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1. Introduction

The Banach contractive mapping principle is an important result of analysis and it has been
applied widely in a number of branches of mathematics. Recently, some new results for
contractions in partially ordered metric spaces were presented and applied to the periodic
boundary value problem for different equations; see [1, 2, 4, 9, 12, 13] and the references
cited therein.

Recently, Bhaskar and Lakshmikantham [7] introduced the concepts of a mixed mono-
tone mapping and a coupled fixed point. Let (X, <) be a partially ordered set. A sequence
{xn} C X is called nondecreasing if

xlijj...—<xn—<...

and nonincreasing if
Xl ZXp2Z e Z X

)

where x >~ y denotes y < x for all x,y € X. A mapping 7 : X x X — X is called to be mixed
monotone if 7 (x,y) is monotone nondecreasing in x and is monotone nonincreasing in y,
that is, for any x,y € X,

X1,X2 €X7 X1 jx2:>T(xlvy)jT(x27y)a
=T

YL €X, yi=Xy2=T(x,y) (x,¥1).
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An element (x,y) € X x X is said a coupled fixed point of the mapping 7T if T'(x,y) = x and
T(y,x) =y. In [7], Bhaskar and Lakshmikantham proved the following coupled fixed point
theorem:

Theorem 1.1. [7, Theorem 2.2] Let (X, =) be partially ordered set and (X ,d) be a complete
metric space. Let T : X X X — X be a mapping having the mixed monotone property on X.
Assume that there exists a k € [0,1) such that

d(T(x,y),T (u,v)) < [k(d(x,u) +d(y,v))]/2, Yu=zx,y=v
Suppose either

(a) T is continuous; or

(b) X has the following property:
(i) if a nondecreasing sequence {x,} — x, then x, 3 x, for eachn > 1;
(i) if a nonincreasing sequence {y,} — y, then'y < yp, for eachn > 1.

If there exist xy,yo € X such that

xp = T(x07y0) and T()’vao) = Yo,
then there exist x,y € X such that T (x,y) = x and T (y,x) = y.

Recently, Lakshmikantham and Ciri¢ [10] introduced a new concept of commutative
mappings with the mixed monotone property. Let (X, =) be a partially ordered set and
T:XxX—Xandg:X — X. T is called to commute with g if

T(g(x),8(y)) = &(T(x,y))

for all x,y € X. T is said to have the mixed g-monotone property if 7 is monotone g-
nondecreasing in its first argument and is monotone g-nonincreasing in its second argument,
that is, for any x,y € X,

x,x €X, glx) =2 glx) implies T(x;,y) <T(x2,y)
and

yi.y2€X, gv1) = g(y2) implies T(x,y2) =T (x,y1).
An element (x,y) € X x X is called a coupled coincidence point of the mappings 7 and g if

g(x)=T(x,y) and g(y)=T(yx).

Lakshmikantham and Ciri¢ [10] proved the following theorem that extended and improved
Theorem 1.1 of Bhaskar and Lakshmikantham [7]:

Theorem 1.2. [10] Let (X, =) be a partially ordered set and suppose there is a metric d on
X such that (X,d) is a complete metric space. Assume that there is a function @ : [0,00) —
[0,00) with @(t) <t and lim,_,1 @(r) <t for eacht > 0 and also suppose that T : X x X — X
and g : X — X are such that T has the mixed g-monotone property and

d(T(x,), T (u,v)) < ([d(g(x) g(u)) +d(g(v).8()]/2)
forall x,y,u,v € X for which g(x) < g(u) and g(v) < g(y). Suppose that T (X x X) C g(X),
g is continuous and commutes with T and also suppose either

(a) T is continuous or
(b) X has the following property:
(1) if a nondecreasing sequence {x,} — x, then x,, < x for all n,
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(ii) if a nonincreasing sequence {y,} — y, then'y <y, for all n.

If there exist xy,yo € X such that

g(x0) X T(x0,y0) and T (yo,x0) = g(¥o),

then there exist x,y € X such that

g(x)=T(x,y) and g(y)=T(yx),
that is, T and g have a coupled coincidence.

In fact, the fixed point theorems for contractions are investigated not only in partially
ordered metric spaces but also in partially ordered probabilistic metric spaces. Recently,
Ciri¢, Mihet and Saadati [S] considered some fixed point theorems for a class of contractive
mappings in partially ordered probabilistic metric spaces. The following theorem is the one
of main results of [5]:

Theorem 1.3. [5] Let (X, <) be a partially ordered set and (X ,F,A) be a complete Menger
probabilistic metric space under a t-norm A of HadZi¢-type. Let A,h: X — X be two self-
mappings of X such that A(X) C h(X), A be a h-nondecreasing mapping and, for some
ke (0,1),

Fa(o)apy) (kt) = min{ Fy ) 5) (1), Fao) a) () Fay)ae) () 1

Sfor all x,y € X for which h(x) < h(y) and all t > 0.

Also suppose that h(X) is closed and if {h(x,)} C X is a nondecreasing sequence with
h(x,) — h(z) in h(X), then h(z) < h(h(z)) and h(x,) =< h(z) for all n hold. If there exists an
X0 € X with h(xo) = A(xo), then A and h have a coincidence. Further, if A and h commute
at their coincidence points, then A and h have a common fixed point.

For the recent results on fixed point theorems in partially ordered probabilistic metric
spaces, we refer the reader to [6, 14].

In this paper, motivated and inspired by the results of Lakshmikantham and Ciri¢ [10]
and Ciri¢, Mihet and Saadati [5], we prove several coupled common fixed point theorems
for nonlinear contractive mappings in a partially ordered probabilistic metric space. An
example is presented to illustrate the main result of this paper.

2. Preliminaries

In this section, we recall some definitions and results in the theory of probabilistic metric
spaces. For more details, the readers are referred to [3, 8, 15].

Definition 2.1. A mapping F : (0,00) — [0, 1] is called a distribution function if it is non-
decreasing and left-continuous with infyer F(x) = 0. If in addition F(0) =0, then F is
called a distance distribution function.

Definition 2.2. A distance distribution function F satisfying lim;_.. F(t) = 1 is called a
Menger distance distribution function.

The set of all Menger distance distribution functions is denoted by D™. This space D™
is partially ordered by the usual pointwise ordering of functions, that is, ' < G if and only
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if F(1) < G(t) for all t € [0,0). The maximal element for D" in this order is the distance
distribution function &y, given by
0 ifr=0,
&(r) = {

1 ifr>0.

Definition 2.3. A triangular norm (shortly, t-norm) is a binary operation A on [0, 1] satis-
fying the following conditions:

(1) Ais associative and commutative;

(2) A is continuous;

(3) Aa,1)=aforallac[0,1];

4) A(a,b) < A(c,d) whenever a < cand b <d forall a,b,c,d € [0,1].

Two typical examples of the continuous 7-norm are Ap(a,b) = ab, Ay(a,b) = min{a,b}
for all a,b € [0, 1]. By (4), it is easy to see that A satisfies the following

2.1 min{A(a,b),A(c,d)} > A(min{a,c},min{b,d}), Va,b,c,d€[0,1].
Now, the 7-norm is recursively defined by A! = A and
A"(x1, . Xng1) = A" (xg, LX) X )

foralln >2and x; € [0,1], i = 1,2,...,n+ 1. A t-norm A is said to be of HadZié-type if
the family {A"} is equicontinuous at x = 1, that is, for any € € (0, 1), there exists 6 € (0, 1)
such that

a>1-0 = A'(a)>1—¢, Vn>1.
Ay is a trivial example of a -norm of HadZi¢-type [8].

Definition 2.4. A Menger probabilistic space (briefly, Menger PM-space) is a triple (X, F,A),
where X is a nonempty set, A is a continuous t-norm and F is a mapping from X x X — D™
(Fyy denotes the value of F at the pair (x,y)) satisfying the following conditions:

(PM-1) Fy ,(t) =1 forall x,y € X and t > 0 if and only if x = y;

(PM-2) Fy ,(t) = F,«(t) for all x,y € X and t > 0;

(PM-3) Fy (1 +5) > A(Fyy(t),Fy:(s)) for all x,y,z € X and t,s > 0.

Definition 2.5. Let (X,F,A) be a Menger PM-space.

(1) A sequence {x,} in X is said to be convergent to a point x € X (write x,, — x) if, for
anyt > 0and 0 < € < 1, there exists a positive integer N such that Fy, (t) > 1—¢€
whenever n > N.

(2) A sequence {x,} in X is called a Cauchy sequence if, for anyt > 0and 0 < € < 1,
there exists a positive integer N such that Fy , (t) > 1 — € whenever m,n > N.

(3) A Menger PM-space (X,F,A) is said to be complete if and only if every Cauchy
sequence in X is convergent to a point in X.

Theorem 2.1. [15] If (X,F,A) is a Menger PM-space and {x,} and {y,} are sequences
such that x, — x and y, — y, then lim, . Fy, ,,(t) = Fy,(t) for every continuity point of
Foy.
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3. Main results

Lemma 3.1. Forn €N, let g, : (0,00) — (0,) and F,,Gn,F,G : R — [0, 1]. Assume that
sup,-o{min{F(r),G(¢)}} = 1 and for any t > 0,

1im g,(1) =0 and  min{F,(2,(1)). Ga(gs(1))} > min{F (). G(1)}.

Proof. Fix t > 0 and € > 0. By hypothesis, there is fo > 0 such that min{F (), G (o)} >
1 — €. Since g,(f9) — 0, there is ny € N such that g, (¢9) < 7 for all n > ng. By monotonicity,

min{F; (1), Gy(t)} = min{F;(ga (1)), Gn(gn(t0)) }
> min{F(t()),G(to)} >1—¢g, VYn>ny.
Hence we infer that lim, .. F,(t) = 1 and lim,—. G,(t) = 1, since F,(1),G,(t) < 1. 1
Theorem 3.1. Let (X, <) be partially ordered set and (X, F,A) be a complete Menger PM-
space under a t-norm A of Hadzié-type. Let a function @ : [0,00) — [0,00) satisfy that, for
anyt >0,
0<o(t)<t and lim@"(r)=0.
n—oo
LetT : X xX — X and h: X — X be such that T has the mixed h-monotone property and

(3. Fr ) 1) (@) = min{Fy ) ) (), Fugy)ne) ()
forallt >0 and all x,y,u,v € X with h(x) > h(u) and h(y) = h(v). Suppose T(X x X) C
h(X), h is continuous and commutes with T and also suppose either

(a) T is continuous or

(b) X has the following property:
(i) if a nondecreasing sequence {x,} — x, then x, < x, for eachn > 1;
(i) if a nonincreasing sequence {y,} — y, theny = yp, for eachn > 1.

If there exist xy,yo € X such that
h(xo) 2 T(xo0,y0) and T (yo,x0) = h(yo),
then there exist x,y € X such that T (x,y) = h(x) and T (y,x) = h(y), that is, T and h have a

coupled coincidence.

Proof. By hypothesis we have h(xo) = T (x0,y0) and T (yo,x0) =< h(yo). Since T(X x X) C
h(X), there exist x1,y; € X such that T (xo,y0) = h(x;) and T (yo,x0) = h(y;). Further, there
exist xp,y2 € X such that T'(x;,y;) = h(x2) and T (y1,x1) = h(y2). Continuing this process,
we can choose two sequences {x;, } and {y, } such that

(3.2) h(xn-H) = T(xm)’n) and h(yn-H) = T()’n7xn)7 Vn >0,

where N denotes the set of all positive integers.
Next we show by induction that

(3.3) h(xp) < h(xp+1) and  A(ype1) < h(yn), Vn>0.

First, by hypothesis we have h(xp) < T (xo,y0) = h(x1) and h(y;) = T (yo,x0) =< h(yo). So,
(3.3) holds for n = 0. Assume that (3.3) holds for some positive integer n, i.e., h(x,) =
h(x,+1) and A(yu+1) < h(y,). Since T is the mixed s-monotone, one has

T(xn»Yn) = T(anrlvyn) = T(xn+layn+1)
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and
T(yn+laxn+l) T()’n+1,xiz) > T(ymxrz)v
ie.,
h(xp1) 2 h(xpy2) and  A(yeg2) = h(Yng1).
Hence, (3.3) holds for all n > 0.
For each n € N, we prove by induction that
(34 mln{Fh (p1)5h(x )((pn(t))vFh(y,,ﬂ).,h(y,,)((pn(t))} > min{Fh(xl).,h(xo)(t)th(yl),h(yo)(t)}'
For n =1, by (3.1)—(3.3) we have
Fi(e) () (@) = Fr(xy 30). T (x0.00) (@ (£)) = Min{ Fp() nixo) () Fyr )y (1)
and
Fty) o) (@) = Friyy ). T (vour0) (@ (1)) = min{ By o) ()5 By o) () 3
Hence, (3.4) holds for n = 1. Now, assume that (3.4) holds for some n € N. Then, by
(3.1)—(3.4) and assumption we have
Fitay o) s ) (@ (0) = Friy, s T o) (@7 (1))
> min{ Fi () ) (9" () Fity ) ) (97(0)) 3
> min{ Fy () (o) (1) Fniyy ) niyo) ()}
and
Fh(y,z+z)~,h(yn+1)((Pn+1(t)) = FT(yn+1,xn+1)~T(yn-,Xn)(‘Pn+1 (1))
> min{ Fiy(x,, ) h00) (@ ()5 Faty)hom) (€7 (2)) }
= min{Fy () o) (1) Fniyy) (o) ()

which implies that (3.4) holds for n+ 1. Therefore, (3.4) holds for all » > 1. By Lemma 3.1
and (3.4) we have, for any r > 0

(3.5) T B ey () = 1
and
(3.6) Km By, o) () = 1.

Now let n € N and ¢ > 0. We show by induction that, for any n > 0,
M Fj5,) ) (0 Fityn) () (0}

> A(min{Fyy,) sy ) (0= @) Fagy) i) (0 = 9(0))}).

This is obvious for i = 0, since F(y,) j(x,)(t) = 1 and Fh( () () = 1. Assume that (3.7)
holds for some i. Hence, by (3.1), (2.1), commutativity of 7" an d h and the monotonicity of
A, we have

min{ Fy ) 1) (0 F <)MWMﬂﬂ

= min{Fy () n(x i) E— @) +0(1)): Fuiy,) (yneinn) E — @) +0(1))}

= min{A (Fi(y, ) e,,1) (0 = 90)) P ), WH)(‘P(l))) A (Fi(y) ) (= 0(2)),
iy, MWJ¢0D}

> (I Fy ) 5, (0= D)) Bty )¢ = OV min{ i) s, (900),

(3.7)
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Fiyi1) homaie) (P}
= A(min{Fye,) nie,0) (= 00 Fiy) i) (€= @O) 1 min{ Fri, ) 760 i) (90)
FT(yn’xn yn+,,xn+‘)((P(t))})
(min{Fj ) nie, ) (= <P(l)),Fyn,>,,+1( @(1))},min{Fy ) i) (0 Fagyn) om0 })
(min{Fy e, nx) = PO))s Fatyn) () (= @)},
A(min{ By ) e ) (= )) )iy (E = 9()}))
= AT (mln{Fh(x,,),h(an)(t - (P(t))th(y,,),h(y,Hl) (t—o(1)),

which completes the induction.

We show that {(x,)} and {A(y,)} are the Cauchy sequences, i.e., limy, y—co Fy(x,) h(x,,) ()
= 1 and 1imy n—c0 Fi(y,) n(y,) (f) = 1 for any £ > 0. Let # > 0 and € > 0. By hypothesis,
{A" : n € N} is equicontinuous at 1 and A"(1) = 1, so there exists 6 > 0 such that

>A
>A

(3.8) ifse(1-6,1], thenA*(s) >1—¢ forallneN.
Since, by (3.5) and (3.6), lim, e Fy(x,) n(x,.,) (t — @(#)) = 1 and lim, .o Fjy, ) 5 (yn+1)(t -
¢(t)) = 1, there is ng € N such that, for any n > no, min{Fjx,) a(x,, 1)t = @) Futya) (vt

(t—¢(t))} € (1-6,1]. Hence, by (3.7) and (3.8), we get min{Fjy,) a(x,.,) (1), Fh(yn> h(ysi)

(t)} > 1—¢forany i € NU{0}. This shows that F(, ) n(x,,,) (t) > 1—€and Fy, ) iy, ) (1) >

1 — ¢ for every i € NU{0}. This proves that {A(x,)} and {A(y,)} are the Cauchy sequences.
Since X is complete, there exist x,y € X such that

3.9) lim Fy) () =1 and  lim Fy, ) (t) =1, Vt>0.
n—oo ? n— o0

From (3.9) and the continuity of A,

(3.10)  lim i) (1) =1 and — lim Fyagy, ) py (6) =1, 91> 0.

From (3.2) and commutativity of T and £, for any ¢ > 0,

(.11 Fi(xe0)),7(63) ) = Fu(r (0,300, 7 e) (8) = Frines) (o)) 7 () (8)
and
(3.12) Fi(ye)), T ) (1) = F(T (300), T 00) () = F (3 10)), T 00) (1) -

Now we show that i(x) = T'(x,y) and h(y) = T (y,x). Suppose that the assumption (a)
holds. Taking the limit as n — oo in (3.11) and (3.12), by (3.10) and the continuity of T we

get

i), 1) (8) = 0 Fyyie, 1)) 70y (1) = B0F7 ) ), 1) () = Friey), rey) (8) = 1

n—oo n—oo

and

Fiyy), 730 (1) = 1M Fypiy, 1)), 730 (8) = M Frp(y,) ), 7(00) (1) = Friy 1 (8) = 1.

n—oo - n—oo

Hence, h(x) = T(x,y) and h(y) = T (y,x).
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Now suppose that (b) holds. By hypothesis, we have A(x,) < x and h(y,) = y for all
n > 1. Hence, by (3.2), commutativity of 7" and % and (3.1) we have

Fr(ey) im0 () = AFr(xy) i) (@) Fuhins )i (E = 9(1)))
= A(Fr (x.3) (7 (irn)) (PO F(h(1)) () ( o(1)))
= A(Fr (). 7 (50) h050) (P(0): Pty 1)) (= (1))
= A(min{Fy ) () (6): Fity) o)) (¢ )}’Fh<h(xn+l>>yh<x> (r=9(1)).

Letting n — o0 in (3.13) and noting that % is continuous, so it follows from (3.10) and (3.13)
that

(3.13)

Fr(xy)neo (1) > A1, 1).
This implies that 7' (x,y) = h(x). Similarly, we can prove that T (y,x) = h(y). Thus we prove
that 7 and & have a coupled coincidence point. 1
Now we shall prove the existence and uniqueness theorem of a coupled common fixed
point. Note that if (X, <) is a partially ordered set, then we endow the product X x X with
the following partial order:

for all (x,y),(u,v) €X XX, (u,v) 2 (x,y) <= ur=x, vy

Theorem 3.2. In addition to the hypothesis of Theorem 3.1, suppose that for every (x,y),
(y*,x*) € X x X, there exists a (u,v) € X x X such that (T (u,v),T (v,u)) is comparable to
(T (x,y),T(y,x)) and (T (x*,y*), T (y*,x*)). Then T and h have a unique coupled common
fixed point. That is, there exist a unique (x,y) € X x X such that

x=h(x)=T(x,y) and y=h(y)=T(y,x).

Proof. Existence of the set of coupled coincidence points is due to Theorem 3.1. Let
(x,¥), (x*,¥*) € X x X be the coupled coincidence points, that is h(x) = T(x,y), h(y) =
T(y,x) and h(x*) = T (x*,y*), h(y*) = T (y*,x*). We shall show that

(3.14) h(x) =h(x*) and h(y)=h(y").

By the assumption, there is (u,v) € X x X such that (7 (u,v),T(v,u)) is comparable to
(T(x,y),T(y,x)) and (T (x*,y*),T(y*,x*)). Let up = u and vop = v and choose u;,v; € X
so that h(u;) = F(ug,vo) and h(v;) = F(v,u;). Then, similarly as in the proof of Theo-
rem 3.1, we can construct sequences {h(u,)} and {h(v,)} such that h(uyy1) = T (un,vn),
h(vng1) = T (vn,u,). Further, set xo =x, yo =y, x; = x* and y; = y* and, on the same
way, define the sequences {h(x,)}, {h(yn)}, {h(x})} and {A(y})}. Since (T (x,y),T (y,x)) =
(h(x1), h(31)) = (h(x), h(y)) and

(T (u,v), T(v,u)) = (h(ur),h(v1))

are comparable, then h(x) = h(u;) and h(y) =< h(v;). Since T is mixed ~A-monotone, we have
h(x) =T(x,y) = T(uy,y) = T (u1,v1) = h(uz) and h(y) = T (y,x) X T (v1,x) X T(vi,u;) =
h(vy). Similarly, we can prove that i(x) > h(u,) and h(y) < h(v,) for all n > 3. Thus from
(3.1), it follows that

Fr(ey) ) (@ (1)) = min{ Fy () 1) (" (1)), iy ) (@1 (1))}
and
FT(v,,,u,,),T(y,x)((pn(t)) > min{Fh(y),h(vn)((Pn 1( )) Fh(x) (u,,)(q)n_l(t))}
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By induction we can prove that for any ¢ > 0,

m]n{FT (x.y) T(u,l.v,,)((Pn(t))7FT(V,,,u,l) ( ( ))} in{Fh(x),h(ul)( ) Fh( )),h (v,H_])(t)'

By Lemma 3.1, we get that limy, e Fr(y y) 7(uy,v,) (1) = 1 and limy, e Fr,,, ) 730 (1) = 1.
That is, 1imy—e Fy(x) a(u,, ) (t) = 1 and hm,H‘x,Fh( )h(vesr) (t) =1 for any ¢ > 0. Similarly,
we also have 1imy—.co Fy (v n(u,, 1) () = 1 and limy—co ey o, ) (1) = 1.

By the triangle inequality and the continuity of A, we have, for any ¢ > 0,

Fae) o) () = AFie) iy 1) (81 2)s Faer) 1) () — AL, 1),
i) (1) 2 AFi(y) 1) 1/ 2)s Fiy ) (o) (1)) — AL ).

This shows that i(x) = h(x*) and h(y) = h(y*). Hence we proved (3.14).

Since h(x) = T'(x,y) and h(y) = T (y,x), by commutativity of 7 and » we have
(%,
(

h(h(x)) = h(T (x,)) = T (h(x), h(y)),
e R(H(3)) = (T (33)) = T (), h().
Denote h(x) = z and h(y) = w. Then from (3.15),
(3.16) h(z) =T(z,w) and h(w)=T(wz).

Thus (z,w) is a coupled coincidence point. Then from (3.14) with x* = z and y* = w it
follows that 4(z) = h(x) and h(w) = h(y), that is,

(3.17) h(z) =z and h(w)=
From (3.16) and (3.17), we have
z=h(z) =F(z,w) and w=h(w)=T(w,z).

Therefore, (z,w) is a coupled common fixed point of 7 and h. To prove the uniqueness,
assume that (p,q) is another coupled common fixed point. Then by (3.14) we have p =
h(p) = h(z) =z and ¢ = h(q) = g(w) = w. This completes the proof. 1

Theorem 3.3. Assume that the hypothesis of Theorem 3.1 hold. If xo and yy are comparable,
then x =y, where x and y are the coupled common fixed points of h and T, that is, h(x) =
T (x,x).

Proof. Suppose that xp < yp. We show by induction that
(3.18) h(xy) 2 h(yn), VYn>1,

where x,, and y, satisfy that h(x,) = T (x,—1,y,—1) and h(y,) = T (yn—1,Xs—1). Forn =1, by
the mixed monotone property of 7 and /& we have

h(x1) =T (x0,50)) = T (y0,y0) = T (yo,%0) = h(y1).

This shows that (3.18) holds for n = 1. Assume that (3.18) holds for some n > 1, i.e.,
h(x,) = h(y,). Then, by the mixed monotone property of T and /, we have

h(xn-H) = T(xnaJ’n) = T()’nv)’n) = T(anxn) = h()’n+1)-
Therefore, (3.18) holds for all n > 1.
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Finally, we prove that x = y. Indeed, for all » > 1 and any ¢ > 0, we have
Foy(t) 2 A, 1) (0/2)s Finy),0(1/2))
( (t/2), A(Fhsyy 1) (30e0) (P(E/2))s Fiiy, )5 (/2= 9(/2))))
( (t/2), A(Fhy,4 1) 0e0) (P(E/2))s By, )0 (/2= 9(2/2))))
= A(Fen(n,1) (1/2)s AT (30,7 (v0.90) (<P(t/2)) hn)y (/2= 9(2/2))))
(3.19) >’A(Fkhxh+1(t/Z)aA(HHn{f% 30) (1/2)s Fne) i) (8/2)1),
Fiy,0)0 (/2= 0(2/2))))
= AF ) (1/2)s AFR(y,) () (/2) Figy, 1) (1/2 = 0(2/2))))
> A(Exn(,) (1/2); AQAA(Fhy,) 5 (8/8), Byx(1/8))), Fonx, ) (£/4)),
Fh@WH)J(I/Z-—-¢(I/2))))
Letting n — oo in (3.19), since A is continuous, &(x,) — x and hA(y,) — y, we have

Foy(t) > Fey(t/8), V>0,

)

(X y1)
Xnt1)

)

(
Fin
= A(Fep
Fen
(

which implies that
(3.20) Fry(t) > Fey(2/8"), Vt>0, n>1.
Letting n — oo in (3.20), since Fy(7/8") — 1, we have

Fey(t) > 1.

This shows that x = y. Similarly, if yp < x9, we also can prove that x = y. Hence, we have

proved that h(x) = T'(x,x). This completes the proof.

If h = I, where I denotes the identity mapping, then we have the following corollaries:

Corollary 3.1. Let (X, <) be partially ordered set and (X, F,A) be a complete Menger PM-

space under a t-norm A of HadZié-type. Let a function @ : [0,00) — [0,0) satisfy that, for

anyt >0,
0<@@)<t and lim@"(r)=0.
n—o0

Let T : X x X — X be such that T has the mixed monotone property and satisfies that

FT(xy).,T(u,v) ((P(t)) > min{FX-,M (t)vF)GV(t)}
forallt >0 and x,y,u,v € X with x = u and y < v). Suppose either

(a) T is continuous or

(b) X has the following property:
(1) if a nondecreasing sequence {x,} — x, then x, <x,n > 1;
(i) if a nonincreasing sequence {y,} — y, then’y < yp, n> 1.

If there exist xy,yo € X such that
X0 j T(XOJO) and T()’OJO) j Yo,
then there exist x,y € X such that T (x,y) = x and T (y,x) = y.

Corollary 3.2. In addition to the hypothesis of Corollary 3.1, suppose that for every (x,y),
(y*,x*) € X x X, there exists a (u,v) € X x X such that (T (u,v),T (v,u)) is comparable to
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(T(x,y),T(y,x)) and (T (x*,y*), T (y*,x*)). Then T has a unique couple fixed point. that is,
there exist a unique (x,y) € X x X such that

x=T(x,y) and y=T(yx).

Corollary 3.3. Assume that the hypothesis of Corollary 3.1 hold. If xy and yq are compa-
rable, then x =y, where x and y are the coupled fixed points of T, that is, x = T (x,x).

Finally, we illustrate Theorem 3.1 of this paper by an example as follows.

Example 3.1. Let X = [0,00). Define a partially order < by the usual order. That is, x <y if
and only if x <y for all x,y € X. Take A(a,b) = min{a, b} for all a,b € [0, 1]. Define F ,(r)
by

t
Fx7y(t):m7 Vx,yEX, IE(O,OO).

Then (X, F,A) is a complete Menger PM-space. Define the mappings 7 : X x X — X and
h:X — X by
T(x,y)=x/2 and h(x)=2x

for all x,y € X, respectively. It is easy to see that 7" is a mapping having mixed A-monotone
property. Indeed, if h(x1) < h(xp), i.e., x; < xp, then T (x1,y) = x1/2 < x/2 =T (xp,y) for
all y € X and if h(y1) > h(y2), i.e., y1 > y2, then T(x,y2) = x/2 = T(x,y;) for all x € X.
Hence, T is a mapping having mixed #-monotone property.

Take k = 1/4. For all x,y,u,v € X with h(x) > h(u) and h(y) < h(v),i.e,x>uandy <v,
find that

t/4 t
Frey) 7(uw) (kt) = =
T e ) = e s = T
2 min{Fy(x) ) (1), Fiy) n(v) (1)} = min {t+2|x— ul 1 +2]y—vl }

This shows that T and # satisfy the condition (3.1). On the other hand, it is easy to see that
T(X x X) C h(X) and h is continuous and commutes with 7. Moreover, the hypothesis (a)
and (b) are satisfied. Also, (xo,y0) = (0,0) is such that

h(X()) < T()Co,yo) and h(y()) > T(y07x0)-

Therefore, we show that all the hypothesis in Theorem 3.1 are satisfied. By Theorem 3.1, T
and h have a coupled common coincidence point, which is (x,y) = (0,0).

In fact, this example also may be used to illustrate Theorem 3.2 and 3.3.
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