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1 Introduction

Investigation of fixed point and related problems has been a wide area of research of
many mathematicians in the last few decades. Hundreds of results have been obtained
for mappings in various settings and under various conditions.

Pata-type inequalities are a recent introduction in fixed point theory. It was initiated
in a paper of V. Pata [33] in which he proved a result that appeared to be stronger than
Banach Contraction Principle, even (in some cases) than the well-known Boyd—Wong
fixed point theorem. The inequality in this case is not a single one; instead, it is a
group of inequalities which is obtained by varying a parameter over a certain range.
At the same time, any single inequality obtained by fixing the parameter to a certain
value is not sufficient to imply the existence of a fixed point. A new methodology
was introduced in [33] to ensure that fixed points of such mappings exist. This result
inspired several researchers to obtain further fixed point, cycled-type fixed point, com-
mon fixed point, coupled fixed point and other types of fixed point theorems, both for
single-valued and for multivalued mappings in various types of spaces.

In this paper, we present some of the mentioned results (mostly skipping the proofs
which can be found in respective papers), including examples showing that they are
stronger than some other known ones. Comments on some misinterpretations of Pata’s
result are also included.

2 Basic Pata-Type Results

Throughout this paper (except Sect. 7), (X, d) will be a complete metric space and a
point xg € X will be fixed (sometimes it will be called “the zero of X”). For x € X,
we will denote ||x|| = d(x, xg). It will be clear that the obtained results do not depend
on the particular choice of point xg. Also, ¥ will denote the set of increasing functions
Y [0, 1] — [0, 00), continuous at zero, with ¥ (0) = 0.

In the paper [33], Pata obtained the following interesting refinement of the classical
Banach Contraction Principle.

Theorem 1 [33, Theorem 1] Let A > 0, « > 1, and B € [0, «] be some constants
andy € W. Let f : X — X be such that for every ¢ € [0, 1]andall x, y € X,

d(fx, fy) < (1= e)d(x, y) + Ae“y(@)[1 + <] + 1]’ ey

Then f has a unique fixed point z € X. Furthermore, the sequence { f" xo} converges
to z.

Chakraborty and Samanta [9], resp. Kadelburg and Radenovié [26], resp. Jacob et
al. [21] extended Theorem 1 to the case of Kannan-type, resp. Chatterjea-type, resp.
Zamfirescu-type contractive condition, as follows.
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A Survey of Fixed Point Theorems Under Pata-Type Conditions 1291

Theorem 2 [9,21,26]Let A > 0, > 1 and B € [0, o] be some constants and € W.
Let f : X — X be such that the inequality

1 _
d(fx, fy) < Tg[d(x, £ +d(, ]

F Ay @[+ I+ I+ I+ 11 @
resp
dCfr. 9 = 155, 1)+ do, 0]
T+ Ay @[+ I+ I+ I+ 10 6
esp.

1 1
d(fx, fy) = (=) max [d(x, ). Sldx, f2)+d0. [ 51d ) +d0. 0]

+ Ay @1+ lxll + Iyl + £l + 1£v1)7 “

is satisfied for every ¢ € [0, 1] and all x,y € X. Then f has a unique fixed point
zeX.

As a sample, we provide the proof of the second mentioned statement.
Proof [26] Starting from the given x(, we introduce the sequences
Xp = fxp—1= f"xo and ¢, = [lxa.
The sequence d(x,+1, X,) is non-increasing, that is,
d(xn41, Xn) < d(xp, Xp—1) < -+ < d(x1, x0), (%)
for all n € N. Indeed, putting ¢ = 0, x = x,,, y = x,—1 in (3), we obtain (5).
Further, the sequence {c,} is bounded. In order to prove this, using (5), we deduce

the following estimate

cp =d(xp, x0) < d(xp, Xpt1) +dxng1, x1) +d(x1, X0)
<d(xp+1,x1) +2c1 =d(fxn, fxo) + 2cy.

Therefore, we infer from (3) that

1—¢
en < T[d(xn,m) +d(xn41, %0)]

+ AP @)1+ 1xall + sl + 1xi 1]7 + 2¢1.
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1292 B.S. Choudhury et al.

USing d(xnv -xl) S d(-xnv XO) + d(x07 xl), d(xn—H, XO) S d(xn—H, xn) + d('xn’ XO) and
(9), as B < «, the previous inequality implies that

cn < (1 —8)(ep, +cp) + AP (@)1 + 2¢, + 2¢1]1% + 2cy.
Now,
[142¢, +2c1]% < (14 2¢,)* (1 4 2c1)% < 2%c% (1 + 2¢1)%,
which implies that
en < (1 —&)en +ae®y(e)cy + b,
for some a, b > 0. Hence,
ecp < as®y(e)ey + b.

If there existed a subsequence {c,, } of {c,} such that ¢,, — oo as k — oo, taking
& = &r = (1 4+ b)/cp, would lead to a contradiction

1 <a(l+b)*y(g) — 0.

Now, we will show that lim,,_, o d (X, 41, x5) = 0.
For all ¢ € (0, 1] and for x = x,, y = x,,—1, we have

d(Xp+15 Xn) = d(fxn, fXn—1)
1—¢
= T[d(xnv Xn) +d(xp—1, xn+1)]
+ AP @)1+ 20xnll + a1l + 1Xns1 II]ﬂ
1—¢
=< T[d(xn—l,xn)‘}'d(xn»xn—l-l)]+K‘9w(8)7 K > 0. (6)
If limy,— 0o d (X1, X)) = d* > 0, it follows from (6) that
d* < Ky (e),
which implies that d* = 0, a contradiction.
In order to show that {x,},cn is a Cauchy sequence, suppose the contrary. In this
case, similarly as in [34, Lemma 2.1], we can chose § > 0 and strictly increasing

sequences {my}, {ny} of positive integers, such that the following sequences tend to &
when k — oo:

d(Xom@), X2nk))s  AX2m)> X2nk)+1)>  AX2mk)—15 X2n(k))
d(X2mi)—1> X2nk)+1)s  AX2mk)+1> X2n(k)+1)-
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Putting X = X2mk)—15 Y = X2n(k) in (3), we obtain

1—e¢
d(X2m k) X2n()+1) < T[d(me(k)—l s Xon(o+1) + d(Xomky Xon (k) | + K e (e),
(7

where d (X2k), X2n(00)+1) = 85 d(X2mk)—15 X2n()+1) — & and d (X2 (k> X2n(k)) —
8. Letting k — oo in (7), we obtain

8 = Ky (e),

which implies that § = 0, a contradiction.
Taking into account the completeness of (X, d), we can now guarantee the existence
of some z € X to which {x,} converges. It remains to show that z is a fixed point for

f

For this, we observe that, for all » € N and for ¢ = 0,

d(fz,2) <d(fz, xp1) + d (X1, 2) = d(fz, fxn) +d(xnt1,2)

1
< E[d(z’ Xn1) +d(fz,x0) ]+ d(xny1. 2).

Hence, d(fz,2) < %d(fz, 7), that is, fz = z, which is the required result.
Finally, we prove the uniqueness of the fixed point. For any two fixed u, v € X, we
can write (3) in the form

1—¢
d(fu, fv) < T[d(u, fv)+d, fu)]+ Key(e), K >0.
If fu=uand fv = v, then
d(u,v) < Ky (e),

for all ¢ € (0, 1], which implies that d (u, v) = 0, that is, u = v. O
Remark 1 There is a scope of misunderstanding with the inequality (1) in the work of
Pata and also in similar other inequalities like (2)—(4) in works incorporating the ideas
of Pata. Berinde noted in [7] that if the condition (1) is satisfied, not for all ¢ € [0, 1],

but just for some specific values, the conclusion of Theorem 1 might not hold. For
example, if (1) holds just for ¢ = 0, then one has just the non-expansive condition

d(fx, fy) <d(x,y), x,yeX,

which obviously does not imply the existence of fixed point. Similarly, if ¢ = 1, (1)
reduces to

d(fx, fy) < L1+ Ixll +1Iy1]7,
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1294 B.S. Choudhury et al.

with some constant L, which is also known to be insufficient for the existence of a
fixed point of f.

Similar conclusions hold for conditions (2)—(4).

From this observation, Berinde concludes that the Pata-type result is incorrect.
But this is not so. There is no contradiction between the above observations and
conclusions of the Pata-type theorems for the following reasons. As we have already
noted in the introduction, the Pata-type results are obtained for functions satisfying a
family of inequalities and any single inequality from the above-mentioned family will
not provide us with a sufficient condition for the existence of a fixed point. Had it been
so, then there is no need of considering a family of inequalities. Thus, the argument
of Berinde is not tenable.

Remark 2 It was shown already in [33] that Theorem 1 is strictly stronger than the
Banach Contraction Principle, even stronger than the Boyd—Wong fixed point result
[8] in the case when the underlying space (X, d) is unbounded (on the bounded space,
Pata’s and Boyd—Wong’s results are equivalent).

Indeed, suppose that

d(fx, fy) <rd(x,y)
holds for some A € [0, 1) and all x, y € X. Further, we follow the procedure as in

[33, §3], only we write it with some details that were skipped in [33].
First of all, for arbitrary ¢ € [0, 1], the last inequality implies that

d(fx, fy) = —e)dx,y)+ (* +e—Dd(x,y)
= —8dx,y)+ G +e—DAxI+lyD.

We want to prove that there are some y > 0 and A > 0 such that
(e = D(Ixl + IyIh < Ae"™ (A + [1x]| + IyID

holds for each ¢ € [0, 1] and all x, y € X. Indeed, this will be the case if one can find
A > 0 such that

Ate—1
A=

holds for some y > 0 and each ¢ € [0, 1]. By a routine procedure, it is easy to show
that this is the case if we chose y such that % > 1 — A and then

144 1
A= )
A+ py)Hr 1=y

®)

Hence, the condition (1) is fulfilled with @ = 8 = 1, y > 0 such that % >1—2,
Y (e) = &V and A defined by (8).
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A Survey of Fixed Point Theorems Under Pata-Type Conditions 1295

On the other hand, the following example shows that there exists a mapping
satisfying Pata’s condition and not satisfying Boyd—Wong’s one. (Recall that the Boyd—
Wong’s result guarantees the existence of fixed point of the mapping f : X — X if
there is an increasing continuous function ¢ : [0, c0) — [0, co) such that o(¢) < ¢
for each t > 0 and

d(fx, fy) = e(d(x,y)) (C))

forall x # y.)

Example 1 [33] Let X = [1, oo) and let f : X — X be defined by

fx=—-24x—2J/x+4Yx.
It has a unique fixed point z = 1. For any given r > O and x > 1, if
F(x.r) =2[Vx +r = x] = 4[Vx +r - Jxl.
then
lfx+r)— f)l=r—F(x,r)

holds for all  and x. If there existed o satisfying the condition (9), then choosing any
r > 0 one would have a contradiction

r>por)> lim [r—F(x,r)]=r.
XxX——+00

On the other hand, for every ¢ € [0, 1], one can prove that

2

N 2 3/2 -
er +e“2x +r)y’ 4+ F(x,r) > F(x,r) 4(r + 2x)32 >0

It follows that
f@+r) = fl=r—F0,rn<0=er+eQx+r?
and the condition (1) of Theorem 1 is fulfilled.

Similar conclusions as presented in Remark 2 and Example 1 hold for other Pata-
type conditions.

3 Cyclic Fixed Point Results

Cyclic versions of the results of previous section were treated in [2,3,10,24]. As a
sample, we state the following theorem for cyclic generalized contractions from [24].
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1296 B.S. Choudhury et al.

Recall that ¥ = Ule A; is said to be a cyclic representation of ¥ C X w.r.t. the
mapping f : Y — Y if A;,i = 1,2,..., p, are non-empty closed subsets of ¥ and
f(A) C A fori =1,2,...,p(for j € N, j > p, we always put A; := A;,
where j =i (mod p)and 1 <i < p).

Theorem3 [24] Let f : Y — Y, withY = Uf’zl A; being a cyclic representation of
Y w.rt. f. Assume that there exist € ¥ and constants A > 0, « > 1 and B € [0, o]
such that

d (x, d(y,
dCfx 9 = (0 —oymax[d ), d 0, d G, f, DEIDECOT

+ Ay @)1+ Il + Iyl + 1 Fxl + 1ry0]? 10)

holds foralle € [0, 1],i =1,2,...,p,x € Ajandy € Ajy1. Then f has a unique
fixed point z, it belongs to ﬂle A;, and the Picard iteration sequence {f"x1}peN
converges to z for any initial point x| € Y.

Example 2 [24] Let X = R be equipped with the standard metric and let

Alz{%:neN}U{O}, Azz[— :neN}u{O}, Y = A U A,

2n — 1
Define f : Y — Y by
- ) xEAlv
fr=1 ¥*4
—Z, )CEAQ.

Itis easy to see that Y = A U A is a cyclic representation of ¥ w.r.t. f (with p = 2).
We will show that f satisfies the contractive condition of Theorem 3.
Indeed, let x € A and y € A,. Then

Y

x+4 4

1
Zmax{d(x,y),d(x,fx),d(y,fy)’

d(f.X, fy) =

1 1
< Z(X +1yDh = Zd(X,y)

IA

d(x, fy)+d(y, fX)}
2

1
= Z]—'(x,y).

The rest of the procedure is similar to the one in Remark 2. It is enough to choose y
such that % >1-— % and

144 1
A= 1+ 1Ny
A+ a-pr
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Then we have

A> %4—8—1
- el+y

and it easily follows that, for the chosen y and A,

d(x, d(y,
d(fx,fy)5(1—8)max{d(x,y),d(x,fx)’d(y’fy), (x fY)ﬂzL (y fx)}

+ AT U4 Dl + Iyl + Ifx )+ 1yl

foreache > Oand allx € Aj, y € Ay orx € Ay, y € Aj. Thus, the conditions of
Theorem 3 are fulfilled (withe = 8 = 1 and ¥/ (¢) = ¢7), and the mapping f has a
unique fixed point (which is z = 0).

4 Pata-Type Fixed Point Results in Ordered Metric Spaces

Fixed point theory in metric spaces along with a partial order has developed rapidly in
recent years. Although an early result appeared in the work of Turinici [39] in 1986,
the actual development of this line of research took place following the publications
of the works of Ran and Reurings [35] and Nieto and Rodriguez-Lépez [31]. For the
existence of fixed points, the various types of contractive inequality conditions to be
satisfied by the operators for pairs of points collected from the metric space can be
restricted to those pairs which are related by the partial order, and still not disturbing
the conclusions of the theorems. As a kind of compensation for this restrictive use of
contractive conditions, some condition is usually added to the mapping itself (e.g., its
monotonicity).

Following the above-mentioned ideas, many Pata-type results can be adapted to
ordered metric spaces (see, e.g., [23,26]). The following are some notions and defini-
tions.

Throughout the section, (X, <, d) denotes a partially ordered metric space, i.e., a
triple where (X, <) is a partially ordered set and (X, d) is a metric space.

For x, y € X, x < y will denote that x and y are comparable, i.e., either x < y or
y < x holds.

Recall that the space (X, <, d) is said to be regular if it has the following properties:

1. if for a non-decreasing sequence {x,}, x, — x asn — oo, then x,, < x for all n;
2. if for a non-increasing sequence {x,}, x, — x as n — 00, then x,, > x for all n.

Theorem 4 [23, Theorem 3.1] Let (X, <, d) be a complete ordered metric space and
let A>0,a>1andp € [0, o] be some constants and € ¥. Let f : X — X be
a non-decreasing map such that there exists xq satisfying xo < fxo and suppose that
the inequality (1) is satisfied for every ¢ € [0, 1]landallx,y € X withx < y. If f is
continuous or (X, d, <) is regular, then f has a fixed point z € X. Moreover,

(1) the set of fixed points of f is a singleton if and only if it is totally ordered;
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1298 B.S. Choudhury et al.

(2) the set of fixed points of f is a singleton if for every two points u,v € X there
exists w € X, comparable with u, v and fw.

Remark 3 Theorem 4 is strictly stronger than Theorem 2.1 in [35]. On the one side,
the hypotheses of Theorem 2.1 [35] imply those of Theorem 4, which follows in the
same way as in Remark 2. On the other side, the example of function

fill,00) = [1, 00);  f(x)=—=24x—2Jx+4Jx

(see Example 1) shows that condition (1) can be satisfied when Banach’s condition
is not. It is also an example of the situation when condition (2) for the uniqueness
of fixed point (in the previous theorem) is fulfilled (since the given space is totally
ordered).

As was already shown, some of the generalizations of Banach Contraction Principle
have their Pata-type versions. We shall present here a result of Pata-type for so-called
generalized contractions, in the “ordered” version.

Theorem 5 [23, Theorem 3.2] Let (X, <, d) be a complete ordered metric space and
let A>0,a>1andp € [0, o] be some constants and € V. Let f : X — X be
a non-decreasing map such that there exists xq satisfying xo < fxo and suppose that
the inequality (10) is satisfied for every ¢ € [0, 1]and all x,y € X withx < y. If f
is continuous or (X, d, <) is regular, then f has a fixed point z € X. Moreover,

(1) the set of fixed points of f is a singleton if and only if it is totally ordered;
(2) the set of fixed points of f is a singleton if for every two points u,v € X there
exists w € X, comparable with u, v and fw.

Remark 4 Similarly as in the classical situation, treated in [36], it can be proved
that Theorem 5 contains as special cases several other Pata-type results in their
ordered versions. In particular, this includes Kannan, Chatterjea, Reich, Zamfirescu
and Hardy—Rogers results. The exact formulations and proofs are obvious.

5 Coupled and Tripled Fixed Point Results

Coupled fixed points are relatively new concepts in the study of fixed point theory
which originated in the work of Guo and Lakshmikantham [19]. It was after the
publication of the coupled contraction mapping principle by Gnana Bhaskar and Lak-
shmikantham [17] that the interest in these problems gained momentum.

Recall the following notions.

Let (X, <) be a partially ordered setand F : X x X — X.

1. F is said to have the mixed monotone property if the following two conditions
are satisfied:

(Vx1,x2,y € X) x1 2x2 = F(x1,y) X F(x2,y),
Vx,y1, 2 € X) y1 2 y2 = F(x,y1) = F(x, y).
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2. A point (x,y) € X x X is said to be a coupled fixed point of F if F(x,y) =x
and F(y,x) = y.

Coupled fixed point results under Pata-type contractive conditions were firstly
obtained in [14]. The basic result was the following.

Theorem 6 [14] Let (X, <, d) be a complete ordered metric space and F : X X
X — X be a mapping having the mixed monotone property. Suppose that there exist
X0, Yo € X such that xo <X F(xg, yo) and yo > F(yo,x0), for x,y € X, denote

llx, ¥l = d(x, x0) +d(y, yo). Let there exist v € ¥ and constants A > 0, « > 1 and
B € [0, o] such that the inequality

d(F(x.y), Fu,v)) < [d(x,u) +d(y, v)] + Ay @[1 + lIx, vl + llu, v]]]°

(1-9
2

is satisfied for every ¢ € [0, 1] and all (x, y), (u,v) € X x X withu <x,y <v. If

1. F is continuous, or
2. The space (X, <, d) is regular,

then F has a coupled fixed point in X x X.

A new approach to coupled fixed point problems was initiated by Berinde in [6] and
further developed, e.g., in [1,18,22]. The basic idea is to exploit results for mappings
with one variable and apply them to mappings defined on products of spaces. Using
this approach, an improved version of the above result is obtained in [26].

Theorem 7 [26] Let (X, <, d) be a complete ordered metric space and F : X x X —
X be a continuous mapping having the mixed monotone property. Suppose that there
exist xo, yo € X such that xo < F(xq, yo) and yo > F(yo, xo), for x,y € X, denote
llx, ¥l = d(x, x0) +d(y, yo). Let there exist v € ¥ and constants A > 0, « > 1 and
B € [0, «] such that the inequality

d(F(x,y), F(u,v)) +d(F(y,x), F(v,u))
< (I —oldx,u)+d(y,v)]+ A Y (&)1 + llx, yll + llu, vll]ﬂ

is satisfied for every ¢ € [0, 1] and all (x,y), (u,v) € X x X withu < x, y < v.
Then F has a coupled fixed point in X x X.

Example 3 [26] Let X = R be equipped with the usual metric and order. The mapping
F:X x X — X defined by F(x,y) = %(x — 4y) is obviously mixed monotone. It
is easy to obtain that

d(F(x,y), F(u,v)) +d(F(y, x), F(v,u))
x4y u—4
N 6 6

6 6

’y—4x v —4u
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1300 B.S. Choudhury et al.

=<

| |+4| |+1| |+4| |
x—ul+-ly—vl+=ly—v|l+-lx—u
6" 6" 6

AN NN —

[d(x,u) +d(y, v)].

The further procedure is similar to the one in Remark 2. The mapping F has a unique
coupled fixed point (which is (0, 0)).
Note that the same conclusion cannot be made using the results from [14].

We present also an example of a tripled fixed point result.

Theorem 8 [23] Let (X, <, d) be a complete ordered metric space and F : X3 —
X be a non-decreasing mapping w.r.t. each variable, and suppose that there exist
X0, Y0, 20 € X such that xo < F(x0, Y0, 20), Yo = F(y0, X0, 20), 20 < F (20, Y0, X0)-
Let, for some € ¥ and some constants A > 0, o > 1 and B € [0, o], the inequality

d(F(x,y,2), Fu,v,w)) +d(F(y,x,2), F(v,u,w)) +d(F(z,y,x), F(w, v, u))
< (1 —e)(d(x,u) +d(y,v) +d(z, w) + Ae*Y )1 + |x, y, zll + llu, v, w|]?

holds for all e € [0, 1]and all x,y,z,u,v,w € X with(x <u,y <vandz < w)
or(x > u, y > vandz > w). Finally, suppose that F is continuous or that the

space is regular. Then there exists (x*, y*, z*) € X? such that F (x*, y*, z*) = z*,
F(y*, x*,2%) =y F(Z*, y*, x*) = "

6 Pata-Type Results for Multivalued Mappings

Fixed point results for multivalued mappings under Pata-type conditions were proved
in [11,12,28]. As a sample, we state here the following theorems.

In the fixed point theory of set-valued maps, two types of distances are generally
used. One is the Hausdorff—Pompeiu distance, and the other is §-distance. The follow-
ing standard notations will be used. N (X) is the family of all non-empty subsets of X,
B(X) is the family of all non-empty bounded subsets of X, C B(X) is the family of
all non-empty closed and bounded subsets of X, C(X) is the family of all non-empty
compact subsets of X and

D(x, B) = inf{d(x, y) : y € B}where x € Xand B € B(X),
8(A, B) =sup{d(x,y):x € A, y € B} where A, B € B(X),

H(A, B) = max{supd(x, B), supd(y, A)} where A, B € CB(X).
xeA yeB

H is known as the Hausdorff~Pompeiu metric induced by the metric d on CB(X)
[29]. The §-distance [15] is not metric as the Hausdorff—~Pompeiu distance but shares
most of the properties of a metric.

LetT : X — N(X) be a multivalued mapping. An element x € X is called a fixed
point of T if x € Tx. An element x € X is called an endpoint of 7 if Tx = {x}.
Obviously, each endpoint of 7 is a fixed point of it, but the converse is not true.
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The following theorem deals with two types of inequalities with Hausdorff—
Pompeiu and §-distances, respectively, in two different situations.

Theorem 9 [11] Let (X, d) be a complete metric space and T : X — C(X) be a
multivalued mapping. Suppose that for some A >0, L >0,n>0,a > 1, 8 € [0, «]
andy € U, everye € [0, 1]andall x,y € X,
H(Tx,Ty) <(1—¢&)[M(x,y)+LN(x,y)]
+ A%y ()1 + lIxll + Iyl + I Tx]l + IITyII]ﬁ
holds whenever d(x, y) > n and
8(Tx,Ty) < (1 —&)[M(x,y) + LN (x,y)]
+ AP ([ 1+ llxll + Iyl + ITx] + IITyII]ﬂ (11)

holds whenever d(x, y) < n, where

d(x,Tx)d(y, Ty)]
1+dx,y) ’
N(x,y) =min{d(x, Tx),d(y,Ty),d(x,Ty),d(y, Tx)},

M (x, y) = max {d(x, y),

x|l = d(x, x9) and |Tx| = D(xo, Tx). Also, suppose that Tx* is a singleton for
some x* € X. Then T has a fixed point.

The following result, where the inequality involving §-distance only is considered,
is contained in Theorem 9.

Theorem 10 [11, Corollary 3.1] Let (X, d) be a complete metric space and T : X —
C(X) be a multivalued mapping. Suppose that for some A > 0, L > 0, « > 1,
B €0, aland € W, every ¢ € [0, 1], and for all x,y € X, the inequality (11) is
satisfied, where M (x, y), N(x, y), ||x|| and | T x|| are same as defined in Theorem 9.
Also, suppose that T x* is a singleton for some x* € X. Then T has a fixed point.

Example4 [11] Let X = [0, 1] U {3, 6} be equipped with the usual metric d and let
T : X — C(X) be given as

x—%}, if 0<x<I,
Tx=1{{0,1}, if x =3,
(1,3}, if x=6.

Consider ¥ € ¥ defined by

t, if Ogtgm,

V() =

4t, otherwise,
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andn = ﬁ, A =100,a =2, 8 = 1. Then the conditions of Theorem 9 are fulfilled
and T has a fixed point (which is 0).

Remark 5 [11] In Example 4, when x = 6, y = 3 and ¢ = 1075, the inequality of
Theorem 10, thatis, (11) is not satisfied. So Example 4 is not applicable to Theorem 10,
and hence, Theorem 9 properly contains Theorem 10. Further, itis observed that for any
¢ > 0, the example does not satisfy the inequality H(7Tx, Ty) < (1 — 8)[M(x, y) +
LN(x,y)] or 8(Tx,Ty) < (1 —&)[M(x,y) + LN(x,y)] for all x,y € X. This

indicates that the second term A& 1//(5)[1 +lxll+ Iy +1Tx] + | Ty||]/3 is essential
for the theorem which is the spirit of Pata-type results.

The following results are proved using §-distance under two alternative sets of
assumptions, namely, partial-order assumptions and admissibility conditions. The fol-
lowing class of function is also used in these results.

Let @ denote the family of all functions ¢ : [0, 00)* = [0, o0) such that (i) @
is non-decreasing in each coordinate and continuous; (ii,) @(z,1,¢,¢) <t fort > 0.

The following ordering between subsets of a partially ordered set will be considered.

Definition 1 [5] Let A and B be two non-empty subsets of a partially ordered set
(X, =%). We say that A <1 B, if for every a € A there exists b € B such thata < b.

Theorem 11 [12] Let (X, <, d) be a complete ordered metric space and T : X —
B(X) be a multivalued mapping. Suppose that (i) for x,y € X, x < y implies
Tx <1 Ty; (ii) there exists xo € X such that {xo} <1 T xo, (iii) if {x,,} is a sequence in
X whose consecutive terms are comparable and x, — x, then x,, and x are comparable
for all n; and (iv) there exist A >0, > 1, B € [0, a]and ¥ € ¥, ¢ € D such that
for every ¢ € [0, 1] and for all comparable x,y € X,

D(x,Ty) + D(y, Tx))
2

+ A Y[+ x4+ Iyl + 1Tx] + IITyII]ﬁ, 12)

8(Tx,Ty) = (1= &) ¢(d(x, ), D(x, T2), Dy, T),

where ||x|| = d(x, xo) and | Tx|| = D(xg, Tx). Then T has an endpoint.

Example 5 [12]Let X = {(0,0), (—4, —%), (0, —1)} be a subset of R? with the order
< defined as: for (x, y), (u,v) € X, (x,y) <X (u,v)ifandonly if x < u,y < v.
Letd : X x X — R be given as d(p, qg) = max{|x — u|, |y — v|}, for p = (x, y),
q = u,v) e X.LetT : X — B(X) be given as

{(0,0)}, if x =(0,0),
Tx = 1{(0,0), (-3, —D}, if x=(0,-D,
{(0,0)}, if x=(—% —19).

Define ¢ : [0, oo)4 — [0, o0) and ¥ : [0, 1] — [0, o0), respectively, as

X1+ x2 +x34+ x4

: , where (x1, X2, X3, x4) € [0, 00)*,

o(x1, x2, X3, X4) =
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and

2 : 1
t=, if 0<t<—,
3

v(r) =

4t, otherwise.

Let A > 16, = 2 and 8 = 1. The conditions of Theorem 11 are fulfilled and (0, 0)
is an endpoint of 7.

It was shown by Samet et al. [38] that the purpose of introducing the partial order
can be also served by a set of conditions called admissibility conditions. Later, several
other types of admissibilities have been introduced and used in the domain of fixed
point theory. These conditions, rather than introducing a new structure like partial
order in metric spaces, are requirements on the operator under consideration.

Definition2 [12]Let7T : X — N(X)and#,n : X — [0, 00). T is said to be a cyclic
(6, n)-admissible mapping if (i) 6(x) > 1 for some x € X implies n(u) > 1 for all
u € Tx, (i) n(x) > 1 for some x € X implies O(v) > 1 forall v € Tx.

Theorem 12 [12] Let (X, d) be a complete metric space, T : X — B(X) and 6,1 :
X — [0, 00). Suppose that (i) T is cyclic (0, n)-admissible; (ii) there exists xo € X
such that 0(xo) > 1 and n(xo) > 1, (iii) if {x,} is a sequence in X with 0(x,) > 1
(orn(xn) > 1) and x, — x, then 0(x) > 1 or n(x) > 1; and (iv) there exist A > 0,
a>1,B€el0, alandy € ¥, ¢ € @ such that (12) is satisfied for every € € [0, 1]
and forall x,y € X with 0(x) n(y) > 1. Then T has an endpoint.

Example 6 [12] Let X = [0, o0) be equipped with the usual metric d and order and
let T : X — B(X) be given as

{3}, if 0<x=<1
[x+;—ﬁ,n], if n—1<x<nwithn > 2.

Define 6, n : X — [0, o0), respectively, as

0(x) = :

Take the same functions ¥ and ¢ as in Example 5. Let A > 2, ¢« =2 and 8 = 1. Then
the conditions of Theorem 12 are fulfilled and {0, 2, 3, 4, n, ...} is the set of endpoints
of T.

Q

Yoif 0<x <1 x+2, if 0<x<1
. nx) = .
, if x>1 0, if x>1.

-

Remark 6 One cantreat T : X — X as a multivalued mapping even in the case when
Tx is a singleton for every x € X. In Theorem 11, considering ¥ (x, x2, X3, x4) =
max{xi, X3, X3, x4} and if T is single valued, Theorem 5 (i.e., [23, Theorem 3.2], see
also [12]) is obtained.

@ Springer



1304 B.S. Choudhury et al.

In Theorem 12, taking v (x1, x2, x3, x4) = max{xy, x2, x3, x4}, T to be single
valued and 6 (x) = 1 and n(x) = 1 for all x € X, the following “non-cycling” variant
of Theorem 3 can again be obtained.

Theorem 13 [12] Suppose that for some A > 0, a > 1, B € [0, a] and ¥ € ¥, every
e €0, 1]andall x, y € X, the condition (10) is fulfilled. Then T has a fixed point.

7 Some Results in More General Settings

There have been large efforts for generalizing metric spaces by changing the form and
interpretation of the metric function. Fixed point and common fixed point problems
under Pata-type conditions were also investigated in spaces more general than metric
ones. We will shortly present here some results in b-metric and b-rectangular metric
spaces from [25], as well as in modular spaces from [32].

Definition 3 [4,13] Let X be anon-empty set, s > 1 be a given real number. A mapping
d: X x X — [0, oo0) is called a b-metric with parameter s if

1. d(x,y) =0ifand only if x = y;

2. d(x,y)=d(y,x)forallx,y € X;

3. d(x,z) <sld(x,y)+d(y,z)] forall x, y, z € X (b-triangular inequality).
Then (X, d) is called a b-metric space.
Theorem 14 [25] Let (X, d) be a complete b-metric space with parameter s > 1 and

f,g : X = X be two self-mappings such that fX C gX. Suppose that for some
Y € W, and constants A >0, o > 1, B € [0, ],

1— d ,
d(frfy) < max [ PO 4ox poy ey 1) )
K 2s

+ AW (&) [T+ llgxll + llgyll + Ifxl + 1 fyll ]ﬂ, 13)

holds for all x,y € X and each ¢ € [0, 1]. Then f and g have a unique point of
coincidence. Moreover, if f and g are weakly compatible, then they have a unique
common fixed point.

Example7 [25] Let X = N U {oo} andletd : X x X — [0, oo) be defined by

0, if m=n,
, ifone of m, nis even and the other is even or oo,
d(m,n) = 15, if one of m, nis odd and the other is odd

(andm # n) or oo,

2, otherwise.

Then d is a b-metric on X which is not continuous (see [20]). Consider the mapping
100, x <100,

f: X=X, fx= .. The only non-trivial case to be considered is
4, otherwise
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when x € {1,2,...,100} and y € {101, 102, ..., oo}. Then

d(fx, fy)=4d(00,4) =

1| 24
100 4| 100

We have to check that

4 2(1—¢) d (x,y) s

o= e max [T d (1 100) . d (v 4 |+

(which is condition (13) withg =Ix, A=1,¢¥(e) =, =1, § = 0).
Now

é % — % , both x and y are even or one is even and
the other is oo,
d(x,y) . _
ax 3 = max 5 5, both x and y are odd or one is odd the
other is oo,
% -2, otherwise

IA

1 . .
— 100 if x iseven
ol o <2,
if x is odd

o Nz

1,
max d (x, 100) :

l—LO if yiseven or oo,
maxd (y,4) = } <2.
if y isodd or oo
Then
2(1 —8) )
A, ) ,
00" 5 te

which is fulfilled for each ¢ € R, a fortiori for ¢ € [0, 1].

Definition 4 [16,37] Let X be a non-empty set and s > 1 be a given real number. Let
d: X x X — [0, co) be a mapping such that for all x, y € X and distinct points
u, v € X, each distinct from x and y,

(i) d(x,y) =0iff x = y;
(i) d(x,y) =d(y, x);
(i) d(x,y) <sld(x,u) +du,v) +d(v, y)] (b-rectangular inequality)

hold. Then (X, d) is called a b-rectangular metric space with parameter s.

Theorem 15 [25] Let (X, d) be a complete b-rectangular metric space with parameter
s> 1land f,g: X — X be suchthat fX C gX. Suppose that for some € ¥, and
constants A > 0, > 1, B € [0, «],
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1-— d ,
d(fr f) < S max [TE 4ox pu iy 1)
) 2s

+ AW () [1 + lgxll + eyl 7,

holds for all x,y € X and each ¢ € [0, 1]. Then f and g have a unique point of
coincidence. Moreover, if f and g are weakly compatible, then they have a unique
common fixed point.

Example8 [25] Let X = AU B, where A = {1 :n € {2,3,4,5}} and B = [1,2].
Defined : X x X — [0, 00) sothatd (x,y) =d (y,x) forall x, y € X, and

11
d(E Y 2a (L) 2o0s a(L D) =a(tl) =00
2°3 4°5 2°5 3 4
d(2 XY =a(L 1) =006 dey) = -y otherwi
5 1) = 57 ) = 0.06: x,y) = (x — y)~ otherwise.
Then (X, d) is a b-rectangular metric space with coefficients = 3, but (X, d) is neither

a metric space nor a rectangular metric space (see [25] for details). Let f, g : X — X
be defined as:

, if xeA

X) =Xx.
, if x e B, 8 ()

f(X)=:

= Q| —

We have to check the condition

d(x,y)
6

3

1
d(fx.fy) < (G fx) o d G ) |+ 1l + D

- max
max
with xg = % G.e., ||x|| = d(x, %)). It is enough to consider the case when x € A,

y € B. Then,

_1)?
d(fx, fy)=d (L 1) =006, max 22 = max —‘x?‘z = —(2 65> =,
maxd (x, fx)=maxd (x, %)=0.06, maxd (y, fy)=maxd (y, %): (2- %)2 =

oo}
—

9
W

Hence, max {d(xT’y), dx, fx),d(, fy)} = % whenx € A,y € B. Then itis to
be checked that

1—¢ 81
0.06 < —— - — +&2(1 .
<— 5t T+ lxll+ vyl

Since min{1 + [lx| + [[yll} = 1 +0+ (1 — g)z = 1+ 18 = 4L, itis required to check
the inequality

l—e 81 41,

0.06 < =
=73 5Tt
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which is satisfied for all ¢ € R, a fortiori for ¢ € [0, 1].
Thus, it is proved that all the conditions of Theorem 15 are fulfilled and f and g
have a unique common fixed point (which is %).

Definition 5 [27,30] Let X be an arbitrary vector space over the field K(= R or C).
(a) A function p : X — [0, o0) is called modular if for all x, y € X

(i) p(x) =0if and only if x = 0;
(i) p(ax) = p(x) for every scalar o with || = 1;
(iii) p(ax +By) = p(x) + p(y)ifa+ p=1landa >0, 8 = 0.
(b) If (iii) is replaced by (iv) p(ax + By) < ap(x)+ Bp(y)ifa+p =1landa > 0,
B > 0, then p is called convex modular.

(c) A modular function p defines the corresponding modular space, i.e., the vector
space X, given by X, = {x eX:pix) > 0asr — 0}.

The following is a Pata-type extension of the contraction mapping principle in
modular spaces.

Theorem 16 [32] Let X, be a modular function space, C be a non-empty, p-complete
and p-bounded subset of X,. Leta > 1, B > 0 and k > 0 be fixed constants and
Y eW. Let f:C — C besuch that forall x,y € C and each ¢ € [0, 1],

p(fx—fy) < —e) px—y)+&y(e)[pkx—y) +k]’3,

holds. Then f has a unique fixed point.

8 An Open Question

The concept in the Pata-type inequality can be combined with several other metric
inequalities known already in the literatures to yield Pata-versions of these mappings.
It is perceived that investigations of fixed points of those mappings are worthy of
being studied because they may yield effective generalizations of many established
fixed point theorems. As an instance, we pose the following (possible) generalization
of Cirié’s quasicontraction principle (see [36]).

Question 1 Prove or disprove the following. Let f : X — X and let there exist s € ¥
and constants A > 0, « > 1 and § € [0, «] such that the inequality

d(fx, fy) < (1 = ey max{d(x, y), d(x, fx),d(, f),d(x, f),d(, [2)
+ AP @[ + x|l + Iyl

is satisfied for every ¢ € [0, 1] and all x, y € X. Then f has a unique fixed point
z € X. Furthermore, the sequence { f"x¢} converges to z.

Acknowledgements The authors are grateful to the referees whose suggestions helped in improving the
text of this paper.
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