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Abstract

Some New Results for Equilibria of N-Person Games
Ahmad Nahhas

The University of Texas at Arlington, 2017

Supervising Professor: Herbert W. Corley

In this dissertation, we present four journal articles in the area of game theory. In the first
article, we define a generalized equilibrium for n—person normal form games. We prove that the
Nash equilibrium and the mixed Berge equilibrium are special cases of the generalized equilibrium.
In the second article, we study the computational complexity of finding a mixed Berge equilibrium
in n—person normal form games. In particular, we prove that the problem is an NP-complete
problem for n > 3. In the third article, we give an interpretation of mixed strategies via resource
allocation. Finally, in the fourth article, we extend the concept of the mixed Berge equilibrium to

n—person extensive form games.
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Chapter 1

Introduction

Game theory is the study of competitive situations among rational players, who choose their strate-
gies in order to maximize their expected utilities based on their expectations of other players’ be-
haviors. Games can be in normal or extensive form. The most used solution concept in game
theory is the Nash equilibrium (NE). It was introduced in [1] and [2]. The NE assumes that every
player wants to maximize his own expected payoff. The other solution concept we consider in this
dissertation is the Berge equilibrium (BE). The BE, a pure strategy concept, was introduced in
[3] and formally defined in [4]. A BE strategy means that every player other than player ¢ wants
to maximize player i's expected payoff. The BE was extended to the dual equilibrium (DE) or
the mixed Berge equilibrium (MBE) in [5]. In this dissertation, we present four journal articles to
which the two authors contributed equally.

In Chapter 2, we present the first article. We define a generalized equilibrium for n—person
normal form games. In this article, we address a very important issue in the study of game
theory which is the computation of the equilibrium points. For example, a nonlinear programming
approach was introduced in [6] and [7] to find an NE in 3—person and n—person games respectively.
We extend their approach to the generalized equilibrium. We prove that a generalized equilibrium
exists if and only if the maximum of a nonlinear program is 0. We also prove that both the NE and
the MBE are special cases of the generalized equilibrium.

In the Chapter 3, we present a second article on the computational complexity of finding an
MBE.The computational complexity of finding a Nash equilibrium is a well-studied problem in
literature. The computational complexity of finding a pure BE was studied in [8]. However, in our
article, we prove that finding an MBE is a PPAD-complete problem in the case of a 2—person game
and it is an NP-complete problem when n > 3.

In Chapter 4, we present an article to deal with the difficulties associated with mixed strategies.
The concept of mixed strategies is widely used in game theory. However, the concept of mixed
strategy requires a randomization process. For example see [9]. We show that mixed strategies can
be interpreted as a resource allocation strategy. In other words, we show that a mixed strategy at
an equilibrium is equivalent to each player allocating some resource among different strategies.

In Chapter 5, we present our fourth article. In this article, we extend the concept of the MBE



to the n—person games in extensive form. Furthermore, we define the concept of a subgame perfect

Berge equilibrium.

In Chapter 6, we give our conclusions.

The references for Chapter 1 are given below, in addition those in the articles of Chapters 2-5.
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Abstract

A generalized equilibrium for finite n—person normal form games is defined as a collection of mixed
strategies with the following property: no player in some subset B of the players can achieve a
better expected payoff if players in an associated set G change strategies unilaterally. A generalized
equilibrium is proved to exist for a game if and only if the maximum objective function value of a
certain nonlinear programming problem is zero, in which case the solution to the nonlinear program

yields a generalized equilibrium.



2.1 Introduction

Game theory is the study of mathematical decision making among players who make individual
choices according to their personal notions of rationality and according to their expectations of
the other players actions. For example, a player may act selfishly for his own personal gain or
cooperatively for the benefit of other players. [1] proved, using fixed point theorems, the existence
of a mixed Nash equilibrium (NE) for all noncooperative games where no player can obtain a better
payoff by unilaterally changing his strategy. In other words in an NE the players are only concerned
with their own self interest. The computation of the NE has been an active area of research. [2]
modeled the problem of finding an NE for bimatrix games as a quadratic programming problem.
[3] modeled the problem of finding an NE for 3—person games as a nonlinear optimization problem,
while [4] did the same for n—person games.

A different solution concept was proposed by [5]. He developed a pure strategy refinement for
the NE that was formalized by [6]. In a Berge equilibrium (BE) a unilateral change of strategy by
any one player cannot increase another player’s payoff. Many researchers have studied the BE, for
example see [7], [8], and [9]. Existence theorems for a BE were considered in [10], [11], [12], [13],
and [14]. For existence conditions also see [15],[16], [17], and [18]. [19] extended the pure BE to a
mixed Berge equilibrium (MBE) in normal form n—person games and showed an MBE need not
exist for n > 2.

For computational approaches to finding a BE, see [20] where an algorithm was developed for
computing all BE in normal form games, and [21] who presented an evolutionary approach for
detecting Berge and Nash equilibrium.

In this paper, we present a definition for a mixed generalized equilibrium (GFE) in finite normal
form n—person games for which both the NE and the MBE are special cases. The GF is an exten-
sion of the P/K-equilibrium [5] to mixed strategies. We then extend the nonlinear programming
approach in [4] for both proving the existence and finding a GE for finite n—person games where
each of the players wants to maximize the expected payoff for one or more of the players, including
the cases of only himself or all other players.

This paper is organized as follows. In Section 2, needed notation is given. In Section 3, the GE
is formally defined and the NE and the MBE are shown to be special cases. In Section 4, we give
a nonlinear program for obtaining a GFE if one exists. Numerical examples are presented in Section
5.

2.2 Preliminaries

In this paper, let I = (I, (S;)ier, (4;)ier) be an n—person normal form game, where I = {1,...,n} is
the set of the n players, and S; = {s}, e SZ'“} is the set of m; pure strategies available for player
i. Player i chooses each strategy sg with probability ai(sg). A mixed strategy for player i i‘s a
j=10i (s7) =

1, and ai(sg) >0,7=1,...,m;. Denote the set of mixed strategies for player i by AS;. A pure

probability distribution over the player’s pure strategies set, o; = (O’il, ...,0."), where ¥,



strategy is a special case of a mixed strategy where a player chooses one strategy with probability
1 and the remaining strategies with probability 0. A strategy profile o = (o1, ...,0,) is the n—tuple

of the n players mixed strategies.

The set of joint pure strategies of all players other than player ¢, is S_; = {s}i,...,sg"' ,
where m_; = []je;—;m; is the number of joint pure strategies available for all the players other
than player i. The joint probability o:l-(s’fi) is the probability that all players other than player
1 play the joint pure strategy s]fl- and is the product of the probability that each player in I —1
.., 07"), where ¥ o_i(s’,) =1 and
o-i(s’,)>0,5=1,...,m_;. The set of mixed strategies for all players other than player i is AS_;.

chooses his corresponding strategy. Note that o_; = (a}i,
Let u;(o;,0-;) be the expected payoff for player i when player ¢ plays the mixed strategy o; and
the rest of the players play the mixed strategy o_;.

The following identities represent the expected payoff for player ¢ from [19]. If player i chooses
the mixed strategy o; and the rest of players choose the mixed strategy o_;, then player’s i expected

payoff is

mi M . .
ui(oi,0-) =y > Ui(Sf)U—z‘(Slfi)Ui(SfaSlfi), Viel.
j=1k=1
If player ¢ chooses a pure strategy sg and the rest of players choose the mixed strategy o_;, then

player’s ¢ expected payoff is

. m—; .
wi(sl,0.) = 3 oi(s5 ) ui(s], s8), Vie L.
k=1

We extend the approach of [12] for the BE and the NE to a GE.

Definition 2.1. Let D be an index set and let {Gq} 4, be a family of nonempty proper and distinct
subsets of the set of all players I such that UgepGq = 1. Let {Bg},.p be a family of nonempty subsets
of the set of all players I such that UgepBg = 1. The players in each of the proper subsets G4 want

to maximize the expected payoff for each individual player in the associated subset By.

Note UgepGy = I and Ugep By = I; otherwise the game is reduced to one with fewer number of
players. Gy is a proper subset or the problem of finding a GE becomes a series of maximization
problems. Define -G4 = I -G, to be the set of all players other than the players in the proper subset
Gg. In the case of subsets of players G, the joint strategy set is the Cartesian product Sg, = x;eq, S
of the individual players in G4 pure strategy sets. The number of joint pure strategies for the players
in the proper subset Gy is denoted by mg,.

The probability that the players in G4 choose a joint pure strategy is the product of the prob-
ability that each individual player in G4 chooses his corresponding individual strategy. A mixed
strategy for the proper subset Gg4 is given by the probability distribution og, = (créd, e ,agfd),
where Zjnzcl;d OGd(Sjéd) =1, and UGd(Sde) >0,j=1,...,mg,. The set of mixed strategies for players
in G4 is denoted by ASg,. Let S_g, be the set of the m_g, joint pure strategies for all players in

-Gg4. As an example, consider a four player game where each player has two strategies. 51 = {8%, s%},

10



Sy ={s},s3}, S3={s3,s3}, and Sy = {s},s3}. Let Gy = {1,2}, note that -Gy = - Gy = {3,4}. The
number of pure joint strategies for players in G is mg, = m1 x ma =2 x 2 =4, and the set of pure
strategies for players in Gy is Sg, = {(s%,s%), (s1,82),(s%,5d), (s%,s%)}. The probability that the
players in G choose their first strategy is aGl(sél) = o1(s}) x oa(s).

With G4 and -G, as two individual players, the following identities can be derived from (2.1)
and (2.1). Player’s i expected payoff when players in G4 choose the mixed strategy o, and players

in —G4 choose the mixed strategy o_g, is,

ma, m-a,

j k j k
ui(JGd’J—Gd): Z Z JGd(Sz;d)o-—Gd(s—Gd)ui(SJdeS—Gd)'
7j=1 k=1

Player’s i expected payoff when players in G4 choose their pure joint strategy sjéd and players in
~Gg choose the mixed strategy o_g, is,
. m-Gq X —
ui(SJGd’J—Gd) = Z U—Gd(S—Gd)ui(stdv S—Gd)'
k=1

Proposition 2.1. The identities (2.1) and (2.1) are equivalent, as for (2.1) and (2.1).

Proof. Since Gqu -Gy = I, then either i € G4 or i € —G4. We provide the proof for i € G4 and
it is similar for i € ~G4. From (2.1) and since -G4 = -Gy, then u;(0g,,0-¢,) = wi(oi,06,-i,0-¢G,) =
u;(o;,0-;). Hence (2.1) and (2.1) are equivalent. Similarly, from (2.1), ui(séd,a_gd) = ui(sg, sgd_i, o_G,)-
But, a pure strategy for GG4—i is a special case of a mixed strategy. Hence, ui(s]éd, o_g,) = ui(sg, o-i),
and (2.1) and (2.1) are equivalent. O

2.3 The Generalized Equilibrium

In this section we define a GFE for a normal form n—person game. We then show that both the NE
and the MBE are special cases of the GE.

Definition 2.2. (GE) A strategy o* is a GE if and only if
ui(0*) >ui(og,,0q,),Vog, € ASa,, Vi€ By, Vd e D.

In Definition 2.2, all players in G4 share the goal of maximizing the individual expected payoff
for each player in the corresponding B;. Moreover, the definition of a GFE implies no player i € By
for any d € D gets a better expected payoff if any player in the corresponding distinct proper subset
G4 change his strategy unilaterally. For comparison with the GF, we formally define the NE and
the MBE.

Definition 2.3. (NE) A strategy o is an NE if and only if
ui(0*) 2 ui(o;,0%;), Vo, € AS;,Viel.

11



In an NE, no player with a unilateral change of strategy can increase his expected payoff.

Definition 2.4. (MBE) A strategy o is an MBE if and only if
ui(a*) > ui(af,a_i), Vo_je AS_;,Viel.

In an MBE, no player with a unilateral change of strategy can increase another player’s expected
payoff. As opposed to the mixed NE which is guaranteed to exist, an MBE exists only when the
intersection of the set of fixed points for n correspondences is not empty. See [19] for topolgical
conditions for the MBFE existence. We now show that the NE and the MBE are special cases of
the GFE.

Proposition 2.2. Let D=1, G;={i} and B; ={i} Vie I, then a GE is an NE.

Proof. From Definition 2.2 a strategy ¢ is a GE if and only if
ui(0*) 2ui(0g;,0°q,),Vog, € ASq,,Viel.
Since G; = {i}, —G; = {-i}, and B; = {i}, then
ui(o™) >ui(oi,0%;), Vo, € AS; Viel,

so the GFE is an NE by Definition 4.1. O
Proposition 2.3. Let D=1, G; ={-i} and B; ={i} Viel, then a GE is an MBE.

Proof. From Definition 2.2 a strategy ¢ is a GE if and only if
ui(0*) 2ui(og,,0g,),Yog, € ASg,,Viel.
Since G; = {-i}, —G; = {i}, and B; = {i}, then
ui(c™) > ui(o],0-;),Vo_;e AS_;,Viel,

so the GE is an MBE by Definition 2.4. O

2.4 Existence and Computation

In this section we give necessary and sufficient conditions for the existence of a GE. We then present

a nonlinear program that finds a GE if and only if the maximum of the nonlinear program is 0.

Lemma 2.1. For a game I, let * = (51,...,5,) be the expected payoffs for the n players and let

12



o*=(o7,...,0,) be a GE. Then

m_g,

j k ] k
ui(s]Gd,ade) = kzl Ude(s_Gd)ui(sJGd,s_Gd) < B
\fsédeSGd, Vie By, VdeD.

Proof. Let 0" = (07,...,0,) be a GE for the game. Then from Definition 2.2

mag,; M-Ggy
j k j k
UZ(U*) = ﬁ; = Z Z Uéd(Séd)Ude(S*Gd)ui(séd7S*Gd) Z
J=1 k=1
" "G §oy k ik
Z Z UGd(SGd)U*Gd(S*Gd)ui(SGd’S*Gd)7
j=1 k=1

Vog, € ASg,, Vie By, VdeD.

Assume players in G4 choose a pure strategy séd. Then o(sg,) = (0,...,1,...,0), and
mGd m_Gd ) . ) .
5= 3 3 oheh ) e (s (e, ) 2
=1 k=
mc, ) o (2.1)
Z Ude(S*Gd)ui(SédVS*Gd)'
k=1
. m_g k i k i
Since ¥, ;" Jde(s_Gd)ui(séd, s%q,) = ui(séd,afcd), then
ui(sjéd,afgd) S,B;,Vséd €Sq,, Vie Bg,VdeD. (2.2)
This completes the proof. O
We next prove necessary and sufficient conditions for the existence of a GE.
Theorem 2.1. For a game T', suppose there exists an n—tuple 5* = (B7,...,0)) and a mized
strategy profile c* = (o7,...,0,) such that
m-Gg ) )
> ade(slde)ui(s]Gd,s]de) <Bi, Vsg, €Sc,, VieBg, VdeD. (2.3)
k=1
Then o is a GE and u;(c*) =}, Yiel, if and only if aéd(s]éd) =0 whenever
& k Pk
Z Ude(s,Gd)ui(sJGd, s2g,) < B;. (2.4)
k=1

13



Proof. Let 0¢* be a GE and u;(c*) = 87, Vie I, then by Lemma 2.1,

m_g

d
* k ] k * ) .
Z U,Gd(S,Gd)ui(sédjs,Gd) < B; ,VSJGd €Sq,, VieBg, VdeD.
k=1
Suppose there exists a d € D such that for some i € By, Uéd(Sde) >0 and

m_
Sd * k 7 k *
Z G—Gd(S—G’d)ui(SGda S—Gd) <B;-
k=1

Then summing over gives

ma, m-g

d
) k ] k
w(o*) = 3 Y 0b, (s )0t (P uilsh s .) < B,
=1 k=1

which is a contradiction. Hence Uéd(séd) =0.
Conversely, suppose Uéd is a probability distribution over the set of the pure strategies for the

players in the proper subset G4 such that (2.3) and (2.4) are satisfied. Then summing over gives

ma, m-G, ' . ' i
B =ui(o™) = 3, X 06,(s6,)0%q,(s%a, ui(sg, s%¢,) 2
j=1 k=1
mde_Gd ) L ) .
Z; kZl UGd(SJGd)Ude(Sfcd)Ui(SJGd,Sfc:d),
e

VO’Gd € ASGd,Vi € By,Vde D,

which is the same as Definition 2.2. Hence o* is a GE and u;(c*) = 87, VieI. O

The following nonlinear program P obtains a GFE, if one exists, in an n—person normal form

game I'. It seeks to

N m; m . .
(P) maximize g(o,3) = Z[(Z Z Ui(Sg)U_i(Slfi)ui(Sg,Slfi)) - Bi].
o1 =1 k=l
subject to
m-Gy ) .
Z J,Gd(s}de)ui(séd,slde) < B, Vstd €Sq,, VieBg, VdeD.
k=1
m; .
Yooi(s])=1,Viel.
j=1

oi(s))>0,Viel,j=1,...,m.

Lemma 2.2. Let (c*,%) be a feasible point for the problem P. Then g(c*,3*) <0.

14



Proof. From (2.5),

m-Gg ) )
> ola, (st sy, s86,) < B, Vst €Sy, VieBa, YdeD.
k=1
d
an maG, .
Z aGd(SJGd) =1,
7=1
50 MGy M-Gy ) A ) . mGy .
> 2 0a,(56 )0k, (se Jui(st  5%q,) < Y 06, (s5,)B8 = B
J=1 k=1 j=1
Vie By, YdeD.
Theref
erefore mGymGy ; . . P . '
Z Z UG’d(SGd)U—Gd(S—Gd)ui(sGd’ S—G’d) -3 <0,Vie By, VdeD. (2.5)
J=1 k=1
Hence by (2.5), g(¢*,3*) <0. O

Lemma 2.3. If g(0,8) #0, Y(0,8). Then there does not exist a GE for the game T.
Proof. Assume g(o,3) #0. It follows from Lemma 2.2 that
9(a,B) <0, ¥(0, ).

Thus there exists at least one player ¢ € By for some d € D such that

m_g

d .
> U_Gd(slde)ui(SJGd73]de) < B
k=1
and
UG'd(SJGd) >0, VUG’d € ASGd.
Hence by Theorem 2.1 there does not exist a GE for the game I'. O

7

Theorem 2.2. Let o* = (07,...,0,) be a strategy profile and 5* = (51,...,5,) be the n players
expected payoffs. Then o* is a GE for the game T if and only if g(c*,5*) = 0.

Proof. Let ¢* = (07,...,0,) be a GE and " = (f7,...,0;) be the n players expected payoffs. By
Theorem 2.1,

N m;m;
g(o*,8%) = Y3 ¥ of (s)ori(sE ) ui(s], %)) - 871 = 0.
i j=1k=1
Furthermore, from Lemma 2.1 a GE satisfies constraints (2.5) so it is a feasible point for P.
Conversely let (o, 3*) to be a feasible point for P, so (¢*, 3*) satisfy constraints (2.5) and by
Lemma 2.2 g(c*,5*) < 0. We distinguish between two cases. The first case, g(c*,8*) < 0. Hence

15



by Lemma 2.3 there does not exist a GE. In the second case, let g(¢*,5*) =0 so

||M3

ni U—z(sk )ul(szask ) ﬁ =0,Viel,

and the conditions from Theorem 2.1 are satisfied. Hence ¢* is a GE. O

In the following theorem, we prove if G4, By are nonempty singleton subsets of all players then

there always exists a GF for the game T'.

Theorem 2.3. Let {G;},.; and {B;},.; be two sets of pairwise distinct singleton sets of the set of
players I such that Ui {G;} =1 and Uiy {B;} = I, then the game T’ has a GE.

Proof. Let f : I - I be a bijection, and let G; = {i},Vi € I and B; = {j} for some j € I such
that f(i) = j. Therefore a GE o* reduces to an NFE by replacing player i’s payoffs with player j’s
payofs,

uj(0") 2 uj(o4,0%;), Vo€ AS; (2.6)

However, an N E is always guaranteed to exist. Hence the game always has a GE to complete the

proof. O

The MBE is shown in Proposition 2.3 to be a special case of the GE. Thus if D = I, G; = {-i},
and B; = {i}, then P for an MBE becomes

mazimize g(o, ) = Z mz_:mz_:l z(SJ)O' i(s" )uz(sz,s ) = Bil

subject to

3

i

ai(sZ)ui(sz, s*)<Bi,Vs* e S, Viel

.
Il
—_

E

oi(s)) =1,Viel

.
I
—

oi(s])>0,¥iel,j=1,...,m.

[4] showed that P obtains an NE. The NE is shown in Proposition 2.2 to be a special case of the
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GE. Hence, for D = I, G; = {i}, and B; = {i}, P for an NE becomes

mazimize g(o, ) = Z Winil Z(SJ)U 1(5 )uz(sps ) = Bil
subject to

o_i(s" )uz(sl,s )<ﬁz,\7$ €S, Viel.

‘MS

mg

Z oi(s])=1,Viel.

j=1
Ji(sg)ZO,Vieszl,...jmi.

2.5 Examples

2.5.1 Example 1

In this example, we have a 3—person game, where each player has two strategies. For simplicity,

we denote the strategies of the three players by p, g, r respectively.

Table 2.1: Example 1.

1 q1 q2 T2 q1 q2
P1 (9,1,9) (4,9,6) D1 (8,2,1) (7,8,4)
D2 (1,4,2) (6,6,3) D2 (2,3,8) (3,7,7)

We first write P to find an MBE, and then we find an NE. For the MBE,

maxirrgze 19})1(]17”1 + 19p1q27"1 + 7]32(]17‘1 + 15p2(]27“1
p7q1T7

+ 11p1gire + 19p1gara + 13paqira + 17p2qars — f1 — B2 — B3
subject to

9p1 + 1p2 < B1,4p1 + 6p2 < B1,8p1 + 2p2 < 1, Tp1 +3p2 < B

lq1 +9g2 < B2,4q1 + 62 < B2,2q1 + 8g2 < B2,3q1 + Tq2 < B2

971 + 1rg < 83,671 + 419 < B3,2r1 + 8rg < 3,311 + Tre < B3

pr+p2=1,q1+q=1,r1+7r2=1,p1,p2,q1,92,71,72 2 0.

Solving P gives a maximum of O with p] =p5 =¢q] = ¢, =r] =75 =0.5,aswellas 3 =35 =33 =5
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To obtain an NE, consider a special case of P.

maximﬁize 19p1q171 + 19p1gory + Tp2qiry + 15p2gar:
p7q7,r7

+1p1qire + 19p1gare + 13paqire + 17pagars — B1 = B2 — B3
subject to
91 * 11 +4q2 * 1 +8q1 x 12+ Tga * 2 < By
lgp *r1+6g2 x 11 +2q1 * 12+ 3q2 * 12 < P
Ip1 * 71 +4p2 * 11+ 2p1 * 12+ 3pa * 12 < P2
9p1 * 11+ 6p2 * 11 +8p1 * T2+ Tpy * 12 < o
9p1 * q1 +2p2 + g1+ 6p1 * g2+ 3p2 *+ g2 < B3
Ip1+qu +8pa * g1 +4p1 + g2+ Tpa * g2 < B3
p+pe=lqg+g=1r+r=1
P1,D2,q1,92,71,72 2 0.
Solving P gives a maximum 0 with p] =0.67,p5 = 0.33,¢] =0,¢5 = 1,r] =0.67,75 = 0.33, as well
as 37 =5,85 =7.89,83 =5.

2.5.2 Example 2

In the second example which was presented in [19], it was proven that there is not an MBE for the

game. Consequently, the maximum of P is shown to be negative for any feasible solution.

Table 2.2: Example 2.

1 q1 q2 T2 q1 q2
P1 (1,1,0) (0,0,0) D1 (0,0,1) (0,0,0)
P2 (0,0,0) (0,0,1) D2 (0,0,0) (1,1,0)

We write P for an MBE.

maximize 2p1qi7r1 + 0p1gor: + Opagir:
P,q,7,8

+1pagory + 1p1qare + Op1gara + Op2qira + 2pagers — f1 — B2 — B3
subject to

1p1 + Op2 < B1,0p1 + Op2 < B1,0p1 + Op2 < 51,0p1 + 1p2 < By

1g1 +0g2 < B2,0q1 + 0g2 < B2,0q1 + 0g2 < B2,0q1 + 12 < B2

1r1 +0ry < B3,0r1 + 0ry < 83,011 + 0rg < 83,011 + 112 < B3

p+p2=lgg+q@=1r+ry=1

P1,P2,41,92,71,72 >0.
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Proposition 2.4. The game in example 2 does not have an MBE.

Proof. Suppose that any player i chooses a pure strategy. We will prove the case of player 1 and
the same argument applies to the other two players. By constraints (2.7) if player 1 chooses p; = 1,
then (1 = 1. Hence by Theorem (2.1), g;r; = 1 and by constraints (2.7) 82 = 83 = 1. On the other
hand, by the same argument, if po = 1, then gory = 1 and by constraints (2.7) 82 = 83 = 1. Therefore,
if any player chooses a pure strategy, then the other two players must choose a pure strategy by
Theorem (2.1). However, there is no pure strategy such that each player gets a payoff 1. Therefore,
for an MBE to exist, every player must use a fully mixed strategy. However, each player has only
two strategies and note uj(o1,q171) > u1(01,ger1) for any o1, but both g171, gar1 > 0 by assumption.

Hence by Theorem (2.1) there does not exist an MBE to complete the proof. ]

We can find a GE for example 2 such that each player wants to maximize the expected payoffs

for the remaining two players. That is,
u]‘(U*) > Uj(Ui,Ufi), Vo, e AS;,Vjel—i,Viel.

Let D ={1,2,3}, G1 = {1}, G2 = {2}, and G3 = {3}. Let By = {2,3}, By = {1,3}, and Bs = {1,2}.
We write P as

maximize 2p1qir1 + 0p1gars + Opagimi
P,q,m,8

+ 1pagory + 1p1gaire + Op1gara + Op2qira + 2pagars — B1 — B2 — B3
subject to

Ip1 + g1+ 0p1 * g2+ Op2 * g1+ Op2 * g2 < By
Op1 * q1 +0p1 * g2+ O0p2 * q1 + 1pa * g2 < By
Ip1 * g1+ 0p1 * g2 + Opa * g1 + Opg * g2 < B2
Op1 * q1 +0p1 * g2 + Opg * g1 + 1p2 * g2 < B2
Iry *qu +0rp * g2 +0r2 % g1+ 0rg % g2 < B2
Ory * q1+0rp * g2+ 0rg * q + 1rg * g2 < B2
Ory * g1 +0ry * g2+ 1rg * qp +0rg * g2 < B3
Ory * g1+ 1ry * g2+ 0rg * q1 +0rg * g2 < 33
Iry *p1+0ry % pa +0rg % p1 + 072 % pa < By
Ory * p1 +0ry * p2 +0rg * py + 1rg % pa < By
Ory * p1 +0ry * po + 1rg * p1 + Org % po < B3
Ory * p1 + 1ry * po + 0rg * p1 + Org % po < B3
p+pe=lqg+q@=Lr+ry=1

P1,P2,41,92,71,72 > 0.
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Solving P gives a maximum 0 with p] =p5 =¢] =¢5 =r] =r5 =0.5, as well as 8] = 35 = B3 =
0.25. Note that the GFE in this example coincidentally is an NE.
2.5.3 Example 3

We now present a third example in which there is no MBFE for the game. The analysis is identical

to the analysis of example 2. Thus, the maximum of P is negative for any feasible solution.

Table 2.3: Example 3.

1 q1 q2 T2 q1 q2
P1 (1,2,1) (1,1,1) D1 (1,1,2) (2,1,1)
D2 (2,1,1) (1,172) D2 (1,1,1) (1,2,1)

We write P for finding a GF, as we did in Example 2, where each player wants to maximize the

expected payoffs for all other players,

maximize 4p1qir1 + 3p1qery + 4paqiry
P,q,7,8

+4pagary + 4p1qare + 4p1gara + 3p2qare + 4pagara — B1 — B2 — B3
subject to

Ip1+q1+1p1*q2+2p2* g1+ 1p2 x g2 < B
Ip1+q1+2p1 xqe+1pa* g1+ 1p2 x 2 < By
2p1 % q1 + 1p1 * g2 + 1pg * g1+ 1p2 * g2 < 5o
Ipr*qu +1p1 * g2+ 1p2 * q1 + 2p2 * g2 < P2
2ri % qu+ 1ry % qo + 1rg % qp + 1rg % g2 < B
Iry #qu+1ry # go + 1rg % g1 + 219 % g9 < Bo
Iryxqr+1ryxqa+2rgxqr+1rg x g2 < B3
Iryxqr+2r1xga+1rgxqr+1rg x g < B3
1ry # pp + 211 % po + 1rg * pp + 1rg % po < By
Iry*pr+1ry*pa+2rg*pr+1ra* pa < By
Iry * 1+ 1ry % po+ 219+ pr + 1rg * pa < B
Iry * p1+2ry # pa + 1rg # p1 + 1rg * pa < B3
p+p2=lgg+q@=1ri+ry=1

P1,P2,41,92,71,72 > 0.

Solving P gives a maximum 0 with p] = 1,p5 = 0,¢; = 1,¢5 = 0,7] = 1,75 = 0, as well as
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B =1,B5 =2,65 =1, which is not an NE. An NE can be obtained by solving.

maximize 4p1qi171 + 3p1ger1 + 4pagirt
D,q,7,3

4pagary + 4p1qira +4p1gare + 3p2qira + 4pagare — 51— B2 — B3
subject to

lp *r1+1ge* 11+ 1q1 *ra +2q2 x 12 < By

21 *ri+ 1l xri+1qr xra+ 1ga * o < By

2p1 *r1+ 1pa * 1+ 1pr * 1o+ 1pg % 12 < B

Ipr * 71+ 1p2 * 11+ 1p1 * 1o+ 2pa * 13 < o

Ipr*qu+1pe*qu+1p1 *q2+2p2*q2 < P3

2p1 * g1+ 1p2 * g1+ 1p1 * g2 + 1pa * g2 < 3

pl+p2=1,ql+q¢2=1,7r1+r2=1

p120,p220,q120,¢2> 0,71 0,72 > 0.

Solving P gives a maximum 0 with p] = 0,p5 = 1,¢7 = 0.68,¢5 = 0.32,7] = 1,75 =0, as well as
By =1.68,5; =1,8; = 1.32.

2.6 Conclusion

A generalized equilibrium (GFE) for finite n—person normal form games has been defined here as a
collection of mixed strategies such that each player in some subset B of all players cannot achieve
a better expected payoff if players in an associated proper subset of all players G change their
strategies unilaterally. Special cases of GFE include the NE and the MBE. We have also developed

a nonlinear program that determines whether a GFE exists and obtains one if so.
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Abstract

The mixed Berge equilibrium (MBE) is an extension of the Berge equilibrium (BE) to mixed
strategies. The MBE models mutual support in a k-person noncooperative game in normal form.
An MBE is a mixed-strategy profile for the k players in which every k — 1 players have mixed
strategies that maximize the expected payoff for the remaining player equilibrium strategy. In this
paper, we study the computational complexity of the existence of an MBE in a k-person normal
form game. For a 2-person game, an MBE always exists and the problem of finding an MBE is
PPAD-complete. In contrast to the mixed Nash equilibrium (NE), the MBE is not guaranteed
to exist in games with 3 or more players. Here we prove that determining if an MBE exists in a

k > 3-person normal-form game is an NP-complete decision problem.
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3.1 Introduction

The Nash equilibrium (NE) is a solution concept in game theory introduced by [1], who used fixed-
point theorems to prove that an NE always exists for a finite normal-form game. The computational
complexity of finding an NE in normal-form games has been extensively studied. [2] introduced the
class Polynomial Parity Arguments on Directed graphs (PPAD). The problem of finding an NE in
2 or 3-person games is shown to be PPAD-complete by [3], [4], [5], and [6]. NP-completeness has
been established for more restricted games. For example, [7] showed the problem of determining
whether an NE exists with certain natural properties is NP-complete. [8] showed the problem of
deciding whether (0,1) bimatrix games has more than one NE is NP-complete.

On the other hand, the computational complexity for other solution concepts for noncooperative
games is less well developed. In particular, we consider here the mixed Berge equilibrium (MBE),
which is a mixed-strategy extension of the Berge equilibrium (BE) defined intuitively by [9] as
a refinement for the pure NE. The BE was formally developed by [10]. For more on the Berge
equilibrium, see [11] and [12]. [13] developed polynomial-time algorithm to find all Berge equilibria
in a k—person normal form game. [14] extended the BE, a pure-strategy concept, to a mixed Berge
equilibrium in k-person normal-form games and proved that the MBE may not exist for k£ > 3. He
also related the NE to the MBE.

The organization of this paper is as follows. In Section 2, we summarize the required notation.
In Section 3, we introduce a reduction from any k-SAT instance, with k£ > 3, to a k-person game.
In Section 4, we prove that for 3 or more players the problem of finding an MBE is NP-complete,
as opposed to the 2 players case where finding an MBE is a PPAD-complete problem.

3.2 Preliminaries

The following notation is used. Let I = (1, (Sp)per, (Up)per) be a k-person normal-form game. The
set 1 ={1,...,k} is the set of the k players. S, is the finite set of the pure strategies available for
player p. Let 0,(sp) be the probability that player p chooses the strategy s, € S,. A mixed strategy
for player p is given by the probability distribution o, where

Z UID(SP) =1,

5p€Sp

and op(sp) >0, Vs, € Sp. Define the set of mixed strategies for player p by AS,,.

Let S_, be the set of pure-strategy profiles for all players other than player p. Similarly, let
S_p-q be the set of pure-strategy profiles for all players other than players p, . The joint probability
0_p(s-p) is the probability that all the players other than player p choose the joint pure strategy
s_p. It is the product of the probability that each player in I —p choosing his corresponding strategy.
Note that

Z op(s-p) =1,

s_peS_p
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and o_,(s-p) > 0,Vs_p € S_,. A mixed-strategy profile is the k—tuple o = (o1, ..., 0% ) of the mixed
strategies for the k—players. The utility function w; : S — R assigns each player a payoff for each
of the pure strategies. The support for player p's mixed strategy op, denoted by supp,(op) =
{sp € Splop(sp) > 0}, is the set of player p’s strategies that has a positive probability in the mixed
strategy op. The same definition applies for —p and —p —gq.

The following identities were given by [14] and represent the expected payoff for player p. When
player p’s mixed strategy is op and the mixed strategy for the remaining players is o_p, then the

expected payoff for player p is

up(o) = up(op, 0-p) = Z Z op(8p)o-p(8-p)up(sp, S-p). (3.1)

5p€Sp S—p€S—_p
When player p's mixed strategy is op and the pure strategy for the remaining players is s_p, then

the expected payoff for player p is

Up(Op, S-p) = Z op(sp)up(sp, 8-p)-
sp€eSp

With this notation, the mixed Berge equilibrium is now defined.

Definition 3.1. The strategy profile o* is an MBE for T if and only if

up(a*) = _ max up(0,,0-p), Vpel.
-pP -p

The decision problem of this paper is now stated as follows.

Definition 3.2. Given a k-person normal-form game, is there a mized-strategy profile o* satisfying
Definition 3.17

It should be noted that for a o* to be an MBE, the I —p players strategies should maximize that
expected payoff for player p’s mixed strategy op. The following alternative definition was proved
in [14].

Lemma 3.1. The strategy profile o* is an MBE for I' if and only if

up(o*):smeagc up(o™,s_p), Vpel.
—p=~-p

Lemma 3.2. The mized strategy o* is an MBE for I' if and only if for each s_p € S_, with

0’,(5-p) >0, then uy(oy, s-p) = Maxs_,es, up(0”,5-p), Vpel.

Proof. The sufficiency is first established. Suppose that for each s_p € S, if 0%,(s-p) >0, then

up(0p,8-p) =  nax up(o™,s_p), Vpel.
“pP=~-p
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Therefore,

up(o™) = , nax up(0,,0-p), Vpel.
-P -pP

Hence o* is an MBE by Definition 3.1.
Conversely, let * be an MBE. By Lemma 3.1

up(o™) =  Inax up(o™,s_p), Vpel.
“p=~-p

However, by (4.2)

up(o”) =up(op,0l,) = Z Z 0y (8p)o”,(8-p)tup(sp, S-p)-
5p€Sp S—p€S_p

But if 07,(s-p) > 0, then

up(0p, 8-p) =  Inax up(0,,8-p), Vpel.
“p=~-p

Otherwise, o* is not an MBE by Definition 3.1 to complete the proof. O

3.3 Reduction

In this section, we develop a reduction from any instance of the k-SAT problem in normal conjunc-
tive form, with k > 3, to a k-person normal-form game. The reduction will be used in Section 4 in
the proof of the NP-completeness of finding an MBE in normal-form k-person games with k > 3.
The k-SAT problem in the conjunctive normal-form consists of a finite number m of clauses.
Each clause consists of exactly k& boolean variables called literals or negations of literals. Either
the literal [ or its negation -l is True. The negation of the negation of a literal is the literal itself
——[ = 1. Define =C' to be the negation of each of the k literals in clause C; i.e., assign a True value
for each negation of the k literals in clause C. The k-SAT problem determines whether there is a

truth assignment (True or False) for each of the literals such that all clauses are True.

Definition 3.3. A satisfiable assignment for a k-SAT instance is a truth assignment for all the

literals such that all clauses are True; that is, C1 A ... A Cy, = True.

A k-SAT instance can be reduced to a k-person game called here the literal game I';. We assume,
without a loss of generality, that the m clauses are combinations of literals or negations of literals
indexed 1,2,...,N. Let S, = {l1,-l1,l2,-la,...,In,~In},p = 1,...,k, be the set of the 2N pure
strategies available for the k players. Each literal and negation of a literal represent a pure strategy
for each of the players. A literal in the support of a mixed strategy of a player means assigning a
True value to that literal. Each literal and its negation have the same index. For example, [; and
-l1 have the same index 1. Define i, to be the index of the literal that represents player p’s pure

strategy s,. In this paper, we ignore the clauses that have both a literal and the negation of that
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literal since such a clause is satisfied no matter how the True values are assigned to the literals.
In a 3-SAT instance, for example, the clause (I3 v Iy v =ly) is True for any truth assignment. We
assume that N > 1, because if N = 1, then all the k literals in the m clauses will be [ or -l;, which

is a trivial case.

Definition 3.4. We assign each player a payoff for all strategies s = (s1,...,8;) € S using the
following method. If s = =Cg,d = 1,...,m, or if any player’s strategy is a negation of any other
player’s strategy, then at least one player gets a payoff 0 as follows.

1. If the player p—1 is odd-numbered and his strategy is a literal, then player p gets a payoff 0.

2. If the player p — 1 is even-numbered and his strategy is a negation of a literal, then player p

gets a payoff 0.

3. If all even-numbered players’ strategies are literals and all the odd-numbered players’ strategies

are negations of literals, then all players get a payoff 0.

For all other payoffs, let Winitiar = (N,1,N,1,...,N) if k is odd, and Winitiar = (N,1,N,1,...,1) if
k is even. Let u(8) = Winitiar + ((11—1)+---+(ix—1))(1,...,1). Therefore for any strategy s, to get
the payoffs for k players, add a k—vector of 1's to the initial payoff vector for ((i1-1)+-+-+ (ix—1))
times such that N +1=1. Note that player p's payoff is the p element in the vector u(s).

Remarks 3.1, 3.2, and 3.3 follow immediately from Definition 3.4.

Remark 3.1. For any pure-strategy profile s, uy(s) = r if p is an odd-numbered player and u,(s) =
r+1 if p is even-numbered player, where r = ((i1 —1) + (ia = 1) +---+ (ix — 1)) modulo N. When
r =0, then r is updated to N.

Remark 3.2. Whenever each odd-numbered player gets a payoff N, each even-numbered player
gets a payoff 1. Whenever each even-numbered player gets a payoff N, each odd-numbered player
gets a payoff N —1.

Remark 3.3. For any player p, there exists a pure strategy s_p such that u,(sp, s-p) >0,Vs, € .Sp.
Furthermore, for any s, € Sy, there exists a pure strateqy s_p such that u,(sp,s-p) = a for any
a=1,...,N.

3.4 Computational complexity of the mixed Berge equilibrium

In this section, we study the computational complexity of the existence of an MBE in a k-person
normal-form game. For k = 2, the complexity of finding an MBE is easily shown to be PPAD-
complete. [14] showed that for k = 2, there is a one-to-one correspondence between an MBE and a
corresponding NE by simply interchanging the payoffs. Hence, finding an MBE is computationally
equivalent to finding an NE, a problem that [6] showed was PPAD-complete. Thus the following

remark follows immediately.
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Remark 3.4. For k =2, finding an MBE is PPAD-complete.

The proof of the NP-completeness of finding an MBE in a k-person normal-form game with
k > 3 is based on the conventional approach of [15]. We first prove that the finding an MBE for
k>3isin NP.

Theorem 3.1. Let k > 3, the problem of finding an MBE in k-person games is in NP.

Proof. Let o be a strategy profile. From Definition 3.1, o* is an MBE for I' if and only if

up(o™) = max wuy(op,5-p),Vpel. (3.2)
s_peS_p

The equations (3.2) clearly can be checked in polynomial time, so finding an MBE in k-person

games with k£ > 3 is in NP. O

We now establish a sequence of lemmas to show that an MBE for a k-person game reduced
from any k-SAT instance is a satisfactory assignment for the k-SAT problem. We also show that

any satisfactory assignment for a k-SAT instance is an MBE for the reduced k-person game.
Lemma 3.3. Let 0 be an MBE for Ty, if 0,(sp) >0 and up(sp,s-p) =0, then 0*,(5-p) = 0.

Proof. Let o* be an MBE. Suppose u(sp,s-p) = 0 and 0, (sp) > 0. By Remark 3.3 there exists a
strategy s’_p such that uy(sp, s'_p) >0, Vsp € Sp. Therefore, uy,(op, s’_p) > up(0p, 8-p). However, for

o” to be an MBE, uy(0y,) = maxs_,es , up(0*,8-p), Vpel, and 0% ,(s-p) =0 by Lemma 3.2. [

Lemma 3.4. For o* to be an MBE for Iy, if l; € suppy(op) for some i =1,...,N, then =l; ¢
suppq(oy) for any qe I -p.

Proof. From Definition 3.4, at least one player gets a payoff 0 if the strategy of any player is a
negation of any other player’s strategy no matter what other players’ strategies are. Hence by
Lemma 3.3, in order for o* to be an MBE for I';, we have either a literal or a negation of a literal

— but not both — in supp,(o,) and supp,(oy) for any p,q e I. O

Lemma 3.5. Let 0* be an MBE for I';, then no player chooses just one pure strategy and hence

there is no pure BE, except for the trivial case where N = 1.

Proof. Let o* be an MBE for I';. If any player p chooses one pure strategy, then by Remark 3.3,
up(0*) = maxs_,es., Up(0y, S-p) = N. On the other hand, also by Remark 3.3, players I — p must
choose a pure strategy such that p gets a payoff IV, but from Remark 3.2 there is no strategy such
that all odd-numbered and even-numbered players get a payoff N except when N = 1. Therefore,

there exists a player ¢ where

ug(o*) # max uy(oy,8-¢) =N, (3.3)
s_q€S—q
Hence o* is not an MBE as a contradictory result. ]
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Lemma 3.6. If o* is an MBE for Iy, then o,(sp) = 0;(5;,) for any Sp,S;) with different indices

such that sy, s, € suppy(op).

Proof. Let o* be an MBE for I';. Suppose player p chooses some strategies with non-equal positive
probabilities. Therefore there exists sp,s; € suppy(op) such that o, (sp) > O’;(S;)). Hence by Def-

inition 3.1 up(sp, s-p) > up(s;), 8-p),Vs-p € supp_p(0Z,). Pick ¢ to be any even-numbered player
i)
Hence by Definition 3.1 s, ¢ suppp(U;) to yield a contradiction. O

if p is an odd-numbered player and vice versa. Remark 3.2 implies that uq(s;), O'fp) > ug(sp, o

We have established that for o* to be an MBE, each player p’s strategies in the support of o,
have an equal probability. We next show that each player chooses IV strategies, in which case if
o* is an MBE, then each player assigns a literal or its negation a probability of % The intuition
behind our proof is that in an MBE (or any equilibrium) each player chooses a strategy that makes

the other players indifferent about which strategies they use.

Lemma 3.7. If 6" is an MBE for 'y, then fori=1,...,N,¥pel, either
* 1 *
o,(li) = N and o,(=l;) =0 (3.4)

or
* * 1
o,(li) =0 and o,(=l;) = N (3.5)

Hence each player chooses the same literals or negations of literals with a % probability.

Proof. Let o* be an MBE for I';. Suppose player ¢ is any even-numbered player and he chooses
a strategy such that for some i = 1,2,..., N, both +l;,=l; ¢ suppq(a;). Hence for any s_q €
supp-q(0Z,), uq(+li; 8-q) =1 and ug(-l;, s-¢) = 1. Otherwise there exists a s_4 that gives player ¢
a higher expected payoff for his strategy og. But from Remark 3.2 any odd-numbered player p gets a
payoff IV only when even-numbered players get a payoff 1. Therefore u,(0*) # maxs_,es , up(0p, 5-p),
a result that means o* is not an MBE to give a contradiction. The same argument applies if ¢ is
an odd-numbered player and p is an even-numbered player.

From Lemma 3.4, on the other hand, if * is an MBE, then no two players choose a literal
and the negation of that literal with a positive probability. Hence each player chooses with equal
probability the same N strategies from the 2N strategies of S, defined following Definition 3.3.
Therefore either (3.4) or (3.5) holds since each player chooses either /; or -l;,i=1,..., N with a %
probability. O

Theorem 3.2. For k > 3, a k-SAT instance is satisfiable if and only if there is an MBE for the
reduced k-person game I';. Therefore, finding an MBE for k > 3-person games is NP-hard.

Proof. Let ¢* be an MBE for I';. From Lemma 3.6 and Lemma 3.7 each player chooses the same N
literals or negations of literals with a probability % Furthermore, o* is an MBE. Hence by Lemma

3.3 no player gets a payoff 0 for any strategy chosen with a positive probability. It follows that
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no strategy in the support of the k players is a negation of any clause and k-SAT is satisfiable.
On the other hand, suppose there is no MBE for the reduced game and every player chooses the
same strategies with a probability %, then there exists at least one p € I such that for any strategy
profile o

up(o) # max up(op,s_p).
s_p€S_p

Hence for at least one strategy that is chosen with a positive probability by the k players, player
p gets a payoff 0. Therefore, all strategies result in at least one unsatisfied clause, so there is no
satisfiable truth assignment for the k-SAT instance.

Conversely, any satisfiable truth assignment guarantees that all clauses are True. Moreover,
only the literal or its negation is assigned a True value. Hence, to obtain an MBE the literals or

negations of literals that are T'rue can be assigned a probability %, and

1 N+1
up(a*):sfgggipup(az’;,s_p):N(1+---+N): * ,Vpel.
Therefore o* is an MBE for I;. O

Lemma 3.8. For k > 3, any instance of the k-SAT problem can be reduced to a k-person game in

polynomial time in respect to the input.

Proof. Any instance of the k-SAT problem with m clauses has a size of km. Since each player has
2N strategies, it is clear to see that m < (2N)*. Furthermore, N < km. For the reduction to a
k-person game we check (2N )k cases and compare them with the m clauses and for each case there
are k(%) steps to check if any two players strategies’ are negations of each other. Hence for any
k-SAT problem the reduction has a time complexity of O((2N)2*), but N < km so the reduction
can be done in O((2km))?*. However, k is a constant for any k-SAT problem and does not change
among instances where the size of an instance changes only with m. Thus a k-SAT instance is

reducible to a k-person game in polynomial time with respect to the input. O
Theorem 3.3. For k > 3, the decision problem of finding an MBE is NP-complete.

Proof. The problem is in NP by Theorem 3.1. Moreover, by Theorem 3.2 and Lemma 3.8, the
problem is NP-hard. Hence it is NP-complete. ]

Theorem 3.3 obviously refers to the worst-case scenario since a problem with a pure BE may
be solvable in polynomial time as shown in [13].
Example 1. Consider the following 3-SAT instance consisting of 2 clauses: (I3 Vi VI3) A (=11 V
-lg v =l3). In this example, S7 = Sy = S5 = {l1, =1, 12, =l2,13,-l3} . The payoffs for the three players
are shown in Table 3.1.

An MBE can be attained by assigning a probability % for any combination of the literals and

negations of literals such that not all literals nor all negations of literals have a positive probability.
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For example, one MBE is,

1
op(=l) = op(l2) = 0p(l3) = g,p =1,2,3

and
up(c*) =2,p=1,2,3.

Hence, I = False,ls = I3 = True, which represents a satisfiable assignment for the 3—SAT instance.
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Table 3.1: Example 1

sl -l Iy I I3 3

L] (2,32) ] (03,2) | (3,1,3) | (3,1,3) | (0,2,0) | (1,2,1)
~1 | (0,0,0) | (2,32) | (3,1,3) | (0,0,3) | (0,0,0) | (1,2,1)
b, | (3,1,3) | (3,1,3) | (1,2,1) | (0,2,1) | (0,3,0) | (2,3,2)
~ls | (3,1,3) | (0,0,3) | (0,0,0) | (1,2,1) | (0,0,0) | (2,3,2)
Is | (0,2,0) | (0,2,1) | (0,3,0) | (0,3,2) | (0,1,0) | (0,1,3)
Sl | (1,2,1) ] (1,2,1) | (2,3,2) | (2,3,2) | (0,0,0) | (3,1,3)

Example 2. Consider the following 3-SAT instance consisting of 8 clauses:

(ll \ lg \Y% lg) A (ll \ lg \Y —|l3) A (ll \% —Jg \Y lg) A (l1 \Y% —|l2 \Y% —Jg)/\

(—|ll \ lg \Y% 13) A (—Jl \% lg \Y% —|l3) A (—|l1 \ —-lg \Y% 13) A (—|l1 \Y% —|lg \Y% —|l3).

There is no satisfiable assignment for the 3-SAT instance since making any of the clauses True
would make one of the other clauses False.

In the reduced game shown in Table 3.2, S; = Sy = S3 = {l1,-l1,l2,-lo,l3,-l3} . Note that
assigning positive probabilities for any combination of the three literals 1,2, and 3 or their negations,
results in at least one of the players getting a payoff 0 for some strategy s that has a positive
probability. Therefore,

up(o*) = max uy(o”,s_p), Vpel,
-p€S—p

for at least one of the three players. Hence there is no MBE by Lemma 3.1.
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Table 3.2: Example 2

-l Iy s
(1,2,1) | (1,2,1)
(1,0,0) | (1,0,1)
(2,3,2) | (0,0,0)
(2,0,0) | (2,3,2)
(3,1,0) | (0,0,0)
(3,0,0) | (3,0,3)

-l ly s
(0,2,0) | (0,2,1)
(1,2,1) | (1,2,1)
(2,3,2) | (0,3,2)
(0,0,0) | (2,3,2)
(0,1,0) | (0,1,3)
(0,0,0) | (0,0,3)

-l Iy s
(2,3,2) | (0,0,0)
(2,3.2) | (2,0,2)
(3,1,3) | (0,0,0)
(3,0,0) | (3,0,3)
(1,2,1) | (0,0,0)
(1,2,1) | (1,0,1)

-l Iy s

) | (0,3,0) | (2,3,2)
) | (0,0,0) | (2,3,2)
) | (0,1,0) | (0,1,3)
) | (0,0,0) | (3,1,3)
) 1 (0,2,0) | (1,2,1)
) | (0,0,0) | (1,2,1)

-l Iy s
(3,1,0) | (0,0,0)
(3,0,0) | (3,0,3)
(1,2,1) | (0,0,0)
(1,0,0) | (1,2,1)
(2,3.2) | (2,3,2)
(2,0,0) | (2,0,2)
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Table 3.2: Example 2

sl -l Iy I I3 3

L] (2,3.2) | (0,3,2) | (0,1,0) | (0,1,3) | (0,2,0) | (1,2,1)
~11 | (0,0,0) | (2,3,2) | (0,0,0) | (0,0,3) | (0,0,0) | (1,2,1)
I, | (0,1,0) | (0,1,3) | (1,2,1) | (0,2,1) | (0,3,0) | (2,3,2)
~l5 | (0,0,0) | (0,0,3) | (0,0,0) | (1,2,1) | (0,0,0) | (2,3,2)
Is | (0,2,0) | (0,2,1) | (0,3,0) | (0,3,2) | (0,1,0) | (0,1,3)
Sl | (1,2,1) ] (1,2,1) | (2,3,2) | (2,3,2) | (0,0,0) | (3,1,3)

3.5 Conclusion

The MBE extends the BE to mixed strategies. In this paper, we study the computational complexity
of finding an MBE for a k-person normal-form game. For a 2-person normal-form game, an MBE
always exists, and the problem of finding an MBE is PPAD-complete. The MBE may not exist for
games with k > 3 players. However, we proved in this paper that the problem of finding an MBE in
k > 3-person normal-form games is an NP-complete problem. In other words, if in the worst-case
scenario there exists a polynomial-time algorithm that finds an MBE, then P=NP. The proof of

the NP-completeness was based on a polynomial-time reduction from the k-SAT problem.
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Abstract

In this paper we give an interpretation of mixed strategies in normal form games via resource
allocation games. We define a game in normal form such that each player allocates to each of his
pure strategies a fraction of the maximum resource he has available. However, the total amount
he allocates does not necessarily equal to his maximum resource. The payoff functions in the
resource allocation games vary with how each player allocates his resource. We prove that a Nash
equilibrium always exists in mixed strategies for n—person resource allocation games. On the other

hand, we show that a mixed Berge equilibrium may not exist in such games.
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4.1 Introduction

Game theory is the study of mathematical decision making among multiple players. Each player
makes an individual choice according to his notion of rationality and to his expectations of the
other players’ choices. The concept of the Nash equilibrium (NE) was introduced in [1] and [2].
The proof of the existence was based on the Kakutani and the Brouwer fixed point theorems [3].
Another solution concept, the Berge equilibrium, was introduced in [4] and formalized by [5]. A
strategy is considered to be a Berge equilibrium if all players other than player i cannot increase
the expected payoff for player ¢ by changing their strategy. The Berge equilibrium was extended
to mixed strategies in [6], where it was also shown that a mixed Berge equilibrium may not exist.

The computation of equilibria points is an essential component of game theory research and
is well studied in literature. For example, a nonlinear programming approach to find an NE for
three player games was developed in [7] and for n—person games in [8]. The nonlinear programming
approach for finding an NE was extended in [9] to find a generalized equilibrium that includes the
case of an MBE.

The purpose of this paper is to deal with the difficulties associated with mixed strategies.
See [10] for an extensive literature review on the concept of mixed strategies, which require a
randomizing process as described in [11] and [12]. According to [13], randomization lacks behavioral
support. [14] gives two interpretations for mixed strategies. The first is based on the purification
theorem of [15]. Purification refers to how mixed strategies reflect the player’s lack of knowledge of
other players’ information and decision-making process. The second interpretation is that a mixed
strategy represents the fraction of a large population that adapts each of the pure strategies.

In this paper we construct resource allocation games (RAGs) such that the equilibria strategies
represent the fraction of a resource each player allocates to each of his pure strategies. In particular,
we consider the NE and the MBE. The purpose of RAGs is to give an interpretation of the concept
of mixed strategies. This interpretation is as follows. The probability that a player chooses a pure
strategy equals the fraction of the resource the player allocates to that pure strategy over the total
amount of the the resource the player allocates to all his pure strategies.

A related notion was studied in [16] for infinitely repeated noncooperative games played at
discrete instants called stages. The payoffs in [16] were linear in the frequency that they had been
played previously. Our approach differs significantly. For example, here a mixed strategy may or
may not maximize the payoff functions for each player.

The organization of this paper is as following. In Section 2 we present the notation used. In
Section 3 we prove the existence of an NE using Brouwer fixed point theorem. In Section 4 we
present a nonlinear program to find an NE analytically. In Section 5 we consider the case of the
MBE and present a nonlinear program to find one if one exists. In Section 6 we give some numerical

examples and show that an MBE may not exist. In Section 7 we state our conclusions.
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4.2 Preliminaries

In this section we define the notation used. Let the RAG I' =< I, (S;)ser, (fi)icr > be an n—person
resource allocation game in normal form. The set I = 1,...,n is the set of the n—players. Let R; be
the resource available for player ¢ and the n—tuple R = (Ry,..., R, ) represents the amount of the
resource each player has available. Define R;-”m > 0 to be the minimum amount of the resource R;

min
min — R@

player i needs to allocate and aj"" = ==—. The set of the m; pure strategies available for player

is S; = (s7,...,8").
Each player player i allocates from his resource R; the fraction ozg to his pure strategy sg ,J =

1,...,m;. The set of all possible allocations for each player 7 is

1 m;\ . . min
Ai:{ai:(ai,...,ai‘).afzo,j—l,...,mi,ai < E afsl}.
J=1

Note that A; is compact and convex for each player i € I. Let A_; = Al Xeoe Ny X Djyp e x Ay and

A = Ayx---x Ay, The probability the player 1 chooses strategy 5 is . Hence A mixed strategy

Z] laz

)Whereamm<2 jél andajzojzl...m

for player i is the m;—tuple (Z;’; eI Z] o
A pure strategy j is an allocation amm < a! <1 where the player ¢ allocates o ' to his pure strategy j
and allocates 0 to the rest of his pure strategies. The payoff function for each player is ff (). Here
we have a = (a1,...,ay) and a_; = (a1,..., 041,441, - - -, @y ). The payoff functions fij’k(a),j =
1,...,m;,k=1,...,m_;, are assumed to be continuous in az €[0,1],5=1,...,m;,Viel.

The set of joint pure strategies of all players other than player ¢, is the Cartesian product of the
sets of pure strategies of all players other than player i, S_; = x ]6 £y (S;) and is denoted by S_; =

{51 ., 8"t where m_; = [Tjer—giy m;j. The joint probability ok = Iper-(i Zm" s k=1,...,m_

-7 -3
is the probability that all the players other than player ¢ choose the joint pure strategy s]fl. It is
the product of the fraction that each player in I - {i} = {1,...,i-1,i+1,...,n} allocates to his
corresponding strategy.

We extend the identities proved in [6] to I'. The following identities represent the expected
J

payoff for player i. If player i allocates oz?”” < a; <1 to his strategy j and he allocates 0 to his

other pure strategies while the rest of players choose the allocation a_; is
Fl(a)= ) ol f}" (). (4.1)
k=1

If player ¢ chooses the mixed allocation a; and the rest of players choose the allocation a_;, then
the expected payoff for player i is
m; m—;
Fi(a)=Y Y. =t ok, f*(a). (4.2)

]1k12J1

Table 4.1 shows an example of a 2-person RAG.
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Table 4.1: Example 1

1 2

52 52
S% 1’1(a1R1, 1Rg) 1’1(041R1, IRQ) 1’2(a1R1, 2R2) 1’2(041R1, 2R2)
5% (O‘1R17 R2) (alRl,a2R2) (O‘1R17 R2) (041R17042R2)

In this paper, we consider the following two cases.

1. Case 1. Each player ¢ allocates all of his resource R;. In other words, Z;”:"’l af =1,Viel. In
this case, each player ¢ chooses strategy j with the probability 04{ .

IN

2. Case 2. Each player i does not necessarily allocate all of his resource R;. Hence /"™

J
Z] | a <1,Viel. Inthis case, each player ¢ chooses strategy j with the probablhty 5,0 =
:1 i
1, cee, My J
R;,Vie I, is considered fixed in these two cases. However, in the second case each player ¢ may not
use all of his resource. Note that the first case is a special case of the second case. In particular if
lem = R;, then the second case becomes the first case. We formalize this previous statement as

follows.
Lemma 4.1. Vie I let R;m” = R;. Then Case 1 and Case 2 are equivalent.

Proof. Let R™" = R;, Vi € I. Hence o™ = 1 and Z a = 1. It follows immediately that Case 2

reduces to Case 1. UJ

4.3 Existence

In this section we prove the existence of an NE in Case 1 and Case 2 above. Hence we seek to find a

mixed strategy such that a player ¢ chooses strategy j with a probability S o p ,j=1,...,m;,Viel.

1
We next restate the definition of an NE in terms of allocation.

Definition 4.1. (NE) A strategy o is an NE if and only if

Fi(a¥) = jJpex Fj(a ),V e &g, Viel. (4.3)
In an NE for the game I', no player can improve his expected payoff with a unilateral change
in strategy, i.e., a unilateral reallocation of his previously allocated resource level.
In the following theorem, we prove the existence of an NE in a finite n—person I'. It suffices to
prove the existence for case 2 since it subsumes case 1 by Lemma 4.1 when R™" = R;.
The proof of the next theorem is similar to the proof of the existence of an equilibrium in [2].
Let A; = {ai : ag >0,7=1,.. mz,amm < Z Lol < 1} and A = Ay x---x A, The set A is compact
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and convex since the number of player is finite and each player has a finite number of strategies.
Define the function ¢ = (¢1,...,¢n): & - & where ¢; = (¢7,...,¢"") and

i a{ +max{O,FZ:j(a) —E(a)}
1+ 27 maz {0, F/ (o) - Fi(@)}

¢! i=1,...,n,7=1,...,m. (4.4)

The functions qﬁg are continuous since we assume that the ff *(a) are continuous in af €[0,1],5 =

1,...,m;, Vi e I. Therefore by Brouwer fixed point theorem there exists fixed points

, a{+max {O,Fij(a)—Fi(a)}
o = : , yi=1,...,n,5=1,...,m;. (4.5)
1+ Y5 max {0, Fl(a) - Fz(a)}

We now prove the existence of an NE in every finite T'.
Theorem 4.1. Fvery finite RAG ' has an NE in mized strategies.

Proof. Let a be an NE. Then no player has an incentive to change his strategy based on the alloca-
tion . Note that the function max {0, F lj (o) - Fl(a)} represent player’s ¢ gain by choosing his pure
strategy j given the previous allocation a. Hence max {O,Fij(a) - Fz(a)} =0,57=1,...,m;,Viel.
Thus « is a fixed point.

Conversely, let a be a fixed point. Then for each ¢ let [ be a pure strategy such that aé >0, and
Fl(e) = minj1,_m, Flj(a) Therefore, max {O,Fij(a) —Fi(a)} = 0, since Ff(a) < Fi(a). Note

that from Equation 4.5, the right hand side is ozg only when the denominator equals 1. Hence,
m;

=1 e {O, sz(a) - E(a)} = 0. Hence no player has an incentive to change his strategy, and so

« is an NE allocation to complete the proof. ]

We now show how a standard n—person game in normal form with constant von Neumann-

Morgenstern (VNM) utility functions is a special case of an allocation game as defined in this

paper.

Theorem 4.2. The payoff matriz for a standard normal form game is a special case of the payoff

matriz for a normal form allocation game.

Proof. Let ui(sg,s]fi) = cf’k,j =1,...,my,k =1,...,m_;,Vi € I, be constant VNM utilities for a
normal form game. It suffices to show that for any player ¢ the VNM utilities can be written as the
payoffs for player ¢ in an allocation game I'. To do so simply let ff’k(a) = CZ’k xR;,R; =1,Viel.
It follows that a standard normal form game with constant VNM utilities is a special case of the

game I' to complete the proof. O

In other words, for R; = 1,Vi € I, the payoff functions for each player ¢ need not vary with the
fraction each player allocates to each of his pure strategies. It follows that for any equilibrium,

say an NE or an MBE, a normal form game with VNM utilities is a special case of an associated
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allocation game I'. In the next section we consider the computation of an NE. The computation of

an MBE will be considered in Section 5.

4.4 The Computation of an NE

In this section we extend the nonlinear program in [8] to find an NE for the game I'. Therefore an

allocation ¢ is an NE if and only the maximum of the following nonlinear program is zero.

Theorem 4.3. a* is an NE for I' if and only if the maximum of the following nonlinear program

15 0
n
mazimize g(a,B8) = Y [Fi(a) - 5;]
i=1
subject to
&k ik
ZOZ?iff (a)sﬂiaj:17"'7mi7ViEI7 (46)
k=1

al 20,5=1,...,m;,Viel,

3

™ < aggl,\ﬁef.

i b
=1

Proof. Let a® be an NE where each player i allocates Zjnzil az*
Fi(a*) = max; Fij(a*) = 7. Therefore g(a*, 3*) = 0. Furthermore, all constraints (4.6) are satisfied

since from Definition 4.1 8] = max;j_1, _m, Fij(a*).

of his total resource R;. Then

Conversely, let a*,3* be a feasible point such that g(a*,3*) = 0. It can easily be checked
by the constraints (4.6) and equation (4.2) that F;(a®) < . Hence it must be the case that
Fi(a™) = . Otherwise g(a*,8*) # 0 which yields a contradiction. Moreover, from the constraints
4.6 Bf = maxjo1,_m; F/(a*). Therefore a* is a NE by Definition 4.1. O

It is worth noting that the payoff functions at an NE may not be maximized. To maximize
the payoff functions one needs to find an allocation such that the fraction each player i allocates

to each strategy maximizes each of the player i’s payoff functions. We discuss here the case where

J

the payoff functions are monotonically nondecreasing functions in the fraction of the resource c;.

Hence each of the payoff functions is maximized when the total resource R; is allocated to that

strategy. In other words, sz(af =l,a;) > Fij(ai,a_i),j =1,...,my,Vaj € &;,Viel.

Lemma 4.2. Let flj’k(a) be monotonically increasing functions in ag,j =1...,m;,Yiel. Then

the optimal strategy for each player is an NE if and only if the mazimum of the following nonlinear
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program s 0.
n

mazimize g(a, 3) = Z[FZ(CY) - Bi]

i=1
subject to

Ff(af:1,a_z~)sﬁi,jzl,...,mi,WeI, (4.7)

al 20,Viel j=1,...,m;,

m; .
ol =1,Viel.
=1

Proof. Let a* be an NE where the payoff is maximized. Then
B = max Fl(a! =1,a).
j=lymg P00
However, a* is an NE. Hence from Theorem 4.3 the maximum of the nonlinear program is 0.
Conversely, let a*,3* be a feasible point such that the maximum of (4.7) is 0. The functions
fij are monotonically nondecreasing in ag ,Viel,j=1,...,m;. Therefore, there exists a solution
that zero-maximizes the objective function and satisfies all the conditions of the nonlinear program

in Theorem 4.3. Hence the solution is an NE. Furthermore, the solution maximizes the expected

payoff for each player of over all payoff functions and the proof is complete. O

4.5 The Computation of an MBE

In this section, we consider the MBE. We only present a computational approach similar to (4.6),
since example 2 of section 6 illustrates that an MBE may not exist for n > 3. A strategy is an MBE
when all players other than player ¢ cannot increase player i’s expected payoff. The following is the
definition of an MBE.

Definition 4.2. A strateqy o™ is an M BE for I' if and only if

<%

— ]7k y
Fz(a*) = k:?la}r(n, Z Wfl (OL*)7 VO[,Z‘ € A,i, Viel. (48)
[EREX] (3 ]:1 j=1 O(i
In an MBE for the game I', no player has an incentive of a unilateral change of his strategy
based on how he allocates his resource. In other words, any unilateral change of strategy results in
a less expected payoff to at least one of the remaining players. We extend the nonlinear program

presented in [9] to the game T

Theorem 4.4. o* is an MBE for ' if and only if the maximum of the following nonlinear program
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15 0:

n
mazimize h(a, B) = Y [Fi(a) - 5]
i=1
subject to
m;
> ff’ (@) <Bik=1,...,m,Viel, (4.9)
J=1 Z] 1

OziZO,Vze],jzl,...,mi,

oM < %af <1,Viel.
j=1
Proof. Let o be an MBE allocation. Then each player allocates to each strategy a fraction ozg " of
his resource that equals to the probability that the player uses that strategy. From Definition 4.2
one can check that Fj(a*) = 8 = maxp-1 . m_, Fik(a*), V¢ € I. Hence all constraints are satisfied.
Moreover, h(3*,a*) = 0.

Conversely, let (a*,3*) be a feasible solution such that h(a*,5*) = 0. From (4.9), it is easy
to see that Fj(a*) < B7,Vi € I. But h(a”,3%) = 0, so it must be that F;(a*) = 8,Vi € I and
B = maxg_1,..m_, sz(a) Therefore, Fj(a*) = maxy_1 . m_, ﬂk(oﬁ)7 and hence a* is an MBE by
Definition 4.2. O

4.6 Examples

In this section we present three examples. The first example is a 2—person RAG, while the second
and third are 3—person RAGs.
Example 1.

In this 2—person RAG each player has 2 strategies. Player 1 has a resource R = 30 and player

2 has a resource Rg = 50. The payoff matrix for each player is shown in Table 4.2. For this game,

Table 4.2: Example 1

5) 55

st | (3+af x30,5+as x50) | (2+ai x 30,8+ a3 x 50)
57| (2+afx30,6+a3x50) | (5+afx30,4+a3 x50)

we consider Case 1 and Case 2 from section 2. In the first case, each player uses his maximum
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resource. The following NLP finds an NE for Gamma for Case 1.

1 1

(P1) mazximize g(a, 3) = LZ %2 2(3+a1 x 30 + 5 + o x 50)
al+afal+a
1 2
@ @
+ﬁ 2 (2+a1><30+8+a2><50)
al+a?al +a
2 1
o @
+ 2(2+a§x30,6+a§x50)
ag + a5 oy +aj
2 2
o o
+a1+1a2a1+2a2(5+a%><30,4+a§><50)—ﬁ1—52
170 X T
subject to
a 1 s 1
1+a2(3+a1x30+a1+a2(2+a1x30S51
Gy + 3 2T Q
1 2
e o
: 2 2(2+a%x30+ T 2 2(5+a%x30£51
Qg + o ay +aj
al a?
5+ o x 50) + 6+ al x 50) <
a1+ 2( 2 ) a1+ 2( 2 ) /82
1 2
@y o7 2
8+ a3 x 50) + 4+ a5 x50) <
a1+ 2( 2 ) a1+a%( 2 ) 52
Oz%+041=1
a5+a%:1.

One solution to (P1) with g(a*,8*) = 0 and hence an NE is a%* = O.52,oz%* = 0.48,04{ =
0.51,043e =0.49, 5] =17.99, 85 = 30.77.
In Case 2 when each player allocates at least 0.4 of his resource, the following NLP finds an NE

strategy for this problem.

1 1
Qg 042

(P2) mazximize g(a, 3) = T 5(3+ a1 x 30 +5 + as x 50)
al+a2 ad +al

al a2
+ﬁ 2 (2+Oél><30+8+062><50)
a1+a1a2+a2
2 1
o leY
+ 1 —2—(2+af x30,6 + a3 x 50)
a1+a1a2+a2
2 2
aq Qg 2 2

a1+a1a2+a2

subject to
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1 2

al+a 2(3+a1><30+ al+ 2(2-1—041><30<51
_ (2+ 30+ 9 (5+a2x30<p
a2 x ar x30<
ol +a ! ol +a2 ! !
1 2
@ 1 o 1
O[%+O¢2(5+a2X50)+O¢%+Oz%(6+a2><50)SIBQ
ol o
(8+a2><50)+ 2(4+a§x50)£ﬁ2
O[l O[ Oél Oél

04<al+ai<l

0.4<ay+aj<l.

One solution to (P2) with g(a*,8*) = 0 and hence an NE is a%* =0.45, a%* =0, a%* =0.23, ag* =
0.17,3; = 15.94, 5 = 16.5.
However, the MBE may not exist as shown in [6]. The interpretation here is that there may not exist
an allocation such that every player other than player ¢ allocates to each strategy a fraction equals
to the probability of using that strategy that maximizes player i’s payoff. In the next example, an
MBE does not exist, However, an NE exists by Theorem 4.1.
Example 2

In this 3—person RAG each player has 2 strategies with Ry = Ro = R3 = 1 and needs to allocate

at least 0.2 of his maximum resource. The payoff matrix for each player is shown in Table 4.3.

Table 4.3: Example 2

s 53 52

st | (1+ad+al,1+al+ai0) (0,0,0)

5 (0,0,0) (0,0,1+ a2 +a3)

s2 s 52

st (0,0,1 +af +ad) (0,0,0)

s (0,0,0) (1+a3+a3,1+a?+a20)

49



We now write the following NLP to find an MBE:

1 1

8] 8] O[

L 2 S _(1+as+ai+1+al+ai+0)
al+a?al+aZal+a2 273 Lees
1tag g topaz+ag

1 1 2

8] (0% (0%

1 2 3 (1+a1+a2)
al +a?al +a2al +a?
1tog gty az+ag

o? o2 ol

+ (1+a1+a2)
al +a?al +a2al +ao?
1tag gty az+ag

2 2 2

a a a

L 2 3 (1+a2+a3+1+a1+a3) 81— 2 — B3
T, 2.1, 2.1, .2
a1+a1a2+a2a3+a3

(P3) maximize h(a, 3) =

subject to
1 2
Qg 1 1 a7
l+a5+as)+ 0) <
a%+a%( 9 +Q3) ol a%() B1
2
ag
0) <
a1+a§() a2 <0

2
1 ag 2 2
a2(0)+ 1+a2(1+a2+a3)351

1 1 1 1
0‘% 1 1 a%
—= —(1+a7 +a3) + 0) <
CM%-%—O&%( 1 3) CM%-%—O&%( ) 62
2
Ay
0) <
042+Oé§() % a%() 52

(6%
2( ) 1 : 2(1"'0‘%"—0‘%)362

042+a2 Qg + o
1
o3 2 2 o3
l+af+a5)+ 0) <
a§+a§( 1 2) a§+a§() 53
a2
2() 1 % 2(0)553
3 Qg3 +aj
0422’) 1 1
l+a7+a5) <
%m%() Toar(lralrab) <

ai >0,Viel,j=1,....m
mp
02< Y al <1,Viel,
j=1
In this problem, an MBE does not exist. Note that there is not any pure Berge equilibrium because
whenever players 1 and 2 gets a positive payoff, player 3 gets a payoff 0 and vice versa. Furthermore,
if any mixed strategy is used then for at least one player ¢, the players —¢ will choose with a positive
probability a strategy where at least one player i gets a payoff 0. Hence the maximum of (P3)
cannot be 0, and there is no MBE by Theorem 4.4. In contrast to the MBE, an NE always exists
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by Theorem 4.1. The following is the nonlinear program to find an NE for this game.

1 | |
[0 o (6%
L 2 5_(1+ap+as+1+aj+as+0)
al+a?al +a2al+a2
1T 0] g+ agagtog
1 1 2
oy ) @3

1 2,1 2,1 2
Q7 + a7 Q) + 05 Qg + Oy

(P4) mazimize g(a, B) =

(1+a} +a%)

2 2 1
o @ o
+ 1 2 3 (1+a%+a§)
al+a?al+a?al +a?
1To] g +a;03+03
2 2 2
a7 Qg Qg

2 9 2 2
1 5 7 s(ltaz+az+l+ai+az)-pr-PB2-P3
a1+a1a2+a2a3+a3

subject to
1 1
@ «
2 3 1 1
1 21 2(1+a2+a3)351
Qy + Q5 g + Qg

2

« «
2 2 2(1+a%+a§)§51
a2+a2a3+a3

1
« o
—L o3 (l+aj+a3)< B
ol +a?al +a?
1t a]az+ag
2 2
« «
—L o3 _(1+af+a3)<pB
ol +a?al +a?
1t o] az+a3

2 2
ag Qg 2 2
g +of a; +aj
1 1
Qg ) 1 1
1 21 2(1+a1+a2)§/63

o +aj o + oy

1.2 1 2 1 2 . .
oy, 07,05,05,a3,a3>0,Veel, j=1,...,m;

02<al+a3<1
02<as+as<1
0.2<a3+a3<1.
One solution to (P4) with g(a*,8*) =0 and hence an NEis ol =a? =a} =a? =al" =02 =
0.1,8] = 85,835 =0.3.
Example 3.
In this 3—person RAG each player has 2 pure strategies with Ry = Ry = R3 = 1 and each player

needs to allocate at least 0.2 of his maximum resource. The payoff matrices are shown in Table 4.4.
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Table 4.4: Example 3

1 1 2
53 52 52
1 1, 1 1, 1 1, 1 2 1 1, 1 1, 2
51| Q+ag+ag,l+aj+ag,2+a3+a3) | (L+a5+a3,2+ay +ag, 1 +aq +a3)
2 1, 1 2 1 2 1 2 1 2, 1 2, 2
st | M+az+ag2+af+og,l+a7+a;3) | (2+a5+az,1+a]+a3,2+af +a3)
2 1 2
s s s
3 2 2
1 1, 2 1, 2 1, 1 2 2 1, 2 1, 2
51| M+az+a52+a;+a3,1+a7+a;3) | (2+a5+a5,1+a7 +03,2+ 0 +a3)
2| (2+ad+adl+at+ai2+ai+al) | (1+a3+a32+a2+a3,1+a2 +a3)

This example has an MBE. The following NLP finds an MBE.

(P5) mazximize h(a, B) =

1

1 1
Qg Q9

Qg3

1, ,2,1 2 1

1 2 1

2(2+a%+a§+1+a%+aé+2+a%+a§)
a1+a1a2+a2a3+a3

o o o
+ 1 2 3 (1+a2+a1+2+a1+a1+1+a1+a2)
2ol + ol al + a2 21T Q3 1 T3 1Ty
o Q7 Gy + Q5 Gz + Qg
2 1 1
o o o
+ 1 2 3 (1+a1+a1+2+a2+a1+1+a2+a1)
1+ 2 1+ 2 1+ 2 2 3 1 3 1 2
Qp + a7 Qg + Qy (3 + 03
2 2 1
a o o
+ 1 2 3 (2+a2+a1+1+a2+a1+2+a2+a2)
1+ 2 1+ 2 1+ 2 2 3 1 3 1 2
o) +ofay+azas+aj
1 1 2
« « «
+ 1 2 S_(l+as+a2+2+al+a+1+al+ad)
1+ 2 1+ 2 1+ 2 2 3 1 3 1 2
o +af Qg + Q5 Q3 + Qg
1 2 2
« « «
+ 1 2 S _(2+ad+ai+1l+ai+ai+2+ad +ad)
1+ 2 1+ 2 1+ 2 2 3 1 3 1 2
o) +of ay + a5 ag +aj
2 1 2
a a a
+ 1 2 S _(2+ab+ai+1l+at+ai+2+0d +ad)
T2l + a2 al + a2 2t Q3 1ta3 1t
o a7 Gy + @5 a3 + Qg
2 2 2
a a «a
1 2 3 2, 2 2., 2 2, 2
+— 5 5 2(1+a2+a3+2+a1+a3+1+a1+a2)—ﬁ1—52—,83

O[2+042043+Oé3

subject to
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0‘% 1 1 04% 1 1
m(2+a2+a3)+m(1+a2+a3)ﬁﬁl
et eradeah <
raea e oGl rad) <5
e 0 adiad <
ﬁ(lwhaéwﬁ%(?m%wbsﬂz
—<2>—<1>5
ﬁ(2+a}+a§)+%(l+a}+a§)gﬁ2
Sratra s o @t ead) <
ﬁ(2+a}+aé)+ﬁi§(l+a}+aé)gﬁ3
—<1>—<2>5
O%QT%’()%(Ha?m%HO%%‘%@(?w?M%)sBs
ﬁ(zmmzwﬁmamz)sﬂg

ol >0,Viel,j=1,...,m,

mi
02<> of <1,Viel
j=1
One solution to (P5) with h(a*,5*) = 0 and hence an MBE is ol = a? =ad" = a? = ol =
a2’ =0.125,8; = B3, 8% = 1.75.

4.7 Conclusion

In this paper we gave an interpretation for the mixed via resource allocation games in normal form.
In these games, a mixed strategy is an allocation. Each player chooses a pure strategy with a
probability that equals to the fraction of the maximum available resource allocated to that pure
strategy over the total fraction of the the resource the player allocates to all his pure strategies.
We proved by Brouwer fixed point theorem the existence of an NE in these games. Furthermore,
we showed that an MBE may not exist in a resource allocation game unless there exists a strategy

yielding zero for the associated nonlinear program.

93



Bibliography

1]

[4]

[5]

[12]

[13]

J. Nash, “Equilibrium points in n-person games,” Proc. Nat. Acad. Sci. USA, vol. 36, no. 1,
pp. 48-49, 1950.

J. Nash, “Non-cooperative games,” Annals of mathematics, pp. 286-295, 1951.

K. C. Border, Fized point theorems with applications to economics and game theory. Cam-

bridge university press, 1989.
C. Berge, Theorie generale des jeux an personnes. Gauthier-Villars, 1957.

V. Zhukovskiy, “Some problems of nonantagonistic differential games,” Matematiceskie Metody
v Issledovanii Operacij, vol. P. Kenderov, Ed., pp. 103-195, 1985.

H. W. Corley, “A mixed cooperative dual to the Nash equilibrium,” Game Theory, vol. 2015,
2015.

S. Batbileg and R. Enkhbat, “Global optimization approach to game theory,” Mongolian Math-
ematical Society, vol. 14, pp. 2-11, 2010.

S. Batbileg and R. Enkhbat, “Global optimization approach to nonzero sum n person game,”

International Journal: Advanced Modeling and Optimization, vol. 13, no. 1, pp. 59-66, 2011.

A. Nahhas and H. W. Corley, “A nonlinear programming approach to determine a generalized
equilibrium for n-person normal form games,” International Game Theory Review, p. 1750011,
2017.

H. W. Corley, “Normative utility models for pareto scalar equilibria in n-person, semi-

9

cooperative games in strategic form,” Theoretical Economics Letters, vol. 7, no. 06, p. 1667,

2017.

J. Von Neumann and O. Morgenstern, Theory of games and economic behavior. Princeton

university press, 1944.

J. Nash, “T'wo-person cooperative games,” FEconometrica: Journal of the Econometric Society,
pp- 128-140, 1953.

R. Aumann, “What is game theory trying to accomplish? in“frontiers of economics” (kj arrow
and s. honkapohja, eds.),” 1987.

A. Rubinstein, “Comments on the interpretation of game theory,” FEconometrica: Journal of
the Econometric Society, pp. 909-924, 1991.

J. C. Harsanyi, “Games with randomly disturbed payoffs: A new rationale for mixed-strategy

equilibrium points,” International Journal of Game Theory, vol. 2, no. 1, pp. 1-23, 1973.

o4



[16] R. Joosten, T. Brenner, and U. Witt, “Games with frequency-dependent stage payoffs,” In-
ternational journal of game theory, vol. 31, no. 4, pp. 609-620, 2003.

95



Chapter 5

The Mixed Berge Equilibrium in

Extensive Form Games

AHMAD NAHHAS', H-W. CORLEY

1 This paper was accepted in Theoretical Economics Letters.

96



Abstract

In this paper we apply the concept of a mixed Berge equilibrium to finite n—person games in
extensive form. We study the mixed Berge equilibrium in both perfect and imperfect information
finite games. In addition, we define the notion of a subgame perfect mixed Berge equilibrium
and show that for a 2-person game, there always exists a subgame perfect Berge equilibrium.
Thus there exists a mixed Berge equilibrium for any 2—-person game in extensive form. For games
with 3 or more players, however, a mixed Berge equilibrium and a subgame perfect mixed Berge
equilibrium may not exist. In summary, this paper extends extensive form games to include players

acting altruistically.
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5.1 Introduction

The Berge equilibrium (BE) is a solution concept in game theory introduced in [1] and formally
defined in [2]. It was extended to mixed strategies (MBE) in [3]. The Berge equilibrium represents
a strategy that is mutually cooperative. In other words, at a Berge equilibrium player ¢ cannot gain
a better payoff if any other player changes his strategy unilaterally. In effect, an MBE represents
the situation where every n—1 players choose the best joint mixed strategy for the remaining player.
In this paper, we apply the concept of an MBE to finite extensive form games, where players make
decisions sequentially. We consider here finite n—person extensive form games both with complete
information and incomplete information. In a complete information game, each player is aware of
the actions of the other players. In imperfect information games, however, players are not aware of
the actions that other players choose.

The paper is organized as follows. In Section 2, we give the needed notation and definitions.
In Section 3, we study the existence of an MBE in extensive form games. In Section 4, we give

examples, and then give conclusions in Section 5.

5.2 Preliminaries

We use here a notation similar to that of [4]. An extensive form game G is written as G =
(N,H, P, I), where N is the set of the players, H is the set of histories, P is a function assigning a
player to each non-terminal history, and I represents an information set.

Each history & is a sequence of actions (ak)kzl,._,,K. In this paper, we assume that all the
sequences of actions are finite. Hence the game is finite. Each history h € H ends with a terminal
node which gives the utility value for each of the n—players. Each non-terminal node belongs to
an information set I; for a player ¢ such that P(h) =i. The set of all information sets for player 4
is 7;. If each information set has only one node, then the game is a perfect information game. In
an imperfect information game, two or more nodes belong to some information set. If two or more
nodes belong to the same information set, then they are connected with a dotted line. The idea
is that if an information set includes only one decision node, then a player knows the actions that
led to that node so the game is a perfect information game. An example of a 2—person extensive
form game is show in Figure 5.1. In this game, player 1 makes a decision s; or t;. Next, player 2
makes a decision. After that, either the game is finished or player 1 makes a decision with imperfect
information. The label above a node (i : j) means information set j for player i.

Each game in extensive form can be represented as a game in normal form [5]. The set of pure
strategies S; = {xA;|A; € I;, I; € 7;} for each player i is the Cartesian product over the actions player
1 has at each of his information sets. A mixed strategy o; for a player i is a probability distribution
over his set of pure strategies. The set of all mixed strategies for player ¢ is AS;. The support of a
mixed strategy for player i is supp(o;) = {s; € Siloi(s;) > 0} . A pure strategy for player i is a special
case of the mixed strategy where a player chooses exactly one action at each of his information sets.

Similarly, a mixed strategy for all players other than player ¢ is a probability distribution o_;
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(1:1)

(3,4)  (0,6) 3,2)  (1,3)
Figure 5.1: Example of a two-person extensive form game

over the set of the Cartesian product of all the pure strategies for all players other than player
i. Hence ¥, o 0-i(s-) = 1,0-i(s-;) 2 0, where o_;(s-;) is the that product of the probabilities
that each playell" other than player ¢ chooses the strategy s_;. The set of all mixed strategies for
all players other than player ¢ is AS_;. The support of a mixed strategy for all players other than
player i is supp(o_;) = {s_; € S_ilo_i(s-;) > 0}.

The following identities were derived in [3]. Player i's expected payoff for strategy s; for player

1 and strategy o_; for the remaining players is

ui(si,a,¢)= Z U,Z'(S,i)ui(si,sﬂ'). (5.1)

S_Z‘ES_i

Player i's expected payoff for strategy o; for player 7 and strategy s_; for the remaining players is

’LLZ'(O'i,Sﬂ;) = Z Ui(si)ui(si,s,i). (5.2)

SiESi

Player i's expected payoff for strategy o; for player ¢ and strategy o_; for the remaining players is

ui(ai,a_i): Z Z O'Z'(SZ')O'_i(S_Z')’LLi(SZ’,S_i). (53)

SiGSi S_iGS_i
We now define the NE.

Definition 5.1. A strategy c* is an NE if and only if

m%xui(si,cr;) =ui(o],0%;) >u;(0s,07;),Vo, € AS;,Vie N. (5.4)
5;€04

In an NE, no player can increase his expected payoff by changing his strategy unilaterally. We
can similarly define an MBE.
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Definition 5.2. A strategy o* is an MBE if and only if

Sn}gxi wi(o],s-;) =ui(o],0%;) >ui(o],0-;),Vo_; € AS_;,Vie N. (5.5)

In an MBE all players other than player ¢ cannot increase the expected payoff for player ¢ by

changing their strategies. Hence no player can increase other player’s expected payoff by changing
his strategy unilaterally.

The subgame perfect Nash equilibrium (SPNE) is an important concept in extensive games since

it always exists. An SPNE can be obtained using backward induction. The following definition of

a subgame is from [4].

Definition 5.3. An extensive form subgame is a sequence of actions h after a history h such that
(h,h') e H.

We extend the concept of the SPNE to a subgame perfect MBE (SPMBE). We prove that one

exists for every 2—person game. However, we show that one may not exist for n > 3.

Definition 5.4. A strategy o* is an SPNE if and only if for every nonterminal history h with
P(h) =1, then
wi(o] |hyo2i|n) 2 ui(oi,0%|n), Vo, € AS;,Vie N. (5.6)

An SPNE, is an NE for some subgame. Furthermore, no player can increase his expected payoff
by changing his strategy unilaterally at any information node and history h such that P(h) =i.

We now give the definition of an SPMBE. Note the difference in history as opposed to Definition
5.4.

Definition 5.5. A strategy o* is an SPMBE if and only if for every non-terminal history h with
P(h) # 1, then

wi(o] |h,o2i|n) 2 ui(ol |n,0-:),Vhe H P(h) #i,Vo_; € AS_;,Vie N. (5.7)

Thus an SPMBE is a subgame concept where a strategy is an MBE for some subgame. Further-
more, players other than player i cannot increase player i’s expected payoff by unilaterally changing

their strategies at any information node with a non-terminal history h for which P(h) # i.

5.3 MBE Existence in Extensive Form Games

We now consider the existence of an MBE in an extensive form game. The following theorem from
[5] is used.

Theorem 5.1. Every game in extensive form has a subgame perfect NE.

Next we define a 2—person game G’ in extensive form. Each player has the same set of actions

as he has in the game G. However, the two players payoffs are swapped.
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Definition 5.6. The game G isa 2—person game where each player has the same actions as in

the game G. The payoffs for player 1 in G are the payoffs for player 2 in G’ and vice versa.

Lemma 5.1. Let G be a 2—person normal form game. Then any NE for the game G’ is an MBE
for G.

Proof. Let o* be an NE for G'. Then,

ui(oy,05) > ui(oy,02),Vog € ASs, (5.8)
and

ul(O'f,O'g)Zul(UI,O'Q),VO'QEASQ. (59)
Thus ¢* is an MBE by Definition 5.5 to complete the proof. 0

The following remark follows immediately from Theorem 5.1 and Lemma 5.1.

Remark 5.1. Every 2—-person game G has an SPMBE. Hence every 2—person game in extensive
form has an MBE.

Proof. Let G be a 2—person game and G’ is the game with the swapped payoffs for the two players.
By Theorem 5.1, G always has an SPNE ¢* for some subgame in G'. Therefore by Lemma 5.1, c*
is an MBE for the same subgame in GG. Hence the game G has an SPMBE. Moreover, by Definition
5.5 an SPMBE is an MBE for the game G, and the proof is complete. O

In the following lemma, we give necessary and sufficient conditions for the existence on an MBE.

Lemma 5.2. A strategy o* is an MBE for G if and only if 0*,(s-;) =0 when

ui(o;,s-;) < max w;(o;,8-;). (5.10)
Proof. Let 0* be an MBE for G. Suppose that there exists a strategy s_; such that u;(o],s-;) <
maxs_.es , ui(o),s-;) and o_;(s_;) > 0. Hence by Equation 5.3 u;(0;,07,) < mazs_,es ,ui(o],5-;).
Therefore, by Definition 5.5 the strateg ¢* is not an MBE to yield a contradiction.

Conversely, suppose ¢* is a strategy such that if

ui(o],s-) < max u;(o],5-;), (5.11)
then o*,(s-;) = 0. Hence
ui(o;,0%;) = max ui(o],5-;),Viel. (5.12)
S_;€0_4
Thus ¢* is an MBE by Definition 5.5. O

We now use a counterexample to prove that an MBE may not exist in n—person extensive form

games with n > 3.
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(1:1)

(3:1) (3:2) (3:3)

(1,0,1)(0,1,0) (0,0,0)(0,0,0) (0,0,0)(0,0,0) (0,1,0)(1,0,1)
Figure 5.2: Three-Person Game with No MBE

Theorem 5.2. An MBE may not exist when n > 3.

Proof. The proof of this theorem is by a counterexample. Consider the following example of Figure
5.2. We claim that there is not an MBE for this game. Suppose there exists an MBE ¢* for the
game. Let o be the strategy of player 1. Note that from Figure 5.2

max uj(o7,s-1) = 1. (5.13)

S_lES_l
Moreover, ¢* is an MBE. Hence players 2 and 3 choose with positive probabilities their pure
strategies that gives player 1 a payoff 1. Hence player 2 would only choose strategy so,ts. However,
whenever player 2 wants to maximize player 1’s payoff there exists a pure strategy for player 3 such

that for some pure strategy for player 1 in supp(oy),

max uz(oy,5-2) = 1. (5.14)
:LQESLQ
Any strategy chosen by player 3 can only maximize either player 1’s or player 2's expected payoff,

but not both. Hence ¢* cannot be an MBE by Lemma 5.2 to yield a contradiction. O

5.4 Examples

In this section we give two examples. In the first example we consider a 3—person game with
imperfect information. We show that the game does not have an MBE. If we consider the same
game with perfect information, then it has an MBE. However, the game does not have an SPMBE
even with perfect information.

Example 1

We now show an example of an imperfect information game. Consider the 3—person game shown in
Figure 5.3. The game shown in Table 5.1 is the normal form representation for the game in Figure

5.3. However, it was proven in [3] that an MBE does not exist for this game. We now consider the
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(1:1)

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

Figure 5.3: Three-Person Game with Imperfect Information

Table 5.1: Normal Form Representation

53 59 to t3 59 to
51 (LLO) | (0,0,0) | 1 | (0,0,1) | (0,0,0)
1 (0,0,0) | (0,0,1) | &1 | (0,0,0) | (1,1,0)

same game but with perfect information as shown in Figure 5.4. An interesting result is that the
game has multiple MBEs in the case of perfect information.

The strategies for player 1 are simply s; and t;. However, player 2 has 4 pure strategies and
player 3 has 16 pure strategies, as shown in Tables 5.2 and 5.3 respectively.

For this game, player 3 has 16 different strategies as shown in Table 5.3. For example strategy
1 means that if player 1 chooses s1, and player 2 chooses sy, then player 3 chooses s3. If player 1
chooses s1, and player 2 chooses to, then player 3 chooses ss. If player 1 chooses t1, and player 2
chooses so, then player 3 chooses sg. If player 1 chooses t1, and player 2 chooses to, then player 3
chooses s3.

One BE for this game is that player 1 chooses s1, player 2 chooses sa, s2, and player 3 chooses
strategy ss, s3,ts,t3. Note that for this BE, player 3 gets a payoff 0. However, players 1 and 2

cannot increase player 3’s payoff regardless of their strategies. Moreover, they want to maximize

Table 5.2: Player 2’s Strategies

Player 2's pure strategies 51 t
Strategy 1 If player 1 chooses s, then so. | If player 1 chooses t1, then ss.
Strategy 2 If player 1 chooses s, then sy. | If player 1 chooses t1, then t,.
Strategy 3 If player 1 chooses si, then 9. | If player 1 chooses t1, then so.
Strategy 4 If player 1 chooses s1, then ts. | If player 1 chooses t1, then ts.
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(1:1)

(3:1) (3:2) (3:3)

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

Figure 5.4: Three-Person Game with Perfect Information

the expected payoff for each other. Hence the strategy is an MBE.

Note that even with perfect information, the game does not have an SPMBE. Using backward
induction, regardless of whether player 3 chooses s3 or t3, then player 1 alone can increase player
3's expected payoff. However that would result in reducing player 2's expected payoff. A symmetric
result holds for player 1 if player 2 increases player 3's payoff. Hence the game cannot have an
SPMBE. The next remark follows immediately.

Remark 5.2. An MBE for the game G is not necessarily an SPMBE.

Example 2

We now a give an example of a 2—person Bayesian game. Bayesian games with different types
have been considered in literature; e.g., see [5]. In this example, we consider a 2—person game in
extensive form. Each player has two strategies cooperate (C) and defect (D). We assume that there
is a probability distribution over the types of player 1. The first type is an altruistic type. This type
wants to maximize player 2's expected payoff. The second type chooses the strategy Tit-for-Tat of
[6]. The second type will cooperate with player 2 only if player 2 chooses to cooperate with player
1. The third type is selfish and wants to maximize his own expected payoff. In this example, let
the probability of each type be P[Type 1] = p1, P[Type 2] = p2, and P[Type 3] = p3. The game is
an imperfect information game. We assume that the game is repeated and not a one-stage game.
At each stage, player 1 can be from any type and player 2 only knows the probability distribution
over the types. Player 2 next chooses his action. Then player 1 chooses his action without knowing

what action player 2 chose. The payoffs for each are shown in Figure 5.5.
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Table 5.3: Player 3's Strategies

Player 3's pure strategies | s1,s2 | s1,to | t1,59 | t1,t9
Strategy 1 S3 S3 S3 S3
Strategy 2 S3 S3 S3 t3
Strategy 3 s3 S3 t3 S3
Strategy 4 S3 t3 s3 S3
Strategy 5 S3 S3 t3 i3
Strategy 6 S3 t3 t3 S3
Strategy 7 S3 t3 S3 t3
Strategy 8 S3 t3 t3 t3
Strategy 9 t3 S3 83 S3
Strategy 10 t3 S3 S3 t3
Strategy 11 t3 S3 t3 S3
Strategy 12 t3 t3 s3 S3
Strategy 13 t3 S3 t3 t3
Strategy 14 t3 t3 i3 S3
Strategy 15 t3 t3 S3 t3
Strategy 16 t3 ts ts t3

Table 5.4: Two-Person Bayesian Game in Normal Form

S92 to
51 | (4xp1+8xpy+4xp3,4) | (5xp1+0xpy+1xp3,5)
t1 | (1xp1+0xpa+5xps,1) (2,2)
Type

(1:1) (1:1)

D C

(4,4) (1,1) (5,5) (2,2) (8,4) (0,5) (0,5) (2,2) (4,4) (5,1) (1,5) (2,2)

Figure 5.5: Two-Person Bayesian Game in Extensive Form

The normal form representation of the game in Figure 5.5 is shown in Table 5.4.
Note that for p; > 0.9 an NE for the game would be (C, D). Hence player 2 would always defect.
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In the case that ps > 0.9, an NE would be (D, D). However, when ps > 0.9, then an NE for the
game is (C,C). In all three cases, player 2 is selfish and concerned with his own payoff. Hence he
would rather defect unless there is a high probability for the Tit-for-Tat type where player 2 can

maximize his expected payoff by cooperating if the game is repeated.

5.5 Conclusion

The MBE is a solution concept in game theory that represents mutual cooperation among players
and extends the BE to mixed strategies. In this paper, we extended extensive form games to include
players acting altruistically. In particular, we applied the concept of an MBE to finite n—person
games in extensive form. We showed how an MBE always exists for 2—person games. However, we
showed that an MBE may not exist in an n—person extensive form games with n > 3. We extended
the definition of the subgame perfect equilibrium to include the case of the MBE. Moreover we
proved that an SPMBE may not exist for n > 3.
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Chapter 6

Conclusion

Game theory is the study of competitive situations among rational players, who choose their strate-
gies in order to maximize their expected utilities based on their expectations of other players’ be-
haviors. In this dissertation, we explored some theoretical, computational, and practical aspects of
equilibria in n—person games. We presented four journal articles.

In the first article, we defined a generalized equilibrium for n—person games in normal form.
The Nash equilibrium and the Mixed Berge equilibrium are both special cases of the generalized
equilibrium. We proved that the generalized equilibrium exists if and only if the maximum of a
nonlinear program is zero.

In the second article, we studied the computational complexity of finding a mixed Berge equi-
librium in normal form n—person games. We proved that for the 2—person games, finding a mixed
Berge equilibrium is a PPAD-complete problem. However, for games with 3 or more players, we
proved that finding a mixed Berge equilibrium is an np-complete problem.

In the third paper, we gave a new interpretation of mixed strategies for the Nash and the mixed
Berge equilibria. The interpretation is that a mixed strategy represents an allocation of the single
resource of each player. The purpose of our approach is to avoid the ambiguities associated with
the standard approach to mixed strategies.

In the fourth article, we extended the concept of a mixed Berge equilibrium to n—person games
in extensive form. We defined a subgame perfect mixed Berge equilibrium and proved that it always
exists in 2—person games. However, a mixed Berge equilibrium may not exist in games with 3 or

more players.
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