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Abstract

It is known that the standard intersection and
union of type-1 fuzzy sets (i.e., the intersection and
union under the minimum t-norm and maximum t-
conorm) are the only cutworthy operations for type-
1 fuzzy sets. The aim of this paper is to show that
similar property holds also for type-2 fuzzy sets,
with respect to some special cutting. As was already
demonstrated, the intersection and union of type-2
fuzzy sets are not preserved in a-planes. Thus, we
study another kind of cutting, so-called double cuts,
and show that the intersection and union of type-2
fuzzy sets are preserved in these double cuts.

Keywords: Type-2 fuzzy sets, double cut, a-plane,
intersection, union, fuzzy sets

1. Introduction

The standard intersection and union operations of
type-1 fuzzy sets (T1 FSs, in abbreviation) are cut-
worthy operations, which means that they are pre-
served in a-cuts for all @ € [0,1] in the classical
sense (see [1]). This is a very useful property of
a-cuts for computation. Furthermore, it is a ’nice’
relation between the intersection and union of fuzzy
sets A, B and the intersection and union of crisp sets
A,, By
(ANB)y = Ay N By, (AUB)y = Ay UB,.

Recently has been published an a-plane represen-
tation for type-2 fuzzy sets (T2 FSs) in [2] and [3],
which is some kind of generalization of a-cut repre-
sentation for T1 FSs. As was pointed out in [4] the
intersection and union of T2 FSs are not preserved
in a-planes in general, i.e. they are not cuthworthy
operations. The main results of [4] are summarized
in this paper too.

The a-cuts of T1 FSs have two properties that
make them very useful: 1. a-cut is a (crisp) subset
of a universe of discourse, 2. a-cut emphasizes el-
ements with high membership (higher or equal to
«). The a-planes have no these two properties.
Hamrawi et al. (see [5]) defined an a-cut of T2
FS, denoted by fl&,a (as a-cut of @-plane). We in-
dependently defined (a7, @s)-double cut of T2 FS
(see [6]), which is very similar notion to Hamrawi’s
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one!. Furthermore, the (a1, az)-double cut meets

both over mentioned properties. The main aim of
this paper is to show that intersection and union of
T2 FSs are preserved in (aq,as)-double cuts (un-
der some special conditions). We study relations
between the intersection (union) of (a1, a2)-double
cuts of T2 FSs and (o, az)-double cuts of intersec-
tion (union) of T2 FSs, and provide relevant proofs.
We study these relations for the intersection and
union under various t-norms and t-conorms. Fur-
thermore, we discuss differences between a-planes
and (aq, as)-double cuts in this context.

The rest of this paper is organized as follows. Sec-
tion 2 contains basic definitions and notations that
are used in the remaining parts of paper. We sum-
marize properties of a-planes in connection with the
intersection and union of T2 FSs under various t-
norms and t-conorms in Section 3. In Section 4,
we study properties of (aj,asg)-double cuts. The
conclusions are discussed in Section 5.

2. Preliminaries

2.1. Type-2 fuzzy sets and vertical slices

A T2 FS, denoted by A, in a crisp set X is charac-
terized by a type-2 membership function p;(z,u),
ie.,

A= {((z,w), p g (z,w))|Ve € X,Vu € J, C[0,1]},

where 0 < p(z,u) <1, uis a primary grade and
pi(z,u) is a secondary grade ([7], [8], [9]).
The T2 FS A can also be expressed as

A= / N / Rz XA !

where f f denotes a union over all admissible x and
u. For discrete universes of discourse, f is replaced
with 3 (e.g. [10], [9]).

At each value of z, say x = 2/, the 2D plane
whose axes are w and p;(z’,u) is called a wverti-
cal slice of T2 FS A (see [9]). Type-2 membership

LAn a-cut of T2 FS is represented by a-cut of UMF and
LMF of a-plane, an (a1, az)-double cut is represented only
by a-cut of UMF of a-plane. Hamrawi’s a-cut leads to much
more easier representation theorem as our (ai,az)-double
cut, but we consider our approach to be more natural in some
point of view - if one can emphasizes elements of X with both
high primary and secondary grades, then only a-cut of UMF
is important.



function p z(z,u) : X x [0,1] — [0,1] is a function
that assigns a secondary grade to each pair (z,u),
where x € X and uw € J, C [0,1] is its primary
grade. fy(u) : Jy — [0,1] where J, C [0,1] is a
function that assigns a secondary grade to each pri-
mary grade u for some fixed z. It is a T1 FS in
[0,1] (or in J,,) in the vertical slice. Secondary MF
or vertical slice p1 5 () : X — [0,1] %! is a function
that assigns a function f,(u) to each z € X.

We can review a T2 FS set in a vertical-slice man-
ner, as

A= {(a, uz(2)Ve € X}

or, as

A:éawamaL;Amhwmmz

:Ld%gfmmea
where J, C [0,1].

Membership function p z(x) for some x is convex
if ur < ug < ug implies pz(z,u2) > pi(x,u1) A
p iz, ug), for all ui, ug, us € [0, 1], and is normal if

=1.
Jé’[%’i]{”f‘(“" Ju)b =

2.2. a-planes

A two dimensional a-plane, denoted by A,, is a
union of all primary memberships whose secondary
grades are greater or equal to a special value « ([2],
3], [9]), ie.,

Aa={J @ wlnile,u) > a= {J (pa@)a, (1)

zeX zeX

where (1 4())q is an a-cut of vertical slice p z(x).
Both a-plane of T2 FS and a-cut of T1 FS are crisp
sets (see Definition 1 in [2]), however, in spite of
a-cut, a-plane is not a subset of an universe of dis-
course X.

Let Iz (w,u) be an indicator function of the a-
plane A,, i.e.,

~ — 17 (x7 U’) e Aou
Iz, (@,u) = { 0, otherwise.

Then, the associated T2 FS (a-level T2 FS) of the
a-plane, denoted by A(«), is defined ([2], [3]) as (see
Figure 1)

Ala) = {((z,u),al z_(z))|Vo € X,Yu € J, C[0,1]}.

2.3. (a1, a2)-double cuts

An (o, ap)-double cut of a T2 FS A in a set X,
denoted by flal,az, is a crisp set containing all ele-
ments © € X with property (see [6]): there exists at
least one primary grade u € J, greater or equal to

p(x.u) (secondary grade)

05’

; o . )
u (primary grade) 0 X (universe of discourse)

0.8 .-

associated T2 FS~. AN

0.6 -

n{x.u) (secondary grade)
Q
-

X (universe of discourse)

Figure 1: a) T2 FS with triangular secondary mem-
bership functions, triangular UMF and LMF. *Cut-
ting’ plane in level @« = 0.6. b) a-plane for o = 0.6
and associated T2 FS of the a-plane.

aq such that the secondary grade of (x, u) is greater
or equal to as, i.e.,

Aal,az = {LL‘|E|’U, € Jz(u > al&ﬂﬁ(xau) > 042)}-

An (ay, ag)-double cut is a crisp subset of an uni-
verse of discourse X, so it meet both properties dis-
cussed in Introduction.

Let Ij . () be an indicator function of

(a1, ag)-double cut Ay, q,. Then, the associated T2
FS of the (a1, ag)-double cut, denoted by A(aq, as),
is defined as (see Figure 2)

Ay, a0) =

= (@I, (@),aels,  (2))lVe € X}.

2.4. Intersection and union of T2 FSs

Using Zadeh’s Extension Principle ([7]), the mem-
bership grades for intersection and union of T2 FSs
A and B are defined as follows:

ting(@ ) Mpglz) =

//quuH@@wva><m

raus(@ )Upg(z) =

//quuH@@mva><@
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X (universe of discourse)
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Figure 2: a) T2 FS with triangular secondary mem-
bership functions, triangular UMF and LMF. 'Cut-
ting’ planes in level @1 = 0.5,0 = 0.6. b) (1, aa)-
double cut for a; = 0.5, as = 0.6 and associated T2
FS of the (ay, az)-double cut.

where * and * represent t-norms (both mostly mini-
mum t-norm), o represents a t-conorm (mostly max-
imum t-conorm) and M, U denote meet and join op-
erations, respectively ([11], [12]). It is not usual
to distinguish between the t-norms #,* in (2), but
there is no reason not to do it (see [13], [14]). Note
also, that we do not use symbols A and V for t-norms
and t-conorms, because we will use them hereafter
for special cases - for minimum t-norm and maxi-
mum t-conorm, respectively.

Let A, B be T2 FSs in X with convex, normal
secondary MFs p ;(z'), pg(x’) for some 2’ € X, re-
spectively (recall that p;(2') is in fact a function
of u). Let vi,v2 € [0,1],v1 < vo and pz(2’,v1) =
pj(x’,v2) = 1. Then, for intersection and union un-
der minimum t-norm and maximum t-conorm fol-
lowing holds ([11]),

1ing (@' u) =
[LA(JJ/,U)\/;LB(:E/,U), u < i,
=4 pila,u), v <u < g, (4)
[LA(JJI,U)/\;LB(:EI,U), U > v
and
MAUB(xlvu) =
pil@ u) Appg(e, u), u < vy,
=< ppla,u), v <u<vg, (5)
[LA(LL‘/,U)\/MB(I'/,U)’ UZ’U2;
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where A denotes minimum and V maximum (see
Figure 3 and Figure 4).

3. Properties of a-planes

3.1. Inclusion

Following is a well known property of a-cuts of T'1
FS A:
if a1 < ag then A,, C Ay,

(6)
where a1 and as denote specific values of grade of
T1 FS A. It shows that an a-cut for greater « is
included in an a-cut for smaller .

For a-planes of T2 FS A similar property holds:

(7)

where a; and as denote specific values of secondary
grade of T2 FS A. Liu (see [2, p. 11], [3]) states
this property of a-planes of T2 FS A without proof,
which was not necessary with respect to his work,
and which is very simple: if (z,u) € A, for some
z € X,u € Jy,as € [0,1], then pji(z,u) > as,
and for any aq < ag it follows pz(z,u) > ai, so
(z,u) € Ay, and consequently A,, C Aq, .

if a1 < g then fla? C Aal,

3.2. Intersection and union
3.2.1. a-cuts of T1 FSs

We recapitulate and remind properties of intersec-
tion and union of T1 FSs with respect to a-cuts
first. Following are well known properties of a-cuts
of T1 FSs A, B:

(AN B)y = Ay N By, (8)
(AUB)y = Ay U By, (9)

where N and U on the left sides of equalities denote
intersection and union, respectively, of T1 FSs and
the same symbols on the right sides of the equalities
denote intersection and union, respectively, of crisp
sets.

Note that these properties hold only for mini-
mum t-norm and maximum t-conorm within defi-
nition of intersection and union of T1 FSs. These
standard intersection and union operations are the
only cutworthy operations among the t-norms and
t-conorms, which means that they are preserved in
a-cuts for all a € [0,1] in the classical sense (see

e.g. [1]).

Proposition 1 Formulas (8) and (9) hold for the
standard intersection and union of T1 FSs, i.e., for
tanB(x) = pa(z) A ps(@) and paus () = pa(z) v
() -

Proposition 2 Formulas (8) and (9) do not hold
for the intersection and wunion of T1 FSs un-
der t-norm, t-conorm different from minimum t-
norm, mazimum t-conorm, respectively, i.e., for
tanB(x) = pa(x) * pp(x) and paus(w) = pa(z) o
up(x), where t-norm * is not minimum and t-
conorm o 18 not maximum.
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Figure 3: a) Convex, normal secondary membership
functions i 5(x), () of T2 FSs A, B for some z €
X. b) Secondary membership function p ;- 5(z) of
the intersection of the T2 FSs A, B for the same
z € X asin a).

Proposition 3 Inclusions (AN B)a C Aq N B,
and Ay U B, C (AU B), hold for intersection and
union of T1 FSs under each t-norm and t-conorm,
respectively, i.e., for panp(x) = pa(x) * up(x) and
pauB(x) = pa(z) o pp(w) .

Similar properties of intersection and union of T2
FSs with respect to a-planes are discussed in detail
in [4]. We summarize the main results of the article
without proofs here.

8.2.2. Intersection of a-planes
We will investigate two following inclusions first:

AyNB, C(ANB),, (10)

(11)

Theorem 1 Let A and B be T2 FSs in a set X,
let x and x are t-norms from the definition (2) of
intersection of T2 FSs. Then

(ANB)y C Ay N B,.

i) (10) holds, if * and * are both minimum t-norm,

ii) (10) does not hold, if * is a t-norm different from
mintmum t-norm,

iii) (10) does not hold, if * is a t-norm different
from minimum t-norm.

Theorem 2 Let A and B be T2 FSs in a set X,
let * and x are t-norms from the definition (2) of
intersection of T2 FSs. Then (11) does not hold for
any t-norms *, .

Using (4) it is easy to see that (11) does not
hold under minimum t-norm for convex, normal sec-
ondary MFs. Situation is depicted in Figure 3.
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Example 1 Let A, B be T2 FSs in X
{x1, 22,23, 24} given as follows (we will focus just
on x1): pi(x1) = {(0.3,0.2),(0.4,0.8),(0.5,0.3)};
15 (z1) = {(0.4,0.4),(0.5,0.6), (0.6,0.3)}. Let a =
0.5 and u = 0.4. Then (z1,u) € A, and (z1,u) ¢
Be, so consequently (z1,u) ¢ (A, N By) and
(z1,u) € (Aq U By). ) )

Using (2) we compute A N B (under min-
imum  t-norms),  for which pznp(x1) =
{(0.3,0.2), (0.4,0.6), (0.5,0.3)}. Thus,
(z1,u) € (AN B),. Hence, (AN B)y € A, N B,
(see the proof of Theorem 1).

Using (3) we compute A U B, for which
wiog(x) = {(0.4,0.4),(0.5,0.6),(0.6,0.3)}. Thus,
(x1,u) ¢ (AU B),. Hence, A, UB, € (AU B),
(see the proof of Theorem 3). |

Example 2 We show that the restriction to mini-
mum t-norm in the first part of Theorem 1 is rea-
sonable. Let x and % both denote product t-norm in
the definition of intersection of T2 FSs (2). Let A
and B be T2 FSs in a set X with constant secondary
grades equal to 0.8. Then, for all (x,u) and (x,v),
where ¥ € X,u € JA C [0,1],v € JB C [0,1], sec-
ondary grades satisfy pz(x,u) = pz(r,v) = 0.8.
Furthermore, for all (x,w), where x € X, w =u-v,
secondary grades satisfy pz(z,w) = 0.8% = 0.64.
So, e.g. for a = 0.7, (A N B)a has to be an empty
set, but A, N By may be a nonempty set. Hence,
(10) does not hold in general under product t-norms.

Note that this take place also if x denotes product
t-norm and x denotes minimum t-norm. O

3.2.3. Union of a-planes

We will investigate two following inclusions next:

(AUB), C A, UB,. (12)

A, UB, C (AUDB).,, (13)
Theorem 3 Let A and B be T2 FSs in a set X,
let x and o are t-norm and t-conorm, respectively,

from the definition (3) of union of T2 FSs. Then

i) (12) holds, if o is mazimum t-conorm (and * is
arbitrary t-norm),

ii) (12) does not hold, if o is a t-conorm different
from maximum t-conorm (and * is arbitrary t-
norm).

Theorem 4 Let A and B be T2 FSs in a set X, let
x and o are t-norm and t-conorm, respectively, from
the definition (3) of union of T2 FSs. Then (13)
does not hold for any t-norm x and any t-conorm
o.

Using (5) it is easy to see that (13) does not hold
under minimum t-norm and maximum t-conorm for
convex, normal secondary MFs. Situation is de-
picted in Figure 4.
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Figure 4: a) Convex, normal secondary membership
functions i z(x), () of T2 FSs A, B for some z €
X. b) Secondary membership function p 3 ,5(z) of
the union of the T2 FSs A, B for the same z € X
as in a).

4. Properties of (a1, a2)-double cuts

4.1. Inclusion

We stated well known property of a-cuts of T1 FSs
(6) and then we proved property of a-planes of T2
FSs (7). A similar property holds also for (o, az)-
double cuts of T2 FSs. Lemma 5, Lemma 6 and
Theorem 7 show this fact.

Lemma 5 Let a1, 03 € [0,1] be two specific values
of a1, and let A be a T2 FS. Then following holds:

then A2

OLOQ

CA1

ZfOél<041 ay,a2”

O

Proof. Let xz be an arbitrary element of the crisp
set A2 ... From the definition of A2 . it follows

af,on ai,on

that there exists u € J, C [0, 1] such that

u>al and iz, u) > .

Because ai < o2, there exists u € J, C [0, 1] such
that
and

uza} pile,u) > as.

Hence, =z € fla%,w and finally fla%,w cC A

1 .
y,02

q.e.d.

Lemma 6 Let o, 3 € [0,1] be two specific values
of aa, and let A be a T2 FS. Then following holds:

if af < a? then A, a2 C Aq,. al

O

Proof. Proof is similar to the proof of Lemma 5.
q.e.d.
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Theorem 7 Let 041,041 [0,1] be two specific val-
ues of aq, let a3, a3 € [0,1] be two specific values of
oo, and let A be a T2 FS in a set X. Then following
holds:

if al < a2 and od < a3 then Anz02 © At al-

s Qg

O
Proof. Immediately follows from Lemma 5 and
Lemma 6. q.e.d.
4.2. Intersection and union of

(a1, a2)-double cuts

4.2.1. Intersection of (a1, az)-double cuts
In Section 3 we studied inclusions (10) - (13) for a-

planes of T2 FSs. Now we focus on (a1, ag)-double
cuts of T2 FSs and investigate:

(121 N B)Oélaa2 g Aa11a2 N Bahaw (14)

121061@2 N B(Xl#)(? g (121 N B)Oéhoér (15)
Theorem 8 Let A and B be T2 FSs in a set X.

Then (14) holds.

Proof. Let x be an arbitrary fixed element of
(AN B)a,.a,- Using (2) one can deduce that there
exists u € JA v e JB such that w * v > «a; and
iz, u)*uB(:E v) > ag. From well known property
of t-norms (x,y > T(z,y) for each z,y € [0,1] and
for each t-norm T), it follows v > ay,v > a3 and
pilr,u) > ag, pp(z,v) > as. Hence, © € Agy, o,
and © € B, azy SO T € Aa1 o2 N Ba, a,. Finally
(A N B)Oél a2 g Aal a2 N Boq Q2. qed

Thus, formula (14) holds for intersection of T2
FSs under each t-norm * and *. Remind that similar
formula (11) for a-planes does not hold under any
t-norms.

Theorem 9 Let A and B be T2 FSs in a set X,
let x and * are t-norms from the definition (2) of
intersection of T2 FSs. Then

i) (15) holds, if * and x are both minimum t-norm,

ii) (15) does not hold, if * is a t-norm different from
mintmum t-norm,

iii) (15) does not hold, if x is a t-norm different
from minimum t-norm.

Proof. i) We prove that formula (15) holds, if *
and x both denote minimum t-norm. Let x be an
arbitrary fixed element of Aa1 as N Ba1 sy 1€, T €
Apy o, and x € Ba1 as- Then, according to (2),
there exists u € Jf C [0,1] such that v > aq and
pi(z,u) > g, and there exists v € JZ C [0, 1] such
that v > o7 and ug(x,v) > 9. Because x and
* denote minimum t-norms, it follows u x v > ay
and 4 (@, u) % pz(w,v) > az, and consequently z €
(AQB)OZhOQ' Flnally Aa1,a2mBa1,a2 = (AQB)OQ Q2
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Figure 5: Secondary membership functions
pi(x), pg(x) of T2 FSs A, B for some = € X.

ii) We prove failure of (15), if % is a t-norm
different from minimum t-norm by counterexam-
ple. Remind that minimum t-norm is the only t-
norm, whose set of idempotents is equal to [0, 1],
i.e., it is the only t-norm, which has not any non-
idempotents (e.g. [15]). Thus, for * there exists at
least one non-idempotent in (0, 1).

Let w € (0,1) be a non-idempotent of * and let
A,B be T2 FSs in X, whose secondary member-
ship functions p 5(z), p5(x), respectively, for some
x € X satisfy following conditions: let pz(x, w) =
pp(z,w) and let pz(z),pns(x) are decreasing in
[w,1] N J2, [w,1] N JB, respectively (see Figure
5). Let o = w and ag = pi(z,w) = pp(z,w).
Then obviously z € flahm and =z € Baha?, SO
2 € Ay, .an N Bay.an - Now we show that = ¢ (AN
B)ay.an - Let uxv > w = a; for some u,v € [0, 1].
Then u > w or v > w (w is non-idempotent). Let
the former is true. Because p () is decreasing in
[w,u], it follows pz(x,u) < pz(z,w) and conse-
quently g z(z,u) x pg(z,v) < pi(r,w) = ag. Fi-
nally, z € (AN B)ay .as -

iii) We prove failure of (15), if x is a t-norm differ-
ent from minimum t-norm by counterexample. Let
A,B be T2 FSs in X, whose secondary member-
ship functions p 4(z), pt5(x), respectively, for some
z € X satisfy following conditions: let pz(x, w) =
pp(z,w) be a non-idempotent of x for some w €
(0,1) and let pjz(x), pg(x) are both decreasing in
[w, 1] N JA, [w,1] N JE, respectively (see Figure 5).
Let o = w and ag = p (7, w) = pz(x,w). Then
obviously z € Aq, .o, N Bay,as, - See item ii of this
proof. Now we show that & (A N B)a, a, . Let
u*v > w = oy for some u,v € [0,1]. Then there
are two options:

1. w > worv > w (or both) - it is easy to see that
in this case following holds wz(x,u) * ps(z,v) <
p iz, w) = ag (see item ii of this proof).

2. u=v=w-from pz(z,u) = pslz,v) =
as and fact that as is a non-idempotent it follows
,LLA(:L'7U)*MB(Z7U) <az.

Thus, in both cases € (AN B)ay,a -

q.e.d.

Example 3 We demonstrate failure of (15) under
product t-norm by counterexample.
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Let A,B be T2 FSs in X {x1, 22,23, 24}
given as follows (we will focus just on x3):
wi(xs) {(0.5,0.9), (0.6,0.8), (0.8,0.6) };
pp(zs) = {(0.7,0.7),(0.8,04)}. Let oy 0.6
and ag = 0.7. Then z3 € flal,az and x3 € Bal,az,
and consequently rs € (Aal,w N Bal,w). We
compute AN B under different t-norms:
1. * and * denote minimum t-norms:
in5 (®3) {(0.5,0.7), (0.5,0.4),
(0.6,0.4), (0.7,0.6), (0.8,0.4)}
(0.6,0.7), (0.7,0.6), (0.8,0.4)},

2. x and x denote product t-norms:
winp(zs) = {(0.35,0.63), (0.4,0.36), (0.42,0.56),
(0.48,0.32), (0.56,0.42), (0.64,0.24)},

3. x denotes product t-norm and * denotes mini-
mum t-norm:

ting(xs) = {(0.5,0.63), (0.5,0.36), (0.6,0.56),
(0.6,0.32), (0.7,0.42), (0.8,0.24)} {(0.5,0.63),
(0.6,0.56), (0.7,0.42), (0.8,0.24)} .

Thus, in case 1, under minimum t-norms, xs €
(AN B)ay .oy, which corresponds to the Theorem
9. On the other hand, in case 2, under product t-
norms, 3 ¢ (AN B)aha?, which shows that the
restriction in the theorem is reasonable. Similarly,
in case 3, under product t-norm * and minimum
t-norm *, 3 & (AN B)ay.an - O

(0.6,0.7),
{(0.5,0.7),

Theorems 8 and 9 lead to an obvious corollary
- equality between intersection of (a7, ay)-double
cuts of T2 FSs and (o, az)-double cuts of intersec-
tion of T2 FSs holds (just) under minimum t-norms
* and *.

Corollary 10 Let A and B be T2 FSs in a set X,
let x and = denote minimum t-norms (in the defini-
tion (2) of intersection of T2 FSs). Then following
holds:

Aal,az N Balon - (A N B)a17a2'

Proof: Immediately follows from Theorem 8 and
Theorem 9. q.e.d.
4.2.2. Union of (a1, az)-double cuts

Now we are going to investigate following inclusions:

(AUB)OQ,CQ g Aa11a2 UB(X17(X27 (16)

121061,@2 U Bal,ag g (121 U B)OCLOQ' (17)

Theorem 11 Let A and B be T2 FSs in a set X,
let x is t-norm and o is t-conorm from the definition
(3) of union of T2 FSs. Then

i) (16) holds, if o is mazimum t-conorm (and * is
arbitrary t-norm,),

ii) (16) does not hold, if o is a t-conorm different
from mazimum t-conorm.
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Figure 6: Secondary membership functions
pi(x), pg(x) of T2 FSs A, B for some = € X.

Proof. i) We prove that formula (16) holds, if o
denotes maximum t-norm. Let z be an arbitrary
fixed element of (AU B)a, .4, . Then, according to
(3), there exists u € JA and v € JZ such that
uov > ap and pj4(z, u) * pp(z,v) > az. Then
u = o1 or v = oy (remind that o is maximum).
Furthermore pj(w,u) > az and ppz(z,v) > az.
Hence, * € Aqu, 0, Or © € Ba,, and finally
T € Aar,as U Baan -

ii) We prove failure of (16), if o is a t-conorm
different from maximum t-conorm by counterexam-
ple. Because of maximum is the pointwise small-
est t-conorm, there exist u,v € (0,1) such that
uwov >uAwv. Let A, B be T2 FSs in X, whose sec-
ondary membership functions p 5 (), 15 (), respec-
tively, for some x € X satisfy following conditions:
let pi(xr,uov) = pplx,uowv), let pilz,u) =1,
pp(x,v) > pp(z,uov) and pi(z), ns(z) are both
decreasing in [u, l]ﬁJA [v, 1]0]3 respectlvely (see
Figure 6). Let ay = w o v and ay = = up(z,v).
Then obviously = ¢ Aa1 a, and x ¢ Ba1 ooy SO X &
Aqy .00 UBay . - Furthermore, from wowv = a; and
pi(z,u)x pg(z,v) = ].*MB(IL',’U) = pp(z,v) =
it follows z € (AU B)ay,as - q.e.d.

In the next theorem we can see that truth of (17)
does not depend on t-norm and t-conorm. It de-
pends on normality or subnormality of secondary
membership functions of T2 FSs.

Theorem 12 Let A and B be T2 FSs in a set X.
Then

i) (17) holds, if secondary membership functions of
A and B are normal for all x € X,

ii) (17) does mot hold, if secondary membership
function of A or B is not normal for some
zeX.

Proof. i) Let x be an arbitrary fixed element of
Ao UBay o, - Hence, z € Ay, 0, or @ € Ay, a0y -
Let the former is true. Then there exists u € Jf
such that u > a1 and pj4(z,u) > ag. Further-
more, because secondary membership function is
normal, there exists v € [0, 1] such that pg(z,v) =
1. Thus, uowv > i (for each t-conorm o) and
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Figure 7: Secondary membership functions
pwilx), pp(x) of T2 FSs A, B for some z € X.

/LA(LL‘,’U,) *,LLB(LL‘,'U) = ILLA~(1"U)~* 1 - /LA(LL‘,’UJ) > az,
from which follows that € (AU B)a,.a, -

ii) Let there exists € X such that sec-
ondary membership function p z(x) is not normal,
max{pz(z,u)lu € Ji} = < 1. Let
max{pug(z,v)lv € JB}Y = mp > m;. Let ay €
(mz,mp) and let @y = 0 (see Figure 7). Then ob-
viously = € Bal,m and consequently x € Aal,m U
Ba,.an - Furthermore, p z(2,u) * pg(x,v) < mj; <
ag for all u,v € [0,1], so pz,z(z, w) < az for all
w € [0,1] and finally z ¢ (AU B)ay a0 - q.e.d.

ie., mz

Example 4 Let A, B be T2 FSs in X
{x1, 22,23, 24} given as follows (we will focus just
on w4): iz(0a) = {(0.5,0.9),(0.8,0.6)}; () —
{(0.7,0.4),(0.8,0.4)}. Let ay = 0.6 and az = 0.5.
Then x4 € Aa1 as 0nd x4 € Ba,.a,, and conse-
quently x4 € Aaha2 UBahw We compute AUB un-
der mazximum t-conorm and two different t-norms
(see (2)):

1. min t-norm: pj p(xs) =

{(0.7, 04) (0.8,0.4),

(0.8,0.4), (0.8,0.4)} = {(0.7,0.4), (0.8,0.4)},

2. product t-norm: pi~g(za) = {(0.7,0.36),
(0.8,0.36), (0.8,0.24), (0.8,0.24)} = {(0.7,0.36),
(0.8,0.36)} .

Thus, in both cases, under min t-norm and under
product t-norm, x4 ¢ (AU B)aha?, which shows
that A, as U Bay.as € (AU B)ay.a, does not hold
in general. O

Theorems 11 and 12 lead to an obvious corollary
- equality between union of (aq,az)-double cuts of
T2 FSs and (aq, ag)-double cuts of union of T2 FSs
holds (just) for normal secondary MFs under maxi-
mum t-conorm o (and arbitrary t-norm x).

Corollary 13 Let A and B be T2 FSs in a set X
with normal secondary MFs, let o denotes mazimum
t-conorm (in the definition (3) of union of T2 FSs).
Then following holds:

Aal,az U Bal@@ - (A U B)QLDQ'

Proof: Immediately follows from Theorem 11 and
Theorem 12. q.e.d.



Table 1: Summary of obtained results

double

Property a-cut a-plane
cut
*=T

(AN B)a € Ao N Ba T —
* =T
* A * = A
AaNBa C(ANB)a A A . A
* = A

(ANB)o = Aa N Ba A —
* = A
AUB)a C AuUB x=T x=T
( )a_ * « v o=V o=V
*=T
AqUBs C(AUB)a S — o=V
normal
*=T
(AUB)o = Aq U Ba, % — o=V
normal

5. Conclusion

It is known, that the standard intersection and
union of T1 FSs are (the only) cutworthy operations
for T1 FSs (e.g. [1]). In [4] we showed that a-planes
do not meet this useful property for T2 FSs. The
reason is that computation of intersection (union)
of type-2 FSs requires an interval arithmetic, while
intersection (union) of a-planes is just an intersec-
tion (union) of crisp sets. Thus, we studied another
kind of cutting of T2 FSs, so-called (a1, az)-double
cuts, and showed that intersection and union of T2
FSs are preserved in these double cuts. The exis-
tential quantifier in the definition of (a1, az)-double
cut is significant for this fact.

The results are summarized in Table 1. We see
that for intersection as well as for union, one in-
clusion holds for both a-planes and (a1, a2)-double
cuts, but inverse inclusion holds only for (a1, as)-
double cuts. Thus, for (ag,az)-double cuts hold
similar equalities (see Corollary 10 and Corollary
13) as for a-cuts of T1 FSs, though these do not
hold for a-planes.
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