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1. Introduction

Let X be a nonempty set and G : X x X x X — R be such that

(Gl) G(z,y,2) >0 for all z,y,z € X with G(z,y,2) =0ifx =y = z,

(G2) G(z,z,y) >0 for all x,y € X with z # y,

(G3) G(z,x,y) < G(x,y, z) for all z,y,z € X with z # y,

(G4) G(z,y,2) = G(x,z,y) = Gy, x,z) = G(z,x,y) = G(y,z,x) = G(z,y,x)

for all z,y, 2z € X,
(Gh) G(z,y,2) < G(z,w,w) + G(w,y, z) for all z,y,z,w € X.

Then G is called a G-metric on X and the pair (X, G) denotes a G-metric space.
Axiom (G5) is referred to as the rectangle inequality (of G). This notion was
introduced by Mustafa and Sims [3] in 2006.
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It is easily seen that
(1.1) G(z,y,y) < 2G(z,z,y) for all x,y € X.

We use the following notions, developed in [3]:

Let (X, G) be a G-metric space. A G-ball in X is defined by

BG(IO)T) = {y €X: G@Oa%@) < T}'

It is easy to see that the family of all G-balls forms a base topology, called the G-
metric topology 7(G) on X. A sequence (x,) 5, C X is said to be G-convergent
with limit p € X, if it converges to p in 7(G). A sequence (x,) 22, in a G-metric
space (X, G) is said to be G-Cauchy, if nTl%r_I}OO G(Zp, Tm, Tm) = 0. The space X is

said to be G-complete, if every G-Cauchy sequence in X converges in it.

Definition 1.1 Let (X,G) be a G-metric space. A set S C X is said to be
G-bounded or simply bounded, if there exists a positive number M such that
G(z,y,2z) < M for all z,y,z € S. Note that if S is G-bounded, then its diameter
6(S) = sup{G(x,y,z2) : x,y,z € S} is finite.

Definition 1.2 A self-map f on a G-metric space (X, G) is G-continuous at a
point p € X, if f~1 (Bg(fp,r)) € 7(G) for all r > 0, and f is G-continuous on X,
if it is G-continuous at every p € X.

Lemma 1.1 A self-map f on a G-metric space (X, G) is G-continuous at a point
p € X if and only if the sequence (fp,) 32, C X G-converges to fp whenever
(pn) 024 is a sequence in X which G-converges to fp.

2. A brief comparison
Mohanta [1] proved a pair of results which are given below:

Theorem 2.1 Let (X,G) be a complete G-metric space and f, a self-map on X
satisfying

G(fz, fy, fz) < aG(z,y,2) + bG(z, fz, fz) + cG(y, fy, fy) + dG(z, fz, fz)
(2.1) +emax {G(z, fy, fy), Gy, [z, fx),G(y, f2, [2), G(z, fy, [y),
G(z, fx, fz),G(x, fz, f2)} for all x,y,z € X,

where a,b,c,d,e > 0 witha+b+c+d+2e < 1. Then f has a unique fixed point p
and f is G-continuous at p.

Theorem 2.2 Let (X,G) be a complete G-metric space and f, a self-map on X

satisfying

G(fx, fy, fz) < alG(x, fy, fy) + Gy, fx, f2)] + D[G(y, [z, [2) + G(z, [y, fy)]
+clG(z, fz, f2) + G(z, fz, fr)] + dG(z,y, 2)

+emax {G(z, fz, fx), Gy, fy, fy),G(z fz, f2)}
forall x,y,z € X,

(2.2)

where a.b,c,d,e > 0 with 2a + 2b+ 2c + d + 2e < 1. Then f has a unique fived
point p and f is G-continuous at p.
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The case e = 0 of Theorem 2.1 gives that of Mustafa et al [2], while withd = e =0
and a+b+c = k, Theorem 2.2 reduces to the result proved by Mustafa and Sims [4].

Theorem 2.3 Let (X,G) be a complete G-metric space, f a self-map on X satis-
Jying

G(fx, fy, f2) < kmax {[G(z, fy, fy) + Gy, fz, fx) + G(z, f2, f2)],
(2 3) [G(y,fz,fz)—l—G(z,fy,fy)—i—G(x,fx,fx)],
' (G(z, f, fx) + G(x, f2, f2) + G(y, fy, fy)]}
forall z,y,z € X,

where 0 < k < 1/3. Then f will have a unique fized point p and f will be G-
continuous at p.

and Vats et al [5] proved

Theorem 2.4 Suppose that (X,G) is a complete G-metric space, f a self-map
on X satisfying the condition

G(fz, fy, fz) < kmax { G(z, fz, fx) + Gy, fy, fy) + G(z, [z, f2),

(24) G<x>fyafy)+G(y7f$af$)+G(vayafy)a
’ Gz, fz, f2)+ Gy, fz, f2) + G(z, fx, fx)}
forall x,y,z € X,

where 0 < k < 1/4. Then f will have a unique fixed point p and f is continuous
at p.

Since a+ 8+ v < 3max{a, 3,7} for « > 0, > 0 and v > 0, one can obtain the
following generalizations respectively:

Theorem 2.5 Let (X,G) be a complete G-metric space and f denote a self-map
on X satisfying

G(fz, fy, fz) < kmax{G(z, fy, fy),G(y, fz, fx),G(2, fz, f2),
(2 5) G(y,fz,fz),G(z,fy,fy),G(z,fx, fI‘),
' G(z, fz, fx),G(x, f2, f2),Gy, fy, fy)]}
forall z,y,z € X,

where 0 < k < 1/9. Then f has a unique fized point p, and f is G-continuous
at p.

Theorem 2.6 Let (X,G) be a complete G-metric space, and [ denote a self-map
on X satisfying

G(fz, fy, fz) < kmax { G(x, fz, fx),G(y, fy, fy), G(z, [z [2),

(2 6) G(-flj,fy, fy),G(y,fw,fa:),G(z,fy, fy)a
. G(Z’,fZ,fZ),G(y, fZ7fZ)7G<Z7f'r7fx)}
forall z,y,z € X,

where 0 < k < 1/12. Then fhas a unique fized point p, and f is G-continuous
at p.
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In this paper, a nice generalization of Theorem 2.5 and Theorem 2.6 is obtained
by employing a wider inequality.

3. Main result

Given z,y, z € X, define D(z,y, 2) = max F¢(x,y, 2), where

(3.1) Ei(z,y,2) = {G(fizx Fa, ffr):0<i,5,k<1;p,qr€ {x,y,z}}-

It may be noted that E¢(z,y, z) has 36 elements.

Our main result is

Theorem 3.1 Let (X,G) be a G-metric space and f : X — X satisfying the
following inequality:

(3.2) G(fx, fy, fz) < cmax D(x,y,2) for all x,y,z € X,

where 0 < ¢ < 1/3. If X is G-complete, then f has a unique fixed point p and f
is G-continuous at p.

Proof. Writing x = z,,_1, y = 2 = x,, in (3.2) and then simplifying, we get
(3.3) G(Tn, Tni1, Tns1) = G(fTn_1, fan, fx,) < cD(x, 1, xn,x,) = cM,
where

M =max{ G(x,_1,%n1,%n), G(Tp_1, Tpn_1,Tns1),
(34) G(xn—h L,y l’n), G(In—l, T,y xn+1)7 G(xn—lu Tn+41, In—&-l)
G(l‘n, Ly 17n+1)7 G(xn7 Tn+1, xn—&—l)}-

On the other hand, taking z =y = z,,_1, 2 = z,, in (3.2), one obtains similarly
(3.5) G(Tp, T, Tny1) < cM,
Therefore from (3.3) and (3.5), it follows that
(3.6) max{G(Tn, Tpi1, Tni1), G(Tn, Tn, Tny1)} < cM for all n > 1.
Now the following cases arise:
Case (a). M = G(vy—1,Tpn-1,2,). Then (3.6) implies that
G(Tp, Tpy Tpt1) < G(Tp_1,Tp_1,Ty)
which, by induction, gives

G(Tp, Tp, Tpi1) < "Gz, 20, x1) for all n > 1.
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Then for m > n, from the repeated application of the rectangle inequality, it
follows that

G (T, Tm)
S G(xn7 Ly In—&—l) + G(xn—&—h Tn+1, In+2) + ...+ G(l‘m—la Tm—1, xm)

7/

vV
m—n terms

< (1 e+ Cmfnfl) G(x0,$0,$1)
"

1—
Case (b). M = G(xy—1,%n—1,Zns1). Then (3.6) implies that

IN

- G(xo, 9, x1) — 0 as m,n — oo.

)

G(xna T, xn+1) S CG(l'nfl? Tn-1, $n+1)
< c|G(xp_1,Tp_1,%n) + G(xp, T, Tna1)]
S (l_ic) G(xn—ly Tp-1, xn)

= (1_ic)nG($07on,I1) for all n > 1,

Then for m > n, by the rectangle inequality, it follows that

G(Tp, T, T) < ﬁ (ﬁ)nG(xo,xo,xl) — 0 as m,n — oo.

Case (c). M = G(xp_1,%pn,x,). Then (3.6) implies that
G(xn, Tny1, Tns1) < G(Tp1,Tn, ) < -+ < "G(wg, 21, 21) for all n > 1.
Then for m > n, we have

G(Tp, T, Tn) < ( : )n - G(zg,x1,21) — 0 as m,n — o0.

1—c

Case (d). M = G(zp-1,%n, Tnt1). Then (3.6) and induction imply that
G(Tp, Tp, Tpi1) < (f—fc)nG(xo,xo,xl) for all n > 1,
Then for m > n, it follows that

G (T, T, T) < %_C (—)nG(zo,zo,xl) — 0 as m,n — oo.

1—c

Case (e). M = G(xy—1,%n11,Tnt1) is similar to Case (b).

For M=G(zp, T, Tpyi1), we see that G(x,,, T, ©,.1)=0, while G(x,,, 41, Tpy1)=0
it M = G(zp,xps1,Tpe1) for n > 1. Thus, from all these cases, we find that
()7 is G-Cauchy.

Since X is G-complete. We can find a point p € X such that

(3.7) lim x, = lim f"xy = p.
n—oo n—oo
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Now, writing * = z,,_1, y = z = p in (3.2), we obtain

(3.8) G(xn, [P, [P) = G(fEn-1, fp, fP) < cD(20_1,p, p)-

Applying the limit as n — oo in (3.8) and then using (3.7) and (1.1), it follows
that

G(p, fp, fp) < cmax{G(p,p, fp), G(p, [P, fp)} < 2¢ G(p, fp, D)
If p # fp in this, then (G2) would give

0 < G(p, fp, fr) <2 G(p, fp, fp) < G(p, fp, fD),

which is a contradiction, since 0 < 2¢ < 1. Therefore fp = p, showing that p is a
fixed point of f. The uniqueness of the fixed point follows easily from (3.2), (G2)
and (1.1).

Continuity at p: Suppose that (p,) -, is such that

(3.9) lim py, = p.

Writing « = p,, with y = z = p in (3.2), and using (G5), we get
(3.10) G(fPnsp:p) = G([Pn; [, [P) < cD(pn,p,p) < cP,
where

P = max{G(pn, Pn, [P1), G(Pn, Pn, D), G (Prs [P, [Dn),
G(pn7 fpnvp)a G(pnapap)a G(ana fpnap)a G(fpnapap)}

Here again we discuss different cases:
Case (a). Suppose that P = G(pn, Pn, fPn). Then (3.10) and (G5) imply that

G(fpns [P, [P) < G (PnsPn, fon) < ¢[G(Prs P, p) + G0, p, fon)] < 755G (Pns Pny D)

Proceeding the limit as n — oo in this, it follows that G(fp,, fp, fp) — 0. In
other words, lim,, .o, fp, = fp = p, proving that f is continuous at p.

Case (b). Suppose that P = G(py, fpn, [Pn). Then

G(frn, [, [P) < G (Pny [P, fPn) < 2¢G (D, Prs [Pn)

and the continuity follows from Case (a).

Case (c). Suppose that P = G(py, fpn,p). Then
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and the continuity follows as in Case (a).

Case (d). Suppose that P = G(fpn, fpn,p). Then

G(fpn, [, [P) < cG(fDn, fPnsp) < 2¢G(fDn, D, D)

and the continuity follows again from Case (a).

If P =G(pp,pn,p) or G(pn,p,p), it easily follows that G(fpn, fp, fp) — 0 as
n — 0o, in view of (3.9). Finally, if P = G(fpn,p,p), the continuity is obvious. =

4. Corollaries and discussion

First, we have

Corollary 4.1 (Mohanta [1], Theorem 3.7) Let (X, G) be a complete G-metric
space and f be a self-map on X satisfying

(4.1) G(fz. fy, f2) < kmax Ay(v,y,2) for all 2.y, = € X,

where

Af(z,y,2) = {G(x, f, fx),G(y, [y, fy),G(z, [z f2), Gz, fy, [y),
Gy, fz, [2),G(z, fx, fx),G(z, fz f2), Gy, fz, fx),
G(z, [y, fy), Gz, fy, [2),G(y, [z, fx),G(z fz, fy),
G(z,y,f2),Gy. 2, fx),G(z,z, fy), G(z,y,2) }

and 0 < k < 1/3. Then f has a unique fixed point p and f is G-continuous at p
Since A¢(z,y, 2) C E¢(z,y, z), the corollary follows from Theorem 3.1.

Theorem 4.1 (Vats et al. [5]) Suppose that (X, G) is a complete G-metric space
and f, a self-map on X satisfying

(4.2) G(fx, fy, fz) < kmax By(z,y, z) for all x,y,z € X,

where

By(x,y,z) = {G(x, fz, f),G(z, fy. [y),
Gz, [z, f2),Gy, fy, fy), Gy, fx, fz),
G(y7 fz7 fz)7 G(Z7 fZ7 fZ)7 G(Z7 fx7 fx)

and 0 < k < 1/2. Then f will have a unique fized point p and f is G-continuous
at p.

Since Bf(x,y, z) C Ef(x,y, z), this corollary also follows from Theorem 3.1.

We conclude the paper with the following remarks:
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Remark 4.1 The right hand side terms in (2.5) and (2.6) are some among those
of Ef(z,y, z). Hence (2.5) and (2.6) imply (3.2). Thus the conclusions of Theorem
2.5 and Theorem 2.6 follow from that of Theorem 3.1.

Remark 4.2 If we choose a, b, ¢,d and e such that a + b+ c+ d+2e < 1/3, then
the right hand side of (2.1) is less than or equal to the right hand side of (3.2).
Thus the conclusion of Theorem 2.1 follows from that of Theorem 3.1.

Remark 4.3 If we choose a,b, ¢,d and e such that 2a + 2b + 2¢ + d + 2e < 1/3,
then the right hand side of (2.2) is less than or equal to the right hand side of
(3.2). Thus the conclusion of Theorem 2.2 follows from that of Theorem 3.1.
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