APPROXIMATION OF THE RIEMANN-STIELTJES INTEGRAL
WITH (I, L)-LIPSCHITZIAN INTEGRATORS

SEVER S. DRAGOMIR

ABSTRACT. Sharp error estimates in approximating the Riemann-Stieltjes in-
tegral with (I, L)-Lipschitzian integrators and applications for the Cebysev
functional are given. Some inequalities that complement the classical results
due to Cebysev, Griiss, Ostrowski and Lupasg are also provided.

1. INTRODUCTION

In order to accurately approximate the Riemann-Stieltjes integral f; f () du(t)
with the simpler quantity

b
ul@-u®)- 5 [ fOa

S.S. Dragomir and I. Fedotov introduced in [9] the following error functional

b b
D(fiw)i= [ FOdu® - [u@) ~u ) ;= [ S

provided the Riemann-Stieltjes integral f: f(t)du(t) and the Riemann integral
f; f (t) dt exist. In the same paper, the authors have shown that

(11) D)l < 5 LM —m) (0 a),

provided that u is L—Lipschitzian, i.e., |u(t) —u (s)| < L (t — z) for any t, s € [a, ]
and f is Riemann integrable and bounded below by m and above by M. The
constant % is best possible in the sense that it cannot be replaced by a smaller
quantity.

In the follow-up paper [10], the same authors established a different result,
namely

1 b

(1.2) 1D (f;u)] < §K(b—a)\/(u),
provided that w is of bounded variation and f is K —Lipschitzian with a constant
K > 0. Here % is also best possible.

In [7], by the use of the following representation

b
(1.3) D (fiu) = / B, (1) df (t),
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where
(1.4) D, (t) = bia [(t—a)u®d)+(b—t)u(a)] —u(t), tel]lab],
the author has established the following inequality as well
(1.5)  [D(f;u)l
tSpr] [P, (2)] - \/Z (f) if u is continuous and f is of bounded variation;
€la,
<

Lf: |®,, (t)]dt if u is Riemann integrable and f is L-Lipschitzian;

f; |®,, (t)]dt if u is continuous and f is monotonic nondecreasing.

If u is monotonic nondecreasing, then

(16) 1D ()| < 3L (b a)u(®) — ula) ~ K ()] <

K (u) ;:(bj‘a)z/ab (t—a;b)u(t)dt(>0),

and f is L—Lipschitzian, and

where

IA
=
S

|

<
—
&

9<c-

)
.
S—

b
(1.7) D (f;w)] < Tu(b) —u(a) = Q (w)] - \/ (f)

where

and f is of bounded variation, The constant % in (1.6) and the first inequality in
(1.7) are sharp.

The main aim of the present paper is to provide other bounds for D (f;u) in
the case where the integrator u is (I, L) —Lipschitzian (see Definition 1). Natural
applications for the Cebysev functional that complement the classical results due
to Cebysev, Griiss, Ostrowski and Lupas are also given.

2. (I, L)-L1PSCHITZIAN FUNCTIONS

We say that a function v : [a, b] — Ris K —Lipschitzian with K > 0if |v (t) — v (s)| <
K |t — s| for any t, s € [a,b]. The following lemma may be stated:
Lemma 1. Let u : [a,b] — R and I, L € R with L > I. The following statements
are equivalent:
(i) The functionu— L e, where e (t) =t,t € [a,b] is § (L — 1) — Lipschitzian;
(ii) We have the inequalities

(2.1) 1< u(t) —u(s)

; <L foreach t,s € [a,b] with t+#s;
-5

(iii) We have the inequalities
(22) I(t—s)<u(t)—u(s)<L(t—s) foreach t,s€|a,b] with t> s.

Following [13], we can introduce the definition of (I, L)-Lipschitzian functions:
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Definition 1. The function u : [a,b] — R which satisfies one of the equivalent
conditions (i) — (iii) from Lemma 1 is said to be (I, L)-Lipschitzian on [a,b].

If L >0 and !l = —L, then (—L, L) — Lipschitzian means L-Lipschitzian in the
classical sense.

Utilising Lagrange’s mean value theorem, we can state the following result that
provides examples of (I, L)-Lipschitzian functions.

Proposition 1. Let u : [a,b] — R be continuous on [a,b] and differentiable on
(a,b). If —oo < I = inficqp v (t) and sup,cp, v’ () = L < oo, then u is (I, L)-
Lipschitzian on [a,b] .

The following result holds.
Theorem 1. If u: [a,b] — R is (I, L)-Lipschitzian on [a,b], then
L-0)b-t)(t—a)

b—a

(2.3 @ (1) < ¢ <1 (L-0b-a

for each t € [a,b].
The inequalities are sharp and the constant i is best possible.

Proof. First of all, let us observe that
(2.4) D, (t) = P, e, (t) foreach t€ [a,b].
Now, if v : [a,b] — R is K —Lipschitzian, then by the definition of ®, we have
t—b)(v(t)—v(a)+(t—a)(v(b)—v(t
05 o, 0] = [£=DL0 =0 (@) + (=) (o) = 0(0)
c =) —v(@|+{=a)lv) —v()
- b—a
< 2K (b—1t)(t—a)
- b—a

)

for any ¢ € [a,b].
Now, applying (2.5) for v = u— ”TLe which is % (L — 1) —Lipschitzian, we deduce

(L-DB-t)(t—a)
Pt (t)‘ = b—a ’
which together with (2.4) produces the first inequality in (2.3).
The second inequality in (2.3) is obvious.
For t = a7+b7 we deduce from (2.3) the following inequality:

Wu<a;b>‘<l(/:z)(ba).

— 4
We will show that 1 is best possible in (2.6).

Consider the function u : [a,b] — R, u () = |t — %‘H’| . Then wis (—1, 1) —Lipschitzian,
u(a) = u(b) = 552, u (22) = 0 and introducing these values in (2.6) we obtain

an equality with both terms % (b —a). I

t € la,b]

(2.6)

Corollary 1. With the assumptions of Theorem 1, we have the inequality:
b b 1
(2.7) “(a);“()—u<“‘;> < @L=Db-a).

The constant i 1s best possible.
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3. SHARP BOUNDS FOR (I, L)-LIPSCHITZIAN INTEGRATORS
The following result can be stated:

Theorem 2. Let f,u : [a,b] — R be such that u is (I, L)-Lipschitzian and f is of
bounded variation, then

b

—a)\/ ()

a

=
~—

(3.1) 1D (f;u)l <

The constant % is best possible in (3.1).

Proof. We use the following representation of the Griiss type functional D (f;u)
that has been obtained in [7] (see also [5]):

b
(3.2) D (fiu) = / B, () df (t).

It is well known that if p : [a, 8] — R is continuous and v : [o, 8] — R is of
bounded variation, then the Riemann-Stieljtes integral ffp(t) dv (t) exists and

0 (0)] < $uPreia i Ip (] V1 (0).
Applymg this property we then have

b b 1 b
1D (f;u)| = / Py, (t) df (t) étzl[lpb]\@u OIAVATES 7LD b-a)\/ (/)

and the inequality (3.1) is obtained.
To prove the sharpness of the constant %, assume that there is a constant A > 0
so that

b
(3.3) D (fsu)| <AL -1)(b-a)\/(f)

where v and f are as in the statement of the theorem.
Consider u, f : [a,b] — R, u(t) = |t — 2$2| and f () = sgn (t — %52) . Then u is
(—1,1) —Lipschitzian, f is of bounded variation with \/Z (f) =2 and
a+b

D(f;u):/a ’ (—1)-d<“;b—t>+/ab+b(+1)-d(t—a;rb>:b—a

2

and the inequality (3.3) becomes b — a < 44 (b — a), which implies that A > 1. I
The following result also holds:

Theorem 3. Let f,u : [a,b] — R be such that u is (I, L) —Lipschitzian and f is
K — Lipschitzian on [a,b], then

1
(3.4) |D (f;u)] < gK(L—Z) (b—a)*.

Proof. Tt is known that, if p : [o, 5] — R is Riemann integrable and v : [a,b] —
R is L— Lipschitzian then the Riemann-Stieltjes integral ff p(t)dv (t) exists and

‘<Lf v (t)] dt.
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If we apply this property to the integral f; ®,, () df (t) and use the identity (3.2),
we then have

b b
D (f1u)| = / B, (1) df (1) SK/ 1, ()] dt
SKIEI:CLZ)/Z)(bt)(ta)dtéK(Ll)(ba)Q

and the inequality (3.4) is proved. I

Remark 1. It is an open problem whether or not the constant % is the best possible
constant in (3.4).

The following result can be stated as well:

Theorem 4. Let f,u : [a,b] — R be such that u is (I, L) — Lipschitzian and [ is
monotonic nondecreasing, then

L—1 [ a+b
I

= )@
L (L~ Dymax{|f (@)],]f )} (b a);

IN

F
L (L=DIfl,(0—a)s if p>1,
(g+1)

(L=DIfly>

S =

1

where | f[|, := (fab If ()P dt); , 0 > 1 are the Lebesgue norms.

The constants 2 and % are best possible in (3.5).

Proof. Tt is well known that if p : [, ] — R is continuous and v : [o, 5] —
R is monotonic nondecreasing, then the Riemann-Stieltjes integral ffp(t) dv (t)
exists and ffp (t) dv (t)‘ < ff |p (t)| dv (t) . Then, on applying this property for
the integral fj ., (t)df (t), we have

b b
(3.6) D (f;u)] = / B, (t)df (1)| < / ., (1)) df (2)
_ b
<= [ e-ou-aae.

where, for the last inequality, we have used the inequality (2.3).
Integrating by parts in the Riemann-Stieltjes integral, we have

b b b
[o-vt-aae=r00-0c-a| - [ 2@ o

:2/; (t—a;—b)f(t)dt,

which together with (3.6) produces the first inequality in (3.5).
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The last part follows on utilising the Holder inequality, namely

/ab (t—a;b>f(t)dt

b a
sup [f (1)) [, |t — 42| dt
t€la,b]
1
b q a .
< (f I (t) |pdt) (fa |t — «f2| dt) if p>1, J+2=1
sup |t — “+b|f |f (t)| dt
te(a,b]
Fmax{|f (a)|,|f ®)[} (b—a)*;
43 1.1 _ 9.
< . ,(b—a) if p>1, o4+, =1
3 Ifl (b —a).
For the best possible constant, assume that there exists a B > 0 such that
L—1 [° b
(3.7) |D(f;u)|§B~—/ t—a+ f () dt.
b—a /, 2
Consider u (t) := |t — QTH’| and f (t) = sgn (t — “—*b) Then u is (—1, 1) —Lipschitzian,
f is monotonic nondecreasing, D (f;u) = b — a, f ( - “—er) f@)dt = % and

by (3.7) we get b —a < ( a) , which implies that B > 2.
The fact that = is also the best constant follows likewise and we omit the de-
tails. B
4. APPLICATIONS FOR THE CEBYSEV FUNCTIONAL
For two Lebesgue integrable functions, f,g : [a,b] — R with fg an integrable
function, consider the Cebys’ev functional C (-,-) defined by

1) C(f,

dt——/f dt g(t)dt.

In 1934, Griiss [1 ] showed that

(4.2) IC(f,9)l <

provided m, M, n, N are real numbers with the property

(M —m) (N —n),

=] =

(4.3) —co<m< f<M<oo, —oo<n<g<N<oo ae on [ab].

The constant § is best possible in (4.1) in the sense that it cannot be replaced by
a smaller quantity.

Another lesser known inequality, even though it was derived in 1882 by Cebysev
[1], under the assumption that f’, ¢’ exist and are continuous in [a, b] and is given
by

(4.4) 1 (f, )ISE\IJ‘II lg'll (b — @),



APPROXIMATION OF THE RIEMANN-STIELTJES INTEGRAL 7

where || f'|| ., := sup,c(q,) [f' (1) . The constant - cannot be improved in the gen-
eral case. We notice that the Cebysev inequality (4.4) also holds if f,g: [a,b] = R
are absolutely continuous on [a,b] and f’, ¢’ € Lo [a,b].

In 1970, Ostrowski [15] proved, amongst others, the following result that is in a
sense a combination of the Cebysev and Griiss results, namely

(15) CU9)l < 5 (b= a) (M —m) ...

provided that f satisfies (4.3) while g is absolutely continuous and f’, ¢’ € Lo [a,b].
The constant & is best possible in (4.5).

Finally, let us recall that in 1973, Lupasg [14], proved the following inequality in
terms of the Euclidean norm:

(16) CUal < 5 6=a) 1519,

provided that f, g are absolutely continuous and f’, g’ € L [a,b]. The constant -
is best possible.

In the recent paper [2], Cerone and Dragomir proved amongst others the follow-
ing result:

1

b
(4.7) IC(f,9)] < inf lg -] - 7/ "
YER “

* b—a

provided f € L[a,b] and g € C'[a, b].
As particular cases of (4.7), one can deduce the results

b
0 -5 [ F)ds

b b
@) CGDI el [ |F O~ [ s

where g € C'[a,b] and f € La,b], and

dt
b—a ’

b b
@) el <z -m i [ - [ rs)ds

where m < g(z) < M, z € [a,b].

The multiplicative constants 1 in (4.8) and 3 in (4.9) are best possible. The
inequality (4.9) has been obtained before in a different way in [4].

For generalisations in abstract Lebesgue spaces, best constants and discrete ver-
sions, see [3].

For other results on the Cebysev functional, see [6], [8] and [11].

Now, assume that g : [a,b] — R is Lebesgue integrable on [a,b] and —co <
m < g(t) <M < oo for a.e. t € [a,b]. Then the function u(t) := f;g(s) ds is
(m, M) —Lipschitzian on [a, b] and

¢ t—a

(4.10) D, (1) ==, () = / g(s)ds— 5

a

—a

b
/ g(s)ds, t€]a,b].
a
On utilising the Theorem 1 we can state the following result that provides a sharp

bound for @, (¢) in (4.10).

Proposition 2. If g : [a,b] — R is Lebesgue integrable on [a,b] and —oo < m <
g(s) <M < oo for a.e. s € la,b], then

R e e

(M_m)(b_a’)7
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for a.e. t € [a,b]. The first inequality is sharp. The constant % is best possible.

The inequality is obvious by (3.1). The sharpness follows on choosing ¢t = ‘%H’
and g (t) = sgn (t — %2) in (4.11). The details are omitted.
The following result for the Cebysev functional can be stated:

Proposition 3. If f : [a,b] — R is of bounded variation on [a,b] and g : [a,b] — R
is Lebesgue integrable and satisfies the bounds

(4.12) —co<m<g<M<oo ae onlab,
then

1 b
(4.13) C(f.9)l < 3 (M —m)\/(F).

The constant % is best possible.

Proof. We observe that, for u (t) = f;g (s) ds,

(4.14) D(f;u) = (b—-a)C(f9),

which by (3.1) produces the desired inequality (4.13).
Now, assume that (4.13) holds with a constant D > 0, i.e.,

b
(4.15) C(f,9)] < DM —m)\/(f)-
If we choose f(t) = g(t) = sgn(t — %), then M =1, m = —1, \/Z(f) =2,
C (f,9) =1 and by (4.15) we get 1 < 4D which implies D > 1. 1

The following result can be stated as well.

Proposition 4. Assume that g : [a,b] — R is as in Proposition 3. If f : [a,b] — R
is monotonic nondecreasing on [a,b] , then

—m b a
@io) jotglsz- B <t— ;Lb>f(t)dt

3 (M —m)max{|f (a)],|f (®)]}

L (M —m)|Ifll,(b—a)" " if p>1,
(g+1) 1

(M —m) 5= [If1ly -

The constants 2 and % are best possible.

IN
S

The proof of the inequalities in (4.16) are obvious from (3.5). The sharpness of
the constants follows on choosing f (t) = g (t) = sgn (t — 2$2) , t € [a, 8] .
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