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ON GENERALIZATION TRAPEZOID INEQUALITY FOR
FUNCTIONS OF TWO VARIABLES WITH BOUNDED
VARIATION AND APPLICATIONS

HUSEYIN BUDAK AND MEHMET ZEKI SARIKAYA

ABSTRACT. In this paper, a generalization of trapezoid inequality for functions
of two independent variables with bounded variation and some applications are
given.

1. INTRODUCTION

Let f : [a,b] — R be a differentiable mapping on (a,b) whoose derivative f’ :
(a,b) — R is baunded on (a,b), i.e. || f||,, = sup |f'(t)| < co. Then we have the

inequality e
L 1 (o)’
(1.1) f(l’)*b_a/f(t)dt < l4+(ba)2] b=a)llfllw,

for all z € [a,b][20]. The constant I is the best possible. This inequality is well
known in the literature as the Ostrowski inequality.

In [12], Dragomir proved following Ostrowski type inequalities related functions
of bounded variation:

Theorem 1. Let f : [a,b] — R be a mapping of bounded variation on [a,b]. Then

/bf(t)dt—(b—a)f(w) <|30-a+|o- ) Vo)

a

holds for all @ € [a,b]. The constant % is the best possible.

2. PRELIMINARIES AND LEMMAS

In 1910, Fréchet [17] has given the following characterization for the double
Riemann-Stieltjes integral. Assume that f(z,y) and «(x,y) are defined over the
rectangle @ = [a,b] X [c,d]; let R be the divided into rectangular subdivisions, or
cells, by the net of straight lines x = x;, y = v;,

a=20<x1<..<zp=b, andc=yg<y1 < ... <Ym =4d;
let &;,n; be any numbers satisfying &; € [Ti—1, 2], n; € Wi—1,95], i =1,2,...,n;
j=1,2,...,m); and for all 7, j let
Ana(zi, y;) = a(@i-1,yj-1) — a(@i-1,y;) — (@i, yj-1) + (i, Y;).-
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Then if the sum
n m
S=>>"F (&) Analzi,y))
i=1 j=1
tends to a finite limit as the norm of the subdivisions approaches zero, the integral

of f with respect to « is said to exist. We call this limit the restricted integral, and
designate it by the symbol

b d
(2.1) [ [1@dsdate.).

If in the above formulation S is replaced by the sum

n m

ST =3 F (& mig) Anrali, ),
i=1 j=1
where ,;,7;; are numbers satisfying §;; € [z;—1,2:], m;; € [yj—1,y;], we call the
limit, when it exist, the unrestricted integral, and designate it by the symbol

(2.2) /b/df(aa y)dyda(z,y).

Clearly, the existence of (2.2) implies both the existence of (2.1) and its equality
(2.2). On the other hand, Clarkson ([9]) has shown that the existence of (2.1) does
not imply the existence of (2.2).

In [8], Clarkson and Adams gave the following definitions of bounded variation
for functions of two variables:

2.1. Definitions. The function f(z,y) is assumed to be defined in rectangle R(a <
x < b, ¢ <y <d). By the term net we shall, unless otherwise specified mean a set
of parallels to the axes:

x = z;(1=0,1,2,...m), a=x0 < 21 < ... < Ty, = b;

Y

Each of the smaller rectangles into which R is devided by a net will be called a cell.
We employ the notation

y;(7=0,1,2,...,n), c=yo <y < .. <y, =d.

Auf(ffzwyj) = f(xi+17yj+1) - f($i+1ayj) - f(xiaijrl) + f(xiayj),

Af(@isyj) = f(@it1,y541) — f(26,95)-
The total variation function, ¢(Z) [¢(7)], is defined as the total variation of f(Z,y)
[f(z,7)] considered as a function of y [z] alone in interval (c,d) [(a,b)], or as +00
if f(z,y) [f(x,7)] is of unbounded variation.

Definition 1. (Vitali-Lebesque-Fréchet-de la Vallée Poussin). The function f(z,y)
is said tobe of bounded variation if the sum

m—1,n—-1

Z |A11f (@i, y;)]

i=0 , j=0

is bounded for all nets.
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Definition 2. (Fréchet). The function f(x,y) is said tobe of bounded variation if

the sum
m—1,n—1

Z €i€j | A1 f (i, y5)]
i=0 , j=0
is bounded for all nets and all possible choices of ¢, = £1 and € = £1.
Definition 3. (Hardy-Krause). The function f(x,y) is said tobe of bounded vari-
ation if it satisfies the condition of Definition 1 and if in addition f(T,y) is of
bounded variation in y (i.e. ¢(T) is finite) for at least one T and f(x,7) is of
bounded variation iny (i.e. ¥(y) is finite) for at least one .

Definition 4. (Arzela). Let (z;,y;) (i =0,1,2,...,m) be any set of points satisfiy-
ing the conditions

a = xp<x1<..<Tpy, =0

c = Y<y<..<yn=d.
Then f(x,y) is said tobe of bounded variation if the sum

Z|Af($iayi)|
i=1

is bounded for all such sets of points.

Therefore, one can define the consept of total variation of a function of variables,
as follows:
Let f be of bounded variation on @ = [a,b] X [¢,d], and let > (P) denote the

n m

sum Z Z |A11 f(x;,y;)| corresponding to the partition P of (). The number
i=1 j=1

d b
V@ =VV ) =sw{d (P):PeP@)},

Q a
is called the total variation of f on Q). Here P([a, b]) denotes the family of partitions
of [a,].
In [18], authors proved foolowing Lemmas related double Riemann-Stieltjes in-
tegral:

Lemma 1. (Integrating by parts) If f € RS(«) on @, then o € RS(f) on Q, and
we have

d b d b
(2.3) / / F(t, s)didsalt, s) + / / alt, $)dyd, £ (£, 5)

= f(ba d)Oé(b, d) - f(bv C)Oé(b, C) - f(aa d)a(a, d) + f(aa C)a(aa C)'
Lemma 2. Assume that g € RS(a) on Q and « is of bounded variation on Q, then
d b
(24) [ [snddaten)| < s lowlV @,
c a (a:,y)EQ Q

Moreover, Jawarneh and Noorani obtained following Ostrowski type inequality
for functions of two variables with bounded variation in [18]:
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Theorem 2. Let f: Q —— R be mapping of bounded variation on Q. Then for
all (z,y) € Q, we have inequality

(b—a)(d—C)f(x,y)—/d/bf(t,s)dtds < B(b_aH’x_a;bH

c a

where \/ (f) denotes the total (double) variation of f on Q.
Q

In resent years the subject Ostrowski type inequalities for functions of bounded
variation are studied by many authors. For more information and recent devel-
opments on inequalities for functions of bounded variation, please refer to ([1],[2]
[5]-[7], [10]-[16],[19],[21]-[25]). But, There are a few works on inequalities functions
of two variables with bounded variation (see [3],[4],[18])

The aim of this paper is to establish the generalization of trapezoid inequality
for functions of two independent variables with bounded variation and apply it for
quadrature formula.

3. MAIN RESULTS

First, we will give the following notations used in main Theorem.

v(h) :=max{h;] i=0,...,n—1}, h; :=x;41 — 2;
v(l) :=max{l;| j=0,..m—1}, l; :=yj11—;
J(@,y) = (b-2)(d-y) f(bd)+(b—=z)(y—c)f(bc)

+(@—a)(d-y)fla,d) + (z—a)(y ) fla,c)

b d
—//f(t,s)dsdt.

Theorem 3. Let the function f : Q = [a,b] X [¢,d] — R is of bounded variation on
Q. Then we have the inequality

(3.1)

el < [o-ale- ) [Fa-a]y- 5

for all (z,y) € Q.
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Proof. Using Lemma 1, we get

(3.2)

b d
//(ﬂf—t)(y—S)dsdtf(t,S) = (b==)(d—y) f(b;d)+ (b —2)(y—c)f(be)
+ (@ —a)(d-y) fla,d) + (z—a)(y—c) fla,c)

b d
—//f(t,s)dsdt.

= J(z,y)

for all (z,y) € Q.
Taking modulus and using Lemma 2 in (3.2), we obtain

b d
Jewl = |[ [@-0w-9ddsts
b d

< sup |z —tlly—s|\/ V()

t€la,b] o ¢

s€]e,d]

b d
= max{xfa,bf:r}max{yfc,bfy}\/\/(f)
S L ML | | S MU AVAVEES
TRV TYTE T 2 T T TV Y
which is the required result. ([l

Remark 1. Under assumption Theorem 3 with x = b and y = d,then we have the
"left rectangle inequality "

b d b d
0= a) @) flae)~ [ [t 5)dsit] < 0 -a) (@=0) /)

which was proved by Budak and Sarikaya in [3)].

Remark 2. If we take © = a and y = ¢ in Theorem 3, then we have the "right
rectangle inequality "

b d b d
(b—a) (d—c) f(b.d) - / / £t s)dsdt| < (b—a) (d— ) \/ \/(F)

which was given by Budak and Sarikaya in [3)].
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cgd, then we get

Remark 3. Under assumption Theorem 3 with x = ‘%rb and y =

the "trapezoid inequality”

b d b d
f(b,d) + f(b,c) + f(a,d) + f(a,c) 4 1
4 - (b_a) (d_c)!!f(t7s)d3dt S z\a/\c/(f)

which was given by Jawarneh and Noorani in [18]. The constant % is the best
possible. For a simple proof of sharpness of constant see [4].

4. APPLICATIONS TO QUADRATURE FORMULA

Let us consider the arbitrary division I, : a = 2o < 1 < ... < x, = b, and
Imie=19y < y1 < ... << ym = d. We introduce intermediate points &, € [x;, Ti41]
(i=0,1,...,n—1), and n; € [y;,y;+1] (j =0,1,...,m — 1), and define

(4.1)

3
L
3
L

T(f, I, Jm,&,m) (i1 — &) (a1 —ny) F@ig1,y541)

3
|

I
= o
<.
I
=}

3‘s.

(i1 — &) (Uj - yj) f(xi+1>yj)

+
i{ng
™

5
3
|
—
3
S
|
—

(& — i) (yjrr —ny) f(2i yj)

+
™
™

s
Il
-~ ©
~
Il
o

s
]

3
L

+ (& —zi) (0 —vy) Fzi,5).

<.
o

<
o

Theorem 4. Let the function f : Q = [a,b] X [¢,d] — R is of bounded variation on
Q. Then

b d
/ / F(t, 8)dsdt = T(f, Ly s €1) + RS, T Jons €11

where T(f, Ly, Jm,&,m) defined in (4.1) and the remainder term R(f, L, Jm,&,n)
satisfies

(4.2)
1 Ti+ Tt
< — R el
RU D€l <[00 + o e, - 5751
b d
1 Yji T i1
e T e AV
- a c¢

IN
S
—
=
S
=
S~—
<
<
—
-
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Proof. Applying Theorem 3 to interval [x;, z;41] X [y;,Y;j+1], we have

(4.3)
|(l'i+1 § ) (yj+1 77 ) f($z+1ay]+1) + (LEi_;,_l - 51) (77] — y]) f(wz'-‘rl,yj)
+ (& = i) (i1 —y) f@iyien) + (& — 21) (0 — 3) flwiyy)
Ti+1Yj+1
— / / f(t, s)dsdt
1 T + T 1 n Tit1 Ui+l
< [2hi+£i_2+1][21j+ Y yﬁ-l}y\/

fori € {0,1,....,n—1}and j € {0,1,...,m — 1}.
By the generalized triangle inequality and summing the inequality (4.3) over i
from 0 ton — 1 and j from 0 to m — 1,

[R(f, Iy T, &)

n—1lm-—1

SN @ivr — &) (i — ) f@ign, yjn) + (@isr — &) (n; — v5) F(@ig, ;)

i=0 j=0

IN

+ (& — i) (yjar — m5) f(@isyien) + (& — i) (n; —y5) Fli,y5)

Ti+1Yj+1
- / / f(t,s)dsdt
z; Y
n—1m-—1 1 z + 2 1 y; +y Ti4+1 Yj+1
7 i+1 g5 T I+l
< _ [th‘f' & — B) ] [21j+ n; — } \/ \/
=0 j=0 T
n—1lm—1%Ti+1 yJ+1
1 T + Tig1 1 Yty yy+1
1 v+ 1 yj +y .
7 7+1 93 T Yj+1 j+1
< — — — .
< [5oo e s fe - " | [Gow - g - } \a/\c/<f>
This completes the proof of first inequality in (4.2).
In last inequality, if we observe that (I
Proof.
Ti+ Tiy1 1 Ti+ Tiy1 1
44 BT T o Zhand . < Lo,
(4.4) & 2 ghiand max & 2 < 3v()
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and similarly,

Yj T Yj+1

4.
(4.5) max 5

j€[0,...,m—1]

IN

nj — v(l)

1
2

we have the inequality

b d
\R(f, I T, &:m)| < v(R)o(1) \/ \/(f)

This completes the proof of Theorem. O

Remark 4. If we take §; = w11 and n; = yj41, then

b d
/ / F(t, $)dsdt = Dy(f, I, Jon) + R (f T Ton)

where D (f, I, Jm) is built from the left rectangle rule

n—1lm-—1

DL(f7 I, Jm) = Z Z f(x“y?)hllj

i=0 j=0

and remainder term Ry (f, I, Jm) satisfies

b d
\RL(f, In, Jm)| < v(h \/\/(f)

Remark 5. If we take §; = x; and n; =y, then

b d
/ / F(t, 8)dsdt = Dp(f. Ins J) + Re(fs I, Jon)

where Dr(f, I, Jm) is constructed from the right rectangle rule

n—1m-—1

DR(f7 Ina J’m) = Z Z f(xi-‘rlay]“*‘l)hilj

i=0 j=0

and remainder satisfies

b d
[Ra(f In, J)| < v()o() \/ \/(£)

Remark 6. If we take {; = “F3*1 and n; = W# then

b d
//f(t, s)dsdt =T(f, I, Jm) + R(f, L., Jm)

where T'(f, I, Jm) is constructed from the trapezoid rule

T(f In, I E Z Z (i1, Yj+1) + f(@ivr, y5) + F(@a,y54010) + f@is y5)] hal

i=0 j=0

,g
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and remainder satisfies

b d
R, T In)| < o))\ V(5.

The constant % 1s the best possible.
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