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This paper presents distance measure between two complex Atanassov’s intuitionistic fuzzy sets (CAIFSs). This distance measure
is used to illustrate an application of CAIFSs in solving one of the most core application areas of fuzzy set theory, which is
multiattributes decision-making (MADM) problems, in complex Atanassov’s intuitionistic fuzzy realm. A new structure of relation
between two CAIFSs, called complex Atanassov’s intuitionistic fuzzy relation (CAIFR), is obtained. This relation is formally
generalised from a conventional Atanassov’s intuitionistic fuzzy relation, based on complex Atanassov’s intuitionistic fuzzy sets,
in which the ranges of values of CAIFR are extended to the unit circle in complex plane for both membership and nonmembership
functions instead of [0,1] as in the conventional Atanassov’s intuitionistic fuzzy functions. Definition and some mathematical
concepts of CAIFS, which serve as a foundation for the creation of complex Atanassov’s intuitionistic fuzzy relation, are recalled.
We also introduce the Cartesian product of CAIFSs and derive two properties of the product space. The concept of projection and
cylindric extension of CAIFRs are also introduced. An example of CAIFR in real-life situation is illustrated in this paper. Finally,

we introduce the concept of composition of CAIFRs.

1. Introduction

The idea of the concept of Atanassov’s intuitionistic fuzzy set
(AIFS) was introduced by Atanassov [1], where he achieved
his concept by adding the nonmembership term to the
definition of fuzzy set (FS) that was given by Zadeh [2],
while the fuzzy set has only one component, a membership
function. It is well known that the range of each membership
and nonmembership functions is limited to [0, 1], where it
belongs to the real numbers. In 2007, Fathi [3] introduced
some operations on AIFSs called S-norm and T-norm. The
question presented by Daniel Ramot and other researchers
was that what will be the result if we change the codomain
of the fuzzy sets to complex numbers? In 2002, Ramot et al.
[4] introduced a new innovative concept which they called a
complex fuzzy set (CFS). On the other hand, complex fuzzy
set has been used to solve various problems, in particular
the multiple periodic factor prediction problems [5]. A
neurofuzzy system architecture implementing complex fuzzy
rule was defined by Chen et al. [6], which is the first practical
application of the concept of complex fuzzy logic.

Atanassov’s intuitionistic fuzzy set has several applica-
tions in many areas and has been used to solve multiple
attributes decision making (MADM) problems, see [7-10].
Atanassov’s intuitionistic fuzzy set represents the information
involving two or more answers of type: yes, no, I do not know,
I am not sure, and so forth. Our purpose in this paper is to
give an example of application that represents this type of
information which is happening repeatedly over a period of
time. In our previous conference paper [11], we introduced
the concept of complex Atanassov’s intuitionistic fuzzy set.
Complex Atanassov’s intuitionistic fuzzy set can represent the
information on people’s decision which happens periodically.
In addition, we also represent the uncertainty of complex-
valued functions in many physical quantities, for instance,
wave function in quantum mechanics, impedance in electri-
cal engineering, complex amplitude, and so forth. We can also
define the values of belongingness and nonbelongingness for
any object in these complex-valued functions.

In the literature [4, 11], the novelty of using complex
numbers appears in the phase term to get more range-
valued membership functions to represent the problems with



uncertainty and periodicity simultaneously. In addition, it
indicates the uncertainty of complex-valued functions in
many physical quantities, for instance, wave function in
quantum mechanics, impedance in electrical engineering,
complex amplitude, and so forth. In this paper, the novelty
also appears in the phase term but for both membership
and nonmembership functions in some inherent concepts, in
contrast to CFS which is only characterized by membership
function. The literature novelties of phase term are extended
to appear in several prominent concepts under the case of
CAIFS, for instance, distance measure, Cartesian product,
relations, projection, cylindric extension, and so forth. The
CFS [4] has only one additional phase term, but in CAIFS [11],
we have two additional phase terms. This confers more range
values to represent the uncertainty and periodicity semantics
simultaneously, and to define the values of belongingness
and nonbelongingness for any object in these complex-valued
functions. Undoubtedly, the property of periodic nature
of complex-valued memberships helps us to introduce the
present concepts. In other words, the periodicity semantic
can be denoted as a phase term in complex numbers, and the
uncertainty semantic can be denoted as an amplitude term in
complex numbers.

The difference between CAIFS and AIFS is that in our
concept, CAIFS has an ability to represent the problems
with Atanassov’s intuitionistic uncertainty and periodicity
simultaneously. The phase term of CAIFS shows that at least
in some cases a second dimension (periodic dimension) of
membership is required, where the phase term is the distin-
guishing factor between AIFS and CAIFS. In this paper, we
employ CAIFS structure in MADM problems to choose the
best alternative by generalising the selection model from [12].
It is worth noting that one of the most useful properties of the
phase term is the ability to convey Atanassov’s intuitionistic
fuzzy information.

It should be noted that there are many researchers who
combined complex numbers and fuzzy sets, such as Buckley
[13], Nguyen et al. [14], and Zhang et al. [15, 16]. On the
other hand, Ramot et al. [4] introduced a new approach that
is absolutely different from them, where they extended the
range of membership function to unit circle in the complex
plane, unlike the others who limited the range to [0, 1]. Ramot
et al. [4] also added an additional term called the phase
term to solve the enigma in translating some complex-valued
functions on physical terms to human language and vice
versa. In 2011, Jun et al. [5] employed complex fuzzy sets to
represent the information with uncertainty and periodicity,
where they introduced a product-sum aggregation operator-
(PSAO-) based prediction (PSAOP) method to generate
a solution of multiple periodic factor prediction (MPFP)
problems.

Since 1965, the concept of fuzzy set theory was introduced
by Zadeh [2]; numerous researchers did intensive studies on
fuzzy relation (simply denoted by FR) such as Di Nola et al.
[17, 18] and Bandler and Kohout [19]. According to Mendel
[20] in 1995 “fuzzy relation represents a degree of presence
or absence of association, interaction, or interconnectedness”
between the elements of two or more sets. Later in 2002, com-
plex fuzzy relation (CFR) was introduced by Ramot et al. [4],
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where “the CFRs represent both the degree of presence or
absence of association, interaction, or interconnectedness,
and the phase of association, interaction, or interconnected-
ness between the elements of two or more sets”

Burillo and Bustince introduced the definition of
Atanassov’s intuitionistic fuzzy relation and studied some
of its properties [21-24]. In 2010, Atanassov’s intuitionistic
fuzzy relation was reintroduced by Adam [25] based on the
definition of Atanassov’s intuitionistic fuzzy relation given
by Bustince and Burillo. Adam generalised fuzzy relation
to Atanassov’s intuitionistic fuzzy relation by adding the
nonmembership functions to the fuzzy relation structure.
In this paper, we introduce CAIFRs by extending each
value of the membership and nonmembership functions
from real number, [0,1], to complex number, the unit
circle. The main benefit expected to be gained from the
introduction of the concept of CAIFR is the ability to denote
both the presence and absence of association, interaction, or
interconnectedness in one set of CAIFS instead of two sets as
in CFS, where CAIFS has membership and nonmembership
functions in the same set, whilst CFS contains only the
membership functions and denotes the presence or absence
of association, interaction, or interconnectedness.

2. Preliminaries

In this section, we recall some definitions and results that will
be effectively employed in this paper.

Definition I (see [2]). A fuzzy set A in a universe of discourse
X is characterized by a membership function y, (x) that takes
values in the interval [0, 1].

Definition 2 (see [1]). An Atanassov’s intuitionistic fuzzy set
(AIFS) A in a nonempty set X (a universe of discourse) is an
object having the following form:

A= {(opa (x),ya (0): x € X}, o)

where the functions py(x) : X — [0,1], yalx) : X —
[0, 1] denote the degree of membership and degree of non-
membership of each element x € X to the set A, respectively,
and 0 < py(x) + p4(x) < 1forall x € X.

Definition 3 (see [26]). The complement, union, and inter-
section of two AIFSs A = {({x, pp(x), ya(x)) : x € X} and
B = {{x, ug(x), y5(x)) : x € X}, in a universe of discourse X,
are defined as follows:

(a) A= {<x> YA(-X)7 [/lA(x» X € X}s

(b) AU B = {{x, max(p,(x), pp(x)), min(y, (x), yp(x))) :
x € X},

() AN B = {{x, min(p,(x), pup(x)), max(y,(x), yp(x))) :
x € X}.

Definition 4 (see [4]). A complex fuzzy set (CFS) A, defined
on a universe of discourse X, is characterized by membership
functions p4 (x) that assign to any element x € X a complex-
valued grade of membership in A.
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By definition, the values of p4(x) may receive all lying
within the unit circle in the complex plane and are thus of
the form g, (x) = 7,4(x) .e94™ \wherei = v/—1, each of r,(x)
and w, (x) is real-valued, and r,(x) € [0, 1]. The CFS A may
be represented as the set of ordered pairs A = {(x, p(x)) :
x € X}.

Definition 5 (see [25]). Let A,..., A, be Atanassov’s intu-
itionistic fuzzy sets in X, ..., X,,, respectively. The Cartesian
product A, x---x A, isan Atanassov’s intuitionistic fuzzy set
defined by

A x---xA,

= {<(x1,..

YAlx-uxAn (xl’ ce

> xn) ’ #Alx"-xAn (xl’ cee

,xn)> S(xpnx,) € (X,

where piy n (X15..05x,) = minfpy (X)), ... py (X))
and Yy wxa, (%1505 x,) = max[y, (x1),..., 4 (x,)]

Definition 6 (see [25]). Let Q be an Atanassov’s intuitionistic
fuzzy relation in X; x --- x X,,, and let {i,...,i;} be a
subsequence of {1,2,...,n}. Then the projection of Q on
X; x---xX; isan Atanassov’s intuitionistic fuzzy relation Q,
on X; x---xX; , defined by membership and nonmembership
functions,

ta (xi,...,xi)— max o (x50 x,),
p \ i k : . ,
Xy €X X g eXJ(ch)
3)
Y, (xil,...,xik) =, o min Yo (x1..05%,),

Xitnt S Xk
where the {le, Xjpseo
{xil > xi2 >

is the complement of
s X}

> xj(nfk)}
-.»x; } with respect to {x;, x,, ...

Definition 7 (see [25]). Let Q be an Atanassov’s intuitionistic
fuzzy relation in X; x --- x X,,, and let {i;,...,i;} be a
subsequence of {1,2,...,n}, then the cylindric extension of
Q, to X; x --- x X, is an Atanassov’s intuitionistic fuzzy
relation Qpp on X; X --- x X, , defined by membership and
nonmembership functions:

oy (x1,.005%,) = Ha, (x,-l,...,xin) ,
(4)

Yau, (X155 %) = Vg, (x,-l,...,xin).

Definition 8 (see [4]). Let X and Y be two sets. A complex
fuzzy relation R of X and Y, written R(U, V), is a complex
fuzzy subset of the product space XxY. The relation R(X,Y) is
characterized by the complex membership function py(x, y),
where x € X and y € Y, and pg(x, y) assigns to each
pair (x, y) a complex-valued grade of membership to the set
R(X,Y). As always, R(X,Y) may be represented as the set of
ordered pairs:

RXV) ={((x ), ur (5, 9)) | (x,9) € Xx Y} (5)

The values py(x, y) may be took from the unit circle in the
complex plane and are of the following form: r(x) - €“*) (i =
V=1), 7(x) and w(x) are both real-valued, with (x) € [0, 1].

The complex membership function is to be interpreted in
the following manner:

(i) r(x) represents a degree of presence or absence
of association, interaction, or interconnectedness
between the elements of X and Y;

(ii) w(x) represents the phase of association, interaction,
or interconnectedness between the elements of X and
Y.

Definition 9 (see [15]). Let X, Y, and Z be universes, A a
complex fuzzy relation of X and Y, and B a complex fuzzy
relation of Yand Z. Then, we say a composition of A and B,
denoted by A o B, is a complex fuzzy relation of X and Z, is
specified by the following function

Uaop (5,2) = Tp (x,7) - € T840

= jlgz min (rA (x, y) NG ()/, Z)) (6)

X ei SUp ey min[arg, (x,y),argz(y,2)]

Example 10 (see [15]). Let

N Y2
A (X) Y) _ x, 0.6€i1'2n 0'861’1.671 ,
x, 10e?"  0.5¢™
(7)
Z) 2

B(Y,Z): 7 0.661'1‘2” 0.861'1.671

y, 1.0e”7 0.8¢"%"

be two relational matrices. Then, to compute A o B(X, Z),
we should note that X x Z has four elements: A o B =
(2223 Eg:; ) Thus, our task is to determine the member-
ship, p,,p, values for the four elements. For instance, we use
the function in Definition 9 to determine the membership

function of A o B(x,,z,), so we have

Ao B(x,2)

= sup min (r, (x,, y),75(3:21))
yey

X ei SUP ey min(w, (x1,),wg(y,21))

= ilelg {min [(r4 (x1, 1)) .75 (11,21)] >

min [(r, (x1, ,)) 75 (12, 21) I} (8)

. 8Pyeytmin{(@,, (x1,y1))0r, (yznlmin{(@,, (¥1,92))0r, (12201

= sup {min [0.6, 0.6] , min [0.8, 1]}
yey

X ei supyey{min[l.27‘r,1.271],min[1.671,27t]}

= sup{0.6,0.8} - ' WPyerLImLETh _ g g pil6T
yey



Analogously, we determine the elements (x,z,),
(x,,2;), and (x,,z,) therefore, the final relational matrix of

Ao Bis
0.8¢'1™ 0.6¢1"
AoB= (0 gell67 Sei1.6n> . 9

Proposition 11 (see [15]). Let W, X,Y, and Z be universes, A a
complex fuzzy relation of W and X, B a complex fuzzy relation
of X and Y, and C a complex fuzzy relation of Y and Z. Then,
Ao(BoC)=(AoB)oC.

Proposition 12 (see [15]). Let X,Y, and Z be universes, A and
B two complex fuzzy relations of X and Y, and C a complex
fuzzy relation of Y and Z. Then,

(i) (AUB)oC=(A°C)U(B-C),

(ii) f A< B, then AcC C BoC.

Definition 13 (see [15]). Let A and Bbe two complex fuzzy sets
on X, piy(x) = 7,(x)-e 8™ and pp(x) = ry(x)-e' &) their
membership functions, respectively. We say that A is greater
than B, denotedby A 2 Bor B C A, ifforanyx € X, r,(x) <
rp(x), and arg, (x) < argg(x).

Definition 14 (see [11]). A complex Atanassov’s intuitionis-
tic fuzzy set A, defined on a universe of discourse U, is
characterized by membership and nonmembership functions
pa(x) and p,(x), respectively, that assign to any element
x € X a complex-valued grade of both membership and
nonmembership functions in A.

By definition, the values of p,(x), y(x), and their sum
may receive all lying within the unit circle in the complex
plane and are of the form u,(x) = ry(x) - €™ for
membership function in A and y,(x) = k4(x) - ™ for
nonmembership function in A, where i = v/~1, each of 4 (x)
and k ,(x) is real-valued and both belong to the closed unit
interval [0, 1] such that 0 < r,(x) + k4(x) < 1; also, a)HA(x)
and wyA(x) are real-valued. We represent the CAIFS A as

A= {{xpy (%),74 () 1 x € XY, (10)

where p (x) : X — {alaeClal <1} yx): X — {a" |
a' €C,la'| <1} and |uy(x) + ya(x)| < 1.

Proposition 15 (see [11]). If A is any CFS denoted by A =
{(x,us(x)) + x € X}, then we can represent the set A as a
set of CAIFS as follows:

A={(x,py (x),y4 (%)) : x € X}, (11)
where the nonmembership of a CAIFS A equals the complement
of CES A (i.e., ya(x) = pz(x)).

Definition 16 (see [11]). Let A = {{x, ua(x), y4(x)) : x € X}
be a complex Atanassov’s intuitionistic fuzzy set. Define the
complement of A, c¢(A), as

c(A) = {{x,p4 (%), py (%)) : x € X}

a0k YR
= {<x, ky(x)- P X(X)),rA (x)- e X(x))> ix € X} ,
(12)

where wi(x) = w,(x), 271 — w4 (x), or w4 (x) + 7.
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Definition 17 (see [11]). Let A and B be two CAIFSs on
universe of discourse X, with complex-valued membership
and nonmembership functions. The complex Atanassov’s
intuitionistic fuzzy union of A and B, denoted by A U B, is
specified by the following function:

E:{(a,a') | a,a € C:|a+a’. < 1,]a| < 1,|a" < 1}
x{(b,b") 166" € C: [p+b'| < 1,1b] < 1,|p| < 1}

—{(@d)ldd ecC:|d+d|<1ld <1,|d| <1},
(13)

where a, b, and d and a’, b', and d’ are the membership

and nonmembership functions of A, B, and A U B, respec-
tively. E assigns a complex value,

E((ad"),(b.0"))
= (Eu(@,b).E, (a'1'))

= (ptaus (%) Yaup (%)) = (d, d,) ,
Vx € X.

(14)

The complex Atanassov’s intuitionistic fuzzy union func-
tion, E, must satisfy at least the following axiomatic require-
ments, for any a,,b, ¢, da b, andd e {x:x€eClx| <
1}.

(i) Axiom 1: |Eﬂ(a, 0) =
(boundary condition).

(i) Axiom 2: E (a,b) = E,(b,a) and E (a',b') =
Ey(b', a') (commutative condition).

(iii) Axiom 3: If [b| < |d|, then |E,(a,b)| < |E,(a,d)l,
and if |b'| < |d'|, then IEy(a',b')I < IEV(a',d')I
(monotonic condition).

(iv) Axiom 4: E,(E,(a, b),c) = E,(a, Eﬂ(b, ¢)) and
Ey(Ey(a', b'),c) = Ey(a', Ey(b', ¢")) (associative con-
dition).

lal and |E(a', )| = ||

In some cases, it may be desirable that the following
requirements are also satisfied.

(v) Axiom 5: E is a continuous function (continuity).
(vi) Axiom 6: 1 > |E,(a,a)| > |al and 0 < IEy(a',a')I <
la'| (superidempotency).
(vii) Axiom 7: |a| < |c| and |b| < |d| = |E,(a,b)| <
|E(c,d)|. Also, |a'| > || and b'| > |d'| =
IEV(a',b')I > |EY(C,,d’)| (strict monotonicity).

We may represent the complex Atanassov’s intuitionistic
fuzzy union in the following manner:

AUB = {{x, payp (%), Yaup (%)) : x € X}, (15)

where HAUB(x) = [TA(X)S#TB(X)] . eiw#AuB(x) and YAUB(X) _
[kA(x)Ska(x)] . elwyAUB(X)'
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While the phase term for membership and nonmem-
bership functions belongs to (0, 27], we define w, 4,p(x) =
wuup(x) = w,,p(x) with some forms that Buckley [13]
presented to calculate w4 ,5(x) as follows:

(1) Sum: wy p(x) = wy(x) + wg(x).

(if) Max: wy 5(x) = max(w,(x), wg(x)).

(iii) Min: wy,5(x) = min(w4 (x), wg(x)).

(iv) “Winner Takes All”:

wy (%)
wg (x)

Ta > Tp (16)
Ty <Tpg.

wyup (x) = {

Definition 18 (see [11]). Let A and B be two CAIFSs on
universe of discourse X, with complex-valued membership
and nonmembership functions. The complex Atanassov’s
intuitionistic fuzzy intersection of A and B, denoted by AN B,
is specified by the following function:

Q:{(a,a') la,a’ C:'a+a'| < Llal < 1,|a'| < 1}
x{(b,0") 1 b,b € C: [p+b|<1,[bl < 1, |p| < 1}

—{(dd)ldd ecC:|d+d|<1,1d <1,|d| <1},
(17)

where a, b, and d and @', b', and d' are the membership

and nonmembership functions of A, B, and A N B, respec-
tively. Q assigns a complex value,

Q((aa'). (6.0'))
(Q.(ab),Q,(d.1)) (18)

= (panp (%) Vanp (%)) = (d,d’) >

Vx € X.

The complex Atanassov’s intuitionistic fuzzy intersection
function, Q, must satisfy at least the following axiomatic
requirements, for any a, b, ¢, d, a, b, andd e {x:x ¢
C x| <1}

(i) Axiom 1: If [b] = 1, then |Q,(a,b)| = |al, and if b|
0, then IEV(a',b')I =|d| (boundary condition).

(ii) Axiom 2: Qﬂ(a, b) = Qﬂ(b,a) and Qy(a',b')
Qy(b', a') (commutative condition).

(iif) Axiom 3: If [b| < |d|, then |Q,(a,b)| < |Q,(a,d)l,
and if [b'| < |d'|, then IQy(a',b')I < IQy(a',d')I
(monotonic condition).

(iv) Axiom 4: Q#(Q#(a,b),c) =
Q,(Q,(d,b"),c") =

condition).

Q'u(a> Qﬂ(b, C)) and

Q,(a',Q,(t',c") (associative

In some cases, it may be desirable that the following
requirements are satisfied:

(v) Axiom 5: Q is a continuous function (continuity).

[\

(vi) Axiom 6: 0 < IQH(a,a)I <laland 1 > IQY(a',a')I
la'| (superidempotency).

(vii) Axiom 7: |a] < |c| and |b| < |d| = |Qﬂ(a,b)| <
IQM(c,d)I. Also, |d'| = || and ¥'| = |d'| =
IQy(a',b')I > IQy(c',d')I (strict monotonicity).

We may represent the complex Atanassov’s intuitionistic
fuzzy intersection in the following manner:

AN B = {(x, hanp (x), yarp (x)) 1 x € X}, (19)
where punp(x) = [ra(X)T,rp(x)] - e uans®) gy (%) =
[kA(x)Tka(x)] . e’wyAmB(x)_

We consider some forms to calculate the phase term,
w4np(x), such that the same possible choices are given to
calculate the w 4 5(x).

We can use any S-norm and T-norm that were introduced
by Fathi [3] to demonstrate many examples on the amplitude
terms on complex Atanassov’s intuitionistic fuzzy union
and intersection, respectively, with the membership and
nonmembership functions of A U B and A N B are given,

respectively, as follows:
For CAIF union,

[/lAUB (x) = [rA (x) S‘MrB (x)] . eiwyAUB(x)’

. (20)
Yaos () = [ka () S, kp (x)] - € an,
For CAIF intersection,
UanB (X) = [rA (X) T#rB (x)] . eiw,uAnB(x))
(1)

YanB (x) = [kA (x) Tka (x)] . eiwyAﬂB(x)'
Some examples of S-norm and T-norm are as follows.

(1) The standard S-norm:

for any two AIFSs A = {(x, pa(x), p4(x)) : x € X}
and B = {(x, up(x), y5(x)) : x € X} in a universe of
discourse X, then A U B is given by

AUB = {(x,max (uy (x), pg (x)),
(22)

min (y, (x),y5 (%)) : x € X }.

This union is called the basic AIF union or Atanassov
union, and it is the smallest AIFS containing both A
and B.

(2) Yager S-norm:

S((a.a'),(b.6")) = S(8 (@b),s, (d'.0')),  (23)

where S¥(a,b) = min(1, (a® +b*)"/*), and S!(d’,
') = 1 - min(1, (1 - a')® + (1 = "))"*), with w €
(0, ).



(3) The standard T-norm:

for any two AIFSs A = {(x, py(x), y4(x)) : x € X}
and B = {(x, up(x), y(x)) : x € X} in a universe of
discourse X, then A N B is given by

AnB= {(x,min (p, (x),pg (%)),

max (y, (x),yg (x))) : x € X}.

This intersection is called the basic AIF intersection
or Atanassov intersection, and it is the largest AIFS
contained in both A and B.

(4) Yager T-norm:
T((aa'),(b:b")) = (T4 (a,b), T} (a',b"),  (25)
where T#(a,b) = 1 - min(, (1 — a)® + (1 — b)*)"/),

and T2(a',b) = min(1, (@) + (&))"
(0, 00).

), with w €

Definition 19 (see [15]). Let A and B be two complex fuzzy
sets on X and Y, respectively, where A = {(x, ptA(x) =
ra(x)ea®y . x € X} and B = {(y, up(y) = rg(y)e“sP) :
y € Y}. The complex fuzzy union of A and B in different
universe of discourse, denoted by A @ B, is specified by

A®B{{(x, ), paop (%, 7)) : (x,y) € X xY},  (26)

where puep(x,¥) = Taep(x, y)eiw’AeaB(x’y) = max(r,(x),

TB()/))ei max(w, , (x),w,, (1)) .

Definition 20 (see [15]). Let A and B be two complex fuzzy
sets on X and Y, respectively, where A = {{x,p,(x) =
rA(x)ei‘”’A(x)) :x € X}and B = {{y,ug(y) = rB(y)eiw’B(y)) :
y € Y}. The complex fuzzy intersection of A and Bin different
universe of discourse, denoted by A ® B, is specified by

A®B{((xy) phasp (%, 9)) : (x,y

where pugp(x, )
rB(y))e1 mm(w,A(x),w,B(y)).

)eXxY},  (27)

7 A (%> y)ei“”Aas(x’y) = min(r,(x),

Definition 21 (see [15]). Let A and B be two complex fuzzy
relations on X x Y, where

{((X,y) Ha (x )/) =Ta (x,y) ezer(xy > .
(x,y) € X x Y},
(28)
= {((X,y) Hp (x J’) =T1p (x,y)e’“’fz;(xJ’ > .

(x,y)eXxY}.

The complex fuzzy union relation of A and B, denoted by
A U B, is specified by

AUB{{(x,9), paup (%, 7)) (x,y) € X x Y}, (29)

where g5, y) = raup(x, ¥)ean™? = max(r,(x, y),

r5(x, ) ot max(@r, (%,7),0r, (%))
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Definition 22 (see [15]). Let A and B be two complex fuzzy
relations on X x Y, where

= (& 3),pa (5 9) = 4 (3, 3) € 7)

(x,y) € Xx Y},
(30)

= (& 9) 15 () = 7 () €57

(x,y)eXxY}.

The complex fuzzy intersection relation of A and B,
denoted by A N B, is specified by

ANB{{(x ), panp (%, 7)) : (x,9) € XxY}, (3D
where py (%, y) = 7anp(% y)e“as™ = min(r,(x, y),
rp(x, y))elmm (@, (:7)s0r (%))

We call the relation I an identical equal relation on X, if
its membership is

1 ifx=y

32
0 ifx+y. 52

(%, y) = {

Definition 23 (see [15]). Let A € CFS(U x U), if pyu(x, x) =
1 for all x € X, then A is a reflexive complex fuzzy relation.

Definition 24 (see [15]). Let A € CFS(X x Y), then AT ¢
CFS (Y x X) is a replacement of A, where

Har (1:x) =pa (x,y) V(xy)e XxY.  (33)

Proposition 25 (see [15]). Let A and B be two complex fuzzy
relations. Then, the following hold:

1) AN = 4,
) (AuB)T = ATUB"and (AnB)T = AT n BT,
(3) (Ao B)T =BT o AT and (AMT = (AT)",

(4) A € B if and only if B" ¢ A”.

Definition 26 (see [15]). Let A € CFS(X x Y). Then Ais a
symmetrical complex Atanassov’s intuitionistic fuzzy relation
if pua(x, ¥) = pyr(x, y) for all (x, y) € X xY.

Definition 27 (see [15]). Let A € CFS(X x X). Then Aisa
transitive complex fuzzy relation if Ao A C A.

3. Distance Measure on Complex Atanassov’s
Intuitionistic Fuzzy Sets

In 1962, Hausdorft introduced the concept of distance as
a measure of similarity or difference between sets [27].
Distance measure is very important because the “spatial
distribution” of sets is fixed with respect to selected reference
set [28]. Therefore, distance measure is used in significant
real-life application, for instance, reasoning and decision
making [28-40], fuzzy number ranking, and information
retrieval in databases [41]. Also, in [28], Yang and Chiclana
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proved that the 3D distance of AIFS (i.e., the distance mea-
sured with three parameters membership, nonmembership,
and hesitation functions) is useless and is not necessary
because two-dimensional distance functions (membership
and nonmembership functions) have already provided a sim-
ple and concise expression of the distance between two AIFSs.
All distance measures in fuzzy set and intuitionistic fuzzy
set are dealing with real-valued parameter, membership,
and/or nonmembership functions, which only represented
the uncertainty semantic. In the case of CAIFS, these param-
eters are complex-valued parameters and have two terms,
uncertainty and periodicity semantics, where the uncertainty
semantic is analogous to the one in traditional FS and/or
ATFS. Therefore, the priority now is to introduce a distance
measure that may involve both uncertainty and periodic
semantics in one structure to confer the concepts of CFS and
CAIFS a simple and concise expression. In application 1, we
illustrate a kind of MADM problem with an additional factor,
the periodic factors (i.e., MADM problems in CIF fields).

In this section, we generalise a distance measure on
CAIFSs to implement a model which is utilized to select
the best product with multiple attributes based on two
dimensions. One of them is the periodic dimension which is
considered as a critical influence to take a suitable decision.
Song et al. [12] introduced a model to select a proper supplier
based on distance measure of AIFS. They presented the
definition of distance between two AIFSs. Here, we generalise
their definition to CAIFSs and use this new approach of
distance to find out the best periodic product from several
selected products. This is a kind of MADM problem with an
additional factor, the periodic factor (i.e., MADM problems
in CIF fields).

Definition 28. If A and B are CAIFSs in a universe of
discourse X, where A = {(x, 7, (x)e" @), kA(x)e'“’kA(x))}, and
B = {(x, rg(x)e™s™, kp(x)e™= ™)}, then

(1) A c Bifandonlyifr,(x) < rg(x) and k,(x) > kg(x),
for amplitude terms and the phase terms (arguments)
w,, (x) < w, (x) and wy (x) > wy (x), forall x € X.

(2) A = Bifandonlyifr,(x) = rz(x) and k,(x) = kg(x),
for amplitude terms and the phase terms (arguments)
w,A(x) =w,, (x) and ka(x) = Wy, (x), forall x € X.

Let CIFS (X) be the set of all complex Atanassov’s intu-
itionistic fuzzy sets on X.

Definition 29. A distance of complex Atanassov’s intuitionis-
tic fuzzy sets is a function d : CIFS (X) x CIFS(X) — [0,1]
for any A,B, and C € CIFS(X), satisfying the following
properties:

(D1) 0 <d(A,B) < 1.

(D2) d(A,B) = 0ifand only if A = B.

(D3) d(A, B) = d(B, A).

(D4)IfA ¢ B ¢ Cand A, B, C € CIFS(X), then
d(A,C) > d(A, B),d(A,C) > d(B,C).

We introduce a function d : CIFS(X) x CIFS(X) —
[0, 1] between CAIFSs A and B, defined as follows:
d (A, B)

1
2 27:1 w;

X iwi [(cxl . |rA (%;) -3 (xi)|

+ By |kA (%;) = kg (xi)l
+0,; 'max(|TA (x;) — 15 (xi)l’

(34)
ks ()~ ()] *
1
+ Z (“2 ' 'er (xi) — Wy, (xi)' + ﬁZ

: |ka (%;) = Wi, (xi)|

+02-max(

w,, () - @, ()],

oy, (%) = g, (<)]))] |

where o}, f;, 0, &, By,and o, € [0,1], &+, +0, = 1 and
o+ B, +o0, =1 w; €[0,1],i € {1,2,...,m}.

Theorem 30. The function d(A, B) defined in (34) is a distance
measure of complex Atanassov’s intuitionistic fuzzy set between
two CAIFSs A and Bin X.

Proof. (1) By definition of CAIFS, we have for all x;
in X, where i = 1,2,...,n, each of r,(x;), rz(x;),
k4(x;), and rg(x;) lies in the interval [0,1]. Also each
of w, (x;), w, (x;), wi, (x;), and wy (x;) lies in the interval
[0, 27]. So it is easy to conclude that each of the following lies
between 0 and 1: |r,(x;) — rg(x;)|, and |k 4 (x;) — kg(x;)|. Also,
lw,, (x;) — w, (x;)] and |y (x;) — @y, (x;)| lie between 0 and
27.
So we have

d (A, B)

X [zn:wi[(ocl-1+/:c’1-1+cr1 -max (1,1))
i=1

1
o (ay-2m+ B, 2m +0,- max(2n,2n)] :|
m

1 n
= —2 Z?:l ” [;wi [(051 + B34 +O'1) + (062 + 5, +02)]:| .
(35)



Sincea; + ; + 0, = land &, + 3, + 0, = 1, we have

[ZZw ] = 1. (36)

(2) By Definition 28, it is easy to see that d(A, B) satisfies
the second and third conditions of Definition 29.
(3) By using Definition 28,

1>k, (x;) > kg (x;) > ke (x) >0,

0<d(AB)<

z 1

37
21 = wy, (%) = @y, (x;) 2 Wy, (x;) = 0. (37)
Then, we can conclude that
|7’A (x i (x )I |7’A (x )|
|er (X rB 1)| rA 1) wrc 1)|
(38)
|kA (xi — kg (xi)| 2 |kA (x< - )l

(x:)] 2 |, () = g, (1)

So, d(A, B) < d(A,C).

Analogously, we can get d(B, C) < d(A,C).

From (82), (83), and (84), we conclude that d(A, B) is a
distance measure between CAIFSs A and B. O

Wi (xi) - Wy
A B

In the following example, Application 31, we apply a
selection model from [12]. Also, we generalise the selection
operation to be covered by CAIFS to get the desired car or
the best alternative for a company to select a car from four
models of cars with its production date simultaneously. So we
have a two-dimensional problem, namely, model of cars and
production date of the cars.

Application 31. Suppose Company X decides to purchase cars
from a carmaker Y. The carmaker Y offers Company X some
information on four models of cars with different production
dates for each model. So Company X has four models (Car,,
Car,, Car;, and Car,) to select with its production date
simultaneously. The company’s team of analysts agreed that
five attributes should be considered. They are A,: reliability,
A,: maximum payload, A: purchasing cost, A,: maximum
speed, and A ;: durability. But these attributes will be affected
and changed if the production date is different for the same
model of cars. The decision made by the team will also depend
on their knowledge and experience So, we may get “yes,
“no,” “I do not know;” or “I am not sure” as an answer to
the selectlon of the desired cars. Consequently, as illustrated
above, the best way to represent this sort of information is
by using CAIFS (i.e., represent the information on people’s
decision which happens periodically), in which with each
new product model of car, the consumers have different
opinions and mentalities. To be more explicit, assume that the
company’s team of analysts has suggested an ideal car, before
getting the characteristic information from carmaker Y. The
target of the team is to select a suitable car listed by carmaker
Y that is most likely to be the ideal car. Then, every analyst
in the selection team gives each car’s attribute a score 1 or
-1 to indicate whether the car is suitable for the attribute or
not and gives a score 0 when he is not sure of the model and
production date of car.
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For instance, suppose the team of analysts feels that at
least 70% of them believe that the ideal model car is suitable
at the first attribute; and not more than 10% of the analysts
believe that the ideal model car is poor at the first attribute, in
which this process is utilized to calculate the amplitude terms
for both membership and nonmembership functions respec-
tively, in CAIFS. The phase terms that present production
date for first attribute of ideal car can be given as follows: if
the team of analysts thought that at least 80% of them believe
that the ideal production date of car is suitable at the first
attribute; and not more than 15% of them believe that the
ideal production date of car is poor. So the ideal car’s first
attribute can be presented as (0.7¢"270® 0127019y I this
way, all data can be obtained in the form of CAIFS, where
both amplitude and phase terms can represent information
of Atanassov’s intuitionistic uncertainty (see Table 1).

To continue our example, we recall a proper model to get
a suitable car that is most likely to be the ideal car (see [12]).

Let d(Car (S I.C.) be a distance measure between complex
Atanassov’s intuitionistic fuzzy sets Car ; andI.C. So, the
model can be introduced as follows:

M = <|Carj | d(Carj,I.C.)
= min <id (Cary;,1.CpL),. .0

i=1
Zd (Cary;, I.Ci.)> ,
i=1

(39)

Suppose the team of analysts gives the weight for each
attribute as follows.

Letw, = 0.2, w, = 0.1, w; = 0.5, wy, = 0.7, and w5 =
0.5 present the weight for each attribute. Let «; = 0.2, 3, =
0.5,and o, = 0.3 be the weight for the amplitude term, while
a, = 0.4, B, =04, and 0, = 0.2 be the weight for the phase
term.

To identify the ideal car from the information given
in Tablel, we substitute the data into distance formula
(Definition 29) to evaluate the values between each car
(Car j=1,2,3,4) and the ideal car (I.C.):

d(Car,,1.C.)

5

z (Cary;,1.C;.)

i=1
1
-(2.9)

Zwi [ (ocl . |TA (x;) =7 (xi)l

7 + P IkA (x;) — kg (xi)l
) =75 (xi)l >
|kA (xi) — kg (xz)l) )

[\S)

+ 0, - max (|ry (x;
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TABLE 1: Car data and the ideal car.

Car,

Car,

Car,

Car,

Ideal Car (I.C.)

(0 4 ei27r(0.3) 0.3¢ iZn(O.Z))

(0 761271(0 .5) 0 1e127r 0.4)

0. 561271(0 .6) 0 36127r (0.2)

0. 461271(0 .4) 0 26127r (0.5)

0761271 0.6) 036127103)

O4e12n 0.9) 028127r01)

04e127r 0.6) 0 38127r01)

056127! (0.3) 036127106)

0.3¢2709 () gi2709)

0.62706) () 351271004)

0.762707) () 1 2n(0.1)

0.762108) () 5,i2(0.1)

0.262708) () 5,i21(0.1)

0.7¢2703) () 3,121(03)

0.662105) () 3i27(0.4)

0.462708) () 40i27(0.1)

0. 7ezZn(0 .5) 0 16127r (0.3)

0. 461271(0 .6) 0 56127r (0.2)

0. 861271(0 .7) 0 26127r (0.1)

0. 661271(0 .9) 0 16127t (0.1)

)
)
076127t 0.7) 028127r03))
)
)

NN AN TN N

)

( )

. (0 761271(0 .7) 0 16127r (0. 2))
( )

( )
(06 )
(0.36127:(0.4)’ O.Se’z"(o's))
( )
( )

( ) )
(07¢ o) )
(0'661271(0.5)) 0.16127{(0‘3)) (0 561271(0 .5) 0 36127r (0. 1))
( ) )
( ) ( )

+ By 'ka (x:) - Wy (xi)|
W, (xi) — Wy, (xi)| >

. max(

"‘-’kA (x;) - Wi, (xl)'))]

(40)

For the first attribute A, (i = 1), the distance is given as
follows:

d(Car,;,1.C;.)

1
= [0.2[(0.2-]0.4—0.7] + 0.5 [0.3 = 0.1]
2-(2.9)

+0.3 - max (0.3,0.2))

+ i (0.4-10.3 (2r) — 0.5 (2m)|
27

+0.4-10.2 (2m) — 0.3 (27)|
+0.2 - max (0.2 (271),0.1 (27))) ]]

1
S 2-(29)

[0.082] .

(41)

Analogously, we calculate the distances for Car, for each
attribute,

d(Car,,,1.C,.)

229 [0.054] ,d (Car, 3,1.C;.)

1
2-(29)

[0.05],d (Car, 4,1.C,.)

(42)

729 [0.112],d (Car, 5, 1.Cs.)

S [0.305]
2.9 T

Then,

1
2-(2.9)

d(Car,,1.C.) =

x [0.082 + 0.054 + 0.05 + 0.112 + 0.305]

= 0.104.
(43)

Analogously, we calculate the distance values for d(Car,,
I.C.) = 0.842,d(Car;,1.C.) = 0.538,and d(Car,, L.C.) = 0.796.
Therefore, d(Car,,1.C.) = 0.104 is the smallest value, so Car,
is the desired car.

Note 1. Different weights of the criteria lead to different
results. A company needs to set proper weights for the
criteria, in order to get the proper result.

If we have the same model of cars but with different
production date for the first attribute, surely the team of
analysts will give us different values from those mentioned
in the table above for the first attribute, because every year,
the carmakers produce the same model of cars but with a
slight improvement and difference. Even though the changes
are slightly improved in the new models of cars, people’s
acceptance and appreciation may get changed to buy the new
production model.

4. Complex Atanassov’s Intuitionistic
Fuzzy Relation

Fuzzy logics and systems open immense applications in engi-
neering, medical, physics, automobiles, defense and security,
internet and computer security, and other fields. It is a
meaningful topic to introduce the concept of CAIF logics and
systems which give us the ability to extend the realm of real-
life applications in the CAIF environment. So, we develop the
concept of complex Atanassov’s intuitionistic fuzzy relations
and compositions before introducing the concept of CAIF
logics and systems.

The relation R between the sets X,..., X,, is a subset of
the Cartesian product X, x - - x X, . If we denote the relation
above by R(X,...,X,,), then

R(X,....X,) C Xy %X X, (44)

Firstly, we should introduce the Cartesian product
between complex Atanassov’s intuitionistic fuzzy sets. In
general, the Cartesian product between several CAIFSs is

given as follows.
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Definition 32. Let A,,..., A, be complex Atanassov’s intu-
itionistic fuzzy sets in X, ..., X,,, respectively. The Cartesian
product A, x --- x A, is a complex intuitionistic fuzzy set
defined by

A X xA

n

= {((xl,...

VA1x~~-><An (xI’ ce

’xn) > P‘Alx-«xAn (XI’ cee ,Xn) >

,xn)> :

(xl,...,xn)eXlx---xXn},

(45)

where

Ha x-xA, (Xl, cees xn)

= [min (pa, (1), paa, (%))
ei min(a),‘Al (xl),.“,wmn (x,,))] X
(46)
YA1><~~~><An (xl’ T xn)
= [max (s, (1)o7, (%)
.ei max(wyAl (xl)"“’“’mn (Xn))]
In the case of two complex Atanassov’s intuitionistic fuzzy
sets A and B in X and Y, respectively, we have

AXB
= {{(%9) s praxs (%, ) s yaxs (%, ) : (%, y) € X x Y},
(47)

where

imin(wﬂA (x), up »)

Haxp (%, y) = min (py (), pp (y)) - €
)) . ei max(wYA(x),wyB(y))'
(48)

Yaxs (% ¥) = max (y, (%), v (¥

A special case is obtained when we generate a relation
between two sets X and Y. So, we present a definition of a
complex Atanassov’s intuitionistic fuzzy relation as follows.

Definition 33. A complex Atanassov’s intuitionistic fuzzy
relation R(X,Y) between CAIFSs U and V is a subset of
the product space X x Y, where the complex membership
and nonmembership functions of the relation R(X,Y) are
characterized by pup(x,y) and ygp(x, y), respectively, that
assign each pair to each (x,y) € X xY a complex-valued
grade of membership and nonmembership functions to the
set R(X,Y), where x € X and y € Y. We write the relation
R(X,Y) as

RXY) = {{(xp) ur (%, ¥),yr (. )) | (x, y) € X x Y}
(49)

The values pp(x, y) and yp(x, y) may receive lie within
the unit circle in the complex plane and are of the fol-
lowing form: r(x) - ™ and k(x) - €9 (G = -1),
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where 7(x), k(x), w,(x), and w,(x) are all real-valued, with
r(x),k(x) € [0,1],and 0 < r(x) + k(x) < 1.

The membership and nonmembership functions in a
CAISR represent both the degree of presence and absence of
association, interaction, or interconnectedness, and the phase
of association, interaction, or interconnectedness between
the elements of two or more sets. Under the assertion that any
of the complex fuzzy sets can be represented as a CAIFS (see
[11, Proposition 2.3]), we rewrite Example 5 of Ramot et al. [4,
page 183] in terms of CAIFS to demonstrate the utilization of
CAIFR in real life.

Example 34. Let X be the set of financial indicators or indexes
of the American economy. Possible elements of this set are
unemployment rate, inflation, interest rates, growth rate,
GDP, Dow-Jones industrial average, and so forth. Let Y be
the set of financial indicators of the Japanese economy. Let
the complex fuzzy relation R(X,Y) represent the relation of
influence of American financial indexes on Japanese financial
indexes: “y is influenced by x,” where x € X and y € Y.

The membership and nonmembership functions for the
relation R(X,Y), u(X,Y), and p(X,Y) are complex-valued,
with an amplitude term and a phase term. The amplitude
terms of membership and nonmembership functions indi-
cate the degree of influence and noinfluence of an American
financial index on a Japanese financial index, respectively.
An amplitude term with a value close to one implies a large
degree of influence, while a value close to zero suggests
small to no influence. The phase terms of membership and
nonmembership functions indicate the “phase” of influence
and no-influence, or time lag that characterizes the influence
and no influence of an American index on a Japanese index.
Thus, the phase terms represent the time that elapses before
the influence and no-influence of a certain occurrence in
an American financial indicator is evident in a Japanese
counterpart.

Consider for example, up(Growth Rate, Export) and
yr(Growth Rate, Export), that is, the grade of membership
and nonmembership associated with the statement “Ameri-
can growth rate influences and noinfluences Japanese export,
respectively” The values of yp and y; may be calculated
from available economic statistics using a variety of methods
(genetic algorithms, neural nets, etc.) or obtained from an
expert. In this example, the latter of the two options is
considered.

Suppose an expert was to state that “the influence of
American growth rate on Japanese export is large, and the
effect of a decline or increase in American growth is evident
in Japanese export in three-five months” If R(X,Y) was a
traditional Atanassov’s intuitionistic fuzzy relation, values
of about 0.8 and 0.1 would be selected for the grade of
membership and nonmembership, respectively, and all infor-
mation regarding the time frame of the interaction between
these two economic parameters would be lost. However,
R(X,Y) is a complex Atanassov’s intuitionistic fuzzy relation,
pr(Growth Rate, Export) and yp(Growth Rate, Export) thus
can be assigned a complex value which incorporates all of the
information provided by the expert.
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Assume R(X,Y) measures interactions between Amer-
ican and Japanese financial indicators in the limited time
frame of 12 months. The following value may, therefore, be
attributed to pp(Growth Rate, Export) and yz(Growth Rate,
Export):

tiz (Growth Rate, Export) = 0.8 - /122"

A (50)
vz (Growth Rate, Export) = 0.1 - ¢*/'227,

Note that the amplitude terms selected are 0.8 and 0.1,
similar to the grade of membership and nonmembership of
a traditional Atanassov’s intuitionistic fuzzy set. The phase
term is chosen to be 4 as an average of “three-five months,’
normalized by 12 months—the maximum timeframe the
relation is designed to take into account for both membership
phase and nonmembership phase functions.

Definition 35. Let A and B be two complex Atanassov’s
intuitionistic fuzzy sets on X and Y, respectively, where

A= {(x, pa (%) = 14 () €9,

Ya () = ky (x) €Y x € X1,
i (51)
B= {<3’>.”B (y)=rz(») ).

v (¥) = kg (y) &) y e v}

The complex Atanassov’s intuitionistic fuzzy union of A
and B in different universe of discourse, denoted by A @ B, is
specified by

A@B{((x9), paes (%) Vaes (%, ) : (x,y) € X x Y},
(52)

Haop(X ) = Tagp(x y)e e =

max(ry (%), rp(y)e ") and  yep(xy) =
K pop (%, )eaen ™) = min(k 5 (x), kp(y))e ™ a0k 00,

where

Example 36. Let

> >

N { (0.5¢"7,0.4¢*")  (1.0¢"°",0.0¢"" )
- - .

(0.7¢°7, 026" ) }
. ,

(53)

> >

5 { (0.8€i1'1n,0.2€i0'7ﬂ) (0'481‘0.971)0'461‘71)
- 1 0

(0'761‘0.971, 0.2€i0'4ﬂ) }
1 >

1

then

Ao B (O'Seil.Sn’ 0.2ei0.5n) (0'561‘1.371’ 0.4ei0'5")
@B = ,
(-1.-1) (-1,0)

>

(0.761'1‘3”, 0.261'0‘471) (1.06“'571, O.OCiO'sn)
(_L 1) ’ (0) _1)
(1.061'1.571, O.OGiO'Sn) (0.7€i0'9ﬂ, 0.26“'0”)
(0,0) ’ (1,0)
(0.86“'1”, 0261’0.771) (0'761'0.971, O.zeil.On)
(1s _1) ’ (1> 0)

(0 7ei0.9n 0 261’0.471)
L 1) }

>

(54)

>

>

Definition 37 Let A and B be two complex Atanassov’s
intuitionistic fuzzy sets on X and Y, respectively, where

A= {<x,/4A (%) =14 (x) e “ra®),

Ya (x) = ka (x) eiwk"(x)> ix € X},
i (55)
B= {<yh“B ()’) =rp ()’) elw'B(y),

e (¥) = kg (¥) eika(y)> ty € Y}.

The complex Atanassov’s intuitionistic fuzzy intersection
of A and Bin different universe of discourse, denoted by A®B,
is specified by

A®B{((x,¥), ass (%, ) Vags (%, ¥)) : (x, ) € X x Y},
(56)

Pasp(X,y) = Ao (X, ) raen ) =
min(r,(x), rB()/))el min(w,, (), (1) 404 AVA@B(x’ )/)
Kpon(6 1)) = max(k y(x), kn(y))el ™XCia s ),

where

Example 38. Using the CAIFS A and B as in Example 36, we
have

> >

Ao {(0'561‘1.171,0'4610.771) (0‘461'0.971’0'461‘1.071)
® B =

(_1)_1) (_1) 0)
(0.5€i0'9n, 0.4ei0.5n) (O.SEil'ln, 0261‘0.77‘[)

(-1,1) ' (0,-1) ’
(0.4ei0.97r’ 0‘461‘1.071) (0.7ei0.97r’ O.ZeiO'SH) (57)
(0,0) ' (0,1) ’
(0.7ei0.37r) O‘Zeil.Sn) (0.461'0.371, 0.461'1.571)

(1,-1) ' (1,0) ’
(0.7¢°%7,0.2¢™ )
(1, 1)
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Definition 39. Let A and B be two complex Atanassov’s
intuitionistic fuzzy relations on X x Y, where

A= {{(oy) ua(xy) =14 (x,) ™,
ya (% y) = kg (3, y) e S7) : (x, y) € X x Y,
) lw,B xy)

B= {((x5)up(x.y) =15 (x. ) e

ye (%) = kg (%, ) ™)« (x,y) € X x Y}
(58)

The complex Atanassov’s intuitionistic fuzzy union rela-
tion of A and B, denoted by A U B, is specified by

AUB{((x,7) tas (% ¥)Vaus (%)) : (v, y) € X x Y},
(59)

where yApB(x, y) = raupx y)ei“"AuB(x’y) = max(r,(x, ),
rB(x y)) i max(aw, , (x,),w, (x,)) and VAUB(x’ ) _ kAUB(x’

i min(awy , (x,9),w (x, y))

y)e""kAuB(x}’ = min(k,(x, y), kg(x, ¥))e

Example 40. Let X = {a,b} and Y = {1,2}. Let

., (O.5ei1'3", 0‘461'0.571) (0.7ei0'3", O_Zeil.Sn)
- (a,1) ' (a,2) '
(1.06“'571, O.OeiO.Srr) (0.8€i0'7ﬂ, O.Ieil'lﬂ)
(b,1) ’ (b,2) ’
. . . . (60)
(0.8611'17{, 0.26’0'771) (0.7610'971, 0.2610'471)
B= ,
(a,1) (a,2)
(0.4¢°°7,0.4¢™) (0.1¢™,0.7¢™7)
(b, 1) ' (b,2)
Then,
(0 8637 () 261‘0.571) (0 76097 () 26;‘0.471)
AUB= ’ ’ ,
(a,1) (a,2)
(61)
(LOeil.Sn, O.OeiO'Sﬂ) (0.8ei1'0ﬂ, 0‘1ei0.67r)
&y (b2 }

Definition 41. Let A and B be two complex Atanassov’s
intuitionistic fuzzy relations on X x Y, where

A= {{(ny)oua(xy) = ra(xy) ™,

ya (%) = ka (x,y) ™)+ (x,5) € X x Y},
iw,B (x,y)

B= {{(x.). 5 (% 9) = (x,y)e

ve (%, 3) = kg (%, ) ™)+ (x,y) € X x Y}
(62)
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The complex Atanassov’s intuitionistic fuzzy intersection
relation of A and B, denoted byA N B, is specified by

ANB{{(x, ), thans (% ¥), Yans (%, ) = (%, y) € X x Y},
(63)

where punp(x,y) = rAnB(x,y)eiw’AnB(x’y) = min(r,(x, ),
rp(x y))etmln(wm(xy) W (%,9)) and YAnB(x’ y) = kyp(x
2)e ) = max(ky(x, y), kg(x, y))e s s (),

Example 42. Using the CAIFS A and B as in Example 40, we
have

AnE { (0.8€i1'3ﬂ, 0.2ei0'5") (0.7ei°'9”, 0'261'0.471)
NB=

> >

(a,1) (a,2)
(1.0€i1'5ﬂ, 0.0€i0'5n) (0.8€i1'0n, O.IeiO.Gn)
(b,1) ' (b,2)
(64)

Following Zhang et al. [15], we call the relation I an
identical equal relation on X, if its membership and non-
membership functions are defined as follows:

16" = ifx=y

[’ll(x y) { e10n=0 ifx:ﬁy,
| (65)

0" =0 ifx=y

YI(x’y)_{lenn:l ifx# y.

Definition 43. Let A € CAIFS(X x X). If py(x,x) = 1 and
pa(x,x) = 0 for all x € U, then A is a reflexive complex
Atanassov’s intuitionistic fuzzy relation.

Definition 44. Let A € CIFS(X xY). Then A™ € CIFS (Y x X)
is a replacement of A, where

Har (1,x) = pya (%,9),
Yar (95%) = ya (%, ¥), (66)
V(x,y) e XxY.

Proposition 45. If A and B are two complex Atanassov’s
intuitionistic fuzzy relations, then the following hold:

W) (AN = 4,

2 (AuB)" = ATUB" and (AnB)" = AT n BT,
(3) (Ao B)T =BT AT and (AMT = (AT)",
(4) A € B if and only if B" ¢ AT

Proof. Trivial. O

Definition 46. Let A € CIFS(X xY). Then A is a symmetrical
complex Atanassov’s intuitionistic fuzzy relation if

Ha (%, y) = par (x,9),
Ya (% y) = yar (%, ), (67)
V(x,y) € XxY.
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Definition 47. Let A € CIFS (X x X). Then A is a transitive
complex Atanassov’s intuitionistic fuzzy relationif Ac A C A.

5. Projection and Cylindric
Extension of Complex Atanassov’s
Intuitionistic Fuzzy Relations

In this section, we introduce the concepts of projection
and cylindric extension as generalizations of projection and
cylindric extension, respectively, for AIFRs.

Definition 48. Let Q be a complex Atanassov’s intuitionistic
fuzzy relation on X; x --- x X,, and let {i;,...,i} be
a subsequence of {1,...,n}. Then the projection of Q on
X, x -+ x X; is a complex Atanassov’s intuitionistic fuzzy
relation Q, on X; X --- x X , defined by membership and
nonmembership functions:

> xik)

= max

Xj; erl . xj(,,,k)e

Ha, (xil,...

ro (X105 %x,)

Xj(nfk)

TS S x]-(nik)EXj(nik)wrQ(xl)“"xn))
(68)
1o, ()
= min ko (x15...5x,)
X5 € X Xy €K gy
1mm;cjiele ..... Xj(n—k)exj(n—k) ka(xl,...,xn)’
where the {le yerr X j(n—k)} is the complement of {xi1 s xik}

with respect to {x;,...,x,}.

Example 49. Let X = {2,3,4} and Y = {a, b} be two universes
of discourse, and let Q be a complex Atanassov’s intuitionistic
fuzzy relation on X x Y defined by

Q = {<(2) a) 5 0.3- ei0.97'[, 0.5 ei0‘3"> ,
<(3» a),0.1- eil'sﬂ) 0.7 - ein> ’
<(4, a),0.5 - 17T 0.4 - ei0.5n> )
i ; (69)
(2,0),05-%7",05-¢%7),
<(3,b) ,0.3-¢%%,04- ei1~77r> )
<(4> b),03-¢"7,0.4- ei1‘3n>} .
We compute the projection of CAIFR Q on X and Y,

denoted by Qx and Qy respectively. The projection Qy, is
given by

_ imax,cy w, (x,y)
x) = | maxrg (x, e T ,
.”Qp( ) (er Q( )’)>

imin ey Wi (x,y)

Yo, (¥) = (r}llqelg kg (x, y)) e
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Qx (x) = {(2, VvV (0.3,0.5) eiV(O-gﬂ,OJn'))

A(0.5,0.5) ei/\(o.3n,zn)>

<3 Vv (0.1,0.3) ¢V(1:5m020)

A(0.7,0.4) ei/\(n,l.7n)> ’

<4 Vv (0.5,0.3) eiV(1-7n,1_5n)

A (0.4,0.4) SN05m137) >} .

- {<2’ O'Seio.gﬂ) 0~56i0'3ﬂ> > <3, O.3ei1.5n’, 0-4ei7T> >
<4, 0.56i1'7"’ 0_4ei0.5n>} ‘
(70)

The projection Qy is given by

imax e 0,  (5,9)

to, (¥) = (rygro (x, y)) ‘e ;

imingex wy o (x,y)

o, () = (minkq(x.7)) e
QY (y) _ {<a, Vv (03) 01, 05) eiV(O.97‘[,1.5n,1.77‘E) ,
A(0.5,0.7,0.4) ei/\(O‘371,rr,0.571)> )
(b,v(0.5,0.3,0.3) 0702,
A (0.5,0.4,0.4) PP 7PIIINL

= {(a,05¢"7",0.4¢"7" ), (b,0.5 - ", 0.4 ")} .

(71)

Definition 50. Let Q be a complex Atanassov’s intuitionistic
fuzzy relation on X; x --- x X, and let {i;,...,i} be a
subsequence of {1,...,n}. The cylindric extension of Qp to
X, x -+ x X, is a complex Atanassov’s intuitionistic fuzzy

relation Qp on X; x --- x X, defined by membership and
nonmembership functions:

Hoy, (X150 x,) = [”Qp (xil,...,xik>-e

Yau, (X15--5X,) = [ka (xil, .. .,xik) . ¢%ap i x"k)]

Example 51. We consider Example 49 to find the cylindric
extensions of Qx and Qy. The cylindric extension of Qy is
a complex Atanassov’s intuitionistic fuzzy relation Qyy given
by pg, (%, y) = tg, (x), and yg_ (x, ¥) = Yo, (x). Then,

Qe = {{(2,4),0.5¢%",0.5¢),
((3,a),03¢"°7,0.4¢™)
((4,a),0.5¢"7",0.4¢™7) ,

. . (73)
((2,6),0.5¢°%7, 0,567,
((3,0),0.3¢"7, 046,

((4,b),0.5¢"7",0.4¢™7 )} .
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The cylindric extension of Qy is a complex Atanassov’s
intuitionistic fuzzy relation Qyp given by pqg (x,y) =

ta, (¥), and yq (. ¥) = yq, (¥). Thus,

QYE = {<(2> [1) 5 0.5€i1'771) 0'4€i0'3ﬂ> X
<(3) a, 0.5ei1‘7”, 0_4ei0.3n> ’

(4,a),0.5¢"7",0.4¢™°7)
74
((2,0),0.5¢"7,0.4¢"7) ()

((3,0),0.5¢"7, 0.4¢"7)

((4,b),05¢"", 0.4 )}

6. Composition of Complex Atanassov’s
Intuitionistic Fuzzy Relations

In this section, we introduce the definition of composition
of complex Atanassov’s intuitionistic fuzzy relations. Some
properties of composition of CAIFRs are obtained. The com-
position of complex Atanassov’s intuitionistic fuzzy relations
is introduced as in the following.

Definition 52. Let X, Y, and Z be universes, A a complex
Atanassov’s intuitionistic fuzzy relation of X and Y, and B a
complex Atanassov’s intuitionistic fuzzy relation of Y and Z.
The composition of A and B, denoted by A o B, is a complex
Atanassov’s intuitionistic fuzzy relation of X and Z, specified
by the following functions:

Haop (%, 2) = T4, (%, 2) - ! Cran(2)

) [igg min (r, (x, )75 (. 2))

4

>

i SUp ey Min(w,4(x,7),0,5(3,2)) :|

(75)

Ya-B (x> Z) =T A.B (x, y) . eikaoB(X,Z)

= | inf max (k4 (x, y), kg (y,2))

yeYy

. g1 ey Max(@ia (5, (72)) ]

Example 53. Let K, S, J, P, and L be name of cities, and let
X ={K,S},Y = {K,J} and W = {P, L} be three sets of these
cities. Then, the Cartesian product of X and Y is the set X x
Y = {(K,K), (K, ]),(S,K), (S, ])}, and the Cartesian product
of Yand Z istheset Y x Z = {(K,P),(K,L),(J,P),(J,L)}.
For example, let A(X,Y) be a relation called “the first element
(city) is colder than the second element (city) in winter,
summer, autumn, or spring,” and let B(Y, Z) be a relation
called “the first element (city) is more attractive than the
second element (city) in winter, summer, autumn or spring.”
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The relations A(X,Y) and B(Y, Z) can be presented by the
following relational matrices:

A(X,Y)

K J
_lx (0.9ei(0.3/24)n’Oei(3/24)n) (O.7ei<1'5/24)",O.3ei(5/24)")
S (0.6ei(1/24)" 0'361'(1‘8/24)71) (O.3ei(3/24)" 0.7ei(1/24)”) ’

B(Y,Z2)

P L
_Ix (O.Zei(3/24)”,0.7ei(3/24)") (O.Iei(12/24)n’O‘Sei(5/24)n) .
Ji (O.Iei(15/24)n) 0.9ei(5/24)") (0.261’(3/24)71) 0.6ei(2/24)”)
(76)

We compute the composite relational matrix, denoted
by A o B(X,Z). We should note that X x Z has four
elements: (K, P), (K, L), (S,P), and (S, L). Thus, our task is
to determine the membership, y,.5, and nonmembership,
Y 405> values for the four elements above. We use Definition 52
to determine the membership and nonmembership of A o
B(K, P). Thus, we have

Yaop (K, P)

= sup {min [(r,4 (K,K)),r5 (K, P)],
Y€

min [(ry (K, J)), 75 (J, P)]}

. 8Pyevminl(@,, (KK)).w,, (K.P)lmin[(w, , (K.J))xwr, (,P)]}

= sup {min [0.9,0.2] ,min [0.7,0.1]}
yeV

. ei supyev{min[(0.3/24)71,(3/24)71],min[(1.5/24)7r,(15/24)7r]}

= sup {02 0'1}eisupyev{(0.3/24)n,(1.5/24)n} _ 0261’(1.5/24)7‘[.
yev
(77)

Analogously, we have
Yaos (K, P)
= inf {max [(k, (K, K)), k5 (K, P)]
max [(k, (K, ])), kg (J, P)]}
. nfyevimaxl(wy, (KK)).wg, (K.P)]max((w , (KoJ))wg, (1,P)1}
= in\f/{ max [0, 0.7], max [0.3,0.9]}

S

. eiinfyev{max[(3/24)71,(3/24)71],max[(5/24)71,(5/24)71]}

_ in‘f/ {0'7) 0.9} eiinnyV{(3/24)71,(5/24)71]} _ O.7ei(3/24)ﬂ.
ye

(78)
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Analogously, we determine the elements (K, L), (S, P),
and (S, L). Thus, the final relational matrix of A o B is
AoB(X,Z)

p L
K (0.261'(15/24)71, 0.7ei(3/24)") (O.Zei(3/24)”,0.6ei(5/24)")

S (0'2 EEROLEY ei(5/24)n) (0'2 EEEOLEY ei(2/24)7'r)
(79)

Note 2. In Example 53 the amplitude terms represent the
belongingness and nonbelongingness to the set of cold and
attractiveness, and the phase terms represent the belonging-
ness and nonbelongingness to the phase of season.

Max-Min and Max Product Compositions

(1) The max-min composition of CAIFRs between
A(X,Y)and B(Y, Z) isa CAIFR A°Bin X x Z, defined
by the membership and nonmembership functions

faop (2) = | maxmin (7 (5,) 74 (. 2)
. ei maxey min(arg[m(x,y),arg!AB(y,z))

(80)
Yo (52) = [minmax (v (5,7) 7 (1)

. ei minycy max(arg, ,(x,y),arg,5(y,2)) ] .

(2) The max product composition of CAIFRs between
A(X,Y)and B(Y, Z) isa CAIFR A°Bin X x Z, defined
by the membership and nonmembership functions:

by () = [ max (1 (5 ) - 13 (2)
ye

. ei(1/27'r)maxy€v(argyA(x,y)'argVB(y,z))] ,

o (52) = |min (7 (5 ) 73 (2)
ye€

. ei(1/Zn)minyev(argyA(x,y)-argyB(y,z)) ] )
(81)

Proposition 54. Let W, X, Y, and Z be universes, A a
complex Atanassov’s intuitionistic fuzzy relation of W and X, B
a complex Atanassov’s intuitionistic fuzzy relation of X and Y,
and C a complex Atanassov’s intuitionistic fuzzy relation of Y
and Z. Then Ao (BoC) = (Ao B)oC.

Proof. Let Ao(BoC) = {{(w; 2), phpo(p.c) (W> 2)s Y ae(pec) (W5 2))
(w,z) € W x Z}, and (A o B) o C = {{(w,2),
P aoByec(Ws 2); Yoaop)ec (W 2)) = (w,2) € W x Z}. To prove
the equality A o (B C) = (A o B) o C, we have to show that

15

Pao(BeC) = HiaeB)c @04 YaoBoc) = Y(aoB)ec- BY Definition 52,
we have

K As(B-C) (w, z)

= [su}}z min [r, (w, x), (rg.c) (%, 2))]

o UPrex min{w, , (W,%),(@y ) (%:2))] :|

- [sup min [y w20 (supmin s (57 20 )|

xeX yey

.ei Supcx min[wM (w,x),(SuP),gy min(wﬂB (x,y)wm (y,2))] :|

= [ sup min [ry (w,x),75 (%, y).7¢ (1:2)]
xe€X,yeY
_eisupxexyygy min[wyA (%)W, (x,y),w”c(y,z)] :|

- [sup min [(sup min (r4 (w, %), 7 (x>y))) e (9 Z)]

yey xeX

_ei SUP ey min[(sup,.cx min(w“A (w,x),wﬂB (x,y))),w[‘C (y,2)] :|
- [supmin (i (.57 012
yey

. ¢ SuPyer minl(@y ) (WD (3:2)] ] = Waop)c (W> 2) .

(82)
Also,

YAo(B-C) (w, 2)
= [;E)f( max [k, (w, x) , (kg.c) (%, 2))]

. euanEX max[wVA (w,x),(wy(Boc)

(x,2)] ]

= Llcrel}t;max [kA (w, x),

(10 max (ks (5, 2). ko (12) ) |

‘eiinfxgx max[wyA (w,x),(infyey max(wYB (x,y),wyc (7,21 :|

:[ inf [k, (w,x), kg (w, y), ke (v, 2)]

xeX,yeY

_eiinfxex,yey max[w,, (W,x),w,, (w,y),w,. ()] :|
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- [}rélf[ max [(;rel)f(max (kp (w, x), kg (x, y))) ,
ke(172) |
. eiinf},ey max]
| inf max (K (1)) K (2]
e nyey maxl@y , py @Dy (2] Y(a-B).c (W>2) .
(83)
So we have pu,p.c) = Haop.c from (82), and we
have ys.p.c) = Y(a.p).c from (83). Therefore, the proof is
completed. O

Proposition 55. Let X, Y, and Z be universes, A and B two
complex Atanassov’s intuitionistic fuzzy relations of X and Y,
and C a complex Atanassov’s intuitionistic fuzzy relation of Z
and X. Then,

(i) Co(AUB)=(CoA)U(CoB),
(ii) Co(ANB) € (CoA)N(CoB).

Proof. (i) To prove the equality Co (AUB) = (Co A)U(C-B),
we have to show that e, aup) = Hceayuc.s and Yeoaus) =
Y(Coayu(c-p)- By Definitions 52, 17, and 18 we have

i

— : i sup minfw, ,(w
HUco(aup) = SUP MIN [T’C, (7’( AuB))] -e #c” CHaup)

= sup min [rC, (max (T“A> "B))]

. ei sup min[wyc,(max(a)#A,wMB))]

= max [(sup min (rc,74)), (sup min (r, 75))]

. ei max][(sup min(wyc,wm)),(sup min(wyc,wMB))]

= H(CoA)U(CoB)>

(84)
Also,
Yce(AuB)
= inf max [ke, (k(aup))] ™ O O]
= [inf max [k¢, (min (k4, kg))]
inf max{w, ., (min(wy, wy,))] ] (85)

= [min [(inf max (kc,k4)), (inf max (k¢ kg))]

. emin[(inf max(wyc Wy, )),inf(max(wyC Wy NI ]

= Y(CoA)U(CoB)*

Therefore, by (84) and (85), proof of (i) is completed.
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(ii) To prove the subsets C o (AN B) € (C° A) N
(C © B), we have to show that rc,(4np < 7(coayn(co and
Arg > Arg for the membership function and
HCo(AnB) H(CoA)N(CoB)

kowanm < Ko a0d Atg, < AT8, o, for the

nonmembership function. By Definitions 28, 52, and 18, we
have

Tcu(anp) = SUp min [re, min (r,,75)] = sup (rj)
T(Comn(coB) = Min [supmin (re,7,4) , sup min (re, rp)]

= min sup (rj) ,
(86)

where j = A, B, or C for any of the following cases:

To Sty <Tp Ty <tc<Trp rg S to STy

So, we conclude that

TCo(anB) = SUP (rj) > min sup (rj) = T(CoANN(CoB)- (88)

To prove the nonmembership parts, we use similar steps
as for the membership term. Therefore, this completes the
proof of (ii). ]

Corollary 56. Let X, Y, and Z be universes, A, (t € T)
complex Atanassov’s intuitionistic fuzzy relations of X and Y,
and C a complex Atanassov’s intuitionistic fuzzy relation of Z
and X, where T is an arbitrary index set. Then,

(D) Co (UrerAy) = Uper(C o Ay),
(ii) Co (NierA;) S Ner(Co AY).

Proof. This is straightforward from Proposition 55. O

Proposition 57. Let X, Y, and Z be universes, A and B two
complex Atanassov’s intuitionistic fuzzy relations of X and Y,
and C a complex fuzzy relation of Z and X. If A C B, then

(i) CoACCoB.

Proof. This is straightforward from Proposition 55 and Defi-
nitions 52 and 28. O

7. Conclusions

In this research, a new model deals with multi-attribute
decision-making problems by representing the type of
Atanassov’s intuitionistic fuzzy information which is hap-
pening repeatedly over a period of time. This generalised
model (Application 31) is easy to realize and appropriate
with human recognition. The difference between this model
and Atanassov’s intuitionistic fuzzy model in [12] is that
in our approach, complex Atanassov’s intuitionistic fuzzy
set represents the problems with Atanassov’s intuitionistic
fuzzy uncertainty and periodicity simultaneously, in which
the phase degree, of membership and nonmembership have
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precious and pivotal values. Besides, the phase term can
represent both the fuzzy information and precise/accurate
time. So, CAIFSs can be useful and applicable in many
areas, such as decision-making processes, to select the best
alternative.

The development of complex Atanassov’s intuitionistic
fuzzy relation is important as it forms a basis for the
derivation of complex Atanassov’s intuitionistic fuzzy logic.
Complex Atanassov’s intuitionistic fuzzy relation is formally
generalised from a conventional Atanassov’s intuitionistic
fuzzy relation, based on complex Atanassov’s intuitionistic
fuzzy sets, in which the ranges of values of CAIFR are
extended to the unit circle in complex plane instead of
[0,1] as in the conventional Atanassov’s intuitionistic fuzzy
functions. We have also introduced the Cartesian product of
CAIFSs and derived two properties of the product space. The
concepts of projection, cylindric extension, and composition
of CAIFRs are also introduced. Finally, an example of CAIFR
in real life situation is illustrated in this paper.

8. Future Research

In future research, it is a meaningful topic to introduce
the concept of CAIF logics and systems based on CAIF
relation, which gives the ability to extend the realm of real-
life applications in the CAIF environment. The concepts
of logics and systems open for us immense applications
in engineering, medical, physics, automobiles, defense and
security, internet and computer security, and other fields.
We can also introduce §-equalities of complex Atanassov’s
intuitionistic fuzzy relations.
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