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Abstract. We computed the extended operations for generalized quadratic fuzzy sets and ex-
tended quadratic fuzzy numbers from R to R2. By defining parametric operations between two
a-cuts, which are regions, we derived the parametric operations for two quadratic fuzzy numbers
defined on R2. The outcomes of these parametric operations serve as a generalization of Zadeh’s
extended algebraic operations. We demonstrated that the results obtained from the paramet-
ric operations represent an extension of Zadeh’s extended algebraic operations. Additionally, we
expanded quadratic fuzzy numbers initially defined in two dimensions to three dimensions and
calculated Zadeh’s max-min composition operator for two extended three-dimensional quadratic
fuzzy numbers. We presented an illustrative example of three-dimensional results along with cor-
responding graphs.
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1. Introduction

A quadratic fuzzy number expands upon the concept of traditional fuzzy numbers by
incorporating quadratic functions to represent the degree of membership of an element
in a set. Fuzzy numbers are utilized to model uncertainty and imprecision in various
applications, and quadratic fuzzy numbers provide a more flexible representation through
the use of quadratic functions. These numbers are commonly employed in decision-making
processes, especially in scenarios where there is a need to model and analyze uncertain or
imprecise information. They find applications in diverse fields such as optimization, control
systems, and decision analysis [4, 7]. It’s essential to recognize that various researchers
and practitioners may employ slightly different formulations and definitions for quadratic
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fuzzy numbers. Additionally, the specific context of their application can influence how
they are defined and utilized.

The membership function of a quadratic fuzzy number is composed of a quadratic
function with the maximum value of 1. In contrast, a general quadratic fuzzy set is
a quadratic fuzzy set that may not have a maximum value of 1. We calculated the
extended operations for generalized quadratic fuzzy sets [9] and expanded the quadratic
fuzzy numbers from R to R? [2]. By defining parametric operations between two a-cuts,
which are regions, we derived the parametric operations for two quadratic fuzzy numbers
defined on R2. The outcomes of these parametric operations serve as a generalization of
Zadeh’s extended algebraic operations.

We have shown that the results of parametric operations represent a generalization
of Zadeh’s max-min composition operations. Furthermore, we expanded the concept of
general quadratic fuzzy sets from R to R?. We performed calculations for the parametric
operations applied to two generalized 2-dimensional quadratic fuzzy sets [8]. Our evi-
dence demonstrates that the parametric operations for two generalized quadratic fuzzy
sets defined on R? constitute a broader generalization of Zadeh’s max-min composition
operations for two general quadratic fuzzy sets defined on R [6].

In this paper, we extend quadratic fuzzy numbers defined in two dimensions to three
dimensions and calculate Zadeh’s max-min composition operator for two extended three-
dimensional quadratic fuzzy numbers. We provide an illustrative example showcasing
three-dimensional results and present graphs depicting the example.

2. max-min composition operations of Zadeh for generalized quadratic
fuzzy sets defined on R

We start by introducing the a-cut and a-set of the fuzzy set A on R with the member-
ship function pa(x). An a-cut of the fuzzy number A is formally defined as A, = {z € R |
pa(r) > af when a € (0,1] and Ag is determined as the closure of {z € R | pa(x) > 0}.
For a € (0,1), the set A* = {z € X | pa(x) = a} is referred to as the a-set of the fuzzy
set A, where A° represents the boundary of {x € R | ua(z) > 0}, and A! is equivalent to
Ay

Definition 1. [12] The extended addition A(+)B, extended subtraction A(—)B, extended
multiplication A(-)B, and extended division A(/)B are fuzzy sets with membership func-
tions as follows. For allx € A and y € B,

taep(z) = sup min{pa(z), pa(y)}, *=+,—-/
Z=T*Y
Now, we extend the concept to encompass general quadratic fuzzy sets. A general
quadratic fuzzy set is symmetric and may not necessarily attain the maximum value of 1.
The membership function graph of a general quadratic fuzzy set exhibits symmetry with
respect to a certain line defined by x = m.

Definition 2. [9] A fuzzy set A with a membership function
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0, x <y, w2 < I,
pa(z) =

—a(r —z1)(x — 22) = —a(zr —m)? +p, 1 <z <19,

where m = %29”2, 0<a, 0<p<1, is called a generalized quadratic fuzzy set and denoted
by Hxlap7 x?“ or [[a>m7p]]+'

Theorem 1. [9] Let A = [[a,m,p]l+ = [[x1,p,z2]] and B = [[b,n,q]]+ = [[x3,q, z4]] be
generalized quadratic fuzzy sets. Assume that p < q and pg(x) > p on [k1,ke]. We can
then deduce the followings:

(1) A(4+)B is a fuzzy set with a membership function

0 ({L’<£L‘1+$3, $2+5L‘4§1‘)
u (.73): fl({L‘) (:L'1—|—133§1‘<m+/€1)
AHB D (m+ki <z <m+ka)
fo(x) (m+ke <z <x9+24)
where 1
fi(x) R (—abm(a + b+ an+bn) — abn(am + bm
+an 4 bn) — ab(p + q) + a*q + b*p + 2ab(am + bm + an
+bn)x — ab(a + b)x? + 2ab(m +n — x) - gl(x)>,
1
fa(z) P (—abm(a + b+ an+ bn) — abn(am + bm

+an 4 bn) — ab(p + q) + a*q + b*p + 2ab(am + bm + an
+ bn)z — ab(a + b)z? — 2ab(m +n — x) - gl(x)>,

and g1(x) = ab(m +n)? + (a — b)(p — q) — 2ab(m + n)z + abx?.

(2) A(—)B is a fuzzy set with a membership function

0 (r <1 — 4,22 — 23 < T)
fs(x r1—x4<x<m-—k
pa-yp(@) = o (o 2
D (m—ke <z <m-—kp)
fa(x) (m—k <z <xy—13)
where 1
fa(x) = T o 12 (—abm(am +bm — an — bn) — abn(an + bn

—am — bm) — ab(p + q) + a*q + b*p + 2ab(am + bm — an
— bn)z — ab’*z* + 2ab(m —n — ) - gg(x)>,
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1

fa(z) = b iR (—abm(am +bm — an — bn) — abn(an + bn

—am — bm) — ab(p + q) + a®q + b*p + 2ab(am + bm — an
— bn)zx — ab®z? — 2ab(m —n — x) - JM),

and go(x) = ab(m —n)? + (a — b)(p — q) — 2ab(m — n)z + abx?.

(8) If p=q, A()B is a fuzzy set with a membership function

0 (x < z113, xom4 < )
MA(~)B(x) =
f5(x) (r123 < < x974)
where
1 1
f5(2) 25(—6”712 — bn® +2p) — Vabz + 5 Vgs(@),
g3(z) = — am?(am? + 3bn?) — bn®(bn® + 3am?) + 2(am? + bn?
1
—2p)? 4+ 8p(am? + bn? — p) + 8abmnz — ——— —8(am?
p)” + 8p( p) 8\/%:5{ (

+bn? — 2p)® + 8(am? + bn® — 2p)hy (x) — 16h2(x)},
hi(x) =am?*(am? 4 2bn?) + bn?(bn? + 2am?) — 6p(am? + bn? — p) — dabmnax — 2abx?,
ha(z) =abm?n?(am?® + bn? — 4p) — am*p(am? — 3p) — bn’*p(bn? — 3p)

— 2p3 — 2abmn(am? + bn? — 2p)x + ab(am? + bn? + 2p)a>.

(4) A(/)B is a fuzzy set with a membership function

0 (r < x1/x4, x2/23 <)
Hayp(@) = fo(x) (z1/x4 <2 <M/ko)
D (m/ky <x <m/ky)
fr(x) (m/k <z < x9/x3)
where
1

fo(x) = " 9uha? <—b2(am2 + p) + 2ab*mnz — ablam?® + bn? + p
+ q)x? + 2a*bmna® — a®(bn? — )zt + 2aba(m — nx) - g4(a:)>,

1
2 — 2abx? + a2t

fr(x) =3 <—b2(am2 + p) + 2ab*mnz — ablam?® + bn? + p
+ ¢)z? + 2a®bmna® — a®(bn® — q)x* — 2abx(m — nzx) - g4(a:)>,

and g4(z) = blam? — p + q) — 2abmnzx + a(bn® + p — q)z*.
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3. max-min composition operations of Zadeh for quadratic fuzzy
numbers defined on R?

We extended the concept of quadratic fuzzy numbers from R to R?, introducing 2-
dimensional quadratic fuzzy numbers. Additionally, we formulated parametric operations
for two such 2-dimensional quadratic fuzzy numbers by employing region-valued a-cuts in
R2.

Definition 3. [2] A fuzzy set A with a membership function

(e el ) 4Py — g)? < 6%
MA(xa y) - .
0, otherwise,

where a,b > 0 is reffered to as a 2-dimensional quadratic fuzzy number, denoted by
[CL, Ty, b7 y1]2'

The a-cut A, of a 2-dimensional quadratic fuzzy number A = [a,z1,b,y1]? is the
interior of an ellipse in an xy-plane, including the boundary

A ={(w.y) € R P — 1) + a2y — 10)* < (1 - )}

x —11)> —y1)?
—{(@y) er? ) 22(1 _1;) +£§(1iﬂi> <1},

Theorem 2. [3] Let A be a continuous convex fuzzy number defined on R? and AY =
{(z,y) € R?|pa(z,y) = a} be the a-set of A. Then for alla € (0, 1), there exist continuous
functions f(t) and f$(t) defined on [0,2w] such that

A% ={(fi(t), f5(t)) € R?0 < ¢ < 27}
Definition 4. [3] Let A and B be convex fuzzy numbers defined on R? and

A% ={(ff(1), f5(t)) € R?0 < ¢ < 27},

B* = {(¢7(1), 5 (t)) € R?|0 < ¢ < 27}

be the a-sets of A and B, respectively. For a € (0,1), the parametric addition, parametric
subtraction, parametric multiplication, and parametric division are fuzzy numbers that
have their a-sets as follows:

(1) parametric addition A(+),B:
(A(H)pB)* = {(ff'(t) + g7 (1), £5'(1) + g5 (1)) € R*|0 <t < 27}
(2) parametric subtraction A(—),B:
(A(=)pB)* = {(za(t), ya(t)) € R*[0 < t < 27},

where
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po() = | EO —giEtm), fo<i<w
p at) —g¥(t—m), if T<t<2m

and

y(t):{g(t)_gg(t—FTr), if 0<t<m
W\ -gt-m, Fr<t<on

(8) parametric multiplication A(-),B:
(AC)pB)* = {(f2(1) - g2 (), f5'(1) - 95 (1)) € R?|0 < ¢ < 2}
(4) parametric division A(/)pB:

(A(/)pB)* = {(za(t), ya(t)) € R?|0 < t < 27},

where
A0 I (R
)= Girm OStS™ @)= (rst<n
and
_ 5 f5(@)
ya<t)—m (0<t<m), ya(t)—ggé ) (r <t<2m)
For a =0 and a =1, (A(x),B)° = lim,_,o+ (A(x),B)* an
(A(x),B)! = limaHl_(A( )pB)Y, where x =+, —, -, /.

Theorem 3. [3] Let A = [a1, =1, b1, y1]? and B = [az, x2, ba, ya]? be two 2-dimensional
quadratic fuzzy numbers. Subsequently, the following results hold:

2
(1) A(+),B = [al +az, r1+ 22, by + b2, Y1 +y2}

(2) A(=)pB = [al + ag, @1 — x2, by + b2, Y1 — yz}2
(3) (A()pB)* = {(za(l),ya(t)) | 0 <t < 21}, where

Zo(t) = 129 + (2102 + 2201)V 1 — @cost + ajaz(l — ) cos® t

and

Yo (t) = y1y2 + (y1b2 + y2b1)V1 — asint + bybe(1 — a) sin®¢.
(4) (A(/)pB)* = {(za(t),ya(t)) | 0 <t < 27}, where
t)_azl—i—al\/l—acost y1 + b1v1 — asint
_xg—am/l—oecost yg—ng/l—asint'

Therefore, A(+)p,B and A(—),B become 2-dimensional quadratic fuzzy numbers, whereas
A(-)pB and A(/)p,B do not qualify as 2-dimensional quadratic fuzzy numbers.

—~

Lo

and  ya(t) =
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Example 1. [3] Consider A = [6, 3, 8, 5|2 and B = [4, 2, 5, 3]2. Subsequently, the
following observations hold:

(1) A(+),B = [10, 5, 13, §)?

(2) A(-),B =10, 1, 13, 2J?

(3) (A()pB)® = {(a(t), ya(D)) | 0 < ¢ < 27}, where

To(t) = 6 + 241 — accost + 24(1 — a) cos t
and

Ya(t) = 15 +49v/1 — asint + 40(1 — ) sin® t.
(4) (A(/)pB)* = {(za(t),ya(t)) | 0 <t < 27}, where

. (t):3+6mcost :5+SMSint

“ 2 —4y/1 — accost 3—5v1—asint
Thus A(+)pB and A(—)p,B become 2-dimensional quadratic fuzzy numbers, but A(-),B
and A(/)pB are not 2-dimensional quadratic fuzzy numbers.

and  ya(t)

4. max-min composition operations of Zadeh for quadratic fuzzy
numbers defined on R3

We extended the concept of quadratic fuzzy numbers from R? to R3, thereby intro-
ducing 3-dimensional quadratic fuzzy numbers. Our objective is to formulate parametric
operations between two such 3-dimensional quadratic fuzzy numbers. In R3, a-cuts take
the form of cubics, which makes the traditional calculation methods between a-cuts in-
feasible. Therefore, we adopted a novel approach to reinterpret the existing method and
apply it to cubic-valued a-cuts in R3.

Definition 5. A fuzzy set A with a membership function

)2 )2 2 )
1— ((:v a:§1) + (y bgl) + (= C,31) )’ if b202(x o m1)2 + c2a2(y . y1)2
pa(z,y,z) = +a2b?(z — z1)? < a?b?c?,

0, otherwise,

where a,b,c > 0 is called the 3-dimensional quadratic fuzzy number and denoted by
[CL, Z1, b7 Y1, G, 21]3'
Note that p4(z,y) forms a cone in R?, but we can not determine the shape of 4 (z,y, 2)

in R3. The a-cut A, of a 3-dimensional quadratic fuzzy number A = [a,z1,b,y1, ¢, z1]? is
defined as the following set

_ 3 (x_$1)2 (y—y1)2 (2—21)2< o
Aa—{(x,y,z)ER’ " + 2 + =2 <1 oz}

x —x1)? —y1)° z—2)°
= {(x,y,z) € R? ’ 22(1 _lo)é) + égy(l i/lo)é) 0(2(1 _1;) = 1}'
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Definition 6. A 3-dimensional fuzzy number, A defined on R3, is termed a convez fuzzy
number if, for all o € (0,1), the a-cuts

Ay = {(:anv Z) € R3|MA(I',y,Z) > Oé}
represent convex subsets in R3.
Theorem 4. [10] Let A be a continuous convex fuzzy number defined on R3, and A% =

{(z,y,2) € R3|pa(z,y,2) = a} be the a-set of A. Then, for all a € (0,1), there exist
continuous functions f{*(s), f5'(s,t), and f§'(s,t)(0 < s < 27,0 <t < §) such that

= {(f{(s), f5(s, 1), £§(s,)) € R®|0 < s < 271, —

<t<

}-

b 3

T
2
Definition 7. Let A and B are two continuous convex fuzzy numbers defined on R and

= {(z.9.2) € Blpua(e.y.2) = a}

(). f5(5.0). f§(s,0)) € RO < s < 2m —5 <1 < ),
(

(

5 <
537%2) € RS‘,U,B(J:‘,y,Z) = a}
g7 (5).98(5,0), 98 (s.1)) € R0 < s <2m,— <1< 7}

{
{
{

be the a-sets of A and B, respectively. For o € (0,1), we define the parametric addition,
parametric subtraction, parametric multiplication, and parametric division of two fuzzy
numbers A and B as fuzzy numbers with a-sets as follows:

(1) parametric addition A(+),B:

(A(H)pB)™ = {(f7'(s) + g5 (s), f5(s.8) + g5 (5, 1), £5(5,1) + 5 (s, 1)) € R|
<t

m T
0<s< 2, —— —
_S_ 7T7 2 2}

(2) parametric subtraction A(—),B:
(A(=)pB)* ={(f'(s) = g1’ (s + m), f5'(s,1) — g5 (s + 7, 1),
f§ (1) = g§ (s +m.t)) €RU0 < s S w3 << )
(A(=)pB)* = {(f'(s) = g1'(s =), f5'(s,1) — g3 (s — m, 1),
f5(s,t) = g8(s = m,1)) € R¥mw < s < 2m, -
(3) parametric multiplication A(-),B

(AC)pB)* = {(f'(s) - 91'(s), f5'(s,1) - 95 (s,

t),
0<s<2m—=<t

1\3\>1

(4) parametric division A(/)pB:
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a_ g JT(8) f3'(s,t) f5'(s, 1) 3
A =77 s v my s ) &
0<s<m—g<t<i)

N O CORE (U
W =G g —m gl —m) <

r<s<2m s <t< o)
2 2
Fora=0 and a =1, (A(x),B)° = lim,_,o+ (A(*),B)* and
(A(*)pB)1 =lim, ;- (A(*),B)*, where x =+, —, -, /.
Theorem 5. Let A = [a1,71,b1,v1,¢1,21)° and B = |ag, x2,b2, 2, c2, 22]° be two 3-

dimensional quadratic fuzzy numbers. Subsequently, the following results hold:

(1) A(+)pB = [al +ag, 1 + T2,b1 + b2, Y1 + Y2, ¢1 + 2,21 + 22]3

(2) A(—)p,B = [al + ag, 1 — x2,b1 + b2, y1 — Y2, €1 + 2,21 — zQ]S

(3) (A(-)pB)* = {(za(8),Yals,t), 2a(s, 1)) €R3 |0 < s < 2m,—F <t < I}, where
To(8) = x129 + (2102 + 2201)V1 — arcos s + ajas(1l — @) cos? s,

Ya(8,t) = y1y2 + (y1b2 + y2b1)vV'1 — asin scost + b1ba(1 — @) sin? s cos? t
and
Za(8,t) = 2129 + (2102 + 29¢1)V1 — asinssint + c1ca(1 — «) sin? s sin? t.

(4) (A())pB)™ = {(za(5), ya(5,t), 2a(s,1)) € R®* | 0 < s < 2m,—F <t < I}, where

1+ a1v1 — acoss (5,) y1 +b1v1 —asinscost
87 = .
To — a9/ 1 — acoss Yo yo — bay/1 — asinscost

To(s) =

and

21+ c1v1 — asinssint

29 — coy/1 — acsin ssint

Therefore, A(+),B and A(—),B become 3-dimensional quadratic fuzzy numbers, while
A(-)pB and A(/),B do not qualify as 3-dimensional quadratic fuzzy numbers.

Za(s,t) =

Proof. Since A and B are continuous convex fuzzy numbers defined on R3, by Theorem
4, there exists f{'(s), gf(s), f(s,t),9%(s,t) (i = 2,3) such that

A% = {(ff(s), f5(5,1), 5 (5, 1)) € RP|0 < 5 < 2, —

ro| 3

™
<t< —
_— —2}7
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and

B® = {(g7(s). 98 (s.,), 95 (s.)) € R}0 < s < 2m — 7 <t < ).
Since A = [a1, 1, b1,91,c1,21]> and B = [ag, 22, b2, y2, c2, 22]%, we have

f(s) = o1 + a1 —acoss, f&(s,t) =y +b1vV/1 — asinscost
f§(s,t) = 21 + e1V/1 — asin ssint

and
g5 (s) = x2 + azv/1 —acoss, g5(s,t) =y +bay/1 — asinscost
g5 (s,t) = 29 + cav/1 — asin ssin t.
(1) Since
f2(s) + gf(s) = 21 + w2 + (a1 + a2)V1 — acos s
f9(s,t) + g5(s,t) = y1 + ya + (b1 + b2)V/1 — asinscost
and
I5(s,t) + g5 (s,t) = 21 + 29+ (c1 + c2)V/1 — asinssint
we have
3] (& — 21 —xp)? (y —y1 — )?
(A(+),B)” Z{(x,y,z) €R L R e Tc
(2 — 21 — 29)? _ 1}'
(c1+2)*(1—a)
Thus

3
A(+)pB = |a1 + a2, z1+ 22, by + b2, y1 + 12, c1 + 2, 21 +zg] )
2)If0<s<m,
fi(s) —gi(s+m) =21 —x2+ (a1 + a2)V1 —acoss

5 (s,t) —g5(s+m,t) =y1 —y2 + (b1 + b2)V1 —asinscost

and

f3'(s,t) — g5 (s +m,t) =21 — 22+ (c1 + c2)V1 — asin ssin .
In the case of 7 < s < 27, we have
fi'(s) =gt (s —m) = fi'(s) —gi' (s + )

f;(‘s?t) - gg(*s - ﬂ,t) = f;(svt) - gg(s —|—7T,t)



Y. S. Yun, B. Lee / Eur. J. Pure Appl. Math, 18 (1) (2025), 5601 11 of 17

and
f3'(s,t) —g5(s —m,t) = f5'(s, 1) — g5 (s + ).
Thus
_ a_ (e u 2 3| (z— 1 +29)? (y — y1 + y2)?
(A( )pB) _{( 'Y )ER (a1+a2)2(1_a) (b1+b2>2(1—04)
(2 — 21 + 29)? _ }
(c1 +¢2)?(1 —a) ’

3
A(=)pB = [al +ag, ®1 — @2, by + b2, y1 —y2, 12, 21— Z2] :
(3) Let (A(-)pB)* = {(za(8),Yals:1),2a(s,t)) | 0 < s <27, —F <t < §}. Since

f(s) =x1 —|—CL1MCOSS, (s, t) =1 + blmsmscost,
I3 (s,t) =21 +c1V1 — asinssint

and
g7 (s) = @2 + asv/T —acoss, g5(s,t) = ya + byv/1 — asins cost,
95 (s,t) = 22 + c2v/1 — asin ssint,

we have

za(s) = f1(s) - gT(s) = 122 + (102 + x201)V]1 — @ccos s

+ ajaz(1 — a) cos? s,

Yals,t) = f5'(s,1) - 95 (s,t) = yry2 + (Y12 + y2b1) V'l — arsin s cost
+ bybo(1 — @) sin? s cos® t,

2a(s,t) = f§'(s,t) - 95 (s,t) = 2122 + (2162 + 22¢1)V1 — asinssint

2

+ crea(1 — ) sin? ssin’ t.

(4) Let (A(/)pB)® = {(za(5),yal(s,1),24(5,1)) | 0 < s < 271, =5 <t < T} Similarly, we
have

(s) 1+ a1v/1— acoss (5,) y1 + b1v1 — asinscost

Tol(s) = s, t) = - ,

“ To —agy/1 — «cos s Yo yo — bay/1 — asinscost
21+ c1v1 —asinssint

Za(s,t) =

29 — c9v/1 — asinssint

The proof is complete.

Example 2. Consider A= [6, 3, 8, 5, 4, 7]> and B =[4, 2, 5, 3, 6, 4]>. Subsequently,
the following observations hold:

(1) A(+),B = [10, 5, 13, 8, 10, 113
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(2) A(—-),B = [10, 1, 13, 2, 10, 3]
(3) (A(-)pB)* = {(za(5),ya(s,1), 2a(s5,1)) | 0 < s <27, —5 <t < T}, where

To(s) =6+ 241 — accos s + 24(1 — a) cos? s,

Yals,t) =15 +49v/1 — asinscost 4+ 40(1 — a) sin? s cos? ¢
and

Za(s,t) = 28 + 58v/1 — asin s sint + 24(1 — o) sin® s sin? ¢.
(4) (A(/)pB)a = {(wa(s),ya(s,t),za(s,t)) | 0 S $ S 277—? _% S t S g}v where

( ) 3+ 6v1—acoss ( t) 54+ 8y1 — asinscost
To(s) = s, t) = :
¢ 2—4y/1—«coss Yo 3 —5v1 —asinscost

ca(st) = 7+ 4y/1 — asinssint
’ 4 —64/1—asinssint

Thus A(+)p,B and A(—)p,B become 3-dimensional quadratic fuzzy numbers, but A(-),B
and A(/)pB are not 3-dimensional quadratic fuzzy numbers.

and

The membership function of the 3-dimensional quadratic fuzzy number is a function
defined on R3 with values in [0,1]. In the case of the 3-dimensional quadratic fuzzy
numbers A = [6, 3, 8, 5, 4, 7] and B = [4, 2, 5, 3, 6, 4]3, we depict the values of the
membership function using colors, as illustrating in Figure 1 and Figure 2.

e

B A ] —
L e / . t
| | | |
o | o I / o |
A / 4 b~
5 2\l sl

e |/ T b
PR < / e J\
Figure 1: A Figure 2: B

Yo

Figure 4: A(—),B Figure 5: A(-),B Figure 6: A(/),B

The results of the example are depicted in Figures 3 to 6. The membership function
values for points within A(+),B and A(—),B, when intersected by a plane, are demon-
strated in Figures 7 to 12 and Figures 13 to 21, respectively. Although all graphs appear
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similar in shape, a closer look at the bar graph showing the function values next to each
figure uncovers notable differences. It becomes clear that the function values are not
consistent, unlike what is typically seen in one or two dimensions.

Fig. 13: A(-),Bz < —0.15  Fig. 14: A(=),Bz < 0.5

5. Conclusion

We are broadening the scope of quadratic fuzzy numbers from a two-dimensional space
R? to a three-dimensional space R3. By establishing parametric operations between two
a-cuts, which are subsets of R?, we are able to formulate parametric operations for two
quadratic fuzzy numbers within the R? space. The significance of this dimensional ex-
pansion lies in its incorporation of Zadeh’s defined max-min operation in two dimensions
[10]. Moreover, as long as the computations of these operations remain consistent, this
dimensional expansion is expected to further the research in fractional programming in
the future [1].
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In [2], the results of quadratic fuzzy numbers in two dimensions have been detailed.
When extended to three dimensions, the operations A(+)B and A(—)B evolve into 3-
dimensional quadratic fuzzy numbers. However, this transformation does not apply to
A(-)B and A(/)B. The inherent well-structured nature of A(+)B and A(—)B allows
them to be utilized in a wide range of fields without needing any alterations. Conversely,
by modifying the forms of A(-)B and A(/)B, they can be adapted for use in various
applications.

2

Fig. 19: A(=),Bz <5 Fig. 20: A(=),Bz <5.5 Fig. 21: A(—),Bz <6

This result can be applied to demonstrate that the 3-dimensional case is a general-
ization of the 2-dimensional case. While there have been various attempts to expand the
dimension, no studies have successfully achieved expansion while preserving Zadeh’s re-
sults for 1 and 2-dimensional quadratic fuzzy numbers. This paper aims to contribute to
the advancement of applications of quadratic fuzzy numbers by extending their dimension.
The application scope of this paper includes solving the 3-dimensional flow shop scheduling
problem and quadratic fuzzy equations [5, 11], with expectations of further applications
across numerous fields.
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Appendix

The Mathematica commands to obtain the above graphs are as follows.

(Figure 1)

DensityPlot3D[1 - ((x - 3)°2/6 + (y - 5)°2/8 + (z - 7)°2/4), {x, y, z} in
Ellipsoid[{3, 5, 7}, {Sqrt[6], Sqrt[8], 2}], PlotPoints -> 100, ColorFunct
ion -> "SunsetColors", OpacityFunction -> 0.05, BoxRatios -> {Sqrt[6], Sqr
t[8], 2}, PlotLegends -> Automatic]
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(Figure 3)

DensityPlot3D[1 - ((x - 5)72/10 + (y - 8)7°2/13 + (z - 11)72/10), {x, y, z}
in Ellipsoid[{5, 8, 11}, {Sqrt[10], Sqrt[13], Sqrt[10]}], PlotPoints -> 10
0, ColorFunction -> "SunsetColors", OpacityFunction -> 0.05, BoxRatios ->

{Sqrt[10], Sqrt[13], Sqrt[10]}, PlotLegends -> Automatic]

(Figure 5)

gla_]l := ParametricPlot3D[{6 + 24 Sqrt[l - a] Cos[s] + 24 (1 - a) (Cosl[sl)
"2, 15 + 49 Sqrt[1 - a] Sin[s] Cos[t] + 40 (1 - a) (Sin[s])~2 (Cos[t])"2,
28 + 58 Sqrt[1 - a] Sin[s] Sin[t] + 24(1 - a) (Sin[s])~2 (Sin[t])"2}, {s,
0, 2 Pi}, {t, -Pi/2, Pi/2}, PlotStyle -> Directive[RGBColor[0.2, 0.5 + a/2
, 0.5 + a/2], Opacity[0.3]], BoxRatios -> {1, 1, 1}];

tg = Tablel[gli], {i, 0, 1.0, 0.01}];

Show [tg]

(Figure 7)

regl = ImplicitRegion[0 <= (x - 5)72/10 + (y - 8)72/13 + (z - 11)72/10 <=
1 & z <= 8, {x, y, z}];DensityPlot3D[1 - ((x - 5)72/10 + (y - 8)72/13 + (
z - 11)°2/10), {x, y, z} in regl, PlotPoints -> 100, ColorFunction -> "Sun
setColors", OpacityFunction -> 1, BoxRatios -> {Sqrt[10], Sqrt[13], Sqrt[1
0]}, PlotLegends -> Automatic]

(Figure 10)

regl = ImplicitRegion[0 <= (x - 5)72/10 + (y - 8)72/13 + (z - 11)72/10 <=

1 && z <= 11, {x, y, z}];DensityPlot3D[1 - ((x - 5)°2/10 + (y - 8)"2/13 +

(z - 11)°2/10), {x, y, z} in regl, PlotPoints -> 100, ColorFunction -> "Su
nsetColors", OpacityFunction -> 1, BoxRatios -> {Sqrt[10], Sqrt[13], Sqrtl[
10]}, PlotLegends -> Automatic]

(Figure 13)

regl = ImplicitRegion[0 <= (x - 1)°2/10 + (y - 2)°2/13 + (z - 3)°2/10 <= 1
&& z <= -0.15, {x, y, z}];DensityPlot3D[1 - ((x - 1)72/10+ (y - 2)°2/13 +

(z - 3)72/10) ,{x, y, z} in regl, PlotPoints -> 100, ColorFunction -> "Sun
setColors", OpacityFunction -> 1, BoxRatios -> {Sqrt[10], Sqrt[13], Sqrt[1
0]}, PlotLegends -> Automatic]

(Figure 16)
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regl = ImplicitRegion[0 <= (x - 1)°2/10 + (y - 2)°2/13 + (z - 3)°2/10 <= 1
& z <= 2, {x, y, z}];DensityPlot3D[1 - ((x - 1)°2/10+ (y - 2)°2/13 + (z -
3)°2/10) ,{x, y, z} in regl, PlotPoints -> 100, ColorFunction -> "SunsetCo
lors", OpacityFunction -> 1, BoxRatios -> {Sqrt[10], Sqrt[13], Sqrt[10]},
PlotLegends -> Automatic]

(Figure 19)

regl = ImplicitRegion[0 <= (x - 1)72/10 + (y - 2)72/13 + (z - 3)72/10 <=1
&& z <= 5, {x, y, z}];DensityPlot3D[1 - ((x - 1)°2/10+ (y - 2)°2/13 + (z -
3)°2/10) ,{x, y, z} in regl, PlotPoints -> 100, ColorFunction -> "SunsetCo
lors", OpacityFunction -> 1, BoxRatios -> {Sqrt[10], Sqrt([13], Sqrt[10]},
PlotLegends -> Automatic]



