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Fuzzy Normed Linear Spaces and Fuzzy Frames
B. Daraby*, F. Delzendeh, A. Rostami, A. Rahimi

Abstract. In this paper, we show that every classical inner product on a linear space
induces the fuzzy inner product and fuzzy norm in the sense of Bag and Samanta. We
prove the Cauchy-Schwarz inequality on fuzzy Hilbert spaces. We also define fuzzy frame
on fuzzy Hilbert spaces. As is known, C*°(€2) is not normable in classical Hilbert space,
but in this paper we show that C°°(£2) is normable in fuzzy Hilbert space and so defining
fuzzy frame on C*°((Q) is possible.
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1. Introduction

The idea of fuzzy norms on a linear space was first introduced by Katsaras
[17] in 1984. Later on, many authors, such as Felbin [16], Cheng, Mordeson
[8], Bag and Samanta [2] etc. gave different definitions of fuzzy normed linear
spaces. R. Biswas [7] and A. M. El-Abyad and H. M. El-Hamouly [15] tried to
give a meaningful definition of fuzzy inner product space and associated fuzzy
norm function by restricting to the real linear space. P. Mazumder and S. K.
Samanta introduced the definition of fuzzy inner product space in the sense of
Bag and Samanta fuzzy norm [2]. Moreover, B. T. Bilalov et al. investigated
the intuitionistic fuzzy normed space of coefficients [4], and B. T. Bilalov and F.
A. Guliyeva studied the basicity and weak basicity of system in the intuitionistic
fuzzy metric space in [5, 6]. Recently, B. Daraby and et al. [10] studied some
properties of fuzzy Hilbert spaces and showed that all results in classical Hilbert
spaces are immediate consequences of the corresponding results for Felbin-fuzzy
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Hilbert spaces. Also, they provided an example where the spectrum of the cat-
egory of Felbin- fuzzy Hilbert spaces is broader than that of the category of
classical Hilbert spaces [11].

One of the important concepts in the study of vector spaces is basis, which
allows every vector to be uniquely represented as a linear combination of basis
elements. The main feature of a basis {x} in a Hilbert space H is that every
x € H can be represented as a linear combination of elements zj in the form:

x = ch(aﬁ)xk (1)
k=1

The coefficients ci(x) are unique. However, the linear independence property
for a basis which implies the uniqueness of coefficients is restrictive in appli-
cations; sometimes it is impossible to find vectors which both fulfill the basis
requirements and satisfy external conditions demanded by applied problems. For
such purposes, a more flexible types of spanning sets are needed. Frames provide
these alternatives. Frames are used in signal and image processing, non-harmonic
Fourier series, data compression, and sampling theory. Today, frame theory has
ever increasing applications to problems in both pure and applied mathematics,
physics, engineering, computer science and etc.

Many physical systems are inherently nonlinear functions and must be de-
scribed by non-linear models. But some systems have an uncertain structure and
it is not possible to provide an accurate mathematical model. Therefore, the
conventional control models cannot be applied to these systems. To solve these
problems, we need to use a new concept, namely, fuzzy frames theory and fuzzy
waveletes. Fuzzy frame and fuzzy wavelet came from frame theory, wavelet theory
and fuzzy concepts. For more information on approximation functions, control
and identification of nonlinear systems, see [3, 20]. It not only retains the frame
and wavelet properties, but also has some advantages such as simple structure for
approximation and good interpretability approximation of non-linear functions.

In this paper, we define fuzzy inner product satisfying (FIP8) and (FIP9)
on linear spaces, so we get the fuzzy norm in the sense of Bag and Samanta. In
Section 4, we introduce fuzzy frame and show that in fuzzy Hilbert space, C*°(12)
is normable and so we can define fuzzy frame on C'*°(2).

2. Preliminaries

In this section, some definitions and preliminary results are given which will
be used in this paper.
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Definition 1. [2]. Let U be a linear space over the field F. A fuzzy subset N of
U x R s called a fuzzy norm on U if for all x,u € U and c € F, the following
conditions are satisfied:

(N1) ¥t € R witht <0, N (z,t) = 0;

(N2) (Vt e R;t >0,N (z,t) =1) iff x =0;

(N3) Vt e R,t > 0, N (cx,t) = N(x,ﬁ) if ¢ # 0;

(N4) ¥s,t e Ryx,u € U N (x +u,s+t) >min{N (z,s),N (u,t)};

(N5) N (z,.) is a non-decreasing function on R and lim;_,o N (z,t) = 1.

The pair (U, N) will be referred to as a fuzzy normed linear space.

Theorem 1. [2] Let (U, N) be a fuzzy normed linear space. Assume further that,
(N6) ¥t > 0,N (z,t) > 0=z =0.

Define ||z||o = AN{t > 0: N (z,t) > a}, a € (0,1). Then {||.||o : @ € (0,1)} is an
ascending family of norms on U and they are called - norms on U corresponding
to the fuzzy norm N on U.

Definition 2. [1] Let (U,N) be a fuzzy normed linear space. Let {x,} be a
sequence in U. Then {x,} is said to be convergent if there exists x € U such that
limy, oo N (z, — x,t) = 1, for all t > 0. In that case, z is called the limit of the
sequence {x,} and denoted by lim x,,.

Proposition 1. /8] Let (U,N) be a fuzzy normed linear space satisfying (Ng)
and {z,} be a sequence in U. Then {x,} converges to x iff x, — = w.r.t. |.|a,
for all a € (0,1).

Definition 3. [1] Let (U, N) be a fuzzy normed linear space and o« € (0,1). A
sequence {x,} in U is said to be a-convergent in U if there exists v € U such
that limy, oo N (z, — x,t) > «, for allt > 0 and x is called the limit of {x,}.

Proposition 2. [19] Let (U, N) be a fuzzy normed linear space satisfying (Ng).
If {x,,} is an a-convergent sequence in (U, N), then ||z, — z|o — 0 as n — oo.

Definition 4. [18] Let U be a linear space over the field C of complex numbers.
Let u:U x U x C— I =[0,1] be a mapping such that the following conditions
and statements hold:

(FIP1) for s,t € C,p (2 +y, 2 [t] + [s]) = min{u (z, 2, [t]) , 1 (y, 2, |s])};
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(FIP2) for s,t € C,pu(z,y,|st]) > min {,u (az,x, |s|2) s b (y,y7 |t|2)};
(FIP3) forte C,u(x,y,t) =p (y,m,f) ;
(FIP4) p(azx,y,t) = p(z,y, ﬁ),a (#£0)eC,teC;
(FIP5) p(z,z,t) = 0,Vt € C\R*;
(FIP6) (p(x,2z,t) =1,Vt > 0) iff 2 = 0;

(FIP7) p(z,z,.) : R — I is a monotonic non-decreasing function on R and
limy o0 pt (e, z,t) = 1.

We call p fuzzy inner product function on U and (U, u) fuzzy inner product space
(FIP space).

Theorem 2. [18] Let U be a linear space over C. Let j1 be a FIP on U. Then

B w(x, z, %) ifte Rt >0,
N(‘T’t)_{ 0 ift <0.

s a fuzzy norm on U. Now if u satisfies the following conditions:
(FIP8) (,u (x,a:,tQ) > 0,Vt > O) =x =0 and
(FIP9) for all z,y € U and p,q € R,
ple+y,r+y.2¢°) N (@ —ye—y,20%) > p(w,2,0%) N\ (v,0,6)
then ||z|lo = AN{t >0: N (z,t) > a},a € (0,1) is an ordinary norm satisfy-

ing parallelogram law. By using polarization identity, we can get ordinary inner
product, called the (.,.)q-inner product, as follows:

1. . .
(Il +ylla = llz = yl2) + 1 (Il +ayll3 — lla —iyl2) Ve € (0,1).

=

<x,y>a =

Definition 5. [18] Let (U,pu) be a FIP space satisfying (FIP8). The linear
space U is said to be level complete if for any o € (0,1), every Cauchy sequence
converges w.r.t. ||.|o (the a-norm generated by the fuzzy norm N which is induced
by fuzzy inner product p ).

Definition 6. [1] Let T : (U, N1) — (V, N2) be a linear operator where (U, N1)
and (V, Na) are fuzzy normed linear spaces. The mapping T is said to be strongly
fuzzy bounded on U if and only if there exists a positive real number M such that
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No(T(x),s) > Ni(z, 7)., VreUVseR.

Definition 7. [1] Let T : (U, N1) — (V, N2) be a linear operator where (U, N1)
and (V, Na) are fuzzy normed linear spaces. The mapping T is said to be uniformly
bounded if there exists M > 0 such that

IT))? < Mllzlls VYo € (0,1),
where ||.||L and ||.||2 are a-norms on N1 and Na, respectively.

Remark 1. Let us denote the set of all strongly fuzzy bounded linear operators
from a fuzzy normed linear space (U, N1) to (V,N2) by B(U,V).

Theorem 3. [1] Let T : (U, N1) — (V, Na) be a linear operator where (U, Ny)
and (V, N3) are fuzzy normed linear spaces satisfying (Ng). Then T is strongly
fuzzy bounded if and only if it is uniformly bounded with respect to a-norms of
N1 and NQ.

Definition 8. [1] Let (U, Ni) and (V,N2) be two fuzzy normed linear spaces
satisfying (Ng). For T € B(U,V), let

, T3
175 = Vaievrro T2k B e(0,1),
B

and

ITle = Va<allTlls: @€ (0,1).
Then {||.]|la : @ € (0,1)} is an ascending family of norms in B(U,V).

Definition 9. [18] Let (U, i) be a FIP space. The linear space U is said to be a
fuzzy Hilbert space if it is level complete.

Definition 10. [18] Let a € (0,1) and (U, ) be a FIP space satisfying (F'1P8)
and (FIP9). Now, if x,y € U are such that (x,y)o = 0, then we say that x,y
are a-fuzzy orthogonal to each other and denote it by x L, y. Let M be a subset
of U and x € U. Now if (z,y)o =0 for all y € M, then we say that x is a-fuzzy
orthogonal to M and denote it by x Lo M. The set of all a-fuzzy orthogonal
elements to M is called a-fuzzy orthogonal set.

Definition 11. [18] Let (U, ) be a FIP space satisfying (FIP8) and (FIP9).
Now if x,y € U are such that (x,y)q =0, for all a € (0,1), then we say that x,y
are fuzzy orthogonal to each other and denote it by x 1L y. Thus x L y if and only
if v Loy, for all elements o € (0,1). The set of all elements fuzzy orthogonal to
each other is called fuzzy orthogonal set.
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Definition 12. [19] Let (U, i) be a FIP space satisfying (FIP8) and (FI1P9) and
a € (0,1). An a-fuzzy orthogonal set M in U is said to be a-fuzzy orthonormal
if the elements have a-norm 1, € (0,1), that is for all x,y € M,

_Jr =y
<"ﬁc’y>”‘_{0 , T Fy,
where (., .)q 18 an inner product induced by pu.

Definition 13. [19] Let (U,pn) be a FIP space satisfying (FIP8) and (FI1P9).
A fuzzy orthonormal set M in U is said to be fuzzy orthonormal if the elements
have a-norm 1 for all o € (0,1), that is for all x,y € M

_Jr =y
<"pC"w”‘_{O , T Fy,
where (., .)q s an inner product induced by pu.

Proposition 3. [19] An a-fuzzy orthonormal set and a fuzzy orthonormal set in
a FIP space are linearly independent.

Proposition 4. [19] Let {er},—, be a fuzzy orthonormal sequence in a fuzzy
Hilbert space (U, p) satisfying (FIP8) and (FIP9). Then the series > po | oxex
converges if and only if > oo |o|? converges.

Proposition 5. [19] Let (U, pn) be a fuzzy Hilbert space satisfying (FIP8) and
(FIPY), a € (0,1) and {ex}r—; be an a-fuzzy orthonormal sequence in U. If
the series Y p Prer is a-convergent w.r.t. N induced by p, then the coeff-
ficients B = (z,er)a, where x denotes the sum Yy ;- Brep and hence x =

Zzozl <.T, €k>016k'

Theorem 4. [19] Let (U,pn) be a fuzzy Hilbert space satisfying (FIP8) and
(FIP9), a € (0,1) and {ex}rey be an a-fuzzy orthonormal sequence in U. If
the series Y po | Ykex converges w.r.t. N induced by p, then

Ve = <$aek>01 = <.’L‘,€k>5, \V/OZ,B € (0? 1)7
where (.,.) denotes the a-inner product induced by p, x denotes the sum of
> pey kek. Hence
T =72 (T, ep)atk =D poq T, ex)per, Va,B€(0,1).

Theorem 5. [19] Let (U,u) be a fuzzy Hilbert space satisfying (FIP8) and
(FIP9) and {ex}r. be a fuzzy orthonormal sequence in U. Then the follow-
ing statements are equivalent:
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(i) {exr}rey is complete fuzzy orthonormal;
(ii) if ¢ Le; fori=1,2,..., then x =0;
(iii) For every x € U,x =Y 1o (x,€i)ae; for all o € (0,1) and hence
(x,er)a = (z,e5)p, Yo,p€(0,1);
i.e. x 18 independent of «.
(iv) For every x € U, ||z||2 = Y22 {z,ei)a| for all a € (0,1) and hence

lzl[% = [l2]3, Ve, B € (0,1).

We denote by U* the set of all strongly fuzzy bounded linear functionals over
(U, N1) (where Ny is a norm induced by fuzzy inner product).

Theorem 6. [19] (Riesz Representation Theorem) Let (U, ) be a fuzzy Hilbert
space satisfying (FIP8) and (FIP9) and f € U*. Then for each o € (0,1), there
is Yo € U such that f(z) = (%, Ya)a, where yo depends on f and ||f||5 > l|valla

when a > 5 and || flli—a < |Yalli—a when o < 7

3. Some properties of fuzzy inner product spaces

In this section, we present some properties of the space (B(U,V),||.||l) and
some properties of fuzzy linear spaces similar to those of ordinary normed spaces.

Proposition 6. Let (U,pn) be a FIP space satisfying (FIP8) and (FIP9). A
fuzzy inner product space (U, p) with its corresponding norm N satisfies the
Schwartz inequality

[z, 9)al < lzllallylla Vo e (0,1].

Proof. First, we show that for all a € (0,1), (z,2)s = |22
According to the definition of a-fuzzy inner product, by supposing x = y we have:

1 7 , .
(z,2)a = Z(Hx—kazHi—Hx—:c||i)+1(||x+m||i—||a:—w:|]i)

1 i . .
= S (llzllg = 0) + Gl +illg — 1 —llZ)

=l
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Therefore (z,z), = ||z||2. Let x,y € U be arbitrary. In the special case where
y = 0, the assertion is trivially true. Assume that y # 0. Considering A\ € C and
A= &Y for all o € (0,1), we have:

iyl >
0 < Jlz—=yla
= (2,2)a — (A\Y, T)a — (T, \Y)a + (MY, AY)a
= <$,(I}'>a - )\<y733>a - )\<x7y>a + A)‘<yay>oc
)15 = Mz, ) — Mz, y)a + ANyl2
— Hx||2 _ ’<x,y>a’2 _ ‘<x7y>04‘2 + ‘<$7y>6¥’2
“ 1112 ly[I3 lylI3
—_ Hx||2 _ ’<5U7y>a’2
“ yll3
Therefore
0< Hx”z _ |(x,y>a|2
- yl13

It follows that [(x,y)a| < ||z|la||y]la- <

Example 1. Let (U,(.,.)) be a real inner product space. Define a function p :
UxUxC—[0,1] by

i :
pa,yt) =4 VI ipe < Jlzllllyll,
ift € C\RT.

0

We verify the following conditions.

(FIP1) If at least one of |t| and |s| is zero, then the result is obvious. Suppose that
|t| and |s| are non-zero. Let us assume without loss of generality that p(zx, z,|t|) <
w(y, z,1s|). So, we have

i 5]
2]+ 1=l [s[ + lwllli=]

It follows that

Tz z
==l =l

1+ =
1] 5]

Now, we have
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5]
meHHZH > [lyllfl=

By adding ||x||||z]| to both sides of the above inequality, we get

5]

HIIJUHHZH > [l + yllllzll = [l[l]l=]-
Therefore
s N
(m+ DIzl = ll= + yllll=]]-

It follows that

=1l + yllll=]
i ft A+ sl

By adding 1 to both sides of the last inequality, we get

]/ 2]l |z +yll|=]]
1+ >1+ —
t] [t] +|s|
So, we have
0 I+l

[t + izl 1]+ Isl + [z + izl

Hence p(x +y,z,[t| + |s|) = min{u(z, 2, [t]), n(y, 2, |s]) }-

(FIP2) If at least one of |t| and |s| is zero, then the condition obviously holds. Let
none of [t| and |s| be non-zero. Without loss of generality we assume u(z, x,|s|?) <
w(y,y, [t|?). Theno we have

[ 1t

|51+ Ml ~ 2% + [ly[I*”

It follows that

2l _ Nyl
[s|* = [t
Therefore, we have
2
ll1®  lyll]

s[> = Jtlls]
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By adding 1 to both sides of the above inequality, we get

|| lylll||l
14> 1 :
|s|? t]]s]

S0

s+ lll® _ Jells] + Iyl
s~ [tlls|

Hence o (,y, |ts]) > min { p(z, @, |s%), sy, . 1) }.

I U
A+ Tl ~ 11+ el

(FIP3) Forte C, u(z,y,t) (y,x,t).

(FIP4) Suppose that 0 # o € C and t € C. So we have the following cases:
Case (i) If t # 0, then we consider two following cases:
(a) If min{ ||z, ||lyll} =0, then we have

It
|t] |t] lal t
wloz,y,t) = —F——0 = =1l=——"=p(z,y, —).
]+ o f[[ly]l [¢] 2] |l
alt [l [Hly
Thus the condition holds.
(b) If min{ ||z||, ||y||} # 0, then we have
2|
2] 2| la t
M(aw,y,t) = = = = M(xay7 7) So,
[t llexll[lyll [t + lalllzlllyl [ |l
Tt ]
|
(0,y.0) = le.y, 1)
plor, y,t) = T, Y, 7—)-
|al
t
Case (i) If t = 0, then p(ax,y,t) = u(z,y, ﬁ) =0.
«
(FIP5) It follows from definition.
(FIPG6) Suppose that z = 0.
t t
:c:O<:>||33H2=0<:>Vt>0,/1(x,1‘7t)—L ||—1.

IR I
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(FIP7) For allt € R and t >0,
i 1 L .
w(z,z,t) = = — 1 ast — oo and it is obviously monotoni-
[t + [l [l

i

callly non-decreasing.

Hence, we conclude that every classic inner product induces the fuzzy inner
product. In the sequel, we will show that (FIP8) also holds. So, we have fuzzy
norm in the sense of Bag and Samanta.

(FIPS) p(z,x,t?) > 0,Vt > 0=t > ||z||> Vt >0= x =0;

lalle = A{t:n.z.) > a)

t]?

= /\{t:WHxHQZa}

(0%
= Il
—

It is clear that (FIP9) holds. Using polarization identity, the a-inner product
follows from classic inner product.

«
o=yl +llo+ gl = ——lz—y)?+

(0%
lz +y]?

l—«

«
= ——(lz—yl*+llz +yl*)

l—«
«o
_ ozlI2 -+ 212
T o 2ll=l” +2[yl)
= 2([|z)12 + llyll2).

It follows that

1 /) . .
(T,9)a = Z(H!ﬁﬂ”i-Hﬂf—ylli)JrZ(llerlyHi—Hﬂf—@ylli)
.« 2 2 O‘ii N2 e 112
= e+ vl = e = olP) + e+ i e = i)
o
= m(%?ﬁ-

Definition 14. Let (U, u) and (V, ) be two fuzzy Hilbert spaces satisfying (F'IP8)
and (FIP9), where u is the same fuzzy inner product. Let T' be a fuzzy bounded
linear operator from U to V. If there exists an operator T from V to U such
that for all a € (0,1)
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<T.%',y>a = <x7T*y>Ow V.le € Uay € V;
then the operator T* is called fuzzy adjoint of T'.

Theorem 7. If T : (U ,N1) — (V,N2) is a strongly fuzzy bounded operator,
where (U, N1) and (V, N3) are fuzzy normed linear spaces, N1 and No are the
norms induced by fuzzy inner products on U and V', respectively, then there exists
T* : (V,Na) — (U, N1) such that for all x € U,y € V and for all o € (0,1)

(@, T(Y))o = (T"(%),9)q - (2)

Proof. To demonstrate the existence of T, we have to show that for every
x € U, there is a vector z € U, depending linearly on x, such that

(2:0)a = (T"(2),y)y Vo€ (0,1).
By Theorem 3, T' is uniformly bounded and there exists M > 0 such that
IT(@)I5 < Mllz]la Vo€ (0,1).
Suppose that « € (0,1), and for fixed = consider the mapping ¢, defined by

(px(y) = <$’T(y)>o<'

The mapping ¢, is a fuzzy bounded linear functional on U crossponding to «,
ie. @, € Ul and ||¢z|la < M|z||n. By the Riesz Representation Theorem,
there is a unique z € U such that ¢,(y) = (z,9),.Thus, the equality (2) holds.
So, we set T*(x) = z. The linearity of T* follows from its uniqueness by Riesz
Representation Theorem and from the linearity of the inner product. Since we

have
V 1(:2).l
lylla=1
=V [T(y),2),]
lylla=1
<V ITWlallla
lylla=1
<V ITlallyllalzlla = ITllalzla,
lylla=1
it follows that T™* is bounded and ||T%|o < ||T||o for any « € (0,1). Finally, we
show that 7™ is unique. Suppose that S € B(U,V) and (T'(z),y)a = (S(2),Y)a

forall z € U, y € V and a € (0,1). For each fixed y and for every z, we have
(x,S(y) —=T*(y))a = 0. It follows that S(y) —T*(y) = 0. Hence S =T". «

177 (@) lo = =]
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Proposition 7. If T € B(U,V), then for all a € (0,1), |[T*la = [|T| -
Proof. In Theorem 7, we already showed that
IT*la < ITlla Vo€ (0,1). (3)

For x € U, we have

IT@)[E = (T(2),T(x))a

= (I"T(z),2)a
17T (@)oo
1T a7 (@)l |

Hence ||T(2)|la < IT*||a ||%]|a- It follows that

<
<

1Tl < IT"lo Ver € (0,1). (4)

From the inequalites (3) and (4) we have
[Tfla = [IT*[a Ver € (0,1).

<

Theorem 8. Let (U, n) be a fuzzy Hilbert space satisfying (F1P8) and (FI1P9)
and « € (0,1). Let T be a fuzzy operator on (U, ). Then T* is also a fuzzy linear
operator on (U, p) and following properties hold:

i) (T*)* =T;
ii)) (M +T) =Ty +Ty;
iii) (AT)* = \T*, VA€ C;
w) (ST)* =T*S*.
Proof. Suppose that y1,y2 € U and A, 8 € C. For each x € U, we have

(, T (A1 + By2))a = (T, A\y1 + By2)a
= /\(Tx,y1>a + 5<Tx792>a
= (x,\T"y1 + BT y2)a.

It follows that T*(Ay1 + By2) = AT*y1 + BT *ya, that is, T* is linear.

For each z,y € U,
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(y, (T*)2)a = (T*y, 7)o = (2, T*Y)a = (T2, Y)a = (Y, TT)a-

Hence (T*)* =T, so we have (i).
To prove (ii), we note that

(@, (T +T2)"y)a =

(7i1) For each av € (0,1] and A € C, we have
ATz, )0 = MTz, ) e = Mz, T*Y) o = (2, \T*y)q, s0 we get (ii4).
For each z,y € U,
(STz,y)a = (T2, 5*Y)a = (x, T*S*Y)q.
Therefore (ST)* = T*S*. <
Corollary 1. Let (U, ) be a fuzzy Hilbert space satisfying (FIP8) and (F1P9)
and o € (0,1). Let T be a fuzzy operator on (U, ). Then
IT*Tlla = |TT*|la = | T3
Proof. By Theorem 8, proof is straightforward. For all x € U,
IT* T ]lo < I T*lal|T2]la < |1TNZ]2]a

and therefore |T*T||, < || T2
Also, we can write

IT*Tlle = \/ IT*Tz|5
BLa

= VIV

1
B<a \zeU,z#0 HxHB

VA

1
B<a \z€U,z#0 Hx”ﬂ

= VI A

1
B<a \zeU,z#0 Hx”ﬁ

* 2
[T Tz|]5

IT* T3

WV

ITIZIT=13
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2,112

_ oy Il

NN
= T

Hence we get the assertion. «

4. Fuzzy frames theory

In this section, after a brief trip back to the history of frame, we define fuzzy
frame and prove some new results.

Frames were introduced in 1952 by Duffin and Schaeffer in their fundamental
paper [14]; they used frames as a tool in the study of nonharmonic Fourier series,
i.e., sequences of the type {e*"x},cz, where {\,}nez is a family of real or
complex numbers. Apparently, the importance of the concept was not realized
by the mathematical community; at least it took almost 30 years before the next
publication appeared. Frames were presented in the abstract setting, and again
used in the context of nonharmonic Fourier series. Then, in 1985, as the wavelet
era began, Daubechies, Grossmann and Meyer [12, 13] observed that frames can
be used to find series expansions of functions in L?(R) which are very similar to
expansions using orthogonal bases.

Recall that for a Hilbert space H and a countable index set I, a family of
vectors {z;}ier C H is called a discrete frame for H, if there exist constants
0 < A< B < +oo such that

Allz]* <Y [, @)* < Bllal*, € H,
el

where the constants A and B are called frame bounds. The frame {z;};cr is
called tight if A = B and Parseval if A = B = 1. For a very good and useful
reference, we refer to the comprehensive book by Christensen [9]. The concept
of frame has been improved and generalized to Banach spaces, Frechet spaces
and a lot of papers have been published in both pure and applied mathematics
concerning frames. In this manuscript, we will try to present the fuzzy frame
version of frame theorems and related concepts.

In a fuzzy Hilbert space (U, p) satisfying (FIP8) and (FIP9) when o € (0,1)
and {e;},- is an a-fuzzy orthonormal sequence in U, we say that {ex},-, is a
basis for U if the following two conditions are satisfied:

(i) U = span{e}rey

(ii) {ex}pe; is linearly independent.
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So, every x € U has a unique representation in terms of the elements in the
basis, i.e., there exist unique coefficients {3}72, such that = "7, Brex. By
Proposition 5 and Theorem 4, if (U, 11) is a fuzzy Hilbert space satisfying (F'IP8)
and (FIP9) and © € U, then {eg}ro, is a fuzzy orthonormal sequence in U.
Then, since U = span {ey}ro 1, we can write x = Y -, Brer and S = (z, €x)a-

Definition 15. Let (U, ) be a fuzzy Hilbert space satisfying (F'IP8) and (F1P9).
A countable family of elements {x}r—, in U is a fuzzy frame for U if there exist
constants A, B > 0 such that for allx € U and o € (0,1):

o
Allz))Z <Y [, zi)al* < Bllz3- ()
k=1

The numbers A and B are called fuzzy frame bounds. Fuzzy frame bounds
are not unique. The optimal lower frame bound is supremum over all lower frame
bounds, and the optimal upper frame bound is the infimum over all upper frame
bounds. Note that the optimal fuzzy frame bounds are actually fuzzy frame
bounds. If ||z;|lo = 1, the fuzzy frame is normalized. A fuzzy frame {x;}7°, is
tight if A = B and in case A = B = 1, we call it Parseval fuzzy frame. In case
the upper inequality in (5) is satisfied, {zx}p. is called fuzzy Bessel sequence.
It follows from the definition that if {x};—, is a fuzzy frame for (U, p), then

span {zg e, =U.

Theorem 9. Let (U, ) be a fuzzy Hilbert space satisfying (FI1P8) and (FI1P9),
a € (0,1) and {ex}re be an a-fuzzy orthonormal sequence in U. Then for every
reU,

o
> Hz,zi)al® < Blz|?.
k=1

Proof. Since a-fuzzy orthonormal sequence is orthonormal sequence in
(U, {.,.)a), so by Bessel’s inequality in crisp inner product we have

o0
> lw,zr)al” < Bllzl? Ve eU. <
k=1

Example 2. Let (U,( .)) be a classic Hilbert space and {x,}5°; be a frame for
U with frame bounds A and B. Then {x,}72 is a fuzzy frame in fuzzy Hilbert
space (U, ( . )) satisfying (FIP8) and (FIP9) and « € (0,1).

Since {xn}22 is a frame for U, there exist constants A, B > 0 such that
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oo
Allz|* < 3 [, 2,)* < Bllz|?, vV eU.
n=1

From Ezample 1, for all x € U and for any o € (0,1) we have

(6% 0 (6
—Alz|? <
Al <

(0%
2< Bzl
> s < =Bl

It follows that
Allzllz < 3205 [z, zn)al® < Bllz]3, Vo € UVa € (0,1).

We define 12(N) = {{B}32; | >py |Bk]® < o0} and consider fuzzy inner
product defined as follows:

1 ) t> 1zl allyllemy
x7 7t ==
wla 1) { 0 t< |zl lylem-

Now we have:

A{t> 0] ple,2.2) > o)
= A {t >0]t2> HleQ?(N)}

= [|zllzm)-

la

Therefore for all a € (0,1), [|z]la = [|2|li2qy). As well as on (I1(N), u) satisfying
parallelogram law.

Proposition 8. Let {z;};-, be a sequence in the fuzzy Hilbert space (U, ) sat-
isfying (FIP8) and (FIP9), and suppose that > p-, Brxy is a-convergent. Then

T:1°(N)— U, T{B} = Bru
k=1
defines a fuzzy bounded linear operator. The adjoint operator is given by
T :U — *(N), T'z={(z,21)a}tr-

Furthermore,

[e.e]
Dz aw)al® < |TIN2lZ, Vo e U.
k=1
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Proof. Consider the sequence of fuzzy bounded linear operators T,,, n € N
defined by

T,: P (N) — U, To{B}i; =) Brwn
k=1

Clearly, T,, — T, so by uniform boundedness principle theorem the map 1" defines
a bounded linear operator. In order to find the expression of 7%, let x € U and

{Bi} € 1? (N). Then
(@, T{Br})a Zﬂkﬂ?k = (2, 2k)aBr
k=1 k=1

Proposition 2 and Proposition 1 imply that the series Y 3 (x, 2g)a Sk for all
{Br} € 12 (N) is convergent and according to Theorem 4 the series > r ; [{z, Zx)q|
is convergent. Therefore {(z,2x)a}re; € [*(N). It follows that the series
S v (@, xp)a B for all {B} € 1% (N) is a-convergent. Thus, we can write

(, T{Br})v = (L@, 2k)at {Br b))

and conclude that
Tz = {(z, Tk)a}he -

Alternatively, when T : 1? (N) — U is fuzzy bounded, by Theorem 7 T* is a
fuzzy bounded operator from U to I (N). By Proposition 7, ||T]la = [|T%|a-
Therefore

o0
Y Hzzidal? = 1Tl < |22l VzeU. <
k=1

Consider now a vector space U equipped with a fuzzy frame {z;};,, and
define a linear mapping

T:2(N)— U, T{Bitre;=> 1y Brk.

T is usually called the pre-fuzzy frame operator or the fuzzy synthesis opera-
tor. The adjoint operator is given by

T*:U — 2(N), T*z={{z,21)a}tre;,
and is called the fuzzy analysis operator. Composing T" with its adjoint T,

we obtain the fuzzy frame operator,

S:U—U, Sex=TT"z= Z(w,xk)a:pk.
k=1
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Note that in terms of the fuzzy frame operator, we have

oo
(Sz,x)q Z]mxk 2, VzeU.
k=1

Similar to Theorem 3.2.3 of [9], the following Theorem shows that for given fuzzy
Bessel sequence its pre-frame operator is bounded and vice-versa.

Theorem 10. Let {zy};-, be a sequence in the fuzzy Hilbert space (U, p) satis-
fying (FIP8) and (FIP9) and B > 0 be given. Then {xy}ro is a fuzzy Bessel
sequence with fuzzy Bessel bound B if and only if the operator

T B}y — Y Br

k=1
defines a fuzzy bounded linear operator from 1> (N) into U and ||T||o < VB for
all a € (0,1).

Proof. Assume that {zj} is a fuzzy Bessel sequence with Bessel bound B and
{Br}rey € 1? (N). We want to show that T { By }re ; is well-defined, i.e. > poy Bz
is a-convergent. Consider n,m € N,n > m. Then

| Zﬂkﬂik - Zﬂkfﬁkﬂa = || Z Brklla-

k=m+1

Using [zlla = V|).=1 |(%,¥)a| and Cauchy-Schwarz’ inequality, we obtain

1> Bkew =Y Brarlla =\ 1D Brarsv)a
k=1 k=1

llla=1 k=m+1

< VD 1Bz ya

lyl|a=1 k=m+1

(z w) V (z r<xk,y>a12)
k=m+1 lylla=1 \k=m+41

\/§< > ’/BkP)

k=m+1

VAN

IN

Since {Br}pe; € P(N), {3 IBkl’} _, is a Cauchy sequence in C. Thus
{31 Brxr}.—, is a Cauchy sequence in U and therefore convergent. Hence
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T{Br}re; is well-defined. Clearly T is a fuzzy bounded linear operator and

Tl < VB.

To prove the opposite assertion, suppose that T defines a fuzzy bounded
operator with ||Tl, < v/B. Then Proposition 8 shows that {z}}%2, is a fuzzy
Bessel sequence with a fuzzy Bessel bound B. «

One of the most important and useful operators in the study of frames in
Hilbert spaces is the so called frame operator and the invertibility of this oper-
ator has a lot of applications. The following Theorem shows some of its properties
in fuzzy version.

Theorem 11. Let {x};- be a fuzzy frame with fuzzy frame bounds A, B in fuzzy
Hilbert space (U, ) satisfying (FIP8) and (FIP9). Then fuzzy frame operator
S is fuzzy bounded, invertible and self-adjoint.

Proof. Since S is a composition of two fuzzy bounded operators, it is bounded.
ISla = ITT*la < I TNl T*/la = |T|IZ < B.

Since S* = (TT*)* = TT* = S, the operator S is self-adjoint. For invertibility
of S, firstly, we show that S is injective. By definition, one has to show that: if
Sz =0, then z = 0.

If Sz =0, then 0 = (Sz,2)0 = Y pey {7, Tk)al?.

Allz]lg < 3720 (@, zx)al* = 0
Alz|2=0=|lz[|2=0=z = 0.

Hence S is injective and it follows that S* is surjective and S = S*. Thus S
is surjective. The fuzzy frame condition implies that span{zy},-, = U. So
the fuzzy synthesis operator T is surjective. For a given x € U, we can find
y € I2(N) such that Ty = 2. We can choose y € N+ = Rp«, so it follows that
Rg = Ry« = U. This shows that S is invertible. <«

We know that C°°(€2) is not normable in classical Hilbert spaces, so in this
case, defining frame on C°°({2) is not possible. In the next proposition, we show
that C°°(€2) is normable on fuzzy Hilbert space satisfying (FIP8) and (FIP9)
properties. So we can define fuzzy frame on C*°((Q2).

Proposition 9. The linear space C*°(Q2) (the vector space of all complex valued
continous functions on ) is normable on fuzzy Hilbert space satisfying (FIP8)

and (FIP9).
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1 1
Proof. For o € (0,1], there exists n € N such that 1 <a< —. Itis
n n
1 1
well known that 2 is a countable union of the sets k, = [=,1 — —] # (). For any
n n

1 1
feC>®(Q) and ;<@ < —, we define
n

n

N o ift €k,
o {1

0 if otherwise.
g is defined similarly. Let
p(frg,t) =1 —infla € (0,1]: fog* <t} Vf,g e C>(Q).
We define the norm by

AR, = (fs P = i, [F ()Pt
and define the inner product by

(f: 9k = [, F(B)g(t)dL.

We show that p is Bag-Samanta fuzzy inner product on C*°(£2).
FIP1): Define

A={a€(0,1]: (f*)? < [t]*},
B={8¢e(0,1]:(s°)7 < |s]},
C={y e (0,1]: (f7g")* < ([t| + s])*}.
We show
1 —infC > min{l — infA,1 — infB}.
Suppose
1 —infA <1—infB (ae. infB < infA).

Then there exists § € B such that for all « € A, 8 < infA, therefore 8 < a.
thus

fore < |t|, g%h? < |s|, g < g°.
Also

(f +9)"h = F*h® + g°h® < fOR* + gPh < |s| + ]
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Hence for all @ € A, we have o € C a.e. A CC.
It follows that infC < infA. So 1 —infA < 1 —infC. Hence for s,t € C,

p(f + g, h [t + [s]) = min{u(f, b, [t]), u(g, b, [s])}-
FIP2): Define

A={a€(0,1]: (f*)? <[t]*},
B={8¢e(0,1]:(¢s°) < s},
C={ye(0,1]:(fg")? < |ts]}.
We show that
1 —infC > min{l —infA,1 — infB}.
Suppose that
1—infA<1—infB (ae. infB < infA).

Then there exists f € B such that for all a € A, 8 < infA, therefore 8 < a.
thus

fO< |, 6% < |sl, g% < g% frg® < fogP <|st|.

Hence for all @ € A we have a € C a.e. A C C. It follows that infC < infA.
Sol—infA<1—infC. Hence for s,t € C,

u(f. g, ltsl) = min{p(f, f,[t1%), u(g, g, |s|*)}.

FIP3): It is obvious.
FIP4): We have

waf,g,t) = 1—infla € (0,1]:|a|f*g* <t}
zl—mﬁaﬂ&ﬂﬁ%%ﬂ;
t

Hence p(af,g,t) = u(f, g, ), a(#0) €C, t € C.

|al
FIP5): It is obvious.
FIP6): We show that (u(f, f,t) =1,Vt > 0) iff f =0.
If w(f, f,t) =1,Vt > 0, then

1—inf{a e (0,1]: f* <t} =1,
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therefore
inf{a € (0,1]: f* <t} =0.

As a result, for all @ € (0, 1], we have f¢ = 0, thus f = 0. Opposite assertion is
following directly.

FIPT): Is is obvious.

According to our definition of norm,

Iflla = inf{t:p(f f.t?) = a}
= inf{t:1—inf{Be(0,1]: fP <t} >a}
= dnf{t:inf{Be(0,1]:fF <t} >1-a}

_ flfa.

Then || f|lo = f1=% = || f|lx,. Using polarization identity, we can get ordinary
inner product, called the a-inner product, as follows:

(Fog)a = 3 (17 + 02— 17 —gl2)+ % (IF + gl ~ 17 — igll2)
= G+ = (-9
+ i) = (7 —ig) )]
= <fag>kn <

In the following example, we give a frame on C*°(£2).

Example 3. Suppose that {gi(.)}32, is a sequence on C*>(Q), where gi(z) =

sin% and 0 <z < 1. We show that {gr(.)}3, is a fuzzy frame on C*(£2).

If « € (0,1], then there exists n such that

1
< 1—-—a < —. Consider
n—+1 n

1 1
Fn=[1— ] Then Q= UnZy kn. For f € C®(Q)
[e'S) o 2
Slttadal = X ([ fodn)
k=1 k=1

Z/ f2du/ grdp
k=1"kn kn

[e.e]

IN

1
= N flfetka) ) 5
k
k=1
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2 72
- (1-5HL
(1= )R,
= BIfIk,.
, 2 ,
With B = ((1 — f)g) the sequence {gi(.)}32, s a fuzzy Bessel sequence on
n

C>(Q).

For the lower bound, we consider

A:=3002 H k)l = AZRL [ gp)al® : f € CF(Q), || flla = 1}
It is clear that A > 0. Now given f € C*°(Q) and f # 0, we have

o) e’} 2
[(f gr)al® = < fg du)

00 f >2 ,
= L d

> (/k o) 1512

> A|fIZ

Hence {gi(.)}32, is a fuzzy frame on C*°(2).

5. Conclusion

C*°(£2) was not normable on classical Hilbert spaces, but in this paper we show
that C'°°(€2) is normable on fuzzy Hilbert spaces and we provide an example of
fuzzy frame on C*°(Q2).
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