( b)pn(y,b)> .

a€A beB

We next use the fact that 0, — ¢ has a local minimum at (p., p?):
+(1 =) Y x(a) < ("PE(a)pn: D ya(pi) (0) P2 (D)5 (b)) — ¢(pi,pi)>

acA beB
(34)
where ] !
"Pi(a)py, = pn+ — "R (a)py + o)

while, as Zyn(pi)(b)ﬁi(?/a b) = p?w

beB

1
> v O PE(0)5 (y.b) = P}, + ~ Zyn P)(0) TRE(O)F (v, b) + o( ).
beB beB

Multiplying (34) by n and letting n — 400 gives therefore

0> r(g(" P zy) —w@, ") + > x(a)(De(p',p%), <TR1 LY y(b) "R >>.

a€A beB
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Rearranging we find that

rw(p) +  uin max (—9(@", 0%, z,y) — (Do(p), "R (x)p"," R*(y)p°))) > 0.

Therefore w is a supersolution.

A Technical results

A.1 Proof of Lemma 5

Let a probability measure @ over A(S)IN be as stated. Generic elements of (A(S) x S)N
are denoted (¢, Sm)men. To avoid multiplying notations, and at the cost of a notational
abuse, we will write Q(¢™; ¢m+1) for the conditional law of ¢,,11 given ¢". Given a proba-
bility measure P over (A(S) x S)N, we similarly write P(¢™, Sm; ¢mi1, Sms1) for the law of
(Gma1s Sma1) given (¢, spm), f’(qm, Sms Sma1; Gm+1) for the law of g1 given (¢™, Sim, Sm+1),
etc., with semi-colons separating conditioning variables from the others.

For m > 1, denote by 6,, the transition function from A(S)™ x S to A(S) x S defined by

O(q™ F, 5must) = / G (5 s1) Q4™ ). (35)

F

Intuitively, 6,,(¢™; ¢m+1, Sms1) is the probability obtained when first choosing g, 1 according
to its (conditional) law Q(q™; ¢m+1), then picking s,,.1 according to ¢,,+1, and we define the

sequence pt = (fi,,) by
em(qmv F7 5m+1)

em(qma Sm—l—l) ’

so that ey, (¢™, Smi1; @me1) 18 “the conditional law of g, 41 given ¢ and $,,41”.

P (@™ Smg1; F) i=

We now prove by induction that the induced distribution poP over (A(S) x S)N satisfies
C1 and C2. We thus assume that for some m, (i) the conditional law of ¢, given g™ !
(under o P) is equal to Q(¢™ *; gn), (ii) the conditional law of s, given ¢™ is equal to g,
and prove that (i) and (ii) also hold for m + 1.

For FF C A(S), note first that by (ii), one has

poP(@ " gmyr € F) = Y oP(q" smi F)am(sm) = D 110P(q", 53 F, $my1)gm(5m)-
sm€ES Sm,Sm+1€S
Since o P(q™, S F, Sma1) = (@™ Sma1; F)T(Sma1 | Sm) by definition, one also has

em(qmv Fa Sm—l—l)
em(qm; Sm—i—l)

G (Sm)T(Sma1 | Sm)-

poP(q" g €F) = >

Sm,Sm-+1
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Observe next that, by the induction assumption, since E[g,,11 | ¢™] =T Ig,, and since
Sm+1 and g™ are conditionally independent given s,,, one has

9 Sm—l—l ZQm Sm Sm—l—l | Sm)-

Hence

poP(@™ F) =Y 0u(q™ smi1, F) = Qg™ F), (36)

as desired.

We now prove that o P(¢™, ¢mi1; Sme1) = Gmi1(Smy1). One has (beware of the semi-
colons)

po P Gty Smin) o P(@", Smi1s Gmin) i © P(g™5 8mi1)
po P(q™; gms1) Q(q"™; gm+1)

o P(q™ G Sma1) =
(37)
using (conditional) Bayes laws and (36). Observe next that

m

wo P(qm, Sm+1; Qm+1) = m( » Sm415 Qm+1)
m(qm qm+1, 5m+1)
9m< 78m+1)

and

poP(q" smi1) = > poP(q" Sm, Sme)

Sm

= ZMOP( m' ),Serl) X MOP<qm7Sm;Sm+1)
= ZQm Sm Sm+1 | Sm) = E[Qerl(Serl) | qm]v

where the second equality holds by (9). Plugging into (37), this yields

em(qma Qm+17$m+1) « E[C]m+1($m+1) | qm]
O (@™ Smt1) O (™5 Gm1)

1o P(q", Gt Smr1) =
To conclude, recall that (see (35))

em(qm; dm+1, Sm—i—l) - Qm(qm7 Qm—f—l)Qm—l—l(Sm—l—l)a

while
O (Gms Smy1) = / G+ (Sm1)Q(¢"; dgimt1) = Elgmr1(sm+1) | 4],
A(S)
so that o P(¢™, ¢mi1; Smi1) = Gma1(Sma1), as desired.
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A.2 Proof of the comparison principle

In this section we prove Theorem 8 (which implies Theorem 6). We follow here the proof of
Crandall, Ishii and Lions (1992) for second order Hamilton-Jacobi equations. However their
results do not apply directly, because the terms A, and A, introduce a strong degeneracy
in the equation. This issue is also present in Cardaliaguet and Rainer (2009a), where it is
dealt with by an induction argument over the dimension of the faces of the simplices, which
relies on the fact that the restriction of solutions to faces are still solutions. This is no longer
the case here. This forces us to revisit the proof, and to come back to the basic technique
consisting in regularizing the solutions by inf- or sup convolution, and then in using Jensen
Lemma.

Let w; be a subsolution and ws be a supersolution of (25). Our aim is to show that
wy; < we. We argue by contradiction, and assume that

M = sup {wi(p) —wa(p)} > 0. (38)
pEA(ST)XA(S?)
In order to use the special structure of the problem, we have to regularize the maps w;
and wy by sup and inf-convolution respectively. This technique is standard and we refer to
Crandall, Ishii and Lions (1992) for details. For § > 0 and p € RIS"H15%! we set

1
9 _ N a2
wi(p) = ealax {wl(p) iaad }
and
wys(p) =  min wy(p') + iIp — '
’ P'EA(ST)XA(S2) 20

We note for later use that w? and ws s are now defined over the entire space RIS HIS% that

w? is semiconvex while w5 is semiconcave (see Crandall et al (1992)). Moreover,

lim |p| " wi(p) = —oo, lim |p| " wys(p) = +o0. (39)
|p| =00 |p| =400
Setting
Ms= sup {wi(p) —was(p)} (40)
pERISTIH152|
we have:

Lemma 7. For any § > 0, the problem (40) has at least one mazimum point. If ps is such
a mazimum point and if py € A(S') x A(S?) and p§ € A(S') x A(S?) are such that

. / ]- / . . Z ]' /!
(i) wi(ps) = w1 (ps) — 551Ps — p5I>  and (i) was(ps) = wa(py) + 551Ps — P> (41)
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then, as 6 — 0, Ms — M while

|p5 —Pﬁs|2 4 |106 —pfs/|2
20 20

Proof. The existence of a maximum point is a straightforward consequence of (39). The rest

— 0.

of the statement is classical. O

Next we note that w{ and wy s are still respectively a subsolution and a supersolution of
slightly modified equations:

Lemma 8. Assume that v{ has a second order Taylor expansion at a point p. Then
min {rw{(p) + H(p', Dwi(p)) ; —Amax((p))', D3ywi(p))} <0, (42)
where p' = ()Y, (p')?) € A(S) x A(S?) is such that
wi(p) = w ()~ 55lp — #'F"
Similarly, if wes has a second order Taylor expansion at a point p, then
max {rwa 5(p) + H(p", Dwzs(p)) ; —Amin((p")?, Dgwas(p)} > 0, (43)
where p" = ((p")', (p")?) € A(SY) x A(S?) is such that

/! /I|2

1
wo 5(p) = wa(p”) + %Ip —p

Proof. We do the proof for w{, the argument for wy s being symmetrical. Assume that w?
has a second order Taylor expansion at a point p and set, for v > 0 small,

6,(p) = (Dwd(p),p — ) + 3 {D*0d()0 — D)0 — ) + 2l —

We also denote by p’ a point in A(S') x A(S?) such that
wy(p) = wi(p) - 2—15|p ade (44)
Then w? — ¢~ has a maximum at p, which implies, by definition of w!, that
wi(p) = 55l PP < 0,(0) — 0,() +wl() Ve € RIVNST, e A(S") x A(S?)

with an equality for (p,p’) = (p,p’). If we choose p = p' — p’ + p in the above formula, we
get:

wi(p) < &y (0 =P +p) + %W —0P = o,(0) +wi(p) VP € A(ST) x A(S?),
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with an equality at p’ = p’. As w; is a subsolution, we obtain therefore, using the right-hand
side of the above inequality as a test function,

min {rwl(ﬁ') + H(p, Do, (p)) ; _)\max((ﬁ/)lv D%lﬁbv(iﬁ))} <0.

We note that Do, (p) = Dwi(p), D} ¢,(p) = D*w{(p) + I and wi(p') > wi(p) (by (44)).
So letting v — 0 we obtain the desired result. O

In order to exploit inequalities (42) and (43), we have to produce points at which w?
is strictly concave with respect to the first variable while w$ is strictly convex with respect
to the second one. For this reason, we introduce a new penalization. For ¢ > 0 and

p= (p17p2) € R|Sl‘+|52|, let us set gl(pl) = (1 + |p1|2)%, 52(],2) _ (1 + |p2|2)% and

Ms, = sup  {wi(p) — was(p) + o&i(p") + 0&(p®)}
peRIS1+152]
Using (39), one easily checks that there exists a maximizer (p',p*) to the above problem.
In order to use Jensen’s Lemma (Lemma A.3. in Crandall, Ishii and Lions [8]), we need
this maximum to be strict. For this we modify slightly & and &: we set, for i = 1,2,
&) = &(p') — o(1 + |p* — p'[2)2. We will choose o > 0 so small that & and &, still have a
positive second order derivative. By definition,

Ms, = sup  {wi(p) —was(p) + o&1(p') + oo (p?)}

pERISTI+IS2]

and the above problem has a strict maximum at (p*, p?). As the map p — wl(p) — wa5(p) +
o&1(pt) + o&,(p?) is semiconcave, Jensen’s Lemma states that, for any e > 0, there is vector
a. € RIS'H15° with |a.| < e, such that the problem

Msoe = sup  {w)(p) — wos(p) + o&1(p") + 0&2(p?) + (ac,p) }

PpERISI+152]

|+]52

. . 1 .
has a maximum point ps,. € RS | at which the maps w‘f and wy s have a second order

Taylor expansion. From Lemma 8, we have

min {rw) (psoe) + H(ps g0, D (P5.0.)) 5 —Amax (P 0.0) s DHywd (5.0)} <0, (45)

and

max {rwa,5(Ps,oe) + H (D5 gos Dw2s(Ps,0e)) 5 —Amin((050.0) % Dopwos(Psoe)} =0, (46)
where pj . and pj . are points in A(S") x A(S?) at which one has

1

1
w(ls(p(s,a,.s) = w (p:ia,e) - 2_5|p5,0,6 - pg,o,€|2 and w2,5(p5,0,6) = w2(pg,o,€) + 2_5|p57076 - pg,o,€|2'
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Note for later use that

1 1
Dwld(psoe) = —5 (Ps.oe — Psoe) and Dwss(psee) = 5 (Psoe = Pioe) - (47)

By definition of Mjs, . we have

Wi (p) < Mye +wag(p) — o(E1(pY) + &) ac,p)  Vp € RISTHS

with an equality at ps,.. Hence

D 1
D50 = Dusslpsa) — o ( p'5 87 ) —a. (48)
4,0,6
while
D3 () 0
DQw(f(p(s,o,s) < D2w2,5(p5,0,€) o 0( 17151(§p5,o,€) D2 §2<p2 ) ) ) (49)
2,2 4,0,e

We now check that )\max((pg7o—75)17 D} w)(psoe)) < 0. For this, we come back to the definition
of wy 5 and note that, for any p' € RIS’ and (p')! € A(SY),

1
Wa,s(P", D5 0e) < wa((P)', (Pse)?) + o; (I = ' + |(Ps,oe)’ = Bs00)? )

2
with an equality at (p', (p)') = ((Psee)'s Phpe)’). I 2 € Tacsr)(ps,.)t with |2] small
enough, taking p' := (psoe)' + 2 and (p')" = (pj,.)" + 2 gives

w275((p6,a,a)1 + Zapg,o,e) <
1
wQ((pg,a,a)l + z, (pg,a,a)2) + 2_5 (‘(pé,a,E)l - (pg,a,e)1|2 + ‘<p5707€)2 - (pg,a,a)2‘2) )

with equality for z = 0. As ws, is concave with respect to the first variable, the above
inequality implies that Apax((9h4.c)", Dfiw2,s(Psee)) < 0. In view of (49) we get therefore

Amax (P0.e) s Diw) (P50e)) < =0 Amin(Dh00)" D 1€1(P500)) < 0
because Dilfl > 0 by contruction. One can check in the same way that
Mnin((P0.6) %, D3yw2,6(Ps.0e) > 0.
So (45) and (46) become

1w (Dsoe) + H(ph g D) (Pooe)) < 0 (50)

and
TwZ,(S(p(S,O,E) + H(pg,a,ea Dw2,5(p5,a,€)) > 0. (51)
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We compute the difference of the two inequalities:

T(w(ls(p(s,a,.s) - w2,5(p5,a,8)) + H(pg,a,.e? Dw(ls(p(ims)) - H(pg,a,.e? Dw2,5(p5,a,€)) <0,

where, in view of assumption (28) and (47),

C 2
H(Ps por DW(P5,02)) = H(psoe, DW) (Psoe)) — 5 D5, = Db

while o
2
H (5 5o Dwas(psoe)) < H(psoe, Dwss(Psoe)) + 5 ‘ng,o,s - pg,o,s‘

So

(W) (Ps o) —Cw2,5(p5,a,e)) + H(ps.ges DWE(psoc)) — H(psoe, Dwas(Psee))

2 2
< 5 (}p&o,s - pg7075} + ’p5,0,€ - pg,o,s’ ) :
We now use assumption (27) on H combined with (48) to deduce:

C 2 2
T<w(1s<p5,o,e> - w2,5(p5,o,5>> S g <‘p5,o,€ - pg,a,a‘ + ‘pé,a,e - pg,a,a‘ > + C(& + O'), (52)

since D§; and D&y are bounded. As o and € tend to 0, the ps, ., ps,. and pj,,_ converges
(up to a subsequence) to ps, ps and pj, where ps is a maximum in (40) and where pj§ and pj
satisfy (41). Moreover (52) implies that

C
My = r(w(ps) — waa(ps)) < 5 (Ips = s4l” + s = i)

We finally let § — 0: in view of Lemma 7 the above inequality yields to M = lims_.o Ms < 0,
which contradicts our initial assumption. Therefore w; < wy and the proof is complete.
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