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Abstract: In real-world games, players may face an uncertain environment where fuzzi-
ness and randomness coexist. The main difficulty in dealing with games involving fuzzi-
ness and randomness arises when comparing the payoffs. The purpose of this paper is
to introduce a new approach to deal with constrained matrix games where the entries
of the constraint matrices are LR-fuzzy random variables. Our methodology is based
on constructing a new matrix game using the chance constraint method adapted to the
probability-possibility measures. First, a specific type of saddle point is defined as an
equilibrium solution. Then, conditions for the existence of the proposed solution are
established. Further, a technique based on second-order programming for computing the
saddle point is presented. Finally, a numerical illustration of the approach is provided.
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1. INTRODUCTION

Game theory is employed to resolve conflict situations and was originally de-
veloped by John von Neumann and Oskar Morgenstern [1] in their book ”The
Theory of Games and Economic Behavior”. They applied Neumann’s theory of
games of strategy [2] to competitive business. Game theory finds applications in
various fields, including artificial intelligence, engineering, economics, computer
science, psychology, and more.

One of the basic models in game theory is the matrix game. It is a zero-
sum two-person game in normal form, with a finite set of pure strategies for each
player. A mixed strategy is defined by enabling a player to randomly select his
strategy based on a probability distribution on his pure strategy set. The particu-
lar structure and simplicity of matrix games make them interesting in many ways,
and their analysis is tractable. Minimax theorem [2] is the fundamental basis for
both the game structure and its resolution. Thus, in mixed strategies, any matrix
game has at least one saddle point equilibrium. The computation of the saddle
point is obtained by solving a primal-dual pair of linear programs [3]. However,
in real life, usually games occur in uncertain (fuzzy, random, fuzzy random etc.)
environments.

Fuzzy Set theory [4, 5] provides effective techniques and approaches for han-
dling fuzzy games. Fuzzy set theory was introduced in noncooperative games in
the paper of Butnariu [6]. Later, Compos [7] considered matrix games where the
payoffs are triangular fuzzy numbers. Since then, games involving fuzziness have
been thoroughly investigated (e.g., [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]).
The work of Kumar|[8] investigates a multi-objective matrix game with fuzzy goals.
Under the assumption that each player has a fuzzy goal for each of the payoffs, he
formulated the max-min solution. Later, Roy and Bhaumik [9] examined Triangu-
lar Type-2 Intuitionistic Fuzzy Matrix Game (TT2IFMG). A new ranking function
is used to get relevant solutions of TT2IFMG and an application to water man-
agement is presented. In [10], Deli developed some models for games, where the
payoffs are represented with simplified neutrosophic sets. He gives an application
of simplified neutrosophic sets to two-person zero-sum matrix games. In Seikh
et al [11], a new methodology is proposed to solve matrix games with payoffs of
triangular hesitant fuzzy type, and an application to the market share problem is
presented. Jana and Roy [12], transformed a Multiple Attribute Decision Making
problem under hesitant fuzzy information into a matrix game. They developed
the technique for order preference by similarity to an ideal solution based on an
ordered weighted aggregation operator and hybrid hesitant fuzzy normalized Eu-
clidean distance. The superiority of their approaches is established. Seikh et al.
[13] developed a mathematical model of a matrix game triangular dense fuzzy
lock sets payoffs. A new defuzzification function is used to solve the considered
game. Seikh and Karmakar [14] examined matrix games with payoffs of triangular
dense fuzzy lock sets (TDFLSs) type. First, they defined the possibility, necessity,
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and credibility measures of triangular dense fuzzy lock sets. Using the credibility
expectation, the authors developed two linear programming models to find the
credibility equilibrium strategies for the players and the value of the game. In
Seikh et al. [15] a matrix game with rough interval pay-offs is considered. They
investigated two different solution methodologies to solve such a game. Seikh et
al. [17] formulated a new defuzzification model of triangular type-2 fuzzy variables
(TT2FVs). They showed its superiority compared to other existing models and
developed a matrix game in a type-2 fuzzy environment to show the applicability
of their defuzzification method in a real-world situation. In the paper of Kar-
makar et al. [16], the Minkowski distance of Type-2 intuitionistic fuzzy sets based
on the Hausdorfl metric is proposed. Then a similarity measure of the Type-2
intuitionistic fuzzy set is formed. Next, they solved the matrix games by utilizing
the proposed distance measure. Jangid and Kumar [20] proposed a novel way
to deal with uncertainty in a two-person zero-sum matrix game with payoffs ex-
pressed as fuzzy rough numbers. They obtained complete and reasonable solutions
to these games. More recently, Karmakar et al. [19] considered the payoffs of a
bimatrix game in the form of dense fuzzy lock sets. They defined the weighted
average defuzzification function. The Nash equilibrium strategies are computed
using an auxiliary dense fuzzy non-linear programming problem. An application
to a natural disaster management problem.

Two methods commonly used in games with probabilistic uncertainty are the
chance-constrained approach and the expected value approach. The main idea of
the expected value approach is that, by computing the expected values of payoffs,
the original uncertain game is transformed into a deterministic game (e.g., [21, 22,
23, 24]). The chance-constrained approach, pioneered by Charnes and Cooper [25]
in stochastic optimization problems, is one of the most widely used methods for
handling uncertain parameters in optimization problems. It was extended to game
theory by Charnes et al. (1968) [25]. The authors analyzed chance-constrained
matrix games. These games, along with bimatrix chance-constrained games, have
been extensively examined by Cassidy et al. [26], Singh and Lisser [27], Singh et al.
[28], and Peng et al. [29]. More recently, Achemine and Larbani [30] studied the
Z-equilibrium in bimatrix games with random payoffs using chance constraints.

On the other hand, fuzzy random variables [31, 32, 33] play a significant role in
optimization problems where model parameters are subject to both randomness
and fuzziness. In the literature, two types of finite two-person games involving
fuzzy random variables have been investigated: matrix games and bimatrix games,
and corresponding equilibrium solutions are introduced [34, 24, 35, 36, 37, 38]. To
deal with matrix games with fuzzy random payoffs, Mondal and Roy [35], Xu and
Li [24], and Xu et al.[34], used the expected value operator to define the fuzzy
random expected minimax equilibrium and investigated its existence and compu-
tation. Yano [36] focused on bimatrix games with fuzzy random variables payoffs.
Using possibility and necessity measures, he introduced equilibrium solution con-
cepts and proposed two algorithms to compute the proposed solutions. Yano [38]
further proposed an extension of this approach to multi-objective fuzzy random
bimatrix games. Achemine and Larbani [37] considered a bimatrix game where
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the payoffs are fuzzy random variables. Using chance constraints, the authors
proposed an approach based on probability and possibility measures. In their
approach, they investigated the existence and computation of Nash equilibrium.

In some real-world game situations, the players’ choice of strategies is con-
strained by linear inequalities. We refer to these games as constrained games.
Charnes [39] conducted the initial research on constrained matrix games, showing
that these games can be solved by the resolution of a pair of primal-dual linear
programming problems. In [40], an example of the constrained matrix game is
provided. According to Owen [41], any classical constrained matrix game always
has optimal strategies and game value. Li and Cheng [42] pointed out that there is
no existing methodology in the literature for constrained matrix games where pay-
offs are represented by fuzzy numbers. They used multi-objective programming
techniques to study these games. A method for solving constrained matrix games
with payoffs represented by triangular fuzzy numbers is proposed by Li and Hong
[43]. Later, Nan and Li [44] introduced an effective linear programming technique
for constrained matrix games with interval payoffs. An «a-cut linear programming
approach for dealing with fuzzy constrained matrix games is developed by Li and
Hong [45]. Applying the concept of recurrent neural networks, Mansoori et al. [46]
investigated constrained matrix games with fuzzy payoffs and fuzzy constraints.
The book by Verma and Kumar [47] provides an overview of the literature on con-
strained matrix games with fuzzy payoffs. The authors addressed several current
approaches, identified some flaws in earlier studies on these games, and proposed
a novel approach to solving them. A novel approach to finding a complete solution
for constrained matrix games with fuzzy payoffs is proposed in Verma [48]. More
recently, Djebara et al. examined the constrained matrix game with fuzzy payoffs
and fuzzy linear constraints.[49]. The authors proposed an innovative approach
based on a ranking function [50, 51] and the chance-constrained method. They
introduced a kind of saddle point, provided sufficient existence conditions, and
reduced the computation of this solution to the resolution of primal-dual linear
programs.

In 2019, Singh and Lisser [52] explored a stochastic variant of the constrained
matrix game originally studied by Charnes [39]. The authors formulated each
player’s stochastic linear constraints as chance constraints and demonstrated that
the saddle point can be obtained by solving a primal-dual pair of programs. How-
ever, to the best of our knowledge, no research has been conducted on constrained
matrix games where the constraints are fuzzy random variables.

In this paper, we focus on a constrained matrix game where strategy sets are
subject to fuzzy random linear constraints. We propose a new approach to deal
with this game. The main contributions of this study are summarized as follows :

e Developing a new type of constrained matrix games.

e Formulating a simplified mathematical model, more suitable for numerical
computations of saddle point. Indeed, since the fuzzy random constraints do
not define crisp feasible sets, we assume that the constraints will hold with
probability-possibility levels.
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o Giving sufficient conditions to obtain an equivalent deterministic constrained
matrix game.

e Solving the derived constrained matrix game using second-order cone pro-
gramming.

o Illustrating the methodology using an example of a competitive situation
between two firms.

Apart from the introductory section, the present paper is organized as follows.
Section 2 provides a review of notations and definitions related to constrained
matrix games and fuzzy random variables. The third section presents the con-
strained matrix game, where the strategy sets are subject to fuzzy random linear
constraints. Then, a new constrained matrix game with respect to probability-
possibility constraints is proposed and a kind of saddle point is introduced. In the
fourth section, sufficient existence conditions of the proposed solution are given.
In section 5, a second-order cones programs method is presented to compute this
solution. In Section 6, an illustrative example is discussed to show the effective-
ness of our study. Section 7discusses related work. Finally, a conclusion is made
in Section 8.

2. PRELIMINARY DEFINITIONS

In this section, we will review fundamental definitions related to matrix games,
constrained matrix games, fuzzy sets, and fuzzy numbers.

2.1. CONSTRAINED MATRIX GAMES (CMG)

This subsection reviews some of the fundamental terms and definitions used
in our paper, particularly in the context of matrix games and constrained matrix
games. The reader is referred to the work of Verma and Kumar [47] and Bector
and Chandra [53] for different notations, terminology, and fundamentals related
to this subject.

Let R™ denote the n-dimensional euclidean space and R’} be its non-negative
orthant. Assume that A = [a;;] € R™*" be an (m x n) real matrix and e =
(1,1,...,1) be a vector of ‘ones’ whose dimension is specified as per the specific
context.

The triplet G = (P,Q, A), where P = {p € R7,e’p = 1} and Q = {q €
R%, el'q = 1}, is referred to as a crisp two-person zero-sum matrix game G.

P (respectively Q) is said the strategy space for player I (respectively player
II) and A is called the payoff matrix. Hence, for Player I (or Player IT), the
elements of P (or @) that have the form p = (0,0,---,1,---,0)T = ¢;, where 1 is
at the ' position (or, alternatively, ¢ = (0,0,---,1,---,0)7 = ¢;, where 1 is at
the j** place) are referred to be pure strategies.

In a situation where player I selects it” pure strategy and player II selects j**
pure strategy, the amount that player II pays player I is denoted by a;;. In a



6 Djebara et al. / Fuzzy Random Constrained Matrix Games

zero-sum game, player I’s payment to player IT equals —a;;; that is, one player’s
gain is another player’s loss.

Since elements of P (respectively Q) are set of all probability distribution over
I ={1,2,...,m} (respectively J = {1,2,...,n}), the quantity E(p,q) = p’ Aq is
termed the expected payoff of player I by player I1.

Furthermore, it is a common assumption to assume that player I maximizes
while player 1T minimizes. The expected payoff for player I is equal to the expected
loss for player Il since player I is the maximizing player and player II is the
minimizing player. The triplet PG = (I, J, A) is called the pure form of the game
G, whenever G is the mixed extension of the pure game PG.

The triplet G = (P, Q, A) represents a two-person zero-sum game, often known
as a matrix game. Where P refers to the mixed strategy space of player I, Q) refers
to the mixed strategy space of player I1, and A refers to the payoff matrix which

n m
introduces the function £ : PxQ — R given by E(p, q) = pT Aq = Z(Z Diij)q;,
=1 i=1
which is known as the expected payoff function, where T’ represenjts the transpose
operator.

In some real-world matrix game problems, player strategies are constrained
by linear inequalities, rather than being in P or (). These situations involve con-
strained matrix games, a model initialy examined by Charnes [39]. The mathemat-
ical description of this game is as follows. Players I and I1 must select their mixed
strategies, p and ¢, from constrained sets defined by linear inequalities. Assuming
that B € R™™ b € R", and r is a positive integer, let S; = {p € P, Bp < b}
represent the constrained set of strategies for player I. The constrained set of
strategies for player IT is represented as S = {q € Q|Dg > d}, where d € R®,
D € R**"™ and s is a positive integer. The expected payoff for player I, if he
chooses any mixed strategy p € S7 and player II chooses any mixed strategy
q € S is defined as follows

i=m j=n

P Ag=> "> piaijq;.

i=1 j=1

We denote this game by CMG = (51, 52, A).

The purpose of player I (resp. player IT) in this game is to find a strategy p
(resp. q) that solves the linear programming problem (P1)(resp. (P2)) given a
strategy ¢ (resp. p) of player IT (resp. player I).

max p’ Aq min p Aq
P q
(P1) subject to (P2) subject to
Bp<b Dq>d
peP €@

Definition 2.1. (Owen,1982) Assume that there exist a mized strategies p* € Sy
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and g* € Se so that

“T' Ag* = max min (p? Ag) = min max(p” Aq).
p* Aq peslq€52(p q) quweSl(p q)

Then, (p*,q*) and v = p*T Aq* are said a saddle point and a value of the con-
strained matriz game C MG, respectively.

2.2. LR-FUZZY NUMBERS

We review some properties and concepts of fuzzy set theory in this section
since they are crucial to understanding the proposed approach.

Definition 2.2. [/ Let U be a universe set. A fuzzy set A inU is a set of
ordered pairs, A = {(z,puz(x))/x € U}, where the function py : U — [0,1] is
called membership function, which assigns to each elements x € U a real number
pi(x) in the interval [0,1]. The value pz(x) is the degree of membership of x in
A.

A fuzzy set that is convex and normal is called a fuzzy number [4]. In the following
definition, we recall an important class of fuzzy numbers.

Definition 2.3. [5] (Dubois & Prade, 1979) A L R-fuzzy number is a fuzzy number
a with membership function pg given as

{ L(%t)  ift<a,

R(*5%) if t=a,

pa(t) =

where a is the mean value of a, a and B (non negative) are its left and right
spreads, respectively, L and R are the left and right shape functions, respectively,
defined as follows L, R : [0,1] — [0, 1] with L(1) = R(1) = 0 and L(0) = R(0) =1
are decreasing and continuous.

Using its mean value, left and right spreads, and shape functions, a LR-fuzzy
number a is written as a = (a,«, B)LR.-

In the following, we recall an important concept for fuzzy numbers ranking.

Definition 2.4. [54] (Dubois & Prade, 1978) The a-cut, o € [0,1], of a LR-fuzzy
number a = (a, a1, 81) is a closed interval defined by
Ao = {$|#A($) 2 a} = [aévag]’

For a LR-fuzzy number with invertible and non-increasing functions L and R, the
a-cut 1S given as
[al,af] = [a — a1 L7 (a), a+ /LR (a)].

o) o

We recall Sakawa’s [55] lemma for ranking fuzzy numbers.
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Lemma 2.1. (Sakawa, 1993) Let Xl and Xg be two fuzzy numbers with continuous
membership functions. For a given confidence level o € [0,1] :

Pos{Xl > Xg} >« if and only if )\fa > )\QLya,

Nec{\1 > Ao} > a if and only if Moo=,

where /\ﬁa, M and MR, \E . are the left and the right side endpoints of the a-level

l,« 2,0 M2, «x

sets (a-cuts) [\, M\ ,] and [AF

Tas 270,)\5@], ofx and XQ, respectively.

The concept of a fuzzy random variable was initially introduced by Feron [31].
Subsequently, many scholars have extended and applied this concept to model
situations where both fuzziness and randomness coexist. In this work, we will use
the definition of Liu and Liu liu [33].

Definition 2.5. [33] Let (Q, A, Pr) be a probability space. A fuzzy random vari-
able € is a mapping function w — &(w), w € Q, from (Q, A, P) to the set of fuzzy
numbers P(R) in the set of real line. such that for any Borel set B of R, and
pos{&(w) € B} is a measurable function of w.

We consider the following definition of a LR-fuzzy random variable [56].

Definition 2.6. [56] Let a be a random wvariable, the realization of which, for
a given event w € Q is a(w). Then, a fuzzy random variable Z is said to be
a L-R fuzzy random wvariable, denoted by Z = (a,«, 8)Lr, if its realized values
Z(w) = (a(w), o, B)Lr for any event w € Q are L-R fuzzy numbers defined by

{ L(&e)=t) if t<a(w),

R(ZED)  if aw) <1,

where a and B are positive constants.

3. CONSTRAINED MATRIX GAMES WITH FUZZY RANDOM
LINEAR CONSTRAINTS

In the constrained matrix game CMG = (51,52, A), assume that the en-
tries of the matrices B and D that define, respectively, the player I and player
II constraints are fuzzy random variables and are denoted by B and Dw, re-
spectively. We take into consideration the scenario where each player wants to
maximize his payoff such that each of his fuzzy random constraint is satisfied with
a given probability-possibility. So, the fuzzy random constraints of each player are
replaced with the individual chance constraints.

For a given strategy ¢ (resp. p) of player II (resp. player I), player I (resp.
player II) is searching for a strategy p (resp. ¢ ) that solves an optimization
problem (P3) (resp. (P4) ).

max p’ Aq

subject to

Pr{w|Pos{B}€”p <bg} >8>, ke,
pep,

(P3)
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min pT Ag

subject to

Pr{w|Pos{D{q > di} > 6?} > %, 1€ Jo,
q€Q,

where Pos is a fuzzy number possibility measure and Pr is a probability measure.
The k™ row of the fuzzy random matrix B* is BY = (ka B, ...BY ), k€T
The I*" row of the fuzzy random matrix D¥ D“ (D“,Dl27 ~}‘;l), le s
i € [0,1] is the possibility level for k" constraint of player I , and 67 € [0,1] is
the possibility level for [*" constraint of player I1;

1 €[0,1] is the probability level for k' constraint of player I, and 77 € [0,1] is
the probability level for [*" constraint of player I1.
Let ' = (6,)i—1, 6% = (00)izy, 6 = (%,0%), 7" = ()i=1, ¥* = (9R)i=1 and
v =0
The above matrix game with individual chance constraints is denoted by I'(d, ).
Denote the player’s strategies sets by
S™(6',9") = {p € R™|p € P, Pr{w|Pos{Bjip < by} > 61} > 44, Vk € 1},

and S™(6%,7%) = {¢ € R"|q € Q, Pr{w|Pos{D¥q > d;} > 67} > vl(z),Vl € Ja}.

(P4)

Remark 3.1. A strategy profile (p*,q*) € S™(6*,~%) x S™(6%,4?) is said to be
saddle point of the matriz game T'(8,7) if and only if p* and q* simultaneously
solve the optimization problems (P3) and (P4).

Definition 3.1. A strategy profile (p*,q*) € S™(6',41) x S"(6%,42) is saddle
point at § = (6*,6%) € [0,1]" x [0,1]% possibility levels and v = (y1,~4?) € [0,1]" x
[0,1]° probability levels of the game T'(d,7) if

pTAg* < pTAg* < p*T Aq,Vp € S™(5",71),q € S"(6%,47).
4. EXISTENCE CONDITIONS OF A SADDLE POINT

In Lemma 2, we reformulate the sets strategies of the players under some
conditions on constraint matrices.

Lemma 4.1. Assume that Eki(w) and Elj(w), 1 =1,2,---,m, j=1,2,---,n,
ke J1 andl € Jo, are characterized by the following membership functions :

. L(BM;;)) by if t< Bgi(w), weQ,
g () = ' w .
Bii(w) R(= ’;’g)( )) if Bri(w) >t,
L(Dl;(?)) ) if t<Dyj(w), weq,
~ t) = /
Ky () R(t—ﬂD(g)(W)) if Dij(w) >,
lj

where the row vector BY = (BY), B, ..., B¢ ) ~ N(ui,21), k € Ji follows a
multivariate mnormal distribution with location parameter u). € R™ and positive
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definite scale matriz $i.. And DY = (D%, D%, ..., D% ) ~ N(u?,%?), 1 € Ja follow
a multivariate normal distribution with location parameter u? € R™ and positive

definite scale matriz 7.
Then, for all § = (61,6%) € [0,1]" x [0,1]° and v = (y},~4?) € [0,1]" x [0, 1], we
have

S8 4" = {p e R™|p € P, p" (u— L~ (61)al)+o (vII(SE) 2| < be,VE € T},
sn<52,v2>={qemqe@, " (—p2—R(5?) <2>>+¢-1<v?>\|<z%>%q|| < —d,Vl € D),

whlereﬁlg;l (16k1a k27'7 k;m) kEJ Blg) ) (Bll’ l2"7 ln)TZEJ
O‘l(c) = (041(@1)a l(cQ)a - akm) ke i and a (041(1)7@1(2)7""0‘171 Hle J.

Proof. 1) For all k € J; and | € Jo, we have the equivalence
m

Pos{B¢p < by} > 6} < POS{Z B¥p; < by} > 6i. Due to Lemma 2.1, we

i=1
write
Pos{) _ Byipi < bi} > 6
i=1
— Zpinwi ) szam) < bg.
i=1 ‘
Consequently,

Pr{w e QBgp— L7 (6))ap < by} > 4

Bep — pT ) b L-1(sH)pT (1)
@Pr<w Pl _ be+ L0 oy —pT > AL

pTzlp - \/ﬁ

BY
B{p—p ik fillows a univariate normal distribution with parameters 0 and

Since
\VrTSip

1 and ¢(.) is the distribution function of the normal random variable N (0, 1), we
obtain

bk+L71(5i)a§f)P*PT“i) >t
VPTShp =k

Pr(Bgp— L hpT ol < by) =k <= o
Since Bk > 0, then p”Sip =|| (£1)7p ||, hence
Pr(Bip— L7 00p"af” < bi) = ok <= pT k=L 0D ol +o T (IS Bl < b,
where ¢~ 1(.) is a quantile function of a normal random variable N (0 1),

§™(3, 4 = {p e R™|p € P, pT(p}—L 1 (6h)af)+ oL (W)II(Bh) 2pl| < by, Vh €
jl}v
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w T, .2
2) For the second player, for all [ € J,, similarly as in 1), %\/%q’” is the
univariate normal distribution with parameters 0 and 1 and we show that
_ _ 1
S™(8%7%) = {a € R"lg € Q.q" (—ui —R7' G5 )+0 7 (GDII(E) 2al| < —di WL € o).
|

In the sequel, we assume that the following assumption holds. It guarantees a
strong duality result.

Assumption 1 The sets S™(6!,v!) and S™(62,~?) are strictly feasible.

Theorem 4.1. Assume that é;ﬂ»(w) and ﬁlj(w), 1el,jeJ, ke J andl € Js,
are LR-fuzzy random wvariables characterized by the following membership func-
tions :

L(Bki((f))_t) if t< Bi(w), weQ,
_ 1) = i
:uBM(w)( ) R(t—lzécli)(w)) if Bpi(w) > t,
ki
L(Pe=) if t<Diyjw), we,
~ t) = Li
ND!;‘("J)< ) R(tif;(lg)(w)) if Dij(w) > t,
1j

where
BY = (BY,,B%,,--,BY ) ~ N(u},2}), k € Ji follows a multivariate normal
distribution with location parameter pi. € R™ and scale matriz ¥}, € R™*™ (g} -
0);
D¥ = (D%, D%, -+, D) ~ Ellip(u?,%2), | € Jo follows a multivariate normal
distribution with location parameter p? € R™ and scale matriz X7 € R"*" ($2
0).

Then, there exists a saddle point at § possibility levels and ~ probability levels
for the game T'(8,7) for all § € [0,1]" x [0,1]® and v € (0.5,1]" x (0.5, 1]*.

Proof. For any 6 € [0,1]" x [0,1]° and v € (0.5,1]" x (0.5,1]°. For all k € J1, we
have

o S (81, 41) and S™(6%,+?) non empty and are compact sets;

e ¢~!(v}) = 0 and using the property of norm ||.|2,

we deduce that the function

FHp) = +pTpk + L0 )T al + o7 (D)II(Sh) 2p]

is a convex function of p. Then S™ (&', ~!) is convex.

We follow the same reasoning to show the convexity of S™(62,~4%). Using the
minimax theorem [2], we can deduce the existence of at least a saddle point since
the function p” Aq is continuous. [J
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5. COMPUTATION OF THE SADDLE POINT

By solving two primal-dual programs, as will be detailed below, one may obtain
a saddle point of the game I'(d, 7).

Theorem 5.1. Assume that the fuzzy random variables By;(w) and Elj (w), i =
1,2,---,m, j=1,2,--- ,n,k € J1 andl € Ja, are characterized by the following
membership functions :

LR if 1< Buw), we,
~ £ = Ji
uBki(“")( ) R(t_];é“f)(w)) if Bri(w) > t,
i
LR i 1< Dy(e), we R
~ t) = Li
/'LDlj(UJ)( ) R(t E(IQJ)(”)) if Dyj(w) >t,

where the row vector BY = (B, By, -+ ,BY ) ~ N(ui, 1), k € T follows
a multivariate normal distribution with location parameter p;. € R™ and positive
definite scale matriz £} € R™*™ (ol = 0). And D¥ = (D%, D%, ... D) ~
N(uf, 212), l € Jo follows a multivariate normal distribution with location param-
eter u? € R™ and positive definite scale matriz X7 € R™" ($2 = 0).
Then, for a given § € [0,1]" x [0,1]%, v € (0.5,1]" x (0.5, 1]5, (p*,q*) is a sad-
dle point of the game T'(3,7) if and only if there exists (v! (pk )z 1 AY) and
( > (pl )l 1’)‘2*) such that (q*’vl*’ (pllc*);z:lv)‘l*)) and (p U (pl )l 1a)‘2*) are
optzmal solutions of primal-dual pair of SOCPs (P) and (D) respectwely,

T
mlin vl—E )\zlgbk
v (i) k=1 —

T

s.it. (1) Aq+z>\k (2) Z ) > o',

=1
(P) (@0 —a (i = R7MG)5) + 07 (RN %)équs—dl,\ﬂe%,
(i) Hp;HzAk '),k € T,
() > g=1
JjET
(U) q; Zoavj 6\77
(vi) AL > 0,Vk € J1,

?r

where 1, = (1,---,1) € R™.
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max v? + Z Ad
=1

V2 (02

st (i) ATp=Y M (u — R @)BP) = Y (BD)? () < v*1,,
=1 =1
(D) 4 i) PPk = L 0h)ag) + o (DI (3 Fpll < bi, Yk € T,
(iid) |3l < Ao~ (7). Y € Ja,
(i) Y pi=1,
i€l
(U) Di 2 O,VZ € Za
(vi) A} >0,Vl € T,

where 1, = (1,---,1) € R™.

Proof. Assume that v € (0.5,1]" x (0.5,1]°* and § € [0,1]" x [0, 1]°. According to
Definition 2.1, a strategy profile (p*,¢*) is a saddle point for game I'(d,7) if and
only if

p*Aq" = p" Ag,

max min min max
pES™(81,71) q€S™ (62 ,4%) qeS™(8%,v?) peS™ (81 )

and

* T *
€ ar max A
p gpeS'"L((il;yl)p q,

T

* Aq.

* .
€ ar min
P gqes”(é%vz)p

Considering ¢ € [0,1]7 x [0,1]7 and v € (0.5,1]" x (0.5,1]*, the constraints
p" (= L7 (0)ag”) + 07 (DI (1) pl| < bk € 1, and
gt (—uf — R‘l(éf)ﬁl(z)) + ¢ (A)N(Z)2q|| < —di,l € T are, as noted in [57],
second-order cone constraints.
Based on the second-order cone programming (SOCP) dual formulation provided
in [57], the Lagrangian dual of the SOCP Sm(a(%}l( )pTAq is also SOCP [58].
peE m 7,},1
According to Assumption 1, the duality gap is zero. Therefore, the

max min  p? Ag problem is equivalent to the following SOCP :
peES™(81,71) g€S™(62,:7%)
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T
mlin vl — E )\zlgbk
U17(pk);:1 k=

ks

st. (i) AquZ)\,l{(u,lC— o)=Y (2
k=

(i) —qT(uf — R E)BD) + o7 (4 N@%%HSﬂMWE%,
<m>n¢nzaz <wwkem,

(iv) Zjej q =1,
(
(

to\»—-

Ul

'U) QJZO,V]GJ,
vi) AL >0,k € 7,

where 1, = (1,---,1) € R™.

Applying the same argument to the player 11 model, the  max P
qeS™ (81, )qES"(é2 7?)
problem is equivalent to the following SOCP :

S
max v% + Z \d,

v, ()],
st Z)\l “162)82) = 37 (32)? () < 0?1,
=1
w)@w p"(u} - w>mH¢<;W%ﬁms%%em,

(i) Hp?llg/\%qs L), vl € T,

> pi=1,

i€l
(U) Di Z O,V’L S Ia
(vi) A2 >0,V € T,

where 1, = (1,---,1) € R™.

The SOCPs (P) and (D) are primal-dual pair of optimization problems.

Let (p*, ¢*) be a saddle point of game I'(d,7).

With respect to Assumption 1, there is (v1*, (pr*)i_,, A™*) and (v2*, (pF*);_,, A%*)
such as (¢*, (v'*, (pp*) sy, AM)) and (p*,v*, (pF*);_,, A?*) are optimal solutions
of primal-dual pair (P) and (D) respectively

Consider (¢*, v, (pr*)r_y, A1) and (p*, v**, (p7*);_,, A**) be optimal solutions of
the primal-dual pair (P) and (D), respectlvely

Assumption 1 states that (P) and (D) are strictly feasible. Thus, for the primal-
dual pair (P)-(D), strong duality holds [57]. Next up, we have

S

— Z AR =07 = > Ay,
k=1

=1
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Multiplying the constraint (i) from (P) by the vector p*T from the left, we obtain

r

T 1
p*TAq* + Z/\Ilcp*Tiu’k Z/\k *T ( ) Z (Ellc)Z p*T(plle*) < vl*

k=1 k=1

r r
p*TAq* < ’Ul* _ Z )\Ilc*p*T’ui + Z )‘Ich_ p*TOég + Z E pllq*)
k=1 k=1

<=>p*TAq*gvl*—ZA%:p*TmZAk L(oh) p*Ta“>+ZA1* LanllEh 2p*||
= k=1

T
— pTAg* <o — Z Ae*by.

Let us consider the constraint (i) of (D)

S

1
ATp* 72)‘1 u - ZA RTBY = (312 ()T = 021,

=1

By using the argumentation shown above, we arrive at
S
p*TAq* > ,U2>k _ Z)\lQ*dl

Thus . .
p*TAq* _ Ul* . ZAi*bk _ ’U2* . Z)‘IQ*dl
k=1 =1

It is clear that, p” Ag* < p™*Aq*,Vp € S™(6',~4')) and, pT*Aq* < pT™*Aq,Vq €
S™(62,42)). (p*,q*) is a saddle point of the game I'(6,v). O

6. NUMERICAL ILLUSTRATION

In this section, inspired by the idea in [43], we provide an example to illustrate
the feasibility of the proposed approach.

Consider a situation where two competing companies are about to launch a
new product with similar functionalities. In the target market, the demand for this
innovative product remains essentially constant. This implies that any increase
in one company’s market share directly corresponds to an equivalent decrease in
the market share of the other company. Each company aims to attract as many
customers as possible by choosing a strategy from its set of marketing strategies,
such as advertising, offering free samples, special promotions, etc.
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For the sake of simplicity, let’s assume that each company has two marketing
strategies. Specifically, I = {1, 2} represents the pure strategy set for player I (firm
f1), and J = {1, 2} represents the pure strategy set for player IT (firm f5).

The allocation of funds among marketing strategies within a company is deter-
mined by its mixed strategy. Due to the imprecision of the available information,
the management of firm f; (resp. f2) cannot provide the exact amount of money
required by the implementation of strategies 1 and 2. Therefore, L R-fuzzy random
variables are appropriate to represent these funds.

Let BY, = (N(62,2),26,41)rr and Biy = (N(43,3),28,22)r be the funds
which firm f; needs when it selects strategy 1 and 2, respectively. And the firm fo
needs the funds D1, = (N(28,3),31,30) 1z and Dyy = (N(2,0.5),15,40) 1z when
it takes strategy 1 and 2, respectively.

Furthermore, because of financial constraints, firm f; has a limited budget of
40,000 (thousand dollars). As a result, the mixed strategies used by firm f; must
satisfy the constraint condition B¥11p; + B¥12p, < 40.

The firm f5 only provides 17 (thousand dollars), the mixed strategies of the firm
f2 may satisfy the constraint conditions D¥,q; + D$,q2 < 17 or —D%,q1 — D%,q2 >
—17.

Assuming that the payoff matrix and the data for this game are provided as

follows:
18 23
A= (16 14)

b= (16), d = (14).

The saddle pomt (p*,¢*) = (O 4989, 0.5011), (0.3943,0.6057) is obtained by select-
ing (61,6%) = (0.8,0.8), (71,7%) = (O 6,0.6), and solving the primal-dual programs
in equations (P) nd (D). Addltlonally, v*(d,7) = 17.9015 is the game’s value.

7. RELATED WORK

Finite two-person games involving fuzziness and randomness are analysed in
[34, 24, 35, 36, 38, 37]. In the present work, following the methodology proposed
by Achemine and Larbani [37], it is assumed that the realizations of the fuzzy
random variables are LR-fuzzy numbers whereas the works [34, 24, 35, 36, 38]
deal with the uncertainty of basic type, the triangular fuzzy numbers. Further,
the works in [34, 24, 35, 36, 38, 37] analyze matrix games and bimatrix games
where the payoffs are fuzzy random variables, while in the present approach, we
focus on constrained matrix games, where the payoffs are deterministic, and the
entries of the constraint matrices are fuzzy random variables. To deal with matrix
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games with fuzzy random payoffs, Mondal and Roy [35], Xu and Li [24], and Xu
et al. [34], used the expected value operator to define the fuzzy random expected
minimax equilibrium and examine its existence and computation whereas our pro-
posed methodology, as the approach outlined in [37], relies on chance constraints
utilizing both probability and possibility measures. A noteworthy advantage of
our suggested method is its flexibility, enabling the players to select both proba-
bility and possibility confidence levels at which they desire the constraints to be
satisfied.

8. CONCLUDING REMARKS AND FUTURE WORK

In the theory of constrained matrix games introduced by Charnes [39], the lin-
ear constraints on the sets of strategies are assumed to be known with certainty.
However, in many real-life situations, this assumption is not realistic. In this pa-
per, we focus on matrix games where strategy sets are subject to fuzzy random
linear constraints. Each player aims to maximize his payoff. Given that fuzzy ran-
dom constraints do not define a crisp feasible set, we assume that the constraints
hold at probability-possibility levels.The main results of this paper can be sum-
marized in the following four aspects: (i) A new deterministic game is formulated
considering probability-possibility constraints, and a specific type of saddle point
equilibrium is introduced (ii) Sufficient existence conditions for this concept are
derived; (iii) a second order cone programming method is provided to compute
the proposed solution; (iv) an example of an application is presented to illustrate
our approach. Remarkably little attention has been given to fuzzy random matrix
games, and to the best of our knowledge, our approach is the first in the liter-
ature to address constrained matrix games with fuzzy random constraints. The
present study theoretically presents a novel method for addressing fuzzy random
constrained matrix games. However, the proposed methodology is highly reliant
on the selection of confidence levels, potentially leading to a loss of valuable fuzzy
random information. Moreover, within this approach, we deal with a normal dis-
tribution where the realizations are LR-fuzzy numbers. Consequently, further
research and development are necessary to elaborate models and approaches that
better reflect fuzziness and randommness. Moreover, as matrix games with fuzzy
random constraints are a relatively new class of games, their further exploration
is a worthy direction of research.

Acknowledgement. We thank the reviewers for their helpful comments. This
work is supported by the General Directorate of Scientific Research and Techno-
logical Development (DGRSDT)/ MESRS - Algeria.

Funding. This research received no external funding.



18

(8]

[9]

(10]

(11]

(12]

(13]

14]

(15]

(16]

(17]

(18]

(19]

20]

21]

Djebara et al. / Fuzzy Random Constrained Matrix Games
REFERENCES

J. V. Neumann, O. Morgenstern et al., “Theory of games and economic behavior,” 1944.
J. V. Neumann, “Zur theorie der gesellschaftsspiele,” Mathematische annalen, vol. 100,
no. 1, pp. 295-320, 1928. doi: https://doi.org/10.1007/BF01448847

G. B. Dantzig, “A proof of the equivalence of the programming problem and the game
problem,” Activity analysis of production and allocation, vol. 13, 1951.

L. A. Zadeh, “Fuzzy sets,” Information and control, vol. 8, no. 3, pp. 338-353, 1965.

D. Dubois and H. Prade, “Fuzzy real algebra: some results,” Fuzzy sets and systems, vol. 2,
no. 4, pp. 327-348, 1979. doi: https://doi.org/10.1016/0165-0114(79)90005-8

D. Butnariu, “Fuzzy games: a description of the concept,” Fuzzy sets and systems, vol. 1,
no. 3, pp. 181-192, 1978.

L. Campos, “Fuzzy linear programming models to solve fuzzy matrix games,” Fuzzy sets and
systems, vol. 32, no. 3, pp. 275-289, 1989. doi: https://doi.org/10.1016/0165-0114(89)90260-
1

S. Kumar, “Max-min solution approach for multi-objective matrix game with fuzzy
goals,”  Yugoslav Journal of Operations Research, vol. 26, no. 1, 2016. doi:
10.2298/Y JOR140415008K

S. K. Roy and A. Bhaumik, “Intelligent water management: a triangular type-2 intuitionistic
fuzzy matrix games approach,” Water resources management, vol. 32, pp. 949-968, 2018.
doi: https://doi.org/10.1007/s11269-017-1848-6

I. Deli, “Matrix games with simplified neutrosophic payoffs,” in Fuzzy Multi-criteria
Decision-Making Using Neutrosophic Sets. Springer, 2018, pp. 233-246.

M. R. Seikh, S. Karmakar, and Xia, “Solving matrix games with hesitant fuzzy
pay-offs,” Iranian Journal of Fuzzy Systems, vol. 17, no. 4, pp. 25-40, 2020. doi:
10.22111/1JFS.2020.5404

J. Jana and S. K. Roy, “T'wo-person game with hesitant fuzzy payoff: An applica-
tion in madm,” RAIRO-Operations Research, vol. 55, no. 5, pp. 3087-3105, 2021. doi:
https://doi.org/10.1051/ro/2021149

M. R. Seikh, S. Karmakar, and P. K. Nayak, “Matrix games with dense fuzzy payoffs,”
International Journal of Intelligent Systems, vol. 36, no. 4, pp. 1770-1799, 2021. doi:
https://doi.org/10.1002/int.22360

M. R. Seikh and S. Karmakar, “Credibility equilibrium strategy for matrix games with
payoffs of triangular dense fuzzy lock sets,” Sadhana, vol. 46, no. 3, p. 158, 2021. doi:
https://doi.org/10.1007/s12046-021-01666-5

M. R. Seikh, S. Dutta, and D. F. Li, “Solution of matrix games with rough interval pay-offs
and its application in the telecom market share problem,” International Journal of Intelli-
gent Systems, vol. 36, no. 10, pp. 6066-6100, 2021. doi: https://doi.org/10.1002/int.22542
S. Karmakar, M. R. Seikh, and O. Castillo, “Type-2 intuitionistic fuzzy matrix games based
on a new distance measure: Application to biogas-plant implementation problem,” Applied
Soft Computing, vol. 106, p. 107357, 2021.

M. Seikh, S. Karmakar, and O. Castillo, “A novel defuzzification approach of type-2 fuzzy
variable to solving matrix games: An application to plastic ban problem,” Iranian Journal
of Fuzzy Systems, vol. 18, no. 5, pp. 155-172, 2021.

J. Vinod and G. Kumar, “A novel technique for solving two-person zero-sum matrix games
in a rough fuzzy environment,” Yugoslav Journal of Operations Research, vol. 32, no. 2, pp.
251-278, 2022. doi: https://doi.org/10.2298/YJOR210617003J

S. Karmakar and M. R. Seikh, “Bimatrix games under dense fuzzy environment and its
application to natural disaster management,” Artificial Intelligence Review, vol. 56, no. 3,
pp- 2241-2278, 2023.

V. Jangid and G. Kumar, “A novel technique for solving two-person zero-sum matrix games
in a rough fuzzy environment,” Yugoslav Journal of Operations Research, vol. 32, no. 2, pp.
251-278, 2022. doi: https://doi.org/10.2298/YJOR2106

B. Jadamba and F. Raciti, “Variational inequality approach to stochastic nash equilibrium
problems with an application to cournot oligopoly,” Journal of Optimization Theory and
Applications, vol. 165, pp. 1050-1070, 2015. doi: https://doi.org/10.1007/s10957-014-0673-9



(22]

23]

[24]

25]

[26]

27]

(28]

29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]
39]
[40]
[41]

[42]

(43]

Djebara et al. / Fuzzy Random Constrained Matrix Games 19

V. DeMiguel and H. Xu, “A stochastic multiple-leader stackelberg model: analysis, com-
putation, and application,” Operations Research, vol. 57, no. 5, pp. 1220-1235, 2009. doi:
https://doi.org/10.1287 /opre.1080.0686

D. De Wolf and Y. Smeers, “A stochastic version of a stackelberg-nash-cournot
equilibrium model,” Management Science, vol. 43, no. 2, pp. 190-197, 1997. doi:
https://doi.org/10.1287 /mnsc.43.2.190

L. Xu and J. Li, “Equilibrium strategy for two-person zero-sum matrix game with random
fuzzy payoffs,” in 2010 Asia-Pacific Conference on Wearable Computing Systems. IEEE,
2010. doi: 10.1109/APWCS.2010.49 pp. 169-172.

A. Charnes, M. J. L. Kirby, and W. M. Raike, “Zero-zero chance-constrained games,”
Theory of Probability € Its Applications, vol. 13, no. 4, pp. 628-646, 1968. doi:
https://doi.org/10.1137/1113079

R. G. Cassidy, C. A. Field, and M. J. L. Kirby, “Solution of a satisficing model for
random payoff games,” Management Science, vol. 19, no. 3, pp. 266-271, 1972. doi:
https://doi.org/10.1287/mnsc.19.3.266

V. V. Singh and A. Lisser, “A characterization of nash equilibrium for the games with
random payoffs,” Journal of Optimization Theory and Applications, vol. 178, pp. 998-1013,
2018. doi: https://doi.org/10.1007/s10957-018-1343-0

V. V. Singh, O. Jouini, and A. Lisser, “Existence of nash equilibrium for chance-
constrained games,” Operations Research Letters, vol. 44, no. 5, pp. 640-644, 2016. doi:
https://doi.org/10.1016/j.0r1.2016.07.013

S. Peng, V. V. Singh, and A. Lisser, “General sum games with joint chance
constraints,” Operations Research Letters, vol. 46, no. 5, pp. 482-486, 2018. doi:
https://doi.org/10.1016/j.0r1.2018.07.003

F. Achemine and M. Larbani, “Z-equilibrium in random bi-matrix games: def-
inition and computation,” RAIRO-Oper.Res., vol. 56, pp. 1857-1875, 2022. doi:
https://doi.org/10.1051/ro/2022050

R. Féron, “Ensembles aleatoires flous.” 1976.

H. Kwakernaak, “Fuzzy random variables-i. definitions and theorems,” Information sci-
ences, vol. 15, no. 1, pp. 1-29, 1978. doi: https://doi.org/10.1016/0020-0255(78)90019-1
Y. Liu and B. Liu, “Fuzzy random variables: A scalar expected value,” Fuzzy Optimization
Decision Making, vol. 2, pp. 143-160, 2003. doi: 10.2298/YJOR140415008K

L. Xu, R. Zhao, and Y. Ning, “T'wo-person zero-sum matrix game with fuzzy random pay-
offs,” in Computational Intelligence: International Conference on Intelligent Computing,
ICIC 2006 Kunming, China, August 16-19, 2006 Proceedings, Part II 2. Springer. doi:
https://doi.org/10.1007/978-3-540-37275-2_101

S. K. Roy and S. N. Mondal, “A solution concept of matrix game with random fuzzy
payoffs,” Fuzzy Systems, vol. 3, pp. 161-164, 2013.

H. Yano, “Fuzzy random bimatrix games based on possibility and necessity measures,”
Journal of Advanced Computational Intelligence and Intelligent Informatics, vol. 25, no. 6,
pp. 1024-1030, 2021. doi: https://doi.org/10.20965/jaciii.2021.p1024

F. Achemine and M. Larbani, “Nash equilibrium in fuzzy random bi-matrix games,” Inter-
national Journal of Uncertainty, Fuzziness and Knowledge-Based Systems, vol. 31, no. 06,
pp. 1005-1031, 2023.

H. Yano, “Interactive decision making for multiobjective fuzzy random bimatrix games,”
TAENG International Journal of Applied Mathematics, vol. 52, no. 2, pp. 1-7, 2022.

A. Charnes, “Constrained games and linear programming,”  Proceedings of
the National Academy of Sciences, vol. 39, mno. 7, pp. 639-641, 1953. doi:
https://doi.org/10.1073/pnas.39.7.639

M. Dresher, Games of strategy: theory and applications. Prentice-Hall Englewood Cliffs,
1961, vol. 360.

G. Owen, “Game theory academic press,” New York, 1982.

D. Li and C. Cheng, “Fuzzy multiobjective programming methods for fuzzy constrained
matrix games with fuzzy numbers,” International Journal of Uncertainty, Fuzziness and
Knowledge-Based Systems, vol. 10, no. 04, pp. 385-400, 2002.

D. F. Li and F. X. Hong, “Solving constrained matrix games with payoffs of triangular fuzzy



20

(44]

[45]

[46]

(47]

(48]

[49]

[50]

[51]

[52]

(53]
[54]
[55]

[56]

[57]

(58]

Djebara et al. / Fuzzy Random Constrained Matrix Games

numbers,” Computers & mathematics with applications, vol. 64, no. 4, pp. 432—446, 2012.
doi: https://doi.org/10.1016/j.camwa.2011.12.009

J. X. Nan and D. F. Li, “Linear programming technique for solving interval-valued constraint
matrix games,” Journal of Industrial and Management Optimization, vol. 10, no. 4, pp.
1059-1070, 2014. doi: http://dx.doi.org/10.3934/jimo.2014.10.1059

D. F. Li and F. X. Hong, “Alfa-cut based linear programming methodology for constrained
matrix games with payoffs of trapezoidal fuzzy numbers,” Fuzzy Optimization and Decision
Making, vol. 12, pp. 191-213, 2013. doi: https://doi.org/10.1007/s10700-012-9148-3

A. Mansoori, M. Eshaghnezhad, and S. Effati, “Recurrent neural network model: A new
strategy to solve fuzzy matrix games,” IEEE Transactions on neural networks and learning
systems, vol. 30, no. 8, pp. 2538-2547, 2019. doi: 10.1109/TNNLS.2018.2885825

T. Verma and A. Kumar, Fuzzy solution concepts for non-cooperative games. Springer,
2020.

T. Verma, “A novel method for solving constrained matrix games with fuzzy payoffs,”
Journal of Intelligent € Fuzzy Systems, vol. 40, no. 1, pp. 191-204, 2021. doi: 10.3233/JIFS-
191192

S. Djebara, F. Achemine, and O. Zerdani, “A new approach for solving constrained matrix
games with fuzzy constraints and fuzzy payoffs,” Journal of Mathematical Modeling, vol. 11,
no. 3, pp. 425-439, 2023. doi: 10.22124/JMM.2023.23207.2072

H. R. Maleki, M. Tata, and M. Mashinchi, “Linear programming with fuzzy variables,”
Fuzzy sets and systems, vol. 109, no. 1, pp. 21-33, 2000. doi: https://doi.org/10.1016/S0165-
0114(98)00066-9

O. Zerdani and . Achemine, “On optimisation over the integer efficient set in fuzzy lin-
ear multicriteria programming,” International Journal of Mathematics in Operational Re-
search, vol. 13, no. 3, pp. 281-302, 2018. doi: https://doi.org/10.1504/IJMOR.2018.094847
V. V. Singh and A. Lisser, “A second-order cone programming formulation for two player
zero-sum games with chance constraints,” European Journal of Operational Research, vol.
275, no. 3, pp. 839-845, 2019. doi: https://doi.org/10.1016/j.0rl.2016.07.013

C. R. Bector, S. Chandra et al., ”Fuzzy mathematical programming and fuzzy matriz
games”. Springer, 2005, vol. 169.

D. Dubois and H. Prade, “Operations on fuzzy numbers,” International Journal of systems
science, vol. 9, no. 6, pp. 613-626, 1978. doi: https://doi.org/10.1080/00207727808941724

M. Sakawa, Fuzzy sets and interactive multiobjective optimization. Plenum Press, New
York., 1993.

H. Katagiri, M. Sakawa, K. Kato, and S. Ohsaki, “An interactive fuzzy satisficing method
based on the fractile optimization model using possibility and necessity measures for a fuzzy
random multiobjective linear programming problem,” Electronics and Communications in
Japan (Part I1I: FPundamental Electronic Science), vol. 88, no. 5, pp. 20-28, 2005. doi:
https://doi.org/10.1002/ecjc.20136

M. S. Lobo, L. Vandenberghe, S. Boyd, and H. Lebret, “Applications of second-order cone
programming,” Linear algebra and its applications, vol. 284, no. 1-3, pp. 193-228, 1998.
doi: https://doi.org/10.1016/S0024-3795(98)10032-0

M. S. Bazaraa, H. D. Sherali, and C. M. Shetty, ”Nonlinear programming: theory and
algorithms”. John wiley & sons, 2013.



