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Abstract

In this paper we obtain constructive fixed point theorems for self op-
erators in a general class of almost contractions defined by an implicit
relation. Our results unify, extend, generalize, enrich and complement
a multitude of related fixed point theorems from the literature.
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1. Introduction

The study of fixed and common fixed points of mappings satisfying a certain metri-
cal contractive condition has attracted many researchers and stimulated an impressive
research work during the last five decades, see for example [34] and the very recent
monograph [35].

Among these (common) fixed point theorems, only a few are important from a practi-
cal point of view, that is provide a constructive method for finding the fixed points or the
common fixed points of the mappings involved, and only rarely do they offer information
on the error estimate (or rate of convergence) of the iterative method used.

But, as (common) fixed point theorems offer an essential tool for solving nonlinear
functional equations, it is important not only to know that the (common) fixed point
exists (and, possibly, is unique), but also to be able to construct that (common) fixed
point.

In a series of recent papers, see [7]-[15], the author focused on such (common) fixed
point theorems, which were called constructive (common) fixed point theorems, see [12].
All these results have been obtained by considering operators that satisfy an explicit
contractive type condition.

On the other hand, several classical fixed point theorems and common fixed point the-
orems have been recently unified by considering general contractive conditions expressed
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by an implicit condition. This approach has been initiated in the seminal papers of Popa
[23, 24]. Following Popa’s approach, a consistent literature (that cannot be completely
cited here) on fixed point, common fixed point and coincidence point theorems, for both
single valued and multi-valued mappings, in various ambient spaces, has been developed,
see [3]-[5], [23]-[29] and references therein, for a very selective list of references on this
topic.

Starting from this background, the aim of this paper is to obtain some constructive
fixed point theorems for almost contractions satisfying an implicit relation.

The fixed point theorems we obtain in this way are extremely general. They unify,
extend, generalize, enrich and complement a multitude of related results from recent
literature: [7]-[19], [23], [30]-[39], and most of the references therein.

2. Explicit almost contractions

Let (X, d) be a complete metric space and T': X — X a map. The classical contraction
mapping principle, which is one of the most useful results in fixed point theory, says that,
if T satisfies the inequality

(2.1)  d(Tz,Ty) <ad(z,y), forall z,y € X,

where 0 < a < 1 is constant, then 7" has a unique fixed point T in X and for any zo € X
the Picard iteration {x,}nzq defined by

(22) zp1=Tzn, n=0,1,2,...

converges to .

Despite its important features and large field of applications, the contraction mapping
principle suffers from one serious drawback - the contractive condition (2.1) forces T" be
continuous on X.

It was then natural to ask whether or not there exist weaker contractive conditions
which do not imply the continuity of 7. This was answered in the affirmative by R.
Kannan [19] in 1968, who proved a fixed point theorem which extends the contraction
mapping principle to mappings that need not be continuous on X (but are continuous
at their fixed point, see [33]), by considering instead of (2.1) the next condition: there
exists a constant b, 0 < 2b < 1, such that

(2.3)  d(Twz,Ty) < bld(x,Tz)+d(y, Ty)], forall z,y€ X.

Following Kannan’s theorem, a lot of papers were devoted to obtaining fixed point or
common fixed points theorems for various classes of contractive type conditions that do
not require the continuity of 7', see for example, [34, 35, 11] and the references therein.

One of them, actually a sort of dual of Kannan fixed point theorem, due to Chatterjea
[17], is based on a condition similar to (2.3): there exists a constant ¢, 0 < 2¢ < 1, such
that

(24)  d(Twz,Ty) < c[d(z,Ty) + d(y, Tz)], forall z,y € X.

For a presentation and comparison of such kind of contractive conditions and fixed point
theorems, see [31, 32] and [11].

On the other hand, in 1972, Zamfirescu [39] obtained a very interesting fixed point
theorem which gathers together all three contractive conditions mentioned above, i.e.,
condition (2.1) of Banach, condition (2.3) of Kannan and condition (2.4) of Chatterjea, in
a rather unexpected way: if T" is such that, for any x,y € X, at least one of the conditions
(2.1), (2.3) and (2.4) holds, then T has a unique fixed point. Note that considering
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conditions (2.1), (2.3) and (2.4) all together is not trivial since, as shown later by Rhoades
[31], the contractive conditions (2.1), (2.3) and (2.4) are pairwise independent.

The Zamfirescu fixed point theorem has been further extended by the author to almost
contractions [9] (see also [6, 7, 8, 12, 13, 18] and [37]), a class of contractive type mappings
which exhibit a totally different feature: any almost contraction does have generally more
than one fixed point, see Example 1 in [9] and Example 3.2 in [13].

We give here the full statements of the main results in [9] in view of their extension
to fixed point theorems for implicit almost contractions.

2.1. Theorem. [9, Theorem 2.1] Let (X, d) be a complete metric space and T : X — X
an almost contraction, that is, a mapping for which there exist a constant § € [0,1) and
some L > 0 such that
(2.5)  d(Tz,Ty) <96-d(z,y) + Ld(y,Tx), forallz,yeX.
Then

1) Fix(T)={z € X : Te =z} #0;

2) For any xo € X, the Picard iteration {x,}neo given by (2.2) converges to some

a* € Fix (T);

3) The following estimate holds
1-946
2.2. Theorem. [9, Theorem 2.2] Let (X, d) be a complete metric space and T : X — X
an almost contraction for which there exist 8 € (0,1) and some L1 > 0 such that
(2.7  d(Tz,Ty) <0-d(z,y) + L1 - d(z,Tz), for allz,y € X.

Then
1) T has a unique fized point, i.e. Fix (T) = {z*};
2) The Picard iteration {xn}tneq given by (2.2) converges to x*, for any xo € X;

)
)
3) The error estimate (2.6) holds;
4) The rate of convergence of the Picard iteration is given by

(26)  d@ntri-1,27) <

d(xn,n-1), n=0,1,2,...; i=1,2,.... a

(2.8)  d(mn,z") <Od(zpn-1,2"), n=1,2,.... O

Note that in the particular case L := 0 and L; := 0, both Theorem 2.1 and Theo-
rem 2.2 reduce to the well known contraction mapping principle in its complete form, see
[10].

It is therefore the main aim of this paper to extend Theorems 2.1 and 2.2 to almost
contractions defined by implicit relations. In this way we obtain very general fixed point
theorems that unify, extend, generalize, enrich and complement a multitude of related
fixed point theorems from the literature: [7]-[19], [20]-[23], [30]-[39], and most of the
references therein.

3. Fixed point theorems for mappings satisfying an implicit
relation

A simple and natural way to unify and prove in a simple manner several metrical fixed
point theorems is to consider an implicit contraction type condition instead of the usual
explicit contractive conditions. Popa [23] and [24], initiated this direction of research
which has produced so far a consistent literature (that cannot be completely cited here)
on fixed point, common fixed point and coincidence point theorems, for both single valued
and multi-valued mappings, in various ambient spaces, see [4] and [5], for a partial list
of references.
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Let J be the set of all continuous real functions F' : R;% — R, , for which we consider
the following conditions:

(Fia) F is non-increasing in the fifth variable and

F(u,v,v,u,u+v,0) <0 for u,v >0 = Fh € [0,1) such that u < hv;
(F1p) F is non-increasing in the fourth variable and

F(u,v,0,u+v,u,v) <0 for u,v >0 = Fh € [0,1) such that u < hv;
(Fic) F is non-increasing in the third variable and

F(u,v,u+v,0,v,u) <0 for u,v >0 = Jh € [0,1) such that u < hv;
(F2) F(u,u,0,0,u,u) >0, for all u > 0.

The following functions correspond to well known fixed point theorems and satisfy most
of the conditions (Fiq)-(F2) above.

3.1. Example. The function F' € F, given by
F(t17t27 t37 t47t57t5) = t1 — CI,tz7
where a € [0, 1), satisfies (F2) and (F1q)-(Fic), with h = a.
1
3.2. Example. Let b € [O7 5) Then the function F' € F, given by
F(ti,t2,ts,ta,ts,t6) = t1 — b(ts + ta),
b

satisfies (F2) and (Flia)-(F1c), with h = T3 < 1.

3.3. Example. Let c € [O, %) Then the function F' € F, given by
F(t1,t2,t3,t4,ts5,t6) = t1 — c(ts + t6),

satisfies (F2) and (Fia)-(Fic), with h = ¢ < 1.

1-c¢
3.4. Example. The function F' € F, given by

t tqa t t
F(t17t27t37t47t57t6):tl—amax{t27 3+ 4 5+ 6}7

2 72

where a € [0, 1), satisfies (F2) and (F1q)-(F1c), with h = a.

3.5. Example. The function F' € JF, given by
F(t17t27t37t47t57t6) = tl - atZ - b(t3 + t4) - C(ts + tG),

where a,b,c € [0,1) and a + 2b 4+ 2¢ < 1, satisfies (F2) and (Fi4)-(Fic), with h =
a+b+c <1

1-b—c ’
3.6. Example. The function F' € F, given by

t t
F(t17t27t37t47t57t6) = t1 — amax {t27 Qﬂf&tﬁ}7

where a € [0, 1), satisfies (F2) and (F1p), (Fic), with h = a and (Fiq), with h = 1% <1,
ifa < 1/2.
3.7. Example. The function F' € F, given by

F(ti,to,ts,ta,ts,t6) = t1 — ata — Lts,

where a € [0,1) and L > 0, satisfies (F2) and (F1,), with h = a, but, in general, does not
satisfy (F1q) and (Fic).
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3.8. Example. The function F' € JF, given by

F(t1,t2,ts,ta,ts,t6) = t1 — ata — Lis,
where a € [0,1) and L > 0, satisfies (Fi,), with h = a, but, in general, does not satisfy
(F1p), (Fic) and (F2).

The following theorem, which is an enriched version of Popa [23, Theorem 3] that
unifies the most important metrical fixed point theorems for contractive mappings in
Rhoades’ classification [31], has been obtained in [16].

3.9. Theorem. Let (X,d) be a complete metric space, T : X — X a self mapping for
which there exists F € F such that for all z,y € X,

(3.1) F (d(Tz,Ty),d(z,y),d(z,Tz),d(y,Ty),d(z,Ty),d(y, Tx)) < 0.
If F satisfies (Fia) and (F2) then:
(pl) T has a unique fized point T in X ;
(p2) The Picard iteration {x»}neo defined by
(3.2) Tny1=Txn, n=0,1,2,...
converges to T, for any xo € X.
(p3) The following estimate holds:
1—h
where h is the constant appearing in (Fiq).

(p4) If, additionally, F satisfies (Fic), then the rate of convergence of the Picard
iteration is given by:

(33)  d(znyi1,T) < d(Zn,Tn-1), n=0,1,2,...; i=1,2,...,

(3.4) d(zn+1,T) < hd(zn,T), n=0,1,2,....

3.10. Remark. (a) If F is the function in Example 3.1, then by Theorem 3.9 we obtain
the well known Banach contraction mapping principle, in its complete form, see [10,
Theorem B].

(b) If F' is the function in Example 3.2, then by Theorem 3.9 we obtain [10, Theorem 1],
that extends the well known Kannan fixed point theorem [19].

(c¢) If F is the function in Example 3.3, then by Theorem 3.9 we obtain a fixed point
theorem that extends Chatterjea’s fixed point theorem [17].

(d) If F' is the function in Example 3.4, then by Theorem 3.9 we obtain [10, Theorem 2],
that extends the well known Zamfirescu fixed point theorem [39].

(e) If F is the function in Example 3.5, then by Theorem 3.9 we obtain a fixed point
theorem that extends the Reich fixed point theorem [30].
For other important particular cases of Theorem 3.9 see [7, 16] and references therein.
The first main result of this paper extends Theorem 3.9 in such a way as to also
include some known fixed point theorems for explicit almost contractions.
3.11. Theorem. Let (X,d) be a complete metric space, T : X — X a self mapping for
which there exists F € F, satisfying (Fia), such that for all x,y € X,
(35)  F(d(Tz,Ty),d(z,y),d(z,Tx),d(y,Ty),d(z,Ty),d(y, Tz)) < 0.
Then:

(p1) Fix (T) # 0;
(p2) For any xo € X, the Picard iteration {xy}5=q converges to a fized point T of T
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(p3) The following estimate holds:
' ,
(36)  d@nti-1,7) < 7 d(@n,@n1), n=0,1,2,;i=12..,
where h is the constant appearing in (Fiq).
(p4) If, additionally, F satisfies (Fic), then the rate of convergence of the Picard
iteration is given by:

(3.7) d(zn+1,T) < hd(zn,T), n=0,1,2,....

Proof. (pl) Let zo be an arbitrary point in X and xn41 = Tzn, n = 0,1,..., be the
Picard iteration. If we take x := z,—1 and y := x, in (3.5) and denote u := d(Tn, Tnt1),
v:=d(Tpn-1,Tn) We get

F (u,v,v,u,d(Tn-1,%n+1),0) < 0.

By the triangle inequality, d(zn—1,Zn+1) < d(Zn-1,2Zn) + d(Tn, Tnt+1) = u + v and, since
F' is non-increasing in the fifth variable, we have

F (U7 v, v, u,u + v, 0) <F (u7 v, v, U, d(xn*h :Cn+1)7 0) <0
and hence, in view of assumption (Fi,), there exists h € [0, 1) such that v < hv, that is,
(38) d(il}n, anfl) < hd(xnfh xn)

which, in a straightforward way, leads to the conclusion that {z,}i~¢ is a Cauchy se-
quence.

Since (X, d) is complete, there exists a T in X such that

(3.9) lim z, =T.

n—yoo
By taking = := x,, and y := T in (3.5) we get
(3.10) F (d(Txn,TT),d(zn,T),d(zn, TTn), d(T, TT), d(zn, TT), d(T, Tzn)) < 0.
As F is continuous, by letting n — oo in (3.10) we obtain
F (d(z,T%),0,0,d(z,TZ),d(Z, TT),0)) <0,
which by assumption (Fiq) yields d(Z,TT) < 0, that is, T = TT.
(p2) This follows by the proof of (pl).
(p3) This follows by a double inductive process by means of (3.8).
(p4) By taking = := z, and y := 7 in (3.5) we get
F(d(Tzn,T),d(zn,T), d(zn, Txn), d(T, T), d(zn, T), d(T, Tzn)) <0,
that is,
(3.11) F (d(zn+1,%),d(zn,T),d(Tn, Tn+1),0,d(zn, T), d(T, Tnt1)) < 0.

Let u := d(xn+1,T), v := d(zn,T). Then, by the triangle inequality we have d(zn, Tnt+1) <
d(zn,T) +d(xnt+1,ZT) = u+v and hence, in view of assumption (Fi.), by (3.11) we obtain

F (u,v,u +v,0,v,u)) < F (u,v,d(Tn, Tnt1),0,v,u) <0,

which again by (Fi.) implies the existence of an h € [0, 1) such that v < hv, which is
exactly the desired estimate (3.7). O



Approximating Fixed Points of Implicit Almost Contractions 99

3.12. Remark. (a) If F' in Theorem 3.11 also satisfies (F2), then by Theorem 3.11 we
obtain Theorem 3.9.

(b) If F is the function in Example 3.7, then by Theorem 3.11 (but not by Theorem 3.9)
we obtain Theorem 2.1, i.e. [9, Theorem 2.1].

(¢) If F is the function in Example 3.8, then by Theorem 3.11 (or by Theorem 3.9)
we obtain Theorem 2.2, i.e. [9, Theorem 2.2].

3.13. Remark. From the unifying error estimates (3.6), and inspired by [38], we get
both the a priori estimate

n

h
n,T) <
d(zn,T) T h

and the a posteriori estimate

d(zo,z1), n=0,1,2,...

h
7’L7_ S— nyLn— ) =L, 4,...,
d(zn,T) l_hd(m Tn—1), n=1,2

which are extremely important in applications, especially when approximating the solu-
tions of nonlinear equations.

One can also obtain an existence and uniqueness fixed point theorem, corresponding
to Theorem 3.11.

3.14. Theorem. Let (X,d) be a complete metric space, T : X — X a self mapping for
which there exists F € F, satisfying (Fia), such that for all z,y € X, (3.5) holds, and
there exists G € F, satisfying (F2), such that for all x,y € X,
(3.12) G (d(Tz,Ty),d(z,y),d(z, Tx),d(y, Ty),d(x, Ty),d(y, Tx)) < 0.
Then:
(pl) T has a unique fized point T in X;
(p2) For any xo € X, the Picard iteration {xn}5_q converges to T.
(p3) The error estimate (3.6) holds;
(p4) If, additionally, F or G satisfies (Fi.), then the rate of convergence of the Picard
iteration is given by:

(3.13) d(zn+1,%) < hd(zn,Z), n=0,1,2,....
Proof. The existence of the fixed point as well as the estimates (3.6) and (3.13) follow as

in the proof of Theorem 3.11.

In order to prove the uniqueness of T, assume the contrary, i.e., there exists § €
Fix (T), T # Y. Then by taking x := T and y := g in (3.12) and by setting § := d(Z,7) > 0
we get

G(67 57 07 07 57 6) S 07
which contradicts (F2). This proves that T has a unique fixed point. O
3.15. Remark. (a) If F' is the function in Example 3.8 and G is the function in Exam-
ple 3.7, then by Theorem 3.14 we obtain Theorem 2.2, i.e. [9, Theorem 2.2].

(b) If F = G is the function in Example 3.17, then by Theorem 3.14 one obtains the
main result (Theorem 2.3) in [6].

(c) If F is the function in Example 3.19, then by Theorem 3.14 one obtains the second
uniqueness result (Theorem 2.4) in [13].

Theorem 3.14 can now be significantly extended by considering two metrics on the set
X, similarly to [8, Theorem 5].
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3.16. Theorem. Let X be a nonempty set and d, p two metrics on X, such that (X,d)
is complete. Let T : X — X be a self operator for which:

(i) There exists F € F satisfying (Fia) such that for all z,y € X,
F(d(Tz,Ty),d(x,y),d(x, Tz),d(y, Ty), d(x, Ty),d(y, Tx)) < 0.
(ii) There exists G € F satisfying (Fic) and (F2) such that for all x,y € X,

G (p(Tz, Ty), p(x,y), p(x, Tx), p(y, Ty), p(x, Ty), p(y, Tx)) < 0.

1) T has a unique fized point T;

2) The Picard iteration {xn}prg, Tnt1 = Txn, n > 0, converges to T, for all
xo € X;

3) The a error estimate (3.6) holds;

4) The rate of convergence of the Picard iteration is given by

(3.14)  p(xn,z") < hp(Tn_1,2"), n > 1.

Proof. The existence of the fixed point as well as the estimates (3.6) and (3.14) follow as
in the proof of Theorem 3.11.

In order to prove the uniqueness of T, assume the contrary, i.e., there exists § €
Fix (T), T # 7. Then by taking x := T and y := 7 in (3.12) and letting § := p(Z,7) > 0
we get

G(67 57 07 07 57 6) S 07
which contradicts (F3). This proves that 7" has a unique fixed point. O

In order to illustrate the generality of Theorem 3.14 and Theorem 3.16 we consider
three more examples of functions F' € &.

3.17. Example. The function F' € F, given by
F(tl, to,13,%4,1t5, tg) =t1 —ata — L min{tg, ta,15, ts},
where a € [0,1) and L > 0, satisfies (F2) and (F1q)-(Fic), with h = a.
3.18. Example. The function F' € F, given by
t t
F(t17t27 t37 t47t57t5) = t1 — amax {t27t37 1547 %} — Ltﬁ7
where a € [0,1) and L > 0, satisfies (F14), with h = a, but, in general, does not satisfy

(Fib), (Fic) and (F2). To prove (Fiq) let us observe that by F(u,v,v,u,u+v,0) < 0 one
obtains

u—amax{v,v,u,u;v} <0.

If one admits that v > v, then by the previous inequality one obtains u — au < 0 <=
(1 —a)u <0, a contradiction. Hence u < v and thus (Fiq) is satisfied with h = a.

3.19. Example. The function F' € F, given by
ts + t6 .
.F(h7 t27 t37 1547 t57 ts) = t1 — amax t27 t37 1547 T — Ll“ﬂln{tg7 1547 1557 t5}7

where a € [0,1) and L > 0, satisfies (F:) and (Fia)-(Fic), with h = a.
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3.20. Remark. (a) If we set d = p, by Theorem 3.16 we obtain Theorem 3.14.

(b) If F is the function in Example 3.8 and G is the function in Example 3.7, then by
Theorem 3.14 we obtain Theorem 2.2, i.e. [9, Theorem 2.2].

() If F is the function given by

ts + ts
F(t1,t2,t3,t4,t5,t6) = t1 — amax {t27t3,t4, 5 } — Lts,

where a € [0,1) and L > 0, and G is an in Example 3.7, then F satisfies (F2) and (Fiaq)-
(Fic), with h = a, and hence by Theorem 3.14 one obtains the first uniqueness result
(Theorem 2.3) in [13].

4. Conclusions and further research

All the contractive conditions considered in this paper are defined by linear functions
F € J, see Examples 3.1-3.19 and Remark 3.20, but, generally, in Theorems 3.9-3.16,
neither I’ nor G is assumed to be linear. This ensures a great generality to the results
obtained in the present paper. Several nonlinear contractive conditions associated to
such fixed point theorems can be found in most of the papers in the list of references, see
for example [3, 5, 23, 24] etc.

We shall consider and study such nonlinear contractive conditions in some forthcoming
papers. It is also our aim to obtain fixed point results similar to the ones in [4] by removing
the decreasing assumption in (Fiq)-(Fic).

It is very important to note that the contraction conditions defined by the functions
in Examples 3.7-3.19 in this paper have not been considered in any other paper devoted
to fixed point theorems for mappings defined by implicit relations.
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