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STRONG CONVERGENCE THEOREMS OF FUZZY MAPPINGS
SATISFYING RATIONAL-TYPE INEQUALITY IN HILBERT SPACES

IMO KALU AGWU* AND DONATUS IKECHI IGBOKWE

ABSTRACT. By using the idea of parallelogram law in a real Hilbert space, we provide some
fuzzy common fixed point theorems for a pair of fuzzy mappings satisfying certain rational-type
inequality condition. The results obtained in this paper complement, improve and generalise

some recent results so far announced in literature.

1. INTRODUCTION

The famous Banach contraction principle [15] has been very indispensable in solving existence
problems in different areas of mathematical analysis. Let (Z, d) be a metric space and I" : Z —
Z a self-mapping on Z. For all £, w € Z, define I as

(11) d(TE, Tw) < Bd(€, )
and as
(1.2) d(l¢, Tw) < apd(&,w) + azd(&,T€) + azd(w, Tw) + aud(é, Tw) + asd(w, [E),

where «;(i = 1,2,--- ,5) are nonnegative real numbers. Note that I' is called a contraction if
B € (0,1) and nonexpansive if = 1 in (1.1). Also, if 327, oy < 1 and (1.2) is satisfied, then T
is called a contractive-type mapping. On the other hand, I" will be referred to as nonexpansive-
type mapping if Z?:l a; = 1 and (1.2) is satisfied. ~ Approximate fixed point theorems for
contractive (and contractive-type) and nonexpansive (and nonexpansive-type) mappings, a rich
resource for solving problems in engineering and mathematical sciences, have been an area of
major interest for researchers all over the world. In [13], Gregus introduced a nonexpansive-type
single-valued mapping which satisfies (1.2) with ay = a5 = 0 and a; < 1 in the setting of a real
Hilbert space. Afterwards, different mappings satisfying different contractive conditions have
been introduced and studied for the case of metric and Banach spaces; see, for example, [2]-
[10], [12], |14] and the references therein.

Until 1965, different classes of objects encountered in the real physical world were believed
to have a precise criteria of enlisting them in a group. However, uncertainty due to imprecision
or vagueness is an essential part of physical formulation of real world phenomenon. In [11],
Zader introduced the idea of fuzzy set (i.e., a set X in which each member , say z € X, is
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assigned a membership grade v(z) taking values in [0, 1] such that v(z) = 0 corresponds to
nonmembership, 0 < v(z) < 1 to partial membership and v(z) = 1 to full membership) as a
means of addressing this challenge. Fuzzy set can, in fact, be regarded as a generalisation of
classical set and has been created in order to provide a basis for a unified treatment of important
problems from various branches of mathematical analysis. Subsequently, fuzzy set has been an
integral part of many branches of science, social science and engineering.

In [1], using the concept of fuzzy set, Heilpern introduced a class of fuzzy mapping (which
is more general than set-valued mapping) and obtained an approximate fixed point for fuzzy
contraction mapping in a metric linear space. Following the result in [1], a lot of different results
has found their place in the current literature; see, for example, [11], [16] and the references
therein. While we continue to investigate fuzzy fixed point theorems in metric and Banach
spaces, it is worthy to note that a little consideration has been made for the case of a real

Hilbert space. On this note, in [10], using the contractive-type mapping

DQ(F1£7 FQ("')) S al“éu WHQ + 052Pa2(£7 Flg) + 043P02[<w, FQw)

o PRETaw) + P2, T08)
M T+ P2E Tow) P2 (w0, T8 [

(1.3)

where T'1, Ty : H — W(H) are fuzzy mappings (and W(H) is as defined below), Saluja,
Magarde and Jhade proved the theorem below:

Theorem 1.1. Let H be a real Hilbert space, oy, o, -+ , a5 nonnegative numbers satisfying
Zg’zl a; <1 and T'1,Ty: H — W(H) satisfying (1.3). Then, there exists a point z € H such
that {Z} cIinls.

Motivated by the above results and the remarkable role plays by fuzzy sets in different
disciplines of mathematics, economics, engineering and domain of words, we ask the following

question:

Question 1.1. Is it possible to construct a rational-type inequality condition that is more gen-
eral than the one defined by (1.3) and still obtain strong convergence results for a pair of fuzzy
mappings?

Using the rich geometric structure of the real Hilbert space, in this paper, we provide an
affirmative answer to Question 1.1.

To start with, we introduce the following rational-type inequality condition: Let H be a real
Hilbert space and I'1,I'y : H — W(H) a pair of fuzzy mappings satisfying

D*(Tz,T < — yl? P (z.T P(y.T

Bs 2 P2(y,Ix) + P2(z,Ty)
Pl p2e T a o
T Ve ) e Ty P Tay)

P2(y,I'x) + P2(x,Tyy) }
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P?(x,Ty2) + P(z,Tay)
P2(y,T o T
+< oy Thz) + 75 P2(z,T12) P2(x,Tay)

P2(y,Tyz) + P2(z, Tyy) P2(y, T
Bl pr ) + a(yQ 1) QQ(I 2y) a2(y 2y)
2 1+ Pa(y7 le)Pa(xa FZy)Pa (ya F1y>

(1.4) P2y 1) 4 Lal D) + P, Toy) Pa(y, Tay)
| T T P2 (e, Tar) P2(w, Toy) P2(y, Tay)

for all z,y € H and for all « € [0, 1], where (i, 52, -+ , B¢ are nonnegative numbers satisfying
Bi+ B2+ B3+ Pa+ Ps+ s < 1.

Remark 1.1. Note that if 55 = g = 0, then (1.4) reduces to (1.3). Also, if 55 = B¢ = 0 and
_ B
- 2(1+ P2(y,T12) P2(x,Tay))

then (1.4) will reduce to the contractive-type mapping defined

2. PRELIMINARY

Throughout the remaining sections, R, N and H will denote the set of real numbers, the set
of natural numbers and a real Hilbert space, respectively.

Let I = [0,1], H a real Hilbert space and F(H) a collection of fuzzy sets in H. A fuzzy set n
of H is defined by its membership function 7n(x), which is a mapping from H into I. For any
n € F(H) and a € [0, 1], the a-level of n is defined as

(2.1) Mo ={z € H:n(x) > af,

where o € (0,1) and denote the support [n]o of n by the closure of the union of [n], for
0 < a < 1. Let W(H) be the subcollection of all approximate quantities of F(H). In what
follows, we collect some useful definitions and lemmas which will be helpful in order to obtain

our results.

Definition 2.1. A fuzzy set n of H is called an approximate quantity if and only if its a-level
set is a compact convex subset of H for each o € [0,1] and sup,cy n(z) = 1.

Definition 2.2. Let Q, R € W(H) and a € [0, 1], then
() Pa(Q, R) = infocqayera 7 = yll;
(H) ( ) ma'x{supxefla d(l‘, BI’), SupreBa d(:L‘, Aib’)},
(i) D(Q, R) = sup, Da(Q, R) and
(IV) (Q R) - Supa a(Q7 R):

where P,(Q, R), D,(Q, R) and D(Q, R) denote a-space, a-distance between () and R and
distance between () and R, respectively. Note that for any a, P, is a nondecreasing continuous

function of a.

Definition 2.3. Let Q,R € W(H). Then, Q is said to be more accurate than R (denoted as
Q) C R) if and only if Qs < Rs for each s € H. The relation C induces a partial ordering on
W(H).
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Definition 2.4. Let F : H — W(H) be a fuzzy mapping (i.e., F(x) € W(H) for each
x € H). A point v € H is called a fived point of F if {x} C F(x), where {x} is the fuzzy set
with membership function equal to the characteristic function.

Lemma 2.1. Let x € H,Q € W(H) and {z} be a fuzzy set with membership function equal to
the characteristic function of the set {z}. If {x} C Q, then P,(x,Q) =0 for each a € [0, 1].

Lemma 2.2. P,(z,Q) < ||z —y|| + Pa(y,Q), for any x,y € H.

Lemma 2.3. If {zo} C Q, then P,(zo, R) < D,(Q, R) for each R € W(H).

3. MAIN RESULTS

Theorem 3.1. Let H be a Hilbert space and I'1,T'y : H — W(H) a pair of fuzzy mappings
satisfying

DTy, Toy) < —y|* + BP3(x, T Py T
(Paw ay) < Bulle =yl + B, Tur) + BsPay Toy) + Bay T4 por T 0 P2 Ty

+%{<@@Iwﬂ_%@fwﬂ4ﬂﬁbw>

%@mww4ﬂ%nw}

2 1+ P%(y,I'x)P2(z,Tay)

P?(x,T12) + P(z,Tay)
P2(y,T - (2
+< a(y7 1'1') + 1 + Pa2(3j" le)Pg(.fC, FQy)

P2(y, Tyz) + P2(z, Toy) P2(y, T
D) (e + a(y2 1) az(l’ 2y) aQ(y 2y)
2 1+ Pa(y7 F1x>Pa (1:7 FQy)Pa(ya F1y>

P%(z,Tyx) + P2(z,Toy) P2 (y, Tay)
3.1 P2 I « ) [} ) al\ds
(3.1) +< > (y, Thz) + 1+ P2(x,Ty2)P%(z,Toy) P2(y, Tay)

for all x,y € H and for all a € [0,1], where By, Ba, -+ , Bs are nonnegative numbers satisfying
B+ o+ B3+ Ba+ Ps+ s < 1. Then, there exists a point x* € H such that {z*} € T1x*NThx*.
Proof. Let xy € H and {z1} C I'1(xp). Then, there exists o € H such that {zo} C I'1(x;)
and ||x; — x2|| < Di(T1(x0),Te(z1)). Also, we can find x3 € H such that {z3} C I'1(z2) and

|ze — 23] < D1(I'1(21),a(x2)). Continuing in this way, we would have a sequence {z,} € H
such that

(32) {171} C F1<l’0), {CL’Q} - FQ(Q]l), s {ZEQn_l} C F1<J]2n_2), {ZEQTL} C FQ(l’Qn_l)
and

(3.3) l2; = zjll < Di(Ti(zjmn), Ta(zi), i = 1,2,
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Now, using (3.1), Lemma 2.3, parallelogram law and the fact that (a—b)? < a®+b?, we estimate
as follows:

IN

IN

IN

||x2n71 - x2nH2
D3(Ty(w2n—2), Ta(r2n-1)) < D*(T1(z21-2),T2(22n-1))
Bil|T2n—2 — 2an_1* + B2Pi(w2n—2,T1(22n—2)) + BsP2(xon—1, Ta(r2,-1))

18, P2(z9p—1,T1(@on—2)) + P2(x2n—2, T2(220-1))
14 P2(xon—1,1(x2n—2))P2(xon—2, T2 (x2n-1))

s

_|_? { (Po% (xon—2, 1 (x2n—2)) +

P2(295-1,T1(22n-2)) + P2(22,-9,T2(z20-1))
1+ P2(z2p—1,T1(x2n—2)) P2(z2n—2, T2 (x2n—1))

P2(29n—2,T1(22n-2)) + P2(x25-1, T1(z20—2))
1+ P2(xon—2,'1(z2,—2))P2(x2n—1,T1(z2—2))

+ (Pﬁ(mn_l, Fo(x2n—1)) +

% { (Po% (w2—2, 1 (z2n—2))

P2(x9n—2,Ta(w2n-1)) + P2(@2n-1,T1(z2n—2)) P2 (22n-1, T2(z2-1))
1+ P2(xon—2,Ta(@2n—1))P2(xon—1, T1(22n—2)) P2 (z2n—1,T1(x2n—1))

P2(z9n—2,T1(72n-2)) + P2(xan—1,Ta(w2n—2)) P2 (2251, T2 (z20-1))
1+ P2(xon—2,I'1(z2n—2)) P2(xon—1, Ta(@on—2)) P2(x2n—1, T2(x2n—1))

Billzon—2 — zon—1|* + Ballzon—2 — zon—1|* + Bsl|lzan—1 — zon|?

8, { |an—1 — Zan—1]|® + | T2n_2 — T2n }

1+ ||won—1 — zon—1|?||z2n—2 — z2n||?

Bs 2, Mezass = w20 1|2+ w202 — 2on
2 Ton—2 — Top—2||” +
23 | ll2n =2 T ey~ o Pl zan — o]

|xon—2 — $2n—1H2 + ||z2n—1 — 962n—1H2 ) }

2
+ Ton—1 — T +
(H =1 = Zonl” [22n—2 = Zon—1?l[w2n—1 — 22n-1]]?

66 2 ”x2n—2 - xQnHZ + H-TQn—l - x2n—1||2Hw2n—1 - x2nH2
+— Top—2 — Top—1||"C +
5 | [ lw2n n=1l e o T S [wan 1 = 2o 1 P[22 — 72m))

Z2n—2 — Tan_1||? + [|T2n-1 — Ton_1]|2]|2n — 1 — xQan) }

+ | ||xon—2 — 22 2 +
(H " nll 1+ ||z2n—2 — Ton—1|?||z2n—1 — T2n—1]1%||T2n-1 — z2n||?

Bil|lzon—2 — $2n71||2 + Bal|zan—2 — 5L'2n71||2 + Bsl|zan—1 — !E2n||2 + Bal|z2n—2 — !E2n||2
Bs Be
+?(2H$2n72 — Zon_1]]? + 2||zan_2 — z2n||?) + ?(2Hl‘2n72 — xon_1]|? + 2||z2n—2 — 20 ?)

Billw2n—2 — zan—1|* + B2llT2n—2 — Ton—1l]> + Bsllzan—1 — T2 ||* + Bal|T2n—2 — Ton|?

Bs
+?(H$2n—2 — Ton—1 + Ton—a — T ||? + | 22n—2 — Ton—1 — (T2n—2 — 2,)|*)

+%(chzn—2 — Top—1 + Top—2 — 962nH2 + ||z2n—2 — xon—1 — (T2n—2 — fczn)HQ)

b1l zan—2 — $2n—1”2 + Bal|zan—2 — x2n—1H2 + B3l|zan—1 — wanQ + Bal|z2n—2 — wanQ
B

+5 (l2n2 = 220-1 = (20 = 220-2) > + |20 — 2202%)

Bs
—I-?(H:Cznd — Zop_1 — (T2n — Ton_2)||2 + ||Z2n — zon_2|?)
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< Billron—2 — $2n—1||2 + Bol|Ton—2 — !E2n—1||2 + B3||ron—1 — $2n||2 + Bul|won—2 — $2n||2
B
25 (lr2n—2 — 31327171H2 + ||zon — $2n72”2 + ||z2n — $2n72’|2)
ﬁG 2 2 2
2 —(|wan—2 — zon—1]|* + l|x2n — T2n—2l|” + ||T2n — T2n—2]|")
Bs B Bs B
= (Bt B2+ 5+ w2 — 2o [P+ B+ 5+ ) lwzmos — 2
5 5
+(Bs + —5 + 6)H$2n 9 — Ton—1 — (T, — 1172n71)H2
Bs B Bs B
< (Bt Bat T Dllrzne = 2o P+ (B + T+ D) llwznos =z
Bs B
+(Bs + —5 + 6)(||$U2n72 — $2n71||2 + ||z2n — 132n71||2)

2
= (B + 52 + Ba+ Bs + Be)||von—2 — $2n71H2 + (B3

(3.4) +B4 + Bs + B6) | T2n—1 — Tan|)”
(3.4) imply that
(3.5) |Zan—1 — Tonl|* < 81]|T2n—2 — Ton_1]%,

B+ B2+ Ba+ Bs + Bs
1 —(Bs+ Ba+Bs5+ Bs)

Again, from (3.1), parallelogram law, Lemma 2.3 and the fact that (a,b)? < a® + b?, we obtain

0< 51 =
the following estimates:

HiUanz - $2n71H2
D3(Ty(z2n-3), Ta(22,—2)) < D*(T1(220-3), Ta2(T2,_2))
Brl|zon—3 — $2n—2||2 + 52P§($2n—3, Iy (z2,-3)) + 53P§($2n—2, [y(z2,-2))

48 P2(xop—0,T1(22n-3)) + P2(z95—3, ['2(x2n-2))
4
1+ P?(x9p—2,'1(22,-3)) P?(x2n—3, '2(22,—2))

IN

IN

Bs

+?{ (Pj (ZEQn_g, F1 (xQn—3)) +

P2(xn—0,T1(22n-3)) + P2(z25—3, [2(x2n—2))
1 + P2(x2n—2, I'1(22n—3)) P2(2n—3, 2 (T2n—2))

P2(x9,-3,'1(2n-3)) + P2 (xan—2,['1(x2n-3))
1+ P%(xon—3,I'1(xon—3)) P2(2n—2, 1 (22—3))

+ (Pz(l?n—% Lo(zg,-2)) +

+% { (Po% (Ign_g, 1_‘1 (xQn—?:))

n P§($2n73> [o(z-2)) + P§($2n—27 F1($2n73))P§($2n—2, y(29-2)) >

1+ P2(29n—3, o(2n—2)) P2 (o2, T'1(22n—3)) P2(22n—2, ['1 (22,—2))

+ <P§(x2n—37 Lo(29,-2))
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P§($2n—3, F1($2n—3)) + P§($2n—2, F2($2n—3))Pa2(fE2n—2, F2($2n—2))
1+ P2(29n—3,I'1(22n—3)) P2(x2n—2,T2(22n—3)) P2 (2n—2,T2(z25—2))

< Billwan—s — wan—2|® + Ballwan—s — wan—|® + B w22 — w201l
+54 [22n—2 = @2p—2* + |[x2n—3 — T2p—1 ]
L+ [|[won—2 — zan—2?|z2n-3 — T2n—1]]?
Bs o, lwon—2 — zon—al® + [[22n—3 — T2n_1
+— Top—3 — Top— +
2\ e e = ool — o P
[ 220—3 = 2202 |]” + 202 — T2n 2|’
+ |zan—2 — on_1]||* +
(” o = T ol anz = oo P
Bs 2 |Z2n—3 — Ton—1|> + |T2n—2 — Z2n—2|?[|T2n—2 — T2n—1|?
+—= L2 — L9 x +
3 | \72n-s = w4 e Plen s = an—2 Pl[wan—s — ona P
||-T2n—3 - x2n—2||2 + ||x2n—2 - $2n—2||2‘|x2"_2 — ‘T2”_1||2
+{ |z2n—3 — Ton_1]||* +
(H =8 = ani] L+ ||z2n—3 — Zon—2||?[|22n—2 — T2n—2|]?||T2n—2 — T2n—1]?
= /81“3;211—3 - xQn—QHQ + 52|‘$2n—3 - xQn—2H2 + ﬁ3||x2n—2 - x?’n—1||2 + 54”%'2”—3 — Ton-1 H2
B
ﬁd (2”x2n 3 — T2n— 2”2 + 2”51/'277, 3 — Ton— IH ) 26 (2||x2n73 - x2n72”2 + 2”1‘.2”*3 - x2”71”2)
= 51||1:2n—3 — @ana||* + Bal|w2n—3 = Tan—al|* + Ballw2n-2 = w2n1||* + Ballw2n-35 — w201 ||
+§5(szn73 — Top—2 + T2p-3 = Tan—1|]® + |T2n-3 — Tan—2 — (203 — 220-1) %)
+%(H$2n—3 — Ton—2 + Ton—3 — Ton—1 > + |Z2n—3 — Tan—2 — (T2n-3 — T2n—1)[%)
_ 51||$2n—3 _ $2n—2||2 + 62”37271—3 . x?n—?HQ + 63”33271_2 — x2n—1||2 + B4||l'2n—3 — x2n—lH2
+ 22 (2n 5 = 2an 2 — (@21 = 2an8)IP + 2201 — 220 3]%)
Be 2 2
+?(|\$2n_3 — Zop—2 — (T2n—1 — T2n-3)||" + [[z20—1 — T2n—3]")
< Billwan—s — zan—al® + Bollzan—s — Ton—2|® + Bsllwan—2 — an_1l* + Ballw2n—3 — Ton_1]*
B
+?5(Hx2n—3 — Ton ol + 201 — Ton—sl* + 2201 — 22n3]%)
Be 2 2 ?
5 (lean—s = @on-all* + llw2n1 = ans® + w2nr = z20s]?)
= Bt Bt D B sy~ amcal? (Bt 2+ B s — o
Bs B
+(Ba + —5 + 6)||£102n 3 — Ton—2 — (Tan—1 — Tan—2)||?
< Bt Bt P P anny — wnucall? 4 (B4 2t B s — ama?
B ﬁ
(B + 5 + ) (@20-5 = @202l + |an-1 = 2n—s)
2
36) = (B + 62 + Ba+ B5 + Bo)|[wan—3 — wan—al|* + (Bs + Bu + B + Bo) | 202 — wan—1*

(3.6) imply that
(3.7) |Zon—2 — Tan_1]]* < GallT2n_3 — Ton_2|?,

where

B+ B2+ Ba+ PBs + Bs

1 — (B34 Ba+ Bs + B6)

Continuing in this manner as in above, we obtain (using (3.1), parallelogram law, Lemma 2.3
and the fact that (a,b)? < a® + b?) that

0<dy=

(3.8) |1 — z2|* < 6pllzo — 217,
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where
0<d. — Br+ B2+ Ba+ Bs + Bs
" 1= (B3 + Ba+ Bs5+ Be)
Since 0y = 0y = 03 = - - - = Iy, by letting 6 = 1, we get (using (3.5)) that
(3.9) [ 2on—1 — Zon[|* < 6"||xg — 21|,

In view of the fact that § € (0,1), we can conclude that {z,} is a Cauchy sequence in H and
hence converges to a point (say z*) in H.
Also, since by Lemma 2.3

PZ(Ty (%), 9n))
D3 (T1(2%), Ta(220-1)) < D*((T1(2*), Ta(20-1))
Billz* = zon1|* + B2 P2(z*, T1(2%)) + B3 P2 (w201, Tazan_1))

5 P2(x2-1,T1(2%)) + P2(2*, To(220-1))
M\ T+ P2(wan1, Ta (@) P2 (2%, T (w20 1))

IN

IN

5 9 % . P2(x9,1,T1(2%)) + P2(2*, To(9,1))
_{ (Pa(x () + T+ Pg(xzn_hF1($*))P3<9U*7F2($2n—1))>

P (x*, Ty (2*)) 4+ Pi(won-1,T1(2%))
1+ PZ(x*, Ty (%)) P2(x9n-1, T'1(2*))

b

+ 2

+ (Pg(mn_h F2(I2n—1>) +
b

* 2

—6{ (Pﬁ(x*, Iy (27))

P2(a*, To(2*)) + P2(23,_1, Ty (2*)) P2 (2201, Ta(20-1)) )

1+ P2(z*, Ta(xon—1))P?(xon—1, 1 (%)) P?(x2n—1, 1 (22-1))

+ (Po%(x*7 FQ(*IQn—l)

1+ P2(x*, Ty (%)) P2 (2201, [2(2*)) P2 (20 -1, ['2(T2n-1))
Bal|z* — $2n—1||2 + 52}73(95*, Iy (2%)) + 53P§($2n—1, Tay))

1 3,) Pal@an1, Tn(@)) + P, 20)
! 1 + Po%(£2n—17 F(-’B*))PO%(:E*, ZEgn)

P2(a*, Ty (2%)) + P2(23,-1, T (2*)) P2 (2201, Da(w2,-1)) ) }

IN

P2 (19,1, T1(2%)) + P2 (2%, (22,)
1+ P2(z95-1, 'y (%)) P2(2*, x9p)

Pz, Ti(x¥)) + Pg(wan- 1,F1 )}
x*))P

2
o (Z2n—1, T2n) + 1+ P2(z*, Ty (2%)) P2(29—1,

P2<.Z' xZn) + P2<x2n 17 2(x2n717:[;2n>
1+ P2(z9n—2, $2n)Pa2(932n—1, Fl(x* VP2(22n-1, T2n)

P2(xz*, Ty (x%)) + P2 (221, T'1(2*)) P2 (Ton—1, T2n)
14 P2(x*, Ty (2%)) P2(xon—1, T1(2*)) P2 (w2n—1,T2n) | |
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it follows (from the continuity of P,) that

PY(Ti(a%),2") < (B2 + Ba+ 205 + Bo) Pa (2", Ta(a)).

as n — 00. Since By + B4 + 265 + B¢ < 1, it follows that P?(I';(2*),2*)) = 0. Thus, by Lemma
2.5, we have x* C I'yz*. Using the same argument as above, we get x* C I';z*. Consequently,
x* C I'ix* N Tyx*. This completes the proof of Theorem 3.1 O

Theorem 3.2. Let H be a Hilbert space and let ',y : H — W(H) a pair of fuzzy mappings
satisfying

P3(y,T P?(x,T
DTy, Tay) < qma:c{H:c—sz,Pf(LFl:rr),Pi(y,By),{ s 29))}7

1+ P2(y, 12) P2(x, Ty

1 P?(y,T P%(z.T
= PQZ(JJ, le) + a(ya 11.) + a(w7 Qy)
2 1+ Py, I'a) P (z, Tay)

+| P2(y,Ty2) +

Pz, ) + Pz, ay)
1+ Py, ) PRz, Tay) ) |

1 P2(y.T P2(x. Tou)P2(y. T
§{<P§(I7F1$)+ oy, L) + P, Tay) Py, Toy)

1+ P2(y, ') P2 (2, Tay) P2(y, T'1y)

P(w,Ty2) + P2(2, Tay) P2(y, Tay) ) }}

1
(3.10) * I P2, T1a) P2 (2, Ty P2y, Tay)

1
for all x;y € H and for all o € |0, 1], where q € (0, Z) Then, there exists a point x* € H such
that {x*} € Tya* N Tya™*.

Proof. Let xy € H and the sequence {x,} be as in Theorem 3.1. Then, using (3.1), Lemma 2.3
and the fact that (a — b)? < a® + b%, we estimate as follows:

||$2n—1 - I2nH2

D3 (T (#2n—2), Ta(220-1)) < D*(T1(220-2), D2 (w20-1))

IN

< qmaw{ |Zon—2 — Tan_1|1?, P2(Ton_2, T1(22n_2)), P2 (22,1, To(T2n_1)),

P§($2n71, I'1(22,-2)) + Po%(l“zn—% o(z,-1))
1+ P2(x9p-1, 1 (22,—2)) P?(x2n—2, 2 (22-1))

%{ (P(z(l?n—Qa [y (29n-2)) +

Pa2(x2n717 It (zon—2)) + P,f(:v%z, Iy (z2n-1))
1+ P%(xon—1,T1(xon—2)) P2(22—2, 2 (22-1))
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P2($2n—2 [y (z2,-2)) + P2($2n—1 [y (z9-2))
+ Po24 Lop— ,F Top— + “ ’ = : ’
( ( =t 2( ? 1)) 1+ Pg(IQn—% Fl(£2n—2))P§($2n—1, Fl(l‘m—z))

%{ (Po%(xgnz, Fl(x2n72))

P2(z9p—2,Ta(xan-1)) + P2(@2n-1, 1 (22n-2)) P2 (2251, T2 (220-1))
14 P2(zon—2, o (x2n-1)) P?(xon—1, 1 (22n—2)) P?(2n—1, 1 (22,-1))

+ <P§($2n2, Iy(z2n-1))

P2(z9p—2,1(xan—2)) + P2(xn-1, Da(z2n—2)) P2 (2251, Ta(220-1))
14 P2(zon—2, 1 (z2n—2)) P?(xon—1, Ta(@on—2)) P?(2n—1, 2 (72,-1))

IA

qmam{ H$2n—2 - 1‘2n—1H2; ||I2n—2 - $2n—1||27 |’$2n—1 - I2n||27

{ |Ton—1 — !E2n—1||2 + ||z2n—2 — $2n||2 }
)

1+ [|z2n—1 — Ton—1]]?||T2n—2 — T2 |?

1{ <||x2 2 — Top-a® + w2n—1 = ona[I* + €202 — won* >
n— n—

2 L+ [[v2n-1 — Ton—1[]?]|T2n—2 — T2p1][?

—+ Loy_1 — L 2+
(H o ol 1+ [|z2n—2 — T2n—1*[#2n-1 — T2n-1]

— 2 _ 2 o 2
{(Hx%_rm_l”% Nz = 220l + llzanms = Tanca |2y — 2o )

|zon—o — $2n—1||2 + ||zon—1 — $2n—1||2 ) }
b

N —

1+ [|z2n—2 — Ton||?||x2n-1 — Ton—1||?*||T2n—1 — T2n]?

| zon—2 — $2n—1||2 + ||zon—1 — -’Ezn—1||2||2n -1~ $2n||2
+ | llxop_o — @ 2 +
(” n=2 onl 1+ [|z2n—2 — Ton—1|]?|T2n—1 — Ton—1|]?||T2n—1 — T2n|?
= qmax{ ||$2n—2 - 932n—1||2; ||$2n—1 - $2n||2, ||$2n—2 - $2n||27
1 2 2
5(2“%271—2 — ZTon—1]]” + 2[| 202 — 20 ||7)

= qmax{ ||$2n—2 - $2n—1||2; ||$2n—1 - $2n||2, ||$2n—2 - l"2n||27

1
5(2||$2n—2 — $2n—1||2 + 2||z2n—2 — Ton—1 — (T2n — $2n—1)||2)}

IN

qmal’{ ||$2n—2 - $2n—1||2, ||$2n—1 - $2n||2, ||$2n—2 - $2n||2, 2||$2n—2 - -T2n—1||2

+||I2n —$2n—1||2)}

(3.11) = q(2l|z2n—2 — T2a—1]* + |T2n — T20-1]%))
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(3.11) implies

(3.12)

Z2n—1 — Zon||* < M1llT2n—2 — Ton_1 %

2q

where 0 < 7y = —— < 1.

l—g¢q

Using (3.1), Lemma 2.3 and the fact that (a,b)* < a® + b?, we get the following estimate for

||I2n—2 - $2n—1||21

IN

IN

<

H$2n72 - $2n71|’2

D3 (D1 (22n-3), Da(22n—2)) < D*(T1(22n-3), Da(22n—2))

qmax{ ||$2n—3 - $2n—2H2, Pf(xzn—?n F1(I2n—3))7 Po%(xm—z, F2(x2n—2>>7

Pa2($2n—2, Iy (z9,-3)) + P§($2n—37 Iy(z2n-2))
1+ P2(29—2, I'1(22n—3)) P?(T2n—3, ['2(22,—2))

%{ (Po%(l‘gn_?), Fl(IQn—i’))) +

1+ P2(z95—2,I'1(on—3)) P2(x2n—3, ['o(22—2

P2(w9n-3, T1(22n-3)) + P2(2n—2, T1(2203)) ) }

P2 (1902, 1 (v20-3)) + P2(w2n-3, [a(2202)) )
)

Y

+ szn_,F Topn—2)) +
( (202, Talzn-2)) 1+ P2(29n—3, 1 (22,—3)) P?(x2n—2, ['1(22,—3))

%{ (Po%(l‘gn_?,, Fl(l‘2n—3))

P§($2n—37 F2(I2n—2)) + P§($2n—2a F1($2n—3))Pa2(fE2n—2, F2($2n—2)) )

1+ P§(£U2n—3, F2($2n—2))P§($2n—2, Fl(ﬂfzn—s))PO%(@n—z, F1($2n—2))

+ (PQZ (xQn—37 F2 ('172”_2))

P§($2n737 I'1(22,-3)) + P§($2n—2, F2($2n73))Pa2(5172n—2, Ly(z2,-2))
1+ P§($2n—3> F1($2n—3))P§($2n—2, F2($2n—3))P§($2n—2, F2(932n—2))

qmax{ ||902n—3 - $2n—2||2, ||5E2n—3 - 902n—2||2 + 53||$2n—2 - IQn—1||27

{ | Z2n—2 — -/1:27172“2 + ||z2n—3 — $2n71H2 }
b

1+ ||zon—2 — Ton—2||?||T2n—3 — Ton_1]|?

1{ (||$2 3 — Ton_ao|* + |22 — Tono|® + |20 -3 — Zon1|]? )
n— n—

2 1+ ||zan—2 — Tan—2||?||T2n—3 — T2n-1]?

|zan—3 — $2n72|’2 + ||z2n—2 — 3:27172H2 ) }
b

1+ [|zon—3 — Ton—2|]?||T2n—2 — Tan—2||?

+ <||$2n—2 — $2n—1||2 +

{ (||$2n—3 - 962n—2||2£f

N —
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" | zan—3 — fzn—1||2 + || z2n—2 — Izn—2||2||$2n—2 — $2n—1||2 )

1+ [|z2n—3 — Ton—1]]?||T2n—2 — Tan—2||?||T2n—2 — T2n—1))
+ (szns — 132n71||2

|zon—3 — I2n—2||2 + ||z2n—2 — $2n—2||2||$2n—2 — $2n—1||2 > }}

+
1+ [|zon—3 — Ton—2||?||T2n—2 — Tan—2||?||T2n—2 — T2n—1||?

= qmax{ Hx2n73 - $2n72H2; ||$2n72 - £U2n71||2, H$2n73 - Ianlea

1
5(2H$2n73 — I2n72||2 + 2||z2n—3 — Ton—2 — (Tan—1 — $2n2)||2)}

< qmam{ |Zan—3 — Tan—2|?, | Tan—2 — Tan_1l|?, | T2an—3 — T2n_1|?,
(2||wan—3 — $2n—2||2 + [|ron—1 — Izn—2||2)}
(3.13) = 2¢||xon_3 — 1’2n72H2 + q||lwan—1 — 5U2n72H2
(3.13) implies
(3.14) |Zan—2 — Tan_1]|* < YollT2n_3 — Ton_2l?,

2
Where0<72:—q<1.
l—gq

By continuing in this process, using the same argument as in the above, we will get

(3.15) [@2n—1 = Z2nl* < 1172+ - yllzo — 21|12
Since 71 =72 =93 = -+ = Yp,n € N, it follows from (3.15) (with v; = =) that
(3.16) [ 22n—1 — 2n|* < 7"[lz0 — 21|

Using the fact that v € (0, 1), we can conclude (from (3.16)) that {z,} is a Cauchy sequence

in H and hence converges to a point (say z*) in H.
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Now, since by Lemma 2.3

P2(Dy(2%), xn))
I‘1(I* )s To(z2n-1)) < Dz((rl(w*%n(x%—l))

IA

IA

qmax{“x — Ton— 1” PQ(-’E F( ))7Pa2<x2nflar2x2nfl))a

P2 (2901, T1(2%)) + P2(2*, Ta(w201))
1+ P%(zg9,—1, [y (2%)) P2(2*, Ty (22,-1))
)

1 9 4 . P?(23,-1, T (2*)) + P2(2*, Ta(29,-1))
§{<Pa(x ,Dy(x%)) + ))>

14 P%(zon—1, 1 (%)) P2(2*, s (2201

+ (Pozz(xan, F2($2n71>) + La (I*’ Pl(x*)) + Py (752n—1, Fl(x* ;)) },

1 + Pa2<x*7 Fl(x*»Po%(Ianl; Fl(x*
1 2/, K *
S ACRNES)

P2(2*, Dy(a*)) + P2(w301, T (%)) P23 1, Ta(3n-1)) )

14 P2(z*, Ta(won—1))P? (a1, 1 (%)) P2(z2n-1, 1 (z20-1))

+ (Paz (l'*, Fg(l'gn,l)

P2(x*, Ty (2%)) + P2 (xan—1, To(2*)) P2 (2201, Ta(w20 1))
1+ P2(z*, ['1(2%)) P3(w2n-1, Da(2*)) P2 (w201, T2 (220-1))

IN

qmax{ & — 2o |2, P2(@*, Ty (2)), P2(@2n 1, 20)),

Paz(l'gn_l, Fl(x*)) + Pg(ﬂf*, Ign)
1 + Pg(l’gn_l, F(I*))PO%(.%*, LL’Qn) ’

%{ (Pf(fc*, Ty(z*)) + Pa(@an—1, T (@) + By, ($2n)>

1 + Po%(l‘gn_l, F1($*))Pa2($*, Ign)

P2 *F * P2 B F N
+<Pa2(x2n17x2n>+ a([[‘, l(x ))+ a(IQn 1, 1(1'3))

1+ P2(x*, Ty (%)) P2(x9—1, 1 (x¥)) }’
(i B e )

N

1 + Pg(xgn_z,xgn) (Ign 1, F1<I*))P2((L’2n 1;x2n)
+<p3<x*,x2n>+ P2(a*, Ty(a%)) + P2(w3-1, D1 (a*) P2(@on-1, 220) )}}

1 + Po%(x*’ Fl(x*))Po%(Q:Qn—h F ( ))P (xQn—la C(/’277,)
it follows (from the continuity of P,) that

Pi(Ty(a"), %)) < 2qPy(a”, T1(2")).
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1
as n — o00. Since ¢ € (O’Z)’ it follows that P2?(T'y(2*),2*)) = 0. Thus, by Lemma 2.5,
we have x* C I'yz*. Using the same argument as above, we get x* C I';z*. Consequently,
x* C I'ix* N T'yx*. The proof of Theorem 3.2 is completed.
O

Conclusion
An affirmative answer has been provided for Question 1.1. The results obtained in this paper
improve and generalise the corresponding results in [10], [9] and several others currently an-

nounced in literature.
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