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Abstract

In this paper, a new concept of bifuzzy bi-matrix game is introduced where all elements
of the payoff matrices are characterized by bifuzzy variables. The uncertainties of entries
of payoff matrices (bifuzzy variables) are measured by bifuzzy measure known as Chance
measure. Combining the bifuzzy set theory and bi-matrix game theory, the solution
concept of bifuzzy bi-matrix game theory is introduced. The quadratic programming
problem plays the major role to solve bifuzzy bi-matrix game. In order to show the
applicability and feasibility of our proposed method, a real-life bi-matrix game problem
is considered and solved.

Keywords: Bifuzzy variable; Expected value operator; Chance measure; Quadratic
programming; Nash equilibrium strategy

Introduction

Game theory [1] is a bag of analytical tools designed to help us understand the phenomena
that we observed when decision-makers interact. The models of game theory are highly
abstract representations of classes of real-life situations. The basic assumption is that the
decision-makers pursued well-defined exogenous objectives and take into account their
knowledge and expectations of other decision-maker’s behavior.

A game is a formal description of a strategic situation. Game theory is applied whenever
the actions of several agents are interdependent. These agents may be individuals, groups,
firms, or any combination of these. The concept of game theory provides a language to
formulate, structure, analyze, and understand the strategic scenario. A payoff is a number,
also called utility, that reflects the desirability of an outcome to a player, for whatever
reason. When the outcomes are uncertain variables, payoffs are usually weighted with
their uncertainty. The expected payoff incorporates the player’s attitude toward risk. A
game in strategic form, also called normal form, is a compact representation of a game in
which players simultaneously choose their strategies. The resulting payoffs are presented
in a table with a cell for each strategy combination. In a game in strategic form, a strategy is
one of the given possible actions of a player. In an extensive game, a strategy is a complete
plan of choices, one for each decision point of the player.

In game theory, the players have to choose appropriate strategy to optimize their gain.
There have been different methodologies in bi-matrix game theory to optimize the solu-
tion, a well-known technique is Wolfe’s modified simplex method. In traditional game
theory, the elements of payoff matrix are considered as real numbers, and this basically
depends upon the gain of the players. In recent years, attempts have been made to extend
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the results of crisp game theory to the fuzzy games [2-7]. In credibilistic bi-matrix game
[8], the payoff elements are fuzzy variables. To find the optimum solution, applying the
fuzzy measurable function known as credibility defined by Liu [9] in 2002. Using cred-
ibility theory and game theory, the credibilistic bi-matrix game is converted into crisp
quadratic programming problem which depends upon the confidence level of the play-
ers’ payoff matrix. In bifuzzy matrix game [10], the elements of the payoff matrix are
bifuzzy variables, and its uncertainty is measured by bifuzzy measurable function known
as Chance measure introduced by Liu [9]. Zhou and Liu [11] introduced the concept
of chance distribution for bifuzzy variable, and they also introduced the expected value
operator and its linearity on bifuzzy variable.

In many cases, fuzzy variable is not sufficient to handle some type of real-life prac-
tical problems on bi-matrix game. As a result, a new type of variable is incorporated
which known as bifuzzy variable of bifuzzy set theory. Due to this reason, the ele-
ments of payoff matrices (bi-matrix game) are considered as bifuzzy variables in this
paper. In fuzzy variables, the bounds are real numbers whereas in bifuzzy variable,
the bounds are fuzzy variables and the uncertainty of bifuzzy variable is measured by
chance measure. Combining the bifuzzy set theory and bi-matrix game, bifuzzy bi-matrix
game has been formulated. The optimum solution of bifuzzy bi-matrix game, depend-
ing upon their confidence levels, is discussed in this paper. Finally, a practical example
is included to explain the proposed methodology, and then, solution procedure has been
discussed.

Preliminaries
Given a universe ®, P(®) is the power set of ®, and a set function Pos defines on P(®)
which is called a possibility measure if it satisfies the following conditions

1. Pos(¢) =0, ¢ is an empty set.
2. Pos(®) =1.
3. Pos(U;giA;) = sup;c; Pos(A;) for any subclass {4;|i € I} of P(©).

The necessity measure of a set A is defined as the impossibility of the opposite set A€
Then, the necessity measure of A is defined by

Nec(A) = 1 — Pos(A°).

The triplet (®, P(®), Pos) is usually called a possibility space, which is also called a pat-
tern space. In addition, a self dual set function is called credibility measure [9,12] and
defined as follows:

Cr(A) = % [Pos(A) + 1 — Pos(A9)]

for any A € P(®) where A€ is the complement of A.

A fuzzy variable £ is defined as a function from a credibility space (®, P(®), Cr) to the
set of real numbers. Based on credibility measure, the expected value of fuzzy variable &
is defined as:

[e%9) 0
Elg]= f Cr{é = rldr — f Cr{e < ridr,
0

—00

provided that at least one of the two integrals is finite.
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Example 1. (Liu and Lui [13]) Let & = (a,b,c,d) be a trapezoidal fuzzy variable with
¢ <a<b<d. Then, we have

E[é]Zi(a—kb%—c—i—d)

Given a credibility space (®, P(®), Cr) which is complete, we obtain the definition of
bifuzzy variable as follows

Definition 1. (Liu [9]) A bifuzzy variable is a function from the credibility space
(®, P(®), Cr) to the set of fuzzy variables.

Definition 2. (Liu [9]) Let (®, P(®), Cr) be a credibility space. A map ¢ = (£1,82, .y &n) T -
® — F," is said to be an n-array bifuzzy vector if for any Borel subset B of %, the  function

Cr{6 € © 12 (0) € B

is treated as measurable with respect to 0, as n = 1, where ¢ is called a bifuzzy variable.
Definition 3. (Liu [9]) An n-dimensional bifuzzy vector is a function from the credibility
space (©, P(0®), Cr) to the set of n-dimensional fuzzy vector.

Theorem 1. (Liu [9]) Assume that ¢ is a bifuzzy variable. Then for any set B of R, we have

(a)  The possibility Pos{¢(0) € B} is a fuzzy variable.
(b)  The necessity Nec{¢(0) € B} is a fuzzy variable.
(c)  The credibility Cr{¢(0) € B} is a fuzzy variable.

Definition 4. (Liu [9]) Suppose ¢ is a bifuzzy variable, the expected value of ¢ is a real
number defined as,

0 0
Elc]= / Cr{6 € OIEL(6)] = r)dr — / Cri6 € OIE[¢(6)] < r}dr
0

—0Q

provided that at least one of the two integrals is finite.

Theorem 2. (Liu [9]) Let ¢ be a bifuzzy variable. If the expected value E[£ ()] is finite for
each 0, then E[¢(0)] is a fuzzy variable.

Definition 5. (Zhou and Liu [11]) Assume that { and p are bifuzzy variables with finite
expected values. If for each 0 € ©, the fuzzy variables £ (0) and p(0) are independent, and
E[¢(0)] and E[p(0)] are independent fuzzy variables, then for any real numbers a and b,
we have

E[ag + bp] = aE[¢] +bE[p]

Example 2. Let ¢ = (&1,&2,&3,&4) be a bifuzzy variable with independent trapezoidal
fuzzy variable & = (a;, bj, ¢;, d;) fori = 1,2,3,4. Then we have

E[¢] = 25[51 +& +E+]= i[E[$1]+E[$2] +E[&3] +E[€4] ]

i[i(m-l—bl+C1+d1)+i(ﬂz+b2+62+d2)+i(ﬂ3+b3+c3+d3)
+%(ﬂ4+b4+64+d4)]

= T16(a1+b1+cl +di+tay+by+cytdytaz+bz+cz+dz+ag+by+cy+dy)

where the fuzzy variable & = (a;, bj, ¢;, d;) such that ¢; < a; < b; < d, fori =1,2,3,4.
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Definition 6. (Liu [9]) Let ¢ be a bifuzzy variable and B be a set of real number . Then,
the chance measure denoted by Ch of bifuzzy event ¢ € B is a function from (0,1] to [0, 1]
defined as,

Ch{t € BY(a) = supcr{A} > ainfy.,Cr{z(0) € B}

Theorem 3. (Zhou and Liu [11]) Let ¢ be a bifuzzy variable and B be a Borel set of . For
any given o* > 0.5, we write §* = Ch{¢ € B}(a*). Then, we have

Cr{0 € ®|Cr{¢(0) € B} > §*} > o™.
Definition 7. (Liu [9]) Let ¢ be a bifuzzy variable and o, § € (0,1]. Then
Csup (@, 8) = sup{w|Ch{; = wh(a) = &}
is called the (a, §) —optimistic value to ¢ and
Sinf (0, 8) = inf{w|Ch{¢ < wi(e) = &}

is called the (a, §)—pessimistic value to ¢

Theorem 4. (Zhou and Liu [11]) Let { be a bifuzzy variable. Assume that g,,(a, ) is the
(o, 8)—optimistic value of ¢ and Cip(a, 8) is the (o, §)—pessimistic value to ¢. If o > 0.5
and § > 0.5 then we have,

Ch{¢ = Ginf (o, )} ) = 8, Ch{¢ = Cap(a, )} () =6

Example 3. Let us consider the trapezoidal fuzzy variable ¢ = (a, b, c,d) with the crisp
relation a < b < ¢ < d. Then, the fuzzy measures namely possibility, necessity, and
credibility are defined by Liu [9] as follows:

1 ifb<0,
Pos{§ <0} = 2% ifa <0 <),
0  ifotherwise.

1 ifd=<0o,
Nec{¢ <0} = cfd ifc<0<d,
0  ifotherwise.

1 ifd <0,
22(2:3) ifc<0<d,

ag<o={1  sr<o<q
2~ ifa<0<b,
0 if otherwise.

Theorem 5. (Liu [9]) Let us consider the trapezoidal fuzzy variable & = (a, b, c,d) and
confidence level a € (0, 1], we have

(1) Pos{é <0} >a,ifandonlyif (1—a)a+ab=<0

(2) Nec{§ <0} >a,ifandonlyif (1 —a)c+ad <0

(3) whena < %, Cr{¢ <0} > «, ifand only if (1 —2a)a + 2ab <0

(4) whena > %, Cr{§ <0} > a,ifandonlyif (2 —2a)c+ 2o —1)d <0
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Theorem 6. (Liu [9]) Let & = (ax, by, ¢k, dy) be trapezoidal fuzzy variables for k =
1,2,--- ,nand a function g(x, &) can be written as,

g, &) = hi(®)é1 + ha(®)&2 + - + hn(X)6n + ho(x)

If two functions are defined as h;:(x) = hi(x) vV 0 and h; (x) = —hi(x) A O for k
1,2, ,n, Then, there exists a confidence level « € (0,1],

(1) whena < 1/2, Cr{g(x,&) <0} > «, ifand only if,
n n
A= 200) Y [ahf () — dich ()] + 2 Y [l (%) — e ()] + ho(x) <0
k=1 k=1
(2) whena >1/2, Cr{g(x,&) <0} > «, ifand only if,

2= 2a0) Y [ehif () — bk )]+ Qo = 1) Y [dichif (%) — awhyc ()] +ho(x) < 0
k=1 k=1

Theorem 7. Let & = (§1x, Eak> &3k, Eak) be bifuzzy variables fork = 1,2, - - - , n with trape-
zoidal fuzzy variable &, = (@i D> Cuk> i) for m = 1,2,3,4 and a function g(x, )
can be written as,

g, 8) =h1(@1 +ha(x)&o + - - + 1y (%) &y + ho(x)

If two functions are defined as hlj(x) = hx(x) VvV 0 and b (x) = —hi(x) A0 for k =
1,2, -+ ,n Then, there exists a confidence level («, ) € (0,1],

(1) whené$ < 1/2, Ch{g(x,¢) < 0}(«) > 4, ifand only if,
(1 —28)P11 +28P1p + hp(x) <0
(2) whené > 1/2, Ch{g(x,¢) < O0}(a) > §, ifand only if,

(2 —28)Py1 + (28 — )Py + ho(x) <0
where P11 defined as,

(1) whena < 1/2, ifand only if,

Pii=(1-2a) Z [avch] (%) — dah ()] + 20 Z [brh{ () — carhy ()]
k=1 k=1

(2) whena > 1/2, ifand only if,

Pry=Q2=20) Y [ewhf &) — bah ()] + Qo — 1) Y [diphf (%) — agehy; ()]
k=1 k=1

where Py, defined as,

(1) whena < 1/2, ifand only if,

Pyy=(1—20) Y [anhf ) — dsih (1)) + 2 Y _ [t (%) — cshy ()]
k=1 k=1

Page 5 of 17
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(2) whena > 1/2, ifand only if,

Py = (2—2) Y [eahif (6) — bahc ()] + Qo — 1) Y [dohif (%) — asihy; ()]
k=1 k=1

where Py defined as,

(1) whena < 1/2, ifand only if,

Py =(1—-20) ) [ashf %) — dorhy )] + 20 Y [bshl (x) — coyc ()]
k=1 k=1

(2)  whena > 1/2, ifand only if,

Py = (2= 20) Y [eschif () — by (1)) + Qo — 1) Y [l (0) — aniy; ()]
k=1 k=1

where Py, defined as,

(1) whena < 1/2, ifand only if,

Pyy = (1=20) Y [awchif () — dui ()] + 20 Y [barhif (%) — cah ()]
k=1 k=1

(2) whena > 1/2, ifand only if,

Pyy = (2—2w) Y [eahif () — by ()] + Qo — 1) Y [durhif (%) — anhy; ()]
k=1 k=1

Proof. Since h;{r (x) and &1;_(x) both are nonnegative functions and /i (x) = hlj (x) — hy (),
thus we have

g0 =Y @)k + ho)
k=1

= > [ @) — ki @] ¢k + ho(x)

k=1

= [ @& + g )] + o)
k=1

where é‘]i = (_54/(1 _$3k’ _52/(1 _%'lk) for k = 1L,2,---,n with _émk = (_dmk, —Cmk>
=Dy, —ami) for m = 1,2, 3,4. In the function g(x, ¢), the addition and multiplication on
bifuzzy variables is determined by quadruple as follows,

Yk [Ewt (%) — Eaichy )] + ho (%)

o) = | Zk=t Bt @) = s (0] 4 o)
’ S [kl (0) — Eachy ()] + ho ()

[ ]

Yt [Earhf ) = Eurl (0] + ho(®)

Page 6 of 17
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ie,

Yie [awhy () — dachy (%)) + ho(x)
i [buihy () — carhy ()] + ho(x)

Y ket Loy () — baghy ()] + ho(x)
ks [y () — asechy (0] + ho(x)

Y ier [aahy () — dachy (%)) + ho(x)

Y ket [Barhy () — esihy (0)] + ho(x)

> ket [carhy () — barhy ()] 4 ho(x)
o) = | Dkt [ @) = @y @] + o)
Y i [aschy () — dohy (%)) + ho(x)

Y ket [Barhy () — carhy ()] + ho(x)
> ket [earhy () — borhy ()] 4 ho(x)
Yien [daht (¥) — aschy (%)) + ho(x)
Y it [aarhyt () — dichy (%)) + ho(x)
Y ket [barhit () — crxhy (0)] + ho(x)
> ket [carhst () — bighy ()] 4 ho(x)
Y i [darhit () — archy (0)] + ho(x)

Depending upon the confidence level of (§,«), we can separate the above constraints
using Theorem 6. O

Bi-matrix game
In this subsection, let us consider the bi-matrix game whose payoff elements are char-
acterized by real numbers. Let X = {1,2,---,m} be a set of strategies for the player I
and Y = {1,2,---,n} be a set of strategies for player II. Let R” be the n-dimensional
Euclidean space and R be its non-negative orthant. Here, el be a vector of element ‘1’
whose dimension is specified as per specific context. Mixed strategies of players I and II
are represented by ¥ = {x € R”,e’x = 1} and ¥ = {y € R, e’y = 1}, respectively.

By considering real numbers a;; and b;; as the expected reward for the players I and II
corresponding to the proposed strategies i and j, respectively. Then, the bi-matrix game
can be defined as follows:

(a11,b11) (a12,b12) . .. (@1, b1p)

(a21,b21) (a22,b22) ... (a2, bay)
(A,B) =

@m1,bm1) (@m2,bm2) . . . (@mn> bon)

Definition 8. (Basar and Olsder [14]) A pair (x*,y*) € SX x SY is said to be Nash
equilibrium strategy of the bi-matrix game BG = (SX,SY, A, B) if,

xTAy* < x*TAy* ,Vx € $X

and x*TBy < x*TBy* vy e §¥
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Theorem 8. (Basar and Olsder [14]) Let BG = (S%,SY, A, B) be given bi-matrix game. A
necessary and sufficient condition that (x*,y*) be an equilibrium strategy of BG is that it

is a solution of the following quadratic programming problem,

max xT(A +By—v—w

subject to, Ay —ve < 0
Blx —we <0
eflx—1=0

eTy—l =0

v,we R

xy >0

Lemma 1. Ifv* be the value of the game for player I where v* is given by
v = x*TAy* = max {xTAy* celx =1,x> 0]
X
and w* is the value of the game for player Il where w* is given by

w* = x*T By* = max {x*TBy cely=1,y> 0}
y

And if we assume that x; = 3! and y;' = }% (fori=1,2,--- ,m;j=1,2,---,n). Then,
the above Theorem 8 reduces into the following quadratic programming problem,

max e’x +eTy + x¥T(A +B)y

n
subject to, Zﬂijj’; <1fori=12---,m
=1

m

/

> by
i=1

/

x,y >0

IA

1forj=1,2,---,n

where (x*, y*) and (v, w*) are the Nash equilibrium strategy and outcome of the bi-matrix

game BG.

Proof. Since (x*,y*) € SX x §Y be the Nash equilibrium strategy of the bi-matrix game
BG if and only if x* and y* are simultaneously solutions of the following two problems,

max xTAy*
subject to, elx=1 (1)

x> 0.
and

max x*7By
subjectto, ely=1 2)
y>0.

Here, (x*,y*) € SX x SY be an optimal strategy of BG that satisfy the conditions of (1) and

(2). Also T’ = % and ely = % that is, eTx’* = % and e’y = Vi* So the constraints of
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Theorem 8 can be written into the following form,

Ay* < v¥e because xTAy* <vxTe=v* (3)
Hence, Ay < ve or Ay <e (4)
n
ie, Za,'jylff 1fori=1,2,---,m (5)
j=1
and
+*TB < wke because x*TBy < w*yTe =w* (6)
Hence, BTx < we or BTx' <e (7)
m
ie, Y byx;<1forj=12--,n (8)
i=1

Therefore, the objective function of the Theorem 8 can be modified into the following

form,
max xL(A + By —v—w 9)
x T y 1 1
or max (=) A+B)(=) + —+— (10)
w v wov
Hence, max x’T(A +B)y + elx +efy (11)
Now recall the Equations (5), (8), and (11) with &/, > 0, the theorem is obvious. O

Bifuzzy bi-matrix game

In the crisp scenario, there exists a beautiful relationship on bi-matrix game. It is there-
fore natural to ask if something similar holds in bifuzzy scenario as well. In many applied
situation, the elements of the bi-matrix game are not fixed. So the elements are impre-
cise. Therefore, to introduce the bi-matrix game, we considered the elements as bifuzzy
variables and then it is measured by Chance. Let the bifuzzy variable ¢;; denote the pay-
off element that player I gains or the bifuzzy variable p; be the payoff element that player
IT gains when players I and II play the strategies i and j, respectively. Then, the bifuzzy
bi-matrix game can be represented as follows:

(¢11,011) (C12,012) - -+ (C1ms P10)
(21, 021) (822, 022) - - . (C2ms P20)

(§! )0) =

(Cm1s Pm1) Cm2s Pm2) -+ - (Cmns Pmn)

Definition 9. Let §jj and p;j (i = 1,2,..,m;j = 1,2,--- ,n) be independent bifuzzy vari-
ables. Then, (x*,y*) is called an expected bifuzzy Nash equilibrium strategy to the bifuzzy
bi-matrix game {SX,SY, ¢, p} if,

v =E [x*Tg'y*] >E [ng“y*] ,Vx e §X
w"=E [x*pr*] >E [x*T,oy] Wy e st

The pair (v*, w*) is called an optimum value of the bifuzzy bi-matrix game.
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Definition 10. Let ¢;j and p; (i = 1,2,..,m;j = 1,2,--- ,n) are different independent
bifuzzy variables, («,8) € (0,1] and w,v € N be predetermined level of the bifuzzy pay-
offs. Then (x*,y*) is called a («, 8)-bifuzzy equilibrium strategy to bifuzzy bi-matrix game
(58", ¢.nyif

max{v| Ch{xT ¢y* > v}(a) > 8} < max{v| Chix*T¢y* > v}(@) > &)

max{w| Chix*" py = w)(a) = 8} < max{w| Chix*T py* = w}(@) = &)

Lemma 2. Let bifuzzy bi-matrix game BG = {SX,SY,¢, p} and the value of the game
v* for player I is given by

v = E[x* Ty = m;ix{ngy* celx=1,x> 0}
and w* is the value of the game for player 11 is given by

w* = Elx*T py*] = m;lx{x*T,oy cely=1,y>0}
where the max operator is defined as,

mg)yc{xTCy} = %7 Cymax such that E[x” ¢y] < E[x” ¢ ymax]
ye

If we assume that x; = % and y; = %(fori =1,2,---,m;j=1,2,--- ,n) and the expected
value operator (E) defined on the objective function and the uncertainty of the bifuzzy
constraints is measured with bifuzzy measurable function Chance with confidence level
(a,8) € (0,1]. Then the Lemma (1) reduces into the following quadratic programming
problem (QPP):

max elx’ +ely + ElxT @ + 0)y']

n
subject to, Ch{Z ;“ijy; < 1) =38 for i=1,2,---,m

j=1

m
Ch{z Pij %
i=1

Y >04x >0

IA

I w) =38 for j=1,2,---,n

where (x*,y*) is the equilibrium strategy and (v*,w*) is the equilibrium outcome of the
bifuzzy bi-matrix game.

Proof. Since (x*,5*) € $* x SY be an equilibrium strategy of the bifuzzy bi-matrix game
if and only if x* and y* are simultaneously solutions of the following two problems,

max x7¢y*
subject to, elx=1 (12)
x> 0.
and

max x*T py

subject to, ely=1 (13)

y=>0.
Here, (x*,y*) € SX x SY be an arbitrary strategy of the bifuzzy bi-matrix game that satisfy
the conditions (3.12) and (3.13). Also, eTx’ = % and Ty = %, that is, e?x’™ = %

and eTy* = Vi* So the constraints of Lemma (1) are the elements of bifuzzy variables
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for bifuzzy bi-matrix game. So we cannot directly write the inequality for bifuzzy payoff.
For the uncertainty of the payoff elements, applying the bifuzzy uncertain measurable
function Chance with confidence level («, §) € (0, 1] as follows:

Ch {¢ y* < v*e}(a) > & because, Chix! ¢y* < v'ale = v*}(a) > §
Hence, Ch {¢ y < ve}(a) > 8 or, Ch{¢ ) <e}(a) >$

n
Ch (> Gy < @) 28 for =12 ,m
j=1

and
Ch {#*Tp < w*e}(a) > § because, Ch{x*T,oy <w*yle = w*}(a) = §
Hence, Ch {pTx < we}(a) > 8 or, Chi{p’ x' < e}(@) > §

m
Ch () pja;<1(@) =8 for j=12,,n
i=1

Quadratic programming problem
To derive the solution of the bifuzzy bi-matrix game, we are to solve the following bifuzzy
quadratic programming problem,

max eTx' +eTy + &7+ p)y

IA

n
subject to, Z Giyp <1 for i=1,2---,m
j=1

IA

1 for j=12,---,n

m

!
Z Pij %
i=1

¥y =04 >

Y
e

Since the bifuzzy variables are present in the above quadratic programming problem, so
traditional method is not applicable. To find the solution of the above problem, we have
to introduce the bifuzzy expected operator to the objective function and the constraints,
bifuzzy measurable function named as Chance with confidence level («,8) € (0,1]. So
the bifuzzy quadratic programming problem becomes

max E[e’x +eTy + x/T(C +0)y']

n
subject to, Ch{z S 9
=1

A

1Y) >48 for i=12,---,m

m
(Yo% = @ =6 for j=12-,n
i=1

¥y >0, > 0.
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With the help of Theorem 7, we can easily find that #*(x) = «,hT(y) = ¥/, and
h™(x) = 0,h~ (y) = 0 because ¥’ > 0,4" > 0, and using the bifuzzy set theory, the above
problem can be written into crisp quadratic programming problem which depends upon
the confidence level («, 8) € (0, 1], as follows:

1 m n

max = 21 ;{“iﬂl + aijia + a1 + aizr + bijin + bz + bipr + bijo
=1 j=

+eijn1 + cijiz + cijp1 + cijoa +dijin + dijia + dio1 + dijn

+xij11 + Xij12 + Xijp1 + Xijo2 + Yiji1 + Yiji2 + Yip1r + Yij2

+zij11 + zij12 + zijo1 + Zije2 + L + Lijiz + tijan + ti/'22}x;'y;'
m n
3+ Y
i=1 j=1

subject to,
If§ <050 < 0.5,

n
Z {Q =28){(1 = 20)a;11 + 2abjin} + 28{(1 — 2a)a;12 + 2abji2}} y]/' <1

j=1
for i=1,2,---,m

{Q = 28){(1 — 2011 + 2ayj11} + 28{(1 — 2e)x512 + 2eyi12}} & < 1

m
=1

14

for j=1,2,---,n

¥y >0 >0

If§ < 0.5, > 0.5,

n
DA =20){2 = 2)egnn + Qo — Ddyun} + 28{(2 — 2@)ejin + Qo — Ddjia}} yf < 1
j=1
for i=1,2,---,m
m
Z {(1 = 28){(2 — 2a)zj11 + 2 — Dy} + 28{(2 — 20)zj12 + 2 — Do} x; < 1

i=1
for j=1,2,---,n

¥y >0 >0
If§ > 0.5, < 0.5,
n
Z {2 =28){Q = 2e)am1 + 2abyo1} + (28 — D{(1 — 20) a2 + 2abynz}} y; < 1
=1

fori=1,2,---,m

m
Z {(2 = 280){(1 — 2e)xi21 + 2ayip1} + (26 — D{(1 — 20)x502 + 2ayina}} x; <1
i=1

for j=1,2,---,n

Yy >0, ¥>0
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If§ > 0.5« > 0.5,
n

Y (2= 26){2 = 20)cp1 + 2o — D} + (28 — D{(2 = 2e)cin +
j=1

Qo —Ddya}} y; <1 for i=12,---,m

Z {(2 =28){(2 = 20)zio1 + Q. — Dy} + (28 — D{(2 — 20)zj20 +

i=1
Qo — Dy}}a; <1 for j=1,2,---,n
Y =0, 4>0
where the bifuzzy variable for player I's payoff is ¢ = (&ja) Sijps Sijer Sije) and for

player II's payoff is p = (pijx, Pijys Pijz» Pije) With fuzzy variables defined as, ¢, =
(a1, bipnn, e, din)s Sy = (@i, bine, ¢z, dij2), Gije = (@i, by, cipr, dipa)s Sija =
(ﬂij22rbij22rCij227di]'22) and Pijx = (Xij11, Yij11, Zij11, Lj11)» Pijy = (K12, Yif12» Zij12, Lij12), Pijz =
(%321, Yij21> Zij21, Lija1)» Pije = (Xija2, Vije2, Zij22, Lij22)

Depending upon confidence level (§,«) € (0,1], the proposed bifuzzy bi-matrix game
becomes a standard quadratic programming problem with crisp constraints and obtained
the values of bifuzzy bi-matrix game w and v to the corresponding strategies of the players,
using Wolfe’s modified simplex method.

A numerical example

A bifuzzy bi-matrix game problem has been formulated for two mobile network compa-
nies at West Bengal in India, depending upon their profits earned. It is considered that
both the companies have four plans for rate of call charges. The plans are 1 paisa/s, 30
paisa/min, 50 paisa/2 min, and 3 rupees/10 min for their networks. Due to the avail-
ability of network and depending upon the plan, assuming that the people talk more in
the first plan rather than the second plan. So, the profit occurs more in the first plan
as compared to other plan. Suppose for the first company, the profit of the plan-a (1
paisa/s) is about 180 to 190 million per hour, but at night time, the profit arises up to 195
million and during morning it reduces to 175 million. For the plan-b (30 paisa/min), profit
is about 156 to 158 million per hour, but at night time, the profit arises up to 160 mil-
lion and during morning, it reduces to 150 million. For the plan-c (50 paisa/2 min), profit
is about 90 to 95 million per hour, but at night time, the profit arises up to 100 million
and during morning, it reduces to 80 million. For the plan-d (3 rupees/10 min), profit is
about 120 to 130 million per hour, but at night time, the profit arises up to 140 million
and during morning, it reduces to 100 million. Similarly, profit of the second company
for plan-a (1 paisa/s) is about 165 to 170 million per hour, but at night time, the profit
arises up to 175 million and during morning, it reduces to 160 million. For the plan-b (30
paisa/min), profit is about 145 to 148 million per hour, but at night time, the profit arises
up to 150 million and during morning, it reduces to 140 million. For the plan-c (50 paisa/2
min), profit is about 75 to 78 million per hour, but at night time, the profit arises up to 82
million and during morning, it reduces to 70 million. For the plan-d (3 rupees/10 min),
profit is about 100 to 110 million per hour but at night time, the profit arises up to 130
million and during morning, it reduces to 90 million. For this marketing strategy, the first
company losses 2 million during at morning time and gains 2 million during at night time
and other times gain varies between —1 and 1 million per hour. Similarly, the second com-
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pany losses 3 million during morning and gains 2 million during at night time and other
times gain varies between —2 and 1 million per hour.

To optimize their profits, a bifuzzy bi-matrix game is formulated whose payoff matrix
elements are bifuzzy variables representing the profit of the company per hour. For the
first company, bifuzzy variable §;; = (§;—2,&;—1,&;+1, &;+2), and for second company,
bifuzzy variable p;; = (0; — 3, 0;j — 2, 0; + 1, 0;j + 2) with their fuzzy variables &; and o;,
respectively. For the first company, fuzzy variables for plan-a is §;; = (175, 180, 190, 195),
plan-b & = (150,156,158,160), plan-c &; = (80,90,95,100), and plan-d &y =
(100, 120, 130, 140). Similarly for the second company, fuzzy variables for the plan-a is
011 = (160, 165,170, 175), plan-b p15 = (140, 145, 148, 150), plan-c g1 = (70, 75,78, 82),
and plan-d 023 = (90,100, 110, 130). Here, one of the models is shown for particular case,
where values of the confidence levels § = % anda = % (choice of decision maker) are con-
sidered. Applying the proposed methodology discussed in earlier section, the equivalent
crisp quadratic programming problem for the bifuzzy bi-matrix game is constructed as
follows:

max 309.625000x}y] + 264.375000x,y, + 147.625000x5y; + 202.125000x%7
+ X+ a1+
subject to, 179.000000y; + 154.500000y; < 1
86.500000y; + 111.500000y,
164.000000x} + 74.000000x)
144.000000x] + 96.500000x"

IN TN IA
[

v

Y15 X1, %
The solution of the above non-linear programming problem is
¥ = (0.0,0.006472492) and x" = (0.0, 0.002072539)
which leads to the following solution of the original problem

y* = (0,1) and w = 482.499969
x* = (0,1) and v = 154.500000.

Now for different values of confidence levels (Cofd. lev.), the values of the game (Val.
game) and the strategies (Str.) of the players I and II are presented in Table 1.

From the above tabulated values, it is observed that the values of the game increase
with increasing the values of confidence levels. For particular case, when § = 1,a = 1,
the values of the game are maximum, and consequently, it can be concluded that both
the companies have maximum profit. Again for § = 0.1, = 0.1, the values of the
game are minimum and so the companies have minimum profit. Also, the decision maker
(here company) has the right to choose the confidence levels. So for the selection of
proper network and time condition, the companies have chosen the confidence levels
and obtained the values of the game, i.e., the profits of the companies are maximum and
appropriate.
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Table 1 Values of conf. levels, values of game, and strategies of the players

Cofd.lev. Cofd.lev. Val.gamell Val.gamel Str. 1l Str. 1 Str. | Str. |
) 4 w v y1 y2 x1 x2

0.100000 0.100000 102.199997 149.399994 0.000000 1.000000 0.000000 1.000000
0.100000 0.200000 106.200005 150.600006 0.000000 1.000000 0.000000 1.000000
0.100000 0.300000 110.199997 151.800018  0.000000  1.000000  0.000000  1.000000
0.100000 0.400000 114.199997 153.000000 0.000000 1.000000 0.000000 1.000000
0.100000 0.500000 128.199997 156.199982  0.000000  1.000000  0.000000  1.000000
0.100000 0.600000 130.199997 156.599991 0.000000  1.000000  0.000000  1.000000
0.100000 0.700000 132.199997 157.000000 0.000000 1.000000 0.000000 1.000000
0.100000 0.800000 146.478531 157400009  0.000000  1.000000 0529248 0470752
0.100000 0.900000 147676834 157.800018 0.000000 1.000000 0531335 0.468665
0.100000 1.000000 148.866653 158.199982 0.000000 1.000000 0.533333 0.466667
0.200000 0.100000 102.400002 149.600006  0.000000  1.000000  0.000000  1.000000
0.200000 0.200000 106.400002 150.800003 0.000000 1.000000 0.000000 1.000000
0.200000 0.300000 110.400002 152000015  0.000000  1.000000  0.000000  1.000000
0.200000 0.400000 114.400002 153.199997  0.000000  1.000000  0.000000  1.000000
0.200000 0.500000 128.399994 156.399994 0.000000 1.000000 0.000000 1.000000
0.200000 0.600000 130.399994 156.800003  0.000000  1.000000  0.000000  1.000000
0.200000 0.700000 132.399994 157.200012 0.000000 1.000000 0.000000 1.000000
0.200000 0.800000 146.678558 157.600021 0.000000 1.000000 0.529248 0470752
0.200000 0.900000 147.876846 158000000  0.000000  1.000000 0531335  0.468665
0.200000 1.000000 149.066666 158.399979 0.000000 1.000000 0.533333 0466667
0.300000 0.100000 102.599998 149.800003  0.000000  1.000000  0.000000  1.000000
0.300000 0.200000 106.599998 150999985  0.000000  1.000000  0.000000  1.000000
0.300000 0.300000 110.600006 152.200012 0.000000 1.000000 0.000000 1.000000
0.300000 0.400000 110.600006 152200012 0.000000  1.000000  0.000000  1.000000
0.300000 0.500000 128.600006 156.599991 0.000000 1.000000 0.000000 1.000000
0.300000 0.600000 130.600021 157.000000 0.000000 1.000000 0.000000 1.000000
0.300000 0.700000 132.600006 157400009  0.000000  1.000000  0.000000  1.000000
0.300000 0.800000 146.878555 157.800018 0.000000 1.000000 0.529248 0470752
0.300000 0.900000 148076859 158.199982  0.000000  1.000000 0531335  0.468665
0.300000 1.000000 149.266678 158600006 ~ 0.000000  1.000000 0533333  0.466667
0.400000 0.100000 102.800003 150.000000 0.000000 1.000000 0.000000 1.000000
0.400000 0.200000 106.799995 151.199997  0.000000  1.000000  0.000000  1.000000
0.400000 0.300000 110.799995 152.399994 0.000000 1.000000 0.000000 1.000000
0.400000 0.400000 114.800011 153.600021 0.000000 1.000000 0.000000 1.000000
0.400000 0.500000 128800003 156.800003  0.000000  1.000000  0.000000  1.000000
0.400000 0.600000 130.800003 157.200012 0.000000 1.000000 0.000000 1.000000
0.400000 0.700000 132.800003 157600021 0.000000  1.000000  0.000000  1.000000
0.400000 0.800000 147.078552 158.000000 0.000000 1.000000 0529248 0470752
0.400000 0.900000 148.276825 158.399979 0.000000 1.000000 0531335 0468665
0.400000 1.000000 149.466675 158800003  0.000000  1.000000 0533333  0.466667
0.500000 0.100000 104.999992 152.200012 0.000000 1.000000 0.000000 1.000000
0.500000 0.200000 108.999992 153399994  0.000000  1.000000  0.000000  1.000000
0.500000 0.300000 112.999985 154600006  0.000000  1.000000  0.000000  1.000000
0.500000 0.400000 116.999992 155.800003 0.000000 1.000000 0.000000 1.000000
0.500000 0.500000 131.000000 159.000000  0.000000  1.000000  0.000000  1.000000
0.500000 0.600000 133.000000 159.399994 0.000000 1.000000 0.000000 1.000000
0.500000 0.700000 135.000015 159.800018 0.000000 1.000000 0.000000 1.000000
0.500000 0.800000 149.278549 160200012 0.000000  1.000000 0529248 0470752
0.500000 0.900000 150.476837 160.600006 0.000000 1.000000 0531335 0468665
0.500000 1.000000 151.666656 161.000015  0.000000  1.000000 0533333  0.466667
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Table 1 Values of conf. levels, values of game, and strategies of the players (Continued)

0.600000
0.600000
0.600000
0.600000
0.600000
0.600000
0.600000
0.600000
0.600000
0.600000
0.700000
0.700000
0.700000
0.700000
0.700000
0.700000
0.700000
0.700000
0.700000
0.700000
0.800000
0.800000
0.800000
0.800000
0.800000
0.800000
0.800000
0.800000
0.800000
0.800000
0.900000
0.900000
0.900000
0.900000
0.900000
0.900000
0.900000
0.900000
0.900000
0.900000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

0.100000
0.200000
0.300000
0.400000
0.500000
0.600000
0.700000
0.800000
0.900000
1.000000
0.100000
0.200000
0.300000
0.400000
0.500000
0.600000
0.700000
0.800000
0.900000
1.000000
0.100000
0.200000
0.300000
0.400000
0.500000
0.600000
0.700000
0.800000
0.900000
1.000000
0.100000
0.200000
0.300000
0.400000
0.500000
0.600000
0.700000
0.800000
0.900000
1.000000
0.100000
0.200000
0.300000
0.400000
0.500000
0.600000
0.700000
0.800000
0.900000
1.000000

105.199989
109.200005
113.199997
117.200012
131.200012
133.199982
135.199997
149478561
150.676849
151.866684
151.866684
109.399994
113.399994
117.400002
131.400009
133.399994
135.399994
149.678543
150.876831
152.066666
105.599998
105.599998
113.599998
117.599998
131.600006
133.599991
135.600006
149.878540
151.076843
152.266678
105.799995
109.800003
113.800003
117.800003
131.800003
133.800018
135.800003
150.078537
151.276840
152.466690
106.000000
110.000000
114.000000
118.000000
132.000000
134.000000
136.000000
150.278564
151.476852
152.666641

152.399994
153.600021
154.800003
156.000015
159.199997
159.600006
160.000000
160.399994
160.800003
161.199997
161.199997
153.800018
155.000000
156.199982
159.399994
159.800018
160.200012
160.600006
161.000015
161.399994
152.800018
152.800018
155.199997
156.399994
159.600006
160.000000
160.399994
160.800003
161.199997
161.600006
153.000000
154.200012
155.399994
156.599991
159.800018
160.200012
160.600006
161.000015
161.399994
161.800003
153.199997
154.399994
155.600006
156.800003
160.000000
160.399994
160.800003
161.199997
161.600006
161.999985

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.529248
0.531335
0.533333
0.533333
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.529248
0.531335
0.533333
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.529248
0.531335
0.533333
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.529248
0.531335
0.533333
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.529248
0.531335
0.533333

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
0470752
0.468665
0.466667
0.466667
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
0470752
0.468665
0.466667
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
0470752
0.468665
0.466667
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
0470752
0.468665
0.466667
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
0470752
0.468665
0.466667
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Conclusion

The properties of bifuzzy variable and bi-matrix game theory have been investigated in
the paper. Using bifuzzy theory, the procedure to solve the bifuzzy bi-matrix game prob-
lem has been discussed. A real-life practical problem for bifuzzy bi-matrix game has been
included and solved using proposed method. Various solutions have provided for differ-
ent confidence levels. The players have freedom to choose the appropriate confidence
levels, and for inexact confidence levels, the solution of the bifuzzy bi-matrix game prob-
lem may not be optimum. For appropriate choice of confidence levels, the players have
optimum values with strategies of the bifuzzy bi-matrix game. The present method can
be used as a powerful decision-making tool for decision maker to take right decision for
competitive systems.
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