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Polytope Games'

R. BHATTACHARJEE,”> F. THUDSMAN,’ AND O. J. VRIEZE*

Abstract. Starting from the definition of a bimatrix game, we restrict
the pair of strategy sets jointly, not independently. Thus, we have a set
P0OS,, xS,, which is the set of all feasible strategy pairs. We pose the
question of whether a Nash equilibrium exists, in that no player can
obtain a higher payoff by deviating. We answer this question affirm-
atively for a very general case, imposing a minimum of conditions on
the restricted sets and the payoff. Next, we concentrate on a special
class of restricted games, the polytope bimatrix game, where the restric-
tions are linear and the payoff functions are bilinear. Further, we show
how the polytope bimatrix game is a generalization of the bimatrix
game. We give an algorithm for solving such a polytope bimatrix game;
finally, we discuss refinements to the equilibrium point concept where
we generalize results from the theory of bimatrix games.

Key Words. Game theory, bimatrix games, Nash equilibria, restricted
games.

1. Introduction

We consider in this paper classical noncooperative two-person games
with one interesting distinction: the players strategies are restricted.

In noncooperative, two-person games, the pure actions of the players
are enumerated {1,...,m} and {1,...,n} and then their mixed actions are
defined as

Sm::{xDRm|x20 and ' x, = 1},
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Sni={yDR"|y>0, 2 Vi 1}-
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Formally, such a game is characterized by the tuple [R,, R,, S,,, S, [J where
R, and R, are the payoff functions for the two players.

It can be shown that a restriction of the strategy sets such that the set
of all feasible strategies (x,y) is of the form X'x Y, where X(IS,,, YOS,,
and both are polytopes, is equivalent to some bimatrix game where the pure
actions in that game are the extreme points of X and Y. This can be done
because the players still have independent strategy sets.

We consider another class of restrictions; we restrict the joint strategy
set S,, xS, to a set COS,, x S,. Thus, the players strategies are not indepen-
dent of each other. The question arises of whether two players, choosing a
pair of points (x, ) JCOS,, X S,,, where C is convex and compact, can reach
a Nash equilibrium in the sense that both players cannot achieve a better
payoff within C, if the other player stays with his strategy.

Formally, this game can be characterized as follows. Let CS,, X S, be
convex and compact. Further, define payoff functions R, (x,y): C - R and
Ry(x,y): C - R to be concave and continuous. The two players play a game
in normal form with compact action spaces S,, and S,. The two players
choose strategies x[1S,, and y[1S,, without knowledge of the other players
choice. If (x, y) OC, then the payoff is (—00, —0); if (x, y) OC, then the payoff
is (Rl ()C, y)a RZ(xa J’))

This is a noncooperative two-person general-sum game; therefore, the
concept of a Nash equilibrium, proposed by Nash in Ref. 1, is still valid. If
there exists x[S,, such that, (x,y)0C, for all y[1S,, then there might exist
a Nash equilibria with payoff (-co, —c0). It is important to see that it is not
possible for one player to receive negative infinite payoff, while the other
receives a finite payoff. The question that now remains is whether there are
Nash equilibria with finite payoff, assuming that the players prefer a finite
payoff. This is equivalent to finding Nash equilibria over C, i.c., allowing
only strategies (x,y)0C to be played. We call this a restricted game and
show the existence of Nash equilibria over C. We look at a special class of
restricted games, polytope bimatrix games, in which the restrictions on the
strategy set are linear and the payoff functions are bilinear. These polytope
bimatrix games are in fact a generalization of bimatrix games; we discuss
the similarities and differences.

An example of a restricted game can be found in a situation when there
is a finite resource. Consider two neighboring countries. The clean air which
they share is a finite resource. There exists an upper bound on the sum of
allowable pollution; e.g., if both countries together pollute over this limit,
they both suffer. If a payoff function is defined with respect to the health
of the citizens and if the level of pollution is a strategy, then for some tuple
of strategies, the payoff is a large negative number for both parties. This is
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undesirable; hence, the two countries search for equilibrium strategies that
do not have this large negative payoff.

The organization of the paper is as follows. In Section 2, we give the
basic definitions for playing the game with restricted strategies and the defi-
nition of equilibrium strategies. These are as general as possible. In Section
3, we show the main result, the existence of equilibrium strategies. This is
done with the help of the fixed-point theorem of Kakutani. Again, we
impose minimal conditions on the restricted set and the payoffs so as to
arrive at a general statement about the object of our study, the polytope
bimatrix game. In Section 4, we derive how the best reply sets of a bimatrix
game are projected on a polytope bimatrix game with the same payoff
matrices, but with restrictions on the original set of strategies. Section 5
shows how to solve a polytope bimatrix game by means of a linear comp-
lementarity problem. In Section 6, we give some results on the structure of
the set of equilibria using results from Section 5. Section 7 deals with
refinement to the equilibrium concept. Here, we have extended existing
refinements from the theory of bimatrix games to polytope games.

2. Definitions and Preliminary Results

Consider a convex and compact set COS,, x S, and payoff mappings
Ri(x,y): C >R, Ry(x,y): C - R. Players I and II play a game in normal
form with actions x[1S,, and y[1S,,. If (x, y) OC, their payoffs are (o0, —00);
if (x, y)0C, their payoff are (R, (x, y), R»(x,y)). One can assume that both
players desire a finite payoff. This is equivalent to the following definition.

Definition 2.1. Let the set CO1S,, x S, be nonempty, convex, and com-
pact. Further, let the payoff functions R;: S,, xS, - R and R,: S,, xS, - R
be continuous and concave on C. Players I and II can play only strategies
x and y respectively, such that (x, y)OC. Then, their payoffs are R;(x,y)
and R,(x,y) respectively. We say that players I and II play a restricted
game, denoted by [C, R, R,[]

Since both players want a finite payoff they wish to settle for an equilib-
rium which has a finite payoff. Hence, the equilibrium can be formalized
via the following definition.

Definition 2.2. A strategy pair (x,y)dC is called a Nash equilibrium
for the restricted game [T, R, R, [lif

Rl(x9y)2Rl(any)s for all (any)DC;
Ry (x,y) = Ra(x, y), for all (x, y)OC.
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Given that, if (x, y) OC, the payoff is (—c0, —00), a Nash equilibrium for
[C, R, R,0is also a Nash equilibrium in the classical sense over S,, X S,,
since

Rl(xsy)>Rl(xAsy)9 for all (any)DC

In later sections, the object of our investigations is a special class of
restricted games, the polytope bimatrix game.

Definition 2.3. A restricted game [T, R,, R,[Jis known as a polytope
bimatrix game (PBG), if C is a polytope in R”*” and the payoffs are R, =
xAy', R,=xBy', for some 4, BOR”*". The polytope bimatrix game is
denoted by [P, 4, Blland its set of equilibria by E»(4, B).

3. Equilibrium Points

In this section, we show that an equilibrium in the sense of Definition
2.2 always exists for a restricted game. From here on, we disregard strategy
pairs which are not in the restricted set.

Theorem 3.1. Let [C, R,, R,[be a restricted game. Then, there exists
(x,y)OC such that (x, y) is a Nash equilibrium.

The classical proof for existence of Nash equilibria in finite noncooper-
ative games fails in this case, because the Cartesian product of the best
replies for a strategy pair need not be in the restricted set. We include the
following proof only to show how to circumvent this problem.

Once we have overcome this obstacle, the proof is nearly identical to
the existence proof for classical bimatrix games.

We employ some results about semicontinuous functions and also need
the following definition.

Definition 3.1. Let [C, R,, R,[be a restricted game. For y[1S,,, define
X(y)={x 08, (x, ») OC};
for SOS,, let
x$):= U X(»).

»as

For x[S,,, define
Y(x) = {y08,|(x,y)OC};
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for SOIS,,, let
Y(S)=U ¥x).

x0s

Proof of Theorem 3.1. Let (%, ) OC. Define
BR> (%) = {yOY(X)|RF, y) = Ro(X, ), for all OY(2)},
BR, () = {xOX(P)|R, (x,) =R\ (%, 7), for all x0X(7)}.

So, BR,(¥) is the set of best replies of player 2 against ¥ in C. It follows
that

BR,(x)[BR1( y)] is upper semicontinuous in x [y].
Now, we define

QP:CxC-CxC,

@Cx1, yi, X2, y2) DBR1 (12) X {y2} X {x1} X BR>(x1)).

Standard results yield that ¢ is compact-valued, convex-valued, and upper
semicontinuous, from which it follows that, with the fixed-point theorem of
Kakutani (Ref. 2), there exists (x{, y¥, x¥, y¥) such that

G vt X3, ) Do, it 3, %),
This implies that
xt =x3UBRi(y¥) = BR: (1),
Vi = y3 UBR>(x¥) = BRy(xY).
Hence, it follows that (x§, y¥) = (x¥, y¥) is an equilibrium. O
In the following example, we show how a restricted game looks and
which points form equilibria. We have taken a simple shape (the circle) and

have restricted our strategy pairs to points enclosed by this circle. The pay-
off is defined in two matrices.

Example 3.1. Consider the bimatrix game defined by
[1 1] [0 1]
A= ., B= .
1 0 11
The strategy space S,, xS, is restricted to
C=1{(x,1) 08, xS, | (x2 = 1/2)* + (3 — 1/2)* < 1/4}.
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on ¢

(1,0)

S
(1,0) X (0,1)

Fig. 1. Example 3.1.

This is a restricted game with
R, =x4y, R, =xBy
continuous and concave, and C convex and compact. The set of all equilib-
ria is
E(4,B) = {(x, )| = 1/2° + (32—~ 1/2) = 1/4}
N{C )| <1/2,y,>1/2}.

Figure 1 shows the original set S, x S,. The restricted strategy set C is
shown shaded and the equilibria are dark.

4. Projecting the Best Replies

Having shown the existence of equilibria for a very general case of
games, we now restrict our study to polytope bimatrix games. In fact, the
polytope bimatrix game is a generalization of the bimatrix game. This can
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be seen by choosing
P=§,,%x8,.
Then,
(4,B)=[P, A4, B0

When investigating a polytope bimatrix game, the natural place to start
is the original bimatrix game, obtained by removing the restrictions on the
strategy set. Indeed, the common factor between a polytope bimatrix game
and its original bimatrix game are the payoff functions, and these will deter-
mine also the way that the set of equilibria of the bimatrix game (4, B),
denoted by E(4, B), influences the structure of the set Ep(4, B).

We use the fact that both E(4, B) and E»(4, B) consist of strategy
pairs that are simultaneous solutions to a pair of linear programming prob-
lems. In both cases, the pairs of LPs have identical objective functions, but
the LPs for the two cases have different feasible sets.

Starting from solutions to the pair of LPs in the case of a bimatrix
game, we use the gradients of the payoff functions to project the solutions
onto the new feasible set for the polytope bimatrix game. In this way, we
obtain a pair of strategies that are simultaneous solutions to the pair of
linear programming problems for the polytope bimatrix game.

Definition 4.1. Let (4,B) be a bimatrix game. For (x,y)0S,, X S,,
define

B,(y)={x08,,|xAy'=x4y", for all x18,,},
By(x) = {y08S,|xBy'=xBy", for all 3OS, }.

These are the best reply sets for a bimatrix game. The following is a
well-known result.

Corollary 4.1. Let (4, B) be a bimatrix game. Then,

B, B) = (i xBu) 0 U By x ).

Now, consider the polytope bimatrix game [P, A, B[] with the same
payoff functions x4y" and xB)’, and consider how the best reply sets are
projected onto the polytope.
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Definition 4.2. Let [P, A, BlDbe a polytope bimatrix game. For (x, y) O
P, define

OH,(y) = {x OR™ [xAy" = mafoy’},

£08S),

OH,;(x) = {y OR”|xBy' = maxxB)?’}.

yOS,

These sets are hyperplanes in R” and R”. They are the isoclines of the
objective functions for the linear problem of maximizing the player I payoff,
while keeping y fixed and vice versa. These are projected onto the polytope.

It is clear that

B/(y) U OH,(y),
By (x) O OH;(x).

Now, the hyperplanes OH,;(y) x {y} and {x} x OHy(x) are projected onto
the polytope P. Define

0,(y) = {xOX(y)|dist((x, y), (OH,(y) x {¥}))
= xgig) dist((%, ), (OH,(y) X {y}))},

Oy, (x) = {yOY(x)|dist((x, y), ({x} x OH(x)))
= min dist((x, ), ({x} X OH;(x)))}.
yOY(x)

Theorem 4.1. Let [P, 4, B{Obe a PBG; let
X=UX(y) and v= U y@x).

Then,
Exd, B)= U (133 x Oue) 0 U (01(3)x 1)),

Proof. (0O) Let
(X, y) DEP(As B)
Then, it follows that

X = arg maxx4y’,
x0X()

y = arg maxxBy'.
7O
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The point in X( y) with minimal distance to OH;( y) has maximal projection
on the normal 4y’ of OH,(y). Since the length of the projection onto 4y
is x4y'/||4y|, it follows that

dist((x, y), (OH,(y) x {y})) = XIDIES) dist((x, y), (OH,(y) X {y})).
(0) Let
(e, »)O({x} X Oy (x)) 0 (O(y) X {¥}).
Then, x0O,(y), and since

max 4y'=maxx4y’,

x0OX() 208y
we find that x minimizes the distance to the isocline with the maximum
possible payoff. Therefore, x is solution to the following problem: maximize
x(4y") subject to x[0X( ). O

5. Solving Polytope Games

Here, we use the knowledge gained in the previous section regarding
the gradients of the payoff functions. This helps us characterize equilibrium
points by means of a linear complementarity problem. First, we recall the
concept of the Kuhn-Tucker conditions.

Theorem 5.1. Consider a linear programming problem with finite
solution,

max x-c,
s.t.  xA=<b,
x=0,

where AOR™™", x, ¢, 0OR”, and »0R"; a vector % is an optimal solution if
and only if the following Kuhn-Tucker conditions are fulfilled: There exist
UOR™ and »OR” such that

U, u=0,
c=UA—u,
u-x'=0,

- (Ax—b)' =0.

The vectors ¢ and u are also called Lagrange multipliers. Thus, if the
Kuhn-Tucker condition is fulfilled, the gradient ¢ of the objective function
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lies in the convex cone of the active restriction, because of the comp-
lementarity conditions. This implies that any change to improve the objec-
tive function leads outside the feasible set. For a proof, we refer to
Luenberger (Ref. 3).

The next theorem uses this idea to characterize equilibrium points.

Lemma 5.1. Let [P, A4, Bl0be a PBG. Then, (x,y)0Ex(4,B) if and
only if
for all ¢ OR™ with (¢4y") >0, we have (x + ¢, y)IP;
for all WOR” with (xBY") >0, we have (x,y + @) OP.

Proof. () Let (x,y)0Er(4, B). Then,
x(Ay")=5(4)"), for all x0X(y).
Assume that there exists ¢ JR™ such that ¢4y">0 and (x + ¢, y) OP. Then,
(x+ 0)AY = x4y + ¢4 > xAY'.
But this means that there exists
%= (x+ ¢) such that x(4y") <x(4y"), with (%, y)OP,

which is a contradiction to (x,y)0E»(4, B). So, for all ¢[OR™ such that
¢4y >0, we have (x+ ¢, y)0P.

(0d) For all 0OR™ such that ¢4y >0 implies (x + @, y) OP. Assume
that there exists £[1X( ) such that ¥(4y") > x(4)"). Let

¢OR™ such that x = x + ¢.
Since
(x+ §)AY = xAy' + ¢4,
it follows that [, (4y")3> 0. Finally,
. (4)0>0 and (x+¢,y)=(%y)0OP,
and this is a contradiction to (x+ ¢, y) 0P, so (x,y) Ep(4, B). O

This implies that, at an equilibrium, neither player can find a feasible
change of strategy to increase his payoff. In fact, the condition in Lemma
5.1 is equivalent to the Kuhn-Tucker conditions, which state that the only
improving directions point out of the feasible set.

To use Theorem 5.1 to solve our problem, we will need the fact that,
because the set P is a polytope, it can be characterized as a system of linear
inequalities.
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Lemma 5.2. Let [P, 4, BObe a PBG. Then, there exist a matrix MO
R™"*" and a vector bR’ such that

P= {(x,y)DRm”

M[x t]sb’ and x, yEO},
Y

where
M., .| be
M: s b - s
MP bP
with
-1 -1 0 0 -1
1 1 0 0 1
Me: 5 be = 5
o ... 0 -1 ... -1 -1
o ... 0 1 ... 1 1

and where M, and b, have to be chosen appropriately.

xt
M{ ~t]sb’, xEO}.
y

The matrix M is not unique and we consider the smallest matrix for the
sake of simplicity.

Now we can formalize the condition in Theorem 5.1 in the form of the
Kuhn-Tucker conditions. This yields the following theorem.

Observe that, for y007,

X(p) = {(x,ﬁ)DR'"”

Theorem 5.2. Let [P, 4, Blbe a PBG, where A, BOR" ™" and M, b are
as in Lemma 5.2. Then, (x,y)JEp(4, B) if and only if there exist vectors
u, vVOR', u; OR™, u, OR” with

I-’l) V’ u, uzzoa
, M;
W=y w| |-ui,
i=1 Mm
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/ Mm+l
('XB)t: Z Vi _uéa
! Min1+n
y =0,

xt
v(M[ [} —b’) =0.
y
Proof. By the definition of an equilibrium point, it follows immedi-
ately that (%, ) is an equilibrium point if and only if & respectively y solve
the following two equations:

max xAy’ = X459,
x0OXG)

max By’ = £By".

yayE)
Using Lemma 5.1, it follows that ¥ respectively j solve these two equations
if and only if vectors y, VOR', u, OR™, u, OR" exist that satisfy the equations
of the theorem. O

Now, we have a set of equations whose solutions are Nash equilibria.
As a direct consequence, we can describe a Nash equilibrium as a linear
complementarity problem (LCP).

Corollary 5.1. Let [P, 4, BlDbe a PBG. Then, (x,y)0Ex(4, B) if there
exist U, V, uy, u, v such that (x,y, U, V, u;, u», v) is a solution to the LCP

u 0 -4 M,.1.m)” 0 ¥ )
y . B 0 0 M..tmstoemen) || ¥ _ 0
V/ - Ml _____ L1,m M],_..,I‘m+l ..... m+n 0 0 I‘ll bz ,
v M im M gmitomen 0 0 v 4

‘

U

‘

2]

0:[X y l-‘l V] Vt ’

0=x,y, U, V, uy, us, v.

LCPs are quite common and can be solved, even though it might be
necessary to perturb the problem to avoid degeneration. Hence, we can
solve a PBG by means of the above lemma.
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Additionally using this characterization, we consider the shape of the
set of equilibria.

Theorem 5.3. Let [P, 4, Bllbe a PBG. The set of equilibria E»(4, B)
is the finite union of convex polytopes.

This theorem follows directly from the fact that the set of equilibria
Ep(4, B) is equal to the set of solutions to the LCP; Jansen (Ref. 4) has
shown this set to be a finite union of polytopes.

Jansen (Ref. 5) has also investigated the structure of the set of equilibria
found in bimatrix games, where the set E(4, B) is the union of maximal
Nash subsets, which are convex polytopes. The Nash subsets have the prop-
erty that all strategy pairs in these sets are interchangeable. However, for
polytope bimatrix games, the meaning and usefulness of the concept of
maximal Nash subsets is not clear, as the following example shows.

Example 5.1. Consider the bimatrix game defined by

[1 1] [0 1]
A= , B= .
1 0 11
The strategy space S, X S, is restricted to

P= {(xsy) DSm X Sn|xl +y251}'
This is a restricted game with

R, =x4y, R, =xBy'
continuous and concave on P, and P convex and compact. The set of equili-
bria is

Ep(4, B) = {((0, 1), (1,0))} O {(x, ) |x1 +y, = 1}.

Figure 2 shows the original set S,, x S,. The restricted strategy set P is

shown shaded and the equilibria are circled. The strategy pair ((1, 0), (0, 1))
is circled, even though it is not even in P, because it is an equilibrium point

of the original bimatrix game (4, B).
By using the results from Section 4, one can see that

((Oa 1)7 (07 1)) DE'P(A’ B)a ((0, 1)7 (17 O)) DEP(Aa B)

These two equilibria are Ep(A4, B)-interchangeable, meaning that we can
construct a Nash subset

§={(0, 1), (0, 1)), ((0, 1), (1, 0))}.
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o1 ¢

(1,0)
(1,0) X (0,1)

Fig. 2. Example 5.1.

Considering the polytope, one can also see that there exist no other equilib-
ria which are interchangeable with elements of S; hence, S is a maximal
Nash subset. However, as one can easily see, this maximal Nash subset is
not convex and

conv hull{((0, 1), (0, 1)), ((0, 1), (1,0))} L Ex(4, B).

Convexity is one of the most important characteristic of maximal Nash
subsets; clearly, it no longer holds for the polytope bimatrix game.

6. Refinements of the Equilibrium Concept

In this section, we extend refinements to the equilibrium concept, intro-
duced by Harsanyi (Ref. 6), Selten (Ref. 7), and Myerson (Ref. 8) for bi-
matrix games, to polytope bimatrix games. All results are generalizations,
in the sense that, in the special case of a PBG where the polytope is itself
S,. % S,, the definitions are equivalent with the standard definitions for
bimatrix games.
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Definition 6.1. A strategy pair (x, y) P is called undominated if, for
all xOX( y) and for all yOY(x),

XA=xA implies ¥4 = x4,
By'=By' implies By’ = By".

Undominated equilibria of bimatrix games have been investigated by
Borm et al. (Ref. 9).

Definition 6.2. Let [P, 4, BObe a PBG, and let P be characterized as
in Lemma 5.2. For e0R", the e-perturbed PBG is defined as [P., 4, B[

where
x b,
M| = and x, y=e¢ .
y b,~e

Then, this is a simple e-contraction of the polytope P; one should note
that, for sufficiently small €, the polytope structure remains the same, i.e.,
it has the same number of faces, etcetera.

Having so defined the e-perturbed polytopes, we define a perfect equi-
librium in such a way that it conforms with the perfectness concept pro-
posed by Selten in Ref. 7.

P.= {(x,y) OR™*”

Definition 6.3. Let [P, 4, BObe a PBG, with dim(P)=m+n—2 and
relint(P) # 0. The pair (x,y)0Ex(4,B) is called a perfect equilibrium if
there exists a sequence (e) -0 and also a sequence (xi,Vi)ron, With
(X, v1) DEPS,((A, B) for all kKON, such that (x;, yi)r - (x, ).

Restricted to the special case where the polytope is the original strategy
set, this defines perfect equilibria. We pose the question of whether perfect
equilibria always exist for PBG as they do for bimatrix games. To answer
this, we need the following property.

Definition 6.4. A sequence of sets (V,),on, Where V,JR” for some n[J
N, is said to converge to VOR" (V, - V) if:
(1) forall (v,).on, v, OV, with v, > ,,v, we have vV
(i) for all vV, there exists (v,),, v,OV, such that v, - ,v.
Lemma 6.1. Let (x,y:)0P, be a sequence with € —,;0 and
(xk,yk) —»k(x, y) Let
Xek(yk) = {.X DSm | (xs yk) DPEk }:
Yik(xk) = {y DSn|(Xk,J’) DPEk}‘
Then, Xek(yk) —»kX(y) and Yek(xk) -k Y(x)
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The proof is a simple application of the preceding definition. We now
show the existence of perfect equilibria.

Theorem 6.1. For every PBGIP, 4, B[] where relint(P)#0, there
exists a perfect equilibrium.

Proof. Since relint(P) # [, there exists ¢, such that, for all e<e¢,, the
game [P, A, Blis a polytope bimatrix game. Because every PBG has equili-
bria and the set P is compact, it follows that there exists a sequence
(%> yidkon> With (xe, vi) OEp_ (4, B) for all k0N, such that

(ks V%) =k~ (x,¥),  for some (x,y)LIP.
All that is left to show is that xJO,( y). Because

X (1) - X(y)
and

X, = arg maxx(4y"),
*0Xe0%)

it follows from the continuity of x(4)") that

x = arg maxx(4y’).
x0X()
Thus, it follows that x0O;( y) and the same argument can be applied to y [
Oy (x). O

As Van Damme (Ref. 10) has shown that, for bimatrix games, perfect
and undominated equilibria are equivalent, we show that, for polytope
bimatrix games, perfect equilibria imply undominated equilibria, but not
the converse.

Definition 6.5. For a set VOR”", define the subset of undominated
points UND(V) as follows:
UND(V) = {vOV|there exists no vOV such that

v=v and v; <, for some j}.

Lemma 6.2. Let V,00R" be a sequence of polytopes such that V,, - V
and there exists n,0N such that, for all n=n,, the supporting hyperplanes
of V, are parallel to those of V. Then, UND(V,) -, UND(V).

Continuity arises from the fact that, at some e, all restrictions are paral-
lel to the original prototype.
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Theorem 6.2. Let [P, 4, Bldbe a PBG, and let dim(P)=m+n—2. If
(x,y) is a perfect equilibrium, then (x, y) is undominated.

Proof. Let (x;,y:) be the sequence of e-equilibria, (x;,y;)0
Ep_(4,B) for all kKON, that converges to (x,y). Then, it follows that, for
all kKON, x4 is undominated on {x4|xX, ()}, since y,>0 is a com-
pletely mixed strategy under the assumption of full dimension.

From this and the fact that X_ (y;) -, X(»), it follows with the conti-
nuity of the linear map that

AX (yi) - rAX(y)),
and so by Lemma 6.2 it follows that
UND(A (X (y)) —« UND(A(X( y)))-
Since
xAOUND(A(X, (yy)) and x; - x,
it follows that x is undominated on X( y). O

The converse does not hold in the case of polytope bimatrix games,
which we show in the following example.

Example 6.1. Consider the bimatrix game defined by

11 0 1
A= , B= .
1 0 11
The strategy space S,, xS, is restricted to

Pi={(x, )08, X S, [x1 + y2=1, =1 = (1/2)y2, .= (1/2)x,}.
This defines a polytope bimatrix game [P, A, B[

By using the results in Section 4, it is clear that the set of all equilibria
is
EP(Aa B) = {((Os 1)9 (19 0))}
O{ ) |x+y2 = Lao=1=(1/2)y2, »»=(1/2)x: },

which is depicted in Fig. 3. In this picture the equilibria are circled and
they coincide with the undominated points. Especially note that the point
((0, 1), (1,0)) is undominated, mainly because X( y) and Y(x) include only
one point. However, this equilibrium is not perfect, as any perturbation of
the polytope yields equilibria in the upper left side of the polytope.
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o1 @

(10) Q

(1,0) X (0,1)

Fig. 3. Example 6.1.

Finally, we look at a further refinement to the equilibrium concept,
that of proper equilibria. For bimatrix games, this was proposed by Myer-
son (Ref. 8); we extend this idea to polytope bimatrix games.

Definition 6.6. Let [P,4,B0be a PBG, (x,y)0relint(P), X(y)=
conv hull{x,,...,x;}, Y(x)=convhull{y,,...,y;}, and €>0. The pair
(x,y) is called e-proper equilibrium if the conditions below are satisfied:

(i) for any set {i|,...,i,} and index » with
x;, Ay <x,4y', for all mO{1,...,q},,
there exist {4y, ..., U with x = Zf: VM S S el

(it) for any set {ji,...,j,} and index s with
xBy;, <xBy., for all nO{1,...,p},
there exist Vy,...,V, with y = Zj-:l Vi, Yo Ve

Definition 6.7. Let [P, 4,B0be a PBG, with dim(P)=m+n—2 and
relint(P)#0. The pair (x,y)0Ep(4, B) is called a proper equilibrium if
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there exists a sequence (e;); — 0 and a sequence (xx, yi)ron, With (xz, yi)
an g-proper equilibrium for all k0N, such that (x;, v )i - (x, ).

Theorem 6.3. For every PBG, [P, 4, B[] where relint(P)# 0, there
exists a proper equilibrium.

Proof. It suffices to show that, for e small enough, there exist e-proper
equilibria. To prove this, we first define the mapping

PRi(y)= [x 0x(y)

x;, AV <x,4y, for all mO{1,...,q},

implies that there exist U, ..., U with

k

X = Z I.l,'x,', il [.,limSe[J,. and

=[e/(1+¢)]* ", for all i0{1,.. .,k}].

Then, we show that this mapping has properties (i) to (iii) below.

(1) PRi(y) is convex and compact. Let x', x" OPRi(y). Then, for all
{it,..., 0, 0O{1,...,k} and ¢tO{1, ..., k}, if

x;, Ay <x,4Y, for all mO{1,...,q},
there exist 1, ..., W and Uy, ..., Ui with

i, =€k,

1

k
xX'=y X,

i=1 m

w=le/(1+e]"",  forall iO{1,...,k},

M=

k q
x" = z u;’xia z u;:,zieu:, s
i=1 m=1

w=le/(1+ )", for all iO{1, ..., k}.

Then,
A+ (1 =A)x"
=Y Apixi+y (1= A)ix;
=2 B,

with

p=le/(1+ )", forall iO{1,...,k}.
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Now,

q

zl (A, + (1 =), ]

m=

q ! q I
=3 Ap,+ Y (=),
m=1

m=1

q q
=AYy M, +(1=-2) 3 W,
m=1 m=1

=e[Ap+ (1 =)'l
So, it follows that

A+ (1 =2A)x"0OPRI(y);
hence, PRi(y) is convex and compact.

(1) PRi(y) is nonempty. First, we order x; with respect to the payoff
so that

X AV =x,Ay'<- - -=<x;, Ay,
and partition {i,, ..., i} into subsets 7}, ..., T, such that
for any i, jOT,, we have x;4) = x; 4/,
for any m<n, iOT,,, jOT,, we have x4y <x;4y'.
Now, we can construct L, ..., t in s — 1 steps.

Step 1. For all iOT,, let y;:=1/|T,|.

Step 2. From one i07,, subtract a,=[e/(1+¢)]; and define p,:=
a,/|T,_ |, for all iOT, _,.

Step 3. Repeat Step 2 for 7,_, and T, _,.

Step s —1. From one iO7>, subtract a,_;:=[e/(1 +¢€)]y; and define
W=a,_/|T;|, for all iOIT;.

Easy calculation shows that, for e small enough such a 1, . . ., L fulfills the
restriction.

(ili) PRS(y) is upper semicontinuous in y. Let y" -y and x" - x with
X"0OPRI(y"). Because X()") - X( ), it follows that

extr(X(y")) - extr(X(y)).

Since both extr(X()")) and extr(X( y)) are finite sets, we can partition their
elements

K(x;) = {(x"),|x"Oextr(X(»")) and x" - x,}
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further,

Kﬂmy:{ U uhn.g]nmyﬂ.

) DK )
For some {i|,...,i,} and r,
x;, AV <x, 4y, for all mO{1,...,q};
then, it follows by continuity that, for n large enough,

xA(Y") <xA(y"), for all mO{1,...,q},

for all xOK,(x;,), and x0K,(x,).

So, since x"OPR()"), it follows that there exist expressions

2| K p(xpl

X'=Y WXy, Y M= el

i=1 0k 008 = 1K (g,

Now, it follows that
K x|

x=lmx"=lm Yy (X

n— 00 n — o0 i=1
Since X( y) is continuous, it follows that

5 1, (6) | = [extr(x(3"))|

J

is constant for n large enough and can only decrease at y,

% K x| 21K ()l
x=lmx"=1lm Yy pxi= Y limpglimox;.
n— n-o =1 i=1
Now, we can see that

q .

S M= s limg
m=1 i0{k|xx00F, = 1K 5 (k)

=lim y Wi=elim L = eld,,

i0{k| D0, = 1K (k)

587

which proves that x(OPR(y), and so the upper semicontinuity is proven.
In the same way, we can define a mapping PR5(x). Since both mappings
are compact-valued, convex-valued, and upper semicontinuous, we can use
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the proof of the existence theorem (Section 3) in exactly the same way to
yield the existence of e-proper equilibria. (]

7. Conclusions

In this article, we have studied a generalization of the classical bimatrix
game. The distinction is that the strategies of the players are not indepen-
dent. While this proved to be a more complex game, it was shown that most
of the results could be extended. The key lies in two linear programming
problems, which are solved simultaneously, since these describe the set of
equilibria and give an elegant way to compute an equilibrium.
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