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Abstract

Motivated by the notion of n-norm due to Géhler, in this article we define the concept
of intuitionistic 2-fuzzy n-normed space in general setting of ¢-norm as a generalization
of intuitionistic fuzzy normed space in the sense of Bag and Samanta. Further we define
the notion of a-n-norm corresponding to intuitionistic 2-fuzzy n-norm. In addition, we
discuss some basic properties of convergence and completeness for intuitionistic 2-fuzzy
n-normed spaces.
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1. Introduction

A lot of significant developments of Zadeh’s theory of fuzzy sets [21] have been taken
place to figure out the fuzzy analogues of the classical set theory. Noticeably, the area of
fuzzy set study has become the focus of many researchers for the last 50 years. It was
applied very actively in the field of science and engineering, such as computer programming
[8] and nonlinear dynamical systems [10]. Once we talk about the fuzzy set theory, we
get to put the light on the success of Atanassov [1,2] who introduced the concept of
intuitionistic fuzzy sets. After that, Coker [5] studied intuitioniostic topological spaces,
while Park [15] introduced and studied the concept of intuitionistic fuzzy metric space.
Saadati and Park [18] introduced the concept of intuitionistic fuzzy normed space. On
the other side, Géhler [6,7] has introduced and developed the satisfactory theory of 2-
norms and n-norms on a linear space. After that, many authors motivated by Géhler’s
work, have generalized and developed the idea of intuitionistic fuzzy normed space to
intuitionistic fuzzy 2-normed spaces (see, for example, [13]) and investigated some of their
topological properties. Later, Bag and Samanta [4] redefined the notion of intuitionistic
fuzzy normed space in such a way that the underlying ¢-norm and ¢-conorm are considered
in general setting in the sense that only continuity of t-norm and ¢-conorm at (1,1) and
(0,0), respectively, are used. This article develops and supports this theory as in some
cases the ordinary norms do not work. The concepts of fuzzy norm and a-norm were

>kCorresponding Author.

Email addresses: lkocinac@gmail.com (Lj.D.R. Kod¢inac), vakhanmaths@gmail.com (V.A. Khan),
k_moto@yahoo.com (K.M.A.S. Alshlool), vakhanmaths@gmail.com (H. Altaf)

Received: 08.12.2017; Accepted: 19.10.2018


https://orcid.org/0000-0002-4870-7908
https://orcid.org/0000-0002-4132-0954
https://orcid.org/0000-0003-0029-2405
https://orcid.org/0000-0002-6120-0503

Intuitionistic 2-fuzzy n-normed linear spaces 209

introduced by Bag and Samanta in [3]. The concept of fuzzy n-normed linear spaces has
been studied by many authors like [11,14,17]. In 2012, Park and Alaca [16] introduced
the concept of 2-fuzzy n-normed linear space or fuzzy n-normed linear space of the set
of all fuzzy sets of a non-empty set. These authors defined the notion of a-n-norms on a
linear space corresponding to the fuzzy n-norm by using some ideas from [20].

Our main concern here is to define the concept of intuitionistic 2-fuzzy n-normed space
in general t-norm as a generalization of intuitionistic fuzzy normed spaces due to Saadati
and Park [18], but in the sense of Bag and Samanta [4]. Further we define the notion of a-
n-norms corresponding to intuitionistic 2-fuzzy n-norm. In addition, we discuss some basic
properties of convergence and completeness for intuitionistic 2-fuzzy n-normed spaces.

Throughout the article N, R and C will be the sets of natural, real and complex numbers,
respectively. By K we denote the field of real or complex numbers.

2. Definitions and preliminaries

In this section, we present some preliminary definitions and results related to n-normed
spaces and 2-fuzzy n-normed spaces used in this article.

Definition 2.1 (][9], [12]). Let n € N and let X be a real linear space of dimension d > n.

A real-valued function |-, ..., || on X" satisfying the following properties:
(i) ||x1,x2,...,2n] = 0 if and only if z1,x9, ..., z, are linearly dependent,
(ii) ||z1,z2,...,x,| is invariant under any permutation,
(iii) ||z1, @2, ..., axy| = |a|||x1, 22, . .., 2, for any a € R,
(iv) [|z1, 22, .. s 2p—1,y + 2| < @1, 22, .. oy Tp—1, Y| + |21, 22, - -+, T0—1, 2|
is called an n-norm on X, and the pair (X, |-,...,-||) is called an n-normed linear space.

Definition 2.2. Let X be a linear space over K and F'(X) be the set of all fuzzy sets in
X. If fe F(X), then f = {(z,p) : v € X, p € (0,1]}. Clearly, f is a bounded function
(If(x)] <1). Then F(X) is a linear space over the field K, where the addition and scalar
multiplication are defined by

frg=A(pw)+ @)} ={E+y,prv):(z,p) € f (y,v) € g},
and
Af={(Az,p) : (z,p) € f}, ANEK

The linear space F'(X) is said to be a normed linear space if for every f € F(X) there is
associated a non-negative real number || f|| (called the norm of f) in such a way that

(1) |IfIl=0if and only if f =0,

) [AFIF = ALA A € K,

@) IIf + gl < IIf1 + llgll for every f,g € F(X).
Then (F(X),]| - ||) is a normed linear space.

Definition 2.3 ([20]). A fuzzy set on F(X) is called a 2-fuzzy set on X.

Definition 2.4 ([15]). Let X be a real linear space of dimension d > n, n € N, and F(X)
be the set of all fuzzy sets in X. Assume that a [0, 1]-valued function ||,..., || on F/(X)"
satisfying the following properties:

(i) lf1, f2,---, full = 0if and only if fi, fo,..., f, are linearly dependent;

(ii) [|f1, f2s- -, full is invariant under any permutation;
(i) [F1s for- - Mall = A1 for- - full for amy A € K;
(V) frs foros fomrsy + 2l < M frowo, oo farsyll + L f1s foo oo fats 2
Then (F(X), ||, ...,||) is an n-normed linear space or (X, ||-,...,-||) is a 2-n-normed linear
space.
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Definition 2.5 ([14]). Let F(X) be a real linear space. A fuzzy subset N of F/(X)" x R
is called a 2-fuzzy n-norm on X (or a fuzzy n-norm on F (X)) if
(2-N1): for all t € R, with t <0, N(f1, fo,..., fn,t) =0,
(2-N2): for all t € R, with ¢ > 0, N(f1, fo, ..., fn,t) = 1 if and only if fi, fo,..., fn
are linearly dependent,
(2-N3): N(f1, f2,---, fn,t) is invariant under any permutation of fi, fa,..., fn,
(2-N4): for allt € R, with ¢t > 0, N(f1, fa,..., Afn,t) = N(fl,fz,...,fn,ﬁ) if A #0,
A e K,
(2_N5) for all st e Ra N(fla ) fn+f;w S+t) > min{N(fb SRR fna S)7N(f17 SERE) f;’wt)}?
(2-N6): N(f1, fa,.--, fn,) 2 (0,00) — [0, 1] is continuous,
(2_N7) tl_igng(fl?an . '7fn7t) =1

Then (F(X),N) is a fuzzy n-normed linear space or (X, N) is a 2-fuzzy n-normed linear
space.

Remark 2.6 ([15]). The non-decreasing property of N(f1, fa,..., fn,*) in a 2-fuzzy n-
normed linear space (X, V) follows from (2-N4) and (2-N5) for all fi, fa,..., fn € F(X).

Definition 2.7 ([19]). A binary operation x : [0, 1] x [0, 1] — [0, 1] is said to be continuous
t-norm, if the following hold:
(i) * is associative and commutative,
(ii) * is continuous,
(iii) zx 1 =z for all x € [0,1],
(iv) x xy < z*w whenever x < z and y < w, where z,y, z,w € [0, 1].

Definition 2.8 ([19]). A binary operation ¢ : [0, 1] x [0, 1] — [0, 1] is said to be continuous
t-conorm if it satisfies the following properties:
(i) ¢ is associative and commutative,
(ii) ¢ is continuous,
(i) xo0 =z for all x € [0,1],
(iv) zoy < zow whenever z < z and y < w, where z,y, z,w € [0, 1].

Remark 2.9 ([15]). (i) For any r1,r2 € (0,1) with r; > 7o there exist r3,74 € (0,1)
such that rq{ xrg > ro and r; > rq 0 ro;
(ii) For any r5 € (0, 1) there exist r¢,77 € (0,1) such that rg *rg > r5 and r7ory < r5.

Definition 2.10 ([1]). Let E be any set. An intuitionistic fuzzy set A of E is an object
of the form A = {(x,pa(x),va(x)) : * € E}, where the functions p : E — [0,1] and
v : E — [0,1] denote the degree of membership and the non-membership of the element
x € E, respectively, and 0 < pg(z) + va(x) < 1.

3. Intuitionistic 2-fuzzy n-normed linear spaces

In this section we define a new and interesting notion of intuitionisitic 2-fuzzy n-normed
linear space.

Definition 3.1. Let F(X) be a linear space over a field K of dimension d > n, * a
continuous t-norm, ¢ a continuous t-conorm. An intuitionisitic 2-fuzzy n-norm, for short
I2FnN, on X (or intuitionisitic fuzzy n-norm on F'(X), for short IFnN) is an object of the
form

A= {F(X),M(fl,...,fn,t),V(fh...,fn,t) : (fh- . -7fn7t) = [F<X>]n X R},
where p and v are fuzzy sets on [F(X)]” x R, u denote the degree of membership, and
v denote the degree of non-membership of (f1, fa,..., fn,t) € [F(X)]" x R satisfying the
following conditions:

(I2FnN1): for all t € R with ¢ <0, u(f1, fo,..., fn,t) =0,
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(I2FnN2): for all t € R with ¢ > 0, u(f1, fo, ..., fn,t) = 1 if and only if fi, fo,..., fn
are linearly dependent,

(I2FnN3): u(f1, fo, ..., fn,t) is invariant under any permutation of fi, fa,..., fn,
(I2FnN4): for all ¢ € K with ¢ # 0, u(f1, fo, -+, cfn,t) = u(f1, fo, .., fu,t/|c]),
(I2FnN5): for all s,t € R, pu(f1,. ..\ fat for5+t) > p(fieeos frr8) 5 p(fis- .oy fr )},
(I2FnN6): limy oo p(f1, fo, ..y fn,t) =1,

(I2FnNT7): for all t € R with ¢t <0, v(f1, fa,. .+, fn,t) = 1,

(I2FnN8): for all t € R with ¢ > 0, v(f1, fo, ..., fn,t) = 0 if and only if fi, fo,..., fn

are linearly dependent,
(I2FnN9): v(f1, f2,-- -, fn,t) is invariant under any permutation of f1, fo,..., fn,
(I2FnN10): for all ¢ € K with ¢ # 0, v(f1, fo, ..., cfn,t) = v(f1, fo, .-, fn,t/|c]),
(I2FnN11): forall s,t € R, v(f1, ..., fatfrrs+t) < v(f1se ooy frsS)ov(fi, ..o, fr, D)},
(I2FnN12): limy oo v(f1, f2,- .-, fn,t) = 0.

In this case (u,v) is called an intuitionistic 2-fuzzy n-norm on X or intuitionistic fuzzy
n-norm on F'(X) and we denote it by (u,v),. Then the five-tuple (X, i, v, *,¢) is called
an intuitionisitic 2-fuzzy n-normed linear space (for short I2FnNLS) or (F\(X), i, v, *,©)
is called an intuitionisitic fuzzy n-normed linear space (for short IFuNLS).

Remark 3.2. The non-decreasing property of u(fi, fa,..., fn,t) follows from (I2FN2)
and (I2FN5), and the non-increasing property of v(f1, fa,..., fa,t) follows from (I2FN8)
and (I2FN11).

Hereafter we use the notion intuitionisitic fuzzy n-norm on F'(X) instead of intuition-
isitic 2-fuzzy n-norm on X.
We construct the following example of an intuitionisitic fuzzy n-normed linear space.

Example 3.3. Let (F(X),||-,----||) be an 2-fuzzy n-normed linear space, a*b = min{a, b}
and a © b = max{a, b}, for all a,b € [0,1], t € R, and f1, fa, - , fn € F(X). Define
e if >0
foreo ) = OISRl ’
u(f1s f2,- -5 fnst) {0, <0,
and
If1,f2, o fnll ift>0
V(f1s fore oo ft) = { I fall ’
(f1, f2 fnst) {17 £ <0,

IfA= {F(X)7N(flv"'7fn7t)7M(f1>'--vfn»t) cfi, e € F(X)}vthen (F(X)nua I/,*,O)
is an intuitionistic fuzzy n-normed linear space.
Proof. We prove that (IFnN1)-(IFnN12) are satisfied.
(IFnN1) For all t € R with ¢ <0, u(f1, foy. .., fn,t) = 0.
(IFnN2)] for all t € R with ¢ > 0, we have
t
Mflaf%'-'afnat =l< =
( ) t+‘|f17f27"'7f7l”
St=1t+|f1, fo-- . fall
< | f1 foro o ful =0

< fi, fa,..., fn are linearly independent.

1

(IFnN3) For all t € R with ¢ > 0, we have
M(f17f27"‘7fn7t): ! = !
t_’_Hfl’fQ?""an t+||flaf2a”'7fn7fn—l||
= M(fbf?a""fn’fnfl,t) =
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(IFnN4) For all t € R with ¢ > 0 and ¢ € K,

t/lcl H
t/|C‘ + ”fhf%"':fﬂ
t t

B i+ |C|||f1af27"'7fn|| B t+ ||f17f21"'7can
= u(flvf%"'vcf’mt)'

(IFnN5) Without of loss of generality assume that

M(flaf%"'?frlut) < /’L(f17f27"'7fn73)
t

S
~ t+ Hfl?fQ?"'?f'r/LH = s+ ||f17f2a"'7fn||
= (s + |1f1s fore oo full) < s+ 1f1, for s Foll)
= t”flufZa” '7fn” < SHflaf?)' afTILH

= s for o full < S0 Fove

M(flvf?a . 7fn7t/|c|) =

Therefore,

1 Foreos Ball W Foo ool < S Fo s Bl 1 fo o

< (F41) 1t £l = (S5 o £

But,
1F1, For oo Fr A Ll < W f1s fon oo Full + 11, Fos s Lol

< (S Ui fore s

L for o Fat fall s For e ol
s+t - t

||f17f27"'7f77/+f’;1,||§1+|’f17f27"‘7f7;”
s+t t

- S+t+||f17f2a7fn+f7lz” < t+‘|f1af27af7lz||
s+t - t
s+t t

= AT 7
sttt lfr, fo fat full Tt 11 o fall
= W1 foreeos ot faos + ) Zmin {u(fr, foro oo fus ) w1, foreoos fr D))
(IFnN6) Clearly, lim¢— oo pt( f1, f2,- .-, fn,t) = 1.
(IFnN7) Obviously, for all t € R with ¢t < 0, v(f1, fo, ..., fn,t) = 1.
(IFnN8) For all t € R with ¢ < 0,

=14

V(fis foresn ) = 0 tJ|r|f|’|1f;f2f2fn]|CL” — 06 |f1, fareres full =0

< f1, fa, ..., fn are linearly independent.

(IFnN9)

_ Hfl?f?)"'?fﬂ” _ Hflaf?)"'afnfln
V(fljfé"”?fn?t) - t+ Hfl)f?)"wfﬂ” N t+ Hflaf?)’"afﬂ—l”

:V(fbf%--"fnflvt):"'
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Since ||f1, f2,- .., fnll is invariant under any permutation of fi, fa,..., fn, it follows that
v(fi, fo,..., fn,t) is invariant under any permutation of fi, fa,..., fn.
(IFnN10) For ¢ # 0 and ¢ > 0 we have

Hflaf??"'acfn” o |C|||f17f23--'7fn“

VU fares el ) = e T Tt Lol for s Sl

Hfl?f?)"'?fnn

t
N ﬁ 11 f1s for oo os full ’/(flafz,...,fmm).

(IFnN11) We consider only the case when s,t > 0 since other cases are obvious. Without
loss of generality assume that

V(flaf%"'afnas) Sl/(flvf%"'vf'rlmt)

= Hfl?f??"'afﬂ” < ||f1>f2a'-'>f7;H/
5+||f17f27"'7fn’| t+||f17f27"'>fn”

||flaf277fn||(t+ ||flaf27"'7f1iL) < ||f17f2""7f1iL||(S+ ||flaf2a"'7fn)

, (3.1)
= t”flaf?a . 7fn|| < 5Hf17f27 .. 7fn||

Now,

I hat fall A Sl
s+t+fioo s fat Lol s+t 1o foll
A1 - Fall s fall
T sttt fies fall F e fll
tlfrs s fall = sllfr - fall
(s+t+fro o fall F - fDE+ s Sl

By (3.1)

Ififor bt Full 1o il
sH+t+|f1, for oo S+ full Tt for fll

Similarly,

Hf17f277fn+f7/1H < ”f17f27"‘7an
S+t+||f17f277fn+frlz” N S+Hf17f27"'7fn”

= V(flvf?v"-afn+f;l,5+t)
< max{l/(flan,. . ~7fn75),1/(f1,f2,...7f,:”t)},

(IFnN12) Clearly, limy o0 v(f1, f2,- -, fn,t) = 0.
Hence, (F(X), i, v, %,¢) is an intuitionistic fuzzy n-normed linear space. O

4. Convergence and completeness

In this section, we discuss some basic properties of sequences in an intuitionisitic 2-fuzzy
n-normed linear space.

Definition 4.1. A sequence {f} in an intuitionistic fuzzy n-normed linear space
(F(X), p, v, *,0) is said to be:
(1) convergent to f € F(X) if for given t > 0, 0 < r < 1, there exists an integer ng € N
such that u(fr — f,wa,ws,...,wp,t) > 1—rand v(fr — f,w2,ws,...,wn,t) < r for
all n > ng and for all we,ws,...,w, € F(X);
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(2) a Cauchy sequence if for all 0 < r < 1, t > 0, there exists ng € N such that
w(f — fmswo,ws, ... ,wp,t) > 1 —¢€and v(fy — fm,w2,ws,...,wn,t) < € for all
k,m > ng and for all wo,ws, ..., w, € F(X).

Definition 4.2. The intuitionistic fuzzy n-normed linear space (F(X), u, v, *,¢) in which
every Cauchy sequence converges is called complete.

Theorem 4.3. In an intuitionistic fuzzy n-normed linear space (F(X), p, v, *,9), a se-
quence { fr} converges to f if and only if

nlgnolo:u(fk‘_f7w2aw3a"'awnat) — 1, nlgnolol/(fk‘_f7w27w3a"‘7wnat) = 0.

Proof. Fix t > 0. Suppose {fr} converges to f. Then for a given t > 0, 0 < r <
1, there exists an integer ng € N such that u(fy — f,w2,ws,...,wp,t) > 1 — 7 and
v(f — fywa,ws, ... ,wy,t) < 7 forall k& > ng. Thus 1 — pu(fx — f,wo,ws3,...,wn,t) < 7T

and v(fr — f,wa,ws,...,wn,t) < r and hence limy_, oo pu(fr — fywo,ws, ... ,wpy,t) =1 and
limg o0 V(fie — frwa, w3, ..., wy,t) = 0.

Conversely, if for each ¢ > 0, limg_,o0 pt(f — f, w2, w3, ..., wn,t) =1 and limg_ o0 v(fr —
fiwa,ws, ... ,wp,t) = 0, then for every r, 0 < r < 1, there exists an integer ng € N
such that 1 — u(fr — fywa2,ws, ... ,wp,t) < 7 and v(fy — f,w2,ws,...,wn,t) < r. Thus
w(fr — fiwo,ws, ... wy,t) > 1—rand v(fy — f,w2,ws,...,wn,t) < rforall k> ng. Hence
{fr} converges to f in (F(X), u,v,*,0). O

Theorem 4.4. If % is continuous at the point (1,1), and ¢ is continuous at (0,0),
then the limit of a convergent sequence in an intuitionistic fuzzy n-normed linear space
(F(X), p, v, %,0) is unique.

Proof. Suppose that {fr} converges to distinct f and h in F(X). As dim F(X) > n,
there exist a linearly independent set of vectors {f — h,ws,ws,...,w,} in F(X). Now for
t € R, we have

M(f*h,&]g,&)g,...,wn,2t) :/,L(f*fk+fk*h,LdQ,Wg,...,wn,t+t)
> :U’(f - fkaw25w37' . awnat) * :U'(fk: - hvflaWQaw?n' B awnat)'
Taking limit to both sides and using the continuity of ¢-norm, we get
lm p(f —h,wows,...,wp,t+1t) > lim p(f — fr,wa,ws,...,wp,t)
2t—o00 t—00
« lim p(fr — h,wa,ws,...,wp,t) =1x1=1forall t > 0.
t—o0

Then {f — h,wa,ws,...,wy} are linearly independent. This is a contradiction.
Similarly,
V(f - h,(.dg,édg,.. . 7wn72t) = l/(f - fk +fk - h,WQ,(dg,.. . 7wn7t+t>
<v(f — fr,w2,ws,...,wn,t) oV (fr — h,wo,ws, ..., wny,t).
Taking limit to both sides and using continuity of ¢-conorm, we get
2%51’100”(.)6 - haw2aw37 s )wn)t+t) < sllygoy(f - fkaWQ)w37 s 7wn’t)
o lim v(fr — hywa,ws,...,wp,t) =000 =0 for all ¢ > 0.
t—o0

Then {f — h,ws,ws,...,w,} are linearly independent. This is a contradiction. Thus
f—h=0,ie. f=h. O

Theorem 4.5. Let (F(X), u, v, *,¢) be an intuitionistic fuzzy n-normed linear space such
that * is continuous at the point (1,1), and ¢ is continuous at (0,0). If {fr} and {hy} are
two sequences in F(X) such that {fi} converges to {f}, and {hy} converges to {h}, then
fort >0:
(i) limy—yoo ((fx + hi) — (f + h),wo,ws, ..., wy, 2t) =1, limyoo v((fx + hi) — (f +
h),wa,ws, ..., wy,2t) =0;
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(ii) limy—soo p(c(fe — f),wo, w3, .. ywn,t) =1, limyoov(c(fe — f) w2, ..., wn,t)
=0 for c € K with ¢ # 0.

Proof. (i) We have the following

H((fk + hk) - (f + h),WQ,wg, e, Wh, Qt)

=u((fe — )+ (hg — h),wa, w3, ... ,wn,t+1t)

> u(fre — frwa, ws, ..o wn, t) * w(hy — hywo,ws, ... wy,t) =1x1=1.
Taking limit and using the continuity of the t-norm, we get

Q%E}noou((fk’_‘_h‘k) - (f+h),w2,w3,...,wn,2t)
= lim /'L((fk_f)+(hk_h)7w27w37-'~7wn7t+t)

2t—o00

> lim p(fx — f,wa,ws, ... ,wn,t)
t—o0

« lim p(hg — hywa,ws, ... ,wp,t) =1x1=1.
t—o0

In a similar way we have

v((fx +he) — (f+h),wa, w3, ... ,wy,2t)
:V((fk—f)+(hk—h),WQ,OJ3,...,wn,t+t)
<v(fy — fywa,ws,...,wn,t)
s« v(hp — hywa,ws, ... ,wp,t) =1%x1=1.

Taking limit and using the continuity of ¢-conorm, we get
lm v((fx + he) — (f+ h),wa,ws, ..., wp,2t)
2t—00
= lim V((fk - f) + (hk - h)7w2)w37"')wn)t+t)
2t—o00

< lim v(fr — f,wo, w3, ..., wn,t)
t—o0

x lim v(hg — h,wo,ws, ..., wy,t) =000 =0.
t—o00

(11) FiI‘St, /.L(C(fk - f),WQ,(.dg, ERE 7wn7t) = ,U(fk - f:w27w37 <oy Wn, |i)

[

Let s = ‘%‘ and taking limit of the above equation, we get

slig.lo,u(fk’_f7w27w37"'7wn78) =1
Again,
t
V(C(fk’_f)7w27w37"'7wn7t) - I/(fk—f,CL)Q,CU3,...,wn, )

]
Let s = ﬁ and taking limit of the above equation, we get

Sli}rroloy(fk — fyw2,ws, ..., wp,s) =0.
O

Theorem 4.6. In an intuitionistic fuzzy n-normed linear space (F(X), p, v, *,0), every
convergent sequence is a Cauchy sequence.

Proof. Let {fr} be a convergent sequence in (F(X), u,v, x,¢) converging to f € F(X).
Let t > 0, € € (0,1). Choose r € (0,1) such that (1—7)*(1—7) > 1—eand ror < e. Since
{fr} converges to f, there exists an integer ny € N such that u(fr — f,we,ws, ..., wn, %) >
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1—rand V(fk—f,wg,wg,...,wn,%)<7"f0r all k£ > ng. Now,
t t
M(fk_fmaw%w?n"wwn:t) :/J'(fk_f"i'f_fm7w2aw3a---awn7§+5)

t t
2,Uz(f]g—f,WQ,W37...,wn,§)*H(f—fm,WQ,W37...,wn,§)
> (1—7r)*(1—r), for all k,m > ny
> (1 —e€), forall k,m >ng ,

and
t t
V(fk_fm7w2aw37"'7wn7t):V(fk‘_f+f_fm7w27w3a"'7wn7§+§)
t
SV(fk—f,WQ,W3,...,wn,§)<>V(f_fm,WQ,W3,...,wn,§)
<ror, forall k,m > ng
<, forall k,m >mng .
Therefore, {fi} is a Cauchy sequence in (F(X), i, v, *,0). O

Remark 4.7. The converse of Theorem 4.6 is not necessarily true. It is verified by the
following example.

Example 4.8. Let (F(X),]|,...,-||) be an n-normed linear space and define a * b =
min{a, b} and aob = max{a, b} forall a,b € [0,1],t > 0. u(f1, fo,.. ., fn,t) = m

and v(f1, far. o fust) = gl 1t

A={F(X),u(f1, fos- s frst),v(f1, fo, ooy frs t) + f1, foy ooy fn € [F(X)]"}

then by Example 3.3, (F(X),u,v,*,©) is an intuitionistic fuzzy n-normed linear space.
Let {f,} be a sequence in (F(X), u, v, *,¢). Then

(i) {fn} is a Cauchy sequence in (F(X),|,...,||) if and only if {f,} is a Cauchy
sequence in intuitionistic fuzzy n-normed linear space (F'(X), u, v, *,90).
(ii) {fn}isa convergent sequence in (F(X), |-, ...,-||) if and only if { f,,} is a convergent

sequence in intuitionistic fuzzy n-normed linear space (F'(X), u, v, *,90).

(i) {fn} is a Cauchy sequence in (F(X), ||, ...,|)

p=— lim ||f17f27‘°'7fn - ka =0.
n,k— o0

1

t
& lim s foy ooy fn— fr,t) = lim =
n,k—)oou(fl f2 f fk ) n,k—oo t + ”fl, fg, ce fn — ka

. . ||f1’f2a'°'afn7fk||
and lim v(fy, fo,..., fn— fe,t) = lim =0.
n,k—o0 (fl f2 f fk ) n,k—)oot+||f1,f2,...,fn—fk||

<:>M(f1af27"'afn*fkat) >1—rand V(flaf2v---vfn*fkat) <,
for each r € (0,1), for all n,k > ng .

< {fn} is a Cauchy sequence in (F(X), u, v, *,0) .
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(ii) {fn} is a convergent sequence in (F(X),|-,...,-||)
&l (fi foe s fu— £ = 0.

1

t
& lim s Jos ooy fn— frt) = lim =
n*)oo:u(fl f2 f f ) nﬁoot+||fl,f27,fn_f”

||f17f27"'>fn_f||

and nlggoy(fl,fg,...,fn —fit)= T}gngot+ T 0.
su(fi, foro ooy fn—fit) >1—rand v(fi, fo,..., fn— f,t) <,
for each r € (0,1), for all n > ng .
< {fn} is a convergent sequence in (F(X), u,v,*,0) .
Thus if there exists an 2-fuzzy n-normed linear space (F'(X),|-,...,-||) which is not com-
plete, then the IFuN induced by such a crisp 2-n-norm ||-,...,-|| on an incomplete 2-n-

normed linear space F'(X) is an incomplete intuitionistic fuzzy n-normed linear space.

Theorem 4.9. Let (F(X), u, v, *,0) be an intuitionistic fuzzy n-normed linear space with
underlying t-norm being continuous at (1,1), and t-conorm is continuous at (0,0) such
that every Cauchy sequence in (F(X),u,v,*,¢) has a convergent subsequence. Then
(F(X), v, %,0) is a complete intuitionistic fuzzy n-normed linear space.

Proof. Let {fi} is a Cauchy sequence in (F(X), i, v, %,0) and let { fi,} be a subsequence
of {fx} that converge to f. We prove that {f} converges to f. Let t > 0, € € (0,1) and
choose r € (0,1) be such that (1—7r)*(1—7r) >1—€eand ror < e. Since {fx} is a Cauchy

sequence, there exist an integer ng € N such that u(fy — fin,w2,ws, ..., wy, %) >1—r
and v(fr — fm,wg,wg,...,wn,%) < r, for all k,m > ng. Since {fr,} converges to f,
there is a positive integer is > ng such that u(f;, — f, wg,wg,...,wn,%) > 1—1r and
v(fi. — f,wg,wg,...,wn,%) < r. Now
t t
N(fk - f,O.)Q,U.)g, cee 7wn7t) = iu‘(fk - f’is + fis - f7w27w37 -y Wn, 5 + 5)
t t
> ,U(fk - fisaw2aw37 <oy Wny 5) * M(fls - f,Ldz,Wg, <oy Wn, 5)
>(1—=r)x(1—7)>1—c¢,
and
t t
V(fk - f:w27w37 cee 7wn7t) = V(fk - fis + fis - f,W27W3, ceeyWny 5 + 5)

t t
Z l/(fk _fi57w27w37"'7wn7§)<>y(fis _f7w27w37"'7wn7§)

<ror<e.

Therefore, { fi,} converges to f in intuitionistic fuzzy n-normed linear space (F'(X), p, v, *,©)
and hence it is complete. ]

As a consequence of [15, Theorem 3.1], we introduce an interesting notion of ascending
family of a-n-norms corresponding to the intuitionisitic 2-fuzzy n-norm in the following
theorem.

Theorem 4.10. Let (F(X), p, v, *,¢) be an intuitionistic fuzzy n-normed linear space such
that:
(i) axa=a, ava=a forall a €0,1];
(ii) For allt € R with t > 0, p(f1, fo,..., fn,t) > 0 implies f1, fa,..., fn are linearly
independent;
(iii) For allt € R with t > 0, v(f1, fo,..., fn,t) < 1 implies f1, fa,..., fn are linearly
independent.
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Define

[ f1, f2, oy fulla = Inf{t s u(f1, fo, oy fr,t) > @, € (0,1)} and

[ f1s f2, oy fulla = sup{t : v(f1, fo, -, fnst) <1 —a,a € (0,1)}.
Then {||f1, f2,-- -, falla : @ € (0,1)} is an ascending family of n-norms on F(X).

Proof. Let a € (0,1). We show that || f1, fa2,..., fn—1, fulla is an n-norm on F(X).
(i) Let || f1, f2,- -+, fulla = 0. This implies inf{t : u(f1, f2,..., fn,t) > a,a € (0,1)} =
and sup{t : v(fi, fa,..., fost) < 1 —a,a € (0,1)} = 0. Then for all a« € (0, 1)
w(fi, foyo ooy fuyt) = a > 0 and v(fi, fo,..., fn,t) < 1 —a < 1 which implies that
f1, fo,..., fn are linearly independent.
Conversely, assume that f1, ..., f, are linearly independent. This implies u(f1,..., fo,t) =
1 and v(fi,..., fn,t) =0 for all t > 0, we have inf{t : u(f1,..., fn,t) > a,a € (0,1)} =0
and sup{t: v(f1, fa,. -y fn,t) <1 —a,a € (0,1)} = 0 this implies || f1, f2,.. ., fulla = 0.

(ii) Since p(fi1, fo, ..., fn,t) and v(f1, fa,..., fn,t) are invariant under any permutation
it follows that || f1, fa2,. .., fulla is also invariant under any permutation.

(iii) If ¢ # 0, then
Hf17f27-~-7canC¥ = il’lf{S : /,L(fl,fg,...,Cfn,S) > o, € <O7 1)}

= inf{s: u(f1, fo,.., fn, |—Z|) >a,a € (0,1)}.

Similarly,
||f17f2a" . 3canO¢ = SUP{S : l/(flaf2a" . ,Cfn,S) < 1 —o,0 € (Oa]-)}

=sup{s: v(f1, fa,- - fn, i ) <1—a,ac(0,1)}.

]

Let t = ‘—i', then we have

Hfl?f?) s 7Cfn||a = 1Hf{‘C|t : M(fhf?) . -vfrut) > o0€ (07 1)}
= |e|inf{t : u(f1, fo,. -, fu,t) > a,a € (0,1)}

= e[l f1, fos - - -5 fulla
and
| f1s f2s s cfulla = sup{lclt : v(f1, fo, s furt) <1 —a,a € (0,1)}
= |e|sup{t : v(f1, fo, ., fn,t) <1 —a,a € (0,1)}
= e[l f1, fos- -+ fulla-
If ¢ =0, then

||f17f27"'7cfn||a = ||f17f2a"'70||a =0
= 0||f17f27"' 7fTLHC¥ = |C|Hf17f2>"'7fn||a for all c € R.

(iv) We have
£ foveo fallac+ 11 foo oo falloc = inf{s - p(fas for - fnos) > 0}
+inf{t : u(f1, fo,. .., ,/Z,t)Zoz}
>inf{s+t: u(f1, fas- s frr8) =, u(f1, fore ooy font) > 0}
>inf{s 4+t u(f1, fas- s frr8) % (f1s for oo forl) = axal}
>inf{s+t: pu(f1, forer o fu+ fo,5+1) > a}
= |f1. f2s- s S+ Fulla
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Again
1f1s fo o falla 1 for s Fulla = sup{s : v(fi, for o frns) < 1=}
+sup{t:u(f1,f2,...,f7;,t) <1l-a}
>sup{s+t:v(fi,fo, ..., fn,s) < 1—a,y(f1,f2,...,f;l,t) <1l-a}
> sup{s+t:v(fi, fa, s f,8) o V(f1, fore s frst) <1 —aol—a}
= lfi. for- o fu+ Fulla-

Therefore,

1f1s fos ooy fr+ Fulla S Uf1 fos ooy falla + 11 foo s follae

Thus || f1, f2,- -, falla is an n-norm on F(X).
Let 0 < a1 < ag < 1. Then

f1, f2, -y fallag inf{t = u(f1, fo,.. ., fn,t) > a1} and
f1, f2y -y falloan Inf{E = u(f1, fo,. -y fn,t) > a2}

f1, f2, -« fullay sup{t : v(f1, f2,- -+, fn,t) <1 —aq} and
f1, f2, -« fallas sup{t : v(f1, fo, -+, fn,t) <1 —an}.

Since a1 < ag

{t:/j'(ftha"'?fn’t) ZOQ} C {t:/j'(f17f27-~~7fn7t) Zal}

implies

lnf{t : M(fl;wi . '7f’nut) > (12} = lnf{t : :u'(fhf27 .. '7fn7t) > al}v
and

{t : V(flaf?)"'afnat) < 1 7052} C {t : M(fl)f?v“')fﬂ)t) < 1 70‘1}
implies

sup{t : v(fi,..., fn,t) <1 —aa} >sup{t: u(fi, ..., fo,t) <1—a1}.
Therefore,

||f17f27 s 7fn”a2 > ||f17f27 s 7fn”a1-
Hence {||f1, f2, -, fulla : @ € (0,1)} is an ascending family of a-n-norms on F(X). O

The n-norms described in the previous theorem are called a-n-norms on F(X) corre-
sponding to the intuitionistic 2-fuzzy n-norms on X.
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