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Abstract: In this research, n-person cooperative games, arising from multi-objective
linear production planning problem with fuzzy parameters, are considered. It is assumed
that the fuzzy parameters are fuzzy numbers. The fuzzy multi-objective game problem
is transformed to a single-objective game problem by group AHP method. The obtained
problem is converted to a problem with interval parameters by considering the nearest
interval approximation of the fuzzy numbers. Then, optimistic and pessimistic core
concepts are introduced. The payoff vectors of the players are obtained by the duality
theorem of linear programming. Finally, validity and applicability of the method are
illustrated by a practical example.
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1. INTRODUCTION

Game theory is a formal way to analyze interaction among a group of rational
decision makers who behave strategically. Games are broadly classified into two
major categories: cooperative and non-cooperative games. In cooperative games,
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coalitions are organized by group agreement among some or all of the players and
many coalitions are possible in the n-person case. Any player participating in a
coalition must accept completely the decisions of the coalition, in other words, a
coalition behaves like an individual decision maker [26].

In the field of fuzzy single-objective cooperative games, considerable studies have
been made (for example see [2, 3, 11, 12]).

Sakawa and Nishizaki [26] extended the least core and the nucleolus in n-person
cooperative games with fuzzy coalitions. Nishizaki and Sakawa [26] constructed
cooperative games with fuzzy coalition values arising from the linear programming
problems with fuzzy parameters, and they investigated the core and a solution
concept based on the fuzzy goals for the coalition’s payoffs. The multi-objective
games were investigated by Bergstresser and Yu [6]. They mainly considered the
core, defined by the domination structures and referred to a couple of solution
concepts that yield a unique solution such as the nucleolus in n-person cooperative
games.

Sakawa and Nishizaki [26] considered the nucleolus in n-person cooperative games
with multiple scenarios. Multi-objective n-person cooperative games are defined
by the set of players and the sets in multi-dimensional payoff space corresponding
to the objective space.

Several articles have been devoted to the study of multi-objective cooperative
games (e.g. see [6, 17, 19, 20, 23, 24, 34, 35, 36]). Owen [28] considered linear
production planning problems in which multiple decision makers pool resources to
make several products. Sakawa and Nishizaki [26] considered multi-objective linear
production planning problem in which multiple decision makers pool resources
to make several products. The authors ([7, 8, 9, 10]) considered some of fuzzy
multiobjective games in other researchs. We consider the n-person cooperative
games arising from the multi-objective linear production planning problem with
fuzzy parameters. The remainder of the paper is organized as follows. In section
2, some preliminaries and necessary definitions about fuzzy sets and n-person
cooperative games are presented. In section 3, an n-person cooperative game
arising from the multi-objective linear production planning problem with fuzzy
parameters is introduced. Then a method is proposed to find optimistic and
pessimistic core. In section 4, validity and applicability of the method is illustrated
by a practical example. Finally, conclusion is made in section 5.

2. PRELIMINARIES

2.1. Fuzzy sets

In this subsection, we review some definitions and preliminaries of fuzzy sets
according to [29]. Let X denote a universal set. A fuzzy subset a of X is defined
by its membership function pz : X — [0, 1], which assigns to each element z € X
a real number p; (z) in the interval [0,1]; ug (z) is the grade of membership of =
in the set a. The support of a, denoted by supp (@), is the set of points x € X
at which pg (x) is positive; @ is said to be normal if there is z € X such that
ug () = 1. The a-cut of the fuzzy set a, denoted by a,, is a crisp set defined
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by a, = {z|ua (x) > a} for each « € (0,1], and ag = closure {z|us () > 0}; a is
said to be a convex fuzzy set if its a-cuts are convex. A fuzzy number is a convex
normalized fuzzy set of the real line R whose membership function is piecewise
continuous. From the definition of a fuzzy number a, it is significant to note that
each a-cut a,, of a fuzzy number a is a closed interval [a& af]. A triangular fuzzy
number a = (al, a™, ar) is a special fuzzy number, whose membership function is
given by
z—a' al < x < g™

a™—al =
r

pa(z) = 4=2%2 a"<z<a"
0 o.w.

where a™ is the mean of @, and a' and a” are the left and right end-points of
supp (@), respectively. In order to simply represent and handle fuzzy numbers, a
natural need is to replace fuzzy numbers with some simpler approximations.

Proposition 1. [16] Suppose a is a fuzzy number with a-cut [aé,ag]. The near-

1 1
est interval approzimation of a is {f atda, fafdoz}
0 0

2.2. Preliminaries of cooperative games

In this subsection, we review some definitions and preliminaries of cooperative
games.
A cooperative game (transferable utility game) is a pair (NV,v), where N =
{1,...,n} is a finite set of players and v is a real-valued function defined on the
power set of N, i.e., v : 2V — R satisfying v (¢) = 0. Each subset S of N is called
a coalition and the value v (9) is called the worth of S. We denote by G the set
of all games on N.

Definition 2. [26] A game v € GV s said to be superadditive if
v (SUT) >v(S)+v(T) VS, TCN :5NT =¢

In the cooperative game theory, the most important topic is to find an appropriate
rule for allocating the worth of the grand coalition among the players. Such a rule
is usually called a solution of the cooperative game. The allocated profit vector is
denoted by z = (x1,...,2,), where z; is the profit of the i-th player. It is quite
natural that this vector satisfies the following efficiency condition

in:v(]\f).

ieN

Two approaches have been taken in developing solutions of transferable utility
games. One of them is based on the objections of the coalitions, and the other
is based on the contributions of the players. A typical example of the former is
the core defined below, while that of the latter is the Shapley value [1]. A payoff
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vector = (x1,...,2,) which satisfies both efficiency and individual rationality,
defined by

x; > v (i) foralli € N,

Z z; =v(N),

iEN
is called an imputation, and the set of all imputations of the game v € GV is
denoted by I (v), i.e.,

I(v):{xeR"|Zmi:v(N),mi2U(i) Yie N }

iEN

Definition 3. [26] The core of the game v € GV, denoted by C (v), is defined as

C(v):{xeR"in:v(N)7in2v(S) VSQN}.

iEN €S

It is clear that the core is a convex polyhedron, since it is represented by a linear
equation and 2™ — 2 linear inequalities. In general, unfortunately, the core of a
game may be empty. The existence of the core is characterized by the concept of
the balanced collections.

Definition 4. [26] Let B = {S1,...,Sn} be a collection of nonempty subsets of
N. B is called a balanced collection if there exists a vector of positive numbers,
the balancing vector y = (y1,...,Ym), such that

> ys=1, VieN
SeB
ieS

Theorem 5. [26] A game (N,v) is said to be balanced if, for every balanced col-
lection B = {S1,...,Sm} with any balancing vector y = (Y1, ..., Ym),

> yiv(S;) <v(N).
j=1

Theorem 6. [26] For a game (N,v), a necessary and sufficient condition that
C (v) # & is that the game is balanced.

3. MULTI-OBJECTIVE LINEAR PRODUCTION PLANNING
PROBLEM WITH FUZZY PARAMETERS

Owen [28] considered linear production planning problems in which multiple
decision makers pool resources to make several products. The objective function
of linear production planning problem was represented as the total revenue from
selling certain kinds of products, and the problem was formulated as the linear
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programming problem in which, the revenue is maximized subject to resource con-
straints.

In this section, for an n-person cooperative game arising from the multi-objective
linear production planning problem with fuzzy parameters, we introduce the con-
cepts of the core solutions. We study multi-objective linear production planning
problems with fuzzy parameters which reflect the players ambiguous or fuzzy un-
derstanding of the nature of the parameters in the problem formulation process.
We assume that the parameters of the objective functions and constraints of the
problem are fuzzy numbers. A multi-objective linear production planning game
with fuzzy parameters is described as follows.

Let N = {1,...,n} be the set of all players. Each player is in possession of a re-

source vector bf = (l;’l, ey l~)jn> , t=1,...,n, and p kinds of products are made

by cooperation of the players. Let S be a coalition. This coalition will have a total

of 5 5

br(S) = b;

ies

units of the r-th resource. A unite of the j-th product, j = 1,...,p, requires a,;
units of the r-th resource r = 1,...,m and a unit of the j-th product for the k-th
objective can be sold at a price ¢;. We assume that the parameters b, a,;, Cx;
are fuzzy numbers. Using all of their resources, the members of S can produce
any vector (u1,us,...,u,) of products which satisfies

ajjul + ...+ dlpupégl (S)

AUl + ...+ dmpupél;m (S)
UJZO jzla"'vpa

where the symbol “<” denotes a relaxed or fuzzy version of the ordinary inequality
“<”. If they wish to maximize their revenues, then they will look for u to maximize
the following [ objectives.

~1

v (S) = 511’(1,1 + ...+ 61p’u,p,
ot (S) = ¢nur+...+ 6lpup.

Thus for a coalition S, the multi-objective linear production planning problem
with fuzzy parameters can be expressed as

maximize ci1uy + ...+ Ciply

maxrimize Cjiul + ... + Cplp
s.t. dnul + ...+ &1pup§b1 (S) (1)

dmlul + e + ELnlpUpéBm (S)
u; >0 j=1...,p.
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The decision makers will be asked to participate in a group decision making to
prioritize the objectives. This can be done by “Expert Choice” Software that
uses a group AHP methodology [18] for prioritization purposes. Assume that
wg, k = 1,...,1 indicate the relative importance of the k-th objective function.
Therefore, the problem (1), rewritten, is as follows.

mazimize wy 0 (S) + ...+ w s (S)
s.t. a11ul + ...+ a1pup<by (S)

(2)

Qi1 + ...+ dmpupél;m (S)
u; >0 i7=1...,p.

By solving the problem (2) (in the following a solution approach is proposed), we

obtain the optimal solution (u’{7 . .,u;) and the optimal value of the objective

as Vy, (S) for the coalition S. Thus the fuzzy cooperative game (N, V,,) with the
fuzzy coalition values arises from the multi-objective linear production planning
problem with fuzzy parameters. We will refer to this game as a fuzzy weighted
linear production planning game.

For solving the problem (2), we first use the nearest interval approximation of the
fuzzy numbers. Thus the problem (2) is transformed to the following weighted
linear programming problem with interval parameters.

mazimize wy (11 + ...+ cp)ur + ... Fw(cip + ...+ cp) up
s.t. a11U1 + ... + a1pUp <b (S)

: 3)
A1 t1 + - o F Aplty < by, (S)
U]EO j:17"'7p7

where the parameters of the problem are the intervals. To solve the problem (3),
we consider two point of views.

1) Optimistic case

In this case, the players consider the most values of sold prices of products in
market over the largest feasible region of the problem. Therefore the players
must solve the following linear programming problem. We call it optimistic linear
programming problem.

maxrimize w (cﬁ+...+cﬁ)u1+...+wl (cﬁjJr...Jrcl];)up
s.t. afyur + ... +afu, <bfE(S)

: (4)
abyui+ .. 4 abu, <OE(S)

u; >0 j=1...,p.

By solving the problem (4), we obtain the most possible values of benefits of the
objectives for the coalition S.
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2) Pessimistic case

In this case, the players consider the least values of sold prices of products in mar-
ket over the smallest feasible region of the problem. Therefore the players must
solve the following linear programming problem. We call it pessimistic linear pro-
gramming problem.

mazrimize wy (clL1+...+clL1)u1+...+wl (cleJr...Jrcﬁj)up
s.t. afiur + ... +afbu, <bF(S)
: ()

alfyur 4. 4 aff u, < b (S)
u; >0 j=1...,p

By solving the problem (5), we obtain the least possible values of benefits of the
objectives for the coalition.

Thus, the fuzzy cooperative game (IV, Vw) is transformed to the two cooperative
games (N7 Vif) and (N, Vf’). The cooperative game (N, Vf) arises from the
optimistic linear programming problem (4), and the cooperative game (N , VwL)
arises from the pessimistic linear programming problem (5). Therefore, we define
the optimistic and pessimistic cores of problem (1) as follows.

Definition 7. The optimistic and pessimistic cores of the problem (1) are the
obtained cores of solving the two cooperative games (N, Vf) and (N, VwL), respec-
tively.

Owen [28] showed that linear production planning problems have nonempty cores.
According to the fact that the cooperative games (N , Vqu:) and (N ,VE ) are crisp,
the following theorem is established. The proof of the following theorem is similar
to the presented proof by Owen [28] with some little changes.

Theorem 8. The weighted linear production planning games (N, VwL) and (N, qu)
have nonempty cores.

Proof. We present the proof for the game (N, V). Let u® (S) = (uf' (5),... ,uf (9))
be an optimal solution to the problem (4). Then

Vf(S):w1(cﬁ—l—...—l—cﬁ)u{%(S)—l—...—&—wl(cﬁ)—l—...—l—cg)uR(S).

We have
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where 4ff = Y ysul’ (S). Now, we have

SeB
S L AR g L R
E aT]u] = Z a’rj Z ysuj (S>
j=1 j=1 SeB
P
= 2 ys ) aguii(S)
SeB  j=1 ) )
< X yshi(S) = 3 Yysht =3 (3 ys)bi =0 (N)
SeB SeBicsS i€EN SGE
1€

Since uf (S)>0,j=1,...,pand ys > 0, VS € B, we have ﬁf > 0. Thus the
vector ﬂf satisfies the constraints (4) for S = N, and we must have

VIEN) Zwy (e + .+ cf)af + . 4wy (of, + .. 4 ) alf

so V.2 is a balanced game. Therefore the core of the game (N , Vf‘) isnonempty. [

To find payoff vectors in the optimistic and pessimistic core, we utilize the duality
theory for the linear programming problems (4) and (5). The duals of the problems
(4) and (5) are given by the problems (6) and (7), respectively.

minimize bi (S)y; + ...+ bE (S)ym
s.t. afiyr + .+ ak Yy > wn (cﬁ—i—...—i—cﬁ)

aleler...Jrafnpymel (cﬁ)+...+cg))
yr >0 r=1,...,m,

minimize bl (S)y1 + ...+ bk (S) ym
s.t. alyr + ..+ al Yy > wn (cflJr...JrclLl)

aﬁ?ler...Jraﬁpym > wy (cfp+...+cﬁ))
yr > 0, r=1,...,m.
We indicate the optimal solutions of the problem (6) and (7) by (yf‘, e wﬁ) and
L L
(yf,....yk).

As we know, dual variables are marginal worth of the resources. Thus the worst
and the best possible values of the payoff for i-th player are obtained as follows.

ok = 5 ytu )

R - RpLiR
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Now, we show that the obtained zF and zF by (8) and (9) are in the core.
Assume (yf',...,y) be an optimal solution of the problem (6) for S = N. Then

Vit (N) = 0 (N) g + ...+ by (N) . (10)

Also, we have

Vi (8) < b7 ()i + -+ by (S) (11)
Since V! (S) is the minimum over all feasible vectors y. Consider 2% = (zff,... zf),
where

ZbeZR 1=1,...,n.

For any S, we have

fozzzbm ZZW (S)yF 4+ .. +bE () yE

€S €S r=1 r=14€8

R _
Exi—

ieN

Yot = Vi)

€S

S0
From (11), it follows that

R L

Therefore, ¥ is an imputation in the core. Similarly ¥ = (;U{ﬂ . ,xn) is an
imputation in the core.

4. NUMERICAL EXAMPLE

Consider a linear production planning problem in which five players make
three kinds of products P;, P>, and P3. Each of the players initially possesses
a certain number of resources Rj, Ro and R3. We formulate a multi-objective
linear programming problem with three objective functions. The initial resources
b%, i = 1,2,3 of the players and the resources of the grand coalition are shown in
Table 1. The coefficients of the objective functions and technological coefficients
are represented by the following matrices.

~ (1.5,2.5,3) (4.75,5,5.5)  (3.5,4,4.75)
C=1| (23,45 (2,3,4.5)  (4.5,5,5.25)
(0.5,1,1.5) (4.25,5,5.75) (—.25,0,.25)

)

) (1.5,2,3) (8,9,10)  (2,3.
A= | (5.75,6,6.75) (3.5,4,4.75) (8.5,
(7,8,8.75)  (8,9,10.5) (6.7
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Resources Ry Rs R3
Playerl (118,119,120) (56,57,58) (109,110,110.5)
PlayerIl (104.5,105,105.5) (74.5,75,75.5) (94.5,95,95.75)
PlayerIII (85.75,86,86.5) (79.75,80,80.75) (139,140,141)
PlayerlV (69.5,70,70.5) (87.5,88,88.25) (104.5,105,106)
PlayerV (49,50,51) (109.25,110,110.5) | (119,120,120.75)
(566,570,574)

Grand coalition | (426.75,430,433.5) (407,410,413)

Table 1: Initial resources

To solve this problem, we first use the nearest interval approximation of fuzzy

numbers. The problems (6) and (7) are as follows (assume that the decision
1

makers have agreed to wy = wy = w3 = 3 ).

manimaize 431.75y; + 411.5y2 + 572y3

s.t. 1.75y1 + 5.875y2 + 7.5y3 > 2.54
8.5y1 + 3.75ys + 8.5y3 > 4.79 (12)
2.75y1 + 8.75y2 + 6.875y3 > 3.17

Y1,Y2,Y3 2 07

and
minimize 428.375y; + 408.5y2 + 568ys
s.t. 2.5y1 4+ 6.375yy 4+ 8.375y3 > 1.75
9.5y1 + 4.375y2 + 9.75ys > 4.79 (13)
3.625y1 + 9.625y2 + 7.5y3 > 2.83

Y1,Y2,Y3 > 07
The optimal solutions of the problems (12) and (13) are respectively

yF,yk, yk) = (0.367,0.156,0),
yit ylt yit) = (0.354,0.135,0.150) .

To solve the above problems Lingo software is used. Then, according to (8) and

(9), the payoffs vectors for players LILIILIV,V are obtained as

(2}, 2f) = (52.304,66.603)
(x5, 28) = (50.104,61.724)
(2, 28f) = (43.977,62.4581)
(zf,2f) = (39.443,52.607)
(2%, 2f) = (35.268,50.817)
where 2L, 22 are the worst and best values for player i.

5. CONCLUSION

The problem of cooperative game arising from the multi-objective production
planning problem with fuzzy parameters has not been considered in previous re-
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searches, based on the best knowledge of the authors. We converted the multi-
objective game to the single-objective game by using group AHP method. Then
the obtained weighted single-objective games were transformed to the two, opti-
mistic and pessimistic, games arising from optimistic and pessimistic linear pro-
gramming problems. The payoffs vectors of the players were obtained using the
duality theorem of linear programming. In comparison with the existing approach
(for single-objective problem), the proposed method has the following advantages:
(1) The nearest interval approximation is introduced to replace a fuzzy number,
which captures essential features of original fuzzy quantities to a great extent.
(2) The proposed approach requires fewer intermediate models and less computa-
tional effort.

Finally, validity and applicability of the method are illustrated by a practical ex-
ample.
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