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1. Introduction

The following integral inequality which was first proved by Ostrowski in 1938 has received
considerable attention from many researchers [1-9].

Theorem 1.1. Let f : [a,b] — R be continuous on [a,b] and differentiable in (a,b) and its
derivative f' : (a,b) — R is bounded on (a,b), that is, ||f'llec = Supsc(up|f'(x)| < co. Then
for any x € [a,b], the following inequality holds:

|- 5 f:fa)dt

< <1 . (x - (a+b)/2)*

4 (b-a) >(b—a)||f’||oo. (1.1)

The inequality is sharp in the sense that the constant 1/4 cannot be replaced by a smaller one.

In 1988, Hilger [10] developed the theory of time scales as a theory capable to contain
both difference and differential calculus in a consistent way. Since then, many authors have
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studied the theory of certain integral inequalities on time scales. For example, we refer
the reader to [11-18]. In [15], Bohner and Matthews established the following so-called
Ostrowski inequality on time scales.

Theorem 1.2 (see [15, Theorem 3.5]). Leta,b,x,t € T,a <b,and f : [a,b] — R be differentiable.
Then

b
[ Fo08t- 00| < M@ + o), (1.2)

where hi(-,-) is defined by Definition 2.9 below and M = sup,__,|f2 (x)|. This inequality is sharp
in the sense that the right-hand side of (1.1) cannot be replaced by a smaller one.

Liu and Ngo then generalize the above Ostrowski inequality on time scales for k points
X1,%2,...,xk in [19]. They also extended the result by considering functions whose second
derivatives are bounded in [20]. They obtained the following theorem.

Theorem 1.3. Let a,b,x,t € T, a < b, and f : [a,b] — R be a twice differentiable function on
(a,b) and f2% : (a,b) — R bounded, that is, M := sup,_, | f**(x)| < oo. Then

b
f fEBAL = f7(x) (b~ a) + (ha(x, @) — ha(x, b)) f* (%) | < M(h3(x, @) — h3(x, b)) (1.3)

Theorem 1.3 may be thought of as a perturbed version of Theorem 1.2. In the present
paper we will first derive a perturbed Ostrowski-type inequality on time scales for k
points x1,xy,...,x, for functions whose second derivatives are bounded and then unify
corresponding continuous and discrete versions. We also point out some particular perturbed
integral inequalities on time scales for functions whose second derivatives are bounded as
special cases.

2. Time scales essentials

In this section, we briefly introduce the time scales theory and refer the reader to Hilger [10]
and the books [21-23] for further details (see also [19, 20]).

Definition 2.1. A time scale T is an arbitrary nonempty closed subset of the real numbers.

Definition 2.2. For t € T, one defines the forward jump operator o : T — T by o(t) =inf{s € T :
s > t}, while the backward jump operator p : T — T is defined by p(t) = sup{s € T : s < t}.

In this definition, we put inf @ = sup T (i.e., o(t) = t if T has a maximum ¢) and
sup @ =inf T (i.e., p(t) = tif T has a minimum t), where @ denotes the empty set. If o (t) > ¢,
then we say that ¢t is right-scattered, while if p(t) < t, then we say that ¢ is left-scattered. Points
that are right-scattered and left-scattered at the same time are called isolated. If o(t) =  and
t < sup T, then ¢ is called right dense, and if p(t) = t and t > inf T, then ¢ is called left dense.
Points that are both right dense and left dense are called dense.
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Definition 2.3. Let t € T, then two mappings y,v : T — [0, +o0) satisfying
u(t):=o(t)—t,  v(t):=t-p(t) (2.1)

are called the graininess functions.

We now introduce the set T* which is derived from the time scales T as follows. If T
has a left-scattered maximum ¢, then T* := T - {t}, otherwise T* := T. Furthermore, for a
function f : T — R, we define the function f°: T — Rby f°(t) = f(co(t)) forall t € T.

Definition 2.4. Let f : T — R be a function on time scales. Then for t € T*, one defines f(t)
to be the number, if one exists, such that for all £ > 0 there is a neighborhood U of ¢ such that
forallse U

|f7(8) = f(s) = fA(D(0(t) = 9)| < elo(t) - s|. (2.2)

We say that f is A-differentiable on T* provided f2(t) exists for all t € T*. We talk about the
second derivative 22 provided f2 is differentiable on T = (T*)* with derivative f22 =
(FfH%: 1% - R.

Definition 2.5. A mapping f : T — R is called rd-continuous (denoted by f € Cyq) provided
that it satisfies

(1) f is continuous at each right-dense point of T;

(2) the left-sided limit lim,_,;— f (s) = f(t-) exists at each left-dense point t of T.

Remark 2.6. It follows from Theorem 1.74 of Bohner and Peterson [21] that every rd-
continuous function has an antiderivative.

Definition 2.7. A function F : T — R is called a A-antiderivative of f : T — R provided
FA(t) = f(t) holds for all t € T*. Then the A-integral of f is defined by

b
f f(t)At = F(b) - F(a). (2.3)

Proposition 2.8. Let f, g be rd-continuous, a,b,c € T, and a, p € R. Then

(1) [(af(t) + Bg(D) At = a [} f(B) AL+ B [1 g(HAL,

@) 7 f(HAL =~ F(HAL,

@) [L f(HAL= [ f(B)AL+ [ f(B)AL,

@) [2 f(Hg (At = (F9)(b) - (fg)(a) - [£ fA(Dg(o(B)AL,
(5) [1f(hHAat=0,

(6) If f(t) >0 forall a <t < b then [ f(H)At > 0.
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Definition 2.9. Let hy : T*> — R, k € Ny be defined by

ho(t,s) =1 Vs, teT (2.4)

and then recursively by

t
his1(t,s) = J hi(t,s)AT Vs, teT. (2.5)

s

Remark 2.10. It follows from Proposition 2.8(6) that if s < ¢, then hx.1(t,s) > 0 forallt,s € T
and all kK € N.

Remark 2.11. 1If we let hlf (t,s) denote for each fixed s the derivative of h(t, s) with respect to
t, then

hA(t,s) = hey(t,s), for k€N, teT". (2.6)

3. The perturbed Ostrowski inequality on time scales

Our main result reads as follows .
Theorem 3.1. Suppose that

DabeT Ix:a=x)<x1 < <Xk < Xk = b isadivision of the interval [a,b] for
X9, X1,-..,xk €T;

(2)a;eT (i=0,...,k+1)is "k +2" points so that ag = a, a; € [xi-1,x;] (i=1,...,k)and
A1 = b;

(3) f : [a,b] — R is a twice differentiable function on (a,b) and f** : (a,b) — R is
bounded, that is, M := sup,_,_, | f22 ()| < co.

Then

b K k-1
f fo(t)At - Z(Ulm —a;) fO(xi) + Z(hz (i1, @is1) f2 (i) — o (i, i) £ (x2))
a i=0 i=0

k-1
<MD (h3(xis1, @i41) — B3 (i, @i11).

i=0

(3.1)

To prove Theorem 3.1, we need the following generalized montgomery identity for
twice differentiable function. This is motivated by the ideas of Sofo and Dragomir in [24],
where the continuous version of a perturbed Ostrowski inequality for twice differentiable
mappings was proved.



Wenjun Liu et al. 5
Lemma 3.2 (generalized montgomery identity). Under the assumptions of Theorem 3.1,
k b b
D - o) = [ fowar- [ K rea
i=0 a a
(3.2)
k-1
+ D (Mo (i1, i) £ (xi41) — ho (3, 1) £2 (x7)),
i=0
where
(ha(t, 1),  te[a,x),
hZ(t1a2)l te [xlle)r
Kt I)=4 : (3.3)

hZ(tl ak—l)/ te [xk—ZI xk—l)r
Lhz(t/ ak)/ t € [xk—llb]'

Proof. Integrating by parts and applying Proposition 2.8(4) , we have

Jb K(t, Iy) fA2 (1) At

I \g

it

=~

-1 pxiy
j K(t, I) fA4 (1) At

Xi

=~
H

f ho(t, aiv) f24 (1) At

k-1 i1 Xi+l
z( bt ) P2 08+ [ halt ) 0
i=0 Qi1
k-1 Qi1
<h2(a1+1/ i1 f (a1+1) - h2(xu ‘XHl)f (xl) - fA (G(t))th (t, ai+1)At
i=0 Xi
i ) P (530) = (it ) P2 o) = | P @OV 1 i) A
k-1
(hz(xm, ais1) f2 (xia1) = ho (i, aien) F2 (1)
Py
[ rewe-amai- [ P owe-aar)
k-1
(hz(xm, ais1) f2 (i) = o (i, i) £ (x0) + £ () (% = etisn)
=0

Ait1 Xi+1

o [ O = £ ) (i - i) + f"(t)At)

X1 A1
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b k-1
= f fe) AL+ Z(hz(xi+1,0¥i+1)fA(xi+1) — ho(xi, i) f2 (i) + fO(a)(a - ar)
a 0
k-1 k-2
+ Zfa(xi)(xi —ai1) = fO(b)(b - ax) - ng(xm)(xm - A1)
i=1 i=0

b k k-1
= f fot)At - Zfa(xi)(txi+1 - ) + Z(hz(xi+1,txi+1)fA(xi+1) — o (xi, aia1) f2(x1)),
a i=0 i=0

(3.4)
that is, (3.2) holds. O
Proof of Theorem 3.1. By applying Lemma 3.2, we get
b k k-1
[ 770088 = 3@ - ) £ x) 4 3 (et i) £ (330) = ) )
a i=0 i=0
b k-1 pxin
= f K(t, Ik)f“(t)At‘ =1 K(t, Iy) fA2 (1) At
a i=0 ¥ Xi
k=1 pAxina k-1 pxin
33 ININGRITESCIVES Yy 3 RNTNOPASIIY
i=0 ¥ Xi i=0 ¥ Xi
(3.5)
k-1 Qs @ir1 Xit1
=M (J (I (i1 — T)AT) At + hy(t, ai+1)At>
i=0 Xi t iyl
k-1 i1 Xi+1
- M( [t wnars [ aaar)
i=0 Xi Xir1
k-1
= MDY (ha(xis1, @iv1) — ha(xi, @)
i=0
The proof is complete. O

If we apply the the inequality (3.1) to different time scales, we will get some well-
known and some new results.

Corollary 3.3 (continuous case). Let T = R. Then our delta integral is the usual Riemann integral
from calculus. Hence,

_ 2
ho(t,s) = % Vi, s € R. (3.6)
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This leads us to state the following inequality:

b K k-1
j f(t)At - Z(mu - ) f(xi) + %Z((xm — i) f' (1) — (i = ai+1)2fl(xi))‘
=0 = (3.7)
k-1
< % . ((xi+1 - lxi+1)3 = (xi - “i+1)3)r

]
o

1

where M = sup__._,|f" (x)].

Remark 3.4. The inequality (3.7) is exactly the generalized Ostrowski inequality shown in
[24].

Corollary 3.5 (discrete case). Let T = Z, a = 0, b = n. Suppose that

(1) I : 0= jo < ja <-+* < k1 < jix = nis adivision of [0,n] NZ for jo,k1,...,jk € Z;

2Q)pi€Z (i=0,...,k+1)is “k +2” points so that po = 0, p; € [ji-1, i NZ (i=1,...,k)
and pry1 = n;

(3) f(k) = xx.
Then,
n k k-1
ij - Z(Pm —Pi)Xjs1 + Z(hz(ji+1,Pi+1)ij,.+1 - h2(].i/Pi+1)ij,~)>
=1 i=0 i=0
(3.8)
k-1
< MZ(h3(ji+1/Pi+l) — h3(ji, pis1))
i=0
foralli= 1,n, where
M= sup o], o) = (“°) (39)
1<i<n-1

forallt,s € Z.

Corollary 3.6 (quantum calculus case). Let T =g, g > 1, a = g™, b = q" with m < n. Suppose
that

(1) Ik:gm =gl < gl <--- < gl < glk = g™ is a division of [g™,q"] N g™ for jo, j1,- .-, jk €
No;

(2) g€ g™ (i=0,...,k+1)is “k + 2" points so that g = g™, gV € [¢/!, ¢/ 1N g (i =
1,...,k) and g = g™;

(3) f: 19" q"] — Ris differentiable.
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Then,

q" k .
f Flahat- (@ - ) F g
qm i=0

k-1 | i i1 .
o e @) = f@) e f@T) - (9
+;<hz(q1 ,qP) @-1g hy(q", g") @-Dq )‘ (3.10)
k-1 ) .
<MD (hs(q™, q") = ha(g), 4)),
i=0

where
2t) — 1) f (gt t Ly gy
M = sup f(q ) (q+ )fiq)-’-qf()l, hk(t,5)=H . S, Vt,SEqNO.
g <t<q" g(g-1)*t2 v=0 2p=0q"

(3.11)

4. Some particular perturbed integral inequalities on time scales

In this section, we point out some particular perturbed integral inequalities on time scales
for functions whose second derivatives are bounded as special cases, such as perturbed
rectangle inequality on time scales, perturbed trapezoid inequality on time scales, perturbed
mid-point inequality on time scales, perturbed Simpson inequality on time scales, perturbed
averaged mid-point-trapezoid inequality on time scales, and others. Throughout this section,
we always assume that a,b € Twitha >band f : [a,b] — R is differentiable. We denote

M = sup | f*2(x)] < co. (4.1)

a<x<b

Proposition 4.1. Suppose that & € [a,b] N T. Then one has the perturbed rectangle inequality on
time scales

b
f feB)At=((a=a)fo(a) + (b—a)f7(b) + (ha(b, ) f2(b) ~ ha(a, a) f*(a))

(4.2)
< M(hs(b,a) — hs(a, a)).

Proof. We choose xp = a, x1 = b, ay = a, &1 = a € [a,b] and a, = b in Theorem 3.1 to get the
result. O

Remark 4.2. (a) If we choose a = b in (4.2), we get the perturbed left rectangle inequality on
time scales

b
[ Frwai-@-ar@- kb @| < -Mha,b). (43)
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(b) If we choose a = a in (4.2), we get the perturbed right rectangle inequality on time
scales

b
[ rotat- - ®) + hat,0 ®)] < Mise,0) (44)

(c) If we choose a = (a + b)/2 in (4.2), we get the perturbed trapezoid inequality on
time scales

fb swar- LD 6o a4 (1a(5,220) ) - s (0, 57 ) 2@ )|

a+b a+b
(i (5 720) (720,

Proposition 4.3. Suppose that x € [a,b] N'T, ay € [a,x] NT and a, € [x,b] N'T. Then one has the
perturbed inequality on time scales

(4.5)

b
f FOOAL - (a1 - a)f(a) + (@2 — a0) f(x) + (b — a2) £ (b))

b (o, @) A (%) - ha(a, ) £ (@) + ha(b, @) f2 () - a(x, a) 2 )| 4O

< M(hs(x, 1) — h3(a, aq) + h3(b, az) — h3(x, az)).

Remark 4.4. If we choose a; = a and a, = b in Proposition 4.3, we get exactly Theorem 1.3.
Therefore, Theorem 3.1 is a generalization of Theorem 4 in [20]. If we choose x = (a +b)/2 in
(3.1), we get the perturbed mid-point inequality on time scales

[ rom (2520 (s(25%0) () (42
P ECARIC)!

Corollary 4.5. Suppose that x € [(5a+b)/6,(a+5b)/6]NT, a1 = (5a+b)/6and a, = (a+5b)/6.
Then one has the perturbed inequality on time scales

(4.7)

* b—alf°(a)+fo(b)
Lf(t)At— - [ .

+<h2<x, 5a6+b>fA(x)—h2<a, 5a6+ b)fA(a)+h2<b,%SE))fA(b)—hz(x, a +65b>fA(x)>‘

5a+Db 5a+b a+5b a+5b
§M<h3<x,T>—h3<a, 6 )+h3<b, 6 >—h3<x, 6 >>

+2f7()

(4.8)
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Remark 4.6. 1f we choose x = (a + b)/2 in (4.8), we get the perturbed Simpson inequality on
time scales

[ e[ )

<a;b,5a6+b>fA<a;-b>_h2< 5a+b)f (a)
h2< a+5b>fA(b) (a;b,a+5b>fA<a+b> |
<h3<a42—b 5a6+b>_h3<a’5a6+b>+h3<b/a+65b) h3<a;rb a+65b>>

(4.9)

Corollary 4.7. Suppose that (a+b)/2 € T, a1 € [a,(a+b)/2]NTand a, € [(a+b)/2,b]NT.
Then one has the perturbed inequality on time scales

a+b

)+ G-a o)

+<h2<a;b ,al)fA (%57) - et (@ + ot an) 2 0) - a5 7 02) 72 (50) )|
< M(hs( 2 ) - (g, + o, - (572 ).

(4.10)

Remark 4.8. 1f we choose a; = (3a + b)/4 and a, = (a + 3b)/4 in (4.10), we get the perturbed
averaged mid-point-trapezoid inequality on time scales

ar- L8[ IO) po(asb)

<h2<a;b 3a4+b>f (a;b>—h2<a,3a+b>f (a)
+h2< a+3b>fA b) - <a+b a+3b>fA<a+b>>’
<h3<a-2#b 3a4+b>—h3<a,3a4+b>+h3<b,a13b> h3<a42—b a23b>>.

(4.11)
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