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A GENERALIZED INEQUALITY OF OSTROWSKI TYPE FOR
TWICE DIFFERENTIABLE BOUNDED MAPPINGS AND
APPLICATIONS

A. QAYYUMY2, M. SHOAIB, AND M. A. LATIF

ABSTRACT. In this paper, we will improve and generalize Ostrowski type in-
equality for twice differentiable mappings in terms of the upper and lower
bounds of the second derivative. Some well known inequalities can be derived
as special cases of the inequalities obtained here. In addition, perturbed mid-
point inequality and perturbed trapezoid inequality are also obtained. The
obtained inequalities have immediate applications in numerical integrations
where new estimates are obtained for the remainder term of the trapezoid and
midpoint formulae. Applications to special means are also investigated.

1. INTRODUCTION

Inequalities have proved to be an exalted and applicable tool for the development
of many branches of Mathematics. It’s importance has increased noticeably during
the past few decades and it is now treated as an independent branch of Mathemat-
ics. This field is active and experiencing a tremendous boost with the passage of
time in theory as well as in applications. One element that particularly signifies
its importance is its applications in various fields. Uptill now, a vast number of
research papers and books have been dedicated to inequalities and their numerous
applications.

Ostrowski’s inequalities play an important role in several other branches of math-
ematics and statistics with reference to its applications. In recent years a number
of authors ( [9],[10],[11] and [12]) have written about generalizations of Ostrowski’s
inequality. In 1998, Dragomir et al.[7] presented a new proof to the classical Os-
trowski’s inequality and for the first time applied it to the estimation of error bounds
for some special means and for some numerical quadrature rules. It is with the same
viewpoint, the two monographs [8] were written in 2002 and 2004 to present some
selected results on Ostrowski type inequalities and their applications. The current
paper will obtain bounds for quadrature rules consisting of, at most, three points
for twice differentiable functions. These results will be obtained with the help of
kernels.

Ostrowski [1] proved the following classical integral inequality.

Theorem 1. Let f: I CR — R be a differentiable mapping on I° (the interior of I)
and let a,b € I°with a < b. If f’ : (a,b) — R s bounded on (a,b) i.e.
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[1f'loc = suPtepa, /7 (£)] < oo, then

b
) |f@) -y [ red <

] (b= a) 'l

for all x € [a,b]. The constant i s sharp in the sense that it can not be replaced by
a smaller one.

Some applications of Ostrowski’s inequality to special means and numerical quad-
rature rules, are given in [2] by Dragomir et al.

In 1976, Milovanovi¢ et al. proved a generalization of Ostrowski’s inequality for
n-time differentiable mappings from which we would like to mention only the case
of twice differentiable mappings ( [4], p.470 ).

Theorem 2. Let f:[a,b] — R be a twice differentiable mapping such that " (t)
is bounded on (a,b) i.e || f"||, = supse(ap) |f" (t)| < 00, then the inequality:

1/l

<
- 4

(b-a)’

(1.2)

for all x € [a, b].

In [5] Barnett et al. pointed out an inequality of Ostrowski’s type which was
similar, in a sense, to the Milovanovi¢ -Pecari¢ result and applied it for special
means and in numerical integration. Some of the results of the Barnett ’s paper
has been reported by Cerone et al [6].

Theorem 3. Let f:[a,b] — R be a twice differentiable on (a,b) and f " : (a,b) —
R is bounded i.e || f "[|, = supPse(ap) |7 (t)] < 00, then the inequality:

b

f@) = s [ f0a- (2= 250 1 @) (1)

b\’ b—a)’
< (214(b—a)2+;<x—a; ))IIf”IIOOS(Ga)f"”oo

for all x € [a,b].

Motivated and inspired by the work of the above mentioned renowned mathe-
maticians, we will establish a new generalized inequality. Some other interesting
inequalities are also presented as special cases. In the end, we will give applications
for some special means and in numerical integration.

2. MAIN RESULTS

We now give our main result.
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Theorem 4. Let f:[a,b] — R be continuous on [a,b] and twice differentiable on
(a,b), then

o) (71 0) — £ (a)) — s [ SO0

21— R)? a 2 3(h— a)?
< [(1—/1)(“’ O O jb)>+h(b24 ’]|f”|oo
< Pa-wr o] Dy (2.1)

for all x € [a+ h%5%,b— h%5%] and h € [0,1].

Proof. Let us define the mapping K : [a,b]> — R [8] by

s [t- (a—l—hb*Ta)]Q, if t € [a, 2]

s Lt — (b—ht52)]% it t € (1]
Let
/bK(:r,t)f”(t)dt/z; {t (a+hb;a>rf”(t)dt+/b; {t <bhb;a)rf“(t)dt.

After some manipulations, we obtained the following identity.

b
[1wa = p-aa-ns@-o-aa-n(-5) @ (22

2 —a2 b
@ o) - - @) + [ K o

a

+h

for all z € [a+ h%5%,b— h25%].
This is a particular form of the identity given in ( [8], p.67, Theorem 28).
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Using the identity (2.2), we have

(L= ) f(2) — o [ F(O)dt+ 2 (F (@) + £ 1)

—~|
Z

b
S [E@or @
< e gy [ 1Kt (23)
T b 2

e 1 [t — (a+ h52)]” [t — (b—hi5%)]

= |f ||Oo(b_a) [/ 5 2 dt+/ 5 2 22 dt
Now, observe that

T b 2
[t = (a+nt5e)]" [t— (b—ht5%)]
/ 5 22 dt +/ 5 22 dt

B b—a)?(1—h)? 1 a+b\’| hb-a)?

= (b—a)(l—h)[M+2<x— 5 ) o (2.4)
Using (2.4) in (2.3), we get our required result given in (2.1). |

Remark 1. For h =0, in (2.1), we obtain Barnett’s result (1.3) proved in [1]. It
shows that our result contains Barnett’s result (1.3) as a special case.

Remark 2. For h =1 in (2.1), we obtain another useful inequaliy.

b
‘ (f(a);f(b)) _ (bga) (f' ()= f"(a) — 3% [ f(t)dt )

a

b—a)? ,
< Loalypn,

Hence, for different values of h, we can obtain variety of results.

Corollary 1. If f is as in Theorem 4 , then we have the following perturbed
midpoint inequality

(L=h)f () + 4 (f(a) + O W) (7 (b) — £ (a))
(2.5) — 5k [ f()dt
< O3 3 -3+ 4] 1

giving,

b Y
(26) F(50) - 52 1o < S5
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for h =0, this recaptures the classical midpoint inequality.

Remark 3. The estimation provided by (2.5) is better than the estimation provided
by the classical midpoint inequality.

Corollary 2. Let f be as in Theorem 4, then :
(1—h) L0 (1 py (b —a) LOZL@D 4 b (a) + f (b))
9 b
SO (f () — f 7 (a) = 5 [ f(E)dE
- ) Tz (2.7)

Proof. Put x = a and x = b in (2.1), summing up the obtained inequalities, using
the triangle inequality and dividing by 2, we get the required inequality. (I

< [31-n)? +1}

Corollary 3. Let f be as in Theorem 4, then we have the perturbed trapezoidal
inequality:

f(a);f(b)_(b_a)f/(b)if/(a)_ la/f(t)dt

4 b—
1
< Z-0 ) e (2.8)
Proof. Put h =0, in (2.7). O

Remark 4. The estimation provided by (2.8), is similar to that of the classical
trapezoidal inequality.

3. Applications in Numerical integration

Let I, :a =20 < 21 < 22 < . < Tp_1 < x, = b be a division of the interval
[a,b] , & € [zi+ (5%,x¢+1 ] (i=0,1,.....,n — 1) a sequence of intermedi-
ate points and h; = ;41 — 2, , (z 0,1,.....,n—1). then we have the following

quadrature rule:

Theorem 5. Let [ :[a,b] — R be a twice differentiable on (a,b) and f " : (a,b) —
R is bounded, i.e || f"]|,, < oo. Then we have the following:

(3.1) /f A(f, oI €.6) + R (f. £ 1. £,6)
where

n—1 n—1
A(f [ 10.68) = (1=8) Y hif(€) — (10> h (5—%) i)
1=0 i=0

n 1 2n 1

4= Zh (i) + f (iy1)) Zh xz—i-l f(ml))
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and the remainder R (f, f, In,§,5) satisfies the estimation

|R(f,faIna€75)|
— R2(1-6)7° 1 i i) 53h2 ,
< ghq(ﬂ)w(g—””;“) )f e
n— 1
< o +1]Z 17"l (3.3)

where § € [0,1] and ; + 0% < & < xipq — 6%
Proof. Apply Theorem 4 on the interval [z;,2;11], (i =0,1,...n — 1), to obtain

(L= hif (&) = (1= ) by (& — 252 ) F(&) + i (f (@) + f (i)

Tif1

— 22 (f (wi1) — f () — f f(t)dt

? 52 i i : 532 "
< [(lé)h <W+;(§ix+;“)> h]llf [
B3
< [Ba-oP+1] 3 0r "

for any choice £ of the intermediate points.
Summing over ¢ from 0 to n — 1 and using the generalized triangular inequality,
we deduce the desired estimation (3.3). O

Corollary 4. The following perturbed midpoint rule holds:

/f M (F.f. 1) + Bos (£.£1).
where
n—1 z; + T
4 M 7)) = e[ 2T AL
(3:4) (f: £ 1) Z;hzf ( 5 )
and the remainder term Ry (f, f, In) satisfies the estimation:
; n—1 h,3
(3.5) [Rar (£ £ L) <1 "o Do
i=0
Corollary 5. The followz'ng perturbed trapezoidal Tule holds:
where

n—1 n 1

(3.7) T(f,f',fn)zz:hz(f (x’)” Zit1)) Zh (wip1) — f (2))

=0
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and the remainder term
2
(3.5) Rr (/. £, 1) < 1 7] Zh‘°’ lx“(“)]

Remark 5. Note that the above mentioned perturbed midpoint formula (3.4) and
perturbed trapezoid formula (3.7) can give better approximations of the integral

| f(z)dz for general classes of mappings.

4. Application for some special means

Let us recall the following means:
The Arithmetic Mean

A= A(a,b) = ,  a,b>0.

The Geometric Mean
G:G(a,b):\/%, a, b>0.

The Harmonic Mean

H = H(a,b) = 1 2 T, a,b>0;
ats

The Logarithmic Mean

a if a=0b, a,b>0;

L=1L(a,b) =

Inb_lna if a#£b;

The Identric Mean
a if a=b, a, b>0;
I=1(ab)= L

% (Z—Z) U ifa #b ;
The P-Logarithmic Mean

1
[Ll_a”lr if a #b
L = Lab) =] L0FD0=

a if a=0,

where p € R\{-1,0}, a,b> 0.
The following simple relationships are known in this paper.

H<G<L<I<A

It is also known that L, is monotonically increasing in p € R with Ly = I and
L_1=0L.

We may now apply inequality (2.1), to deduce some inequalities for special means
by the use of particular mappings as follows:
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8
=z" ,r € R\ {-1,0}, for

Remark 6. Consider the mapping [ : (0,00) — R, f(x)

0<a<b,
then

b

/ (a,b),
and

1f "Ml = Ir (r = 1) 6, (a,b)],
where
b=l if re(1,00)

3, (a,b) = .
{ a~t if re(—o0,1)\ {0}

Then the inequality (2.1) gives
(1—h)z" — (1 —h)(z— A)ra"1

h2(bga)r [b?”*l _ a’l“fl] _ L: (a,b)

+h (@ + o) —
(4-1)
< ((1_h) W%@;-Aﬁ +h3(b2;“)2> Ir (r — 1) 6, (a,b)|.
Choosing z = A in (4.1), we get
'(1 —h) A" + g (a" +b") - Be—ar (bS_ a)r bt —a ] — L (a,b)‘
(4-2)

(b—a)’
= T

Ir (r = 1) 0, (a,b)|.

2
1 1
3(h—=) +-
( 2) +7

Choosing h = 0 in (4.2), we get

— Ly (a,b)] <

- (b—a)?
(4.3) |A 51 |r (r —1)6, (a,b)].

Remark 7. Consider the mapping f(z) = %, T

b—a/f 1(a,b),

€ [a,b] C (0,00) , then

and )
I "l =
Then the inequality (2.1) gives
1 1 h h*(b— b? —a?
‘(lh)er(lh)(:pA)szrH (8 a)(a%;z) Lj(a,b)'
S (b—a)(1—h)? 1 el (b—a)?\ 2
< |(1-h T+§(x_ ) 21 pet (4-4)
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Choosing © = A in (4.4), we get

1 h h?2(b—a) (b*—a? 1
U=hZ3+F ~ % ( 0212 )‘Ll(a’b)‘
(b—a)? 1\*> 1|1
< - = - I
- 12 3\ A 2 + 4| a?
Choosing h = 0 in (4.5), we get
2
-1 -1 (b—a)

Remark 8. Consider the mapping f(xz)=Inz , z € [a,b] C (0,00),

1
b—a

b
/f(t)dt —Inl(ab),

and )
I1F "l = 25
Then inequality (2.1) gives
(1—h) nz—(1—h)(x—A)L+2(lna+1nd)

+% —1InT(a,b)

< ((l—h) [W+;($_A)2

Choosing © = A in (4.7), we get

2 7 2
(1—nh) 1nAfg(lnaJrlnb)Jr%flnI(a,b)
(b—a)? 1\N° 1]1
< —2) = =
- 8 h 2 + 12| a2
Choosing h = 0 in (4.8), we get
A (b—a)?
. —| < -
(4.9) ‘ 7 ‘ S exp g —

5. CONCLUSION:

(4-5)

(4:7)

(4-8)

We established generalized Ostrowski type inequality for bounded differentiable
mappings. We have shown that the inequalities obtaind in [4],[5],[6] and [7] are
special cases of our inequalties. Perturbed midpoint and trapezoid inequalities are
also obtained. Improvements to classical trapezoidal and midpoint inequalities are
provided.These generalized inequalities add up to the literature in the sense that
they have immediate applications in Numerical Integration and Special Means.
These generalized inequalities will also be useful for the researchers working in the
field of approximation theory, applied mathematics, probability theory, stochastic

and numerical analysis.
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