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Abstract. In the last few decades, a lot of generalizations of The Banach contraction principle had been introduced.
Recently, Piri et al. gave an interesting generalization of this principle in the framework of generalized quasi b-
metric spaces. In this paper, we present the notion of T — y—contraction and T — y—contraction in generalized
quasi b-metric spaces to study the existence and uniqueness of fixed point for them. We will also provide some
illustrative examples. Our results improve many existing results.
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1. INTRODUCTION

The problem of the existence of the solution of many mathematical models is equivalent to
the existence of a fixed point problem for a certain map. The study of fixed points is, therefore,
has a central role in many disciplines of applied sciences. The most essential and key part
of the theory of fixed points is the existence of the solution of operator equations satisfying
certain conditions, for example, Fredholm integral equations, Voltera integral equations, two

point boundary value problems in differential equations as well as some eigenvalue problems.
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A beautiful blend of analysis, topology and geometry has laid down the foundation of the theory
of fixed points.

The Banach contraction principle [1] has become a powerful tool in modern analysis and it
is an important tool for solving existence problems in mathematics and physics. Many authors
have established the theory of fixed points particularly in two directions. One by stating the
conditions on the mapping 7 and second, taking the set X as a more general structure [5, 11].

Many generalizations of the concept of metric spaces are defined and some fixed point the-
orems were proved in these spaces. In particular, quasi b-metric spaces were introduced by
Wilson [14] as a generalization of metric spaces. Many mathematicians worked on this inter-
esting space. For more, the reader can refer to [8, 10].

A. Branciari in [2] initiated the notions of a generalized metric space as a generalization of
a metric space, where the triangular inequality of metric spaces replaced by d(x,y) < d(x,u) +
d(u,v) +d(v,y) (quadrilateral inequality). Various fixed point results were established on such
spaces, see [1, 3,6, 7,12, 13, 16, 17, 18, 19, 20, 21] and references therein.

Combining conditions used for definitions of asymmetric metric and generalized metric
spaces, Piri et al [9] announced the notions of generalized quasi b-metric space.

In this paper, we introduce the notion of T — y—contraction and T — Yy —contraction and es-
tablish some new fixed point theorems for mappings in the setting of complete generalized
asymmetric metric spaces. Our result generalizes, improve and extend the corresponding re-
sults due to Kannan and Reich. Moreover, an illustrative examples is presented to support the

obtained results.

2. PRELIMINARIES

Preliminaries. In what follows, we recall basic definition and results on the topics for the
sake of completeness.

Notation We need the following symbols and class of functions to prove certain results of this
section: R is the set of all real numbers. N is the set of all natural numbers. ¥ = {y : Rt — RT,
such that, y is non-decreasing, continuous, Y5> ; sy (¢) < oo, sy(t) <t fort > 0 and y(0) =0

if and only if # = 0, where y* is the kth iterate of y and s > 1}.
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Definition 2.1. [2] Let X be a non-empty set and s > 1 be a given real number. A function
d:X xX — R" is a b-metric if and only if for all x,y,z € X, the following conditions are
satisfied:
(i) d(x,y) =0if and only if x =y;
(ii) d(x,y) = d(y,x) for all distinct points x,y € X;
(iii) d(x,z) < s(d(x,y) +d(y,2)).

Then (X,d) is called a b-metric space.

It should be noted that the class of b-metric spaces is effectively larger than that of metric

spaces since a b-metric is a metric when s = 1.

Definition 2.2. [2] Let X be a non-empty setand d : X x X — R™ be a mapping such that for
all x,y € X and for all distinct points u,v € X, each of them different from x and y,

(i) d(x,y) =0 if and only if x = y;

(i) d(x,y) = d(y,x) for all distinct points x,y € X;

(iii) d(x,y) < d(x,u)+d(u,v)+d(v,y). ( quadrilateral inequality)

Then (X,d) is called a rectangular metric space.

Definition 2.3. [2] Let X be a non-empty set,s > 1 be a given real number,
and d: X x X — R* be a mapping such that for all x,y € X and for all distinct points u,v € X,
each of them different from x and y,

(i) d(x,y) =0if and only if x = y;

(ii) d(x,y) = d(y,x) for all distinct points x,y € X;

(iii) d(x,y) <s(d(x,u)+d(u,v)+d(v,y)). ( quadrilateral inequality)

Then (X,d) is called a rectangular b-metric space.

Note: Every metric space is a rectangular metric space, and every rectangular metric space
is a rectangular b-metric space with coefficient s = 1. It is evident that any rectangular metric
space is a rectangular b-metric space, but the converse is not true in general. We give an example

to show that not every rectangular b-metric space is a rectangular metric space.

Example 2.4. [2] Let X = N,a >0and d: X x X — R" such that:
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(i) d(x,y) =0if and only if x =y;

(ii) d(x,y) = d(y,x) for all distinct points x,y € X;

(iil) d(x,y) =4a,ifx,y € {1,2} andx # y

(iv) d(x,y) = a,.ifx,y ¢ {1,2} and x # y
Then (X,d) is called a rectangular b-metric space with coefficient s = g > 1.but (X,d) is not
rectangular metric space, as d(1,2) =4 £ 3o =d(1,3) +d(3,4) +d(4,2).

The following is the definition of the notion of rectangular quasi metric space.

Definition 2.5. [9] Let X be a non-empty set and d : X x X — R™ be a mapping such that for
all x,y € X and for all distinct points u,v € X, each of them different from x and y,

(i) d(x,y) =0 if and only if x =y;

(ii) d(x,y) <d(x,u)+d(u,v)+d(v,y).(quadrilateral inequality)

Then (X,d) is called a rectangular quasi metric space.

Note: Any rectangular metric space is a rectangular quasi metric space, but the converse is
not true in general.
We give an example to show that not every rectangular quasi metric on a set X is a rectangular

metric space on X.

Example 2.6. Let X = {¢,2¢,3t,4¢,5¢},with t > 0 as a constant,& > 0 and define
d:X xX —R" by:

2

3 )=d(3t,t) =d(3t,2t) = a;
t,4t) = d(2t,4t)

5 )

d =d(3t,4t) = d(4t,t) = d(4t,2t) = d(41,3t) =2a,;
d(t,5t) =d(2t,5t) = d(3t,5t) = d(4t,5t) = %a,;

(
(
(
d(5t,t) =d(5t,2t) = d(5t,3t) = d(5t,4t) = %a,;

Then (X,d) is a rectangular quasi metric space, but for the fact that

3 5
d(t,5t) ¢ £ 0= d(5t,t).

but (X,d) is not a rectangular metric space.
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Definition 2.7. [9]. Let (X,d) is a rectangular quasi metric space and {x, },. be a sequence in
X, and x € X. Then

(i) We say that {x,} nen forward (backward) converges to x if and only if

lim d(x,x,) = lim d(x,,x) =0.

n—+oo n—y+oo

(ii) We say that {x, },.y forward (backward) Cauchy if

A= Jim_d(55) =0

(iii) (X,d) is called complete rectangular quasi metric space if every Cauchy sequence in X

converges to some x € X.

Lemma 2.8. [9]. Let (X,d) be a rectangular quasi metric space and {x,}, be a forward (or
backward) Cauchy sequence with pairwise disjoint elements in X. If {x, }, forward converges

to x € X and backward converges to 'y € X, then x = y.

Definition 2.9. [9]. Let (X,d) be a rectangular quasi metric space. X is said to be complete if

X 1s forward and backward complete.

3. MAIN RESULTS

In this section, we introduce rectangular quasi b-metric spaces, define generalized T —
Y —contraction mappings, and study fixed point results for the mappings introduced in the set-
ting of rectangular quasi b-metric spaces. We start by introducing the notion of a rectangular

quasi b-metric space as follows:

Definition 3.1. Let X be a non-empty set,s > 1 be a given real number, and d : X x X — R™
be a mapping such that for all x,y € X and for all distinct points u,v € X, each of them different
from x and y,

(i) d(x,y) =0if and only if x = y;

(ii) d(x,y) <s(d(x,u)+d(u,v)+d(v,y)) (quadrilateral inequality).

Then (X,d) is called a rectangular quasi b-metric space.

Now, we give an example of a rectangular quasi b-metric space.
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Example 3.2. Let X = AJB where A = {%, %, %, %} and B = [1,2].Define the generalized
metric d on X as follows
11 11 11 11 11
d(%?):a,’(%?):O.?,;cl(%,%):d(?éIL d(§’4_1> 0.1;
z(?, th) = d(§’§) 1— (1)6,d(2i5i = d(g, 3) =0.4;
G D A o
d(i’i) =d(§,§) d(4 4_1) d(§7§)=0;

and d(x,y) = [x—y|if x,y € Bor x € B,y € A Then (X,d) is a rectangular quasi b-metric space
3
with coefficient s = 3 > 1. Indeed Condition (i)in Definition 7 trivially holds. Now, we show

condition (ii) in Definition 7 holds: Case (i) If x,y € A, then

d(y) = d(3,3) = 03<s[d(—,u)—|—d(u,v)+d(v,%)]whenuv€{4,;}
d(6,y) =d(5,5) = 0.1 < sld(5,u) +d(uv) +d(v, )] whenu,v € {7, ¢}
() = d(5,3) = 0.1 < s (5,u) +du,) +d(v, )] whenuve{z,;}
d(ey) = d(5,3) = 0.5 < sld(,u) + () +d(v, 3)] when v € {3, 5}
d(e,y) = d(3, 5) =03 < sld(,u) + () +d(v, )] when v € {35}
d(e,y) = d(5,7) = 0.1 < sld(g,u) +d(uv) +d(v, )] whenuv e {35}
d(6,y) = d(3,7) = 0.6 < sld(3,u) +d(uv) +d(v, )] when u,v € {5, 5.
d(y) = d(}, ) =04 < sld(u) +d(uv) +d(v, )] when v € (5, 2},
d(x,y) = d(3, 5) = 105 < sfd(,u) + d(uv) +d(v, )] whenuve{; Ht
d(6,y) = d(5,5) = 0.5 < sld(g,u) +d(u,v) +d(v, 3)] when u,v € {3 Ht
d(ey) = d(5,5) =06 < [d(% ) () +d(v, )] when v e (3,7},
d(ey) = d(5,3) = 0.6 < sld(g,u) +d(u,v) +d(v, 3)] whenuv € {3, 7}

Case (ii) Ifx,ye Borx€A,ye Borx€ B,y € A, thend(x,y) = |x—y| <slx—u|+|u—v|+|v—y]
for all distinct points u,v € X, {x,y}.
But (X,d)is neither a metric space, a rectangular metric space nor a rectangular quasi metric

space because the triangle inequality, symmetry, and rectangular inequality fail respectively as

follows:
11 11 11
d(2,4) 0.6 40 d(2,3)+d(3,4) 0.3+40.1,
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11 11
—.=)=0. A=d(~, =
d(%,%) 0.6 #0 d(4i2i,and . .

We next give the definitions of rectangular quasi b-convergence of a sequence and complete-

ness of rectangular quasi b-metric spaces.

Definition 3.3. Let (X,d) is a rectangular quasi b-metric space and {x,},.y be a sequence in
X, and x € X. Then

(i) We say that {x,}, forward (backward) converges to x if and only if

lim d(x,x,) = lim d(x,,x) =0.

n—y+oo n—y+oo

(ii) We say that {x,},.y forward (backward) Cauchy if

Ty ) =, 10 ) =0

(iii) (X,d) is called complete rectangular quasi b-metric space if every Cauchy sequence in X

converges to some x € X.

Remark 3.4. Let (X,d) be a rectangular quasi b-metric space. For x € X, we define the open ball

with center x and radius r > 0 by B,(x,y) = {y € X : max{d(x,y),d(y,x)} < r}.

In general, an open ball in a rectangular metric space need not be an open set. A rectangular
quasi b-metric space need not be continuous. A convergent sequence in a rectangular quasi b-
metric space need not be a Cauchy. A rectangular quasi b-metric space need not be a Hausdorff,
and hence the uniqueness of limits cannot be guaranteed. Now, we give an example to support

Remark.

1

Example 3.5. Let X = AUB, where A = {—,n € N, and B = {0,3}. Define the function d :
n

X x X — R such that

0 if x=y;

if x,yeA;

d(xay) = 12
- if x€A,yeB;
n

2 if x,yeB;

\
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The function d is a rectangular quasi b-metric space with s = 2. But d is neither a rectangular

quasi metric nor a rectangular b-metric space because

11 9 11 1 1
d(ivg) =5 % T _d(iao) +d(0a3)+d(37§)
and
1 1 1 1
d(3,0) =5 # 5 =4d(0,3)

It is also clear that

1 1 1 1
lim d (—,O) =1lim-=0=limd <O,—) = lim
n—s00 2n n—oon n—o0 2n n—eop+ 1

and

1 1 1 1
limd(—,3) = lim - =0 = limd(3,—) = lim

n—oo 271 n—eon n—oo 2]/[ n—oon + 1

1
that is, the sequence {2—} has two different limits the numbers 0 and 3.
n

In addition, the sequence {2—} is rectangular quasi b-convergent, but not a rectangular quasi
n
b-Cauchy sequence, because

) ) 1 1 9 ) ) 1 1
A (o, nep) = i A0, 2m0) = 5 = M d ) = M d (2 20

).

In the following, we define an (T, y)-contraction mapping in the setting of rectangular quasi

b-metric space.

Definition 3.6. Let (X,d) be a rectangular quasi b-metric space and 7 : X — X be a given
mapping. We say that T is a generalized (7, y)-contraction mapping if there exist a function
y € ¥ and 7 > 1 such that ©d(Tx,Ty) < y(M(x,y)) for all x,y € X

where
d(x,Tx)d(x,ty)
1+d(x,Ty) +d(y,Tx)’

M (x,y) = max{d(x,y), d(x,Tx),d(y,Ty)}

Now, we state and prove the following fixed point theorem.

Theorem 3.7. Let (X,d) be an complete rectangular quasi b-metric space and T : X — X be
generalized T, y-contraction mapping. Suppose that
(1) there exist x, € X such that x,.1 = Tx, = T xp, foralln >0,

(i1) T is continuous Then T has a unique fixed point.
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Proof. Step 1: We show that

nlg{}od(xnaxwrl) =0= ’}E{}od(xn+laxn)

and

r}grgod(xn7xn+2) =0= r}i_{l;lod(xn—ﬁ—bxn)-

Regarding (1), we have
d(xp,Xp11) = d(Txy—1,Txn) < td(Txp—1,Txy) < W(M(xp—1,x,)) foralln <1,
where

d(xp—1,Txp—1)d(xp—1,Txy)
"T+d(xp—1,Tx,) +d(x0, Txp—1)

d(xnfl 7xn)d(xn71 7xn+1>
"1 +d(xn717xn+1) +d<xn7xn)

M(xn—hxn) = max{d(xn—laxn) 7d(xn—l7Txn—l)7d(xna Txn+1)}

= max{d(xp—1,%n) d (Xn—1,%n), d(Xn,Xn11) }
= max{d(xp,—1,%),d(xn, Xn+1)}
If M(xp—1,%,) = d(xp,xp11), We get
d(xn,Xn41) < Wd(xn, Xp11) < Wd (X, X41) < d(Xp,Xn11),
which is a contradiction. Hence, M (x,,—1,X,) = d(x,—1,X,)
d(xp,Xps1) = d(Txy—1,Txp)

< y(d(xn-1,%n))

= y(d(Txy—2,Txp—1))

<Y (d (-2, %0-1))

<.

<y (d(x0,x1)) — 0 as n— oo,
Then
(3.1 d(xp,Xp+1) — 0 as n—> oo,
Also,

d(xpi1,%n) =d(Txp, Txp—1) < T(d(Txn, Txp—1)) < W(M(xp,%4-1)), foralln>1,
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where

d(x, Txy)d (xp, Txp—1)
d(xnaxn+l)d(xn7xn)
’ 1 +d(xn7xn) +d(xn—1>xn+l)

M (xp,xp—1) = max{d(x,,x,—1)

7d(xn7 Txn)>d(xn—17Txn—l)}

:max{d(xmxn—l) ;d(xnaxn—‘rl);d(xn—l;xn)}
= max{d(xn7xn—1)7d(xn7xn+l)ad(xn—l ,Xn)}

We consider three different cases:

Case (i) If M(xp,x,—1) = d(xp—1,%,), we get

d(Xny1,Xn) S Wd(xp—1,%,) < W'd(xg,x1) — 0 as n— oo,
Case (ii) If M (xp,xp—1) = d(xp, Xn+1), We get

d(Xny1,%n) S Wd(Xp,Xn11) < W'd(xg,x1) — 0 as n— oo,
Case (iii) If M (xp,x,—1) = d(xp,Xx4—1), We get

d(Xpt1,%n) = d(Tx, Txp—1) < Wd(X,X—1)
= l//d(Txn—lvTxn—Z)

< Wzd(xn—l 7xn—2)

<y (d(x1,x0)) — 0 as n— oo,
From Case (i)-Case (iii), we get
(3.2) d(xpi1,%) — 0 as n—> oo,
form (3.1) and (3.2), we deduce that
(3.3) ,}g{}od(xmxwrl) :Ozgglgod(xnjtlyxn)

Now, we show lim, e d (X, Xp1+2) = 0 = limy,_yeo d (X2, X,)

d(xp,xp42) =d(Txp—1,Txps1) < Td(Txp—1,Txps1) < WM(Xp—1,X441)), for all n<1.
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where

M(xnaxn—l)
d(xnfl ) Txnfl)d(xnfl ) Txn+1)
"1 +d(xn717Txn+1) +d(xn+1aTxn71)

d(xnfbxn)d(xnfl,anrZ)
1 +d(xnflaxn+2) +d(xn+laxn

= max{d(X,—1,%n11) yd (X1, Txp—1),d(Xp1 1, Txp1 1)}

= max{d(xn—laxn—H) ) 7d(xn—17xn)7d(xn+17xn+2)}

= max{d(xp—1,%n11),d(Xp—1,%n),d(Xn11,%n+2)}-

We consider three different cases: Case (i) if M (x,,x,—1) = d(Xy—1,X%n+1), We get
d(Xn, Xny2) < W61, %041) <Y d(x0,x2) — 0 as n— oo,
Case (ii) if M (x,—1,%n+1) = d(Xy—1,%5), Wwe get
d(xn,Xn+2) < Wd(x4—1,%,) < W' d(x0,x1) — 0 as n— oo,
Case (iii) if M (x,—1,%n+1) = d(Xpt1,%042), We get
d(Xp, Xns2) < W H(d(x0,x1)) — Oasn —s oo,

From Case (i)-Case (iii), we get
(3.4) d(xp,xp42) — 0 as n—> oo,

d(xpt2,%n) = d(Txp41, Txp—1) < T(d(Txps1,Txp—1)) < YW(M(xp41,%0-1)), forall n>1,
where

M(xn—H 7xn—1)
d(Xps 1, TXpp1)d(Xpg1, TXp—1)
"1 +d(xn+1, Txn_l) +a’(xn_1,Txn+1)

d(xn—H axn+2)d(xn+l ;xn)
1 +d<xn+1 ;xn) + d(xn—l 7xn+2)

= max{d(xp+1,%—1)

7d(xn+laTxn+l)7d(anlaTxnfl)}

= max{d(xp+1,%—1), oA (Xpt1,X042),d(Xp—1,%0) }

= max{d(xn+17xn71)7d(xn+17xn+2)ad(xn717xn)}

We consider three different cases:

Case (i) If M(xpt1,%0—1) = d(Xpt1,X%0—-1), We get

d<xn+27xn) < Illd(anrl;xnfl) < lI/n—Hd(JQy)CO) —0 as n—— oo,



12 ADIL BAIZ, JAMAL MOULINE, ABDELKARIM KARI

Case (ii) If M(xp11,%5-1) = d(Xp41,Xn42), We get

d(Xps2,%0) < Wd (X1, %n12) < W d(x0,x1) — 0 as n— oo,
Case (iil) If M (xp41,%1—1) = d(xp—1,%n), We get

d(Xns2,%0) < Wd(xu—1, %) < Y (d(x0,x1)) — 0 as n—> oo,
From Case (1)-Case (ii1), we get
(3.5) d(xp42,%n) — 0 as n—> oo,
from (3.4) and (3.5), we deduce that

r}i_r};lod(xn;xn—i-Z) =0= r}g{}od(xn—b—%xn)

Step 2: We shall prove that {x, } is a rectangular quasi b-Cauchy sequence, that is,

r}ijlgod(xn,xn+p) =0= ,}E‘ld(x"ﬂ”xn) forall peN

Case (i) Suppose that for some n,m € N with m > n, we have x,, = x,,
d(xp,Xnt1) = d (X, Tx,)
=d(xm, Txm)
=d (X, Xm+1)
<Y (d (X 1))
< sy(d(xn,Xn+1)) < d(Xn, Xnt1),
which is a contradiction. Case (ii) Suppose that for some n,m € N with n > m, we have x,, = x,,,,
d(Xpms1,%m) = d(T X, Xm)
=d(Txy,xn)
= d(Xp+1,%n)
< yd (15 %m))

< sl//(d(xm+1,xm)) < d<xm+17xm)7
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which is a contradiction.
Therefore, from Case (i) and Case (ii) x;, # x,, for m # n.
The case p =1 and p =2 is proved. Now we take p > 3; arbitrary, we distinguish four different
cases:

Case (1) Let p = 2m , where m > 2. By the rectangular inequality, we get
d(xnaxn+2m>
<s [d(xnaxn+2) + d(xn+27xn+3) + d(xn+3axn+2m)]
< Sd(xnaanrZ) + Sd(xn+27xn+3) + s> [d (xn+3 ) xn+4) + d(xn+47xn+5) + d<xn+5 ) xn+2m)]

= 5d (X, Xy 2) 4+ 5d (X4 2,X043) +5°d (Xp13, Xnpa) + 52d (X2 Xnt5) + 5°d (X s, X 2m)

< sd(xp,xp42) + s3d(xn+2,xn+3) + s4d(x,,+3,xn+4) + ssd(xn+4,xn+5) +....

+ s*"d (xn+2mf 15 xn+2m>

n+2m—1

= 5d(Xp, Xnp2) + Y, S A (e, x01)
k=n+2

n+2m—1

< sd(Xn,Xni2) + Y, sk (d(xo,x1))
k=n+2

< sd(Xn,Xns2) + Y, s uk (d(x0,x1)).

k=n+2
lim d(x, %n42) = 0
and
Z sy (d(x0,x1)) = 0 as n— oo,
k=n+2
Therefore,

nﬁlrgwd(xmxn—l—Zm) =0.

Case (ii) Let p =2m+ 1, where m > 1. By the rectangular inequality, we get

d (xn s Xn+2m+1 )

<s [d(xmanrl) +d(xn+17xn+2) +d(xn+27xn+2m+l>]
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< 5d (X, Xn1) + 54 (X 1,%n42) + 57 [d (%42, %013) +d (Xnt35X014) +d (X a Xnp2ms1)]
= 5d (X, Xn1) +5d (Xt 1, Xn42) +5°d (X2, %013) + 52 (X013, Xn44) + 57d (X 4 Xn s 2m1)

< Sd(xnaanrl) +52d(xn+laxn+2) + S3d(xn+2axn+3) + s4d(xn+3axn+4> + ..

2m+1
et d(xn+2m7xn+2m+l)

n+2m

= Y g x)
k=n

n+2m

= Y Sy d(xo,x))
k=n
n+2m

< ¥ Svid(xo,x)
k=n

< Zsk‘/’k(d(xoaxl))%o as n— oo,
k=n

Thus, we obtain

lim d(xn7.xn+2m+1) =0.
n,m—sco

Case (iii) Let p = 2m , where m > 2. By the rectangular inequality, we get

d (Xpt2m»%n)

< s[d(Xns2m,Xn+2m—2) +d(Xnt2m—25Xn+2m—3) +d (Xn+2m—3,%n)]

< 5d (Xt 2ms Xnt2m—2) +5d (X 2m—25Xnt2m—3) + 52 (d (Xns2m—3,Xnr2m—4)+
d(Xnt2m—a,%n+2m—5) +d(Xnt2m-5,%n))

= 5d (Xnt2m Xnt2m—2) + 54 (X 2m—2, Xns2m—3) + 57 (X4 2m—3, X 2m—4) +
5°d (Xns2m—a>Xnsom—s) + 57 (Xnp2m—5,Xn)

Sn+2m—2d(

+2m—3
< 5d<xn+2maxn+2m—2) + xn+2m—27xn+2m—3) + s d(xn+2m—37xn+2m—4)+

Sn+2m_4d<xn+2m747xn+2m—5) +....+ Sn_ld(xnfl ’xn)
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n+2m—1

— Sd(xn+2m,xn+2m—2) + Z Skd(xkaxk—i—l)
k=n—1
n+2m—1 E
< sd(XnromsXnrom—2)+ Y, SW(d(x2,x0))
k=n—1
< sd(XppomsXnsom—2) + Y, S WE(d(x2,%0))
k=n—1
Since
lim (xn+2maxn+2m72) =0
m,n—yoo
and

Z sy (d(x2,x0)) = 0 as n— oo,
k=n—1

Therefore, limy, ;;—sc0 d (X2, Xn) = 0.
Case (iv) Let p =2m+ 1, where m > 1. By the rectangular inequality, we get
d (Xn+2m+1,Xn)
< s[d(Xnt2mt-15Xn+2m) +d (Xnt2m, Xns2m—1) + d(Xn2m—1,%n)]
< 5d (Xps2m 1 Xn42m) + S (X 2ms Xns2m—1) + 5 (d (g 2m -1, X 2m—2) +
d(Xpt2m—2,Xn+2m—3) +d(Xn+2m—3,%n))
=< 5d (Xpt2ms Xn-+2m) + A (Xnt2m Xnp2m—1) + 57 (Xn4 2m—1, X 2m—2)
+5%d (Xn2m—2,Xnp2m—3) + 57 (Xnp2m—3, Xn)
<..
< "2 (X m 1, Xng2m) 8" (Xnoms Xn2m—1) 5T A (X 2m 1 X om—2) + -

..+s”+ld(xn+1,x,,)

n+2m . n+2m '
= Z s'd (Xgr1,x5) = Z < (xy, x0)
k=n+1 k=n-+1
n+2m
< Y sSyMdxx))
k=n+1

[}

< Z sy (d(x1,x0)) = 0 as n— oo,
k=n+1

15
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Thus, we obtain

lim d(xn+2m+1,xn) =0.
m,n—oo

Finally, from Case (1)-Case (iv), we get

lim d(x;,xp4p) =0= lim d(xy4p,x,) forall p>3.

n,m—oo n,m—oo
Thus, {x,} is rectangular quasi b-Cauchy sequence in (X,d).

Since X is a complete rectangular quasi b-metric space, there exists # € X such that

(3.6) lim x, = u, lim d(x,,u) =0 = lim d(u,x,.)

n—oo n—oo n—oo

Now, we shaw that u is a fixed point of T. Since T is continuous, from (3-6), we have

(3.7) u=lim x,;| = lim T (x,) = T(lim x,) = Tu, which gives u=Tu.
n—oo n—yoo n—oo
Thus, u is a fixed point of 7. U

Now, we state the following fixed point theorem by removing the continuity assumption of T

from Theorem 1.

Theorem 3.8. Let (X,d) be an complete rectangular quasi b-metric space and T : X — X be
generalized T, y-contraction mapping. Suppose that
(i) there exist x, € X such that x,..1 = Tx, = T" 1 xo foralln>0

(ii) if {x,} is a sequence in X such that x, — x € X as n — oo Then T has a unique fixed point.

Proof. Following the proof of Theorems 1, we know that the sequence x,, defined by x,,11 = Tx,
for all n > 0 is rectangular quasi b- converges to a point u in X. It is sufficient to show that T
admits a fixed point. By the rectangular inequality of rectangular quasi b-metric space, property

of v, and (ii), we have

d(u,Tu) < sd(u,x,)+ sd(xn,Xnt1) +5d(Xy11,Tu)
= sd(u,x,) + sd(xp,xp+1) +sd(Txn, Tu)
< sd(u,xy) + sd(xp, xp+1) + s7d(Tx, Tut)

<sd(u,xn) +5d(xp,Xp+1) + SY(M(xp,u))
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where
d(x, Txy)d (xp, Tu)
"1+d(xp, Tu) +d(u, Txy)

d(xp, Xn11)d (xn, Tu)
"1+d(xp, Tu) +d(u,xp41)

M (xy, 1) = max {d(xn,u) ,d(xn,Txn),d(u,Tu)}

- max{d(xn,u) ,d(xn,xn+1),d(u,Tu)}

= max{d(xp,u),d(xy,Xy11),d(u,Tu)}.
We consider three different cases: Case (i) if M (xp,x,—1) = d (xn,x,—1), then by (..), we get
d (u,Tu) < sd(u,x,) + sd (X, xnt1) + sy (d(x,,u))
< sd(u,xp 1) +5d (X, Xn41) +d (X1, 10).
Letting n — oo the above inequality, we get that d(u, Tu) < 0.
Case (ii) if M (x,,u) = d(x,,X,+1), We get
d(u,Tu) < sd(u,x,) +sd(xy,xXn+1) +sW(d (X, Xn+1)
< sd(u,x,) + 5d (X, Xn41) +d (X, Xn11)-
Letting n — oo the above inequality, we get that d(u, Tu) < 0.
Case (iii) if M (x,,u) = d (u,Tu), we get
d(u,Tu) < sd(u,x,) + sd(xp,Xy41) + sy (d(u, Tu))
< sd(u,x,) + sd(xp,xp11) +d(u, Tu).

Letting n — oo the above inequality, we get that O < 0 it is general truth.
Clearly d(u,Tu) <0,
from Case (i)-Case (iii), we can obtain d(u, Tu) = 0.
Also,
d(Tu,u) < sd(Tu,x,) + sd(xp,Xp+1) + sd (xp41,Tu)
=sd(Tu,Txp_1) + sd(xp,Xp11) +5d (Xps1,u)
< std(Tu, Txy—1) + 5d (X, Xn11) + 5d (Xpp1,u)

< sy (M(u,xp—1) + sd(xp, Xp41) + sd (xn, 1),
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where

d(u,Tu)d(u,Tx,—1)

1+d(u,Tx,—1)+d(xp—1,Tu)
d(u, Tu)d(u,xy)

1 4+d(u,x,) +d(x,—1,Tu)

M (u,x,—1) = max {d(u,xnl) ,d(u,Tu),d(xnl,Txnl)}

:max{d(u,xnl), ,d(u,Tu),d(xnl,xn)}

= max{d(u,x,—1),d(Xn,Xn+1),d(u,Tu)} .

We consider three different cases:

Case (i) if M (u,x,—1) = d (u,x,—1), we get

d(Tu,u) < sy (d(u,x,—1))+sd(xp,xn—1) +5d(X41,u)
< d(u,xp—1) +sd(xp,xXp11) + 5d (X141, u).
Letting n — oo in the above equality, we get that

d(Tu,u) <O0.
Case (ii) if M (u,x,—1) = d(u,Tu), we get

d (Tu,u) < sy (d(xp, Xpi1)) +5d (xn, Xn1) +5d (Xp11,u)

< sd (X, Xnt1) + 5d (X, X1 1) +5d (Xps1,u).

Letting n — o in the above inequality, we get that
d(u,Tu) <0.
Case (iii) if M (u,x,—1) = d (u,Tu), we get

d(Tu,u) < sy (d(u,Tu)) +sd(xp, xpn+1) + 5d (X41,1))

< sd(u,Tu) + sd(xp,Xp+1) +d(Xp11,u).

Letting n — oo in the above inequality, we get that d(Tu,u) < 0.

Clearly d(u,Tu) > 0.

From Case (i)-Case (iii), we can obtain d(Tu,u) = 0.

From (3.8) and (3.9), it follows that d(u,Tu) = 0 = d(Tu,u). So that, Tu = u.

Thus, u is a fixed point of 7.



T — y—CONTRACTION MAPPINGS IN RECTANGULAR QUASI »-METRIC SPACES 19

Example 3.9. Let X = {0, . 3 3 , 4, 5} We define d on X as follows

4(0,5) =d(3,5) =d(3,£) =03d(0, §>:d<§ %)=d(§ Head h-or
405 =d( D =d(. 5 =06:4(0.5) = a5 1) = a(t ) =04
4(5,0) =d(},0) =d(5, ) = 1.05:d(5,0) = (;,O):d(l H=d(t b =os:
10.0)=d(G.3) =d(33) =dly. ) =d(5.5) =0

3
Then (X,d) is a rectangular quasi b-metric space with coefficient s = 2 > 1. We define T :
1
X=X, y:Rt - Rt by Tx:§.
1 1
a generalized (6, y)-contraction mapping. Let x,y € X, we have Tx = 3 and Ty = 3 Then

3 1
0d(Tx,Ty) =0 < y(M(x,y)). Note that for s = 5 and y(t) = Sl we have Y7, s"y"(t) =

1
v(t) = 5! for all 7 € R* and 6 > 1. We show that T is

3 3
tZ‘;’:l(Z)” < oo,and El;/(t) <t forallt > 0.

1
Hence all the conditions of Theorem 2 are satisfied, and so - is the fixed point of 7.
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