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In this paper, we extend and apply the Matrix Norm (MN) approach to the nonzero-sum
bimatrix games. We present preliminary results regarding the convergence of the MN ap-
proaches. We provide a notation for expressing nonzero-sum bimatrix games in terms of
two matrix games using the idea of separation of a bimatrix game into two different ma-
trix games. Next, we prove theorems regarding boundaries of the game value depending on
only norms of the payoff matrix for each player of the nonzero-sum bimatrix game. In ad-
dition to these, we refine the boundaries of the game value for the zero/nonzero sum ma-
trix games. Therefore, we succeed to find an improved interval for the game value, which
is a crucial improvement for both nonzero and zero-sum matrix games. As a consequence,
we can solve a nonzero-sum bimatrix game for each player approximately without solving
any equations. Moreover, we modify the inequalities for the extrema of the strategy set
for the nonzero-sum bimatrix games. Furthermore, we adapt the min-max theorem of the
MN approach for the nonzero-sum bimatrix games. Finally, we consider various bimatrix
game examples from the literature, including the famous battle of sexes, to demonstrate
the consistency of our approaches. We also show that the repeated applications of Ex-
tended Matrix Norm (EMN) methods work well to obtain a better-estimated game value
in view of the obtained convergence results.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Game theory is a branch of mathematics that investigates optimal decision-making models in a situation of competition
[1]. The theory focuses on the problems of selecting an optimal action among various types of actions [2]. Historically, game
theory was first used for solving military problems. However, game theory found a wider array of applications throughout
the years. For example, distribution of resources between countries, price competition between companies, or even gambling
are some of the common application areas. As it is seen from these examples, the theory includes participants that interact
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with each other. The subject of the game theory works on those interactions such that the choices of each participant affect
the outcome that is of interest to all participants|3].

Throughout the past, researchers working on game theory were awarded Nobel Prize in economics. For example, Nash
and other colleagues shared the Nobel Prize for the study of equilibria in non-cooperative games in 1994 [4]. Aumann and
Schelling were awarded for enhancing the understanding of competition and cooperation through game theory [5]. The
game theory progresses rapidly and interacts with every area of science over time. In 1959, Berkovitz and his colleagues
investigated a tactical air war with game theory [6]. In 2008, Perc and Szolnoki demonstrated that social diversity efficiently
promotes cooperation during the game of the spatial prisoner’s dilemma [7]. Huttegger and Zollman studied the evolution
of strategic behavior using game theoretical tools in 2013 [8]. Szolnoki and Perc presented coevolutionary success-driven
multi-games in structured populations, which use the weak prisoner’s dilemma as the core game in 2014 [9]. In 2016,
Firouzbakth et. al presented conditions for the Nash equilibrium and they applied their game theoretical approach to derive
the optimal transmission and jamming strategies for a typical wireless link under power-limited jamming [10]. Roy and
Mula combined the rough programming approach and the matrix games, by developing a new class called a rough matrix
game in [11]. In 2018, Bigdeli et. al solved constrained bimatrix games in the fuzzy environment and they also applied such
games to nuclear negotiations between two countries [12]. In the same year, Perera investigated how a government can
manage a policy of environmental sustainability in a competitive electricity market with the bimatrix coordination games
[13]. In 2018, Deng et al. investigated a special class of multi-person games, that is, each connection point of the interaction
graph defines a bimatrix game [14]. Cressman and Krivan, in 2020, developed a new approach to the theory of two-player
asymmetric evolutionary games using the game Battle of Sexes. They showed that the evolutionary outcomes depend on
the total population [15]. In 2021, Lensberg and Sheck-Hoppe studied one-shot games in the set of all bimatrix games with
a large population of agents. They proposed an approach that predicts the behavior of experienced agents during the game
[16]. All these examples are related to the bimatrix games, and many more examples can be presented. The rate of progress
in game theory shows that the theory will continue to attract researchers.

In the literature, the nonzero-sum bimatrix games are solved by using theorems or separating the game into two different
matrix games [17,18]. In light of the latter fact, most methods in the literature use linear programming or other methods
to obtain solutions to matrix games. The small-scale matrix games may be solved easily with the approaches found in
the literature. However, the solution procedure gets more tedious for obtaining a solution for large-scale matrix games
due to the increasing number of inequalities and the computational cost. Thereupon, izgi and Ozkaya focused on solving
and generating zero-sum matrix games by using norms of the payoff matrix in 2018 [19]. In particular, izgi and Ozkaya
introduced the Matrix Norm approach that approximately solves the zero-sum matrix game without the need of solving any
equations. According to the literature research, izgi and Ozkaya brought the game theory and the matrix norms together for
the first time with their paper [19]. izgi and Ozkaya additionally use this approach for the demonstration of the fairness
of a matrix game in [20]. Further, Ozkaya investigated the Matrix Norm approach and the use of matrix norm in the game
theory in detail [21]. In addition, izgi and Ozkaya apply the Matrix Norm approach to show the necessity of agricultural
insurance and show the usefulness of the method [22] in 2020.

In this study, we extend and apply the Matrix Norm approach in [19] to the nonzero-sum bimatrix games for the first
time in the literature. We especially focus on the game solution process of the Matrix Norm approach and impose the pro-
cess for the bimatrix games. In order to apply the Matrix Norm method for the bimatrix case, we borrow the idea presented
in [17,18], which is that we can split the bimatrix game into two different matrix games and investigate them separately, by
presenting notations for the bimatrix games. Then, we first adapt and prove theorems that provide the boundaries for the
game value of corresponding players by using the same proof approach used for the matrix games with the new notation of
the bimatrix games. We also demonstrate the boundaries for the extrema of the strategy set of the players for the nonzero-
sum bimatrix games. Moreover, we modify the min-max theorem in [19] for the nonzero-sum bimatrix games. Additionally,
we advance the boundaries for the game value in [19]. Hence, we succeed to find an improved interval, which is a cru-
cial improvement for both nonzero and zero-sum matrix games, for the game value. In addition to these, we consider the
convergence of the MN method, and present some basic results regarding the convergence of the Matrix Norm approaches.

The remainder of the paper is organized as follows. In Section 2, we first present a new notation for the nonzero-sum
bimatrix games. Then, we express and prove the generalized form of some theorems about the game value boundaries.
Moreover, we state inequalities of upper/lower bounds of the minimum and the maximum elements of the strategy set,
respectively. Furthermore, we represent the min-max theorem, which demonstrates the relationship between the largest and
the smallest components of the strategy set. Additionally, we provide new theorems for boundary refinement of the game
value of both zero and nonzero-sum games. In Section 3, we state a theorem about the convergence of the Matrix Norm
approach and prove it. Moreover, we present a corollary that guarantees the existence of the solution and demonstrates the
proof. In Section 4, we show the consistency of our approaches by using famous problems of the game theory. The final
section concludes the paper and presents a discussion on the subject.

2. The modification of the matrix norm approach to bimatrix games
In this section, we extend the new matrix norm approach in [19] to the nonzero-sum bimatrix games. First of all, we

present a new notation for the nonzero-sum bimatrix games to adapt the theorems and proofs in [19]. We introduce and
comprehensively demonstrate the proofs of theorems that include the inequalities about the game value of the nonzero-sum
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bimatrix game. Moreover, we represent the theorem for pX ., and p’r‘rlin that are respectively the greatest and the smallest
components of the mixed strategy sets of each player, with the new notation. We also obtain the new boundaries for the
game value. Furthermore, we adapt the min-max theorem of the zero-sum matrix games, which shows the relationship

between p ., and p’r‘rl i to the nonzero-sum bimatrix games.

Definition 2.1. A game is called nonzero-sum game if the sum of players’ payoffs (game values) does not equal to zero.

Definition 2.2. Bimatrix game is a two player normal form game where

e player 1 has a finite strategy set S = {s1,53.....5m}

o player 2 has a finite strategy set T = {t1,tp, ..., tn}

 when the pair of strategies (s;,t;) is chosen, the payoff to the first player is a;; = uy(s;, t;) and the payoff to the second
player is b;j = uy(s;, t;) ; uj, up are called payoff functions.

The values of payoff functions are defined with a bimatrix as follows:
Notation. Let A be real valued m x n bimatrix nonzero-sum game as in the following form
(an,bu) . (@in, b1n)
A= . . .
(@n1.bn1) . (@mn. bun)
where the pair (a;;, bj;) represents the payoff of the Player I and Player II, respectively. We denote a;; as A[(i, j), 1] and b;;
as A[(i, j), 2]. We know that we can consider this bimatrix as two different matrices as

|:an . a1ni| |:b11 b]n:|
A= . . L A= . . . | where A; = A[(i, j), 1] and A, = A[(i, j), 2] are the payoff matrices for the
Gn1 - Omn bpr . bmn

first and second players, respectively. Contrary to the zero-sum matrix game, we have two different game values in this case
as v and v, whose total sum is not a constant, that is, v; + v, # ¢ where c is constant. This means that knowing the game
value of any player does not give any idea about the other’s game value. It is the main reason these types of games are
called nonzero-sum games [17]. Therefore, we need to solve two different matrix games. On the other hand, if A; = —A,,
then the game is a zero-sum matrix game in the common sense [18]. In this situation, one may approximately solve the
game directly by using the methodology presented in [19].

Definition 2.3. Let A be real valued m x n bimatrix of the nonzero-sum game and v, be the game value of the kth player

m
for k =1, 2. Then, the game value is obtained by v, = Y A[(, j), k]pif. for any j and fixed k, where pif's are the elements of
i=1

m
the mixed strategy set of the corresponding player and > pi.‘ =1.
i=1

Lemma 2.4. Let A be real valued m x n bimatrix of the nonzero-sum game as in the following form
(an, bn) - (a1, b1p)
A= . . .
(@m1.bm) . (@mn, bmn)
and the game value of the kth player is v, where k =1, 2. Then,
if v = 0, then HAkZHx < < Al
and
ifve =0, then —[|Alh = Vi = o
hold where z = v||By||~ for fixed k and B, is the row-wise induced matrix, stated in Definition 2.4 in [19], of the bimatrix A
for the related player.

Proof. We first split the bimatrix game into two different matrix games, as it is presented in [17,18], with our notation
above, say A; and A,. Then, we can prove the lemma directly by following the same motivation that is used for the zero-
sum matrix games in [19]. O

Corollary 2.4.1. Let A be real valued m x n bimatrix of the nonzero-sum game, v, is the game value of the related player and B
that is the row-wise induced matrix of the bimatrix A for the corresponding player. Then,

. B

if v, > 1 then HAin < v < ||Acll1,

and 1Byl
ifve = =1 then —||Allh = v = —

hold where k = 1,2 and B is the row-wise induced matrix of A.

Theorem 2.5. Assume that A be real valued m x n bimatrix of the nonzero-sum game as in the following form
(an,bun) . (@, bin)

(@m1,bm1) - (@mn, bon)
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and the game value of the kth player is vy. Then,
. By ||oo
if vl = 1 then (4= < [u| < 1A,
and
if |yl <1 and v, # O then m < ] < Ml
K

= Bglloo’
hold where for k =1, 2, and By, is the row-wise induced matrix of A.

1Bl loo

AT 2

also have vy, < ||A||; when vy is positive and —[|A;||1 < v, when v is negative by Lemma 2.4.
(i) When v, is positive,
(a) If v, > 1, then we have

n
Proof. We know < 1 where ||A;||o = max Y |A[(i, j), k]| and B, is the row-wise induced matrix of A, for any k. We
1 i=1

[1Bylloo
1Ak [T

(b) If 0 < v, <1, then we suppose t~! = v;. Thus, we have, t = vl > 1. Then, it follows
k
result in (a).
(ii) When v, is negative,

< v < ||Ag]]1 by Corollary 2.4.1

1 1Al .
<V, < 152 by using the
M = Yk = 1B J1, DY USINg

(@ Ify, <-1,theny, <-1<- Hgt”z We reach —||Ap]|1 < v < — H/Iitl\‘li by using Corollary 2.4.1.
(b) If =1 < v, < 0 then we assume s~! = v,. Hence, s = Ulk < —1. We get —||Ai]l1 <s<-— Hﬁ’;”z by the result of (a). Then

1 1 A ||oo 1
we can rewrite it as, — lIAg <V, < —75
Billoo = k= 7 TR

After the necessary arrangements for the inequalities in (i) and (ii) the result follows. O

Proposition 2.6. Any bimatrix game can be perturbed while the game value v, changes as much as the perturbation and the
strategy sets remain the same.

Proof. One may split the bimatrix game into two different matrix games. As a result of this, we can prove it similar to
Proposition 2.7 of [19] by using the new notations. O

Corollary 2.6.1. Any bimatrix game could be reduced to a game with game value v, = 0 with the same strategy set.

Note that we can use the above corollary in order to create a nonzero-sum bimatrix game whose game value is zero for
any player.

Theorem 2.7. Let A be real valued m x n bimatrix, where a;; > 0 for all 1 <i<m and 1 < j <n, of a nonzero-sum game. Then
the boundaries for the greatest and the smallest elements, pX., and p’fmn respectively, of the strategy set of the corresponding
players are as follows

v
1——k_
k _ 1Ak 1Ty Vg
Piaax = Ly where L, = max{ AT BT [
A
k —mi Al Vi
Pl < Uk where Uy = mm{ m-T &L

where B, is the column wise induced matrix of A, and k=1, 2.
Proof. The proof can be done as it is proved for Theorem 3.3 in [19]. O

The next theorem shows the connection between the extremum values of the strategy set. The theorem also has an
essential role in the game creation process.
. . . 1-pk .
Theorem 2.8. (Min-Max Theorem) Let A be real valued m x n bimatrix of a nonzero-sum game. Then, # <pka<1-

k
(m—1)pk, and 1— (m—1)pk, <pk. < 1;"% hold where k=1, 2.

Proof. The proof is very similar to that of Theorem 3.2, which is the min-max theorem, in [19] and hence the details are
skipped here. O

2.1. Extended matrix norm approach: Boundaries refinement for game value

The following theorems improve the boundaries for the game value of zero-sum matrix games obtained by the MN
method in [19].

Theorem 2.9. Let A be a mxn payoff matrix and v be the game value for a two person zero sum game, and define ||A||; =
mjinz laijl, |Allss = m,-inZ |a;j|. Then,
1

J
if vl =1, then L, < |v| < Uy,
and
if [v] < 1,and |v| # 0, then (U))~! < |v| < (L)~
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Fig. 1. Solution steps’ diagram for the two-person nonzero-sum bimatrix games.

while L, = max{%, Hg”; } and Uy = min {||A||i, ||A||§}, and B is the row-wise induced matrix of A.

Proof. For |v| > 1: The demonstration for the left-hand side (L,) of the inequality can be done directly using the fact that of

a zero-sum game by taking into account the Theorem 2.5 in [19] in the view of Player I and Player II, separately. Similarly,

one can show that the right side of this inequality holds by considering the basic probability assumption that is the strategy
m

set elements are less than or equal to 1 (i.e. p; <1 for all 1 <i<n) since v= 3 p;a;;. Correspondingly, the proof can be
i=1
done by following up the same steps above for |v| <1, as well. O

Theorem 2.10. Let A be real valued m x n payoff matrix, where a;; > 0 for all 1 <i<m and 1< j<n, of a two person zero
sum game. Then, pminl|All1 <V < pmax||All; holds while ||Al|; = min}_ |a;;|, and ppyi, and pmax are the smallest and greatest
Joi

components in the mixed strategy set, respectively.
m m

Proof. Let ||Al|; = }_ |a;;| for fixed 1 < jo <n. We know v= )" p;a;; forany j=1,...,n and p; € [0, 1]. We can also write
i=1 i=1

m m m
V=3 pitij = ) Pildij,| < 3_ Pmax|@jj,| by using these facts. Then, the result follows. The rest of the proof can be done

i=1 i=1 i=1
similarly. O

It is clear that Theorem 2.10 can be also applied to nonzero-sum bimatrix games using the similarity with the zero-sum
matrix games while solving the problem.

Remark 2.11. In order to solve a bimatrix game, after splitting the bimatrix game into two different matrix games, it is
crucial to realize that the vgpp should stay in the optimized interval obtained from Theorem 2.9 and Theorem 2.10. Moreover,
the strategy set’s elements must be selected in the consideration of Theorem 2.7 and principles of the probability and game
theories. Then, one may distribute the strategies in any order by obeying these rules.

Remark 2.12. The game creation process for bimatrix games can be completed by using the methodology, which is described
in [19], for zero-sum matrix games.

Finally, we summarize our extended approach for the solution of bimatrix games in Fig. 1 which might be a practical
tool for the players.

3. Convergence results of the MN approaches

The convergence of the iterative numerical methods is essential. In the illustrations part of this study, we suggest and
show the use of the Extended Matrix Norm approach compared with the Matrix Norm approach iteratively works well to
obtain a better interval for the game value of a matrix game. Therefore, in this section, we aim to discuss some theoretical
preliminary results about the convergence of the MN method (and also the EMN method).
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Theorem 3.1. Let vqpp be approximated game value obtained by MN approaches while Pjt e R*™M j=1,2,...,m! presents the
all possible strategy sets of zero sum matrix game with positive entries A € R™" payoff matrix such that P esta,jo = Vapp, for all
1<i<mand1 < jy=<n. Then

lim vy, =v
Ipll~0 PP

while v is the exact game value of the matrix game with P € R1™ strategy set and, ||P|| = max| ]max |PL, (i) — P(i)|.
1<j<m!

Proof. Let pmax and p,,;, be determined with respect to the Theorem 2.7 and Theorem 2.8 for k=1 (or Theorem 3.1
and Theorem 3.2 in [19]). Then, we can determine the rest of the strategy set by obeying Remark 2.11 and, assume that
Pest = {Pmin> Pmax, P1. P2, ---» Pm_2} € R1*™ represents one of the possible strategy set. Therefore we have m! different or-
ders of the elements of the strategy set P.:. This implies that we have m! altematives for the strategy set which can
be considered through the approaches (i.e. Pk, = {Pmin, Pmax P1, P2+ - - -» Pm—2}, P2 = {Pmaxs Pmins P1, P25+ +» Pm—2}s - -+ Pg?t' =
{pm 2.---+ P2. P1. Pmax. Pmin})- In short, we show that all the possible alternatives of the strategy set by P, =
{pmln pl;jax, p1 p2 ..,p{n_z} while j=1,2,3,...,ml. Now, let’s show the estimation errors with e/ = v{lpp — v, then

el = vapp -V

[P1au‘ + D)+ + P{m_l ydm-2)j + PhinGon 1)) + p{naxamj]

- [Plalj + P2ayj+ - - + Pm-2)A(m-2)j + Pm-14(m-1)j + Pmamj]

= [(P% - P])au + (13]2 - Pz)azj +eee (P]Em_l) - mez)a(m_zy
+ (Pl = Pmo1)@m-1)j + (Phax — Pm) @]

can be obtained for any one of the possible strategy set P: est obtained by MN approaches where P = {py, p2...., pm} is the
exact strategy set of matrix game A. Thus,

uPu | app — V| = HFH ’(p1 PO+ (P = Py + .+ (D) = Pme2)U(mo2)
+ (Pl = Pm-1)m—1)j + (Phax — Pm)m;
<@1;-0+a;-0+...+0agn_2)j- 0+ A(m_1)j- 0+ apj - 0
=0
by Sandwich theorem since 0 < |p{ —pil<|IP|| foralli=1,2,...mand j=1,2,..., m! where ||P|| = lg}g)n(ﬂ 12,1)&|Pg'st(i) —
P()|. O

Remark 3.2. It is clear from Theorem 3.1 that, by MN approaches, we can find possible strategy set Py that is sufficiently
close to actual strategy set P of zero-sum matrix game A if ||P|| — 0 is possible. On the other hand, there are some zero-sum
matrix games whose maximum and minimum strategies are not close enough to each other for each € > 0 such as pmax —
Pmin > € (for instance, see Example 4 in Section 4). This implies that the norm of P may never approach to O (i.e. ||P| >
(Pmax — Pmin) — 0). In these cases, the following corollary guarantees the existence of at least one strategy set obtained by
MN approaches where the corresponding vgpp converges to v.

Corollary 3.2.1. Let A be real valued m x n payoff matrix, where a;;>0forall 1<i<mand 1<j<n, of atwo person zero
sum matrix game. Then, there exists at least one strategy set, P: est where 1 < jo < m!, obtained by MN approaches such that the
corresponding vqpp approaches to actual game value v of zero-sum matrix game A while ||P|| — 0 is not possible, in general.

Proof. Assume that A be a zero-sum matrix game whose maximum and minimum strategies are not close enough to each
other for each € > 0 such as Pmax — Pmin > €, thus [|P|| - 0. On the other hand, the Theorem 2.7 and Theorem 2.8 guarantee

that there are some pmax and pnmn such that plmx plo.. <€ and py, — p{,nm < € for all € > 0 and some jg € [1,m!]. This
implies that there exists at least one strategy set P est obtained with MN approaches where the norm of the corresponding P
converges to 0 such as ||Po|| = max | -3 (1) — P(i)| — 0. Consequently,

lim Vapp =V
app
||Pio] [0

by Theorem 3.1. O

4. Illustrations

In this section, we aim to show the consistency of the extended Matrix Norm approach for the bimatrix game. For
instance, we deal with one of the famous examples in game theory; the battle of sexes and, another explanatory bimatrix
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game. The reader may refer to [19,21] to find more examples about game creation and solution of a two-person matrix game
with details. In the following two examples, we first separate the bimatrix game into two matrix games and apply Matrix
Norm and Extended Matrix Norm approaches directly to show the effects of the refinement obtained by the extended MN
approach explicitly under the statements of the related theorems. The last two examples are only considered to demonstrate
the consistency of the results obtained for the convergence of the Matrix Norm method in Theorem 3.1 and Corollary 3.2.1.

Example 1. Consider the two-person nonzero-sum game with the bimatrix presented in [18],

A_[(3,3) (0,2)}
=121 .5

and the related payoff matrices of Player I and Player II, respectively, are
A [3 0 3 2
1=

2 5]‘ A2 = [1 5
The given bimatrix game values in [18] are (v!,v2) = (2.5,2.6) and the mixed strategy sets are S; = (0.5,0.5) and S, =
(0.6,0.4) for Player I (row player) and Player II (column player), respectively.

We now evaluate the interval for the game value, v*, with extended MN methodology presented in this study. To show
the advantage part of this paper contributions, we first obtain intervals for each player by using Theorem 2.5 as follows:

31/1

7

IA
IA

5 (1)

2

4 v
7

IA
IA

6 (2)

Then, we use Theorem 2.9 to obtain the boundaries for the game values of each player as

1<v' <5

<1¥ <5

[«2] NS ]

At this stage, in order to use Theorem 2.7 directly, we need to choose a dummy game value for the players from the
corresponding interval as it is done in the solution that of Example 3 in [19], as an example choose them as an average of

each interval as v! =3 and v? = 2.92. Now, if we apply Theorem 2.7 for each player under the assumptions, then we have
_3 T2m
Pl =L = max{%, 3}=06and pl, =1, = max{lzfgs , 222} = 0.58. Then, we select pl,, = 0.65 and p?,, = 0.6 in the
light of the inequalities for pX,,, where k =1, 2. It is clear that p1min =0.35 and pfmn = 0.4 since pk ., + p’r‘nin = 1. Therefore,
the mixed strategy sets in this scenario can be preferred as S; = (0.35,0.65) and S, = (0.6, 04).
Moreover, we can obtain a better interval for the game values after the above evaluation by using Theorem 2.10 as,

035x5<v! <0.65x5 and 0.4 x 6 <2 < 0.6 x 5.

175 <v! <3.25 (3)

24<1?<3 (4)

Furthermore, if we compare the intervals of the game value for each player obtained by Theorem 2.5 and Theorem 2.10,
Egs. (1) and (2) to Egs. (3) and (4), respectively, we can see that Theorem 2.10 refines the boundaries of the game value.
This iterated application of the MN method (Theorem 2.9 and Theorem 2.10, respectively) shows that we obtain a better
interval for the game values. This refinement is one of the advantages parts of the extended MN approach for each player
compared with MN approach in [19].

By considering the refinement interval for each game value, if we apply Theorem 2.7, we may obtain better strategy

1-25 1-27
elements as pl., > Ly = max{ =, %} =0.5 and pZ., > L, = max{ -5, ZSJ} = 0.55. The refined strategy sets can be re-

considered as S; = (0.45,0.55) and S; = (0.6, 0.4).

Finally, in order to see the estimation errors, we calculate v’gpp for the players, U}mp = (3x0.45)+ (2 x0.55)=2.45 and
vgpp =(3x0.6)+ (1 x0.4) =2.6. Hence, the errors in the approximated game values are e; = |2.5 - 2.45| = 0.05 and e, =
|2.6 —2.6| = 0. One may create other scenarios with a different selection of a dummy game value and strategies which

might result in smaller errors in the approximated game values.

Example 2. A famous example of a bimatrix game is the battle of sexes. We have a new married couple and they want to
go somewhere together at night. The man likes football (option F), but the woman wants to go theater (option T). If the
couple sees the theater, the payoff for the man is 1 and it is 4 for the woman. If the couple goes to the stadium, then the

7
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payoffs are vice versa, that are, 4 for the man and 1 for the woman. If the couple joins different activities, they both are
unhappy. The bimatrix of the game is

T F
A=|T (1,4) (0,0)
F (0,00 &41)

First, we consider the game for the man’s side. Therefore, the respective payoff matrices for the man and woman are as
follows

T F T F
Al=|T 1 0| A=|T 4 o0
F 0 4 F 0 1

This game may be considered as cooperative game. The strategy set S; = {0.8, 0.2} and the game value v; = 0.8 are given

in [17]. Now, we use MN approach to get estimations. By using the Theorem 2.5, we have 01? <vl < %. Simply,
025<v' <4 (5)
Now, if we apply extended MN method directly using Theorem 2.9, we will have the following:
025<v' <1

In order to find the lower/upper boundaries for the minimum-maximum elements of the strategies, we use Theorem 2.7 for
M =2, phax =Ly where L; = max{1— 2% %8} =08. Similarly, we apply the same theorem for p!. <U; where U; =
0.8 0.8

min{1 — 28 98} = 0.2. Hence, we get p}., > 0.8 and p! . <0.2.

Moreover, if we use Theorem 2.10 for pl,,, = 0.81 and p}mn =0.19, we have (0.19)4 < vgpp < (0.81)1. Therefore, accord-
ing to Remark 2.11, the optimized boundaries for the game value is:

0.76 <v' <0.81 (6)

Thus, the results in Egs. (5) and (6) contain the actual game value. Furthermore, the refinement for the boundary of the
game value can be seen explicitly from the comparison of Egs. (5) and (6). One can obtain a similar interval for the woman'’s
situation by using the payoff matrix A,, as well.

Example 3. Let A be a payoff matrix of Rock-Paper-Scissors game (RPS) with the strategy set P = {0.33, 0.33, 0.33} and the
game value is v =0 [20]:

0o -1 1
A= 1 0 -1
-1 1 0

It is obvious that pmax = Pmin = 0.33 that are maximum and minimum strategies of RPS game are sufficiently close to each
other. Therefore, this is one of the good example to show the convergence of MN approaches, while ||P|| — 0 is possible,
under the light of Theorem 3.1. directly. First, we need to perturbate the payoff matrix A of RPS game by Proposition 2.7 in
[19] in order to get rid of the negative entries and reduce it into the applicable form of the Matrix Norm approaches. For
this purpose, we select any x = 3 that makes all entries positive and ease our calculations since the strategy set is preserved
and the game value is only perturbed 3 units [19]. Then, we obtain the following perturbed payoff matrix with the same
strategy set P above while the perturbed game value is v, =0+ 3 =3,

3 2 4
Ay=14 3 2
2 4 3

Then, we calculate the corresponding matrix norms to use the theorems as ||Apllsc =9, |IBp|loc =9, ||1Apll1 =9 and ||Bpl|; =
9. Next, we use Theorem 2.5 and obtain the boundaries for the game value, 1 < vp <9 and choose Vgymp,, = 5 as an example.
Later, we evaluate upper and lower bounds for pn, and pmax by Theorem 2.7, respectively, find the following boundaries:
Pmin < U,U =min{0.22, 0.56}, and select p,;, = 0.21 and pmax > L, L = max{0.22, 0.56}, and choose pmax = 0.57. Finally, we
obtain all possible strategy sets by obeying Remark 2.11 as follows:

P! ={0.22,0.21,0.57} and Vgpp; = 2.64

P? ={0.22,0.57,0.21} and vgppy = 2.65

P3 ={0.21,0.57,0.22} and vgpp3 = 2.64

P*=1{0.21,0.22,0.57} and vgpps = 2.65

P> ={0.57,0.22,0.21} and vgpps = 2.64

P8 ={0.57,0.21,0.22} and vgpps = 2.65

Under the above scenarios, it is clear that ||P|| = 0.24 is not sufficiently close to zero for all possible strategy sets, there-
fore most of the approximated game values are not close enough to vp =3, and the mean error is 0.355. To obtain better
convergence results by MN approaches and present the importance of the Theorem 2.10 which is one of the most impor-
tant contributions of this paper, we refine the boundaries of the game value by Theorem 2.10 and obtain the new inter-
val for the game value as 1.89 < v, < 5.13. Then, we again determine a dummy game value in this refinement interval as

8
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Behavior of Approximated Game Value

Mean Error

0.24 0.12 0.06 0.03 0.02 0.01

©
=]

o

| |P]] values

Fig. 2. Convergence of MN method: Mean Error vs ||P|| values.

an example Vgymm, = 3.51. After that, we update pp, and pmax by Theorem 2.7 as ppi, < U,U = min{0.305, 0.39}, select
Pmin = 0.3 and pmax > L, L = max{0.305,0.39}, and choose pmax = 0.39. Finally, we recreate the possible strategy sets by
obeying Remark 2.11 as follows:

P! ={0.39,0.30,0.31} and vgpp = 2.92

P2 ={0.39,0.31,0.30} and Vgpp; = 2.91

P? ={0.31,0.39, 0.30} and vgpp3 = 2.91

P*={0.31,0.30,0.39} and vgpps = 2.92

P> ={0.30,0.31,0.39} and vgpps = 2.92

P% ={0.30,0.39,0.31} and vgpps = 2.91

In the latter scenario, if we compare the corresponding possible alternative results with the former one, we can state
that while ||P|| gets closer to O (i.e. it reduces from ||P|| = 0.24 to ||P|| = 0.06), the number of the relatively convergent
strategies is almost the same while the respective approximated game value approaches better to the actual game value (i.e.
[|P|| =0.06 and v,p,» — vp = 0.09 while the mean error reduces to 0.085). To make it more clear, we consider the different
scenarios and analyze the behavior of the approximated solutions in terms of the mean error in Fig. 2.

This figure confirms the results which are promised in Theorem 3.1, and shows the consistency of the MN approach.

Clearly, we notice that the following statement

lim |vgpp —Vp| =0

pli—o PP P
satisfies even though we perturb back the game value (vqpp —X) — (Vp — x) by the properties of the limit. In the first selec-
tion of Vpgummy = 5, |IP|| = 0.24 and vqpp — vp = 0.36 but the elements of the possible strategy sets are not similar to the
actual mix strategy set. However, in the second selection of v4,;my, = 3.51 obtained by Theorem 2.10, we have [|P|| = 0.06
and vgpp — Vp = 0.09. We see that [|P||, in this case, is sufficiently close to zero and therefore we obtain a better possible
strategy set as stated in Theorem 3.1. If we choose Vg, that results ||P|| =0, we can find an approximated game value
exactly the same as the actual game value as it is supported by Fig. 2.

Example 4. In this example, we want to illustrate what Corallary 3.2.1 states with an application. Let A be real valued 3 x 3
payoff matrix of a game with the strategy set P = {0.25,0.5,0.25} and the game value is v =5 [23]:

5 6 3
A=|6 3 8
3 8 1

In order to use the theorems, we need some precalculations such as the related matrix norms: ||A||eco = 17, ||B||c = 14,
||All1 =17, and ||B||; = 14. Firstly, we use Theorem 2.5 to find an interval for the game value and choose as a dummy
game value from the interval. We calculate the interval as 0.82 < v <17, and select Vgypmmy =9, as an example. Next, we
compute upper and lower bound for p.,i, and pmax, respectively, by using Theorem 2.7. Then, we obtain the upper bound
for pmin <U,U =min{0.18,0.53}, and choose ppi, = 0.14 as an example since p, < 0.18,. After, we calculate the lower
bound for pmax by using the same theorem as pmax > L, L = max{0.24, 0.64} and choose it as pmax = 0.7. Finally, we decide
the element of the strategy set by considering Remark 2.11 and write the possible strategy sets as follows:

P! ={0.7,0.14,0.16} and vgpp; = 3.38

P2 ={0.7,0.16,0.14} and vgpp; = 3.52

P3 ={0.16,0.7,0.14} and vgpp; = 4.18

P4 ={0.16,0.14,0.7} and vgpps = 2.30
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P> ={0.14,0.7,0.16} and vgpps = 4.22

P5 ={0.14,0.16,0.7} and vgpps = 2.40

Even though, we have some approximated game value that are relatively close to the actual game value with some error,
such as 0.82 and 0.78 belonging to the approximated game value obtained by the strategy sets P; and Ps, we know that
a better strategy set can be found that is indicated by Theorem 3.1 since ||P|| = 0.45 does not sufficiently close to zero.
Therefore, we need to reconsider the maximum element in the possible strategy sets in order to find a more fitting strategy
set such that satisfying vqpp — v = 0.

In the light of these fact, we firstly start with refining the boundaries of the game value by using Theorem 2.10 in order
to update Vgympy as following, 0.14 x 17 < v < 0.7 x 12 and the resulting interval is,

238<v<84 (7)

Then, let us select another dummy game value from inequality in (7) as an example Vg, = 7 in order to reconsider the
maximum element. We use Theorem 2.7 for the computation of upper and lower bound for p,;, and pmax again, respec-
tively. We evaluate them as p,;, < U,U = min{0.25, 0.41} and pmax > L, L = max{0.29, 0.5}. The upper and lower boundaries
are Pmin < 0.25 and pmax > 0.5. Later, we choose pmax = 0.52 and p,;i,0.22. Next, we create 3! = 6 different strategy sets by
the facts stated in Remark 2.11 and write them as follows:

P! ={0.22,0.26,0.52} and vgp, = 3.26

P? ={0.22,0.52,0.26} and vgpy,, = 4.96

P3 ={0.26,0.22,0.52} and vgpy3 = 3.06

P* ={0.26,0.52,0.26} and vgppq = 5.02

P> ={0.52,0.22,0.26} and vgpps = 3.58

P8 ={0.52,0.26,0.22} and vqpys = 3.86

Here, we can see that ||P|| = 0.28. Since ||P|| is not sufficiently close to zero for all possible strategy sets, it means that
we can say by Corollary 3.2.1 that, there exists at least one possible distribution of strategies such that almost satisfying the
statement in Theorem 3.1 since ||P|| is not exactly zero in this case. Thus, it is clear that e = vgpp — v — 0 as ||P|| — 0 for
the strategy set P, (or P») and its game value is vqppy = 5.02. We can say that if we choose and distribute the elements of
the strategy set properly by keeping Remark 2.11 and other related theorems, we can find a strategy set such that ||P|| — O,
and therefore we can find the actual game value by the MN methods while vgpp — v.

5. Conclusions and future study

We adapt and apply the new aspect for the solution of the zero-sum matrix games using matrix norms to the nonzero-
sum bimatrix games by defining the new notation for the bimatrix games. We state and prove theorems that include the
inequalities only depending on 1 —norm and oo — norm of the payoff matrix of each player, for the game value of the bi-
matrix games. Moreover, we provide the lower and upper boundaries for the maximum and the minimum elements of the
strategy set, respectively. In addition to these, we take the boundaries for the game value in the literature one step further
for both zero and nonzero-sum matrix games. Thus, we succeed to obtain an improved interval for the game value. Likewise,
we readjust the min-max theorem for the bimatrix game.

As a natural consequence of these theoretical frameworks, the approximated solution of the nonzero-sum bimatrix game
for each player may be obtained faster since the MN approach does not involve any linear programming or any other com-
putational methods and, the methodology gives the approximated result without dealing with the solution of any equa-
tions system. This is one of the strongest parts of this extension for the bimatrix games. Additionally, we analyze the con-
vergence of the MN method (and also the EMN method) in detail and present it as a theorem. In addition, we state a
corollary corresponding to the convergence theorem and show the existence of the solution for the Matrix Norm approach.
Finally, we comprehensively illustrate the application of the Extended Matrix Norm method in the first example. Addition-
ally, we explain the usage of the method for the game value by considering one of the famous problems, that is battle of
sexes, in game theory. The results of these exemplifications confirm that the extended MN approach is also consistent with
the literature. Furthermore, and most importantly, the comparisons of the intervals obtained for game values present the
advancements of the approach on the boundaries, explicitly. We believe that these improvements may play an important
role in the applications and usage of the nonzero-sum bimatrix games. In addition to these, we consider two more examples
and illustrate the convergence of the MN method (and also the EMN method) by using the presented theorem.

Although the MN/EMN method works well for the zero-sum and nonzero-sum matrix games, it may be hard to determine
and distribute the strategy set elements in an appropriate order when we consider the large-scale matrix games (i.e. A €
R10x10 gp A ¢ R100x100 etc,), We also work on this problem and try to solve this issue via artificial intelligence applications
of the EMN method in [24]. On the other hand, we think that of Extended Matrix Norm approach may use for finding
Nash equilibrium after these developments and extensions for the solution of the zero-sum matrix game and nonzero-
sum bimatrix game. The possibility of an algorithm involving the Extended Matrix Norm approach to finding the Nash
equilibrium is left for another study which warrants further research.
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