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Optimal strategies in repeated games with incomplete
information: the dependent case

FABIEN GENSBITTEL? MIQUEL OLIU-BARTON |

Abstract. Using the duality techniques introduced by De Meyer (1996a, 1996b), De Meyer
and Marino (2005) provided optimal strategies for both players in finitely repeated games with
incomplete information on two sides, in the independent case. In this note, we extend both
the duality techniques and the construction of optimal strategies to the case of general type
dependence.
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1 Introduction

We consider here a zero-sum repeated game with incomplete information on both sides, in the
spirit of Aumann and Maschler [1]. Let K (resp. L) be the finite set of types of Player 1
(resp. 2), and let m be a probability distribution over K x L. To any pair (k,¢) corresponds
a matrix game G : I x J — R, where I (resp. J) is the finite set of actions of Player 1
(resp. 2). The game is played as follows. First, a pair (k,f) € K x L is drawn according to
7. Player 1 (resp. 2) is informed only of k (resp. £). Then, the game G** is played repeatedly.
At each stage m > 1, the players choose actions (i, jm) € I x J and produce a stage-payoff
G* (i, jm) for Player 1. Actions are publicly observed after each stage. To the realized stream
of payofts (G* (i, jm))m>1, we associate the f-weighted sum Y om>1 01 G (i, jim ) Where 6 is a
probability over the set of positive integers specifying the weight of each stage. For any initial
distribution 7 and evaluation 6, we consider the game Gy(7) where the payoff of Player 1 is the
expected O-weighted sum of the stage-payoffs. Particular choices of 6 lead to the usual n-stage
and A-discounted games. The game has a value denoted vg(m) (see e.g. Lemma 3.2 below).

This model was analyzed by Mertens and Zamir in [8]. Their main result was the existence
of a limit value for the n-stage repeated games as n goes to +oo and its characterization as
the unique solution of a system of functional equations. The proof of this result was based on
the introduction of specific notion of concavity, called I-concavity, for the value function wv,.
Precisely, any probability = can be decomposed as a pair (p,Q) where p is a probability over
K and @ is a transition probability from K to L. Then, one may consider vy as a function of
(p, @) and this function is concave with respect to p. A dual notion of I-convexity was also
introduced and the notions of I-concave and I[-convex envelopes were the building blocks of the
system of functional equations characterizing the limit value. Based on this characterization, a
construction of asymptotically optimal strategies (i.e. strategies being almost optimal in Gy(7),
with an error term vanishing as the weights of each stage tend to 0) was obtained by Heuer [7]
for n-stage games.

In addition to their main result, Mertens and Zamir [8] also established a recursive formula
for vg. However, the formula does not allow in general to construct recursively optimal strategies
for the players, except in the case of incomplete information on one side (i.e. when L is reduced
to one point), where it can be used to construct optimal strategies for the informed player only.
The notion of dual game was introduced by De Meyer in [4, 5] in order to provide a recursive
construction of optimal strategies for the uninformed player in the case of games with incomplete
information on one side. In contrast with the result of Heuer, the construction of De Meyer leads
to optimal strategies in a game with fixed length and is not an asymptotic result. These duality
techniques were later extended by De Meyer and Marino [6] for repeated games with incomplete
information on both sides, in the special case of independent initial probabilities, i.e. m = p® ¢,
for some probabilities p on K and ¢ on L.

The construction of the dual game given in [6] for the independent case is related to the
Fenchel conjugate of the function p — vg(p ® q) for some fixed probability ¢ on L. In this note,
using the notion of I-concavity and I[-convexity, we extend the construction of the dual game for
general, possibly dependent, initial probabilities m, by considering the notion of Fenchel conju-
gate of I-concave and I[-convex functions. The same approach was taken by the second author in
[9] to prove the existence and give a characterization of the value function for differential games
with incomplete information. Our main result here is a recursive formula for the value function



of the dual game from which we deduce a recursive manner to construct optimal strategies in
the game Gy(m).

The most surprising aspect of this result is the need of adding an extra weight parameter to
the dual game in order to obtain a recursive formula, which contrasts with the analogue results
in the independent case [6].

2 Duality techniques

In this section, we will start by briefly recalling the construction and some results of [11, Chapter
2] for games with incomplete information on one side. Next, we establish analogue results for
games with incomplete information on both sides. In all the games introduced below (primal
and dual games), the model is known by both players and player 1 maximizes.

Notation 2.1. For a non-empty finite set X, A(X) denotes the set of probabilities over X, and
is identified with the canonical simplex in RX. N* denotes the set of positive integers.

2.1 Incomplete information on one side

Let K be a finite set of parameters and let S and T be two convex sets of actions. For any
ke K,let GF: S x T — R be the payoff function of a normal-form game. Assume that G* is
bi-linear for all k and that ||G|| := supy, ,;|G*(s,t)| < oo.

2.1.1 The primal game G(p)

For any p € A(K), one defines a game of incomplete information on one side, denoted by G(p),
as follows:

e Before the play, k£ € K is chosen according to p and told to player 1.

e Then, the game G* is played, i.e. player 1 (resp. 2) chooses s € S (resp. t € T).

The set of strategies of player 1 (resp. 2) is S (vesp. T). For any (3,t) € SX x T, the payoff
is given by

Yp,8,1) =Y pPGHE(ER 1),

keK

Let v~ (p) and vt (p) denote, respectively, the maxmin and minmax of G(p), i.e.

v™(p) = sup inf~y(p,3 1),
sesSK teT

vt(p) = inf sup y(p,5,1).
teT seSK



2.1.2 The dual game D[G|(z)

To each z € RX, corresponds the dual game D[G](x), a modified version of the game where
player 1 can choose the parameter k € K with some cost zF. Formally, the set of strategies of
player 1 (resp. 2) is A(K) x S (resp. T'). For any (p, s) and ¢, the payoff is given by

hlal(p,s,t) ==Y _ p"G¥(s,t) — (p,x).

keK

Let w™(p) and w™ (p) denote, respectively, the maxmin and minmax of D[G](z), i.e.

w(p) = sup  inf Afz](p, s, 1),
(p,s)EA(K)xS teT

T(p) = inf  sup  hlz](p,s,1).
teT (p,s)EA(K)xS

w

2.1.3 Duality results

Let v (p),v (p) and wt(z), w™ (x) be the minmax and maxmin of G(p) and D[G](x), respec-
tively, for any p € A(K) and x € RX. Then, essentially, v* and w® (resp. v~ and w™) are
Fenchel conjugates to each other (see [4, 5]). An important consequence of these relations is that
e-optimal strategies for player 2 in D[G|(x) are also e-optimal for him in G(p), for an appropriate
choice of (p, ).

Start by defining two transforms which are closely related to the Fenchel operator, yet more

adapted to this framework.
Definition 2.2. Let f : REX — R. Define its upper and lower conjugates f%, f> : REX — R by:

@) = sup f(y) — (),

yeRK

Fly) = inf f(z)+ (2,y).

TzeRXK

Recall that the Fenchel conjugate of f is given by f*(z) = supyerx (y, ) — f(y). Thus,
fix) = (=f)(=2), and  f(y)=—f"(-y), VoyeR".

Define the superdifferential of f at = as usual:
O fl@) = {y € RX| f(2) + (g2’ — 2) = f(2)), Va € RE Y.

Notation 2.3. Without further mention, the upper and lower value functions, defined on A(K),
are extended to RE by —oco in RE\A(K).

We refer to [11, Chapter 2] for the following results.

Theorem. The map v* : A(K) — R is concave and ||G||-Lipschitz continuous. Moreover, for
all p e A(K) and v € RE,

wh(z) = (0h)i(z), and vt (p) = (W) (p).
wo (@) =@ )Ha), and v (p) = (w)(p):

Corollary. Given p € A(K), let x € 0TvT(p), and let t. € T be an e-optimal strategy of player
2 in D[G|(x). Then, t. is e-optimal for player 2 in G(p).



2.2 Incomplete information on two sides

Let K and L be two finite set of parameters and let S and T be two convex sets of actions. For
any (k,f) € K x L, let G** : S x T — R be the payoff function of a normal-form game. Assume
that G* is bi-linear for all (k,/) and that [|G|| := supy, ,, |G¥(s, )| < oo.

2.2.1 The primal game G(7)

For any m € A(K x L), define a game of incomplete information on two sides, denoted by G (),
as follows:

e Before the play, (k,¢) € K x L is chosen according to m. Player 1 (resp. 2) is informed of
k (resp. £).

e Then, the game G*¢ is played, i.e. Player 1 chooses s € S, player 2 chooses t € T and the
payoff is G¥(s,1).

The set of strategies of player 1 (resp. 2) is S® (resp. TT). For any (3,f) € SK x TE, the
payoff is given by

y(m, 8,t) == Z TR GRE (5 1.
(k,0)EK XL

Let v~ () (resp. v (7)) be the maxmin (resp. minmax) of G(7).
Remark 2.4. Incomplete information on one side corresponds to the case |L| = 1.
In order to apply the duality techniques mentioned above, it is convenient to give an equivalent

formulation of the primal game. The idea is to use the duality operator with respect to the first
marginal of .

2.2.2 The intermediate game Gg(p)

Let Q € A(L)X be a fixed matrix of conditional probabilities, i.e. for all k € K, Q(-|k) is a
probability distribution on L. For each k € K, define the game G'é as follows:

e Before the play, ¢ € L is chosen according to Q(-|k) € A(L) and told to player 2.

e Then, the game G** is played. Player 1 (resp. 2) chooses s € S (resp. t € T) and the
payoff is G¥(s,t).

The set of strategies of player 1 (vesp. 2) is S (vesp. TF). For any (s,t) € S x T, the payoff
is given by

GH(s.1) =) QUIK)G (s,1).

lel



Note that G'é is bi-linear for all £ € K and that suphs’f\Gg(s,f)] < |G|l < oc. Besides, T

is a convex set. Hence, (S,T", {G%, k € K}) satisfies the assumptions of Section 2.1. For any
p € A(K), define the game Gg(p) as in Section 2.1.1.

2.2.3 Duality results: extension to the general case

Let vg(p) be the minmax of Gg(p), for any p € A(K). As in Section 2.1.2 define, for any

x € RE, the dual game D[Gg](z), and let wa () denote its minmax. Then the following result
holds.

Theorem 2.5. For all Q € A(L)X, the maps va : A(K) — R is concave and ||G||-Lipschitz
continuous. Moreover, for any p € A(K) and x € RX,

wh() = (vh)H(x), and  vh(p) = (wh) ().
wo(@) = (vg)H(@),  and  vg(p) = (wg) (p)-

Note that the games G(7) and Gg(p) are identical whenever T = p® Q (i.e. 7 = p*Q(¢|k)
for all (k,¢) € K x L). Together with the corollary in Section 2.1.3, this observation yields the
following result.

Corollary 2.6. Let m € A(K x L) and let (p,Q) € A(K) x A(L)X be such that m = p® Q.
Let x € 8+v5(p), and let t. € T* be an e-optimal strategy of player 2 in D[Ggl(z). Then, t. is
e-optimal for player 2 in G(m).

Our model being symmetric (i.e. the players play the same role), one defines in the same
manner a dual game with respect to the second marginal of m and analogue results are obtained.
In the sequel, we will only work with the dual game with respect to the first marginal on .
Thus, we will focus on the construction of optimal strategies for player 2.

3 Repeated games with incomplete information

Let K,L,I,J be finite sets. A repeated game with incomplete information is described by a
family of I x J-matrix games {G*, (k,¢) € K x L} and a probability 7 € A(K x L). A pair
of parameters (k,¢) € K x L is drawn according to 7 € A(K x L). Player 1 is informed of k,
player 2 is informed of ¢. Then, the game G* is played repeatedly: the players choose actions
(4m,Jm) € I x J at each stage m > 1. We assume that the players observe and remember
the history of the play, hy, = (41,71, - - %m—1,Jm—1)- Lhe set of possible histories at stage m is
Hyn = (I x J)™ L and H := U,>1H.y is the set of all possible (finite) histories. The information
available to player 1 (resp. 2) at stage m is (k, hy,) (resp. (4, hm)).

Definition 3.1 (Strategies). A strategy of player 1 (resp. 2) is a function § : K x H — A(I)
(resp. t: L x H — A(J)).



By a slight abuse in the notation, the set of strategies are denoted, respectively, by S
and TT. Let P?; be the unique probability distribution over K x L x (I x J)* induced by

7w € A(K x L) and (5,1) € SK x T, The payoff function in Gp(r) is defined as follows:

W(3.6) € SK x T, ~y(m,8.) = ET, [Z O G* (i, i) |

m>1

where E: ; is the expectation with respect to ]P’;r P The maxmin and minmax of I'y(w) are,

respectively:
vy () = sup inf vy(m, 3,1),
seSK ferL
vy (m) = inf sup 7y(r,$,1).
teTl 3eSK

The game Gp(m) has a value if v, (1) = v (7).
Lemma 3.2. For any m € A(K x L), the game Gy(m) has a value, denoted by vg(m).

Proof. Fix € > 0. Let m. be such that >, . 0, < /||G[. Let ppc(m) be the value of the
finite game obtained by truncating the stream of payoffs at stage m.. Then, clearly,

lvg (m) — ppe(m)| <, and |vf (7) — poe(m)| <e, VmeA(K xL).

Thus vy (1) < v, (1) + 2¢, for all T € A(K x L). O

3.1 Recursive structure

At stage 1, the information of player 1 (resp. 2) is simply k (resp. ¢). His strategy is denoted
by o := 3(h1) € A (resp. 7:=t(h1) € A(J)F).

Definition 3.3. For any (i,7) € I x J and § € S define the continuation strategy §:; c SK

as follows:
85 H = A(I), h3(i,5,h),

where for any h € H, (i,7,h) denotes the history obtained by concatenating (i,j) and h.
Similarly, one defines continuation strategies f;; € T* for player 2. The weight of the re-

maining stages after stage 1is > ~,60, =1 —0;. If §; < 1, it is convenient to consider the
normalized evaluation % € A(N*), defined as:

Omt1
gt = 2t 1.
m 1—6y’

v

Let P}, denote the unique probability measure on K x L x I x J induced by (o,7) €
A(DE x A(J)F and 7 € A(K x L). Explicitly,

Pr (K, 0,0, 5) = 7o (i)rh(j),  V(k,l,i,5) € K x LxTxJ.



Let 7y :=Pg (-, 7, j) € A(K x L) be the conditional probability on K x L, given (i,j) € I x J.
It is defined arbitrarily if P7 (4, 7) = 0. Otherwise, for all (k,/) € K x L,

ot (i) ()

2 kyerxr TR (DT)

kl __

Now, one can easily write a recursive formula for the payoff function, considering the first
stage and the continuation game separately:

Yo(m,8,8) = 1Go + (L—01) Y P50, )%+ (75, 55, £5), (3.1)
(4,7)eIxJ

where G7. = Eg,T[GM(i, j)] denotes the expected payoff at stage 1. By convention we put
Yo+ =0if 6; = 1.

The following proposition is due to Mertens and Zamir [8, Section 3]. For convenience, we
provide here a direct and shorter proof.

Proposition 3.4 (Primal recursive formula). For any m € A(K x L) and 0 € A(N*):

vg(m) = sup inf .G+ (1—6y) Z P7 (i, j)vg+(ij)
O'EA(I)K TEA(J)L (Z,j)EIXJ

= inf sup .G+ (1 —6y) Z P7 (i, j)vg+ (mij)
TEA(J)L UEA(I)K (Z,j)EIXJ

Proof. Consider the maxmin. Let § = (o, .§+) SK be astrategy of player 1. Let ¢ be such that,
for each (i,7) € I x J, t;; is a best reply to s - in Gyt (mi;). Then, for all (o,7) € A(I)E x A(J)E,
Y (7 8.8) SOGT + (=003 Pl j)ves (7).

Player 1 can still maximize over his own first-stage strategy. A best reply of player 2 yields

A

UG(T‘—) = sup inf 79(71-7 §,t),
(0,8T) (r,i+)

< i 0GL,+(1 -0 Pe (4,7 ij) (-
< UEHAH?;;KTEIEI})L{ 1G5, + ( 1)Z(m6]w or (i J)’Ue+(ﬂ;)}

Reversing the roles of the players one obtains, symmetrically:

> i 0LGL.+(1—0 P2 (i,j ii) (s 3.2
wr)z min max {05000 B ) 32

and the result follows then because maxmin < minmax. O

Comments Proposition 3.4 provides a recurrence formula satisfied by the values. However,
none of the players can “use it”, since the computation of the conditional probability m;; involves
the strategy of his opponent. The situation contrasts with the case of repeated games with
incomplete information on one side (i.e. L is a singleton). In this case, player 1 can compute
(and controls) the conditional probabilities, so that this formula provides an explicit, recursive
way to construct optimal strategies for him (see [11, Section 3]).



3.2 The dual game

Consider, for any (z,Q) € RF x A(L)X, the first dual game D[Gy](x,Q), i.e. the dual game
with respect to the first marginal of 7. The set of strategies of player 1 (resp. 2) is A(K) x SK
(resp. T*) and, for any (p, 3,1) € A(K) x S& x T*, the payoff is given by

h@[ny](p7§7£) =7 (p® Q7<§7£) - <p,$>

The maxmin and minmax are defined, respectively, as:

wy (z,Q) = sup inf holz,Ql(p, 3,1),
(p,8)EA(K)xSK feTL

w;(%@) = inf sup h9[$7Q](p7'§7£)
teTL (p,5)EA(K)xSK

The existence of the value follows from Lemma 3.2 and Theorem 2.5.

Let (0,7) € A(I)X x A(J)* be a pair of first-stage strategies. Let 7 € A(K x L), p € A(K)
and Q € A(L)X be such that 7 = p® Q. For any (i,k) € I x K, define

i = PpL (k) (3.3)
GO = BG4 |k ] (3.4)
The corresponding vectors are denoted by p; € A(K) and GZ-QT € RE, respectively. The former

is the posterior probability on K given i, the latter is the vector of expected payoffs for player
2, after he observes the action played by his opponent. Explicitly,

Gh= 3 QU ()G, ).

(£,j)eLxJ
As in (3.1), the following recurrence formula for the payoff function is straightforward:
- T . o x—60,G2
hol, Q] (p, 8,8) = (1= 601) Y P5_(i) | P (jli)ver (Wijvsijvtij> “\PoTTg

el JjedJ
(3.5)

The conditional probabilities
Let us give here a closer look at the conditional probability m;; = P7 (-, -[i,j) € A(K x L). The
next lemma provides a decomposition which will play a key role in the sequel.

Lemma 3.5. For any (i,j) such that P} _(i,j) > 0, one can express m;; as pij @ Qj, where
pij € A(K) and Q; € A(L)X are defined as follows:

ok = pfiiif% ||];)) , VkeK (3.6)
| QUk)T(5)
Q;(¢|k) s o) k0 € Kx L. (3.7)



Proof. Fix (i,j) € I x J such that P7 _(4,j) > 0, and (k, /) € K x L. By disintegration, one has:
iy =Py (i, PG - (€K, i, 5),
where P7 _(kli, j) satisfies
PG+ (kli, )P - (j10) = Pg - (k|0)Pg - (7K, 4).
Then (3.6) is obtained from (3.3) and from computing

PEor (i) 3o e, QUIK) T ()

Pg,r(ﬂkvi) = pkUk(i) = Pg;r(ﬂk:)
On the other hand, a direct computation yields
. Fak(D)Qek)Tt (5
B (tlk. i) = £ DLUDT ) o (.

PRa (i) Yper, QUR)TY (5)

Comments

e An important consequence of Lemma 3.5 is the fact that player 2 can compute (and
controls) the matrix of conditional probabilities Q; € A(L)K, for all j € J. Note also
that, for all k € K, player 2 can compute

PT L (ilk) = > QUIE)T(5).

lel

The vector (P7 . (j|k))rerx appears in the construction of optimal strategies for player 2
(see Proposition 3.7), allowing to adjust the payoff function in the continuation game.

e In the independent case (i.e. m = p ® ¢, for some p € A(K) and ¢ € A(L)) one simply
a‘7'(5)
Soerd' ()
consequence, each player can compute and controls one of the marginals of m;;, and the

payoffs need not be adjusted (see Section 3.5 for more details).

has m;; = p; ® q;, where for each ¢ € L, qf = (p; is defined similarly). As a

3.3 Main result

Here, we provide a recursive formula for the values of the dual game, by introducing an auxiliary
parameter ( € RX to the game. For each k € K, (¥ keeps track of some adjustments in
the payoff function, which allow to decompose the conditional probability distribution m;; as
p; ® Q;. The importance of such “separation of variables” will be clear in the proof of Theorem
(3.7). Surprisingly, these adjustments are specific to the general case (see Section 3.8 for the
independent case).

10



3.3.1 The auxiliary game Gy(m;()

For any ¢ € RE, let Gy(m;¢) be the same game as Gyp(), but with a slightly different payoff
function, given by

I o ke o~kl /- .
(3,50 =EZ; [ 0 G i, jim)]
Note that Gy(m; 1) = Gp(), where 1 is the vector of 1’s in R¥.
The next result is quite technical, yet important. It states that, after an adequate adjustment
of the payoff function, the conditional probability m;; can be expressed as p; ® @Q);.

Lemma 3.6. Let 7 € A(K x L). Let (o,7) € A(I)E x A(J)E be a pair of first-stage strategies
and let (i,7) € I x J be a pair of actions such that IP’UT(Z j) > 0. Then, for any pair of strategies
(5,t) € SK x T and any evaluation § € A(N*):

where for all k € K, (f = (kIP’;T(jU{:).

Proof. The result follows from Lemma 3.5 by a direct computation. Indeed, for any such (i, j) €
I x J one has:

P (il (mij, 8,5:C) = PI GGl D> mBa | D 0mC G (im,im) |

(k,0)eK XL m>1

o P7 - (71k) o
= Pa,‘r(ﬂz) Z pfw’iQ](ﬂk)Eék,i‘ ZekaGké(Zmajm) s

(ke XL ~(ld) m>1

= > PRQUR)Eg g | > 0P (k)G (i) |

(k0)eKxL m>1
O

We are now ready to state our main result, which is the following recursive formula for the
values of the auxiliary dual game D[Gy|(x, Q; (). Its importance relies on the fact that a) it allows
player 2 to construct optimal strategies recursively in the dual game, and b) these strategies are
optimal in the primal game Gy(7), due to the duality results in Section 2.2.3, for an appropriate
choice of the parameters. The key point here is that player 2 can compute (z;;, @;;¢;) and
6F. This is of capital importance in order to construct an optimal strategy for this player (see
Section 3.4).

Theorem 3.7 (Dual recursive formula). For all (z,Q,¢,0) € RE x A(L)K x RE x A(N*),

w(z,Q;¢) = (1= 61) min min maxy o wes (i, QiG), (38)
TEA(J)L (SCZJ)”E(RK IxJ el
T — GlGQ

Vi, 30 wi= o

where, for all (k,j) € K x J, Cf = Ck]P)g,T(j‘k)'

11



Proof. We divide the proof in two parts, one for each inequality. Strategies § € S and t € T*
are decomposed as § = (0,87) and £ = (7,#") with no further mention.

Part 1: The > inequality.

Knowing (p, o) € A(K) x A(I)X and 7 € A(J)", player 1 can play, for each (i,5) € I x J, a
best reply to f;; in game Gy+ (75; ¢;). Then, using the recursive formula for the payoff function,
given in (3.5):

. — 0,G
holz, Q) (p,3,1) > (1 — 61) Z]P’ Z]P’ (4li)vg+ (mij:C) — <pi7x1_7191”> . (3.9)

el jeJ
Lemma 3.6 implies then that, for any (7, j) € I x J such that P} _(i,7) > 0,
PG~ (7li)ve+ (mij; €) = vo+ (pi @ Qj3 G5)-

Clearly, PT (i, k) = p¥o*(i) is independent of player 2’s strategy. Disintegration gives p ® o =
a@u € A(KXI), where o := (p@0)! € A(I) and p == (p@0)KM € A(K)!L. In fact, u(-|i) = pi,
for all ¢ € I occurring with positive probability. Define

P e A(K) = fi(0) = vgr (0 @ Q5 ¢j) - (3.10)

Let I := } .., fj. Taking the supremum in A(K x I) in (3.9) or, equivalently, in (a,pu) €
A(I) x A(K)!, yields, for all t = (7,%):

5.t i r — 6,G%
Sup( o) hole, Q) (p,5:1) = (1=01) sup B o' | sup > f(p) _<pi,%> ,

aed() g7 \mea®) g o1

x—60,G2
(I—01)sup [ sup ng i) _<pi71_791> )

i€l \ pieA(K) jed

—0,G¢
= (1—6))supF* z=0Gir ,
icl 1—6

= (1—61)sup inf Z:fﬁ ().
€L (z5);€®F)T ey
r— 91GQ
ZjeJ%‘: -0,

The last equality is a obtained using a result on the Fenchel conjugates [10, Theorem 16.4]. It
relies on the concavity and properness of the functions f;, for all j € J. Moreover, the infimum
is reached. The proof is left to the Appendix, at the end of this chapter. On the other hand,
for all j € J,

Fix) = suppenci) vor (i @ Q13 ¢) — i, ), (by def.)
= we+ (25,Q5: ;) , (by Theorem 2.5).

The > inequality in (3.8) follows by taking the infimum in ¢ = (7,%). To obtain (3.8), commute
the supremum and the infimum using that sup,e 4 infyep = inf(yq)),epa Supeea. We already

12



noticed that the infima are reached, the supremum is reached by finiteness.

Part 2: The < inequality.

Let 7 € A(J)* and (z;5); € (R¥)7 be optimal in (3.8), for each i € I. The infimum in 7 is reached
by compactness and continuity. Let t:; be optimal in D[Gy+](xi;, Q;; (;) for each (i,7) € I x J.
Then, by (3.5), and by the choice of (z;;); one has, for any strategy (p,o,5") = (a, u, §1) of
player 1,

- i st § =G G
hole, Q1 (pr8,) = (L= D0 Do (i © Qo815 ) —<pivx1_lef>’

iel  jeJ

< (1-46y) supz<79+ pz®Q]= ijo WCJ) <Pz’=xij>>=

i€l jeJ

< (1-46y) supr@+ ng,an@)

el jed

< (1—-46y) inf sup inf wa (2,Q;3¢j) -
TEA(NE €L (z));€RF) ey

25 15= 1791”

Thus, player 2 can ensure that the payoff in D[Gy|(z, @, () is smaller than the right-hand-side
of the last equation. The desired inequality follows. O

Comments

e The recurrence formula implies, in particular, the following result. For any (x,@,(,0) €
RE x A(L)K x RE x A(N¥),

Q
wy(z,Q) < (1 —60;) min maxwy+ <x - 91G”,Q> (3.11)

FEA(]) i€l 1—6

Let (7, (xi;)ij) be a minimizer in recurrence formula (3.8). Suppose that player 2’s strategy
is non-revealing, i.e. that there exists 7 € A(.J) such that 7¢(j) = 7(j), for all £ € L. Then,
the convexity of wy+ (-, Q) yields:

9103
wo(z,Q) = (1 — 61) max wp+ ,Q
iel 1 -
Conversely, if the equality holds in (3.11), then it is optimal for player 2 to play non-

revealing. It is enough to choose, in the recurrence formula, (7, (zi7)ij) such that 7(j) =

7(j), for all £ € L, for some 7 € A(J), and z;; = : 1015” for all (z,7) € I x J.

These particular cases were already pointed out by Cardaliaguet [2] and Cardaliaguet,
Laraki and Sorin [3] in the framework of continuous-time games with incomplete informa-
tion, in the independent case.

e The extra parameter ( played a crucial role in the first part of the proof of Theorem 3.7.
The expression (3.10) allowed us to take the upper conjugate of the value function of the
continuation game, and thus obtain a lower bound on the payoff that player 1 can defend.
The introduction of an additional parameter is not necessary in the independent case, due
to the relation 7;; = p; ® ¢j. We refer to [6] or Section 3.5 for more details.
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3.4 Markovian optimal strategies

In this section, we deduce from Theorem 3.7 and Corollary 2.6 the construction of optimal
strategies for player 2 in the game Gy(7). These strategies are Markovian, in the sense that they
depend on the past history only through the present (of the appropriate variables).

Let (p, Q) € A(K)xA(L)X be such that 7 = p®Q. Define the mapping vg(-,Q) : A(K) — R
by setting vp(p', Q) := vo(p' ® Q) for all p’ € A(K). Set ¢ := 1 € RX and choose some x in
(9"'1)9(]), Q)

We are now ready to describe, recursively, an optimal strategy for player 2 in Gy().

- Let 7 € A(J)* and (2i5); jyerxs be optimal in (3.8) at (z,Q, ¢, 6).
- Choose j € J with probability 7¢(j), where £ is player 2’s private type.

- Play optimally in D[Gy+](zi;, Q;;(;), where ¢ € I is player 1’s action at the first stage.

This strategy is optimal in D[Gy|(x, Q;1) = D[Gs(x, Q), thanks to Theorem 3.7. By Corollary
2.6 and the choice of (z,Q), the strategy is also optimal in Gy(7). At stage m, the strategy
depends only on the variables (z,, Qm,(n), constructed recursively, and on the normalized
evaluation of the payoff. Explicitly, given the couple of actions (i,7) := (im,Jjm) at stage m,

(Tm+1; Qma1, Cma1) = ((Tm)ig, (Qm) s> (Gm))-

Alternatively, given his own actions (j1,...,jm), player 2 can use the following explicit ex-
pression:

Gh=>_ QUK [] 7i(in), VEEK, ¥m >1,
leL n=1

where 7, € A(J)F is his strategy at stage n. Note also that, for any (k,f) € K x L,
Qm(lk) = ng(g |k, hain)-

3.5 The independent case

The aim of this section is to deduce, from Theorem 3.7 the recursive formula for the independent
case established by De Meyer and Marino [6]. In particular, we show that the auxiliary variable
is not necessary. Let m = p® ¢ be a product measure, for some p € A(K) and ¢ € A(L). This is
equivalent to saying that the private parameters k and ¢ are chosen independently. Let Gy(p, q)
and Gy(p, ¢; ¢) stand, respectively, for Gg(m) and Gy(m; () in this case. Let PL'? denote the unique
probability in K x L x I x J induced by (o, 7,p,q).

Corollary 3.8. For any (0,7,q) € A(N*) x RE x A(L):

wy(z,q) = (1 —601) min min maxZT’(j)wng (x5, 4q5) 5 (3.12)
TEAWNE  (wiy)ie®F)T €l oy

. . zfelG(.I
Vi 5, 7= A

where 7 is the marginal of @1 on A(J), gj is its conditional on L given j and G _ is the vector
of expected payoffs, given k € K.
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Proof. By Proposition 3.7, for any ¢ € R¥

wo(x,¢;¢) = (1 —61) min min max »  we+ (5,455 ;) »
TEA(J)L (wij)ijG(RK)IX‘; iel ]GJ
. —01G!
Vz,zj xj:x 17191“'

where ¢F = PR2(j|k)CF, for all (j, k) € J x K. Clearly, PR2(jlk) = Y, ¢"7°(§) = 7(4), so that
¢ =T7(3)¢, for all j € J. Therefore, for all j,

vg(p, 4; ¢j) = T(F)va(p, 4; C). (3.13)

The following property of the conjugate is straightforward:
Vf: A(K) = R, Ya € R\{0}, Vo € R, (af)i(z) = aff (g) : (3.14)

It follows from (3.13) and (3.14) that, for any j € J such that 7(j) > 0, one has

wo+ (Tij, q5,Cj) = T(F)we+ (%ﬂﬁC) :

The result follows then by a simple change of variables, y;; := ;(?), and taking ¢ = 1. O

4 Extensions, open problems

4.1 Infinite set of actions

The recursive formula satisfied by the values of the dual game was proved by De Meyer and
Marino [6] in the more general framework of infinite actions spaces I, J, finite sets K, L and a
bounded, measurable payoff function — in the independent case. In order to avoid measurability
issues, we did not address this problem in the present work. However, we think that such an
extension is possible for general initial probabilities assuming, for example, that I, J are Polish
spaces equipped with their Borel o-algebras. In order to adapt our proof to this more general
framework, one probably needs to prove the existence of measurable selections of e-best replies
and then use Theorem 5.3 in [6] to extend Theorem 6.1 (in the Appendix) to integrals instead
of finite sums.

4.2 Optimal strategies in differential games with incomplete information

Differential games with incomplete information were introduced by Cardaliaguet [2]. As in
repeated games with incomplete information, before the game starts, a pair of parameters (k, £)
is drawn according to some commonly known probability distribution 7 on K x L. Player 1
is informed of k£ and player 2 of £. Then, a differential game is played in which the dynamic
and the payoff function depend on both types: each player is thus partially informed about the
differential game that is played. The existence and characterisation of the value function was
established by Cardaliaguet [2] in the independent case, and extended to the general case by
the second author [9]. The proof relies on the geometry of the value function (I-concavity and

15



I-convexity) and on a sub-dynamic programming principle satisfied by its Fenchel conjugate
(i.e. the value of the dual game), in the spirit of (3.11).

The construction of optimal strategies remains, however, an open problem. Equivalently, one
may seek to establish a dynamic programming principle satisfied by the value function of the
dual game, as in Theorem 2.5.
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6 Appendix

A result from convex analysis

Theorem 6.1 ([10], Theorem 16.4). For any j € J, let f; be a concave, bounded, real function
on A(K). Let F := Zj fi. Then, for any z € RE:

F'(z) = min E:fﬁ ().
(z;);€RF)7 jeJ
2=z

Proof. For any (u,x;) € A(K) x RE| the inequality f;(p) — (4, z;) < ff(a:j) holds. Summation
on j € J yields that, for any (z;); € (R¥)” such that T =2,

F(u) — () < Y fha))

Taking the supremum in x (on the left-hand side), and the infimum in (z;); € (R¥)7 such that
>_;jxj = z (on the right-hand-side) one has:

Fiz) < inf HEN]
() ERE)? 2jes

Conversely, let uf € A(K) be such that F*(z) = >jes filw B —(uf, 2). Then, z € 8+F( #). The
boundedness of the fj s implies [10 Theorem 23.8] that 0T F = deJ " f;. Let (z )JGJ c (RF)Y/
be such that Zjejazj =z and :Ej € 9% fj(p), for all j € J. Then,

Fiuf) = (2% = fiah), viel
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Summation yields then:

Fi(z) = ZjEJ Fih) = (1, 2) = ZJ-GJ fat'i("ng')'
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