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1. Introduction and preliminaries

Perov [1] introduced the notion of vector-valued metric spaces by replacing real
numbers with R” and proved some fixed point theorems for contractive mappings between
these spaces. After the paper [1], series of articles about vector-valued metric spaces started
to appear, see e.g., [2-6].

The concept of fuzzy sets was initially investigated by an Iranian mathematician
Lofti Zadeh [7] as a new way to represent vagueness in every life. Subsequently, it was
developed extensively by many authors and used in various applications in diverse areas
and references cited therein. To use this concept in topology, Kramosil and Michélek in [8]
introduced the class of fuzzy metric spaces. Later on, George and Veeramani in [9] gave
a stronger form of metric fuzziness. This notion has an evident appeal due to its close
relationship with probabilistic metric spaces. In particular, they observed that the class
of fuzzy metric spaces in their sense, is “equivalent” to the class of Menger spaces with a
continuous t-norm.

In this paper, we introduce the notion of Perov fuzzy metric space that generalize the
corresponding notions of fuzzy metric space due to Kramosil and Michdlek. Additionally,
we give the topology induced by this space. Finally we give a Banach contraction theorem.
With the help of these results one can derive some results of multidimensional common
fixed point as a coupled/tripled common fixed point results for Perov fuzzy metric spaces
and Kramosil and Michélek’ ones.

One of the main ingredients of a fuzzy metric space is the notion of triangular norm. In
this connection let us denote I = [0, 1] and let X be a nonempty set.

Definition 1 (Schweizer and Sklar [10]). A triangular norm (also called a t-norm) is a map
% : 12 — 1 that is associative, commutative, nondecreasing in both arquments and has 1 as
identity. A t-norm is continuous if it is continuous in 12 gs mapping. If aq,az, ... ,ay, €1, then

m
X ;= 01 %) % ... % Ap.
i=1

For each a € 1, the sequence {x™a}%_, is defined inductively by *'a = a and «"+1a =
(+™a) * a forallm > 1.
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It is usual to consider continuous t-norms, mainly because fuzzy metric spaces involve
a continuous t-norm. However, there is a wide range of non-continuous t-norms (see [10]).

Remark 1. If m,n € N, then ™ (x"a) = x™*t"q forall a € L.

Definition 2 (HadZi¢ and Pap [11]). A t-norm x is said to be of H-type if the sequence {+™a}5_,
is equicontinuos at a =1, i.e., forall e € (0,1), there exists € (0,1) such that ifa € (1 —1,1],
then «™a > 1 —¢forallm € N.

The most important and well known continuous t-norm of H-type is * = min. Other
examples can be found in [11,12].

There exist different notions of fuzzy metric space (see [13]). For our purposes, we will
use the following one.

Definition 3 (Kramosil and Michélek [8], Grabiec [14]). A triple (X, M, %) is called a fuzzy
metric space (briefly, a FMS) if X is an arbitrary non-empty set, * is a continuous t-norm and
M : X x X x[0,00) — Lis a fuzzy set satisfying the following conditions, for each x,y,z € X,
and t,s > 0:

(KM-1) M(x,y,0) =

(KM-2) M(x,y,t) = 1forall t > 01if, and only if, x = y;
(KM-3) M(x,y,t) = M(y, x,t);

(KM-4) M(x,y,-) : [0,00) — Lis left-continuous;
(KM-5) M(x,y,t)*M(y,z,5) < M(x,z,t+s).

In this case, we also say that (X, M) is a FMS under x.
Let denote R’} = [0, +-00)". Recall the concept of generalized metric in Perov’s sense:

Definition 4. By a vector-valued metric on X we mean a mapping d : X x X — R such that

(z)duv;> 0 forallu,v € X and if d(u ) Othenu:z};
(zz)duv;—dvu;foralluveX

(iii) d(u, v) < d(u,w) + d(w, v) for all u,0,w € X.

Here, if 7 7 € R", Y = (x1,%2,.--,%n), 7 = (y1,Y2,---,Yn), by Y < 7 we mean
x; < yl fori =1,2,...,n. In this sense, X > ? means x; > 0fori =1,2,...,n. (Similarly,
¥ > 0 means x; >0fori=1,2,...,n). We call the pair (X, d) a Perov metric space. For
such a space convergence and completeness are similar to those in usual metric spaces.

Throughout this paper we denote by M, (R4 ) the set of all n x n matrices with
nonnegative elements, by © the zero n x n matrix and by I the identity # x n matrix.

Definition 5. A square matrix K with nonnegative elements is said to be convergent to zero if
KPF =0 as p— co.

The property of being convergent to zero is equivalent to each of the following
conditions from the characterisation lemma below (see [15,16]):

Lemma 1. Let K be a square matrix of nonnegative numbers. The following statements are
equivalent:
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(i) K is a matrix convergent to zero;

(ii) I — K is nonsingular and (I —K) ' = [+ K+ K> +...;

(ii1) the eigenvalues of K are located inside the unit disc of the complex plane;
(iv) I — K is nonsingular and (I — K)~! has nonnegative elements.

Please note that according to the equivalence of the statements (i) and (iv), a matrix K
is convergent to zero if and only if the matrix I — K is inverse-positive.
The following lemma is a consequence of the previous characterisations.

Lemma 2. Let K be a matrix that is convergent to zero. Then for each matrix P of the same order
whose elements are nonnegative and sufficiently small, the matrix K + P is also convergent to zero.

The matrices convergent to zero were used by A. L. Perov to generalize the contraction
principle in the case of metric spaces with a vector-valued distance.

Definition 6. Let (X, d) be a Perov metric space. An operator f : X — X is said to be contractive
(with respect to the vector-valued metric d on X) if there exists a convergent to zero (Lipschitz)
matrix K such that

d(fu,fvj < Kd(u,0) forallu,v € X.

Theorem 1. Refs. [1,4] Let (X, d) be a complete Perov metric space and f : X — X a contractive
operator with Lipschitz matrix K. Then f has a unique fixed point u* and for each uy € X we have

d(fr’uo,u*§ < KP(I— K)—ld(uo,fuJ forall k € N.

2. Perov Fuzzy Metric Space

We will introduce now the concept of Perov fuzzy metric space and the topology
induced by this space. Then we give some properties.

Definition 7. We will call the triple (X, M, %) Perov fuzzy metric space (briefly, a PEMS) if X
is an arbitrary non-empty set,  is a continuous t-norm and M is a fuzzy set on X x X x R}

satisfying the following conditions, for each x,y,z € X, and t,s > 0, where t, GE R%,

(GM-1) M(x,y, 0) = 0;

(GM-2) M(x,y, ?) =1 for all T>0 if, and only if, x = y;
(GM-3) M(x,y, T) = M(y,x, T);

(GM-4) M(x,y,-) : Rt — Lis continuous;

(GM-5) M(x,y, ?) * M(y, z, ) < M(x,z, m)

In this case, we also say that (X, M) is a PEMS under .

We will restrict to the case that _ym3 M(x,y, ?) = 1for all x,y € X, where < =
-

(00,00,...,00).

Example 1. Let X =R, a*b = aband M : R? x R". — [ defined by

if x # yand 7> ﬁ; M(x,y,?) = 0 and finally M(x, x, _t>) = 1. Then (X, M, *) is a PFMS.
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Example 2. Let X =N={1,2,...},a*b=aband M : N> x R" — I defined by
= [ x/y ifx<y
My, t)_{ y/x ifx>y
Then (X, M, *) is a PFMS.

Lemma 3. If (X, M) is a PFMS under some t-norm and x,y € X, then M(x,y,-) is a non-
decreasing function on R’}

Proof. Assume that M(x, y,?) > M(x,y, s ) for 5 > 7 > 0. Then by (GM-2) and
(GM-5),

M(x,y, T)#1=M(xy, £)*M(y,y,s— ) < M(x,y,3) < M(x,y, £).
This is a contradiction. O
To construct a suitable topology on a PFMS (X, M, ), we consider the natural balls:

Definition 8. Let (X, M, *) be a PFMS. For T eR , 7> 0 the open ball B(x, 1, 7 ) with

t
center x € X, radius T and fuzziness parameter r € (0,1) is defined by
B(x,r, T)={yeX:Mx,y, T)>1—r}

As with the proof of Results 3.2, 3.3 and Theorem 3.11 of [9], one can show the
following results.

Theorem 2. Let (X, M, %) be a PEMS. Define
T={ACX:x¢€ Aiffthereexistr € (O,l),?> eR", T >0, st B(x,r,_t)) C A}
Then T is a topology on X.

In this topology, we may consider the following notions.

e A sequence {Xy}m>0 C X is Cauchy if for any ¢ > 0 and TeRrR,T > 6>, there
exists my € N such that M(x, Xn+p, ?) >1—¢forallm > myandall p > 1.

e A sequence {xu}m>0 C X is convergent (or M-convergent) to x € X, denoted by
limy; oo Xy = x or {x; } M, x, if for any € > 0 and _if> € R%, ? > ﬁ, there exists
mgy € Nsuch that M(xy,x, t) > 1—¢, forall m > my.

e A PEMS in which every Cauchy sequence is convergent is called complete.

The limit of a convergent sequence in a PFMS is unique.
Given any t-norm %, it is easy to prove that « < min. Therefore, if (X, M) is a PEMS
under min, then (X, M) is a PEMS under any (continuous or not) t-norm.

Proposition 1. Let (X, M, *) be a PEMS. Then M is a continuous function on X x X x R}

_>
Proof. Let x,y € X and _t) € R%, ? > 0 and let {(xm,ym,a)} be a sequence in
X x X x R’ that cgr)werges to (x,y, _t>) Since { M (Xm, Ym, m)} is a sequence in (0, 1] and
hence { M (X, Ym, tm )} converges to some point of [0, 1] up to a subsequence.
Consider a subsequence (X, Yy, tm, ) Of (X, Ym, tm) such that

lim M (X, Yimy, tmk) = liminf M (X, Ym, tm)

k—o0 m—00
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(that always exists by definition of limit inferior).
s = = — — )
Fix 6 € R%, 6 > 0 suchthat2| | < || t|. Then thereis my € N such that
_>
Hﬂ—k} - ?H < || 6 || for all my > my. Hence,

— — — —
M (X, Yy tm ) = M (X, x,6/2) % M(x,y,t —20) % M(Y, Ym,,0/2)

and
—

— — —
M(x,y,t+06) > M(x, Xmy, 0/2) % M(Xnip, Yuyr tmy ) * MY, Yy, 6/2),

for all my > my. By taking limits when k — oo, we obtain

m—o0

" ——
liminfM(xm,ym,E;) = liinM(xmk,ymk,E:k) > 1« M(x,y,t —20) 1= M(x,y,t —20).

Now, consider another subsequence (X, , Yy, ) Of (X, Y, tm ), this time such that

. — . —
m M (X, , Yy, by ) = limsup M(Xm, Y, tn ).
k—o0 m—00

Then

— . — . _
M(x,y,t+0) > 1% hinM(xmk,ymk,tmk) x1 = hlrgn M(Xmy, Yy, tmy,)-

Sending ? — 0 one concludes the proof. [
Now we are going to introduce fuzzy balls:
Definition 9. Let (X, M, x) be a PFMS. The fuzzy open ball B(x, T

) : X — Lwith center x € X
and radius T € R is a fuzzy set defined by

B(x, ¥)(y) =1—M(x,y, F).
Proposition 2.
o B(x £)(y) =By ))

e DB(x, t) =B(x,1- r,_t>),for every r € (0,1), where

Arv={yeX:Ay) >r}, Aly) =1-A(y),

for every fuzzy set A : X — L.
e Fuzzy open balls reduce in the crisp case to open balls.

To begin with, we consider the standard intersection N;cyA; of fuzzy sets A;on X, i €
N with N a finite set. It is defined by the membership function (N;enyA;)(x) = mi]{[l Ai(x),
1S

xeX,
The operations of fuzzy sets A; and Aj; are listed as follows:

(A1 N Ay)(x) :=min{A;(x), Az(x)},
(A1 U Az)(x) := max{A;(x), Az(x)}
Proposition 3. Let {ty } ey, {Sm tmez, t,5 € R, s.t
supty =t, infs,; =s>0

o B(xt) = Uncy B(x, tn)
o B(x,s) C NyuezB(x,sm) and equality holds when Z is finite.
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3. Main Results

We start this section with an auxiliary result

Lemma 4. Let (X, M, *) be a PFMS such that x is a t-norm of H-type, let K € Mnn(R+)
K — ©, and {x }m>0 be a sequence of X such that for all m > 1 and all Ter, T > O

— —
M(xm/ xm—i—l/K t ) Z M(xm—llxm/ t ) (1)

Then {xm }m>o is a Cauchy sequence.

Proof. Forallm,p > Oandall ¥ € R", ¥ > 0, define

- -

Since * is non-decreasing on each argument and each M(x,y, -) is non-decreasing,

whatever x,y € X, then every B, , is a non-decreasing function on R’} . Repeating (1), for
_>
allm,p>1landall ¥ €R:, ¥ > 0

— s
M(xm-l—p/ xm+p+1er+p t ) > M(xmjtpfl/xm—&-pr KMl ) > ..

. > M(xm,me,Kp?)
—
> .2 M(XO/xl/ t)r

which means that

— 17
:3m+p,1(Km+p t ) > ﬁerpfl,l (Kerp ! t ) > ..

2B (KME) 2 oa (F). @

For a fixed t we can assume that (I — K) t admits positive componets. In other case,

there exists a power K” such that (I — KP) t admits positive componets and then arguing
with that power in place of just K.

Since K is a matrix convergent to zero, I — K is non-singular and

T,
q=0

then, for all _i,‘> € R%, _i,‘> > ﬁ andallp > 1,

—(I-K) Y I-K)T = (i K‘7> (I-K)7F > (I+1<+....+1<P*1)(1—1<)_t>
q=0

Hence

— —
Buup(F) = M, Xmsp, £) > M(xm,xmﬂ,, (1+1<+....+1<P 1)(1 K) )
— _ —
> M(xm, X, (I=K) £) 5o M(Xppot, Xmip, K HI = K) )
p—1

— p—1
rf M (Xppr, Xmir+1, K'(I = K) ) = * ,Berrl(K (I-K)t )

Applying (1)

%
M (xppr, Xmtr+1, K (I = K) )

Y

M (Xmsr—1, Xomar, KT~ (1 KT)> ...

V

> M(xm, %ns1, (I K)E) = Bt (1= K) F)
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forallr € {0,1,...,p —1} and all Ter, T > 0. Joining the previous inequalities

%

P).

Bup(T) 2 " M1, (1=K T) 2 o (B (1= K)T)) = #Pa (1= K)

r=

Therefore, by (2),

B p(K™(I—K)" 1 F

— —
)= A Bua (K" ) > +7Boa (F).
Fix t > 0 and e > 0. Since * is of H-type, there exists § > 0 such that for all
s € (1-0,1], one has #™s > 1 —eforallm € N. Since sup_ ,50,1(?) = 1, there exists

t_o> > 6> such that ﬁO,l(t—O>) > 1—4. Thus % B 1 (?) >1—¢forall p € N. Since Kis a

matrix convergent to zero, there exists T > to, 5 c [0,00)", such that th K"s = 0.
m 00

Thus, there exists 1y € N such that K"(I — K)§" < T forallm > mg. Then we have
— 1 —
Buup(F) = Bup(K™(I=K) 1) > B0 (F) > 1-¢,
for all m > my.
Hence we can conclude that
Tlim Buy(T) =1 forall ¥ €R%, T >0 andallp>1.

We are going to prove that {x,, } is Cauchy. Indeed, lete > 0and t > 0 arbitrary.
Since * is of H-type, there exists # € (0,1) such thatifa € (1 —#,1], then *™a > 1 — ¢ for
all m € N. Since limy; 00 B1((I —K) t) = 1, there exists my € N such that if m > my,
then B, 1((I — K)?) > 1 — 5. Therefore, if m > mg and p > 1

Bua(I-K)F)>1—5 = #ui(I-K)F)>1-e

It follows that
— — —
M(Xm, Xmip, £) 2 Bup( 1) Z 5P B ((I—K) t) >1—e
for all m > mg and all p € N. This means that the sequence {x,, } is Cauchy.
O

To avoid the commutativity condition between f and g, we introduce the concept of
compatible mappings in PFMS

Definition 10. Let (X, M, *) be a PEMS. Two mappings f : X — X and g : X — X are said to be
compatible if, for any sequence { Xy, } >0 such that there exists limy, oo fXp = liMy—sc0 §Xm € X,
we have that _ _ NN
lim M(gfxm, fgxm, t ) =1 forall + €eRY, t > 0.
m—o0
Obviously, if f and g are commuting, then they are compatible, but the converse does

not hold. We state and prove some fixed point results for compatible mappings.

Theorem 3. Let (X, M, x) be a complete PFMS such that  is a t-norm of H-type. Let f : X — X
and g : X — X be two mappings such that f(X) C g(X) and g is continuous and compatible with
f. Assume that there exists a matrix K € My ,(Ry), K — ©, such that

M(fx, fy,K¥) > M(gx,gy, T ) @)
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for all T eR? , T >0 andall x,y € X. Then f and g have a coincidence fixed point (that is,
there is a unique z € X such that fz = gz).

Proof Let xg € X. There exists a sequence {x, } >0 such that gx,,1 = fx,, for all m. For
all t € Rt and all m,
— — —
M(8Xpm+1,8%m+2, K t) = M(fxm, fxmi1, K t) > M(gxm, §Xmy1, t)-

Lemma 4 guarantees that {gx, } >0 is a Cauchy sequence. Since (X, M, *) is complete,
there exists x € X such that x = lim;;—c0 $Xm = liMyy 00 fX1-
As g is continuous,

lim gfx, = hm 1 88%mi1 = §X. 4)

m—00

Since f and g are compatible, we have that

. — . —
lim M(ggXm+1, f§%m, t) = n%lgrclx} M(gfxm, fgxm, t)=1. (5)

m—o0

Hence,

M(fx,gx,t) > M(fx,ggxm,K?) *« M(ggxm, gx, (I — K)?)

Taking m — oo on the both side of the above inequality and using Proposition 1,

M(fx,gx, t ) > hm M(fx,ggxm, K t *M(ggxm,gx,(I—K)?)

= M(fx, hm 1 f&xm, K *M(%i_r}r;oggxm,gx,(I—K)?)

)
)

> hm M(fx,fgxm, ?) * M(gx, gx, (I — K)?)
> lim M(fx, fgxm, K _t>)

7
m—roo

%
T>0

_>
for all ? € R, t > 0. From the above, using (3), for all ? e R%, ? > 0, wehave

M(fx,gx, ?) > liin M(fx,fgxm,K_t)) > lign M(gx, §9%m, _t>) > M(gx, gx, ?) =1.
m—00 m—o0
Therefore, gx = fx, i.e., f and g have a coincidence point. [

Corollary 1. Under the hypothesis of Theorem 3, if x is a coincidence fixed point of f and g, then
z = gx is also a coincidence point of f and g.

Proof. Call {u,,} = {gxm} and z = fx = gx. First { fuy}m = {fgxm}m — fx = zby (5)
and g is continuous

lim gfuy, = 11m 1 88Umt1 = §Z

m—o0

Since, {gum tm = {g¢Xm}m — ¢x = z and f and g are compatible
. — . —
lim M(ggum, fQum, t ) = nllgréoM(gfum,fgum, ) =1

m—o0

Then,

— — —
M(fz,gz, t') > M(fz,gqum, K ') * M(ggum, gz, (I — K) ).

Taking m — oo on the both side of the above inequality and using Proposition 1,
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M(fz,82, 1) > Jim M(fz, ggum, K 1) % M(ggun, gz, (1 - K)F)

= M(fz, lim fgum, ) * M( hrrgoggum,gz, (I— K)?)
1)
)

> lim M(fz, fgum, K *M(gz,gz,(I—K)_t))

m—00

> lim M(fz, fgin, K

7

for all _t> e R", _t> > 6> From the above, using (3), for all _t> e R", _t> > ﬁ, we have

M(fz,gz,?) > r%i_rgoM(fz,fgum,K t) > hm M(gz QQUm, t ) > M(gz, gz, 7 ) =1
Therefore, gz = fz,i.e., fx = gx = z is also a coincidence point of f and g. O

Theorem 4. Under the hypotheses of Theorem 3, f and g have a unique common fixed point (that
is, there is a unique z € X such that fz = gz = z). In fact, if x € X is any coincidence point of f
and g, then z = fx = gx is their only common fixed point.

Proof. Step 1. Existence. Let x be a coincidence point of f and g and _z> = gx is another one.

Next, we claim that gz = z. Indeed, fix ¢ > 0 and T e R , >0 arbitrary. We know
%

thatlim—_, 5 M(z,8z, s ¥) = lim—_ & M(gx, gz, s ) = 1, s0 there exists t_()) > 0 such that

M(z, gz, t_0>) >1—7.
We notice that

M(gz,z,K_t)) = M(fz,fx,K?) > M(gz,gx,?) = M(gz,z, ?)
Repeating this argument, it can be possible to prove, by induction, that
M(gz,z,Km?) > M(gz,z, ?) forallm € N. (6)

As K — ©, then {K" T } — 0. Additionally, as > 0 there is my € N such that
K™o to < ? It follows from (6) and Lemma 3 that

M(gz,z,_t>) > M(gz,z,K’”Ot—())) > M(gz,z,t_(;) >1—e

Takmg into account thateand f > 0 are arbitrary, we deduce that M(gz, z, e ) =1

—
forall ¥ € R , T > 0,ie. gz = z. This proves that fz = gz = z, so z is a common fixed
point of f and g.
Step 2. Uniqueness. To prove the uniqueness, let y € X be another common fixed

point of f and g, ie, fy =gy =y. Fixe > 0 and T >0 arbltrary We know that

lim—»_ 5 M(z,y, s $) = 1, so there exists t_0> > 0 such that M(z,y, to) >1-—1n. We
notice that

— — — —
M(z,y,Kto) = M(fz fy,Kto) > M(gz,8y, to) = M(z,y, to)-
Repeating this argument, it can also be possible to prove, by induction, that
M(z,y,Kmt_(;) > M(z,y,t_0>) forall m € N.

As K — ©, then {K" to} — 0. Additionally, as > 0 there is my € N such that
K™o to < ? It follows that

M(z,y,?) > M(z,y,KmOt_(;) > M(z,y,t_(;) >1—e.



Mathematics 2021, 9, 1290

10 of 14

Takmg 1nto account thate > Oand T > 0 are arbitrary, we deduce that M(z,y, t )
1forall ¥ > 0 i.e., z = y. This proves that f and g have a unique common fixed point. [J

The following corollary is a fixed point result, particularizing Theorem 3 to the case in
which g is the identity mapping on X.

Corollary 2. Let (X, M, *) be a complete PEMS such that  is a t-norm of H-type. Let f : X — X
be a mapping such that there exists a matrix K € M, ,(Ry), K — ©, with

— —
M(fx, fy, K t) = M(x,y, t) )
for all T eRr” , 7> 0 and all x,y € X. Then f has a unique fixed point.

4. The Case of Product of Perov Fuzzy Metric Spaces

One of the newest branches of fixed point theory is devoted to the study of coupled
fixed points, introduced by Guo and Lakshmikantham [17] in 1987. Thereafter, their results
were extended and generalized by several authors in the last few years; see [12,18] and the
references cited therein. Recently, Roldén et al. [18] introduced the notion of coincidence
point between mappings in any number of variables, and several special extended to
multidimensional case appeared in the literature; see, for example [19-23], respectively.
Many of the presented high-dimensional results become simple consequences of their
corresponding unidimensional versions (see [24]).

The following results are given to show how coupled/tripled notions and the compat-
ibility can be reduced to the unidimensional case using the following mappings. Given
N € {23}and F: XN — Xand g : X — X, let denote by TN,GN : XN — XN the

mappings

{sz, T (x,y) = (F(x,y), F(y, x)), ®)

N =3, TE(x v,z) = (F(x,v,2), F(v, x,y), F(z,y,x)),

{ N=2, G*xy)=I(g%gy) )
N=3 G¥xy2) = (378182,

For instance, the following lemma guarantees that multidimensional notions of com-
mon/fixed /coincidence points can be interpreted in terms of T}V and GV,

Lemma 5. Given N € {2,3}, F: XN — Xand g : X — X, apoint (x1,%,...,xn) € XN is

1. acoupled/tripled fixed point of F if, and only if, it is a fixed point of TY;

2. acoupled/tripled coincidence point of F and g if, and only if, it is a coincidence point of T
and GN;

3. acoupled/tripled common fixed point of F and g if, and only if, it is a common fixed point of
TN and GN.

Definition 11. Let (X, M, %) be a PFMS. Two mappings F : X" — X and ¢ : X — X are said to
be ®-compatible if, for all sequences {x}, }m>0,{x2 }m>0,- - - A% Y ms0 C X such that

3 lim F(xl,x2,...,x%)

m—o0

— i ;
= rrllllgo 8xy, € X foralli,
we have that
1 .2 n 1 2 n ?
M(gF (X3, X+« Xi), F(€% 0, 8% -+, 8%0), £) =1

m—r00

forall ¥ > 0, t € R and all .
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Lemma 6. Given N € {2,3}, two mappings F : XN — X and g : X — X are compatible if, and
only if, TN and GN are compatible.

Next, we show how to use Theorem 3 in order to deduce coupled and tripled common
fixed point results. We only have to particularize our main result to the case XV, where
N € {2,3}. We can deduce a multidimensional result similarly.

Corollary 3. Let (X, M, ) be a complete PFMS such that  is a t-norm of H-type. Let F : X> — X
and g : X — X be compatible mappings. Assume that g is continuous and there exists a matrix
K € Mpn(Ry), K — ©, such that

M(F(x,y),F(u,v),K?) > M(gx, gu, ?) * M(gy, gv, _t>) (10)

orall x,y,u,v € Xandall? ER”,_t> > ?
f y

Then F and g have a unique coupled common fixed point w of the form w = (z,z), where
z e X.

Scheme of the proof. Check that (X2, M2, «) is a complete PFMS. By Lemma 6, T? and G?
are compatible. Contractivity condition (10) yields contractivity condition in Theorem 3. [

For 3-case, we can deduce also

Corollary 4. Let (X, M, ) be a complete PFMS such that  is a t-norm of H-type. Let F : X3 — X
and g : X — X be compatible mappings. Assume that g is continuous and there exists a matrix
K € Mpn(Ry), K — O, such that

M(F(x,y,2), F(u,0,w), KT ) > M(gx,gu, 1) + M(gy, g0, ) * M(gz,gw, T )

_>

- = ,
forall x,y,z,u,v,w € Xandall t+ € R%, t > t. Assume also that there exist xg,Yo,zo € X

— . —
t) = limy_ o M(gyo, F(yo, xo,y0), t) =
lim—_,  M(gzo, F(zo, Yo, X0), _t>) = 1. Then F and g have a tripled fixed point.

Furthermore, assume that for all pairs of tripled fixed points, (x,y,z) and (u,v,w),
lim- | M(gx,gu, t ) = 11m7>_>&;.M(gy,‘gv, t) = limy 5 M(gz,gw, t) = 1, then
F and g have a unique tripled common fixed point w of the form w = (z,z,z), where z € X.

such that lim- M(gxo, F(x0,Y0,20),

5. The Case of Product of Fuzzy Metric Spaces

As we have pointed out before, many of the high-dimensional results become simple
consequences of their corresponding unidimensional versions. In this section, with a similar
approach, we obtain new high-dimensional results, but in fuzzy metric spaces context.

We begin showing some basic results that we will need in the main section. We start
this section introducing a generalized fuzzy structure on the product space XN.

Lemma 7. Let (X, M, ) bea FMS and let N € N. Consider the product space XN = X x X x
N. % X of N identical copies of X. Let define MN : XN x XN x [0,00)N — 1 given by:

MN(A,B, 1) = ']aYlM(a,-, by, £;) (11)
1=

forall A = (ay, a5, ...,ax),B = (by, by, ..., bx) € XN andall T = (t1,...,tn) > 0. Then
the following properties hold.

1. (XN, MN, ) is also a PFMS.
2. Let {A, = (al,a?,...,aN)} be a sequence on XN and let A = (ay,as,...,ay) € XV.

Then {A,} MY A if, and only if, {a,} M, a;i foralli € {1,2,...,N}.
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3. If{An,=(a},a2,...,al)} isasequence on XN, then { Ay} is MN-Cauchy if, and only if,
{a},} is M-Cauchy foralli € {1,2,...,N}.
4. (X, M, %) is complete if, and only if, (XN, MN, x) is complete.

Proof. (1) All properties are trivial taking into account that * is a continuous mapping.
(2) Notice that foralln € Nand allj € {1,2,...,N},

— N . . .
MN(A,, A F) = iilM(a;”ai’ti) < 1*...*1*M(a{1,a]~,tj) k1w, . x1= M(aﬁ,a]-,tj) <1

N .
Therefore, if {A,} M, A, then {a)} M, aj forall j € {1,2,...,N}. Conversely,

assume that {a’,} M, a; foralli € {1,2,...,N}. As x is a continuous mapping, then, for
—
all t > 0,

lim MN(A,, A, T) = lim < ¥ M(al,a;, ti)> SN (hm M(a;;,ai,ti)) — N1 =1,

n—00 n—oo \ ;=1 i=1 \n—oo

N
which means that {A, } ML A .
(3) Similarly, it can be proved that forall n,k € N, allj € {1,2,..., N} and all ? > 0,

. o
MN(An, A, t) < M(a),a),t) < 1.

Therefore, if { A, } is a MN-Cauchy sequence, then {a{;} is a M-Cauchy sequences for
allj € {1,2,...,N}. The converse is similar.
(4) It follows from the last two items. [

Trivially, we can prove

Lemma 8. Given N € {2,3}, two mappings F : XN — X and g : X — X are compatible (in the
PFMS’s sense) if, and only if, TN and GN are compatible (in FMS’s sense).

We particularize the main result to the coupled and tripled cases and obtain new kind
of results (compare with Theorem 3.2. in [25], Theorem 1 in [26]).

Corollary 5. Let (X, M, *) be a complete FMS such that x is a t-norm of H-type. Let F : X* — X
and g : X — X be compatible mappings. Assume that g is continuous and there exists a matrix

_( k1a ki (00
K= ( ko1 kao € Myr(Ry),K— 0= 00 ) such that

M(F(x,y), F(u,v), kit +kipt2) > M(gx, gu, t) (12)
M(F(y,x),F(v,u),kp1t1 + kopta) > M(Qy, 80, t2) (13)

forall x,y,u,v € Xandall t1,t, > 0.
Assume also that there exist xg, Yo € X such that

tll}rglo M(gxo, F(x0,y0),t) = tlggo M(gvo, F(yo,x0),t) = 1.

Then F and g have a coupled fixed point.
Furthermore, assume that for all pairs of coupled fixed points, (x,y) and (u,v),

lim M(gx, gu, t) = lim M(gy,gv,t) =1,
then F and g have a unique coupled common fixed point w of the form w = (z,z), where z € X.

Proof. By items 1 and 4 of Lemma 7, (Xz, M2, %) is a complete PEMS. By Lemma 8, TI% and
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G? are compatible. Finally, contractivity conditions (12) and (13) yield, for _t> = (I, tp):

M2(T3(x,y), T(u,0), K ¥ ) = M2((F(x,y), F(y, %)), (F(u,0), F(0,u)),K T )

= M(F(x,y),F(u,v),k11t1 + ki 2t2) * M(F(y,x), F(v,u),ky 1ty + koatz)
> M(gx, gu, tr) * M(gy,8v, t2)

— —
= M?((gx,8y), (gu,gv), t') = M*(G*(x,y),G*(u,0), t).

Applying Theorem 3, T? and G? have a unique common fixed point, i.e., a point
w = (w1, ws) € X?such that T?w = G*w = w. w is the unique coupled common fixed
point of F and g. Following point by point the arguments of the proof of Theorem 3, it is
possible to prove that M(w1,wy, t) > 1 —¢eforall e, t > 0, so w; = w; and w is of the form
(z,z). O

In the previous result, we have new kind of contractivity conditions and moreover the
condition tlim M(x,y,t) = 1 usually used is weakened here. Similarly, we can deduce the
—00

tripled one.

Corollary 6. Let (X, M, *) be a complete FMS such that x is a t-norm of H-type. Let F : X3 — X
and g : X — X be compatible mappings. Assume that g is continuous and there exists a matrix

kin kip ki 000
K= k2,1 k2,2 k2,3 € M3 (R+), K— 0= 0 0 O |,suchthat
ka1 ksp ks 000

M(F(x,y,z), F(u,0,w), k11ty + k1202 + k1 3t3) > M(gx, gu, ty) (14)
M(F(y,x,y), F(v,u,v),ky 1ty + kopts + koats) > M(gy, gv, t2) (15)
M(P(Z, Y, x), F(w, 0, u), k3,1t1 + kg/ztz + k3]3t3) > M(gz,gw, t3) (16)

forall x,y,z,u,v,w € Xandall t1,t5,t3 > 0.
Assume also that there exist xg,Yo,zo € X such that

tlim M(gxo, F(x0,y0,20),t) =1
— 00
lim M(gyo, F(yo, X0, ¥0),t) =1

t—o0

Jim M(gzo, F(zo, y0, %0),t) = 1.
—00

Then F and g have a tripled fixed point.

Furthermore, assume that for all pairs of coupled fixed points, (x,y,z) and (u,v,w),
tlim M(gx,gu,t) = tlim M(gy, gv,t) = tlim M(gz,qw,t) = 1, then F and g have a unique
—00 —00 —00

tripled common fixed point w of the form w = (z,z,z), where z € X.

6. Discussion

The new concept of Perov fuzzy metric space, which is a generalization of fuzzy metric
space has been introduced. Moreover, some properties of this concept have been discussed.
In addition, we obtained several new common fixed point results. Ultimately, to illustrate
the usability of the main theorem, the existence of a new results in fuzzy metrics is proved.
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