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Abstract

The main purpose of this paper is to develop a new optimum output quantity decision analysis of a duopoly market under a fuzzy
decision environment. To efficiently handle the fuzziness of the decision variables, the linguistic values, subjectively represented by
the trapezoidal fuzzy numbers, are used to act as the evaluation tool of decision variables such as fixed cost and unit variable cost.
This paper will apply fuzzy set theory to construct an optimum output quantity decision model based on aiming for the maximum
profit of a duopoly market. By using this decision model, the decision-makers’ fuzzy assessments with various variables can be
considered in the decision process to assure more convincing and accurate decision-making.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

To maximize profit and minimize overall cost, the optimum output quantity decision has been an important issue
for industrial organization. In a duopoly market, two models can be used to optimize the output quantity. One of them
is the Cournot model [1-3], and the other is the Stackelberg model [4]. The Cournot and Stackelberg models are
similar because, in both, competition occurs in terms of quantity. The Cournot model forms a situation in which each
firm chooses its output independently. The Stackelberg model is a two-stage leadership in which the leader chooses its
output quantity before the follower does. The follower then notes the leader’s choice of output quantity and chooses its
own output quantity [5]. Both Cournot and Stackelberg model play a vital role in such fields as economics, behavioral
sciences, management, and politics [6—8].

Alepuz and Urbano [9] analyzed how learning behavior can change the outcome of competition in a duopoly
industry facing demand uncertainty. They found that each firm will increase its first period quantity for the myopic
choice to make price a more informative signal. Wang [10] studied and compared fee and royalty licensing in a
differentiated Cournot duopoly. The study results showed licensing by a royalty may be better than a fixed-fee from the
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viewpoint of the patent-holding firm. However, the consumer preferred the fixed-fee licensing. Barr and Saraceno [11]
examined the effects of both environmental and organizational factors on the outcome of repeated Cournot games.

Eiselt [12] examined a facility planner’s advantage resulting from knowledge of his competitor’s opinion in the
location Stackelberg games. Some valuable findings are obtained. For example, given perfect information, the leader
always has an advantage over the follower. Lavigne et al. [13] presented a general method to study the electricity
market of a country or region, under various pricing mechanisms. The study results showed monopolistic pricing
chosen by the producer to minimize its costs while knowing the optimal consumers’ reaction to the proposed price of
electricity leads to a Stackelberg-type equilibrium. Nie [6] explored discrete time dynamic Stackelberg games with an
open loop complete state. The study pointed out that both feedback and closed loop dynamic Stackelberg games with
complete information are valuable in explaining some social and economic phenomena. Yang and Zhou [8] analyzed
the effects of the duopolistic retailers’ different competitive behaviors - Cournot Collusion and Stackelberg - on the
optimal decisions of the manufacturer and the duopolistic retailers themselves. The results showed that the total profit
of the duopolistic retailers who act as the followers will exceed the more powerful manufacturer’s profit as long as the
dissimilarity between the duopolistic retailers’ market demands is sufficient.

In a duopoly market, four patterns to market structure can be formed. They are: (1) both companies A and B are
followers; (2) company A is a leader and company B is a follower; (3) company B is a leader and company A is a
follower; (4) both companies A and B are leaders. In pattern (2) and (3), the leader makes the optimum output quantity
decision by considering the response function of the follower, then, the follower decides his optimum output quantity
based on the leader’s decision. In pattern (1), the optimum output quantities of companies A and B can be solved
by the simultaneous-equation models constructed by their response function respectively. In pattern (4), the optimum
output quantities of companies A and B can be achieved when they are recognized as leaders.

In conventional precision-based models of duopoly, decision variables are expressed in crisp values [14,15].
However, because of the insufficiency and uncertainty of information in the decision environment, it is difficult to find
the exact economic assessment data, such as the prices of products, volume of activity, per unit variable costs, and total
fixed costs. Therefore, the precision-based decision may be ineffective. In fact, when decision-makers decide, they
assess based on their professional knowledge, experience, and subjective judgment. Linguistic values, such as “about
2000 dollars”, “about 40%”, are usually used to suggest their estimations. Fuzzy set theory can play a significant role
in this decision-making environment.

Fuzzy set theory was introduced by Zadeh [16] to solve problems in which a source of vagueness existed. Linguistic
values can be expressed fittingly by the approximate reasoning of fuzzy set theory [17]. To deal with the ambiguities
involved in the process of linguistic estimations effectively, the trapezoidal fuzzy numbers are used to characterize
fuzzy measure of linguistic values [18]. At the same time, combining the Cournot and Stackelberg models, a fuzzy
duopoly model which considers the factors of market demand, business cost and market position is developed to
answer the optimum output quantity of duopoly market under a fuzzy decision environment.

This paper is organized as follows. Section 2 introduces fuzzy set theory. The fuzzy model of duopoly is developed
in Section 3. A numerical example to explain the computational process of a fuzzy model of duopoly will be presented
in Section 4. Finally, conclusions are given in Section 5.

2. Fuzzy set theory
In this section, some concepts of fuzzy set theory used in this paper are briefly introduced.
2.1. Trapezoidal fuzzy numbers

A fuzzy number A [19] is described as a special fuzzy subset of real numbers whose membership function f4
satisfies five conditions. (1) f4 is a continuous mapping from R (real line) to a closed interval [0, 1], (2) fa (x) =0,
forallx € (—oo, c]U[d, 00), (3) fa (x) is strictly increasing in the interval [c, a], (4) fa (x) = 1,forall x € [a, b], (5)
fa (x) is strictly decreasing in the interval [b, d]. Where ¢, a, b, d are real numbers, and —oco < ¢ <a <b <d < 0.
For convenience, f j is named as the left membership function of fuzzy number A, defining f j (x) = fa (x), for
all x € [c,a]; and f f is named as the right membership function of fuzzy number A, defining f f (x) = fa (x), for
x € [b, d]. The fuzzy number A in fR is a trapezoidal fuzzy number if its membership function f4 : R — [0, 1] is
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x—¢)/(a—c), c<x<a
I, a<x<b

A=V o—d). b<x=<d "
0, otherwise

where —oc0o <c<a <b<d < o0.

The trapezoidal fuzzy number, as given by Eq. (1), can be represented by (c, a, b, d). The interval [a, b] of
trapezoidal fuzzy number A gives the maximal grade of f4(x), thatis, f4 (x) = 1, x € [a, b]; it is the most probable
value of the evaluation data. In addition, ¢ and d are the lower and upper bounds of the available area of the evaluation
data. They are used to reflect the fuzziness of the evaluation data. The narrower the interval [c, d] is, the lower the
fuzziness of the evaluation data.

The trapezoidal fuzzy numbers are easily used and interpreted. For example, ‘approximately between 800 and 810’
can be represented by (795, 800, 810, 815); and the more blurry representation can be represented as (790, 800, 810,
820). In addition, an exact number, ‘a’ can be represented by (a, a, a, a). For example, ‘40’ can be represented by
(40, 40, 40, 40).

By the extension principle [16], the extended algebraic operations of two trapezoidal fuzzy numbers, A} =
(c1,a1,b1,dy) and Ax = (¢, az, ba, d>), can be expressed as:

Al ® Ay = (c1 +ca, a1 +ar, by + by, dy +do),  k® A= (ke, ka, kb, kd) , k € R, k> 0.

2.2. The ranking of fuzzy numbers

In the fuzzy model of duopoly, ranking the fuzzy profits and fuzzy total profits being considered is important
and essential. Many methods of ranking fuzzy numbers have been proposed [20-27]. The graded mean integration
representation method [28] not only improves on some drawbacks of existing ranking methods, but also has the
advantage of easy implementation and power in problem solving. So, it will be used to characterize the presentation
value of the trapezoidal fuzzy number and rank the fuzzy profits and fuzzy total profits.

Let A; = (ci,ai,bi,di), i = 1,2,...,n, be n trapezoidal fuzzy numbers. The graded mean integration
representation P (A;) of A; is

¢ + 2a; +2b; + d;
6 .

Let P (A;) and P (A j) be the graded mean integration representations of A; and A ;, respectively. Define that

P (A) =

2

A,’ > Aj if and only ifP(A,‘) > P (Aj),
A; <A; ifandonlyif P(A;) < P (Aj),
A =A; ifandonlyifP(Ai)zP(Aj).

3. Fuzzy model of duopoly

Notation
qi: The output quantity of company i.
0: The total output quantity of duopoly market.

P(Q): The demand price under Q.
FTC;: The fuzzy cost function of company i.

fi: The fuzzy fixed cost of company i.

¢ The fuzzy unit variable cost of company i.

FTr;: The fuzzy profit function of company i.

qr,:  The optimum output quantity of company (follower) i in pattern k.
qL;:  The optimum output quantity of company (leader) i in pattern k.

Py: The market equilibrium price in pattern k.
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FTrp,: The fuzzy maximum profit of company (follower) i in pattern k.
FTmyp,: The fuzzy maximum profit of company (leader) i in pattern k.

Let g4 and g p represent the output quantities of companies A and B, respectively. Let O be the total output quantity
of duopoly market. That is, Q = g4 + ¢gp. Suppose the demand price P(Q) is

P(Q)=a+pQ=a+p(ga+qB). 3)

In addition, we define the fuzzy cost functions of companies A and B, represented by FTC 4 and FTCp, as follows.

FTCy = fa®ca®qa 4)

FTCp = fp®cp ®qp (5)
where, f4 and fp stand for the fuzzy fixed costs, c4 and cp represent the fuzzy unit variable costs, and

fa=(fA fa fa fD. ca=(ch.ch.ch.ch),

fe = (f8, [ far f5)s cp = (ch, ch, ch, ch).

Then the fuzzy profit functions of companies A and B, represented by FTm4 and FT g, can be calculated by Eqgs.
(6) and (7), respectively.
FTrns = TRAOFTCy

= p(Q)qaOFTCx

= (aqa + Bas + Bqaqr) O(f4 + chqa. fa + cada. fa+ chaa. f1+cida)

= ((a — cA)qa + Bgaqs + Bas — fi. (@ — c)qa + Baaqs + Bqs — fa.

(@ = c3)qa + Bgags + Bax — fi, (@ — c))qa + Baags + Bax — f1) (6)

and

FTns = P(Q)gqgOFTCp
= (@ +B(qa+qB) qO(f5 + chap, 3+ ckap. fo +cyqs. f1 + chap)
= (@ — c})qB + Baaqs + Bag — [5. (@ — cp)qp + Baags + Bag — f3,
(o = cp)qs + Baags + Bag — f5. (@ — cp)as + Baaqs + Bag — f3)- @)
By Eq. (2), the graded mean integration representation P (FTmwy) of FTm, is
[(« — %) aa + Baags + Bai — fA]l +2[(« — c}) 94 + Baaas + Bai — /4]
6

2[(« — %) qa + Baags + Bai — f1] + [(« — k) qa + Bgags + B3 — fi]
6

P(FTns) =

_I_

A2 v2f+ 14
. )

qa + Baaqs + Ba; —

|: ck+2ci+2ci+ci_
= o —
6

Similarly, the graded mean integration representation of F T is

B C}B+ZC%+26%+C%_
6

fa+2f5+2f3+ f3

g5 + Bqaqs + Bay — G

P(FTrnp) = |:oz

Pattern 1: Both companies A and B are followers.

Step 1: Find the response functions of companies A and B.

By considering the maximum profit of company A, we can calculate the first-order partial of P (FT m4) versus g4
and suppose the derivative result equals zero. Then the response function of company A can be found. That is, let

oP (FTm ek +2¢2 +263 + ¢

( A)=a+2ﬁqA+ﬂqB— A A ATCA

=0. 8
b G ®)
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Then, by Eq. (8), we can find the response function of Company A.

ci‘—l—2ci+2ci+cj—6a—6ﬁq3'

= 9
qa 128 ©))
Similarly, we can find the response function of company B.
1 2 3 4
cp+2¢% +2c% + ¢ — 6a — 6894
g = B B B B i (10)

128

Step 2: By Egs. (9) and (10), the optimum output quantities of companies A and B, represented by ¢r,, and g, , can
be found. That is

2c}4+4c%+4ci+261—c}3—2c% —20%3 —ct —6a

B
= 11
qF,, 135 (11)
_ 20}g +4c%+4c33+20% —cll —2c%1 —2c134 —cj — 6a
qFg, = 18,3 . (12)

Step 3: By taking Eqgs. (11) and (12) into Eq. (3), we can find the market equilibrium price. That is,

Pl:c}q—l—ZC%+20134+C4A+c};+26%+20%+c%+6a (13)
188 ’
Step 4: By taking g r,, and grg, into Egs. (6) and (7), the fuzzy maximum profits FTnr,, and FTnF,, of companies
A and B can be found.

FTT[FAl = ((O[ - Ci)f]FAl +ﬂ4FAIC]F31 +IBCI%7A| - f:}t’ (05 —CZ)CIFM +,3‘]FA161F31 +ﬂQ%A] - f,z?

(o = CqFy + BaFuaFm + Bdt,, — JA. @ = CqFy + Baryqrm + Bdt,, — f4) (14)
FTrpg = ((@ — C‘I‘g)qFBl + BqFyqr + :3‘112731 - fé’ (o — C%’)qFBl + BqFyqrs, + :3‘1%‘3. - fgv
(Ol - C%)QFB] + ﬁQFMCIFB. + 136]12731 - fl%v ((X - C}})‘]Fg] + IBqFA]qFB] + ﬁq%Bl - fé) (15)

Step 5: By Egs. (14) and (15), the fuzzy total profit F T in pattern 1 is as below.
FTm =FTap, ® FTnp,. (16)

Pattern 2: Company A is a leader and company B is a follower.

Step 1: By taking the response function of company B, represented by Eq. (10), into Eq. (6), the fuzzy profits function
FTmy is as below:

6a — 12¢* + ¢k 4+ 2¢% + 2¢3, + ¢4 B
FTma = (( A aa + Tai — [
60{—126%+c};+2c%;+2¢:%+cj_fg B 5
qa + 594~ fi
12
6a—12c%+c}3+2c129+2c%+c% B 5
B qa + CIA fi

a7

6a—12c}4+c};+2c%+20%+c% B 5
D ga+ 594~ A

Then the graded mean integration representation P (FTmw4) of FT w4 is

(6a + c}g + 20% + 20% —i—c‘é - 26]4 - 463x - 402x - ZCi) qa

P (FTry) = >
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n 6Baz —2fs —4f2 —4f1 —2fi
12 '

Step 2: Let g ,, be the optimum quantity of company A. It can be found by taking first-order partial of P (FTm,)
versus g4 and assuming the derivative result equals zero. That is, let

AP (FTra) (6@ +cp +2cf + 2ch + ¢y — 2c) — 4ci —4c —2¢4) + 12Bqa

=0. 18
aga 12 (18)
By solving the equation above, we can find g, ,, as below:
. 20% +4C% +4ci +2c‘i —cg —2(3% —26% —c‘g — 6a
dL, = . (19)

128
Step 3: By taking Eq. (19) into Eq. (17), we can find the fuzzy maximum profit FT 7y, ,, of company A.

6a — 12¢% + ¢k +2¢2 4263, + ¢4 B, 4
FTrp, = (( 4 2 2 = = Lyt 5490, — Jas

12 2

6a—12ci+c}3+2c129+20%+c‘}3 +é ’ —f3
12 L 4> quA2 A»

6a—12ci+c}3+2c%+2c%+c‘l§ é 2 0
12 qLAZ + quAZ fA’

6o — 12¢t + el + 262 + 263 + ¢4 B
( A e+ Sal, — fa ) (20)

Step 4: By taking Eq. (19) into Eq. (10), we can find the optimum output quantity gr,, of company B.

36‘% +6c% +6C% +3c‘l‘g —2c}4 —40% —4c§\ —ci — 6

= 21
qFp> 248 (21)
Step 5: By taking Egs. (19) and (21) into Eq. (3), the market equilibrium price P, in pattern 2 can be found.
Py — 2c}4+4ci~|—4c134+26i+c113+2c%~|—2€133+c‘}3+6a. 22)

24

Step 6: By taking gy ,, and gF,, into Eq. (7), the fuzzy maximum profit FTmy ,, of company B in pattern 2 is as
below:

FTnpg, = (@ — C‘}i)qFBz + BaL s qFs, + ﬂql%"gz - fgv (a — C%)quz + BaLpqFs, + ﬂql%‘gz - flgv
(@ = Cp)qFg, + BALAFs: + BaF,, — f5- (@ = Cp)aFg, + BaLnaFs + BaF, — f8)-  (23)
Step 7: Then the fuzzy total profit F'T mr> in pattern 2 is
FTny =FTrnp,, ® FTmpy,. 24)
Pattern 3: Company B is a leader and company A is a follower.

By copying the analysis of pattern 2, the following results can be found:
The optimum output quantity gy ,, of company B is

20}9 +4c% +4c% —|—2c‘l§ —c}4 —20% —20134 —ci‘ — 6a
128 '

qLgs = (25)
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The fuzzy maximum profit FTny ., of company B is

6a — 12¢% + ¢l +2¢% +2¢3 + ¢4 B
FTrpy, = <( £ 4 4 A 2 qLps + _ql%m - fg’

12 2

2 3
12 2918~ i

605—126%+c}4—{—2c§—i—2c§\—i—ci‘1 B
qLp; + )

605—120%4—0114—i—2ci—i—2c134—i—c‘}4 +E2 —f2
12 qLB3 2qLB3 B>

6 — 12k + ¢l 4+ 262 +2¢3 4+ ¢4 B
( £ A12 4 e 61L33+561%B3—f§ . (26)

Step 1: By taking Eq. (25) into Eq. (9), we can find the optimum output quantity gr,, of company A, it can be
expressed as

3¢k +6¢% 4+ 6¢3 + 3¢k — 2ck — 4ck — 4 — 2 — 6a

24p @7)

qFp3 =

Step 2: By taking Egs. (25) and (27) into Eq. (3), we can find the market equilibrium price P3 in pattern 3, that is

2ch +4ck +dcd 4 2¢h + el 263 426 + A+ 6a
- 24 '
Step 3: By taking gy ,, and gf,; into Eq. (6), the fuzzy maximum profit FT 7, is

P

FT”FA_:, = ((O[ - Ci) *qFs + ,BCIFA36]L33 + ﬂq127A3 - fﬁ’ (Ol - Ci) *qFs + ﬁQFA3qLB3 + ﬂq127A3 - fj#
(CY - Ci) *qdFus + ﬂCIFA3QLB3 + /BQIZTAg - fis ((X - C,lq) *qdFus + ﬂQFA3qLB3 + /36]%1“ - f;) (28)
Step 4: Then the fuzzy total profit ' T3 of companies A and B is

FTrnys =FTrp,, ® FTmp,,. 29)

Pattern 4: Both companies A and B are leaders.
Step 1: When company A is a leader and company B is a follower, the optimum output quantities of companies A and
B are as below, respectively.
2c£ —}—4c124 +4C,34 -|—2Cj14 —c}g —26‘% —203’g —c‘}g — 6o
128
?ac}9 + 6c% + 6c% + 30% - 2c114 — 4cz‘ — 403 - cﬁ‘ — 6o
248 '

qLp, =

qFp; =

And the fuzzy maximum profits FTw;,,, and FT g, are expressed as Egs. (20) and (23).

Step 2: When company B is a leader and company A is a follower, the optimum output quantities of the two companies
are as below:

2cy +4cg, +4cyy + 2 — ¢y — 23 — 2 — ¢ — 6a

fom = 128
. 3¢k +6¢% 4+ 6¢3 + 3¢k — 2ck — 4ck — 4 — 2} — 6a
e 24p .

And the fuzzy maximum profits FTw;,,, and FT 7, are expressed as Egs. (26) and (28).

Step 3: When both companies A and B are leaders, the optimum output quantities of the two companies are as below:
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Table 1

The optimum output quantities, fuzzy maximum profits, fuzzy total profits and equilibrium market prices of the four different market structures
Company B
Leader Follower

Company A Leader FTrp,, T FTrp,, qL 4
FTmLg, 9Lpy FTmFpg, 9Lp>
FTmy Py FTmy P

Follower FTrFp,, 9L 3 FTnp,, qFy,

FTrp g, 9Lp3 FTrpp, 9Fp
FTn3 P3 FTm Py

The optimum output quantity of company A is

2ci‘+4ci~l—4ci+26i—c}g—2ng—ZC%—C%_&X

ALy = 4Lpr = 12,3 (30)
The optimum output quantity of company B is
2¢h +4c% +4c3 +2¢h —cl —2¢2 — 263 — ¢ — 6
QLps = qLps = B B B B A A A A ) (31)

128

By taking ¢, ,, and gy 5, into Egs. (6) and (7), the fuzzy maximum profits and fuzzy total profit, FTny ,,, FTny ,,
and F Ty, are as below:

FTrnp,, = ((@— Ci)qLAA + BqL,qLp, + ﬂsz - f;xlv (o — Ci)qLA4 + BqLpqLp, + ﬁq%M - fg’
(a — Ci)qLA4 + ﬂqLA4qLB4 + .BCI%M - fi’ (o — C/IA)QLM + ﬂqLAthLm + ﬁqzm - f/i)

FTT[LB4 = ((Ol - C;‘;)CILM + ﬁCILMC]LM + ﬂqim‘ - fé» (Ol - C%)qLB4 + ,BCILMC]LM + ﬁQI%B4 - fgs
(Ol - C%)quﬂ + ﬂl]LA4f]LB4 + /BQI%B4 - f]%’ (05 - clB)qL34 + ﬂCILA4‘ILB4 + ﬂq%34 - fé) (32)
FTny = FTrp,, ® FT7.,,.

And by taking Eqs. (30) and (31) into Eq. (3), we can find the market equilibrium price P4 in pattern 4, that is,
cl‘+2ci+20i+ci+c}g+2c%+20%+c‘g
12 '

By understanding the analysis of four cases described above, we can obtain the optimum output quantities, fuzzy
maximum profits, fuzzy total profits and market equilibrium prices of the four different market structures. These
results are shown as Table 1.

4 =

4. Numerical example

In this section, a hypothetical optimum output quantity decision problem of duopoly market is designed to explain
the computational process of the fuzzy Stackelberg model proposed here.

Assume that companies A and B need to make decision of the optimum output quantities in a duopoly market. The
estimated fuzzy fixed costs, fuzzy variable costs are given as follows:

For company A, the fuzzy fixed cost is about 65,000 dollars, and the fuzzy variable cost a unit is about 200 dollars.
That is, f4 = (60000, 65000, 65000, 68000) and c4 = (150, 200, 200, 230).

For company B, the fuzzy fixed cost is about 60,000 dollars, and the fuzzy variable cost a unit is about 250 dollars.
That is, fp = (55000, 60000, 60000, 63000), and c4 = (200, 250, 250, 280).

Then, the fuzzy total costs of companies A and B are

FTC 4 = (60000 + 150¢4, 65000 4 2004, 65000 + 200g 4, 68000 + 230¢,)
FTCp = (55000 + 200g 5, 60000 + 250¢ 5, 60000 + 250¢ 5, 63000 -+ 2804 5).

In addition, let demand price P be P = 2100 — 2 (g4 + gB).
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Pattern 1: Both companies A and B are followers.
In this pattern, the optimum output quantities, fuzzy maximum profits, fuzzy total profit and market equilibrium

price of the two companies are as below:
qr,, =304, qrg = 308, P =848
FTrnr, = (128188, 140313,140313, 160521);
FTnp, = (120458,132708, 132708, 153125);
FTm = (248646, 273021, 273021, 313646).

Pattern 2: Company A is a leader and company B is a follower.
In this pattern, the optimum output quantities, fuzzy maximum profits, fuzzy total profit and market equilibrium
price of the two companies are as below:
qr,, = 488, qrg, =219, P, = 685
FTmp,, = (154192,171842,171842,201258);
FTrmp,, = (25763,35338,35338,51296);
FTm, = (179954,207179,207179,252554).

Pattern 3: Company B is a leader and company A is a follower.
In this pattern, the optimum output quantities, fuzzy maximum profits, fuzzy total profit and market equilibrium

price of the two companies are as below:
gLy, = 451, qF.; = 250, P; =698
FTryp,, = (125223, 141748, 141748, 169290);
FTrnp,, = (49070, 59582, 59582, 77103);
FTmy = (174293, 201330, 201330, 246393).

Pattern 4. Both companies A and B are leaders.
When both companies A and B are leaders, they decide the optimum output quantity is based on profit itself.
1. Company A is a leader and company B is a follower:

qrL,, = 488, qry, =219

FTrmp,, = (154192, 171842, 171842, 201258);
FTnp,, = (25763, 35338, 35338, 51296);
FTmy = (179954, 207179, 207179, 252554).

2. Company B is a leader and company A is a follower:

gLy, = 451, qra; =250

FTmyp,, = (125223,141748, 141748, 169290) ;
FTrp,, = (49070, 59582, 59582, 77103);
FTm = (174293, 201330, 201330, 246393).

3. When both companies A and B are leaders, they want their fuzzy profit to be maximal.
To pursue the maximum individual fuzzy profit, they want to be leaders.
The company A will produce the output quantity gy, ,, = 488.

And company B will produce the output quantity gy, ,, = 451.
FTryp,, = (—71904, —54264, —54264, —24864);
FTmp,, = (—91304, —73664, — 73664, —44264);

FTry = (—163208, —127928, —127928, —69128);
Py =222.
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Table 2

The optimum output quantities, fuzzy maximum profits, fuzzy total profits and equilibrium market prices of four different market structures
Company B
Leader Follower

Company A Leader FTrp ,, = (—=71904, —54264, —54264, —24864) FTrp,, = (154192, 171842, 171842, 201258)
FTrpp, = (—91304, —73664, —73664, —44264) FTrpg,, = (25763, 35338, 35338, 51296)
FTmy = (—163208, —127928, —127928, —69128) FTmy = (179954, 207179, 207179, 252554)
qr,, =488 qrp, =451; Py =222 qL,, = 4885 qFy, =219; P =685

Follower FTrpp, = (125223, 141748, 141748, 169290) FTrp,, = (128188, 140313, 140313, 160521)

FTrp,, = (49070, 59582, 59582, 77103) FTrpy, = (120458, 132708, 132708, 153125)
FTmy = (174293, 201330, 201330, 246393) FTmy = (248646, 273021, 273021, 313646)
qL gy =451; qF,, =250; P3 =698 qF,, =304 qpy =308; P; =848

By understanding the analysis results of four cases described above, we can find the optimum output quantities,
fuzzy maximum profits, fuzzy total profits and market equilibrium prices of four different market structures. They are
expressed as Table 2.

For company A, the fuzzy profits of four different market structures are as below:
FTrmp, = (128188, 140131, 140131, 160521);
FTmp,, = (154192, 171842, 171842, 201258);
FTrmp,, = (49070, 59582, 59582, 77103);
FTmp,, = (=71094, —54264, —54264, —24864).

Based on the graded mean integration representation method,

128,188 4+ 2 x 140,313 4+ 2 x 140,313 4 160, 521

P (FT7r,) = . = 141,660
154,192 +2 x 171,842 + 2 x 171,842 4 210, 258
P(FTmL,,) = X J; . hi = 173,803
49,070 + 2 x 59,582 + 2 x 59,582 + 77, 103
P (FTrp,,) = rex _z X + = 60,750
—71,904) + 2 x (—54,264) + 2 x (—54,264 —24.,864
P(FTmL,,) =" )2 x( )Z all )+ ) _ 52304
Since P (FTny,,) > P(FTnp,, ) > P (FTwg,) > P (FTmy,,),
So FTny,, > FTnp, > FTng,, > FTny,,.
For company B, the fuzzy profits of four different market structures are as below:
FTnp, = (120458, 132708, 132708, 153125);
FTnp,, = (25763, 35338, 35338, 51296);
FTrmp,, = (125223, 141748, 141748, 169290);
FTrp,, = (—91304, —73664, —73664, —44264).
Based on the graded mean integration representation method,
120,458 + 2 x 132,708 + 2 x 132,708 + 153, 125
P (FT7r,) = Tox Jg x ki — 134,069
25,763 4+ 2 x 35,338 + 2 x 35,338 + 51, 296
P (FT7ry,) = Tox Z . i = 36,402
125,223 + 2 x 141,748 + 2 x 141,748 + 169, 290
P (FT7L,,) = Tox Z x * — 143,584
—91,304) + 2 x (—73,664) + 2 x (73,664 —44,264
P(FT?TLB4):( )+ X( )+ X( )+( ):_71’704

6
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Since P(FTmp,,) > P(FTnp,) > P(FTnp,,) > P(FTrp,,),
So FTrmpy, > FTapy > FTrpy, > FTmp,,.
The fuzzy total profits of companies A and B are as below:
FTm = (248646, 273021, 273021, 313646);
FTmy = (179954, 207179, 207179, 252554);
FTr3 = (174293, 201330, 201330, 246393);
FTmy = (—163208, —127928, —127928, —69128).

Based on the graded mean integration representation method,
248,646 + 2 x 273,021 4+ 2 x 273,021 + 313, 646

P(FTm) = G = 275,729
P (FTmy) = 179,954 42 x 207,179 —g 2 x 207,179 4 252, 554 210204
P (FTns) = 174,293 42 x 201,330 —g 2 x 201,330 4- 246, 393 204334
P (FTns) = (—163,208) + 2 x (—127,928);— 2 x (—127,928) 4 (—69,128) 124,008,

Since P(FTm) > P(FTmp) > P(FTn3) > P(FTmy).
So FTmy > FTny, > FTny > FTmy.
Based on the analysis results stated above, we find:

1. When both companies A and B are followers. The equilibrium market price and the total fuzzy profit are maximal.
That is,

848 > 698 > 685 > 222
FTrmy > FTny > FTny > FTrng.

And, the company individual fuzzy profit is almost maximal.
Since, for company A: FTrmy,, > FTng,, > FTnp,, > FTny,,.
And for company B: FTry, > FTrp, > FTnpy, > FTmp,,.

2. When both companies A and B are leaders and both companies produce many products, the equilibrium market
price and total fuzzy profit are minimal. That is,

222 < 685 < 698 < 848
FTrny < FTny, < FTny < FTry.

And, the company individual fuzzy profit will be the lowest.
Since, for company A: FTrwy,, > FTnp, > FTnp, > FTnyp,,.
And, for company B: FTmy,, > FTrp,, > FTrp,, > FTrp,,.
Therefore, the best decision is ‘both companies A and B are followers’.

5. Conclusions

In business decision analysis, obviously, the difficulty in finding precise assessment data such as fixed cost,
unit variable cost of product caused the vagueness and uncertainty of the relevant information in deciding. So, the
conventional precision-based decision analysis method is less effective in suggesting available information in such an
imprecise and fuzzy decision environment.

This paper improves the estimating methods in which we can send the estimation of decision variables by the
linguistic values characterized by trapezoidal fuzzy numbers. Further, in this paper we examined an analytical method
of effectively carrying out the “optimum output quantity”’ decision of duopoly market under a fuzzy environment. The
proposed fuzzy model of duopoly not only considered the factors of market demand, business cost and market position
but also could be used to analyze the interaction tactic behavior between enterprises. Besides, the proposed model can
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be computerized to enable the decision-makers to achieve the best decision automatically either by conducting fuzzy
or non-fuzzy assessment.
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