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Abstract—In this paper we will present two theorems for the
join and meet operations for general type-2 fuzzy sets with
arbitrary secondary memberships, which can be non-convex
and/or non-normal type-1 fuzzy sets. These results will be used
to derive the join and meet operations of the more general
descriptions of interval type-2 fuzzy sets presented in [1], where
the secondary grades can be non-convex. Hence, this work will
help to explore the potential of type-2 fuzzy logic systems which
use the general forms of interval type-2 fuzzy sets which are
not equivalent to interval valued fuzzy sets. Several examples
for both general type-2 and the more general forms of interval
type-2 fuzzy sets are presented.

Index Terms—type-2 fuzzy logic, general type-2 fuzzy logic,
non-convex fuzzy sets.

I. INTRODUCTION

ENERAL Type-2 Fuzzy Sets (GT2FSs) are characterised

by secondary memberships which take any value be-
tween O and 1 (unlike Interval Type-2 Fuzzy Sets (IT2FSs),
whose secondary memberships are either O or 1). The meet
and join operations for General Type-2 Fuzzy Sets (GT2FSs),
which represent the intersection and union for these sets
respectively, are based on the Extension Principle by Zadeh
[2] as a generalisation of the intersection and union for
type-1 fuzzy sets. In 2001, the initial work by Karnik and
Mendel presented in [3] a simplified procedure to compute
these operations for GT2FSs, although it depended on the
condition that the secondary grades of type-2 fuzzy sets were
normal and convex type-1 fuzzy sets. This work was later
generalised by Coupland [4] to incorporate non-normal sets by
borrowing some methods (Weiler-Atherton, Modified Weiler
Atherton, Bentley-Ottmann Plane Sweep Algorithm, etc.) from
the field of computational geometry; yet convexity remained
a necessary condition. More recent works [5], [6], [7] studied
the geometrical properties of some GT2FSs to find closed
formulas or approximations for the join and meet operations
in some specific cases. However, to the best of the authors
knowledge, considering arbitrary secondary grades, which can
be non-convex, has not been addressed to date.

Recent developments in type-2 fuzzy logic have changed
the perception researchers have of Interval-Type 2 Fuzzy Sets
(IT2FSs). IT2FSs are type-2 fuzzy sets which uncertainty is
equally distributed in the third dimension (also called sec-
ondary membership), and thus, these secondary membership
are either O or 1, unlike GT2FSs, which uncertainty in the third
dimension is not equally weighted and the distribution can
be an arbitrary type-1 fuzzy set. When IT2FSs were initially
defined in [8], all the theory and operations were based on the

specific case where IT2FSs are equivalent to Interval Valued
Fuzzy Sets (IVFSs). However, it has been recently shown that
IT2FSs are more general than IVESs [1]. Hence, in order to
derive the theory of these general forms of Interval Type-2
Fuzzy Logic Systems (IT2FLS) (which employ IT2FSs which
are not equivalent to IVFSs) it is necessary to develop the meet
and join operations of GT2FSs with non-convex secondary
memberships, and then, particularise it to the case of IT2FSs,
which have secondary grades equal to either O or 1.

Hence, in this paper, we will be finding the join and meet
operations for GT2FSs where secondary memberships are
arbitrary type-1 sets, and hence can be non-convex and/or
non-normal. This will be used to derive the join and meet
operations of IT2FSs where the secondary grades are non-
convex sets.

The structure of this paper is as follows: Section II will
present preliminaries in order to provide some basic back-
ground. Section III will present two theorems for the join and
meet operations for GT2FSs making no assumptions about
their normality or convexity. In Section IV we will apply
our results to the general forms of IT2FSs presented in [1].
Section V will present examples of the two theorems applied
to GT2FSs with normal and convex secondary memberships,
GT2FSs with non-convex and non-normal secondary member-
ships, and all general forms of IT2FSs (including type-1 sets
and interval-valued fuzzy sets) as presented in [1]. Conclusions
and future work are presented in Section VI.

II. PRELIMINARIES

Type-2 fuzzy sets are an extension of type-1 fuzzy sets.
While a type-1 fuzzy set F' is characterized by a type-
1 membership function (MF) pup(z) (where © € X and
pr(z) € [0,1]), a type-2 set F' is characterized by a type-
2 MF pj(x,u), where € X and u € J, C [0,1], i.e. 8],
[9]:

F = {((z,u), pp(z,w)|Ve € X,Yu € J, C[0,1]} (1)

F can also be expressed as follows [8]:
P / / (o )/(@) T C(01] @
zeX Jued,

Where [ [ denotes aggregation over all admissible z and . J,,
is called the primary membership of x in F. At each value of
r, say x = 2, the 2-D plane whose axes are u and pz (', u)
is called a vertical slice of F' [8]. A secondary membership
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function is a vertical slice of F. It is, pp(z = o' u), for
2’ € X and Vu € J,» C[0,1], [2], i.e.

pp(@ = ', u) = pp(a’) = / el Jy o)
3)

Because V2’ € X, the prime notation on p(z") is dropped
and pz(z) is referred to as a secondary membership function
[8], [9]; it is a type-1 fuzzy set which is also referred to as
a secondary set [8]. If Yz € X the secondary membership
function is an interval type-1 set where f,(u) =1 Vu € Jy,
(.e. pp(zr,u) = 1), the type-2 set F is referred to as an
interval type-2 fuzzy set. It should be noted that the notation
we use here does not imply that J, should only consider
the values where f,(u) is greater than zero. In this work we
consider J,, = [0, 1] to simplify the representation.

III. JOIN AND MEET OPERATIONS FOR GT2FSSs WITH
NON-CONVEX SECONDARY MEMBERSHIPS

In this section we will present two theorems for the join
and meet operations for GT2FSs with non-convex secondary
memberships.

A. The Join Operation

Definition 1: Let F, and F} be two type-2 fuzzy sets in a
universe of discourse X. Let iz () and pup, () denote the
membership grades of F; and F5, respectively, at x € X.
Then, for each z € X, using minimum t-norm and maximum
t-conorm, the union set 151 U ]52, which is characterised by its
membership grade 5 5, (7,0) is given by the join operation
on up (v) and pgp (), and is as follows':

1i o, (@, 0) = (ug, (@) U pg, (2))(0) =
= supyepo,o){.f1(V)} A (f1(0) V f2(0)) A supwefo,oi f2(w)}
reX “4)

Such that v Vw = 6.

Theorem 1: The union operation on two type-2 fuzzy sets
defined in [3] using minimum t-norm is equivalent to the union
defined in Equation (4).

Proof of Theorem 1: Let the join operation be performed
on two type-2 fuzzy sets, denoted Fy and Fb, in a universe
of discourse X. The membership grades at z € X of Fy and
F} are denoted as 1 7 (z) and i (z), respectively, which are
fuzzy sets defined in V, W C [0, 1], and are as in Equation (3).
According to [3], the union of two type-2 fuzzy sets, denoted
as Fy UFy, is given by the join operation between Fy and F,
as follows:

Fl U Fg U UF, () =

:/ / (f1(0) % fo(w)/(0Vw) z€X (5
veV JweW

!t should be noted that Equation (4) has some similarity to Equation (10)
in [10] (see also [11]) as both equations refer to the join operation of general
type-2 fuzzy sets. However, the representation of Equation (4) is quite different
to simplify the computations and analysis.

2

Where * indicates the minimum t-norm (hence * will be
replaced by A in the rest of the paper) and V indicates the
maximum t-conorm.

Thus, any element §# = (v V w) in the primary membership
of I UF, can be obtained by any of the following cases:

1) Case 1: if v is any value between 0 and 6, and w = 6;
ie, {(v,w)|lv < Bandw =0} = (vVw) = (vVHh) = 0.
This condition is equivalent to state that v € [0, 6] and
w=0.

2) Case 2: if w is any value between 0 and 6, and v = 6;

ie, {(v,w)|lw < fandv =0} — (vVw) = (OVw = 6).
This condition is equivalent to state that w € [0, 6] and
v=40.

The membership value associated with 6 can be obtained by
applying the minimum t-norm on the secondary grades fi(v)
and fo(w) where v and w are as described in Cases 1 and 2;
hence, 417,z (@,0) = f1(v) A fa(uw).

It is important to note that if more than one pair {v,w}
result in the same 6 = (v V w) but with different membership
grade pp g (7,0) = fi(v) A fao(w), then we keep the
maximum membership grade obtained from all {vV w} pairs.
Hence, pp 5, (2,0) = fi(v) A fa(w) is obtained by the
following steps:

« Step 1: calculate ¢, (), where:

$1(0) = supyepo,o{f1(v) A f2(0)} (6)

According to the notation used in [10], Equation (6)
would be f(6) A f2(6). See [10] for this notation.
o Step 2: calculate ¢5(6), where:

$2(0) = supyep,o{f1(0) A fa(w)} (7N
According to the notation used in [10], Equation (7)
would be f1(0) A f£(0).
o Step 3: calculate pp 5 (7, 0) where:

1E R, (@, 0) = 61(0) V ¢2(0) (8)

f1(0) and f5(0) are fixed as 6 is fixed. Hence, f;(f) and
f2(0) will not be considered for the suprema calculation.
Consequently, we can rewrite Equation (6) and Equation (7)
as Equation (9) and Equation (10), respectively, and combine
them in Equation (11).

$1(0) = supycpo,o{f1(v)} A f2(0) 9

$2(0) = f1(0) A supyejo,o{ f2(w)} (10)
15 uF, (T,0) = (supyep,a {fi(v)} A f2(0))
V (f1(0) A supyepo,nifa(w)}) (11

Using four labels denoted as A;, B, Ci and D; as
illustrated in Equation (12), Equation (11) can be rewritten
as in Equation (13).

Bi g, (T, 0) = (supuep,o{f1(v)} A f2(0)V
N—— =
Ay B,
(f1(0) A supyepo,o{f2(w)})
~——
Cl D1

12)

1063-6706 (c) 2015 |EEE. Personal useis permitted, but republication/redistribution requires | EEE permission. See
http://www.ieee.org/publications_standards/publicationg/rights/index.html for more information.



This article has been accepted for publication in afuture issue of thisjournal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TFUZZ.2015.2489242, | EEE Transactions on Fuzzy Systems

JOURNAL OF KTEX CLASS FILES, VOL. 13, NO. 9, SEPTEMBER 2014

ti o, (2, 0) = (AL ABy) vV (Cy A Dy) (13)

The distributive property of minimum and maximum oper-
ations allows us to re-write the right hand side of Equation
(13) as follows:

(A1 AN Bl) V (Cl AN Dl) =

(A1 \/Ol)/\(Al\/Dl)/\(Bl\/Cl)/\(Bl \/Dl) (14)

By substituting Equation (14) in Equation (13) and replacing
the labels denoted as A;, By, C7 and Dq, Equation (14) can
be written as below:

1iuR, (T 0) = (subveo,a {f1(v)} V f1(0))A
(supyepo,o{f1(v)} V supwepo,o i fo(w) A
(f2(0) v f1(0)) A (f2(0) V supuwejo,o{f2(w)})
(15)

Using four labels denoted as A, By, Cy and D, as
illustrated in Equation (16), Equation (15) can be re-written
as shown in Equation (17).

K ur, (®,0) = (supueoa{f1(v)} V f1(0)) A

Az
(supvepo,o{f1(v)} V supyepo,o{f2(w)})
B2
(f2(0) V f1(0)) A(f2(0) V supyepo,o{fe(w)})
Cy Do
(16)
Mﬁluﬁg(x’e) = Ay ABa A Co A Dy (17)

It is worthwhile to analyse two of the terms in Equation
(17), which are A, and D5, separately:

Az = supyepo,011f1(v)} V f1(0)

In the term A, shown in Equation (18), it is impor-
tant to note that the value fi(0) is included in the value
supyefo,g){f1(v)}, as the value v = 6 belongs to the interval
v € [0,0]. Hence, the maximum f1(0) V supyeo,011f1(v)}
will always be represented in the value sup,cpo,o{f1(v)},
regardless of the value of 6 and the shape of the function
f1(v). Consequently, term A5 in Equation (18) can be written
as A} as shown in Equation (19):

Ay = supyeio,o{f1(v)} V f1(0) = supyeo,o{fi(v)} = Aj

= f1(0) € {f1(v)|v € [0,0]} = f1(0) < supyejo,o{f1(v)}
19)

(18)

Similarly, we will use the abovementioned approach for the
term Do in Equation (16):

Dy = f2(0) V supyejo,oi f2(w)}

Analogously, D is equivalent to D5:

Dy = Supwe[o,a]{f2(w)} Vv f2(0) = SupwE[O,G]{f2(w)} = D/Q

= f2(0) € {fa(w)|w € [0,0]} — f2(0) < Supwe[w]{fzgvl))}

(20)

3

By using A} instead of As, and using D) instead of D5 in
Equation (17), we have Equation (22) as follows:

HE UGB, (z,0) = A/2 A Bo A Coy A Dé (22)

Substituting each label A}, Bz, Co and D) with their
corresponding contents, we obtain Equation (23):

BE uE, (T, 0) =supyeio,0{fi(v) A
(supyepo,o{/f1(v)} V supwepo,o{fo(w)})A
(f2(0) V f1(0)) A supwejo,o i fo(w)}  (23)

In order to simplify the notations in the equation we will
again label each term in Equation (23) separately as shown
below:

BE g, (T, 0) = supyeo,o{f1(v)} A
—_—

As
(supyvefo,o{f1(v)} V supweo,o{ fo(w) A
Az Bs
(f2(0) V f1(0)) A supwejo,oifo(w)}  (24)
Cs Bs

Using three labels denoted as A3, B3 and Cj as illustrated
in Equation (24), Equation (23) can be expressed as shown in
Equation (25).

LiuE (T,0) = A3 A (A3 V B3) AC3 A B (25)

We will focus on the partial expression Az A (A3 V Bs) in
Equation (25). Using the fact that a A (a V b) = a for any real
numbers a and b, then A3 A (AsV Bs) = As, and Equation(25)
becomes Equation (26). Substituting each label by its content,
we have Equation (27).

HE UF, (l‘, 9) = A3/\(A3\/B3)/\C3/\Bg = A3NC3A B3 (26)

AR
supyefo,0{f1(v)} A (f1(0) V f2(0)) A supwepo,o fo(w)}
reX (27)
Equation (27) is the same as Equation (4) and this concludes
the proof of Theorem 1. This equation is the final result for
the join operation performed on two type-2 fuzzy sets, F, and
F,, for each z € X. It is important to note that this result is
obtained without any assumption regarding the normality or
convexity of the secondary grades, denoted f;(v) and fo(w),
that belong to the fuzzy sets F; and Fy, respectively.

B. The Meet Operation

Definition 2: Let Iy and F, be two type-2 fuzzy sets in a
universe of discourse X. Let pp (x) and pp, () denote the
membership grades of Fy and F>, respectively, at z € X.

Then, using minimum t-norm, the intersection set Fj N Fb,
which is characterised by its membership function i 5, is
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given by the meet operation on i () and pp (7), and is as
follows?:

tp g (@,0) = (ng (2) N g, (2))(0) =
= supyep{f1(0)} A (f1(0) V f2(0)) A supywepo,1{fo(w)}
reX (28)

Theorem 2: The intersection operation on two type-2 fuzzy
sets defined in [3] using minimum t-norm is equivalent to the
intersection defined in Equation (28).

Proof of Theorem 2: Proof of theorem 2 is very similar to
the proof of theorem 1. In this case, any element # in the
primary membership of Fy N Fy is of the form 6 = (v A w),
and can be obtained by any of the following two cases:

1) Case 1: v € [0,1] and w = 6.

2) Case 2: w e [f,1] and v = 6.

The rest of the proof is exactly the same as the one for
the join operation, but changing the intervals v € [0, 6] and
w € [0,0] by v € [6,1] and w € [0, 1], respectively. The final
result will be as in Equation (28).

IV. JOIN AND MEET OPERATIONS FOR THE GENERAL
DESCRIPTIONS OF IT2FSs

In this section, we will focus on the particular case where
f1(v) and fo(w) are either 0 or 1 and their supports are non-
empty closed sets. In other words, we will focus on the general
descriptions of IT2FSs, as presented in [1]. We will obtain
specific versions of Equation (4) and Equation (28) when sets
are general forms of IT2FSs. It is important to note that all
examples in [1] satisfy that the supports of f;(v) and fo(w)
are non-empty closed sets.

Let g1(0) = supye(o,011f1(v)}. For a given value of 6, g, (6)
is the maximum value that the function f;(v) has attained for
all values of v lower than or equal to 0, i.e., Vv < 6. Let v
be the infimum of the support of f;. Hence, for all < vy:

91(9) = SUpue[o,e]{fl(U)} = Supve[o,a]{o} =0 VO<u
(29)
For values 6 > v1, as f1(v1) = 1, the following stands:
91(0) = supyejo,o{fi(v)}
= fi(v1) V supy ¢ (0,9{f1(v)} =

v # vy
LV supy ¢ o,0{f1(v)} =1 V0> (30)
v # vy
Hence, combining Equations (29) and (30):
0 VO <
91(0) = supyejo,{fi(v)} {1 Vo > o, (31

Analogously, let g2(6) = supy,eo,0{f2(w)} and let w; be
the infimum of the support of f,. Hence:

0 VO <w

32
1 VGZwl ( )

g2(0) = Supwe[o,e]{fz(w)} = {

21t should be noted that Equation (28) has some similarity to Equation (11)
in [10] as both equations refer to the meet operation of general type-2 fuzzy
sets. However, the representation of Equation (28) is different to simplify the
computations and analysis.

4

Let g(8) = g1(0) A g2(0). Combining Equations (31) and
(32):
(0):{0 0 < maz(vy,wy) (33)

1 0> max(vy,wr)

Considering the definition of ¢g(#), we can rewrite Equation
4) as:

LiuE (T, 0) = g(0) A (f1(0) V f2(0)) (34)
Combining Equations (33) and (34):
o ~J0 0 <max(vy,wr)
WA {f1(9> VE®) 05 masnw) O

Let vepg and wenq be the supremum of the supports of
f1 and fo, respectively. Hence, f1(v) = 0 Vv > venq and
fa(w) =0 Yw > wepq. Therefore, the term f1(0) V f2(0)
will be 0 VO > max(Vend, Wenq). Consequently we can
rewrite Equation (35) as:

J1(0) V f2(0)
HE UF, (z,0) = 6 € [max(v1,w1), maz(Vend, Wend)]
0 elsewhere
(36)
Now let’s consider the case of the meet operation. In this case,

let g1(0) = supyep,111f1(v)}. Given a value of 0 > vepa:

91(0) = supycio.){f1(0)} = sup,epp,11{0} =0 VO > vepa
(37)
For values 6 < veng, as f1(vVend) = 1, the following stands:

91(0) = supycig{f1(v)} = f1(vend) V supy e (o, {1 f1(v)}

v # Vend
=1V SUpPy e 0, 1]{f1 (U)} =1 V0 < Vend (38)
v # Vend
Hence, combining Equations (37) and (38):

1 VO < vepg
0) = v = - 39
g1(8) = sup e[9,1]{f1(v)} {O VO > Vong (39)
A similar expression can be found for go(f) =

Supwe[é,l]{fZ(w)}'

1 VO < wepg
9) = - = 40
g2(0) 5“Pw€[9,1]{f2(w)} {0 VO > weng (40)

Let g(0) = g1(0) A g2(6). We can rewrite Equation (28) as:

Bi g (T, 0) = g(0) A (f1(0) V f2(0)) (41)

Considering g(6) = g1(0) A g2(#) and using Equations (39)
and (40), we can rewrite Equation (28) as follows:

i nF, (T, 0) = {f1(9) Vv fa(0)

0 S min(”end, wend)
0 0> min(vVend, Wend)
(42)
By definition of v; and wy, f1(v) = 0 Vv < v; and
fa(w) = 0 Yw < w;. Therefore, the term f1(0) V f2(0)
will be 0 VO < min(vy,wy). Consequently we can rewrite
Equation (42) as:

f1(0) Vv f2(0)
Bi G (T, 0) = 0 € [min(vi,wr), min(Vend, Wend)]
0 elsewhere
43)
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Fig. 1. Vertical slices of three GT2FSs to perform the join operation.

It is worthwhile to highlight that Equations (36) and (43)
lead to the well-known results of the join and meet when the
involved sets are type-1 sets or IVFSs. For the join in type-1
sets, as V] = Vepq and wi = Wenq, then O is non zero only
when 6 = max(vy,w), so f1(0)V f2(0) is a singleton placed
a this value 6 = max(vy, w;). An analogous reasoning for the
meet operation, given 6§ = min(v1,w;), leads to a singleton
placed at this 6 = min(vy,w;).

For the case of IVFSs, as f; and fo have continuous
supports, then f1(6) V f2(f) will also be continuous in
0 € [max(vi,w1), Max(Vend, Wenq)] for the join, and 0 €
[min(v1, wi), Min(vVend, Wenq)] for the meet, regardless of the
relative positions of v1, wi, Vepqg and weyq, thus leading to
the well-known equations for IVFSs:

1 0¢ [mal’(ﬂhwl),max(vendawend)}
- a(3,0) =
HEuF: (,9) 0 elsewhere

(44)

1 0 € [min(vi,wr), min(Vend, Wend)]
g, (T, 0) = e e

Fig. 2. (a)f1(v) and g1(0). (b) f2(w) and g2(0). (©)f1(0), f2(0) and f1(0)V
f2(0). (d) All terms and join result.

— W

Secondary membership
Secondary membership

2
0

02 03 04 05 06 07 08 09 1

0 01 02 03 04 05 06 07 08 09 1
w —— 1@ Ve

(a) —f,w) (b)
— 1)

g,(6)=sup
== 1,0) v 15(6)

w0

Secondary membership
Secondary membership

2
0

0 01 02 03 04 05 06 07 08 09 1
Primary membership
(c)

01 02 03 04 05 06 07 08 09 1
Primary membership
(d)

Fig. 3. (a)f2(w) and g2(0). (b)f3(u) and g3(0). (c)f2(6), f3(0) and f2(0)V
f3(0). (d) All terms and join result.

maximum value at v = U, the associated g¢1(0) =
supyefo,01{f1(v)} is as follows:

0 elsewhere 0) VO <
@9 0@ =swpafi) = {10 St )
V. EXAMPLES OF THE JOIN AND MEET OPERATIONS Analogously, we can obtain the term g2(f) =
In this section we will present several examples of the join supwefo,g){f2(w)}:
and meet operations on different kinds of type-2 fuzzy sets. 0) Vo < w
02(60) = supucip{ olw)y = P20 TS Wmas g,

A. Join and Meet Operations for GT2FSs with normal and
convex secondary memberships

In this section, we will show that our approach for the join
and meet operations on two GT2FSs presented in Equation (4)
and Equation (28) give consistent results when compared with
the existing approaches where secondary grades are normal
and convex type-1 fuzzy sets. We have used as a benchmark
the examples presented in [12] (page 493, fig. 5), which are
shown in Figure 1, so that we can compare the results achieved
by Theorem 1 and Theorem 2 to the results achieved in [12].

First of all, we will perform the join operation on the first
two sets given in Figure 1(a) and Figure 1(b); and secondly,
we will perform the join operation on the resulting set and the
set given in Figure 1(c).

Let g1(0) = supyep,6{fi(v)}. It can be proven that,
for any convex and normal secondary grade f; having its

1 VO > wmaes

These terms are illustrated in Figure 2(a) and 2(b), re-
spectively. The only term in Equation (4) yet to be analysed
is (f1(0) V f2(0)), which is depicted if Figure 2(c), along
with f1(6) and f2(@). The final join result, which is as in
Equation (4), is illustrated in Figure 2(d) in dashed line. It is
important to note that the resulting /i 5, (x, 0) is identical to
f2. Although this result may be surprising, we can get to the
same conclusion using the equations by Karnik and Mendel
in [3]. We now repeat all operations between the resulting set
(depicted in Figure 2(d) in dashed line) and the set illustrated
in Figure 1(c). We obtain ¢2(0), g3(6), f2(0) V f5(8) and
the minimum of all these quantities. Results are illustrated
in Figure 3.

It is important to note that the final result displayed in Figure
3(d) is the same that the one presented in [12] (page 493, fig.
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Fig. 4. (a) f1(v) and g1(8). (b) f2(w) and g2(8). (c) f1(8), f2(0) and f1(8)V
f2(0). (d) All terms and meet result.

5), and thus, Equation (4) is consistent with the specific case
where secondary grades are normal and convex type-1 sets.
Now we will perform the meet operation on the same three
sets depicted in Figure 1. Doing a similar analysis to the one
that led to Equations (46) and (47), it can be proven that:

10 < Umax

91(0) = supocpnth(v)} = fi(0) 0> vpas @
140 < Winag

gz(e) B Supwe[al]{fé(w)} N f2(9) 0 > Wmazx (49)

These terms are depicted in Figures 4(a) and 4(b). The only
term in Equation (28) yet to be analysed is the second one,
(f1(0)V f2(0)), which is the same as in the join operation and
is depicted in Figure 4(c), along with f1(0) and f5(6). The
final meet result, which is as in Equation (28), is illustrated
in Figure 4(d).

It is important to note that the resulting pz 5 (7,0) is
identical to f;. Although this result may be surprising, we
can get to the same conclusion using the equations by Karnik
and Mendel in [3]. We now repeat all operations between the
resulting set (depicted in Figure 4(d)) and the set illustrated
in Figure 1(c). We obtain ¢1(0), g3(0), f1(0) V f3(0) and
the minimum of all these quantities. Results are illustrated in
Figure 5. It is important to note that the final result displayed
in Figure 5(d) is the same that the one presented in [12] (page
495, fig. 7), and thus, Equation (28) is consistent with the
specific case where secondary grades are normal and convex
type-1 sets.

B. Examples of the Join and Meet operations for GT2FSs with
non-convex non-normal secondary grades

In this section we will apply our approach presented in
Equation (4) and Equation (28) to type-2 fuzzy sets whose
secondary grades are arbitrary, i.e., secondary grades are
neither convex nor normal. The chosen secondary grades to
perform this operation are illustrated in Figure 6(a) and 6(b),
respectively, in solid lines, along with their terms g (6)
supye(o,0){f1(v)} and g2(0) = supyepo,o{f2(w)}. It is im-
portant to note that these terms g;(6) and g»(f) cannot be

Fig. 5. (a) f2(w) and g2(6). (b) f3(u) and g3(6). () f2(0), f3(0) and f2(0)V

f3(0). (d) All terms and meet result.
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Fig. 6. (a)f1(v) and g1 (0). (b) f2(w) and g2(8). (¢)f1(0), f2(0) and f1(6)V
f2(0). (d) All terms and join result.
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Fig. 7. @1 (v) and 1 (6). (b)f2(w) and g2(6). (©):1(6). f2(0) and f1(6)V
f2(0). (d) All terms and meet result.

computed using Equations (46) and (47) as the sets are not
convex. Figure 6(c) depicts the term (f1(0) V f2(0)). Figure
6(d) illustrates all terms involved along with the final join
result.

The procedure to obtain the meet result for the same
sets is analogous, but changing the definitions of g;(6)
supueio. L1 (v)} and g2(0) = supye o {f2(w)}. All figures
related to the meet operation on the sets depicted in Figure 7(a)
and (b) are illustrated in Figure 7.
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Fig. 8. Sets F| and F» when IT2FSs are equivalent to type-1 sets.

fz(w) for X=X,

f4(v) for x=x,

0 0
0 o1 02 03 04 05 06 07 08 09 1 0
v

o w

My (2, v)

x5

02

A\ w
@ O xi X ® O xi X

Fig. 10. IVFSs to perform the join and meet operations.
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Fig. 9. (a)f1(v). (b)f2(w). (c)Sets and join result. (d)Sets and meet result.

C. Examples of Join and Meet Operations for the General
Forms of IT2FSs

In this section, we will focus on the particular case where
fi1(v) and fo(w) are either 0 or I and their supports are closed
sets. In other words, we will focus on the general descriptions
of IT2FSs, as presented in [1]. We will use Equations (36) and
(43) (which are specific versions of Equations (4) and (28)) to
compute the join and meet respectively when the secondary
grades are either O or 1, to all the cases of general forms of
IT2FSs presented in [1]. For simplicity, as in [1], we are going
to work with a finite referential set X of cardinal m. However,
our approach will also be valid for non-finite referential sets.
In all cases, we will present the IT2FSs, and we will perform
the join and meet operations on the vertical slices placed at
r = XT4.

1) Case A: primary memberships are singletons (type-1
fuzzy sets): The sets to perform the join and meet operations
are depicted in Figures 8(a) and (b), respectively. The vertical
slices we are going to operate with are depicted in Figure
9(a) and (b); Figure 9(c) illustrates the join operation as given
in Equation (36), whereas Figure 9(d) illustrates the meet
operation as in Equation (43).

2) Case B: primary memberships are intervals (IVFSs):
The sets to perform the join and meet operations are depicted
in Figures 10(a) and (b), respectively. The vertical slices we
are going to operate with are depicted in Figure 11(a) and (b);
Figure 11(c) illustrates the join operation as given in Equation

0

o 01 02 03 04 05 06 07 08 03 1 0 01 02 03 04 05 06 07 08 09 1
Primary membership Primary membership
(c) (d)

Fig. 11. (a)f1(v). (b)f2(w). (c)Sets and join result. (d)Sets and meet result.

pi (2, )

0.2

v
(@ 0 x1 X

Fig. 12. Multi-singleton IT2FSs to perform the join and meet operations.

(36), whereas Figure 11(d) illustrates the meet operation as in
Equation (43).

3) Case C: primary memberships are several singletons:
The sets to perform the join and meet operations are depicted
in Figures 12(a) and (b), respectively. The vertical slices we
are going to operate with are depicted in Figure 13(a) and (b);
Figure 13(c) illustrates the join operation as given in Equation
(36), whereas Figure 13(d) illustrates the meet operation as in
Equation (43).

From [1] it is stated that this example may correspond to
a setting in which anonymous users from a website score
different objects and/or services within it. In this situation,
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(@) f1(v). (b)f2(w). (c)Sets and join result. (d)Sets and meet result.
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Fig. 15. (a)f1(v). (b)f2(w). (c)Sets and join result. (d)Sets and meet result.

and considering both anonymity and that not every user will
score every object, we would obtain sets as in this Case C.

4) Case D: primary memberships are several intervals:
The sets to perform the join and meet operations are depicted
in Figures 14(a) and (b), respectively. The vertical slices we
are going to operate with are depicted in Figure 15(a) and (b);
Figure 15(c) illustrates the join operation as given in Equation
(36), whereas Figure 15(d) illustrates the meet operation as in
Equation (43).

Several intervals could be used as follows: consider we have
a FLS which contains the following rules for inputs x; and

A\ w
@ O xi X ® O xi X

Fig. 16. Sets to perform the join and meet operations.
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Fig. 17. (a)f1(v). (b)f2(w). (c)Sets and join result. (d)Sets and meet result.

Ta:
R': IFx1is HIGH AND z» isHIGHTHEN yisY
RP: IFx1isHIGH AND 25is LOW THEN yisY
(50)

Where, e.g., HIGH = [0.9,1] and LOW = [0,0.1]. This
could be modelled using a non-standard rule:

R . IFx1isHIGH AND x5is HIGH or LOW THEN yisY

(51
Or by using a standard rule with a set EXTREME =
[0,0.1] U [0.9, 1] as follows:

R': IFx, isHIGH AND z5is EXTREMFETHEN yisY

(52)

This way the complexity of the FLS can be reduced and
remain having a standard rule base.

5) Case E: primary memberships are combinations of sin-
gletons and intervals: The sets to perform the join and meet
operations are depicted in Figures 16(a) and (b), respectively.
The vertical slices we are going to operate with are depicted in
Figure 17(a) and (b); Figure 17(c) illustrates the join operation
as given in Equation (36), whereas Figure 17(d) illustrates the
meet operation as in Equation (43).

Considering again the scoring system in a website, we could
use these type of sets when the number of scores provided
increases significantly; hence, those regions of the interval
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[0, 1] which are very crowded could be replaced by an interval,
whereas the most isolated values could remain as singletons.

VI. CONCLUSIONS AND FUTURE WORKS

In this paper we have presented two theorems to perform
the join and meet operations on any GT2FSs having arbitrary
secondary grades where the restrictions about the normality
or convexity on the secondary grades are no longer required.
These results have allowed us to deal with both GT2FSs and
the general forms of IT2FSs as presented in [1]. Hence, the
paper will help to explore the potential of interval type-2 fuzzy
logic systems which use interval type-2 fuzzy sets which are
not equivalent to interval valued fuzzy sets.

To complete all the framework related to Fuzzy Logic
Systems (FLSs) using these general forms of IT2FSs, future
work would focus on the type reduction operation, when the
sets involved are IT2FSs which are not equivalent to type-1
sets or IVFSs. We will also explore possible applications that
will benefit from using more general forms of IT2FSs.
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