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1. Introduction and preliminaries

In this section we shall present some useful lemmas and definitions regarding
rectangular and b-rectangular metric spaces. Also, we shall present some recent results
in the field of fixed point theory concerning expansive operators and some generalized
contraction mappings.

In [6], A. Branciari introduced a new metric-type space, when triangle inequality
is replaced by an inequality which involves four different elements. This is called a
rectangular metric space or a generalized metric space (g.m.s.)

Definition 1.1. Let X # 0, d : X x X — [0,00), such that for each z,y € X and
u,v € X (each distinct from z and y), we have that

(1) d(z,y) =0 =z =1y,

(2) d(z,y) = d(y,z),

(3) d(z,y) < d(z,u) + d(u,v) + d(v,y).

Furthermore, from [10] we mention that convergent sequences and Cauchy se-
quences can be introduced in a similar manner as in metric spaces.
Also, from the same paper, we know that if (X, d) is a rectangular metric space and
if (z,,) is a b-rectangular Cauchy sequence with the property that x,, # x,,, for each
n # m, then (z,) converge to at most one point, i.e. the property that (X, d) is
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Haussdorf becomes superfluous.
Moreover, from (8], [9], [22], we recall the definition of b-rectangular metric spaces (or
b-generalized metric spaces), briefly b-g.m.s.

Definition 1.2. Let X # (), s > 1 be a given real number and d : X x X — [0, 00),
such that for each z,y € X and u,v € X (each distinct from = and y), we have that
(1) d(z,y) =0 <=z =y,
(2) d(z,y) = d(y, =),
(3) d(z,y) < s[d(z,u) + d(u,v) + d(v,y)].

As in metric spaces, we recall the basic notions regarding sequences in b-g.m.s:

Definition 1.3. Let (X,d) be a b-gm.s, z € X and (z,) C X be a given sequence.
Then
(a) (z,) is convergent in (X, d) to an element x € X, if for each € > 0, there

exists ng € N, such that d(z,, z) < ¢, for each n > ng. We denote this by lim z, = x.
n—oo

(b) (zn) is Cauchy in (X,d) (or b-rectangular Cauchy, briefly b-g.m.s.), if for
each € > 0, there exists ng € N, such that d(x,, z,4p) < €, for each n > ng and for
each p > 0. We denote this by lim d(z,,zn4+p) = 0, for each p > 0.

n—oo

(c) (X, d) is said to be complete b-g.m.s, if every Cauchy sequence in X converges
to some z € X.

We recall the following important remark from [8]:

Remark 1.4. (1) Every metric space and every rectangular metric space (g.m.s) is
b-g.m.s.

(2) The limit of a sequence in a b-rectangular metric space is not unique.

(3) Every convergent sequence in a b-g.m.s is not necessarily a b-g.m.s Cauchy.

For this, we recall a crucial lemma from [8], i.e. (Lemma 1.5), that specify when
a b-rectangular Cauchy sequence can’t have two limits in a b-g.m.s.

Lemma 1.5. Let (X, d) be a b-rectangular metric space, with the coefficient s > 1. Let
(zn) be a b-rectangular Cauchy sequence in X, such that x,, # T.,, for each n # m.
Then (x,,) can converge to at most one point.

Also, we recall from [12] and [8] the following crucial lemma.

Lemma 1.6. Let (X, d) be a b-rectangular metric space, with the coefficient s > 1. Also,
let (xy,) be a sequence for which T, # T, for everyn # m, with lim d(x,, x,+1) = 0.
n—oo

If () is not a b-rectangular Cauchy sequence, then there exists € > 0, such that for
each k € N, there exists (m(k)) and (n(k)) two sequences of positive integers, such
that

d(Zm(k), Tn(k)) = €,

< imsup d(Zom(k)s Trky—2) < € and
k—o0

M ROV

< lim sup d(mm(k)+1, ﬂfn(k)—l)~
k—o0
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In [22], another crucial lemma regarding sequences in b-rectangular metric spaces
was presented. For convenience, we remind it below.

Lemma 1.7. Let (X,d) be a b-g.m.s., with coefficient s > 1.
(a) Consider two sequences (z,) and (yn), such that x,, converges to x € X and
Yn converges to y € X, with © # y. Also, suppose that for each n € N, x,, # x and

Yn Zy. Then

1
—d(z,y) < liminfd(z,,y,) < limsupd(z,,y,) < sd(z,y).
S n—oo n—o00
(b) Consider an elementy € X and a b-rectangular Cauchy sequence (x,,), such
that ©,, # X, for each n # m. Moreover, suppose that the sequence (x,) converges
to an element x # y. Then

1
—d(z,y) <liminfd(z,,y) < limsupd(x,,y) < sd(z,y).
S n—00 n— 00
Finally, for the convenience of the reader, we recall some important results in b-
rectangular metric spaces. In [9], George et.al.studied basic contraction-type mappings
in b-rectangular metric spaces, like Kannan operators, i.e.

d(Tz,Ty) < Xd(z,Tz)+ d(y,Ty)], with X € [0, j-l] .
s

In [8], Radenovic et.al. extended the results to mappings satisfying

d(fz,gy) < ad(gz, gy) + b[d(gz, fx) + d(gy, fy)],

for each z,y € X and studied unique coincidence and common fixed points for the
pair of operators (f, g) that satisfies some additional assumptions.

Also, for more results in b-rectangular metric spaces and for a consistent survey on
different generalized metric-type spaces, we recommend [11] and [12].

Now, regarding generalized contraction mappings we recall some recent advances in
this subfield of fixed point theory.

In [13], Karapinar studied unique fixed points for some generalized contractions on
cone Banach spaces satisfying the following contractive-type conditions

d(x, Tx) +d(y, Ty) < pd(z,y), where p € [0,2)
and
ad(Tz, Ty) + b[d(z, Tx) + d(y, Ty)] < sd(z,y), with 0 < s+ |a|] —2b < 2(a + D).

Moreover, in 2009, Kumar [14] presented some theorems for two maps satisfying the
following

d(fx, fy) = qd(gx, gy), with ¢ >1,
where f is onto and g is one-to-one.
Moosaei, Azizi, Asadi and Wang generalized the results of Karapinar as follows
In [15], Moosaei used Krasnoselskii’s iteration defined in convex metric spaces, for the
following mappings, that satisfy

d(Tx,Ty) + d(x, Tx) + d(y, Ty) < rd(z,y), where r € [2,5),
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respectively
ad(z, fr) + bd(y, fy) + cd(fz, fy) < kd(z,y), with 20 — |c| <k <2(a+b+c) —|c|.

In [17], Moosaei and Azizi extended the results to generalized contraction-type oper-
ators, studying coincidence points for various mappings, such as

ad(Sx, Tx) + bd(Sy, Ty) + cd(Tz,Ty) < ed(x,y),

where T(K) C S(K), K and S(K) are closed and convex subsets of a convex metric
space and the coefficients satisfy

2b— e <e<2(a+b+c)—|cl.

Nevertheless, in 2014, Moosaei [16] studied a more generalized pair of contractions
(S,T), where

ad(Tz, Ty) + B [d(Sz, Tx) + d(Sy, Ty)| + v [d(Sz, Ty) + d(Sy, Tx)] < nd(Sz, Sy),
with some assumptions on contractive-coefficients, i.e.
26+vy—|y|—a<n<a+28+3y—|yland g+~ <0.

Asadi in [3], using the same iteration (Krasnoselskii) on convex metric spaces, studied
fixed points for generalized Hardy-Rogers type-mappings, as follows

ad(z, Tx) 4+ bd(y, Ty) + cd(Tx, Ty) + ed(Ty, x) + fd(y, Tx) < kd(z,y),

where

b+e—|fl(1—=X) —|c]A a+b+ct+e+ f—|c]A—=|fl(1—=N)
S k < )
1-A 1—A

and A € [0, 1] is the coefficient of Krasnoselskii’s iteration.
Furthermore, Wang and Zhang, in [23] extended the above results for pairs of gener-
alized Hardy-Rogers type contractions.
Now, expansive and expansive-type mappings can be considered a particular case of
generalized contractions. Regarding the former ones, we recall some recent develop-
ment into the study of this type of operators.
In 2011, Aage [1] considered expansive mappings in cone metric spaces. The more
general form of these mappings, with some underlying assumptions, are

d(Tz,Ty) > kd(x,y) + ld(z, Tz) + pd(y, Ty),

where T satisfies K > -1, p<1,l{>1land k+1+p> 1.

Aydi et.al. studied in [4] some interesting fixed point theorems for pairs of expansive
mappings for spaces endowed with c-distances. We recall them using the standard
notations for metric spaces, i.e.

d(Tz,Ty) > ad(fz, fy) + bd(Tz, fr) + cd(Ty, fy),

with b <1, a #0, f(X) CT(X) and (T(X),d) C (X,d) complete.
Also, in cone rectangular metric spaces, some fixed point theorems were developed.
For example, in [20], pair of mappings satisfying

d(fzx, fy) > ad(gz, gy) + Bd(fx, gx) + vd(fy, gy)
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were studied, with some assumptions on the coefficients «, 5 and v and on the range
of g and f.

These pairs of generalized mappings were extended by Olaoluwa and Olaleru in [18],
but in the framework of b-metric spaces and for a pair of four mappings, as follows

d(fz,gy) > a1d(Sx, Ty) + axd(fx, Sx) + azd(gy, Ty) + asd(fr, Ty) + asd(gy, Sz).

Also, for the sake of convenience, we recall other studies in metric-type spaces and
for expansive-type mappings, as follows: in [24] generalized mappings were studied on
cone rectangular metric spaces using the technique of scalarizing, in [21] mappings
that satisfy

d(Tz,Ty) < o(d(x,y))
were studied on cone rectangular metric spaces and in [19], fixed point theorems for
a general type of expansive mappings were developed, satisfying

#(d(S?z, TSy)) > % [d(Sz, S?z) + d(T'Sy, Sy) + d(Sz, Sy)] -

Also, in the context of dislocated metric spaces, Daheriya et.al. [7] studied rational-
type expansive mappings, and in [2] Alghamdi studied fixed points for generalized
expansive mappings in b-metric like spaces.

The purpose of this work is to extend some fixed results for a hybrid class of general-
ized contractive-type mappings and for some expansive-type operators in the context
of b-rectangular metric spaces. Moreover, at the end of the second section, we shall
let and open problem.

2. Main results

Moosaei in [15] used Krasnoselskii iteration to develop fixed point theorems for
generalized contractions on convex metric spaces. It is easily seen that we can use
Picard instead of Krasnoselkii sequences in metric spaces.

In this section, our aim is to extend the results of Moosaei [15] for generalized con-
traction mappings from metric spaces to b-rectangular metric spaces. Also, we extend
and develop the fixed point results of Aage [1] from cone metric spaces to b-g.m.s.
Furthermore, we extend results from [20] of Patil, from rectangular metric spaces to
b-rectangular ones (b-g.m.s).

Also, examples similar to those in [1], [12] and [20] justifying our theorems are given.
Now, let’s consider generalized contractions f : X — X on a b-g.m.s. X, satisfying
the following condition:

ad(z, fz) +bd(y, fy) + cd(fz, fy) < kd(z,y).

We will analyze two separate cases: when ¢ > 0 and ¢ < 0. Also, for expansive-type
mappings, i.e. when ¢ < 0, we consider two types of sequence, namely the classical
Picard iteration x,4+1 = fx,, for each n € N and the ’inverse’ Picard iteration, i.e.
Ty = fxn41, for each n € N, for which we require that the operator f is onto.

Our first result is a theorem for the existence and uniqueness of the fixed point of a
mapping satisfying the contractive condition from above. The technique we will use
is based on the (Lemma 1.6).
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Theorem 2.1. Let (X,d) be a complete b-rectangular metric space (b-gms), with co-
efficient s > 1. Consider a mapping f : X — X, satisfying the following contractive
condition

ad(z, fz) + bd(y, fy) + cd(fz, fy) < kd(x,y), where 0 <k —b < ate
s

Also, suppose the following assumptions are satisfied
(A) If ¢ >0 and k > 0, then% < é,
(B) If ¢ > 0 and k <0, then we have no additional conditions,
(C) If c< 0 and k < 0, then % > 52,
Then, the Picard sequence (x,,), defined as x,411 = fx,, for each n € N converges to

a fized point of the mapping f.

Proof. We consider the Picard iterative process (), defined as x,,11 = fx,, for each
n € N. Applying the contractive condition for the pair (z,,—1,,), we get that

ad(‘rnv fmn) + bd(l’n,h fxnfl) + Cd(fxnfla fxn) < kd(xnfla xn)
ad(xna anrl) + bd(xnfly xn) + Cd(l'na anrl) < kd(xnfb xn)
(a + C)d(xna xn-i—l) S (k - b)d(ﬂl’n—l, xn)

k-0 1
So d(p, xpt1) < 6d(zp—1,x,), where § = n € [0, 7) from the theorem’s as-
a+c s
a—+c

sumptions, since 0 < k — b < .

So d(zy, Tp+1) < 6™d(xo,x1). Since § € [0, é), it follows that nh_)rréo d(xp, Tpni1) = 0.
Also, by a routine argument (by reductio ad absurdum), it follows easily that
Ty # Tpy1, for each n € N and that z,, # z,,, for each n # m.

The next step is to show that the sequence (z,,) is b-rectangular Cauchy. We will use
(Lemma 1.6) and we shall apply it on three different cases

(1) Case ¢ > 0: Let’s suppose that the sequence (x,) is not b-rectangular Cauchy.
Then, there exists € > 0 and two sequences of nonnegative real numbers (m(k)) and
(n(k)), such that the assumptions from (Lemma 1.6) are satisfied.

Now, we will apply the contraction condition for & = x,, ) and y = 2,,(x)—2. It follows
that

ad(T (ks Tm(k)+1) T 0d(Tnk) =2, Tnk)—1) + CA(Tm k)15 Trnk)—1) < kA(Tm(k)> Tr(k)—2)
cd(Tm(k)+1 Tn(k)—1) < kAT k), Tn(ky—2) = Gd(Trm k), Tm(k)+1) — 0A(Tr(k)—2> Tn(k)—1)-
Because ¢ > 0, we have that

k a
(T (k)15 Tr(k)y—1) < Ed(mm(k),In(k)—z)*gd(xm(k),xm(k)+1)*gd(ivn(k)—27ﬂin(k)—ﬁ-

Now, we want to apply the limit superior. We make the following necessary remark

and consider the following cases

If @ > 0, then ¢ <0, so fgd(a:m(k),xm(k)_ﬂ) < 0, so an upper bound for this
c c

element is 0.
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If @ <0, then —% >0, so —%d(mm(k),xm(k)ﬂ) > 0. Applying the limit superior, we
get that

. a ay ..

lim sup <_E) AT (k) Trm(k)+1) = (_E) lim sup d(Zm (x)> Tm(k)+1)

k—o0 k—ro0

a .
= (—7) lim d(@p, (ks Tro(r)+1) = 0.

c/ k—oo
The same reasoning can be made about the sign of the coefficient b and about the
limit superior of the sequence (d(xy(x)—2, Tn(k)—1)) as a subsequence of (d(xn, 2n—1)).
Case (A): When k > 0.
k
Since k > 0, we have that — > 0. We know that limsup d(z,, (), Znk)—2) < €.
c

k—o0 -

k
Multiplying by (> and taking the limit superior, we get that
c
. k . k
limsup | — d(xm(k)axn(k)—Q) = limsup *‘d(xm(k)wn(k)—ﬂ
k—oo c k—oo 'C

k.
= — limsup d(z,,(x), Tn(k)—2) <
C k—oo

€.

ol

k
From (Lemma 1.6), it follows that < < Hmsup d(Tom k)41, Tmk)—1) < =
S k—o0 ]f;
This is a contradiction with the assumption that in this case we have —
c

Case (B): When k£ < 0.

k k
In this case we have that — <0, 50 —d(Zp, (), Tn(x)—2) < 0, then we can take 0 as an
c c

upper bound for it. By (Lemma 1.6), we have that = < 0. Since € > 0 and s > 1, we
s

got a contradiction.

Now, in the two cases from above, we have shown that (z,) is b-rectangular Cauchy.
Moreover, we have said that z,, # z,,, for each n # m.

Since (X, d) is complete, it implies that there exists u € X, such that z,, — u, i.e.

lim d(x,,u) =0.

n— oo

Now, we shall show that u is a fixed point for f

d(u, fu) < s[d(u,z,) + d(@n, Tni1) + d(@pt1, fu)]
= s[d(u,zn) + d(zn, Tpi1) + d(fn, fu)]

Since ¢ > 0, then

o

A(fm, fu) < Zd(n, 1) = 2, i) — 2, fu).

C

So

d(u, fu) < s |d(u,z,) + d(Tn, Tnt1) + ﬁd(gcmu) - éd(xn,xnﬂ) — gd(m fu)
c c c
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Taking the limit when n — oo, we get
a

(1 + S*) d(u, fu) <0,
c

so (¢ + sa)d(u, fu) < 0. Furthermore, since ¢ > 0 and 0 < (a + ¢) < (a + ¢s), then u
is a fixed point for f.
(2) Case ¢ < 0: We have that

ad(z, fr) + bd(y, fy) + cd(fz, fy) < kd(z,y)
cd(fz, fy) < kd(z,y) — ad(z, fx) — bd(y, fy)

So

ol

d(fe, f9) 2 Sdla,y) ~ Ld(e, 72) -y, fo).

c
This is a case of expansive-type mapping. By (Lemma 1.6), there exists € > 0, such
that for every k € N, there exists (m(k)), (n(k)) two sequences of nonnegative real
numbers such that the assumptions in the already mentioned lemma are true. By
b-rectangular inequality, we have that

(@ (k)—25 Tim(k)) < 8 [A(T(k)—15 Trr)—3) T ATnik)—3: Tn(k)—2) + ATmk)—1: Tm(k))]
SA(T (k) =1, Tn(k)—3) = ATp)—2, Tm(k)) — SAUTp (k) =3, Tnk)—2) — SA(Trm(k)y—15 Tm(k))

Dividing by s > 1, we obtain the following
1
AT ()—1,Tn(k)-3) 2 S A@n)-2: Tm(r)) = AT ()-8, Tn()-2) = A(Tm)—1, Tm(r) )
Case (C): When k < 0: Here we have that — > 0. Multiplying by | — ], it implies
c c

that

Ed(m x ) > Ed(:): Ton()) — —d(x x )

c m(k)—1)+n(k)—3) = cs n(k)—2>Lm(k) c n(k)—3sLn(k)—2

- Ed(xm(k)—laxm(k)>‘

Now, we apply the contractive condition for x = z,,(x)—1 and y = xp,(x)—3, i.e.

k a b
AT (k) Tr()—2) = Ed(xm(lc)flv $n(k)73)—gd($m(k)71, mm(k))—gd(l‘n(k)fs? Tp(k)—2)-

So, combining the above inequalities, we get that

AT (k) Trk)—2) = gd(xn(k)—%xm(k)) - Ed(xn(k)—3a$n(k)—2) - Ed(xm(k)—lazm(k))

a b
- Ed(xm(k)—lyxm(k)) - Ed(xn(k)—3axn(k)—2)-
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From the limit superior, we have get the following

. k k..
lim sup (—C> d(xn(k)—Syxn(k)—Z) = - lim sup _d(xn(k)—37xn(k)—2)

k—o0 k—o0

k.. .
= hkrrigf d(Zp(k)—3, Tn(k)—2)

= (_Iz) khjgo d(Tn(k)—-3, Tn(k)y—2) =0
We have the same reasoning for d(2,(x)—1,Tm)), With coefficient —E. Also, for
coefficients a and b, we have that ¢

If a > 0, then _¢ > 0, so (_2) AT (k)1 Tm(r)) > 0, so we can make the lower
bound 0. ac ac

If a <0, then —— <0, so (_E) (T (k)=1, Tm(k)) < 0, so taking the limit superior,
it follows that:

. a a.
lim sup <_E> (T (k)—1> T () = — limsup —d(Trm (k) =15 Trm(k))

k—oco k—

a.. .
=- hkrglo]gf d(Z (k) =15 T (k))

a
c kglgo d('xm(k:)fla xm(k)) 0

Same remarks can be made about the coefficient b and for d(z,,#)—3, Tn(r)—2)-
By (Lemma 1.6), we get that

k ek

> 1 d o) > —1i d o) > —.

€z IIJQTLS;IDP (Im(k)@n(k) 2) > s liﬂ_fip (il?m(k),l’n(k) 2) > 52

1 c k
So — < T This is a contradiction with the fact that in this case — > s2.
s

Now, since x,, # X, for each n # m, d(zp, Xni1) = 0, (24,) Caucchy b-rectangular
and (X, d) is complete, then there exists v € X, such that x,, — u. We shall show
that v is a fixed point for the mapping f.

Applying the contractive condition on the pair (u,z,), we get

ad(u, fu) 4+ bd(xy, fr,) + cd(fu, fr,) < kd(u, z,)
ad(u, fu) + bd(xp, Tri1) + cd(fu, zpi1) < kd(u, z,)

Letting n — oo, we have (a + ¢)d(u, fu) < 0 and since we know that a + ¢ > 0, it
follows that u is a fixed point for the mapping f. O

Relative to (Theorem 2.1), we give two examples that validate cases (A) and(C):
From [12], we recall an example of a complete b-rectangular metric space.

1 _

Example 2.2. Let X = AU B, where A = {f‘n = 2,5} and B = [1,2]. We define
n

d: X x X —[0,00), such that d(z,y) = d(y,z) and

11 11 3
d(2’3>_d<4’5>_100’
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11 11 2
d(2’5>—d(3’4>—m
11 11 6
d<4’3>—d(5’3>—100’

d(z,y) = (z — y)?, otherwise.
Then (X, d) is a complete b-rectangular metric space, with coefficient s = 3. Further-
more, (X, d) is not a metric space or a rectangular metric space.

Regarding case (A) of (Theorem 2.1), we give the following example.

Example 2.3. Let (X, d) be the b-rectangular metric space defined above, with s = 3.
Also, define f: X — X, such as

1
It is easy to observe that f has a unique fixed point 3" Moreover, we shall show that
f satisfies

1
1. ikl
d(fz, fy) < 5d(x,y) + d(x fr) + 1ood(y fv),
for each z,y € X.
Let’s define: a = _—1, b:_—%, k= i, c=1and s =3.
4 100 52

We have the following cases

1
HzxeAandye A: d(fz, fy) =d ( ) = 0, so the above inequality is valid.

3’3

11

55

Now, for the non-trivial cases, it follows that:
3)xe Aand y € B:

2)x € Band y € B: d(fx, fy) = = 0, so the inequality of f is true.

e =(33) = 105

1 1\? 2 1 , 1 1 6
d(y,fy)=d(y,5> - <y—> =y’ —Zy+ o> min =1- -+ - =
Also d(z,y) = (y — x)* = |y — |*.
We have that
T€EA yeB

So
6 el L B

100*52‘1/_ 1200 T 100 25’
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2 —6619

50 £5 v = 21" = 155007
4)reBandyec A

which is obviously true.

d(fJ],fy) = (;’é) = %60;

6
> 1 —_
d(z, fz) > mxelgd(%fx) 55

d > min = —
(v, fy) > min = 2
and
d(z,y) = (y—2)* = |y — =]

We have that
6 1, e, 1 6 B 1
— —_— —_ x —_— — —_— ————
100 — 52 Y 4 25 100 200’
1 —419
SO ﬁ\y — x> 5000 which is also true.
Moreover, we show that the conditions from (Theorem 2.1) - case (A) on the coeffi-

cients are satisfied

c>01>0

1
k>0 — >0

52

1 3
a—+c 1 4>

23 1
b<k - < —
she 100 — 52
k 1 1
—<—-k<-3<bh2
c S 3

a—+c 1 23 1
—t — < = 24 2
& 52A+ 100 < 1 & 324 < 325

Now, we construct an example of a complete b-rectangular metric space, which will
be used further in this section.

Example 2.4. Let X = {1,2,3,4} and define d: X x X — [0, 00), such as

k<b+

d(1,2) = d(2,1) = 1%
d(1,3) = d(3,1) = Tlo
d(2,3) = d(3,2) = Tlo
d(1,4) = d(4,1) = d(2,4) = d(4,2) = d(3,4) = d(4,3) = %

3
We will prove that (X, d) is a b-rectangular metric space with coefficient s = 2 which

is not a rectangular metric space.
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For a b-rectangular metric space, we have that d(z,y) < s[d(z,u) + d(u,v) + d(v,y)],

Cristian Daniel Alecsa

for each u,v & {x,y}, with u, v being distinct. We have the following cases.
e When z = y, the right hand side is 0, so the above inequality remains valid.
e When z # y, we employ the following sub-cases

Case (1): If z =1 and y =2 (z = 2 and y = 1 by symmetry):

6
058 [d(1,u) 4+ d(u,v) + d(v,2)], for u,v & {1,2}, i
6
I <g
10 d(1,2) < |:7IL%III11 d(1,u) 4+ d(3,4) +1r)ré11r11d(v 2)
61,2 1] 03
10="]10"10 10" "=2
Case (2): If z=3 and y =1 (z =1 and y = 3 by symmetry):
1
058 [d(3,u) + d(u,v) + d(v,1)], for u,v & {1,3}, i
1
i <
N d(3,1)<s |:’LILIélI; d(3,u) +d(2,4) + nélln d(v,1)
1 <s 1 +£+ 1 >}
10 10 10 10 4
Case (3): If =4 and y=1 (z =1 and y = 4 by symmetry):
2
0S¢ [d(3,u) 4+ d(u,v) + d(v,1)], for u,v & {1,4}, i
2
2 _ < . .
10 d(4,1) <s {Zrélﬁ d(4,u) +d(2,3) + min d(v,1)
2 <s 2 n 1 n 1 S 1
10="[10" 10 "10)° 772
Case (4): If z =2 and y =4 (z = 4 and y = 2 by symmetry):
2
058 [d(2,u) + d(u,v) + d(v,4)], for u,v & {2,4}, i
2
— =d(4,2) < s |mind(2,u) + d(1,3) + min d(v, 4)
10 u€ly vely
2 1 1 2 1
— <s|—= +-—|,80s82> 2
10 10 10 ' 10 2
Case (5): If =3 and y = 4 (z = 4 and y = 3 by symmetry):
2
058 [d(3,u) + d(u,v) + d(v,4)], for u,v & {3,4}, i
2
0= d(3,4) <s [gél[r; d(3,u) +d(1,2) + Hélln d(4,v)
2_ L, 6, 2] oo
10-"[10" 10" 10”9

e. u,v € Iy = {3,4}

e. u,v € I ={2,4}

e. u,v € Is = {2,3}

e. u,v € Iy = {1,3}

e. u,v € Iy = {1,2}
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So s> — 3 >1sowecantakes—g

Furthermore, (X, d) is not a b-g.m.s., because
6 1 2 2 5
— =d(1,2) > d(1,3) +d3,u) + d(u,2) = —+ —+ — = —,

10 10 10 10 10

so 6 > 5, which is valid.
Now, we construct an example, justifying case (C) of (Theorem 2.1).

Example 2.5. Let X = {1,2,3,4} the b-rectangular metric space defined above, with

coefficient s = 5

3 4
Let f(z) = {17 z i L2 self-mapping defined on X.

We shall show that f satisfies

d(fz, fy) > (=3)d(z,y) — 5d(z, fz) + 3d(y, fy)

and also the conditions from case (C) of (Theorem 2.1).
Let f satisfy cd(fx, fy) > kd(z,y) — ad(z, fx) — bd(y, fy). Let’s normalize the con-
tractive condition, by taking ¢ = —1 < 0 We shall determine the coefficients k, a, b,
with £ < 0,a > 0 and b < 0. We have the following cases

1) If x =y, then d(fz, fy) = d(fz, fz) = 0, so the left hand side is 0. Now, the
right hand side is k - 0 — ad(z, fx) — bd(z, fx) = —(a + b)d(x, f). This implies that
(a + b)d(x, fx) > 0. We have two sub-cases:
If x = 3, then d(z, fx) = d(3,3) = 0, so the inequality is valid. Also, if # 3, then
d(x, fx) > 0, so we have the condition that —b < a.

2) If # y, we have the following sub-cases

a) For © = 4 and y # 4, it follows that d(fy, fz) = d(fy,1). Since y # 4, then

fy =3, 50 d(fr, fy) = d(1,3) = 7.
2
Moreover, one can easily verify that d(z,y) = d(4,y) = 10’ for each y # 4,

2 2
d(z, fr)=d(4, fx) = 0 for each z € X and d(y, fy) = d(y,3) < r;lji(d(y,?)) = —.

10
1
b) For y = 4 and x # 4, it follows that d(fa; fy) = 0
Moreover, we have that d(z,y) = d(4,z) = —, for each x # 4,

1 2
d(z, fr) = d(x,3) => myiéald(x,3) I and d(y, fy) = d4, fy) = ok for each value
of fy.
¢) For y # y # 4 (simultaneously), it follows that d(fz, fy) = d(3,3) = 0. Also

kd(z,y) — ad(x, fx) — bd(y, fy) <0, so kd(xz,y)—bd(z,y) < ad(z, fz).
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1
Furthermore, we have that

dly. f9) = d(y. ) < maxd(,3) = 1o and d(a, fo) = d(o,3) > wind(z,3) = 1.

Now, we analyze the conditions on f.
For the case (1), we get —b < a. For the case (2a), we get that

1
d(fz, fy) = 02 kd(z,y) — ad(z, fr) — blggfd(y,fy)
2%k 2 26 2k 2

a
= — = — — — > — - — —
010 10210 10 PO fy)

1
because b < 0. Sok <a+b+ -.
For the case (2b), we obtain

(S, fy) = 15 > kdla,y) — amin d(e, f2) — by, f7)

10
% a 20 2% 2

= —— — — — > — — — —
010 10210 10 = f)

1
because a > 0. Sok<g+b+§.

For the case (2c¢), it follows that
d(fz, =02>k min d(z,y) — amind(x, fr) — bmaxd(y,
(fz, fy) in d(x, y) —amind(z, fr) —bmaxd(y, fy)

k a 2b

because b,k < 0 and a > 0, so k — sb < a.
Additionally, f satisfies the conditions from (Theorem 2.1) - Case (C).

3
Let’s take k = —3,¢c = —1,a = 5,b = =3, with s = 5 We verify that the coefficients
a, b, c, k verify all of the above conditions
1 1
—b<a<s 3<5, k<a+b+§<:>—3<2+§

1 1
k<g+b+§<:>10+§>0, k—2%<ae3>1

k
b<ke -3<-3 —>s2<12>9

k<b+aT+C<:>6>0, a4+c¢>056>0

Remark 2.6. We observe that the contractive condition when ¢ > 0, can be written
as:
k a b
d(fxafy) S 7d(i)'],y) - 7d(x7f"£) - 7d(y7fy)7 for each T,y € X.
c c c

Taking k > 0,a < 0 and b < 0, it follows that the operator f is of Reich-type, so the
above theorem (when k > 0) is similar with the results of [8].
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Now, we present an useful lemma for expansive-type mappings in b-rectangular
metric spaces, following the technique used in [18].

Lemma 2.7. Let (X,d) a b-rectangular metric space. Also, consider X € R and
x,y, z,w arbitrary elements of X, each distinct from each other. Then
s—1 s+1

N —
2 2

1+ 82
2s

Ad(z, 2) > { Al ;QM d(z,y) + [ M| d(z,w)

s—1 s+1
+ [ ] )

Proof. Let x,y, z, w arbitrary points from X, each distinct from each other. We ana-
lyze two cases for the parameter A € R:
Case (1): Let A > 0. From the b-rectangular inequality, we get that:

d(z,y) < s[d(z,2) + d(z,w) + d(w,y)]

sd(z, z) 2 d(z,y) — sd(z,w) — sd(w,y)

d(z,z) > %d(m,y) —d(z,w) — d(w,y)

Ad(z, z) > gd(%y) — Ad(z,w) — Ad(w,y)

>

Case (2): Let A < 0. From the b-rectangular inequality, it follows that:

d(z,z) < sld(z,y) + d(y, w) + d(w, 2)]
M(z,z) > Asd(z,y) + Asd(y, w) + Asd(w, 2)

So, from the above inequality, we have that

A(z,z) > Asd(z,y) + Asd(y, w) + Asd(w, z), A <0

M(z,z) > %d(w,y) — M(z,w) — Md(w,y), A>0

Combining these cases, it follows that
A(z,z) > p(N)d(z,y) + v(N)d(z,w) + (N)d(w, y), where

A

-, A>0 -, A>0
p(A) =< s’ — 7 and ¥(\) =
s\, A<0 sA, A<O0
Similar to [18], we get that
14 s? 1—s?
o) = A
s —81 s+ f
A) = A— A
) = A= 2
Also, as a final remark, we observe that 1(\) < 0, for each A € R. O

For expansive-type mappings, i.e. when ¢ < 0, we make the following important
remark.
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Remark 2.8. We have studied contraction-type mappings, that satisfied
ad(z, fx) + bd(y, fy) + cd(fz, fy) < kd(z,y)
cd(fx, fy) < kd(z,y) — ad(z, fx) — bd(y, fy)
A(fr. 1) = V(e y) ~ Ld(r, 52) - "y, f9)

By some substitutions we can make the mapping f satisfy

d(fz, fy) > ad(z,y) + Bd(z, fz) +vd(y, fy),

where

We will analyze the cases when o < 0 and o > 0, so, when k£ > 0, ¢ < 0, respectively
k<0,c<0.

Now, involving rate of convergence, we present a constructive fixed point theorem
for expansive-type mappings in b-rectangular metric spaces, using Picard iterative
process.

Theorem 2.9. Let (X, d) a complete b-rectangular metric space, endowed with coeffi-
cient s > 1. Also, consider f: X — X a mapping satisfying

d(fx, fy) = ad(z,y) + fd(x, fr) +yd(y, fy), for each x,y € X.

Moreover, suppose the following conditions are satisfied

(z’)6<1—s,’y>s,a+7<7ﬁ,
s
1

(i) If a« > v, then we have the additional assumptions o+ 1 <~y <1 + >
s

1

If a < vy, then we have the additional assumptions a > 1 and 1 —a < 7y ( — 1).
S

Then, the mapping f has a fixed point.

Proof. In the proof of (Theorem 2.1), we have shown that the Picard sequence for
generalized contraction satisfy d(z,,zn+1) < dd(zp—1,,), for each n € N, where

k—

0 = s This is also valid for the situation of expansive-type mappings, when
a+c

¢ < 0. The condition that the Picard sequence is asymptotically regular was that

0<k-—b< €
S

In our case,

o+
1-p

ol
= olcs
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1 . . 1-p

Now § € {0, 7), by hypothesis assumptions: <1, a4+vy>0and a+7 < ——.
s s

By the contractive-type condition, we have that

d(fz, fy) > ad(z,y) + Bd(z, fz) +vd(y, fy)
and applying it for the pair (z,_1,Z,+1), we obtain

d(xn; xn-‘rQ) Z Oéd(ﬂ?n_l, xn-i—l) + ﬁd(xn—lv xn) + ’Yd(xn-‘rl; xn-‘rQ) (21)

Now, we will try to evaluate an upper bound for d(x,,z,42), for each n € N| i.e.
using (Lemma 2.7), we obtain that

'Yd(xn+la In+2) > @(’y)d(mna xn+2) + ¢(’7)d($m $n71> + w<7)d(mn717 anrl)'

Now, let’s denote by df := d(xy, zp42) and by d,, := d(xy—1,z,), for each n € N.
From (2.1) we have

dy, > ady, _y + Bdy, + @(y)d;, + 9 (y)dn +P(y)d;, -

This means that
[p(v) =1 dy, <[=¥(y) —aldy_y + [=¥(v) = Bldn < [(7) + ald;_y + [¢(7) + Bldy.

Let’s denote by ag := la 90| and by a1 := 1B+ 90l

p(v) -1 py) -1
From the hypothesis, we know that ¢(y) > 1, i.e. v > s > 0, since ¢(y) = T Then it
s

follows that a1 and ay are positive.
Furthermore, since v > 0, we have that ¥(v) = —y < 0. So as = |3 —l

11
S

. Foras < 1,
J_
) s

e When a > v, ie.a—7y > 0:

we get that |a — ] < 1. So, we have two cases:

1
Then, the condition that as < 1 becomes a+ 1 < J + 7y, ie.a+1<y (1 + )
S S
1
Now, since v+ 1 < a+1 < v <1 + >, then s < =, which is true. Also, since
S
1
TtHl<a+l<y (1 + ) < 27, then 1 < v, which is a valid assumption.
S

1—
Moreover, from the hypothesis condition that a4+ < J, we employ two sub-cases
s

1
Ifg>0,thenl —g<1l,ie.a+y<-<1,s0a+vy<1. Since a,y > s > 1, this is
s

obviously not true.
If 8 <0, then 8 < 1,s01— >0 (the denominator in § is positive, so d is positive).

1
Since < 0, then > —. Moreover, since a++y > 1, then we get 8 < 1—s, which

S S
is valid from hypothesis (ii).
Finally, we can verify easily that since s > 1, then 8 < 1 and since 1 — s < 1, then

s > 0, which are evidently true.
o We know verify the case when a < v, i.e. a — v < 0:



512 Cristian Daniel Alecsa

Since o — | =y —a < g —1,then 1l —a <~y (i — 1), which is true by hypothesis
(ii).

Moreover, since — — 1 < 0, then a > 1 is obviously true, also by hypothesis. Also,
since v > o > 1, ihen ~ > 1, which is valid by the fact that v > s.

ﬂ, if > 0, then

Also, as in previous case, by the assumption on  that o + v <

1—
a+v< J < 1, which contradicts the fact that o,y > 1.

S
So B < 0 and from the assumption that § < 1 — s means that the right hand side
1-06 1-p R .
— >1l,sol<a+vy< — which is valid.
So df < asd! _; + aid,, for each n € N. We know that

dn = d(xn—lwxn) < 6d($n—laxn—2) <...< 6n_1D0;

where Dg := dy = d(zg, z1), with ¢ an arbitrary fixed element.

So df < asd?_; + a10" 1 Dy.

We take a major bound for d}, :

dr < apd’_| 4 a10" ' Dy < as(asd’_o + a16"2Dy) 4 a1 Dy

=ald’ 5+ aa16" 2Dy + a1 6" Dy
< a2(axd’_5 + a10™" 3 Do) + ayas6, _oDo + a1 Dy
=a3d;_5+ Doar (6" ' +ax6"? +a36" ) Dy < ...
<akd: 4+ a (6”_1 +ad" i 4+ agflén_k) Dy

The last term is df = d(z2,x), so n — k = 0 = k = n. This means that

d < afdy+a1Do (a90™ " +axd" 4.+ ag_l(SO)

Let’s denote by S := a36" ™ + a26" 2 + ... + a3 6%, The first term in the sum is

b: mn3
o7~ 1. This is a geometric progression, with general term b,, and 2= as——> = 2

by =2 §’
L (F)) _eew

a2 §—ay
HCR
)
0
Sod; < a?dé—l—di%alDo. Now we can show that the sequence (z,,) is b-rectangular
—as
Cauchy. We shall evaluate d(x,, Tn4p), for each n € N and p > 0 fixed. We divide
in two cases: the first one, when p = 2m, with m > 2 and the second one, when
p=2m+ 1, with m > 1:
Case (i): When p = 2m + 1, with m > 1. We evaluate

SO

n n

d(xn; $n+p> = d(l‘ny xn+2m+1) S S [d(l’n, -TnJrl) + d(anrh anrl) + d<xn+27 $n+2m+l)]
< 8[dnsa + dng1] + 8 [d(@ny2, Trys) + A(@nss, Trga) + A Tnsas Trgom)]
<s [dn+2 + dnJrl] + 32 [dn+3 + dn+4] + 33 [dn+5 + dn+6] +...+ 5mdn+2m7
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where dy12m = d(Tnt2m, Tntamt1). So, we get the following estimation
AT, Tptamt1) < 8 [(5"D0 + (5"+1D0] + 52 [5"+2D0 + (5”’+3D0]
+ 83 [6" T4 Do 4+ 6" Do + ... 4 s"6" TP Dy
< 56" [1+56% + 26" + ... +] Do + 56" [L 4 567 + s°0% + ... +] Do

o 1+9
1 —s62

S6nD0,

and by hypothesis we know that 562 < 1 is satisfied. So, d(z, Zni2mi1) — 0, when
n — oo and m > 1 fixed.
Case (ii): When p = 2m, with m > 2. We evaluate
d(mn, xn+2m) <s [d(xm 33n+1) + d(xn+17 xn+2) + d(mn-&-% xn-&-Qm)]
< sldnt2 + dpga] + sd(Tny2, Totom)
< 5[dnt2 + dny1] + 8% [dnga + dnys) +5° [dnys + dngs] + ...+
+ 5™ dopm—3 4 dom—2] + 8™ d(Znrom—2; Tntom)
< s[6"Do+ 6" Do + 5% [6"2 Do + 6" 3D +.. .+
+ 8" [67 Do 4 62" 2 Do + 8" d(Tng2m—2, Tntom)
< 80" [1—}—352—}-5254—!—...] Dy
+ 56" [1+86% + %6 +...] Do + 8™ 'di o,

1+ g n m—1 p*
§n — qn
Also, we have shown that d} < abdj+ 5 ;22 a1Dy. So i, < ab?"™d§ + Qa1 Dy,

5n+2m _ an+2m
h — 2
where Q := ————=——
6 — a9
n+2m __ Cl;H_Q"L 5n+2m

o — a9
converge to 0 as n — oo. In a similar manner, if § — as < 0, then

and this

Now, we have two cases: if § —as > 0, then Q = <5
—ay

a721+2m _ gn+2m a;t+2m

Q=

as — 0 T ag — 5’

and this converge to 0 as n — oo. This reasoning is valid, since, from the theorem’s
1

assumptions, we know that 0 < as < 1 and § < — < 1. So, in this case, since @ — 0,
S

then d(xy,, Tpiam) — 0, as n — oo.

So, from both cases, we have shown that (z,) is a b-rectangular Cauchy sequence.
Also, we know that x,, # x,,, for each n # m and that (X, d) is complete. This means
that there exists u € X, such that lim x, = u.

n— oo

Moreover, since the contractive condition can be reduced to the original form, i.e.
ad(z, fx) + bd(y, fy) + cd(fz, fy) < kd(z,y), then, as in the proof of (Theorem 2.1),
there exists a unique point u of f, as long as a + ¢ > 0 and ¢ < k. O



514 Cristian Daniel Alecsa

Finally, we give an example regarding (Theorem 2.9).

Example 2.10. Let (X,d), with X = {1,2,3,4} be the b-rectangular metric space,
endowed with the b-rectangular metric from (Ezample 2.2). Define a self-mapping f,
by: f(1) =2, f(2) =3, f(3) =1 and f(4) = 4. It is obviously that f has as a unique
fixed point the element 4 € X. We will determine the coefficients «, § and +, such
that f satisfies d(fz, fy) > ad(z,y) + pd(z, fz) + vd(y, fy):

Byr=2and y =1,
Byx=1and y=2,
By z=1and y =3,
Byx=3andy=1,
By z=1and y =4,
Byrz=4and y=1,
By zx =3 and y = 2,
Byx=2and y=3,
By z =4 and y = 2,
By =2 and y =4,
By x=4and y =3,

By x =3 and y =4,

we get that

we get that
we get that
we get that
we get that
we get that
we get that
we get that
we get that
we get that
we get that

we get that

By x =y, we get that 5 +~v <0
Now, we observe that (2.11) and (2.14) are equivalent relations. Also, we shall employ
the more restrictive conditions on the coeflicients «, § and ~, i.e. inequalities (2.11),
(2.3), (2.5), (2.7), (2.8) and (2.14). Furthermore, we shall impose more restrictive
conditions such that the number of inequalities is reduced: instead of (2.11) and
(2.3), we impose that 1 > 6+ 4+ 2, instead of (2.7) and (2.8) we require only (2.7)
and instead of 1 > 6+ 8+ 2v and (2.5), we require 1 > 6+ 8+ 6. We mention that
all of the above reasoning was made under the assumptions that § < 0 and v > 0.
Now, we have only two conditions, along with the conditions from (Theorem 2.9),

when a >

1

- >
10

1

— >
10

6

— >
10

6

— >
10

2

— >
10

2

= >
10

1

— >
10

1

— >
10

2

Z >
10

2
10
2
10
2

— >
10

1 1

2 1

2
>«
- 10 10

B+v<0,1>6a+ 8+ 6y
B<1l—s,v>s,ay

1- 1
a+’y<sﬁ,a+l<7<1+s>

(2.2)
(2.3)
(2.4)
(2.5)
(2.6)
(2.7)
(2.8)
(2.9)
(2.10)
(2.11)
(2.12)

(2.13)
(2.14)
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3
Now, taking account of the fact that s = o7 Wecan find some values for the coeflicients

9 101
«, B and . For example, the inequalities are satisfied when o = 5’ 8= 5 and
17
7= 1007

Now, we recall (Lemma 2) from [5], that is crucial for inequalities involving
difference inequations.

Lemma 2.11. Let (a,) and (by,) be two sequences of nonnegative real numbers, such
that

ant1 < Q1Gp + Q2@p—1 + ... + Qpap_gy1 + by, wheren >k — 1.
k
Ifaq,...,a €10,1), Y a; <1 and lim b, =0, then it follows that lim a, = 0.

Remark 2.12. In the previous proof, we have shown that the following estimation is
valid

* n yx o — a?
&; = d(xpy2,on) < afdi + ——=a1Dy.
o — ag

So, based on this lemma, we give a nonconstructive approach for evaluating (x,,) as
a Cauchy sequence.

In the above lemma, let’s take £k = 1. Then, we get that a,+1 < aia, + by, with
a1 €10,1) and nILrI;O b, = 0. Then lim a, = 0.

n— oo

Now, we have proved that d;; < aod | + a16" =1 Dy.
1
Let’s define the following: oy := as and b, = a;Dod" L. Since § < — < 1 and

s
as € [0,1), then apply (Lemma 2) from [5] with the particular case when k = 1, we
get that lim d} = 0.

n— o0

Now, we give a proof for expansive-type mappings under the new assumption
such that the mapping f is onto and we shall use the ’inverse’ Picard iterative process.

Theorem 2.13. Let (X, d) be a complete b-rectangular metric space and f : X — X a
mapping satisfying

d(fx, fy) > ad(z,y) + Bd(z, fz) +vd(y, fy).

Let f continuous and onto. Suppose that

()B<1,aty>0andl—p< 2t

Also, suppose the following additional assimptions
Case (E1), i.e. a > 0: Suppose that the following assumptions are satisfied:
(i) o > 1
Case (E2), i.e. o < 0: Suppose the following assumptions are satisfied:
(i) a < =1, v>0
« 1
(m)s(l ,y) <1+a
Then, the mapping f has a fived point in X .
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Proof. Here, we know that f is continuous and onto. Let xg be an arbitrary point.
As we have shown in the previous theorem, i.e. (Theorem 2.9), we reduce the con-
tractive condition to
d(fz, fy) > ad(z,y) + Bd(x, fr) + vd(y, fy).

Because f is an onto mapping, by definition, we have that for each y € X, there exists
z € X, such that y = fx.
Now, for x¢g € X, there exists 1 € X, such that zyg = fx;. Also, for x; € X, there
exists o € X, such that x; = fxs. Inductively, we get that =, = fx,1, for each
n € N.
Applying the contractive condition on the pair (41, %), it follows that:

d(fxn+1a fxn) > ad(xn, anrl) + Bd(mna fxn) + 'Yd(anrlv fxn+1)

d((En, an,l) Z ad(xru anrl) + ﬂd({En, l‘n,1) + ’Yd(xnjtlu an)

— (Oé + '}/)d(xn-i-hxn) S (1 - 6)d(l‘n_1,$n)

— d(:En, mn—!—l) < ad(zn—h In),
1-p
o+

o+ 7y

a+vy>0and 1 -3 < ——. Furthermore, we have that d,, 11 := d(z,41,2,) < 0"d;.

1
where 6 := . From the hypothesis,we know that 6 € [0, 7>, because 5 < 1,
s

s
For simplicity, let’s denote by Dy := dy = d(x1, 2p).
Furthermore, as in the previous theorem, let d¥ := d(z,, Zn42), for each n € N.
Now, we shall analyze two different cases for estimation of d(z,, Zn12)

k
Case (E1): When a > 0, or with the original notation, — > 0. Since ¢ < 0, we get
c
that k£ < 0.
Applying the expansive-type condition on the pair (x,, z,t2), it follows that
d(Tn—1,Tn+1) = d(fon, [Tnt2) = ad(Tn, Tnto) + Bd(Tn, fon) +vd(Tnt2, fTni2)
= O‘d(mnv xn+2) + /Bd(xny xn—l) + ’Yd(xn-&-l; xn+2) -
Oéd(l’n, xn+2) S d(xn—l, zn+1) - Bd(xn—la zn) - 7d(xn+17 xn+2)
1
d(Tp, Tny2) < —dj_y + (_B> dn + (_l) dnt2
@ @ e
1
d(xnvxn—i-Q) < 7d;_1 + (‘B’) dn + (’1‘) dpi2
@ o @
Since d,, 11 < 0™ Dy, so d,, < 0" 71Dy, it follows that
1
d* < ~d'_, +6""'QDy, where Q := ‘é‘ + ’1‘93.
@ ! !

1

Since 6 € {0, f) C [0,1) and « > 1, we get, by (Lemma 2) in [5] and by (Lemma
s

2.11), that lim df = 0. Now, as in the proof of (Theorem 2.9), we give a constructive
n—oo

approach for the upper bound of d(z,,, Z+p). Furthermore, we shall omit the details.
n n

0
We know that df < asd’_; + a10" 1Dy, briefly d¥ < a%dj + 7 2 a1 Do, where
—ay
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1
a1 = Q and as := —. When p = 2m + 1, then d(z,, Tpiom+1) < T ° —— 350" Dy, and,
o _
by hypothesis, s6? < 1, then d(z,,, Zp2m+1) converges to 0.
9n+2m _ an+2m 1
When p = 2m, then d};,,, < a2 ds 4 Q—QalDo. Since § < — <1 and
— a2 S
az < 1, by theorem’s assumptions, then dj |, converges to 0.
1+46
Moreover, d(zy, Tptom) < T e? $6" Do + s™ 7 Lo,

Case (E2): When o < 0. We shall use (Lemma 2.7):
We know that d(z,, zp+1) < 0d(zn—1,2,), for each n > 1.
As in the previous case, with the remark that we divide by a < 0, we get that

1
d(Xp, Tpy2) > Ad_1 + Bd, + Cdpqq, where A := o B = |§ and C := ﬁ.

By (Lemma 2.7), we get that
Cdpt1 > (O +(C)dpgs + 9(C)d,
dy, 2 Ady,_y + Bdyn + ¢(C)d;, 1y +$(C)dn i3 +1(C)d;,
P(C)dp iy < dyp [1 = P(O)] + (=A) d;, 1 — ¢(C)dni3 — By,

Since, by theorem’s assumptions, ¢(C) > 0, we get that

1- 1/J(C)

df < — Ad} _ C)dy+3 + Bd,
+1 QO(C) 1 [SD( ) +3 ]
1—19(C)
di < ———=d, — Ad;_, + [|o(C)|dnys + |Bldy,
s L+ 19Ol rs + Bl
1-9(C) 2
f < ————dk — Ad? c)le B||6™D
n+1l = (,O(C) n n—1 + |:|<)0( )| +| H 0
Y R 2 n e 1 — 11[}(0)
On the other hand, let’s denote by by, := [|¢(C)[62 + |B|] 6" Dy, a1 := 0 and
by ag := —A. Since v > 0 and C = |’y—‘ > 0, then p(C) = % > 0. Also, from C' > 0,
o'

then ¢¥(C) = —C < 0. Now, ay > 0 requires that —C < 1 and this is true since C' > 0.

1
Moreover, ag = —A = —— > 0, because o < 0 and so — < 0. This means that oy
Q

@
and ay are positive, so the sum of these two is positive. Now, we want to validate if
the sum of a; and s is less than 1.

1—9(C) 1+C 1
= — A = ,—— —_
R (o) c
s
1+C 1
So a1 + as < 1 is equivalent to s e < 1+ —. Since C = o l, then
C o |o] -«
o 1
s (1 — > < 1+ —. Now, we have two sub-cases.
¥ «

If1— @ < 0, then a —~ > 0, i.e. @ > =, so this is false, because a < 0 and vy > 0.
Y
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So, the only valid case is when 1 — @ > 0, so a < 7. Since a and ~ have different
1

signs, this is also valid. Now, because s (1 - a) < 1+ — and by the fact that the
y o

right hand side is positive, it follows that 1 + — > 0, i.e. @ < —1, which is valid by
e

1
hypothesis assumptions. Since 6 € [O, f) c [0,1), then lim b, = 0.
S n— o0
Also, since a1 + az € [0,1), ag € [0,1) and ay € [0,1), then lim df = 0. The rest of
n—oo

the proof follows as usual. O

Now, we give an example of a b-rectangular metric space, which is b-rectangular
and validate (Theorem 2.13) through another example, showing that the hypotheses
and conclusion of the already mentioned theorem are true also in b-metric spaces.

Example 2.14. Let X = [0,00), endowed with d : X x X — R, such that d(z,y) =
(x —y)?, for each z,y € X. Then (X, d) is a complete b-metric space, with coefficient
s = 2. Then, it is also a complete b-rectangular metric space, with coefficient s = 4.

Example 2.15. Let X = [0,00), where d is the above b-rectangular metric, with
0

s=4. Define f: X — X as f(z) = m; 1, with 01,02 > 0. It is easy to see that f is

2

continuous. Also, for each y € X, there exists x = ydo — d; > 0,, since d; and Jo are
positive, so f is onto. Moreover:

d(fa, fy) = (fo— fy)? = |[SF0 v L e

5 5 | etV

1
- —d .
% (z,y)

1 1 1
Let’s take 8 =0, v =0 and o = 10. Also, let § < 3 Le. 0y < 1 For example: §5 = o
and 61 = 1.
Then f satisfies d(fx, fy) > 10d(z,y), for each z,y € X.

As an open problem with respect to generalized contractions in b-rectangular
metric spaces, we give the following.

Open Problem. Following [3], consider a self-mapping f defined on a complete b-
rectangular space (X, d) with coefficient s > 1, that satisfy

ad(z, fx) +bd(y, fy) + cd(fz, fy) + ed(x, fy) + gd(y, fr) < kd(z,y).

Develop fixed point theorems for the self-mapping above, in the context of b-
rectangular metric spaces, with suitable conditions on the coefficients a, b, c, e, g, k.
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