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Abstract

Game theory studies interactions between agents with specific aims,
be they rational actors, genes, or computers. This course is intended
to provide the main mathematical concepts and tools used in game
theory with a particular focus on their connections to learning and
convex optimization. The first part of the course deals with the basic
notions: value, (Nash and Wardrop) equilibria, correlated equilibria.
We will give several dynamic proofs of the minmax theorem and
describe the link with Blackwell’s approachability. We will also study
the connection with variational inequalities.



The second part will introduce no-regret properties in on-line learning
and exhibit a family of unilateral procedures satisfying this property.
When applied in a game framework we will study the consequences
in terms of convergence (value, correlated equilibria). We will also
compare discrete and continuous time approaches and their analog
in convex optimization (projected gradient, mirror descent, dual
averaging). Finally we will present the main tools of stochastic
approximation that allow to deal with random trajectories generated
by the players.



Part A

BASIC TOOLS AND RESULTS



A.1 Value and equilibria
This section deeply relies on the books:

Mertens J.-F., S. Sorin and S. Zamir (2015) Repeated Games,
Cambridge University Press.

Laraki R., J. Renault and S. Sorin (2019) Mathematical Foundations
of Game Theory, Springer.
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Strategic games: introduction

Strategic games: notations

A strategic game G is defined by:

- a set I of players, (I will denote also the cardinal),
- a set §' of strategies for each player i € 1,

- a mapping g from § =TI1._, S’ into R'.

g'(s) is the payoff of player i when the profile s = (s!,--- ,s') is played.

Denote s = (s',s~') where s~ is the vector {s/;j # i} and S~ =TI,; §.



A(K)= simplex on a finite set K = {x € RE x* > 0, ¥ ;g 2k = 1},
= set of Borel probabilities on a topological space K (compact,
metric).

Mixed extension of G:
Y= A(S), i € I set of mixed strategies of player i, ¥ = IT;c;X/,
multilinear extension of g to £ (assuming Fubini):

g(o) = g (s)Iido'(s")

P
I, s



Strategic games: definitions

For € > 0, the (e—)best reply correspondence BRL of player i, from §~
to S, is defined by:

BRL(s)={s'€ S8 :g'(s',s) > g'(f,s7") — g,V € 5.

It associates to every profile of the opponents the set of e—best
replies of a player.

Write BR : S = S, for the global best reply correspondence that maps
seSto HieIBRi(Sii).

The extension of BR : ¥ = ¥ to the mixed extension of the game is
straightforward.



Equilibrium

A Nash equilibrium (Nash, 1950 [33]) is a profile of strategies s € S
where no player can gain by changing his strategy.

More generally, for € > 0, an e—equilibrium is a profile s € S, such that
for all i, s' € BRL(s™"), which is:

gt s <g'(s)+e, VieS, Vi

Thus s is an equilibrium iff s is a fixed point of the BR corre-
spondence:

s € BR(s).

An equilibrium s is strict if {s} = BR(s).



Alternatively, a profile ¢ eliminates a profile s if there exists a player
ieIwith g'(,s7) > g'(s).
Let E(r) C S be the set of profiles not eliminated by ¢ € S.

An equilibrium is then a profile in N,esE(2).

This formulation is in the spirit of an equilibrium being a “rational” rule
of behavior.



Zero-sum games: value
A two-person, zero-sum game is a game where I =2, S' =S, 8> =T
and given f : S x T — R, the payoffs are g! = —g*> =f.

The interests of the players are opposite: g! +g> = 0.
One introduces the following quantities:

v =sup inf f(s,) v =inf sup f(s,1);
s T L

v is the largest amount that Player 1 can guarantee
and a strategy s € S is (> 0)-optimal if:

f(s,;t)>v—eg, VteT.

The game has a valuevif: v=v=v.




The link between value and equilibria is as follows:
Proposition 1.1

Assume that the game has a value and that s,t are e-optimal. Then
they form a 2e—equilibrium:

f(s,0)+2e>f(s,t) > f(s',t)—2¢, Vs /eSxT.

(Fore =0, this is a saddle point.)



Minmax theorem 1: Finite case

The sets of pure strategies or actions (moves) S =1, T =J are finite.
The (payoff of the) game G is represented by a I x J matrix A, an
element x € A(I) corresponds to a row matrix (mixed strategy of player
1) and an element y € A(J) to a column matrix (mixed strategy of
player 2), so that the payoff is given by the bilinear form f(x,y) = xAy.

Theorem 1.1 (Von Neumann, 1928 [47])

LetA be al x J real matrix.
There exist (x*,y*,v) in A(I) x A(J) x R such that :

xX*Ay > v, Yy € A(J) and xXAy* <v, Vx € A(l). (1)

In other words, the mixed extension of a matrix game has a value
(one also says that any finite zero-sum game has a value in mixed
strategies) and both players have optimal strategies.

For an extension to coefficients in an ordered field, see Weyl, 1950
[49].



The real number v in the theorem is uniquely determined and
corresponds to the value of the matrix A :

v= max min xAy = min max xAy.
xeA(I) yeA(J) YEA(J) xeA(I)

It is also denoted by val(A).
As a mapping defined on matrices, from R’*/ to R, the operator val
is positively homogeneous, monotonic (increasing) and non
expensive :

|[val(A)—val(B)| < ||A—B|«

These properties extend to the general framework of zero-sum
games:

[val(f) —val(@| < |If — gl



Minmax theorem 2: Compact case

S and T are subsets of Hausdorff topological real vector spaces.

Theorem 1.2 (Sion, 1958 [41])

Let G = (S,T.f) be a zero-sum game satisfying:

(i) S and T are convex,

(ii) S or T is compact,

(iii) foreacht in T, f(.,t) is quasi-concave and u.s.c. ins,
and foreach s in S, f(s,.) is quasi-convex and l.s.c. in t.

Then G has a value: sup, ginficrf(s,t) = infier sup,egf(s,1).

Moreover, it S (resp. T) is compact, the above suprema (resp. infima)
are achieved, and the corresponding player has an optimal strategy.



The proof uses a finite dimentional version of the following
intersection lemma (Berge (1966) [3, p. 172]).

Lemma 1.1

Let Cy,...,C, be non-empty convex compact subsets of a Hausdorff
topological real vector space. Assume:

1) the union \J;_, C; is convex,

2) foreachj=1,...,n, the intersection (,; C; is non-empty.

Then the full intersection N}_, C; is non-empty.

The proof is by induction and only uses the Hahn—Banach strict
separation theorem.

See,e.g.:
MSZ, Section 1.1
LRS, Chapter 3.



Proof (of Theorem 1.2):

Assume S compact.

Suppose by contradiction that G has no value. Then there exists a
real number v such that

inff(s,t) <v < inf t).
supin (s,1) <v ;gTilellst(s,)

1) We first reduce the problem to the case where S and T are
polytopes.

Define for each rin T the set S; = {s € S, g(s,7) < v}. The family (S;);er
is an open covering of the compact set S, so there exists a finite
subset Ty of T such that S = U,cz, Si. Let T = co(T,) which is compact

and satisfies:

maxinff(s,t) < v < infsupf(s,).
s€S teT 1€T ses



Proceed similarly with the strategy space of player 1: the family
(T, = {r € Tf(s,1) > v} )ses being an open covering of T, there exists a
finite subset S, of S such that :

VseS=co(Sy),3reTy, f(s,1)<v,

Vi€ T =co(Ty),3s €Sy, f(s,t) >v.

Assume that (Sp, Tp) is @ minimal pair for inclusion satisfying this
property: if necessary drop elements from S, and/or Ty.

2) Vs € S, let A, = {t € T:f(s,t) < v} which is non-empty convex and
compact. Note that (.5, As = @ and by minimality of So,

Nieso\ (s} As 7 0 for each so in So.

By the intersection lemma, the union {Jcs, A; is thus not convex.
Hence there exists a r* in T\ U,cs, As, SO that f(s,*) > v,Vs € Sp. By
qua§i—concavity of f(-,#*), the inequality f(s,#*) > v also holds for each
sES.

Similarly, there exists s* € § such that f(s*,7) < v for each r € 7.
Considering f(s*,1*) gives the required contradiction. m



Theorem 1.3 (Mixed extension)

LetG = (S,T.f) be a zero-sum game such that:

(i) S and T are compact Hausdorff topological spaces,

(i) foreachtinT, f(.,t) is u.s.c., and for each s in S, f(s,.) is I.s.c.
(iii) f is bounded and mesurable with respect to the product Borel
c-algebra Bs @ ABr.

Then the mixed extension (A(S),A(T),f) of G has a value. Each
player has a mixed optimal strategy, and for each € > 0 each player
has an e-optimal strategy with finite support.



Recall the earlier result:

Theorem 1.4 (Ville, 1938 [46])

Letl =J=10,1] andf be a real-valued continuous function on I x J.
The mixed extension (A(I),A(J),f) has a value and each player has
an optimal strategy.

This is the first proof of the minmax theorem using a separation
(Hahn-Banach) argument.

See:
MSZ, Section 1.1
LRS, Chapter 3.



Minmax principle

The next example, due to Aumann and Maschler, 1968 [2], shows the
difference between an analysis in terms of (maxmin/minmax) optimal
strategies or of equilibria.

L R
T |(2,0) | (0,1)
B | (0,1) | (1,0)

Considering only the payoff of player 1, this defines a zero-sum game
with value V| = 2/3 and optimal strategy for player 1: x = (1/3,2/3).
The dual parameters are V, = 1/2 and y = (1/2,1/2) for player 2.

On the other hand the game has a single equilibrium:

x* = (1/2,1/2),y* = (1/3,2/3) with payoff E = (2/3,1/2).

Note that for player 1 the equilibrium payoff is equal to his value (2/3)
but that the equilibrium strategy x* does not guarantee it, while x
does. A similar statement holds for player 2.

However the strategies (x,y) are not in equilibrium.



Adding the optimal and equilibrium strategies gives the matrix:

=N

op

L R eq op
(2,0) (0,1) (2/3,.) (1,1/2)
0,1 (1L,o) | (2/3,1/3) ] (.,1/2)

(- 1/2) | (1/2,1/2) | (2/3,1/2) | (.,1/2)
(2/3,2/3) | (2/3,.) | (2/3,.) |(2/3,1/2)




The next 5 sections provide proofs of the minmax theorem
(finite case).



Proofs of minmax theorem

Minmax theorem via ODE
We follow Brown and von Neumann, 1950 [9]. A)

Lemma 2.1

Any real matrix B, I x I, antisymmetric (B = —'B), has a value.

Proof : Let X = A(I). It is equivalent to prove the non-emptiness of
X(B) = {x € X;Bx < 0}.

Let Ki(x) = [¢'Bx]*,i € I,K(x) = ¥;c; K'(x) and consider the dynamical
system on X defined by:

i =K'(x) —xK(x,), i€l (2)

Let V(x) = Y e, K'(x)%. The set of rest points of (2) is: X(B) = V~1(0)

since K'(x) = x'K(x) gives V(x) = K(x)xBx = 0.



Finally:

d ) . _ _
V) = 2)K'(xi)e'Bir = 2[K (x¢) BK (xi) — {K (x¢)Bx1}K (x1)] = —2K (x))V ().
Hence V(x,) is strictly decreasing on the complement of X(B).
Compactness implies that the accumulation points of x; are in X(B)

which is thus non empty.



B) We now deduce from Lemma 2.1 that any matrix A has a value.
One can assume A;; > 0 for all (i,j).

B.a) Following Gale, Kuhn and Tucker, 1950 [14], introduce the
antisymmetric matrix B, of size (I+J+ 1) x (I+J + 1) defined by:

0 A -1
B=| A 0 1
1 -1 0

Consider an optimal strategy z = (x,y,t) for player 1 in the game B;
then one checks easily that x and y (normalized) are optimal
strategies for both players in the game A.



b) An alternative proof, Brown and von Neumann, 1950 [9], is to
consider the (1 x J) x (I x J) matrix C defined by:

Cl'j;i/j/ = AU/ _Ai/j'

Hence each player plays in game C both as player 1 and 2 in the
initial game A.

From an optimal strategy in game C one constructs optimal strategies
for both players in game A. n



Replicator dynamics

We follow Hofbauer, 2018 [18].
Introduce the replicator dynamics, Taylor and Jonker,1978 [44],
defined by the following equations, with xy € int(X),yo € int(Y):

i =xleAy —xAy),  Viel (3)

y;' = yf[—x,Aej + xAyy, Vjield.

This defines trajectories in X x ¥ since 4 ¥, x/ =0 and x) > 0 implies
x>0,V >0,i€l.

Introduce the time average trajectory: xr = % fOTx,dt.

By integrating: _
vl

x—ﬁ = e'Ay; — x,Ay;, Viel

Xt

one obtains:

1 ; ; ; I
T [logxT —logxy] = e'Ayr — ?/0 XsAysds viel.



Consider a sequence Ty — « on which (Xz,,7,, Tik j;)Tk X Aygds)
converge to (x*,y*,w). Then:

FAY <w < x*Aé, Viel, viel.
Hence the game has a value, w and x*, y* are optimal strategies.

The proof shows more:

- any accumulation point x of x; belongs to X(A), set of optimal
strategies of player 1 in the game A,

- the average payoff along the trajectory % fOTxSAysds converges to the
value.



Minmax theorem via unilateral process
Lehrer and Sorin, 2001 [25]

A) Preliminary result

Le C be a non empty closed subset of R (endowed with the
Euclidean scalar product (, )).

For z € R¥, 22(z) stands for a closest point to zin C. Let {z,} be a
bounded sequence in R¥: ||z,|| < M.

Z, denotes the Cesaro mean up to stage n of the sequence {z,}:

1 n
Zn - - Z Zm-
nm:l

Definition 2.1
{z.} is a Blackwell C-sequence, Blackwell, 1956 [4], if it satisfies :

(241 = Pc(En),2n— Pc(@n)) <0, V. (4)






Lemma 2.2
If{z,} is a Blackwell C-sequence, d,, = d(z,,C) converges to 0.

Proof : Let u, = P¢(z,)then :

A2y < net — wnll* = 120 — tnl* + st — Zall* + 2001 — Zn %0 — tn)

Decompose: 1
<Zn+l _lznazn _un> = (m
= (m)(<zn+l — Un,Zn — Un) — ||Zn _“nHZ)-
Using the hypothesis (z,4+1 — u4, 2, — un) < 0, we obtain:
2 1
. <(1-— &+ (—
From: ||zus1 —Zal|? < 2||zas1||> +2]|24/|* < 4M2, one deduces:

)<Zn+l — ZnsZn— un>

) llzns1 = 7Zall*.

n—1 1
&, < d> 4+ (——)? aMm?
n+1—(n+1> n+(n+1)
and by induction :
2M
d, < —.

NG



B) Consequence: minmax theorem.
Let A be a I xJ matrix and assume that the minmax is O :

7= min max xAy = min maxe'Ay = 0.
YEA(J) xeA(T) yeA(J) i€l

Proposition 2.1
Player 1 can guarantee 0, i.e. v > 0.

Proof : Let us construct by induction a sequence z, € R’.
The first term z; is any row of the matrix A.

Given z1,2, ..., 24, define z, .1 as follows : .

Let z,;” be the vector with j* coordinate equals to max(z,,0).
If z, =z, take z,41 as any row of A.

Otherwise let @ > 0 such that :

1
B
)

Yn

Since 7 = 0, there exists i, € I such that e+ Ay, > 0. Define z,,; as
such a line i, of the matrix A.



By construction:
0<ae™ Ay, = <zn+1 Al —zn> .
Since (z},z —z,) =0 one gets :
(zni1 =25 Z0—2F) <O. (5)

Let C={zeR’; z>0}.

Note that : z; =T1¢(z,) = Pc(zx) (Where I1¢ denotes the orthogonal
projection on the convex closed set C) so that (5) gives (4):

{z.} is a Blackwell C-sequence.

Finally write z, = x,A.

Any accumulation point & of the sequence {x,} € A(J) satisfies A € C.
Hence %Ay > 0, Vy € A(J), thus v > 0. ]



Fictitious play

Let A be a I x J real matrix.

The following process, called fictitious play, has been introduced by
Brown, 1951 [8].

Consider two players playing in a repeated way the matrix game A.
At each stage r=1,...,n,..., each player is aware of the previous
action (move) of her opponent and compute the empirical distribution
of the actions used in the past. Player 1 (resp. 2) plays then an action
i; (resp. j; ) which is a best reply to this average.

Explicitly, starting with any (i1,j;) in I x J, consider at each stage n,

x, =LY e, viewed as an element of A(7), and similarly

Yn = %Z?:leit € A(J)-



Definition 2.2

A sequence (in,jn)n>1 With values inI x J is the realization of a
fictitious play process for the matrix A if, for eachn > 1, i,,.1 is a best
reply of player 1 toy, forA:

iny1 € BR'(y,) = {i € I:€'Ay, > Ay, ,Vk € I}

andj,, is a best reply of player 2 to x,, for A (j,.1 € BR*(x,), defined
in a dual way).

The main properties of this procedure are given by the next result.



Theorem 2.1 (Robinson, 1951 [36])

Let (in,jn)n>1 be the realization of a fictitious play process for the
matrix A.

1) The distance from (x,,y,) to the set of optimal strategies
X(A) xY(A) goes to 0, asn — oo.
Explicitely : Ve > 0,3N,Vn > N,Vx € A(I),Yy € A(J) :

xnAy>val(A)—€ and xAy, <val(A)+e.

2) The average payoff on the trajectory, %Z;’:l A, j,, converges to
val(A).

Proof :
We will prove the theorem by considering the continuous time analog.



Take as variables the empirical frequencies x, and y,, so that the
discrete dynamics for player 1 writes :

1

m [i11+1 + n.xn] with in+] S BRI (yn)

Xn+1 =
hence satisfies :
1 [ 1( ) }
X, — X, € BR Xnl.
n+1 n n+1 Yn n

The corresponding system in continuous time is now :

1
X € " [BRl(yt) —x].

(6)

This is a differential inclusion which defines, with a similar condition

for player 2, the process (CFP): continuous fictitious play.



Write the payoff as f(x,y) = xAy and for (x,y) € A(I) x A(J), let :

L(y) = / M(x) = mi .
») x/rg%)f *',) (x) min, )f (x,))

The duality gap at (x,y) is defined as :
W(x,y) =L(y) —M(x) > 0

and the pair (x,y) are optimal strategies in A if and only if W(x,y) = 0.



Proposition 2.2 (Harris, 1998 [17]; Hofbauer and Sorin, 2006
[20])

For the (CFP) process, the duality gap converges to 0 at a speed
Oo(1/r).

Proof : Make the time change z, = x. in (6) which leads to the
autonomous differential inclusion:

X € [BRI ) —x], W€ [BRZ (%) — i) - (7)

known as the best reply dynamics (BR), Gilboa and Matsui, 1991
[15]).

Let now (x;,y;)>0 be a solution of (BR), see Aubin and Cellina,1984
[1].

Denote by w; = W(x;,y,) the evaluation of the duality gap on the
trajectory, and write o; = x; + %, € BR'(y;) and B; = y; + 3, € BR*(x;).
One has L(y;) = f(o4,y:), thus:

d
EL()’z) = atD]f(atvyt) +ytD2f(atayt)-



The envelope’s theorem (see e.g., Bonnans and Shapiro (2000) [5] )
shows that the first term collapses and the second term is f (o, y;)
(since f is linear w.r.t. the second variable). Then we obtain :

W) = L0~ TMCe) = Fen )~ (i)
= f(x0,90) =f (G, 31) =Ff(xe, Br) —f (0, 1)
M(x;) = L(y;) = —w(t)

thus :

we=w(0) e
There is convergence of w; to 0 at exponential speed, hence
convergence to 0 at a speed O(1/¢) in the original problem before the
time change.The convergence to 0 of the duality gap implies by
uniform continuity the convergence of (x;,y;) to the set of optimal
strategies X(A) x Y(A).



The result is actually stronger: the set X(A) x Y(A) is a global
attractor for the best reply dynamics, Hofbauer and Sorin, 2006 [20],
which implies the convergence of the discrete time version, hence of
the fictitious play process, i.e. part 1) of proposition 2.1.

For an alternative proof in the same spirit, see Lehrer and Sorin,
2007 [26].



We finally prove part 2) of proposition 2.1, Riviere, 1994 [35],
Monderer and Sela, 1996 [30].

Proof :

Let us consider the sum of the realized payoffs : R, = Z;Zlf(i,,,jp).
Writing : U, =¥, f(i,jx), one obtains :

n

fL% U, i”’Zwﬁ_w+Z Uy - upt)

but the fictitious play property implies that :
Ur —upt <.

Hence limsup,,_,., % <limsup,_,,, max; % <wval(A), since

2 = f(i,ya) < val(A)+ € for n large enough by part 1) of proposition
2.1.
The dual inequality thus implies the result.



Note that Part 1 and Part 2 of the theorem are independent.

In general convergence of the average marginal trajectories on moves
does not imply any property of the average payoff on the trajectory.
For example in the "matching pennies" game :

1| -1

—1 1

convergence in average of both strategies to (1/2,1/2) is compatible
with a sequence of payoffs 1 or -1.



Proof by induction

Proposition 2.3 (Loomis, 1946 [27])

LetA and B be two I x J real matrices, with B > 0. Then there exist
(x,y,v) in A(I) x A(J) x R such that :

XA > vxB and Ay <v By.

With B;; =1 for all (i,j) € I x J, one recovers von Neumann’s theorem.

Proof : The proof is obtained by induction on the dimension

|I| +|J| = m—+n. The result is clear form =n=1.

1) Assume the result is true for m+n— 1.

Let 4o = max{A € R,3s € A(I),sA > A sB} and

to = min{u € R,3r € A(J),Ar < uBt} so that Ay < pp.

If Ao = uo, the result holds, hence assume that Ay < L.

Let s9 and 7y be optimal, and note that spA = Ay soB and Azy = Ly Bty
cannot both hold. ) )

Assume then that j € J is such that spAe’ > A9 soBe’ and let J' = J\ {j}.



Using the induction hypothesis, introduce v/ € R and s’ € A(I)
associated to the I x J' submatrices A’ of A and B’ of B, with

sSA" >V §'B.

Now v/ > o > A since there are less constraints for player 1 in the
reduced game, then consider s = as’ 4 (1 — o)sp with o € (0,1) and
note that for a small enough:

(as’+ (1 — a)sp) (A — AB)ée >0,

for j, thanks to sy and for j € J/, because of s’ : a contradiction to the
definition of Ay. n

Application: Let B be a square matrix with positive entries. Take
A = Id, then there exists an eigenvector associated to a positive
eigenvalue with positive components (Perron—Frobenius).



Equilibria and variational inequalities
Equilibrium: existence

The main result is the following:

Theorem 3.1 (Nash, 1951 [34], Glicksberg, 1952 [16], Fan,
1952 [13])

1) IfS' is a compact convex subset of a topological vector space, g' is
continuous, quasi concave w.r.t. s', for all i € I, the set of equilibria is
compact and non empty.

2) If S' is compact , g' is continuous, for all i € I, the mixed extension
of the game has an equilibrium.

Proof : 1) By continuity and compactness, for each profile ¢ € S, the
set E(r) of profiles not eliminated by ¢, (recall that a profile ¢ eliminates
a profile s if there exists a player i € I with gi(#,s7%) > g(s)), is a
compact subset of S.

By the intersection property, to prove the existence of an equilibrium,
it is enough to show that for any family {z(k) € S;k € K finite} the
intersection NiexE(1(k)) is not empty.



We are then in a finite dimensional framework (replace each S’ by
co({f'(k),k € K})) and an equilibrium of the reduced game will be in
Meek E(1(k)). '

Now g’ quasi-concave w.r.t. s' implies that for all s, BR(s) is convex.
By continuity and compactness, BR(s) is compact and non-empty for
each s. The joint continuity hypothesis implies that the graph of the
correspondence BR is closed.

Then use a fixed point theorem, Fan, 1952 [13], for the
correspondence BR on S.

The corresponding fixed point is an equilibrium.

2) If S is compact, X = A(S’) is convex and compact (for the weakx
topology).

Similarly if ¢' is continuous on S, its extension to £ = [[;c; ¥/ is
continuous (again for the weaksx topology), using for example the
Stone-Weierstrass theorem to get the joint continuity, and multilinear.
Then use Part 1.

For more results, see e.g. MSZ 1.4, LRS Ch. 4.



Equilibrium: finite case

We consider here the case of a finite game: finitely many players,
each player i € I having finitely many strategies in S'.

The finiteness assumption allows for a more precise analysis of
equilibria.

Lemma 3.1

o is a mixed equilibrium iff for all i and all s' € S':

g'(s',o7) <maxg'(f,67") = o'(s') = 0.
rest

Proof :
Follows from ¢/(c,6) = max,cs ¢'(#,67) and

g'(0',07") = Les 0'(1)g'(,07").

In other words, the support of ¢’ is included in BR'(c /), for all i € I.



Theorem 3.2 (Nash, 1950 [33])
Every finite game G has a mixed equilibrium.
Proof :

Define the Nash map f from £ to £ by:
_ 08+ (g'(s',07) —g'(0))"
I+ Ysesi(g'(f,07) —g'(0))*

f(0)'(s")

where a™ = max(a,0).

f is well defined and with values in X: f(o)(s') > 0 and
Yyesif(0) (s) = 1.

Since f is continuous and X convex, compact, Brouwer’s fixed point
theorem, Brouwer, 1910 [6], implies the existence of o € ¥ with
f(o)=o.

Let us prove that such o is an equilibrium.



Otherwise there exists i € I and u' € S’ with g'(u',07") — g'(c) >0
hence Yicsi(g'(f,07") —g'(a))" > 0.
Since there exists s' with ¢(s') > 0 and g'(s',6~) < g(c) one obtains:

_ o'(s)
1+ Yicsi(g'(#,07) —g'(0))*

o'(s") =f(0)'(s") <o'(s")

a contradiction.

Note that reciprocally any equilibrium is a fixed point of f since all
quantities (g'(#,07") — g'(c))™ vanish. .



Algebraic approach

Recall that each §' is finite, with cardinal m'. Let m = IT;m'.

A game can thus be identified with a point in RV, For example, with
2 players having each 2 strategies one obtains g € R? specified by:

L R
T | (a1,a2) | (az,as)
B | (as,a6) | (a7,ag)

Proposition 3.1
The set of equilibria is defined by a finite family of large polynomial
inequalities.
Proof : o is an equilibrium iff:
Y oi(s)—1=0, o'(s)>0, VseS Viel,
sieSt
gi(c) = Z [Hci(si)]gi(s) > g"(ti,cfi),Vt" eSS Viel,
s=(s!,..,sN)es i
the unknown being the family {o?(s')}.

We used the linearity to make the comparison only to extreme points.
|



Corollary 3.1

The set of equilibria is semi-algebraic.
It is a finite union of closed connected components.

Example 1:

L M R

T | (2,1) | (1,0) | (1,1)
B[ (2,00 | (1,1) | (0,0)

The set of equilibria is described by the thick line below.

— | —

R

) .
T i 1]

There is one connected component, homeomorphic to a segment.



Example 2 : Kohlberg and Mertens, 1986 [23].

L M R
T (LD [0, (LD
m [(-1,0)| (0,0) | (—1,0)
B[ (1,-1) [ (0,-1) | (—2,-2)

There is only one connected component of equilibria which is of the

form:
T,L

T.R

m, M

m, R

B,L

B,M

hence homeomorphic to a circle in X.



In addition each point of the circle is the limit of a sequence of
equilibria of close-by games, like the next one, with € > 0:

L M R
T| (I,1—¢) | (e,—1) | (—=1—g,1)
m| (—=1,—€) | (—¢€,€) | (—-1+¢e,—¢)
B | (l—g—1) | (0,—1) (—2,-2)
with equilibrium [(e/(1+¢€),1/(1+¢€),0);(0,1/2,1/2)] close to

[(0,1,0);(0,1/2,1/2)].



Equilibria and variational inequalities

For various classes of games, equilibria can be represented as
solutions of variational inequalities, see e.g. Sorin and Wan, 2016
[42].

Finite games _

Define the vector payoff function Vg’ : 2=/ — RS by

Vgi(o™)" = g'(u,07"),u € S'. Hence g'(0) = (Vg'(c7%),0') and 6 € L is
a Nash equilibrium iff:

(Vgi(c™h, 0l —1y >0, VvieX, Viel
Concave games
1 is a finite set of players, for each i € 1, X' C H'(Hilbert) is the convex
set of actions of player i and G' : X =[], X’ — R his payoff function.
Assume G’ concave and ¢! w.r.t. x'.
Then x € X is a Nash equilibrium iff:

(ViG'(x),x' =y >0,  WeXx, Viel
where V; stands for the gradient of G' w.r.t. x'.




Population games

1 is a finite set of populations of non atomic players; for eachi € I, §°
is the finite set of actions of population i and X' = A(S") is the simplex
over S'. x™ is the proportion of players in population i that play u € S'.
Given K : X — RS, K'(x) is the payoff of a member of population i

using the action u € S’ given the configuration x.

Then x € X is an equilibrium, Wardrop (1952) [48], iff:

K >0=K"(x)>K"(x), VYuveS, Viel (8)
which is:
(K'(x) =Y K"(x)"—y") >0, WeXx, Viel
ucs'
or

<K(x),x—y>:Z<Ki(x),xi—yi) >0, VyeX

i



A typical example is congestion games: i corresponds to the type of
the agent and « to the link in a network.

Consider the following Pigou’s example.

Two roads, T and B link the origin o to the destination d. On T the
cost is x if the congestion is x. On B there is a constant cost of 1.
Consider two populations of size 1/2 each.

T; costx

(1/2:1/2) —({ 2
. PO,

_7_—7-/
B; cost 1

Since the agents are nonatomic they will all choose T if x < 1, hence
the only equilibrium is (s',s?) = (1,1), where s’ is the proportion of T
for i, thus inducing a cost of 1.



Note that in the case of two players controlling each a mass 1/2 the
only equlibriumis (2/3,2/3).

Finally if the mass is not splittable, the players use mixed strategies
and the set of equilibria is of the form: one player uses T and the
other is indifferent between T and B.

(0,1) (1,1)

(0,0) (1,0)

Remark that the social optimum is obtained for s' = 1/2,i =1,2.



General case

Consider a finite collection of convex compact sets X' C H' (Hilbert),
and evaluation mappings ¢’ : X =[,X' - H',icl.

Definition 3.1
NE(¢) is the set of x € X satisfying:

(0(x),x—y) >0, VyeX (9)

where (¢ (x),x —y) = Li(¢' (x),x' = ).

Remark that all the previous sets of equilibria can be written this way.
We denote by I'(¢) a game with evaluation ¢.



Let IT¢ denotes the projection from H to the closed convex set C and
T the map from X to itself defined by:

T(x) =Ix[x+ ¢ (x)]

Proposition 3.2
NE(9) is the set of fixed points of T.
Proof : The characterization of the projection gives:

(x+0(x) —xx+ o),y —x[x+9(x)]) <0,  VyeX,

hence I¢[x+ ¢(x)] = x is the solution iff x € NE(¢).

Corollary 3.2
Assume ¢ continuous on X. Then NE(¢) # 0.

Proof : The map x — I¢[x+ ¢(x)] is continuous from the convex
compact set X to itself, hence a fixed point exists.



Lemma 3.2
An alternative characterization of NE(¢) is the set of solutions of :

7y (9(2) =0 (10)
where TC(x) is the tangent céne to C, closed and convex, atx € C.
Proof :
Recall that:

. Ix(x+hy)—x
My () :%%T

These results are standard in the theory of Variational Inequalities,
Kinderlehrer and Stampacchia, 1980 [22], Facchinei and Pang, 2007
[12], and used in Operations Research areas, see e.g. Dafermos,
1980 [10], Dupuis and Nagurney, 1993 [11], Nagurney and
Zhang,1996 [32].



Specific classes

Supermodular games

Endow the euclidean space R”, with the product (partial) order x >y
iff x; > y; for all i.

S CR"is a lattice if for all x,y € S: sup{x,y} € S and inf{x,y} € S.
Recall the version of the fixed point theorem in this framework.

Theorem 3.3 (Tarski, 1955 [43])

Let S C R" be a non empty compact lattice and f an increasing
function from S to itself.
Thenf has a fixed point.



Consider a strategic game G, where for each i € I, S’ is a non-empty
compact subset of R™ and g’ is upper semi continuous in s’ for each
fixed s

Assume moreover that the game is supermodular, i.e. :

(i) For all i, S’ is a lattice in R™ .

(ii) ¢' has increasing differences in (s*,s):

gi(si,s_i) _gi(s/i’s—i) > gi(si’s/—i) —gi(sli,sl_i)

assoonas s’ >s"and s >
(iii) g' is supermodular w.r.t. s': Vs~ € S7,

g(s',s™) +8(s",s7) < g (s V5T + gl (s AT



Proposition 3.3 (Topkis, 1979 [45])
Under the previous hypotheses, the game G has an equilibrium.

Proof :

For each i and 5™/, BR'(s') is a non-empty compact lattice of R":.

If s~ >/~ Vi € BR(s'"), 3¢ € BR(s~%) such that # > 7",

Apply Tarski’s theorem to the maximal element of the best reply map.



Potential games

A) Finite case

A real function P defined on S is a potential, Monderer and Shapley,
1996 [31], for the finite game (g, S) if:

g u ) —g(tu)y =P u ) =P u) Vs €S ut e ST Viel
(11)
This means that the impact due to a change of action of player i is the
same on g’ and on P, for all i € I. In particular one can use P to check
the equilibrium condition.

B) Evaluation functions

A real function W, of class ¢! on a neighborhood Q of X, is a
potential for the game with evaluation ¢ if for each i € I, there is a
strictly positive function u‘(x) defined on X such that:

<V,-W(x) —ui(x)¢'(x),y —xi> =0, Vx,yeX,\Viel, (12)

where V; is the gradient w.r.t. x'.



Theorem 3.4

LetT'(¢) be a game with potential W.

1. Every local maximum of W is an equilibrium of I'(¢).

2. If W is concave on X, then any equilibrium of T'(¢) is a global
maximum of W on X.

Proof : The condition implied by a local maximum is :
(VW(x),x—y) 20, VyeX
hence in particular :
(ViW(x),x' —y') >0, Wy eX

so that : _ o _ .
(Vig'(x),x' —y') >0, Wy’ €X".

The inverse statement is clear.



Minority game

Consider a three player game where each of the players has to
choose one of two rooms A, B. The payoff is one for a player being
alone (if any) and 0 otherwise.

Pure equilibria are of the form (A, B, B) and mixed equilibria of the
form (A,B,?). In addition there is a symmetric one where each player
uses (1/2,1/2). The set of equilibria is homeomorphic to a circle plus
an isolated point.



(0,0,0)

This is a potential game.




Dissipative games
A game I'(¢) is dissipative, if ¢ is dissipative i.e. satisfies:
(p(x)—90(),x—y) <0,  V(xy) eXxX.

Alternatively, —¢ is "monotone"; recall that the gradient of a ¢!
convex function is monotone.

This notion appears for strategic games in Rosen, 1965 [38].
Hofbauer and Sandholm, 2009 [19] use the terminology “stable
games” in the framework of population games.



A basic example corresponds to two-person zero-sum games.

Proposition 3.4 (Rockafellar, 1970 [37])

Assumef:X =X'xX> >R, €' and concave/convex.
Then ¢ = (Vf,—Vyf) is dissipative.

Proof :
FONA) =) < (Vif (e 2?) !t =)
FED) —FON ) < (Vifhy?)x =yt
f('xlayz) _f('xla-xz) Z <V2f(xl7'x2)7y2 —X2>
FOL2) —fON %) = (Vof (01, 37), 2" —y)
so that :

(Vif (') = Vif '), x =) + (= Vof (6 x2) + Vof (0, %), 22 —y%) <0

which is

(9(x) =0 (y),x—y) <0.



Definition 3.2
Let SE(¢) be the set of x € X satisfying:

(p(y),x—y) >0, VyeX.

Note that SE(¢) is convex but may be empty.

Proposition 3.5 (Minty, 1967 [29])

Assume ¢ dissipative and X convex, compact.
Then SE(¢) is non-empty.

Proof : Let :
Sy={xeX;(¢(y),x—y) >0,}

so that SE(¢) = NyexSy hence by compactness it is enough to
establish the following:
Claim
For any finite collection y; € X,i € I, there exists x € co{y;,i € I} such
that:

(0 (vi),x—yi) >0, Viel. (13)



Consider the finite two-person zero-sum game defined by the
following 7 x I matrix A :

Ay = (), yi —¥p)-

Introduce the decomposition : A = B+ C with B = 1[A+'A] and
C=1A-"A]
The crucial point is that B has non negative coefficients since:

2B;; = (O (yy),yi — i) + (O (yi),yj —yi) = (#(y;) — 0 (i), yi —yj) = 0.

Hence an optimal strategy u € A(I) in the game C (antisymmetric
hence with value 0) gives uAe/ = uBe/ +uCe/ >0,Vj €1, i.e. :

Z”i@’(h’),yi —yj) >0, VjelJ.

icl

Letting x = Y, u;y; this writes as (13).



Proposition 3.6 (Minty, 1967 [29])
IfT(¢) is dissipative and ¢ is continuous:

SE(9) = NE(9).

Proof :
One direction is clear and does not use continuity.
If ¢ is dissipative and x is an equilibrium, then:

(0(),x—y) > (9(x),x—y) >0, VyeX.

On the other hand, given z € X, x € SE(¢) and r € (0, 1], let
y=x+1t(z—x), hence:

(¢(x+1(z—x)),1(x—2)) > 0.

Dividing by ¢ and then letting ¢ go to 0 gives, by continuity of ¢, the
result.
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