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NEW REFINEMENTS AND APPLICATIONS OF OSTROWSKI
TYPE INEQUALITIES FOR MAPPINGS WHOSE nth
DERIVATIVES ARE OF BOUNDED VARIATION

1H. BUDAK, M. Z. SARIKAYA, AND 2A. QAYYUM

ABSTRACT. The main aim of this paper is to establish some Ostrowski type in-
tegral inequalities using a newly developed special type of kernel for mappings
whose nth derivatives are of bounded variation. We deduce some previous re-
sults as a special case. Some new efficient quadrature rules are also introduced.

1. INTRODUCTION

In 1938, Ostrowski [18] established a following useful inequality:

Theorem 1. Let f : [a,b] = R be a differentiable mapping on (a,b) whose deriva-
tive f' : (a,b) = R is bounded on (a,b), i.e. ||f'||, := sup |f'(t)] < oo. Then, we
te(a,b)

have the inequality

L, (-5’

(ROE TR

1 (b—a)[lfll

for all x € [a,b].

The constant % is the best possible.

Ostrowski inequality has potential applications in Mathematical Sciences. In
the past, many authors have worked on Ostrowski type inequalities for function
of bounded variation, see for example ([1]-[14], [16]). Moreover, Dragomir proved
some Ostrowski type inequalities for functions whose nth derivatives are of bounded
variation in [15].

The following definitions will be frequently used to prove our results.

Definition 1. Let P:a =z < 21 < ... < &, = b be any partition of [a,b] and let
Af(x;) = f(xigp1) — f(x;), then f is said to be of bounded variation if the sum

D IAf ()]
i=1
is bounded for all such partitions.
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Definition 2. Let f be of bounded variation on [a,b], and > Af (P) denotes the
n

sum Y |Af(x;)| corresponding to the partition P of [a,b]. The number
i=1

b

V() i=suwp {3 AF(P): P e P(la,]) },
is called the total variation of f on [a,b]. Here P([a,b]) denotes the family of par-
titions of [a,b].

In [12], Dragomir proved the following Ostrowski type inequalities related func-
tions of bounded variation:

Theorem 2. Let f : [a,b] = R be a mapping of bounded variation on [a,b]. Then

(12) / s~ 0-a 1) < [ o0+ |- Vi

a

holds for all z € [a,b]. The constant & is the best possible.
In [8], authors gave the following Ostrowski type inequality:
Theorem 3. Let f : [a,b] = R be such that f' is a continuous function of bounded

variation on [a,b]. Then we have the inequality
b
o [ = 3 5@) + S+ b - o)
. 5 [f(z a x

a

+5 (o= ) @ - o)
1 [5(@—a)?-2(@—a)b-2z)+0b-1) 3a+0|]\", .,
< 16[ —a) +4\ - ]\a/<f>

for any x € [a, GTH’]
In [5], Budak and Sarikaya obtained following Ostrowski type inequality in
weighted form for the mappings whose first derivatives are of bounded variation:

Theorem 4. Let w : [a,b] — R be nonnegative and continous and let f : [a,b] — R
be differentiable mapping on [a,b]. If ' is of bounded variation on [a,b], then we
have the weighted inequality

b b b
[w-apu@in) @)+ | [wwds | 1) - [wosod
z x b b

< | [w-ow@in) )+ | [ -2 wtdd) Vi)

for any x € [a,b].

Recently, Qayyum et. al [19]-[20], proved some Ostrowski inequality using mul-
tiple step kernel. In this paper, we obtain some Ostrowski type integral inequalities
for functions whose nth derivatives are of bounded variation. The results presented
here would provide extensions of those given in [9]- [10] and [12].
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2. REFINEMENTS OF OSTROWSKI TYPE INTEGRAL INEQUALITIES

Before we start our main results, we state and prove following lemmas:

Lemma 1. Let f : [a,b] — R be such that ) is a continuous function of bounded
variation on [a,b], then the following identity holds

b
(2.1) /m@wﬁwm

n & 1 1
= (-1 kZ:O m [(_1)’€ (x — a)k+ +(b— x)k+1 f(lc) (x)

b

+ (=)™ /f(t)dt.

a

where

n

for all x € [a,b].

Proof. The proof of (2.1) is established using mathematical induction.
Take n =1,

b
/E@ﬁ#%)

x

/a—@wmw+/a—mwﬂw

a

N =

= —(b-a)f(z)—(b—a) (x—a;b)—&-/f(t)dt-

a

The identity (2.1) is provided for n = 1.
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Assume that (2.1) is true for n. We will show that (2.1) is true for n + 1.

/ +1 z,l df(n+1)( t)

r b
= ﬁ |:/(t - a)n+2df(n+1)(t) + /(t _ b)n+2df(n+1)(t):|
= ﬁ [(l‘ _ a)n+2 _ (.’L‘ _ b)71,+2] f(n+1)(aj)
y b
,ﬁ [/(t — n+1df(n) +/ n+1df(n)(t)]
G n+1 n+2 n+2] p(ntl)
 (n+2)! (=) (@ —a)" + (b—a)"*?] f (z)

b

DY ey [V = 0 6= 0 19 - (-1 [ s

This completes the proof.

a

b

1 o {(—1)’~C (@ — )"+ 4 (b — x)k-i-l} F®O () + (—1)n+2/f(t)dt.

a

O

Lemma 2. Let f : [a,b] — R be such that ) s a continuous function of bounded

variation on [a,b], then the following identity holds

4
k1 k1
+(1)k+1{<xa—2kb) <x3a:b) }f(k)(a+bx)
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where the mapping P2(x,t) is defined by

Gy t—a)", te (a, 5]

i ( Safb)nﬂ’ te (4r,a]
P2z,t) ={ oy (- 42", te(zatb—a]

iy (= 52" e (atb -, ot

Gy (0"t (e

for all x € [a, %b] .

Proof. We prove the Lemma using mathematical induction. Take n =1,

Py (x, t)df'(t)

\@

t)d

2 2

\&

p@»+fm+bm+f(”+x)+f(a+%x>

( 5a+3b){f/(a+b_x)—f'($)}
1
3

) (o) (5]

The identity (2.2) is provided for n = 1.
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Assume that (2.1) is true for n. We will show that (2.1) is true for n + 1.
b

/P, (z, t)df ™ (t)
—1)2n+2 a+b\""? a+zx
Gt o o538 o (59
n+2 n+2
=y sy
n+2 n+2
+(_1)n+2{<x‘a§b) ‘(x‘gafb) }f<"+1><a+b—x>
1\ "2 a+b\""? nt2 | pmany (@ +20—2
Qe (e
n n+k b k+1
Z k;-|—1 zlﬁil{(x_“)kﬂ_(m_a;) }f(k)<a;x>
{ - 3‘”6 k+1<xa;b)k+l}f(k)(r)
k+1 k+1
+(_1)k+1{(x_ ) < 3a+b) }f(k) (a+b—a)
S\ a+b\"! k1 | oy (@ 20—
(Gl e ()
b
1)"“/f(t)dt
n+1 n+k+1 1 AN adz
= Z k+1 l2k+1{(x_a>k+l_<x_ 2) }f(k)<2>
k+1 k+1
e sy e
k+1 k+1
+(_1)k+1{(x_a—2i-b> _<x_3a:b> }f(k)(a+b_x)
—1 k+1 a+b k+1 k+1 (k) a+2b—.’£
@) et (e
b
1)+ / f(t)dt

This completes the proof.

+

Now using above identities, we state and prove the following theorems.
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Theorem 5. Let f : [a,b] — R be such that f™ is a continuous function of
bounded variation on [a,b]. Then, for all x € [a,b], we have the inequality

v 1
D Z(k+1

k=0

b

T [0 @@ -] 9@+ ) [ e

a

b
(n j_ 1)' max {(.’L‘ . a)nJrl . n+1} \/ f(n)

b
where \/(f™) denotes the total variation of f on [a,b].

Proof. Tt is well known that if g, f : [a,b] — R are such that g is continuous on
b
la,b] and f is of bounded variation on [a,b], then [ g(¢)df(t) exists and

b b

4 d su .
(2.4) / a0 < s 1o V()

In Lemma 1, by using (2.4), we get

b

[ Panar

[ = b
1
< o || et / by df ) 1)
n !
1 - T b
< ey | s e al TN/ () 4 sup =0T/ (F0)
(TL+1)' | t€[a,2] ‘ \a/ te(a,b] \x/
B T b
]- n n n n
= | e VI -V >>]
1 ] b
< —— max{(z—a)"", (b—z)" \/
(n+1)! { } v
This completes the proof. O

Remark 1. If we choose n = 0 in Theorem 5, the inequality (2.3) reduces the
inequality (1.2).

Corollary 1. Under assumption of Theorem 5 withn = 1, we obtain the inequality:

23 | / it~ 1)~ (457 = o) )

1 1 1 a+b\?
< 4[(1)@) lQ(b—a)2+2<w— 5 )
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Remark 2. If we choose x = ‘ZTH’ in (2.5), then we have the inequality

b b
a+b 1 b—a
— t)dt| < !
$("57) 5t e < 5tV
which was given by Liu in [17].

Theorem 6. Let f : [a,b] — R be such that f™ is a continuous function of
bounded variation on [a,b], then the following identity holds

k+1
2k1+1 {(l‘ — a)k+1 - (l' - a;_b) } f(k) <a‘|2’33)
k+1 k+1
) e

k+1 k+1
_a+b) _<x_3a+b) }f(k)(a+b—x)

n (_1)n+k

2 Ty

k=0

{( 3a+b
+4qlz—

2 4

(oop?) e} (5)

n+1 +b n+1 ( _ )n—i-l b .
7(a2 —x) ’xgnil}\/(f())

for all x € [a, “T'H’]

Proof. In Lemma 2, by using (2.4), we get

b
JEACRIRI

atax

2 - n+1
_t /(t—a)”“dﬂn)(t) + /(t—?"‘:b) 4 (1)

(n+1)!
a a,-;'c
a+b7$ a+22b71?
b n+1 3b n+1
+ / (t—a;_) aF™ )| + / (t—“Z) df ™ (t)
T at+b—x
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a+x
3 n+l =z
1 n+1 (n) 3a+b["™" (n)
< sup [t —al"\/(F) +  sup |t V(™)
|
(n+1). te[ﬂ)a«gfx] a te[a«g:ﬂ’w} 4 ate
at2b—z
a+b n+1 at+b—x a+3b n+1 2 )
+ osup |t V ™+ s - V™)
te[x,a+b—x] x te[a-ﬁ—b—w,%} a+b—x

b
+osup [t O\ (f™)

te[%,b} a+22b7z
ate
1 (.T — Cl)n+1 2 (n) 3a + b ntl 1 a + b ntl ¥ (n)
CES N e V () 4+ max ¢ e - = rgnrt \ T V()
a atx
2
at2b—z
a+b n+latbrs n 3 +b" 1 a+b ntl 2 n
+< 5 —x) V() 4 max ¢ o — = S TEsH Gt \V ™)
T a+b—x

_3a+b

n+1 n+1 n+1 b
a+b (x—a) (n)
) ( 2 x) ) on+1 } \/ (f ) :
a
This completes the proof. [

Remark 3. If we choose n = 0 in Theorem 6, we get the result proved by Budak
and Sarikaya in [9].

Remark 4. If we choose n =1 in Theorem 6, we get the result proved by Budak
et al. in [10].

3. DERIVATION OF NUMERICAL QUADRATURE RULES

We propose some new quadrature rules involving nth-derivatives of the function
f. In fact, the following new quadrature rules can be obtained while investigating
error bounds using theorem 6.

b
@mU%:/f@ﬁ
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b

Qua () = / f(t)dt

k

2 07

0

a

(0

1)!

Ak+19k+1

+4k% (b—a)t {(_1)k ) <3a4+b> + F® (aZ?»b) H ’

Qn,?) (.f) =

n

- >

k=0

X 4k+1

(k+1)!

1

b

a

(-1

(b— a)kJrl}

/f(t)dt
Hf(’“) (Ba: b) + (1 + (—1)k) F® <

Performance of the efficient quadrature rules

2

a+b) +(=1)F ) <a+3b

ot L (a0 a+7b>}
-t {0 () e (2

4

)}

H Sr. No. H Method \ n: Quni(f) \ n: Qna(f) \ n: Qns(f) \ Exact Value H
1. fl fi(z)dr | 2: 2.83333 | 2: 2.83333 | 2: 2.83333 2.83333
’ Error: 0 0 0
2. flfg(x)dz: 6: 0.301168 | 4: 0.301169 | 4: 0.301168 0.301169
) Error: | 5.5921x10~7 [ 7.20674x10~7 | 1.07696x10~°
3. fl fa(z)dz | 6:0.909332 | 4: 0.909329 | 4: 0.909333 0.909331
OError: 1.22345x107% | 1.66306x 106 | 2.48778 x10~©
4. f fa(z)dz | 4: 0793022 | 3: 0.793023 | 4: 0.793031 0.793031
) Error: | 8.63182x107% | 8.08331x107% | 1.03192x10~"
5. fl fs(z)dz | 10: 1.46266 | 6: 1.46265 6: 1.46265 1.46265
OError: 5.8789x10~% | 1.54452x107° | 2.29707x10~°
6. flfg(:p)dx 10: 1.31384 | 6: 1.31383 6: 1.31383 1.31383
) Error | 7.37624x107° | 3.15394x10~7 | 1.47843x10~"7
7. fl fr(z)de | 5:1.34147 4: 1.34147 4: 1.34147 1.34147
OError: 2.46065x 1075 | 1.26192x10~7 | 1.88891x 10"
8. jl’ fs(z)dz | 8: 0.62977 | 4: 0.629773 | 4: 0.629762 0.629769
[ | - Error: [ 1.18074x10~° [ 4.86274x10~° [ 6.3567x107C | |

Table: 1
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(3.1) filz) = 2 +x+2, fa(z) = zsinz,
fa(x) = e€“sinz, fa(z) = 2% + sinz,
fslz) = €, fe(x) = e cos (e — 2x),
fr(x) = x4+ cosx, fs(z) = log (2* + 2) sin [log (z* + 2)] .

We conclude that all three quadrature rules show exact value of the integral of f;
for n = 2. For any polynomial of degree k, n = k + 1 will give exact value of the
integral f1. Acceptable error estimates can be obtained for smaller values of n to
save computational time.

In general @, 2 (f) gave better results as compared to other two quadrature rules
for much smaller values of n. Therefore we can conclude that overall Q,  (f) is
computationally more efficient both in terms of error approximation, simplicity,
and time. As a rough estimate we integrated log (x2 + 2) sin [log (x2 + 2)} using
the built in algorithms of Mathematica 8.0 which took 26.30 seconds to give its
approximate answer. To obtain similar approximation for the integral of fs, Qn.2 (f)
took less than a second.

Based on this analysis, we can conjecture that @Qn o (f) is the most efficient
quadrature rule. It should be noted that if desired the value of n can be adjusted
to improve the error bounds or decrease computational time.
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