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Abstract. Recently, a new Ostrowski type inequality on time scales for k points was proved in [G.
Xu, Z. B. Fang: A Generalization of Ostrowski type inequality on time scales with k points. Journal of
Mathematical Inequalities (2017), 11(1):41—48]. In this article, we extend this result to the 2-dimensional
case. Besides extension, our results also generalize the three main results of Meng and Feng in the paper
[Generalized Ostrowski type inequalities for multiple points on time scales involving functions of two
independent variables. Journal of Inequalities and Applications (2012), 2012:74]. In addition, we apply
some of our theorems to the continuous, discrete, and quantum calculus to obtain more interesting results
in this direction. We hope that results obtained in this paper would find their place in approximation and
numerical analysis.

1. Introduction

To unify the theory of continuous and discrete calculus, the German mathematician Stefan Hilger [8]
came up with the theory of time scales. A time scale T is an arbitrary nonempty closed subset of IR. For
the sake of brevity, we will only recall definitions and properties (in the theory of time scales) that will be
needed in the sequel. We recommend the books [2, 3] for a thorough study of this subject.

Definition 1. The forward jump operator o : T — T is defined by o(t) := inf{s € T : s > t} for t € T.

Definition 2. The function f : T — R, is called differentiable at t € T*, with delta derivative f*(t) € R, if for any
given € > 0 there exist a neighborhood U of t such that

[f(0() - f(5) = A0 =) < €elo(t) =s|, VYsel

We call fA(t) the delta derivative of f at t. Moreover, we say that f is delta differentiable (or in short: differentiable)
on T* provided fA(t) exists for all t € TX. The function f* : T — R is then called the delta derivative of f on T*.

df(t)
dt

If T = R, then fA(t) = ,and if T = Z, then fA(f) = f(t + 1) — (D).
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Definition 3. The function f : T — IR is said to be rd—continuous if it is continuous at all right-dense points t € T
and its left-sided limits exist at all left dense points t € T. The set of all rd-continuous function f : T — R is denoted
by Ca(T,R). Also, the set of functions f : T — R that are differentiable and whose derivative is rd-continuous is
denoted by C! (T ,R).

Definition 4. Let f € C,y(T,R). Then g : T — R is called an antiderivative of f on T if it is differentiable on T and
satisfies g*(t) = f(t) for any t € T*. In this case, we have

fa b fe)As = g(b) - g(a).
Definition 5. The function f°: T — R is defined as
fo(#) = flo(®)

forany t € T.
Theorem 6. Ifa,b,c € Twitha <c<b,a € Rand f, g € Cyy(T,R), then

@ [0 +gm1at = [ fOA+ [ g(b)At.

@) [ aft)rt=a [ FOAL

i) [ ()AL=~ [ FB)AL.

iv) [ foae= [ foae+ [ Feat

o) | Foaq < [ 1Fwiac

Vi) [ fOOAL = (fa)®) - (fa)@) = [ PO BAL
Definition 7. Let iy : T> — R, k € IN be functions that are recursively defined as

ho(t,s) =1

and ,
his1(E,s) = f hi(t,s)At, forall s,t €T.

In 2008, Bohner and Matthews [1] extended the well known Ostrowski inequality [6] to time scales by
proving the following theorem.

Theorem 8. Leta,b,x,t € T,a <band f : [a,b] — R be differentiable. Then for all x € [a, b], we have

< () + s (1), 0

b
fo- 5 [ o

where hy (-,+) is given in Definition 7 and M = sup ) e (t)| < 00.This inequality is sharp in the sense that the
a<t<b

right-hand side of (1) cannot be replaced by a smaller one.

Following thereafter, Liu and Ngo [11] generalized Theorem 8 as follows:

Theorem 9. Suppose that
1.a,beT, i:a=xy<x; <-- <Xk <Xk = bisadivision of the interval [a, b] for xo, x1,- -+ ,x € T,
2. ajeT(j=0,1,---k+1)is k + 2 points so that ag = a, a;j € [xj-1,x;] (j=1,---k) and ars1 = b,
3. f:la,b] — Ris differentiable function.
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Then we have

b k
(HAL - Z (0‘]'+1 - oz f(x))] <

k-1
MZ ha(xj, @js1) +h2(x]+1/0(]+1)) 2)
j=0

where M = sup |f2(t)|. This inequality is sharp in the sense that the right hand side of (2) cannot be replaced by a
a<t<b
smaller one.

In 2012, Feng and Meng [7] extended, among other things, Theorem 9 to the 2-dimensional case. For
more on this and related results in this direction, see the papers [9, 10, 12-14, 16] and the references therein.
Recently, by introducing a parameter A € [0, 1], Xu and Fang [17] further generalized Theorem 9 by proving
the following result.

Theorem 10. Suppose that T is a time scale and

1.abeT Ae€[01], I :a =x <x1 < - < X1 < X = b is a partition of the interval [a,b] for
X, X1, - ,xx €T,

2. ;€T (i=0,1,--- ,k+1)isk+ 2 points so that ap = a, a; € [xi—1, %] (=1,--- k) and ag1 = b,

3. f:[a,b] = Ris a differentiable function

k A k b
ja-2 D e =)+ 5 D e o) + ) | rrond
‘ i=0 a

k-1 a
i+1 — &
MZ hz Xi,Qip1 — A~
i=0

> al) + h2<04i+1,01i+1 - /\@)

Qi — Aipl Qi — Ayl
+ hz(am, iyl + AT) + hz(xi+1/0¢i+1 + AT)]'

where M = sup |f2(f)| < co.

a<t<b

It is our purpose in this paper to establish three new Ostrowski type result for multiple points on time
scales, for functions of two independent variables, via a parameter. Our first result will extend Theorem 10
to the 2-dimensional case (see Remark 15). As a special case (for A = 0) of our results, we will obtain the
main theorems of Feng and Meng in [7] (see Remarks 15, 17 and 20); and for A € (0, 1], we obtain completely
new results in this direction.

This paper is arranged in the following fashion: in Section 2, our results are composed and justified.
Section 3 houses application of Theorem 16 in the continuous, discrete and quantum calculus.

2. Main Results
The following lemma is given in [15, 17] but with some typos. We present here the correct version.

Lemma 11. Suppose that T is a time scale and

l.abeT, Ael01], I :a =x <x1 < - < x1 < X = b isa partition of the interval [a,b] for
X0,X1,°* , Xk € T,

2. ;€T (=0,1,--- ,k+1)isk+2points so that ag = a, a; € [xi—1, %] (=1, ,k)and ags1 = b,

3. f:[a,b] — Ris a differentiable fuunction.
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b
f K(t, ) fA (At
a

k A k b
= (1= ) ) (@in = a)f0a) + 5 ) (i = a)(f(@) + flain) - f Foa,
i=0 i=0 a

where
t_(al _/\%)/ te [ﬂ,al),
= (o +A%5%), e fa,x),
t_(az_/\azz;m)/ te [xlr(XZ)/

K(t, 1) = {: ®)

t— (ak 1+ AT 1), t € [ax-1, xk-1),
t - (ak - A%)/ t € [xk—li ak)/
F (o ABLS), € [y, bl

In what follows, we let T; and T, denote two arbitrary time scales, and for an interval [a, V], [a, blr, :=
[a,6]NT;,i=1,2. Fora < band c < d, we define the rectangle [a, b]T, X [c,d], as follows: [a, b]T, X [c,d]T, =
{(x,y) : x € [a,b]T,, v € [c,d]r,}. Finally, we assume through out the rest of this paper that T; and T, have a
uniform forward jump operator 0. For more on the two-variable time scale calculus, we invite the interested
reader to the papers [4, 5].

Lemma 12 (2D Generalized Montgomery Identity with a parameter). Let A € [0,1];a,b € Ty; ¢, d € T,
witha < b, ¢ < d. Suppose that

1. Iy :a =x) <x1 < < X1 < X = b is a partition of the interval [a, blt, for xo,x1, -+ ,x¢ € Tq, and
Jeic=yo <y1 <--- <yx-1 < Yx = d is a partition of the interval [c,d], for yo, y1, -, yx € T2,

2. a;€Tq,pieT,(i=0,1,--- ,k+1)is k+2points so that oy = a, a; € [xi—1, X}, (=1, k) and ags1 = b,
Bo=c, Bi €yi-1, yilT, G=1,--- k) and i1 = d;

3. f:la,blr, X[, dlt, = Risa AA, differentiable function.

Then we have the identity

b
f fd K(S, tr Ik/ ]k)fA] = (S/ t)AZtAls
a Cc

k k (1—A)/\ k k
= (=27 ) Y B = B)laier = @) f(i,y) + 5 3 ¥ (Bjor = Bi)lain — ) flexi )

j=0 i=0 j=0 i=0

k b
+ flain1, yj) + f(xi, B)) +f(xi,ﬁj+1)) -(1- /\)Zf (Bj+1 = Bj)f(o(s), yj)A1s
70 Ja

u>|>;

Kook
Z Z(ﬁm — Bi)@iv1 — Oti)(f(ai,ﬁj) + f(ai, Bjr1) + flaiva, Bj) + f(az‘+1,ﬁj+1))

i=0

N|>

b
f (i1 — B)(f(0(5), ) + F(0(5), 5]+1>)A1s—<1—A>Z f (@i = ) flxi, o) Mot

- i

N|>

(sz+1 - ) f(az, a(t)) + f(a:+1,0(t)))Azf + fdf(G(S) a(t))AztAss, (4)

Il
o
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where K(s, t, Iy, Jx) = Ki(s, I)Ka(t, Ji) and

s— (aq - A%), s € [a, 1)),
s— (aq + A%), s € [aq, x1)T,,
s— (az - A“z—;“]), s € [x1, a2)T,,
Ki(s, Ir) =
(ak 1+ AR 1) t € [ak-1, Xk-1)T,
(ak AL 1), $ € [xk-1, aK)Ty,
(ock + /\“k“ W ) s € [ak, blT,,
t= (g —AES),  telopom,
b= (pr+A2E),  telBuym,
t— (B - A - ) telyBm,
Ka(t, Ji) =
- (ﬁk—l + /\%)/ t € [Br-1, Yr-1)T,/
t— (B —ABL=),  te [y, fms
=B+ ABSE),  te (B dlr,.

Proof. By using Lemma 11, we deduce that for each s € Ty

fd K2(t/ ]k)fAlAz (Sr t)AZt

k
=(1- )\)Z(ﬁm—ﬁ; fA ) + Z(ﬁ,+1 B (s, B)) + (s, Bjv)) - f FRi(s, 0()Aat.
0 c

Similarly, for each t € T, we have
b
f Kl(sl Ik)fA1 (S/ t)Als
b
(- 1) Z(am o) flxi by + 2<az+l a)(ftast) + flaza,) - [ f06,bs
Using (5) and (6), we obtain

b b d
f f K(s, t It Jo) f45 (s, DAgtAss = f f Ka(s, TOKah, Jo) 125, A tAs
b d
=[x ] [ Kt g naaas

b k k
= [ K = Y B = )+ 5 Y B = BB+ £ )
a j=0 j=0

- f ' s, a(t))Azt]Als

3159

(5)
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k b
=(1-2) Z(ﬁju - ﬁj)f Ki(s, Ie) f (s, y)Ass
j=0 a

I >

k b
*2 Z(‘B]H _ﬁj)f Ki(s, Ik)(fAl (s, Bj) + fAl(S/.Bj+1))A1S

- f f Ku(s, T f (5, o()Arsat

k k k
==Y B =B DY (i1~ @) + 5 Y - ) Fas, 9 + flai, 99)
j:O i=0 i=0

b
- [ e, mns]

k k
5 Y B = B[ = )Y @i — £ ) + 5 50)
j=0 i=0

I >

k
+5 2 i = a)(Flai, B) + f(@i fio) + flainn, ) + f(@ir, b))
:0

(f(a(s) Bj) + F(0(s), Ban)) s
k

[a-2) ;mm — ) o) + 5 Y (@i = a)(fla, o) + flaia, o)

i=0

| |
y T Ty

- f f(a(s), U(t))Als]Azt

M)A

k k k k
= @=A2Y Y B - Bains - ) + SN Y (51— B atar - ) (F ) + flain, )

j=0 =0 j=0 'i=0

k b
—<1—A>Z f (Bjo1 — B)F(G), ¥j)Ars

k
(1 A)A Z (Bjs1 — Bi)aivs — i )(f(xl Bi) + fxi ‘8]+1))
=0 i=0
PERLEN
ZZZ(ﬁ]H Bi)ais1 — Oé)(f(az B + flai, Bjs1) + f(@ie, ) + flaint, Bt )
i=0
_A

k b
ZZ f (Bjv1 = B)(F0(5),B) + F0(6), Bye)rs

j=0

A [f
—<1—A>; f (aiﬂ—a,-)f(xl-,a(t)mzt—5; f (i1 — a)( fl@i, o(1) + f(@inr, 0()) Aot

b ~d
+fg fc f(o(s), o(t))AxtAss
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kK k kK k
== A2 Y Y Bt — B — ) fx v + S Y Y (B = et — ()
j=0 i=0 j=0 i=0
k b
+ flair, yj) + f(xi, B)) + f(xi/,Bj+1)> -(1-4) Z f (Bj+1 = Bj)f(o(s), yj)A1s
j=0 4

, k. k
/\Z Z Z(,B]H ,8] Qiyl — & )(f(az/ﬁ]) + f(alr,B]+l) + f(al+1r ,8]) + f(az+1/ﬁ]+1))

i=0

I >

k b
-5 f (Bjs1 = B)(06),B) + F(0(), Ben))rs = (1 - A)Z f’ (i1 = ) f(x;, 0 () Aot
j=0

I >

k
2 Z fd (Xz+1 - 0(1 f(OCl, O(t) + f((X1+1,C7(t Azt + fdf((j(s) O'(t) Azi’Als

This gives the desired result. 0O
Remark 13. By taking k = 2 in Lemma 12 and letting
X1=X,Xp=Qy=a1=4d, tp=a3 =X =D
{y1=y, Yo=Ppo=p1=¢ Pfo=Ps=12=4d,
we recapture [19, Lemma 2.1].

We are now in position to formulate and prove our first result.

Theorem 14. Suppose the function f satisfies the conditions of Lemma 12; and that for each i € {0,1,2,...,k —
1}, a1 — A™5 and ajyq + A*255 belong to Ty, and iy — A@ and i1 + )\% belong to T,. Then we
have the inequality

Kok (1- )\) P
‘(1 - A7 Z Z(ﬁjﬂ = Biai1 —ai) f(xi, yj) + Z Z(ﬁjﬂ - B aiv1 — ai)(f(air Y))

j=0 i=0 j=0 i=0

k
+ flair, yj) + f(xi, B)) + f(xir,Bj+1)) -(1-4) Z f (Bj+1 = B f(o(s), yj)A1s
= Ja
12 & & ]
Z Z Z(,B]Jrl ,8]) i1 — & )(f(anﬁ]) + f(alr,B]Jrl) + f(al+1/,8]) + f(az+1/ﬁ]+1 )

k b
—%Z f (Bis1 = B(F(0(5), B)) + f(0(5), Bjs1))Ars — (1 - A)Z fd (aia1 — ) f(x;, 0() Aot

k
— %Z fd a,+1 CYI (f(()(l, O(t) + f((XH.l,G(t AQt + f‘df(()(s) O(t) Azi’Als

k-1
< M{ Z hz xz,az+1 - A%) + hZ(az+1/a1+1 /\%)

i=0
’ h2<04i+1, i /\%) + hz(xiﬂr(liﬂ + A%)]
k-1 T
X [hz(]/]'/ B — AIB]H ﬁ]) + h2(ﬁf+1rﬁj+1 - /\ﬁ]+12 ﬁ])
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+ hz(ﬁjﬂ,ﬁjﬂ + Aﬁﬁz ‘B]H) hz(y]'+1,ﬁ]‘+1 + /\ﬁﬁz ‘BJH )]}, (7)

< 00,

where M= sup  |fA1%2(s, 1)

a<s<b,c<t<d

Proof. By applying Lemma 12, and item (v) of Theorem 6 we get

kok 1- )\) L&
‘(1 - Ay Z Z(ﬁj+1 = Bilaiv1 — ai) f(xi, ;) + Z Z(ﬁjﬂ - Bi)aiv1 — ai)(f(air vj)

=0 =0 =0 i=0

k
+ flai, yj) + f(xi, B)) + f(xi/,BjH)) -(1- A)Zf (Bj+1 = B f(o(s), yj)A1s
=0 o

) k. k
+ /\Z Z Z(,B]H ﬁ]) Qi1 — & )(f(azzﬁ]) + f(“z/ﬁﬁl) + f(al+lr ,8]) + f(az+1/ﬁ]+1))
j=0 i=0
Av (7
-3 f (Bis1 = B)(f(0(5), B)) + f(0(5), Bja1) ) Ars — (1 - A)Z f (i1 = @) f(xi, 0(1) Aot
j=0
k
- %Z f (i1 — ai)(flai, o(t) + fatia, 0(1)))Aat + fd f(o(s), 0()AgtAys

f: IK(s, t, I, Ji)lAxtArs = Mf IKi(s, Ik)|A15f|K2(t Ji)lAat. (8)

Now, we observe that

o o a a
f |K1(S Ik)|Als - IZOA [hz X, Qi1 — A 1+12 1) + h2<011+1, Qi1 — /\—le l)

Qiys — Q; Qips — O
+ hz(ai+1,lxi+1 + /\%) + hz(xi+1, Qis1 + /\%)] )

and

d k-1 o
f Kot JolAat = Z oo Bt = ﬁ]ﬂz ﬁ])+h2(ﬁj+lrﬁf+l Bt B])
c =0

Bz - ﬁm) oy B+ A@)} (10)

+ I(Bjr, Bia + A
The inequality in (7) is obtained by substituting (9) and (10) into (8). This completes the proof. [J

Remark 15. It is important to note that Theorem 14 is an extension of Theorem 10 to the 2D case. Furthermore, by
taking A = 0 in Theorem 14, we get [7, Theorem 2.1].

Theorem 16. Suppose the function f satisfies the conditions of Theorem 14 and there exist My, M, € R such that
My < fh%(s,t) < M, for all s € [a, bl,, t € [c,d]r,. Then we have the inequality

k k (1 A A k k
‘(1 - Ay Z Z(ﬁm = B — i) f(xi, yj) + Z Z(ﬁm — Bt — a)( Flai, y))
0

j=0 =0 j=0 =0
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k b
+ flai, y) + G B) + fi Bra) = (1= 1)) f (Bi+1 = B)F(0(5), y)as
j=0 a

q>|>;:,

i=0
b

NI>
[\’J» 1[\’1»

N|>

i=

»

1
[hz(az+1,az+1 - )\—aMz_ a,-) - hz(xi, Qip1 — /\—amz_ ai)

E
N+O

M + M,

2

Xit2 — Xjt1 Qi3 — Kjt1
+ h2(xi+1/ Qip1 + /\—) - hz(az’+1,0éi+1 + )\T)]
1

2
ﬁ]+1 5]) hz(yj,,Bj+1_ ﬁ]+12 5])

Il
o

X
=~

[hz(ﬁ]+1,,3]+1

j=0

‘8]*'2 ﬁ]+2 ,8]+1 )]

1
+ hz(]/j+1,ﬁj+1 + A— ﬁﬁ ) hz(ﬁjﬂ,ﬁjﬂ + A—

k-1
< M, — My Z h i1 — h Qit1 — &
= T [ 2 xl/ Qit1 — A 2 )+ 2(al+1/al+1 - AT)
i=0

iy — Qi Qi — Ayl
+ ho( a1, i + /\—> + hz(xi+1,(li+1 + )\T)]

2
Bi+1 = Bj
2

—_ A~

k—
x Y [m(yj, B = A
j:

* hz(ﬁjﬂrﬁjﬂ + /\ﬁ]+2 ﬁ]H) hz(yjﬂrﬁjﬂ + /\ﬁ]+2 2 e )]}

) + hz(ﬁjﬂ,ﬁjﬂ - /\ﬁjﬂz_ ﬁj)

o

Proof. By a simple computation, one gets

b -
Qi1 — Qi1 —
f Ki(s, Ix)A1s = [h2<0éi+1, Qip1 — /\%) - hz(xi, Qi1 — A%)
a 0

i=

Qi — Kyl Qi — Aipl
+ hZ Xit+1, Xi+1 + /\T) - hZ(ale Ajy1 + AT)]

and

g k=1 3.
f Kot 10zt = Y [1a(Byen o1 ~ A2 0) <oy i ~ AP0
c =0

Pjv2 = ﬁ1+1 )

+ hz(y]‘+1,,3;‘+1 +A— hz(ﬁj+1,ﬁj+1 + A—

Using (12) and (13), we have that

b b
f de(SrtrIk/]k)AzfAﬁ:f Kl(S,Ik)Alstz(t,]k)Azt
a C a c

koK
Z Z(ﬁ;u Bi)ais1 — Ofi)(f(ai, Bj) + flai, Bjs1) + flaisr, Bj) + f(ai+1,ﬁj+1))
,8]+1 ﬁ] f(O(S) ﬁ]) + f(a(s), ,B]+1))A15 (1- A)Z fd(azﬂ ai) f(xi, o(t)) Azt

f (aip1 — ) f(al,a(t) + f(aie1, 0(1)) A2t+f ff(o(s) o(t))AxtAqs

Bjra = 5J+1 >]

3163

(11)

(12)

(13)
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k=1

[hz(ai+1,0¢i+1 - A%) - h2<xi, Qip1 — 7\%)

i=0

+

2
ﬁ]+1 - Bj
2

X-'

X [h2<ﬁ]+1,ﬁ]+1 ) - hz(yjrﬁjﬂ —-A

j=0

ﬁ]+2 ﬁ]+1)

+ hz(yj+1,ﬁj+1 +A hz(ﬁj+1,5j+1 tA———

From the assumption that M; < f21%2(s,t) < M for all s € [a, b],, t € [¢,d]r,, it follows that

M; + M M, - M
sup |fM%(s,t) - L > 2l < 22 L
a<s<b,c<t<d
On the other hand,

b d b d
M;+M
f f K(S/ t/ Ik/ ]k)fAlAz (S/ t)AZtAls - % f f K(S, t/ Ik/ Ik)AZtAls
a [ a c

b
M;+M
= f f K(Sr t/ Ik/ ]k)(fAlAz(sl t) - %)A2tA1$.

By applying item (v) of Theorem 6 to (16) and using (15), we have

d b d
K(s, t, I, ]k)fAlAZ(s,t)AztAls—w f f K(s, t, I, Jx)AotAys
c a c

M, - M b
<=7 f f IK(s, , I, JlAat Ass.
a c

The desired inequality follows from (17) by using Lemma 12 and (14). O

Remark 17. If we take A = 0 in Theorem 16, we recapture [7, Theorem 2.6].

Qi — Xjtl Qi — Oyl
hz(xi+1,01i+1 + )\—) - hz(am, Qi1 + /\T)]
1

ﬁj+1 -
2

Bj+a — ﬁ1+1 )]

3164

(14)

(15)

(16)

(17)

Next, we establish a generalized Ostrowski-Griiss type inequality on time scales for double integrals
for k2 points via a parameter. For this, we will need the following 2-dimensional Griiss inequality on time

scales.

Lemma 18 (see [7)). Let f,g € Cuy([a, blr, X [c,d]x,, R) such that ¢ < f(x,y) < ® and y < g(x,y) < T for all

x € [a,blr,, y € [c,d]T,, where ¢, ®, y, T are constants. Then we have

1 b rd 1 b 1
‘(b—a)(d—c)fa f fe,Dgls, Dtathas = (b—a)(d—c)fa fd Js Diatbas =0 G

1
< 1@= BT -y

b d
X f f g(s, t)ArtAgs
a c

We now state and prove our last main theorem of this paper.
Theorem 19. Suppose the conditions of Theorem 16 hold. Then we have

k k

k k
‘(1 — AP Y Y Bt = Bl — )i, y)) + 4 A < Y Y B - B@ia — a)(flei, )

j=0 i=0 j=0 i=0

(18)
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k b
+ flair, yj) + f(xi, B)) + f(xi/,BjH)) -(1- A)Zf (Bj+1 = B f(0(s), yj)A1s
=0 Vo

, k. k
+ /\Z Z Z(,B]H ﬁ]) Qi1 — & )(f(azzﬁ]) + f(“z/ﬁﬁl) + f(al+lr ,8]) + f(az+1/ﬁ]+1))
i=0
/\ b
) f ,8]+1 ﬁ] f(G(S) ﬁ]) + f(a(s), ,8]+1))A15 (1- A)Z fd(azﬂ ai) f(xi, o(t)) Azt
j=0 ¥4 i=0 Y€
% f (i1 —a) flai, o(t) + f(aie1, 0(t)) A2t+f fdf(a(s) o(t))AxtAqs

=0
_ fb,d) - fa,d) - f(b,c) + f(a,0)
(b—a)d-c)

az+1 iyl — &
X 2 [hz Qi1 Qg1 — > ) hz(xi,am - AT)
g

Ait2 — Kyl Qiy2 — Kiy1
+ 2(Xz+1,0éi+1 + /\—) - hz(lli+1,(1i+1 + )\T)]
1

2
ﬁ1+1 ﬁ])

k— . —_ .
ﬁ]+12 ﬁ]) - hz(]/]', ‘B]‘+1 5

X [hz(ﬁj+1/,3j+1 -A

j=0
,Bj+2 - ﬁj+1
2

ﬁ‘+ _,B'+
j 22 j 1)]

+ hz(yj+1,ﬁj+1 +A

L b-ad-oP
- 4

) - hz(ﬁj+1,ﬁj+1 +A
(Mz — My).

Proof. By Lemma 18, we have

b ~d
‘mf f Ko, b, T JOf (5, Datas
1 b d
T -ad-o f f K(s, t, I, J) Aot Ars

1 b
<Gma=g . J et
< jI(SUP K(s, t, It, Jx) — inf K(s, t, I, ]k))(Mz —My).

We also have that,

b
f fdelAz(S/ t)AQtAlS = f(b/ d) - f(ll, d) - f(b/ C) + f(ﬂ, C)‘
a c
On the other hand, we observe that
sup K(s, t, I, Jx) — inf K(s, t, I, Jx) < (b —a)(d - ¢).
The desired inequality is obtained by combining (4), (14), (20), (21) and (22). O

Remark 20. Theorem 19 amounts to [7, Theorem 2.9] for the case A = 0.
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(19)

(20)

(21)

(22)
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3. Applications

In this section, we apply Theorem 16 to the continuous, discrete, and quantum calculus. Similar results
can be obtained from Theorems 14 and 19.

Corollary 21 (Continuous case). Let f : [a,b] X [c,d] — R be a function such that M; < ’;stt) < M, for all
(s,t) € [a,b] X [c,d] and some My, M, € R. Then we have the inequality

k

kook k
‘(1 - Ay Z Z(ﬁm = Bil@iv1 — ai) f(xi, ;) + - A A Z Z(ﬁm - Bi)aiv1 — ai)(f(ai, vj)

=0 =0 =0 =0

k
+ fain, yj) + f(xi, B)) +f(xi/ﬁj+1)) -(1- A)Zf (Bj+1 = Bj)f(s, y))ds
=0 Y

u>|>;)

Kok
Z 2(ﬁj+1 - Bi)aiv1 — ai)(f(ai, Bj) + flai, Bjs1) + f(aisr, Bj) + f(ai+1,ﬁj+1))

i=0

)

N|>
Aol

-

(Bre1 = B8 + (s, Bro)ds — (1 - A)Z f (i1 = ) s,

N|>

(st — ) fl@i, t) + flaian, D)t + f f f(s, tydtds
_ M+ 8M Z [A2(ti1 — ) = (25 = Aty + (A = D)

+ (2201 - )\01;2 + (A= 2)ain) — (a2 - i) |

x kZl [A2(i1 - B (Zyi —ABi+ (A - 2)51‘“)2

+(2yi+1 — A2 + (A = 2)ﬁi+1)2 - /\2<ﬁi+2 - ﬁi+1)2]'

M -M 2

< 2128 ! {Z [A%(aio1 - (2x,- — Adi + (A = i)
2

+ (in+1 = Adipz + (A = 2)ai+1) + /\Z(Oéi+2 - 04i+1) ]

k-1 5
x Y [A2(Bie1 = ) + (29 = ABi + (A = 2)Bien)

j=0

2 2
+ (Zym = APipa + (A = 2),3i+1) +A (ﬁi+2 - ﬁi+1) ] . (23)
Proof. The proof follows by setting T; = T, = R in Theorem 16 and using the fact that
s — t)?

hz(S, i’) = %



S. Kermausuor, E.R. Nwaeze / Filomat 32:9 (2018), 3155-3169 3167

Remark 22. By taking k = 2 in Corollary 21 and letting

X1=X, Xp=Qo=Q1 =4, & =3 =X =D
{y1=y, Vo=Po=pi=c fo=Ps=y2=4d,
we get [18, Theorem 4].
Corollary 23 (Discrete case). Let f : {a,a+1,--- ,b—1,b} x{c,c+1,---,d—1,d} = R be a function such that
Mi<fls+1Lt+1)— f(s+1,8)— f(s,t+ 1)+ f(s,t) <M,

forall (s,t)€fa,a+1,---,b-1,b} x{c,c+1,---,d—1,d} and for some M1, M, € R. Then the following inequality
holds.

k k (1 A A k k
‘(1 — AP Y Y B = Bl — @) f(xi,y)) + Z Y (Bi1 = B @int — a)( (et y))
0

j=0 =0 j=0 =0

k  b-—
+ f@is,y) + fGi B+ flxi Bon)) = (1= 1)) Z(ﬁm —B)fGs +1,y)

]':0 s=a
/\2 Kok
t T Z (Bjs1 — Bi)ais1 — Oti)(f(ai, Bj) + flai, Bjs1) + f(aisr, Bj) + f(ai+1,ﬁj+1))
=0
1 & b Kk od-1
=52 Y B = B(fs+ L)+ fs+LBun) = (L= 1) Y, Y (@ — ) fCxit +1)
j=0 s=a i=0 t=c
1 & b-1 d-1
=52 Y @i = a)(flait+ D+ flai t+ D)+ ) N fs+ L+ 1)
i=0 t=c s=a t=c
k-1
_M ;Mz [hz(ai+1,0éi+1 - /\%) - hz(xi, iyl — /\%)

I
o

i

2
51+1 - Bi
2

Aiy2 — At Qi — Aip1
+ hz(xi+1/04i+1 + A—) - hz(ai+1/ai+1 + AT)]
-1

»

Bj+1 = Bj )

X [hz(ﬁ]+1,,l3,+1 ) - hZ(yf"Bj“ -A 2

]:

1
+ hz(yj+1,ﬁj+1 + )\‘BHZ P ) h2(ﬁj+1/,5j+l +A—

k-1
< A%{ Z [h2(xi, Qip — /\%) + hz(ai+1,0¢i+1 - /\g)
i=0

(=}

Pjva = 5J+1 )]

2
ﬁ]+l —Bj
2

Qi — Aipl Qi — Kyl
+ hz(am, iyl + A—) + hz(xi+1/0¢i+1 + AT)]
k-1

X [h2(y]/ Bj+1 =
e

+ h2(ﬁj+1r,3j+1 + /\W) + hz(yj+1,,3j+1 + /\ﬁﬁzzﬁ)]}, (24)

)+ ha(Bir, Bt ~ Aﬁjﬂz_ ﬁj)

(=}

where hy(s, t) = Mﬁ)r all s, t € Z.
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We get the intended result by letting Ty = T, = Z in Theorem 16. [

Corollary 24 (Quantum case). Let T; = q]i\IO,Tz = qﬂz\l‘), q1,92 > 1 in Theorem 16

where

)\)/1

kK k
\(1 A)ZZZ (Bje1 — B — ) f(xi, ) + XY Bi = @i — a)(flai, )

j=0 i=0 j=0 i=0

+ flaion, v) + f(i B) + f(xi,Bjan)) — (1= A) Z f (Bi1 = B)f(q1s, yj)dys
=0 o

/\2 k k
o 2 LB = B (e B+ s )+ S )+ Sl i)
j=0 i=0
A (7
2 Zf (B2 = B(F15,B)) + Fans, Bja) )dgs = (1= A)Z f (i1 — @) f (s, @)yt
j=0
A k
EZf (aiv1 — i) f(au‘ht) +f(a,+1,q2t) d t+f f f(q1s, g2t) d td S
k-1
M + M 1 — o
— 2 : Z [hz(aHl/ dit1 — Aa +12 a ) — hZ(xi/ Qipq — /\OC +12 a )
i=0
(i @i + ATE D) o, @i + AR E )]
k-1
ﬁ]+1_ﬁj ﬁ]+1 ﬁ]
* e [a(Bjer, Broa = 2 2 ) = ha(yj, Bjr — A 5 2
+ ho(yj, B + pHe B ﬁm) Io(Bj1, By + pbr2 ﬁj” )l

k-1
< M{ Z [hz(xi, Qi — /\%) + hz(ai+1, ®iy1 — Aanlz— O‘i)
i=0

Qi — Aiyl
T) + hZ(xi+lr Qi1 + A

ﬁj+1 - pj
2

Qiy2 — Kiyl
+ hz(am, Qi1 + A T)]
1

k—

X [hZ(]/J/ﬁJH
j=0

+ hz(ﬁ]+1/ﬁ]+1 + /\M) + hz(yj+1,ﬁj+1 + /\ﬁﬁ%ﬁm)]}/

ha(s, t) = & 2(5 D forall t,s € g

) + hz(ﬁj+1,ﬁj+1 ﬁ]H ﬁ])

Conclusion
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(25)

In this paper we have proved generalizations of the results of Feng and Meng [7] via a parameter
A €[0,1]. Our first theorem extends the main result in the paper [17] to the 2-dimensional case. As special
cases of our results, we recapture results of Xue et al. [18], and Zheng [19]. More results can be obtained by
applying Theorems 14 and 19 to the continuous, discrete and quantum calculus.
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