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SIMPLE EQUILIBRIA IN FINITE GAMES WITH
CONVEXITY PROPERTIES

Abstract. This review paper gives a characterization of non-coalitional
zero-sum and non-zero-sum games with finite strategy spaces and payoff
functions having some concavity or convexity properties. The characteriza-
tion is given in terms of the existence of two-point Nash equilibria, that is,
equilibria consisting of mixed strategies with spectra consisting of at most
two pure strategies. The structure of such simple equilibria is discussed in
various cases. In particular, many of the results discussed can be seen as
discrete counterparts of classical theorems about the existence of pure (or
“almost pure”) Nash equilibria in continuous concave (convex) games with
compact convex spaces of pure strategies. The paper provides many examples
illustrating the results presented and ends with four related open problems.

1. Introduction. Consider an n-person non-zero-sum game in normal
form

G = (N, {Xi}ien, {Fi}ien),
where

(1) N ={1,...,n} is the set of players;
(2) for each i € N, X; is the space of the ith player’s pure strategies x;;

(3) for each vector z = (x1,...,z,) of the players’ pure strategies and
for each i, Fj(x) is the payoff function of player i when the players
use the strategies x1, ..., z,, respectively.

The classical concept of solution for such games is pure Nash equilibrium.
It is defined as any strategy profile £* consisting of the players’ pure strate-
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gies, v* = (27,...,2;) € [Lien Xi, satisfying Fi(2z*) > Fi(27], ..., 2]_, =,
Tiq,..-,2,) for each i € N and any x; € X;. When all these inequalities
hold up to an € > 0, we say that z* is an e-pure Nash equilibrium. As this
kind of solution has a natural interpretation and is easy to implement, it
is very desirable in practical applications. Thus, a lot of research has been
devoted to the problem of existence of pure Nash equilibria. The most im-
portant result of this type was proved by |Glicksberg (1952)) and Debreu
(1952). (Recall that by definition, a real-valued function f on a convex set
X is quasi-concave when for each real ¢, the set {x : f(z) > ¢} is con-
vex. Of course, every concave function is quasi-concave. When the converse
inequality holds, f is quasi-convex.)

THEOREM 1A. Let X; C R* for i € N be non-empty, convexr and com-
pact. If all the functions F; are continuous on [[;cy Xi and quasi-concave
in x;, then the n-person non-zero-sum game G = (N,{X;}ien, {Fi}tien) has
a pure Nash equilibrium.

Some extensions of this result were given by Nikaido and Isoda (1955)),
Mertens| (1986), [Sion (1958) and [Fan| (1952), where the existence of pure
Nash equilibria was shown under some weaker assumptions either about
continuity or convexity. Unfortunately, in the case of finite games (games
with finite strategy sets), the existence of a pure Nash equilibrium is not
guaranteed. In fact, it is easy to find an example of a game with two players,
each having two pure strategies, which has no pure Nash equilibrium (and
also no e-pure Nash equilibria for € small enough).

The standard way to deal with the lack of pure Nash equilibria is to
enrich the strategy sets by introducing so-called mized strategies. A mixed
strategy of player ¢ € IV in the game I is any probability distribution over
the space X;. We can then extend the definitions of the payoff functions F;
to this richer domain by defining them as expected values with respect to
the product distribution induced by the strategies of all the players. Thus,
we will treat the payoff functions F; as defined also on the spaces of mixed
strategy profiles. A Nash equilibrium in mixed strategies will then be called
a mized Nash equilibrium. It is known that any n-person game with all X;
finite always has a mixed Nash equilibrium (Nash, |1950).

One of the main points of criticism against the concept of mixed Nash
equilibria has always been that such solutions are rather difficult to apply.
If a game is only played once, any realization of a mixed Nash equilibrium
is in fact a choice of pure strategies for the players, which may give payoffs
far from the assumed optimum. Also if the game is repeated a finite number
of times, the empirical distributions of pure strategies used by the players
may fail to be close to the ones prescribed by the strategies. It is however
important to notice that this problem becomes more visible as the supports of
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the equilibrium strategies become larger. Thus a number of papers consider
the so-called two-point Nash equilibria, that is, Nash equilibria of the form
pt = (u3, ..., ), where for each 4, puf is a probability distribution with
spectrum consisting of at most two pure strategies of player i. The results
found in the literature concern only two-person games on the unit square
and two-person games with finite spaces of strategies. In the first group we
can list the papers of [Bohnenblust et al.| (1984), |Gomez (1988) and Radzik
(1991b)) for zero-sum games, and of Parthasarathy and Raghavan| (1971) and
Radzik| (1993)) for non-zero-sum games. As the last paper contains the most
general results and is very closely related to the present one, we quote two
of its theorems.

Let G = ({1,2},{[0,1],[0,1]},{F1, F»}) be a two-person non-zero-sum
game on the unit square, where the payoff functions Fj(x,y) and Fs(x,y)
for players 1 and 2 are assumed to be bounded and bounded from above
on [0,1] x [0, 1], respectively. Throughout, we denote by d; the degenerate
probability distribution concentrated at ¢.

THEOREM 1B. Let Fy(z,y) be concave in x for eachy. Then for any >0
the game G = ({1,2},{[0,1],[0,1]},{F1, F»}) has an e-Nash equilibrium of
the form (ui, ub) = (adg+(1—a)dp, foc+(1—/5)dq) for some0 < «, B,a,b,c,d
< 1 with |a —b| < e.

THEOREM 1C. Let Fy(z,y) be convez in x for eachy. Then for anye > 0
the game G = ({1,2},{[0,1],[0,1]},{F1, F»}) has an e-Nash equilibrium of
the form (u7, p3) = (adp + (1 — )d1, Boc + (1 — 5)dq) for some 0 < v, B, ¢,d
< 1, where « is independent of €.

As far as two-person games with finite spaces of strategies are concerned,
the most general results were obtained by Radzik| (1991al |2000) for the zero-
sum case, and by [Polowczuk (2003, [2006|) for the non-zero sum case. The
present paper is in a large part based on the results from these four articles.

More precisely, the above-mentioned papers, as well as the present one,
are mainly devoted to the study of finite concave/convexr games I, that
is, n-person games G as defined above, with all the pure strategy spaces
X, finite, under the additional basic assumption that for each i the payoff
function F; is concave/convex in z;. The new notion of concavity /convexity
for functions with a finite domain is defined in a way very closely related
to the standard definition of concavity /convexity of functions on intervals.
It appears that such n-person finite games have very interesting properties.
Namely,

(a) the games I' well approximate n-person continuous games on the
n-product of the unit interval [0, 1] with concave/convex payoff func-
tions;
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(b) there always exists a two-point Nash equilibrium in convex games I

(c) there always exists a two-adjoining Nash equilibrium in concave
games I, that is, an almost-pure Nash equilibrium where the strat-
egy of player 4, for any i, is a probability distribution with at most
two-element spectrum, consisting of two adjoining pure strategies
from X;.

The exact form of these results will be given later. Right now we only
note that (c) above can be seen as a discrete version of Glicksberg’s theorem
(Theorem 1A) and is very closely related to Theorem 1B. On the other
hand, one can view (b) as a discrete version of Theorem 1C extended to
n-person games. In this paper we not only discuss these problems, but in
many cases also give procedures to find these equilibria. Moreover, we give
many examples illustrating the results obtained and the properties discussed.

The organization of the paper is as follows: Some preliminaries are given
in Section 2. The generalization of convexity to functions with finite do-
mains is discussed in Section 3. Section 4 reviews the results about the
existence of pure equilibria in matrix/bimatrix games. In Section 5 we for-
mulate results on the existence of almost-pure (or two-point) Nash equilibria
in matrix/bimatrix games. In Section 6 we give extensions of these results to
n-person finite games. Section 7 contains the concluding remarks and four
related open problems.

2. Preliminary definitions. We will be discussing n-person non-zero-
sum finite games I, denoted by
(1) r= <N7 {Ez}zENa{HZ}Z€N> )
where
(1) N ={1,...,n} is the set of players;
(2) for each i € N, E; = {1,...,k;} is a finite space of the ith player’s
pure strategies e;, with k; a natural number;

(3) for each vector e = (e, ..., e,) of the players’ pure strategies and for
each i, H;(e) is the payoff function of player i when the strategies e
are used.

For simplicity we set

n i—1 n
E:HE]', E—i:HEjX H Ej, e_i:(61,...,ei_1,6i+1,...,en),
j=1 j=1 j=i+1
and
(e—iyt) = (€1, €i—1,t,€i41,...,€p).
We will also say that the game I is of size |E1| x - - X |Ey|, writing briefly
I =Ty s xkey, -
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We now give the definitions of three special types of strategies and equi-
libria determined by them. They play a basic role in the present paper.

DEFINITION 1. A strategy p* of player ¢ in a finite game I' described
by (1)) is said to be a two-point strategy if it is of the form p} = adq+(1—)dp
for some 0 < o <1 and a,b € E;, 1 <i <n. If additionally b = a + 1, then
w; is called a two-adjoining strategy. If a = 1 and b = k;, then p; is called
a two-marginal strategy. Nash equilibria consisting only of strategies of the
same type will be referred to by that type’s name.

REMARK 1. In Sections we will consider two-person finite games
with strategy spaces X7 = {1,...,m} and X9 = {1,...,n} for two naturals
m and n, and with payoff functions F; and Fy. Let A = [ajj]mxn and B =
[bijlmxn be m x n matrices such that a;; = Hi (4, j) and b;; = Ha(t, j) for all
i and j. We will call such games bimatriz games I'(A, B). When B = —A,
a bimatrix game I'(A, B) becomes a two-person zero-sum game I'(A, —A)
and will be briefly denoted by I'(A) and called a matriz game.

3. Convexity of functions defined over finite domains. In this
section we introduce and thoroughly discuss discrete counterparts of quasi-
concavity (or concavity) of functions. They play an essential role in our
subsequent considerations. Throughout this section, F is a finite set of the
form E = H?:l Ej with Ez = {1, .. ,kz}

DEFINITION 2. A function H on FE is said to be concave (resp. quasi-

concave) in the ith variable if for j = 1,..., n there are strictly increasing se-
quences 2/ = (27, ..., xfgj) in [0, 1] with 27 = 0 and xfcj =1, and there exists
a continuous function F(z1,...,xy,) on [0, 1]", concave (resp. quasi-concave)

€
Convexity (quasi-convexity) is defined analogously.

in @;, such that F(z} ,...,22 ) = H(ei,...,ey) for all (e1,...,e,) € E.

REMARK 2. One could think that the above definition would be more
natural if the set [0, 1] was replaced by conv(E; X - - X E),) and the sequences
27 were taken constant of the form 27 = (1,...,k;) for j = 1,...,n. However
this approach would be less general and lead to much smaller classes of con-
cave functions (as shown in Example [1] below). For quasi-concave functions,
both approaches lead to the same class.

EXAMPLE 1. Let By ={1,2,3,4} and E» = {1,2}. Define
8l —12
P
It can be easily seen that if we take x' = (0,2/3,8/9,1), 2> = (0,1) and
F(z1,22) = (4 — 3x1)(2x2 — 1), then

H(k,1) = F(xi,2?) for (k1) € By x Es.

H(k,1) =
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Thus, as F' is linear in x1, H is both convex and concave in its first variable
according to Definition . If however 2! = (1,2,3,4) and 2% = (1,2), one
can easily see that there is no convex or concave function F(z1,xs) defined
on [1,4] x [1,2] and satisfying H(k,l) = F(z},z?) for all (k,l) € By x Es.
Namely, by considering the values H(k,1) and H(k,2) for k € E; we find
that F(x1,1) cannot be concave or convex in .

Now we give two new theorems which allow one to verify easily whether a
player’s payoff function in an n-person non-zero-sum finite game is concave,
convex, quasi-concave or quasi-convex.

THEOREM 2A. A function H on E is concave (resp. convezx) in the ith
variable if and only if for every natural u with 1 < u < k; there exists a
positive number Cy, (resp. Dy,) such that for each e_; € E_;,

(2) H(e—i,u) — H(e—,u—1) > Cy[H(e—i,u+1) — H(e—i, u)]
(3)  (resp. H(e—ij,u) — H(e—j,u — 1) < Dy[H(e_ij,u+ 1) — H(e_;,u)]).

THEOREM 2B. A function H on E is quasi-concave in the ith variable
if and only if for each e_; € E_; there exists a natural | with 1 <1 < k; such
that
(4) H(e_i, 1) <... < H(B_i,l) > H(e_i7l—|— 1) > e 2> H(G_i,ki).

When all the inequalities in are reversed, H 1is quasi-conver in the ith
variable.

Proof of Theorem [24] Fix i € N. Obviously, it suffices to consider the
case of H concave.
(<) Assume that for each 1 < u < k; the inequalities hold, and

define Cy := 1. Now for j = 1,...,n we define strictly increasing sequences
= (x],... ,xij) in [0, 1] by
j u—1 . .
x) = for j #i and 1 <u < kj,

kj—1
and

u—1 ki—1

2y =0 and mZ:Z@/Z@ foru=2,... k,

k=1 k=1
where C1 = 1 and C}, = 1/ Hﬁ:z Cy for k > 2. (Note that x]l = 0 and
x{cjzlforlgjg'n.)' |

Define X7 := {1:{’5”%’"'75”?@} for j=1,...,n, and
Qi =X % x XU X x oo X

Now, for every q € Q;, let f; be the continuous function on [0, 1] defined by
the two conditions:
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(a) foru=1,..., k&,
et = Hleo) g =(ab.....ai7h ot 1)
(b) fq is a linear on every interval [z}, z; ], 1 <u < k; — 1.
Hence, by (2)), for every ¢ € Qi and u=2,...,k; — 1,
fq(xi) fo@i_1) = Culfy(x u+1) _fq(v’Ui)]-

But one can easily check that the last inequality is equivalent to

(5) fo( Z‘)_fq( 2—1) > fq(xiurl) fq( )

xl - xu 1 B xfﬁ—l - Ty
Therefore, each f;, ¢ € @Q;, is concave on every interval [2_q, 2, i u =
2,...,k; — 1. Consequently, it is continuous and concave on [0, 1].
Now take any « = (x1,...,2,) € [0,1]". Since 1 = 0 and =, =1 for

J
all j, for every 1 < j < n there are 0 < oj < 1 and 1 < 55 < k; — 1 such
that z; = aja3; + (1 — o)z, . Hence, setting

K(x_i) = {y_; €[0,1]" ' | y; = xgj ory; =z, forj=1,....n,j#i},
one can easily conclude that x_; can be written as a convex combination
Toj= Z Bu~
weK (z_;)
with the coefficients B, ' depending on w and continuous in z_;. (Here
Y= (Y1, Yn))

Now, for x = (x1,...,2,) € [0,1]" we define
F(x) = Z B fw xz
weK (x_;)
It is immediate that the function F' is Contlnuous on [0,1]" and concave in
z;, and for all (e1,...,e,) € E we have F(zl ,...,a2 ) = Hley,...,ep).
This ends the proof of («=).

IX 1 i i = s T ) ;
(=) Fixi € N and ¢; € E;, and let 2/ = (! x? ). Then, by the

el
concavity of F' in the ith variable, for 1 < u < k; we have
F(2' , xt) —F(x’_i,a:if ) S F(a';,z 4) — F(a',at)

P u u—1 —17 U

i = i i
Loy — zu 1 Lyt1 — Tu
But this is equivalent to

) )

Tt —x
H(e_ju) — H(e_j,u—1) > "2 [H(e_j,u+1) — H(e_;,u)].
xu—H — Ty
Therefore holds with )
T, —Th_q
Cu - 7/ M
utl — &

completing the proof. =
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Proof of Theorem [2B. Without loss of generality we can assume that
i = 1. We will show that there is a function F' defined on [0,1]” with the
properties required by Definition [2] for i = 1.

(<) Assume that for each e_; € E_; there is 1 < I < k; such that
the inequalities with ¢ = 1 hold. Now for j = 1,...,n we define strictly
increasing sequences a7 = (:c{,:c%, e ,xij) in [0, 1] by

u_
k1
Let X7 := {:z:{,...,a:ij},jzl,...,n, and K, := X x Xt x ... x X" For

every ¢° € Ko, let f;z be the continuous function on [0, 1] defined by the two
conditions:

(a) f;z(xél) = H(e_1,e1) for e; € By if ¢* = (22,22 ... 2"),

egres3? €n

x) = for 1 <u < k.

(b) qu is linear on every interval [z}, z} ], 1 <u <k — 1.

Hence, because of with ¢ = 1, for each ¢> € K, the function fql2 is
continuous and quasi-concave on [0, 1]. Therefore the function G defined by
Gi(r1,¢%) = fql2 (x1) is continuous on [0, 1] x Ks, quasi-concave in x; for each
¢* € Ky, and satisfies G (z¢,, ... 2 ) = H(e) forevery e = (e1,...,e,) € E.

Assume now that for some 1 < s < n there exists a continuous function
Gs(z1,...,75,¢°Th) on [0,1]° x K1 which is quasi-concave in z1 for each
(w2, ...,25,¢°) €[0,1]°7! x Kgy1, and satisfies

6) Gzl xl coo,xg ) =H(ey,...,e,) forevery (e1,...,e,) € E.

err’er?

We will construct a function G 1(z1,. .., Ts11,¢572) on [0, 1]° T x K¢y o.

Define y*+1 = (y5+, ..., yztll_l), where

1

s+1 _ .s+1
ot
v (ks — 1)

Yo = foru=1,...,ksy1 — 1.

Notice that
s+l s+1 s+1 s+1 s+1 s+1 s+1
(7)) 0=2zi" <y <z <y <---< Tpr 1 <Ypoo1 <y, = 1.

Let (z1,...,2s Ts11,¢°T2) € [0,1)57! x K41 5. Since 2411 € [0, 1], implies
that w41 € [251, y5™] or 2ep1 € [ys™, 23] for some 1 < u < kg —1.In
the former case, 511 = g, 25+ (1—ag,,,)ysT for some 0 < oy, ,, < 1,
and we define

s+2) s+1 s+2)'

Gsi1(x1,. .., Tsy Tsy1,q =g, Gs(x1,.. ., 25,25, q

In the latter case, x5y = ﬁzs+1y5+1+(lfﬁxs+1)xiill for some 0 < B,,,, <1,
and we define

GSJrl(xlv sy Lsy Tst1, q8+2) = (1 - B$s+1)GS(x17 sy sy xfj_lv q8+2)'
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In this way the function Ggy1(x1,...,2s, Ts11,¢°T?) has been defined on
[0,1]57! x K, 2, and one can easily see that it is continuous, quasi-concave
in o1 for each (z2,...,7511,¢°72) € [0,1]° x K40, and

(8) Gerr(zl ..., 2" )= H(ey,...,e,) for every (e1,...,e,) € E.

ey’ €En
Therefore, by induction, the function F defined by F(z1,...,z,) =
Gn(z1,...,2,) on [0,1]" has the required properties, which completes the
proof of («).
(=) Let e_1 € E_;. Then inequalities for i = 1 immediately follow
from the quasi-concavity of F(t,z2,,...,2% ) in ¢ € [0,1] and its relation to

the function H(s,e_1) of s € {1,...,k1}. This completes the proof of the
theorem.

3.1. Convexity properties of matrices. In Definitions 3} below, we
introduce several easily verifiable properties of matrices, which are basic for
our considerations in the next sections. Since every matrix can be seen as
a function of two variables defined on the product of two finite sets, Theo-
rems and (for n = 2) can be used to define the convexity properties
of matrices in terms of their rows and columns. We do this in the first two
definitions and later justify it in Proposition

DEFINITION 3. A matrix T = [tijlmxn IS Tow-concave (resp. column-
concave) if for each 1 < j < n (resp. 1 < i < m) there is a positive number
Cj (resp. D;) such that
(9) tij — ti,j—l > Cj [ti7j+1 - tij] for all 1.

(10) (resp. tij - tifl,j Z Di[ti+1,j - tij] for all ])
When the inequalities in @ and are reversed, the matrix T is row-convez
or column-conver, respectively.

DEFINITION 4. A matrix T'= [t;;]mxn is row-quasi-concave (resp. column-
quasi-concave) if for each 1 <i < m (resp. 1 < j < n), thereexist 1 <k <n
(resp. 1 <1 < m) such that
(11) tin Stig < - St 2 g1 = 00 2 ting
(12) (resp. t1; <toj < - Sty >ty >0 2 ty).
When the inequalities in and are reversed, the matrix 7" is row-
quasi-convex or column-quasi-convez, respectively.

For T' = [tijlmxn, let Hy be the function defined on K := {1,...,m} x
{1,...,n} by Hr(3,j) = t;; for (i,j) € K.

REMARK 3. The properties of the matrix 7" described in Definitions [3]
and [4] are closely related to the concavity and quasi-concavity of the function
H7p defined on the finite set K. We state this in Proposition [I| below. It
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suffices to formulate it only for row-(quasi-)concave matrices because of the
following obvious implications:

e a matrix W is row-(quasi-)convex iff —W is row-(quasi-)concave;
e a matrix W is column-(quasi-)concave iff W7 is row-(quasi-)concave;
e a matrix W is column-(quasi-)convex iff —WW7 is row-(quasi-)concave.

Theorems 2A] and 2B] immediately imply
PROPOSITION 1.

(i) A matriz T is row-concave (resp. column-concave) if and only if the
function Hp(i,j) on K is concave in the variable j (resp. in the
variable i),

(ii) A matriz T is row-quasi-concave (resp. column-quasi-concave) if and
only if the function Hp(i,j) on K is quasi-concave in j (resp. in 7).

REMARK 4. The verification of row-quasi-concavity of a matrix is trivial.
One can also easily check whether a matrix is concave: a simple algorithm
is given in Proposition 1 of Polowczuk et al.| (2012).

The next two definitions describe some natural stronger versions of the
properties of matrices given in Definition [

DEFINITION 5. A matrix T = [tijlmxn is strongly row-quasi-concave
(resp. strongly column-quasi-concave) if for each 1 < i < m (resp. 1 < j < n),
there exist 1 <k < s <n (resp. 1 <1 <wu < m) such that
(13) tin <tig <+ <tigpg =tigr1 =" =1tis> > tin
(14) (resp. t1j <toj < - <ty =tip1; ==t > > tmj).

When the inequalities in and are reversed, the matrix 7" is strongly

row-quasi-convexr or strongly column-quasi-convex, respectively.

DEFINITION 6. A matrix T’ = [t;j]mxn is strictly row-quasi-concave (resp.
strictly column-quasi-concave) if for each 1 <7 < m (resp. 1 < j < n), there
exist 1 <k <mn (resp. 1 <1 < m) such that
(15) tilg <tjpo < -+ <tjp > >1tin
(16) (resp. ty <tgy <--- < tlj > e > tmj).

When the inequalities in and are reversed, the matrix T is strictly

row-quasi-convex or strictly column-quasi-convex, respectively.

The properties of matrices described in Definitions[3]and [5]are also related
to each other, as shown in the next proposition.

PROPOSITION 2. If a matriz T is row-concave (resp. column-concave)
then it is also strongly row-quasi-concave (resp. strongly column-quasi-con-
cave). An analogous statement holds for convexity.
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Proof. It suffices to show that @D implies . But this can be easily
derived by considering separately the sides of the inequalities in @ with
positive, negative and zero values. The details are omitted. m

We end this section by quoting a theorem that gives a correspondence
between the “quasi-convexity-concavity” of a matrix and of a function of two
variables on the unit square with an analogous property. This result comes
from [Radzik (2000)) and is implied by Theorems 3.1 and 3.2, Definition 3.1
and Remark 3.2 given there. It completes the results of Theorems and
[2B]in the case of two-person zero-sum finite games.

THEOREM 3. A matriz T = [tij]mxn is row-(quasi-)convex and column-
(quasi-) concave if and only if there exists a continuous function F(z,y) on
the unit square, (quasi-)convez in y for each x and (quasi-)concave in x for
each y, and if there are strictly increasing sequences {z;};2 and {y;}7_; in
[0,1] with x1 = y1 = 0 and xp, = yn = 1 such that F(x;,y;) = ti; for all i
and j.

4. Pure equilibria in two-person games

4.1. Saddle points in matrix games. Below we recall six results on
the existence of Nash equilibria in pure strategies for two-person zero-sum
matrix games, together with several examples illustrating them. Four of these
results concern matrix games with matrices having convexity properties de-
scribed in the previous section. They provide necessary and sufficient condi-
tions for the existence of pure equilibria in such games.

We start by quoting two classical results on the existence of a saddle point
of payoff matrices. They belong to [Shapley| (1964) (see also |[Parthasarathy
and Raghavan (1971, Theorems 3.2.1 and 3.2.3)). For a payoff matrix A =
[aij], a saddle point of A is defined as any pair (7, j) such that a;; is minimal
in the ith row and maximal in the jth column of A. If we denote by I'(A)
the zero-sum two-person matrix game I'(A, —A), we immediately see that a
pair (i,7) is a saddle point of A if and only if it is a pure Nash equilibrium
in I'(A).

THEOREM 4A. Assume that every 2 x 2 submatriz of A has a saddle
point. Then A also has a saddle point.

THEOREM 4B. Assume that 2 < p < m and 2 < q < n. Let A be an
m X n matrix none of whose rows and none of whose columns contains two
equal elements. If every p x q submatrix of A has a saddle point, then A also
has a saddle point.

Now we quote four theorems of Radzik (1991a) on the existence of saddle
points in matrix games with convexity properties. To formulate them, some
notation is needed.
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ForW:[wm]mxn,lethg,lgigkzgm,lgjglgn,bethe
submatrix

Wij Wi, j+1 S Wy
s Wi+1,j5 Wi+1,j+1 -+ Wit1]
Z_] I 3. 9, bl
(17) Wy = .
Wi 5 Wk, j+1 cee W

THEOREM B5A. Let A be a row-quasi-conver and column-quasi-concave
m X n matriz. Then the game I'(A) has a saddle point if and only if every
submatriz Azjl, 1<i<k<m,1<j<l<n, has a saddle point.

THEOREM 5B. Let A be a strongly row-quasi-convex and strongly column-
quasi-concave m X n matriz. Then the game I'(A) has a saddle point if and

only if all the 2 x 2 submatrices AlJrl j+1s 3 X 2 submatrices AZ+23+1, and

2 x 3 submatrices Az‘+1 2 have saddle points.

THEOREM 5C. Let A be a strongly row-quasi-convex and strongly column-
quasi-concave m X n matriz. Assume that 3 < p < m and 3 < ¢ < n.
Then the game I'(A) has a saddle point if and only if every p X q submatriz

AY

itp—1,j+q—1 has a saddle point.

THEOREM 5D. Let A be a strictly row-quasi-convezr and strictly column-
quasi-concave matriz. Then the game I'(A) has a saddle point if and only if
every 2 x 2 submatriz AHl 41 has a saddle point.

REMARK 5. Theorems [5Al remain true under the assumption that
A is only row-convex and column-concave. This immediately follows from

Proposition [2] and Definitions

REMARK 6. In Theorem m “every submatrix A’ ] ” cannot be weakened

to “every proper submatrix A’ ]” Similarly, strong qua31—concavity in Theo-
rem [5B]|cannot be replaced by quasi—concavity. Finally, strict quasi-concavity
in Theorem cannot be replaced by strong quasi-concavity. All this is dis-
cussed in Example

Also as far as Theorem is concerned, its assumption cannot be weak-
ened by removing “strongly”. To see this, it suffices to consider the matrix
B of Example [2| below which is row-quasi-convex and column-quasi-concave.
All its relevant 3 x 3 submatrices have saddle points, but the entire matrix
C does not.
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ExaMpPLE 2. Consider the following three matrices:

3311
3 21 311 3 2 2 2
A= . B= . C=1|-1 -1 1
1 2 3 311 3
3 2 10
113 3

It is easily seen that A is row-quasi-convex and column-quasi-concave, and
all its proper submatrices A;gl mentioned in Theorem have saddle points.
However, there is no saddle point in A.

Further, B is row-quasi-convex and column-quasi-concave, but not
strongly row-quasi-convex or strongly column-quasi-concave. Moreover, all
of its 2 x 2, 3 x 2 and 2 x 3 submatrices mentioned in Theorem have
saddle points. But B has no saddle points.

Similarly, C' is strongly row-quasi-convex and strongly column-quasi-
concave but not strictly row-quasi-convex or strictly column-quasi-concave.
Moreover, one can easily check that all its 2 x 2 submatrices mentioned in
Theorem [5B] have saddle points. But C has no saddle points.

Now we give several counterexamples showing that no direct generaliza-

tion of Theorems FIAHAB] and to non-zero-sum two-person games is
possible.

Let I'(A, B) be a bimatrix game, where A = [ays]mxn and B = [bys|mxn-
By the subgame I} of I'(A,B), where 1 <i <k <mand1<j<l<n,

we mean the game F(AZ, B;Jl)
EXAMPLE 3. Assume that

3 2 1 2 31

A=11 3 2|, B=]1 2 3

2 1 3 3 1 2
All the 2 x 2 subgames of I'(A, B) have pure Nash equilibria here, but the
entire game I"(A, B) does not. So Theorem [4A]is not true in the non-zero-sum
case. However, after strengthening the assumptions it appears to be true (see

Theorem [6A]in the next section).

The next example shows that Theorem cannot be extended to the
non-zero-sum case either.

EXAMPLE 4. Let

4 6 10 13 2 3 4 1
2

. 7 11 14 . B- 5 6 7 8
1 8 12 15 9 10 11 12
3 5 9 16 16 14 13 15
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Let p = 2 and ¢ = 4. All the p x ¢ subgames of I'(A, B) have pure Nash
equilibria, but the entire game does not.

EXAMPLE 5. Consider the strictly quasi-concave game I'(A, B) with

3 11 3 21
A=12 2 2|, B=1|1 2 3
1 1 3 3 2 1

Here (1,1) is a pure Nash equilibrium for I'(A4, B), but the 2 x 2 subgame
F3232 and the 2 x 3 subgame F3231 do not have pure Nash equilibria. Hence, the
= part in Theorems bD|cannot be generalized to non-zero-sum bimatrix
games.

EXAMPLE 6. In the case of zero-sum games I'(A) considered in Theorem
5Bl it is enough to assume that all 2 x 2, 2 x 3 and 3 x 2 subgames of I'(A)
have pure Nash equilibria (see <= of Theorem , and then the entire game
has a solution of the same type. But consider the two-person non-zero-sum
game I'(A, B) with A strongly column-quasi-concave and B strongly row-
quasi-concave, where

4 111 1 2 3 4

31 1 2 4 3 2 1
A — y B =

21 1 3 1 2 3 4

1 11 4 4 3 2 1

Note that all the 2 x 2, 3 x 2 and 2 x 3 subgames have pure Nash equilibria
but the entire game does not. So the < part of Theorem [5B| does not hold
in the non-zero-sum case. This means that some more conditions are needed
to get a non-zero-sum counterpart of Theorem For this, see Theorem [6B|
in the next section.

EXAMPLE 7. Consider the game I'(A, B) with the following strictly
column-quasi-concave matrix A and strictly row-quasi-concave matrix B:

4 4 4 3 2

W N =

, B=

=W N =
_ N W
=~ = s =

3
2
1

— s

2 3

3 2
4 2 3
In this game, all the 3 x 3 subgames I’ ;j_Q 42 have pure Nash equilibria, but
the entire game does not. Moreover, all the 3x k and k x 3 subgames have pure
Nash equilibria, for & > 3. Therefore, also the < part of Theorem [5C| cannot
be directly generalized to the non-zero-sum case, even if we strengthen the
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assumptions to strict quasi-concavity. The case of such games I'(A, B) is
discussed in Theorem [6C] and in Corollaries [[l and 2] in the next section.

4.2. Pure Nash equilibria in bimatrix games. Below we give five
results of |[Potowczukl (2003) about the existence of pure Nash equilibria in
bimatrix games with payoff matrices having convexity properties defined
in Section Such bimatrix games will be considered in the form I" :=
I'(A, B), with payoff matrices A and B of size m x n, m,n > 2. These
results complete the results of Theorems to the non-zero-sum case.
Our first result is related to Theorem [£Al

THEOREM 6A. Let A and B be strongly column-quasi-concave and
strongly row-quasi-concave m X n matrices, respectively. Assume that every
2 x 2 subgame of the game I' (obtained by removing m — 2 rows and n — 2
columns from A and B, the same for A and B) has a pure Nash equilibrium.
Then I' has a pure Nash equilibrium as well.

Theorem has the following counterpart in terms of bimatrix games.

THEOREM 6B. Let A and B be strongly column-quasi-concave and
strongly row-quasi-concave m X n matrices, respectiwvely. If all the 2 x [
subgames FZ—]I—I,j—i-l—l and all the k x 2 subgames Fzﬁk—l,jﬂ (1 <i<m,
1<j<n k=2,...,m,1l =2,...,n) have pure Nash equilibria, then I"
also has a pure Nash equilibrium.

The next theorem deals with strictly quasi-concave bimatrix games. It
says that if such a game can be divided into two subgames having pure Nash
equilibria, then it also has a pure Nash equilibrium.

THEOREM 6C. Let A and B be strictly column-quasi-concave and strictly
row-quasi-concave m X n matrices, respectively. Assume that one of the fol-
lowing conditions holds:

(i) there exists k, 1 < k < m, such that both subgames It = I\l and
Ih = F,f%l have pure Nash equilibria;

(i) there exists I, 1 < I < n, such that both subgames Iy = Fﬁ}l and
Iy = T have pure Nash equilibria.

Then I also has a pure Nash equilibrium.

Theorem [6C| has two interesting corollaries. The first one can be seen as
a counterpart of Theorem [5D] for two-person non-zero-sum games.

COROLLARY 1. Let A and B be strictly column-quasi-concave and strictly
row-quasi-concave m X n matrices, respectively. If all the 2 x 2 subgames of
the form Fﬁrl’jﬂ have pure Nash equilibria, then I' also has a pure Nash
equilibrium.
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COROLLARY 2. Let A and B be strictly column-quasi-concave and strictly
row-quasi-concave m X n matrices, respectively. If all the m x 2 subgames
F;f’jﬂ or all the 2 x n subgames Fﬁlm have pure Nash equilibria, then I’
also has a pure Nash equilibrium.

Now we give two examples describing other consequences of Theorem [6C]

ExAMPLE 8. Let A and B be strictly column-quasi-concave and strictly
row-quasi-concave matrices, respectively, both of size (2k+1) xn (the number
of pure strategies of player 1 is odd). From Theorem one can easily
conclude that if all the 3 x n subgames Fg;:;ﬁ fori =0,1,...,k — 1 have
pure Nash equilibria, then also I" has a pure Nash equilibrium. Namely, by
Theorem the game I'2! has such a solution, because it occurs in the
games '3 and I31. Then, by repeating this argument, we conclude that all
the games F%&, e 7F2lkl+1,n = I" have pure Nash equilibria as well.

ExXAMPLE 9. Let A and B be strictly column-quasi-concave and strictly
row-quasi-concave matrices, respectively, both of size (2k + 1) x (2l +1). If
all the 3 x 3 subgames Fgfj;;f:; fori=0,1,...,k—1land j=0,1,...,1—1
have pure Nash equilibria, then I" also has a pure Nash equilibrium. This can
be easily justified with the help of Theorem [6C] as in the previous example.

In the next example we show that the results of this section, concerning

bimatrix games (Theorems 6C)), cannot be extended to n-person games
with n > 2.

ExamMPLE 10. Consider the three-person non-zero-sum game I with
three pure strategies X = {0, 1,2} for each player and with the payoff func-
tions K;(z1, 29, 23), 4 = 1,2,3, defined on X? as indicated in the figure:

(1,3,3) (3,2,3) 3.1,3)

7172) 7272) ’32)

1) 2,1) 3(1)
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Player 1 chooses one of his three pure strategies x1 € X along line X,
players 2 and 3 choose x9 € X and x3 € X along lines Y and Z, respectively.
The triples represent the payoffs for each pure strategy combination. It is
easily verifiable that the function K;(x1,z2, z3) is strictly concave in z; (i =
1,2,3) and all the 2 x 2 x 2 subgames have pure Nash equilibria. Similarly,
there are pure Nash equilibria in all the subgames of size 2 x 2 x 3 or 2x 3 x 2
or 3 X 2 x 2. But the entire game does not have such a solution.

5. Two-point equilibria in two-person games

5.1. Two-point Nash equilibria in matrix games. We present here
three results (Theorems of Radzik| (2000) that complete Theorems
[FAH5D] They show the existence of Nash equilibria in two-point strategies in
two-person zero-sum games with payoff matrices having convexity properties.
The first theorem, concerning matrix games with row-convex and column-
concave matrices, provides a full characterization of optimal strategies and a
simple search procedure. Also a discussion of various relationships between
the results is given.

THEOREM TA. Let A = [aij]mm be row-convexr and column-concave.
Then for the matriz game I' = I'(A) and its value v* = val(I'(A)), one of
the following four cases must occur:

CASE 1: There exists a saddle point (s,r) in A. Then (p*,v*) = (s, 6;)
is a pair of respective pure optimal strategies for players 1 and 2 in I.

CASE 2: There exists a 2 X 2 submatriz Ag'y ., without saddle points.
Then v* = val(I'(AgL 4 ,41)) and the optimal strategies for players 1 and 2
in I'(AZ\ 1 ,41) are also optimal in I'(A), and are of the form p* = Ads +
(1 =X)bsy1 and v* =6, + (1 — v)8p41 for some 0 < A,y < 1.

CAsE 3: Cases 1 and 2 do not hold and there is a 2x 3 submatriz Ay, , o
without saddle points. Then v* = val(I'(AF\ 1 ,19)),

*
(18) sr _ Qsy v Qsir42
s+1,r42 )

As+1,r v* Q51,742
and the optimal strategies for players 1 and 2 in I'(AJ 4 ., 5) are p* = \ds+

(1 = AN)dsy1 and v* = 6,41 for some 0 < A < 1, and they remain optimal
in I'(A).

Case 4: Cases 1 and 2 do not hold and there is a 3 X 2 submatriz A5, 4
of A without saddle points. Then v* = Val(F(Ag’er,TH)),
Qsy Qs r+1
(19) Adto i1 = |0* v* )

Us+2,r  Us42,r+1
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and the optimal strategies for players 1 and 2 in F(Aiz-z,m-l) are (i = ds41
and v* = 0, + (1 — v)p41 for some 0 < v < 1, and they remain optimal
in I'(A).

COROLLARY 3. Let A = [aijlmxn be a row-conver and column-concave
matriz such that all the 2 X 2 submatrices A;{H,jﬂ have saddle points. Then
one of the players has a pure optimal strategy wn I'(A). If additionally there
1s exactly one minimal element in each row of A, and exactly one maximal

element in each column of A, then both players have pure optimal strategies
in I'(A).

Proof. The first part is an immediate consequence of Theorem [TA] since

its Case 2 cannot happen. On the other hand, if there were a submatrix

o142 of the form (18], then we could use column-concavity of A, Propo-

sition |2[ and to show that v* is the maximal element in its column. But

this would contradict the assumption that there is exactly one maximal el-

ement in each column. So Case 3, and analogously Case 4, of Theorem [TA]
cannot hold, and the corollary follows. m

REMARK 7. In view of Theorem [3] Theorem [TA] can be viewed as a
discrete zero-sum counterpart of the stronger version (without “quasi”) of
the result of Debreu and Glicksberg (a pure Nash equilibrium in Theorem
corresponds to a Nash equilibrium in two-adjoining strategies for a matrix
game in Theorem . Hence, in view of the assumptions of Theorem
one could expect that Theorem [TA] should also hold for all matrices that
are column-quasi-concave and row-quasi-convex. However, a counterexample
is given in Example below, where the support of the unique optimal
strategy for a player may consist of two non-adjoining points. Moreover,
in Example we give another example of a matrix game with the same
property that has unique optimal strategies with supports consisting of three
neighboring points each. In view of Theorem these facts seem rather
surprising.

ExaMPLE 11. Consider the two-person zero-sum matrix game with pay-

off matrix
11 10
A [ ] .
01 11

Obviously, this matrix is row-quasi-convex and column-quasi-concave (but
not row-convex or column-concave). One can easily check that the strategies
p' = (1/2)01 + (1/2)d2 and v* = (1/2)d; + (1/2)d4 are the unique optimal
strategies in this game. Hence, the optimal strategy of player 2 is not two-
adjoining, in contrast to Theorem [TA]
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ExaMpLE 12. Consider the two-person zero-sum matrix game with pay-
off matrix

A:

S =
=N W
= W =

which is row-quasi-convex and column-quasi-concave (but not row-convex
or column-concave). It is not difficult to check that the strategies p* =
(1/2)01+(1/4)62+(1/4)63 and v* = (1/4)51+(1/4)d2+(1/2)d3 are the unique
optimal strategies for the players in this game. So, the only equilibrium
consists of the two players’ optimal strategies in the form of a three-point
strategy each.

Now we present two theorems that can be viewed as discrete counterparts
of Theorems[IB]and [IC] They show that the structure of e-optimal strategies
for infinite games is inherited (at least in the zero-sum case) by all their finite
subgames. The first theorem corresponds to Theorem [1B]

We shall need the following notation: for A = [a;;], we put

. ai;  ag
iy 1] 7
Akl - |: :| .

akj Ol

THEOREM 7B. Let A = [aij]mxn be a column-concave matriz, and let
v*, p* and v* be the value of the matriz game I' = I'(A) and the optimal
strategies for players 1 and 2, respectively. Then one of the following three
cases must occur:

CASE 1: There exists a saddle point (s,r) in A. Then the pair (p*,v*) =
(0s,0,) of strategies is optimal in I'(A) and v* = ag,.

CASE 2: For some 1 < i < m, there exists a 2 X n submatriz Aﬁrl’n
without saddle points. Then v* = val(AﬁLn), and there are optimal strate-
gies (u*,v*) in F(Aﬁ_l‘_lm) of the form p* = Ao; + (1 — X\)dip1 and v* =
¥0s + (L = 7)dy for some 0 <A< 1,0<y<1andl<s<r<n, and they
are also optimal in I'(A).

CASE 3: Cases 1 and 2 do not hold. Then there exists a submatriz A\zﬁi
without saddle points, with a;s = a; = v, where v = mini<j<y a;;. Moreover,
v* = a5, p* =6 and v* =45 + (1 — )0, for some 0 <y < 1, where v* is

also an optimal strategy for player 2 in F(/szrii)

The last Theorem [TC]is a discrete zero-sum counterpart of Theorem
To formulate it we need additional notation (also used in the next section).
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For C = [¢ij|mxn, We write

1 |ein ez s Cin
C,, =
Cml Cm2 - Cmn
THEOREM 7C. Let A = [aijlmxn be column-convex. Then one of the

following two cases must occur:

CASE 1: There exists a saddle point (s,r) in the submatriz AL . Then
the pair of strategies (u*,v*) = (ds, dy) is optimal in I'(A) and v* = agy.

CAsE 2: AL does not have a saddle point. Then v* = val(I'(AL)) is
the value of I'(A), there are optimal strategies (u*,v*) in I'(AL)) of the form
= Xo1+(1=XN)dp, and v* = 05+ (1 =)0, for some0 <A <1,0<~vy<1
and 1 < s <r <n, and they are also optimal in I'(A).

Theorems [1B| and suggest that the last two theorems can be directly
generalized to bimatrix games. This is discussed below.

5.2. Two-point Nash equilibria in bimatrix games. In this subsec-
tion we formulate four theorems (Theorems 8C)) about the existence of
Nash equilibria in two-point strategies in bimatrix games, proved in|Potowczuk
(2006)). They provide a full characterization of such equilibria and and a simple
search procedure. Moreover, they complete Theorems e

The first result generalizes Theorem to non-zero-sum games. It may
also be seen as a discrete counterpart of Theorem for the two-person case
(considered with the concavity condition on payoff functions). To formulate
it, we need to introduce some notation.

Let A = [a;;] and B = [b;;] be fixed matrices of the same size m x n,
m,n > 2.

The game Iy (A1, By) is said to be a subgame of I'(A, B) if the matrices
A; and Bj can be obtained by removing some rows and (or) columns from
A and B (the same for A and B).

Nowlet]ﬁ :F(Az,B,Z), 1<i<k<m,1<j<I<n, WhereAz and
B,?l are matrices of the form li corresponding to A and B, respectively.
Obviously, each I lg is a subgame of I'(A4, B).

Further, define

.. . .. 4’.+1 - .. .,.+1
(20) )igl = min(b, b2i+1), A = max(bg, bel+1),

(21) i = minag, ), vk = max(a), i 1)),
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where
ij b — br;
22 b = . :
(22) M bt — bij + big — bir
ai — ag
(23) al) = !

il — ag + agj — a;
Now we are ready to formulate the first theorem.
THEOREM 8A. Let A and B be m X n matrices such that A is column-

concave and B is row-concave. Then for the game I' = I'(A, B) one of the
following four cases must occur:

CASE 1: There ezists a pure Nash equilibrium (s,r) in I

CASE 2: There exists a 2 x 2 subgame 'S ShLr+1 without pure Nash equi-
libria. Then there is a Nash equilibrium in I'7{; 1 of the form p* = Ads +
(1 =N)ds41 and v* = ¥6, + (1 = 9)dp41, with A =04 .1 and v = aZq 41,
which is also a Nash equilibrium in I'.

CASE 3: For some k > 3 there is a k X 2 subgame I';\, Lrt1 without
pure Nash equilibrium, which satisfies

(24) bir = by 41 whenever s <l <s+k—1.

Then if s <l < s+k—1 and fyll Ti{ <~< 'yl r+1 , there is a Nash equilibrium

in I3V 41 of the form p* = 6; and v* = ~6, + (1 —~)dr4+1, which is also
a Nash equzhbm’um mn I,

CASE 4: For some k > 3 there is a 2 X k subgame Iy k1 without
pure Nash equilibrium, for which

(25) asi = Ggy1,;  whenever r <l <r+k—1.
Then ifr <l <r+k—1 and /\zfrzll <AL )\zilll, there is a Nash equilibrium

in I3V gy of the form p* = =\, + (1 = XN)ds1 and v* = 6;, which is also
a Nash equilibrium in I'.

REMARK 8. A zero-sum version of Theorem [8A] was proved in [Radzik
(2000, Theorem 4.3). However, for zero-sum games it is enough to consider
only 2 x 3 and 3 x 2 subgames in Cases 3 and 4.

The second theorem generalizes Theorem[7B]to non-zero-sum finite games.
It can also be seen as a discrete counterpart of Theorem given in the
previous section.

THEOREM 8B. Let A and B be m X n matrices, and let A be column-
concave. Then for the game I' = I'(A, B) one of the following three cases
must occur:

CASE 1: There exists a pure Nash equilibrium (s,r) in I .
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CASE 2: For some 1 < s < m with there exists a 2 x n subgame F;—ll-l,n

without pure Nash equilibria. Then there is a Nash equilibrium in Fj}rlm of

the form p* = As+(1—X)ds41 and v* = 70, + (1 —7)dy for some 0 < A < 1,
0<~y<1and1l <r <u<mn, which is also a Nash equilibrium in I".

CASE 3: For some 1l <l <m and 1 <r < u < n there exists a 3 X 2
subgame of I' of the form

a1, Al—1u bl—l,'r bl—l,u
/
r=r Ay Ay by by,

Al+1,r  Al41u bl+1,7‘ bl—l—l,u

satisfying

(26) by =bp, >0y forall 1< j<n

and

(27) (a) {al—l,r < ap < aH—l,T or b {al—l,r > ap > a‘H—l,T‘
Q—1u > Ay > Q410 -1 < Ay < )41 -

Then, for %1;1,7« <7< ’yll;l’r, the game I'" has a mized Nash equilibrium
(u*,v*) of the form p* = & and v* = 76, + (1 — )0y, which is also a Nash
equilibrium in I,

The next theorem generalizes Theorem [7C| to finite non-zero-sum games.
It can also be seen as a discrete counterpart of Theorem [IC] Here, for a
game I'(A, B)mxn, we define I'Y = I'(AL | Bl ) (see the notation introduced
before Theorem [7C)).

THEOREM 8C. Let A and B be two m X n matrices, with A column-
convex. Then for the game I' = I'(A, B) one of the following three cases
must occur:

CASE 1: There exists a pure Nash equilibrium (s,r) in the subgame IL,.
Then the pair (u*,v*) = (ds, 6,) of strategies is also a pure Nash equilibrium
m I,

CASE 2: The game I}, does not have a pure Nash equilibrium. Then
there is a Nash equilibrium in L% of the form p* = Ao + (1 — A\)d,, and
v =05+ (1 —7)d, for some0 <A< 1,0<y<1landl <s<r<n,
which is also a Nash equilibrium in I .

Our last result is a modification of Theorem [BA] where “concavity” is
replaced by “convexity”.
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THEOREM 8D. Let A and B be two mxn matrices such that A is column-
concave and B is row-concave, and let

o {an aln] [bn bln:| '
Am1  @mnd Lbm1 bmn

Then for the game I' = I'(A, B) one of the following two cases must occur:

CASE 1: There exists a pure Nash equilibrium (s,r) in the subgame I"".
Then the pair (u*,v*) = (Js,,) of strategies is also a pure Nash equilibrium
in I

CASE 2: The game I'" does not have a pure Nash equilibrium. Then there
is a Nash equilibrium in I'" of the form (u*,v*), where p* = A1+ (1 —X)dp,
and v* = v81 + (1 — )0y, with A = bLL and v = all,, which is also a Nash
equilibrium in I.

REMARK 9. Bimatrix games I'(A, B) with payoff matrices A and B of
size m x oo are discussed in |Potowczuk et al.| (2012). The assumptions on
the payoff matrices made there are the same as in Theorems and
the results obtained are similar.

6. Two-point Nash equilibria in n-person finite games. In this
section we quote five results, Theorems and and (proved
in [Potowczuk et al.| (2007)), about the structure of Nash equilibria in finite
n-person games, with the additional basic assumption that the payoff func-
tions of the players are concave or convex in their variables. We show here
the existence of two-point Nash equilibria and give their characterizations.

The Glicksberg theorem (Theorem says that continuous quasi-concave
games always have pure Nash equilibria. This strongly suggests that any
n-person finite game with payoff functions quasi-concave in each variable
should have two-adjoining Nash equilibria. However, this turns out to be false.

ExAMPLE 13. Consider a two-person non-zero-sum game with the payoff
functions H; and Hjy described by the n x n matrices (n > 3)

[0 1 0 ... 0 0] 1.0 ... 0 0 0]

00 1 0 0 0 1 00 0
Ao : . 2 D .

00 0 10 0 0 100

00 0 01 00 ... 010

100 ... 00 (00 ... 00 1]

Obviously H; and Hs are quasi-concave (but not concave) in their variables.
However, the only Nash equilibrium in this game consists of the following
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mixed strategies:
1 1 1 1
wr==0+--+-06, and v*=—-9+ -+ —dy.
n n n n

Sketch of the proof. By the Nash Theorem there are uj = a101+- - -+, 0p,
and p5 = 161 + - - - + Bpdy which form an equilibrium in the above game.

We will prove that a1 = -+ = o, = 1 = -+ = B, = 1/n. The proof is in
two steps.

STEP 1. Suppose supp(pj) = supp(us) = {1,...,n}. Then it is well
known that Fy (1, ud) = F1(2, ub) =---= Fi(n, u3) and Fa(pu3, 1) = Fa(ui,2)
= ... = Fy(pu3,n), which is equivalent to f; = --- = 8, = 1/n.

STEP 2. Suppose that there exists ¢ such that a; = 0. Then it is easy
to deduce that 8; = 0, since otherwise p5 would not maximize the utility
of player 2. Similarly we can show that §; = 0 implies ;1 = 0 or a, =0
if © > 1 or ¢ = 1, respectively. Repeating this procedure, we finally get
oy = =0y =1 == [ =0, which is a contradiction, since p] and
w5 are probability distributions. When we start with some 3; = 0, the result
will be the same.

The example discussed above shows that the direct discrete counterpart
of the Glicksberg theorem (Theorem would be false. However, the sit-
uation changes when “quasi-concavity” is replaced by “concavity”. We study
this case in some of the theorems below.

Let I' be a finite n-person game of the form . We begin with two
theorems about games with properties of “partial” concavity or convexity,
respectively.

THEOREM 9A. Let 1 < s < n. If fori = 1,...,s the payoff function
H; is concave in the variable e; then there exists a mixed Nash equilibrium
(i, ..., 1) in the game I' such that pi, ..., p are two-adjoining strategies.

THEOREM 9B. Let 1 < s <n. If fori=1,...,s the payoff function H;
is convex in e; then there exists a mized Nash equilibrium (u3, ..., p') in the
game I' such that py, ..., s are two-marginal strategies.

The next theorem combines in some sense the results of two previous
ones.

THEOREM 9C. Let 1 < s < n. Assume that for i = 1,...,s the payoff
function H; is concave in e; and for j = s+1,...,n the payoff function H; is
convex in ej. Then there exists a two-point Nash equilibrium (u3, ..., p©y,) in
the game I' such that 7, . . ., pg are two-adjoining strategies and pg, ¢, . .., fiy,
are two-marginal strategies.

We end this section with two immediate but important corollaries of
Theorems [0A]and [9B] The first of them can be seen as a discrete counterpart
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of the stronger version of Glicksberg’s Theorem (with “concavity” instead of
“quasi-concavity” in Theorem |1 A)). It also generalizes the results of Theorems
[7A] and [BA] The second of them generalizes Theorem

THEOREM 10A. If for i = 1,...,n the payoff function H; is concave
in the variable e; then there exists a two-adjoining Nash equilibrium in the
game I'.

THEOREM 10B. If fori=1,...,n the payoff function H; is convex in e;
then there exists a two-marginal Nash equilibrium in the game I'.

REMARK 10. An interesting open problem is to find a simple procedure
giving the Nash equilibrium described in Theorem or in Theorem [9C|
and similar to the ones described in Theorems 8D| in |Potowczuk] (2003).

REMARK 11. Another question is whether Theorems and [9C| remain
true when convexity of payoff functions is replaced by quasi-convexity. It
appears that this is not true, as shown in Example [I4] below. Example [13]
given earlier shows that a similar weakening of the assumptions of Theorems
and [9C] from concavity to quasi-concavity, is not possible.

ExaMpPLE 14. Consider a two-person non-zero-sum game with the payoff
functions £} and F5 described by

11 7 2 7T 6 41

1 4 6 1 4 1
A= , B= To

1 6 41 1 4 6 7

2 711 1 4 6 7

One can easily see that this game is quasi-convex. However, the only Nash
equilibrium in this game consists of the mixed strategies: p* = %52 + %63
and v* = %52 + %53. Justification of this fact is left to the reader.

7. Conclusions and open problems. We have presented a thorough
review of the known results about the existence and form of Nash equilibria in
n-person finite games with payoff functions having some concavity /convexity
properties. It turns out that the most important results about the existence
of pure Nash equilibria in games with compact convex strategy sets and
concave/convex payoff functions have their counterparts in this case, yet the
assumptions often have to be strengthened. In these theorems, instead of
the existence of pure Nash equilibria, the existence of equilibria in mixed
strategies where each of the players uses only two of his pure strategies is
proved. We have also shown that in case of 2-person finite games, the two-
point equilibria existing according to those results can be found using some
simple search procedures. However, there are essential questions which still
remain open.
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PrROBLEM 1. Let n > 3. Are there “simple” algorithms allowing one

to find two-point Nash equilibria in n-person finite games determined in
Theorems 9A-9C?

PROBLEM 2. Are there intermediate properties of payoff functions, weaker
than concavity and stronger than quasi-concavity, that guarantee the exis-
tence of two-point equilibria in finite games with such rewards?

PROBLEM 3. For a natural s, let I'(s) be an n-person non-zero-sum
finite game of the form G = (N,{E;}icn, {H;}ien), where for i € N the
strategy spaces E; are {1,...,[;}* and the payoff function H; is concave in
its ith variable. (Here the concavity is defined by the clear generalization
of Definition [2]) The results of the previous section show that in the case
s =1, the game I'(1) always has a mixed Nash equilibrium in two-adjoining
strategies. The question is whether also in the game I'(s) with s > 1, there is
a mixed Nash equilibrium with supports of the players’ strategies, consisting
only of “small” sets of adjoining pure strategies. Note that I'(s) can be seen
as a discrete counterpart of the game considered in Theorem [TA]where quasi-
concavity is replaced by concavity.

PROBLEM 4. Are there any essential generalizations of Theorems[IB|and
with the strategy spaces [0, 1] replaced by [0, 1]¥, where k& > 1?7 No results
are known here, even under continuity of the payoff functions.
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