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APPROXIMATING REAL FUNCTIONS WHICH POSSESS n-TH
DERIVATIVES OF BOUNDED VARIATION AND
APPLICATIONS

SEVER S. DRAGOMIR

ABSTRACT. The main aim of this paper is to provide an approximation for the
function f which possesses continuous derivatives up to the order n—1 (n > 1)
and has the n—th derivative of bounded variation, in terms of the chord that
connects its end points A = (a, f (a)) and B = (b, f (b)) and some more terms
which depend on the values of the k derivatives of the function taken at the
end points a and b, where k is between 1 and n. Natural applications for some
elementary functions such as the exponential and the logarithmic functions are
given as well.

1. INTRODUCTION

Consider a function f : [a,b] — R and assume that it is bounded on [a,b]. The
chord that connects its end points A = (a, f (a)) and B = (b, f (b)) has the equation

1
Ay <[t = R, dp(x) = = [f (@) (b= %) + £ () (x — )]
In [7], we introduced the error in approximating the value of the function f (x) by
dy (x) with x € [a,b] by @/ (x), i.e., Dy (x) is defined by:

_b—x X—a

(1) Of (x) i= e f (@) + 5 f (B) = f (x).

The following simple result, which provides a sharp upper bound for the case of
bounded functions, has been stated in [5] as an intermediate result needed to obtain
a Griss type inequality:

If f:]a,b] — R is a bounded function with —oco <m < f(x) < M < oo for any
X € [a,b], then

(1.2) |Pf (x)] < M —m.

The multiplicative constant 1 in front of M — m cannot be replaced by a smaller
quantity.

The case of convex functions has been considered in [6] in order to prove another
Griiss type inequality:

If f:]a,b] = R is a convex function on [a,b], then

(13) 0< @y < CIEZD [ ) @) < Lo a) [ 0) — (@)

—a
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2 SEVER S. DRAGOMIR

for any x € [a,b].

If the lateral derivatives f' (b) and f' (a) are finite, then the second inequality
and the constant % are sharp.

The following estimation result holds [7]:

Theorem 1. If f: [a,b] — R is of bounded variation, then
b

el s (=) -\:/(f)+ (5=2) Vo

a+b
2
a

e INAGE

1
i

()" (=)'T s ()]

IA

AAGERAGEAGIE

The first inequality in (1.4) is sharp. The constant % s best possible in the first
and third branches.

Corollary 1. If f : [a,b] — R is Li— Lipschitzian on [a,X] and Lo— Lipschitzian

on [x,b], L1, Ly > 0, then

(b—x) (x—0)
a

(15) o)) < T

(I + L2) < 7 (b ) (I + L)

for any x € [a,b].
In particular, if f is L— Lipschitzian on [a,b], then
2(b—x)(x—a) 1
b—a -2

The constants i, 2 and % are best possible.

(1.6) [Ps (x)] <

When more information on the derivative of the function is available, then we
can state the following results as well [7]:

Theorem 2. Assume that f : [a,b] — R is absolutely continuous on [a,b]. If f is

of bounded variation on [a,b], then

(x

b b
1.7 R VAT ESTRAVITOR

where \/Z (f") denotes the total variation of f' on [a,b].
The inequalities are sharp and the constant % is best possible.

The case when the derivative is a Lipschitzian function provides better accuracy
in approximating the function f by the straight line ds as follows:

Theorem 3. Assume that f : [a,b] — R is absolutely continuous on [a,b]. If f' is
Ky —Lipschitzian on [a,x] and Ko— Lipschitzian on [x,b] (x € [a,b]), then
(x—a)(b—x)
b—a

c(b—a)[(K1 — K2)x+ Kob— Kja], xE€[a,b].

(1.8) |8 (x)| < [(Ky — K2) x + Kab — Kya]

<

O~ N
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In particular, if f' is K—Lipschitzian on [a,b], then

—_

(1.9) [Py (x)| < %(b—x)(x—a)Kg g(b—a)2K, x € [a,b].

The constants % and % are best possible.

The main aim of the present paper is to continue the study begun in [7] and
provide an approximation for the function f which possesses continuous derivatives
up to the order n — 1 (n > 1) and has the n—th derivative of bounded variation, in
terms of the chord that connects its end points A = (a, f (a)) and B = (b, f (b)) and
some more terms which depend on the values of the k derivatives of the function
taken at the end points a and b, where k is between 1 and n. Natural applications
for some elementary functions such as the exponential and the logarithmic functions
are given as well.

2. A REPRESENTATION RESULT
We start with the following identity:

Theorem 4. Let I be a closed subinterval on R, let a,b € I with a < b and let
n be a nonnegative integer. If f : I — R is such that the n-th derivative f™
is of bounded variation on the interval [a,b], then, for any x € [a,b] we have the
representation

(21) f(@)=p—[(b-2)f(a)+(z~a)f ()]
*Q:%¥%:@~§Z${u—aﬁ*f%ww+04fw—xﬁ*f%ww}

Q/S () d (£ 1)),

(x —t)" (b— 1) ifa <t<ux;

where the kernel Sy, : [a,b]”> — R is given by

(22)  Sp(@t) = = x

|
n ()"t —2)"(z—a) fz<t<b
and the integral in the remainder is taken in the Riemann-Stieltjes sense.

Proof. We utilise the following Taylor’s representation formula for functions f :
I — R such that the n-th derivatives f(™ are of locally bounded variation on the
interval I,

ey @)=Y - N()é[ﬁ#dwwm

k=0

where x and c are in I and the integral in the remainder is taken in the Riemann-
Stieltjes sense.
Choosing ¢ = a and then ¢ = b in (2.3) we can write that

(24) =i% NW)&L%PWWMWM,

k=0
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and

no ik oyl b
23 f@=Y S e-or e+ S [a-ara(rmm).

k=0

for any x € [a,b].
Now, by multiplying (2.4) with (b — z) and (2.5) with (x — a) we get

n

(26) (b—a)f(@)=0—2z)f(a)+b-2)(x—a)) % (2 — a)*1 £ (o)

k=1
+ % (b— ) /m (z—t)"d (f<"> (t))
and

n (_1)k:

=) )

27 (@-a)f(x)=(@-a)f)+(b-2)(—a)
k

=1
(71)77,—‘1-1
n!

+ ) [-ara(s o)

respectively.
Finally, by adding the equalities (2.6) and (2.7) and dividing the sum with
(b —a), we obtain the desired representation (2.2). I

Remark 1. The case n = 0 provides the representation

1 1 b
(2.8) f(x)= [(b—x)f(a)+(m—a)f(b)]+b_a/ Sz, t)d(f (1))

b—a
for any x € [a,b], where
b—x ifa<t<ux,
S (z,t) =
a—x ifr<t<b,

and [ is of bounded variation on [a,b]. This result was obtained by a different
approach in [7].
The case n =1 provides the representation

(29) f(@)= [0~ ) @)+ (=~ a) / (0)

—x)lx—a ’
+ E=DE= oy o+ = [ s acr o).

for any x € [a,b], where
(t—z)(x—a) ifx<t<b,

and ' is of bounded variation on |a,b].
Due to the fact that

(b—z)(z—a)

— )T —a b
D= 1p @) - 5 o) = - == [,
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we obtain from (2.9) the following representation

1
b—a

b
210) f@) =2 (6= f @)+ - f 6]+ [ Qod(f (©),

where
(a—t)(b—2z) ifa<t<uz,
Q(z,t) = .
(t—=0b)(zx—a) ifz<t<b.
Notice that the representation (2.10) was obtained by a different approach in [7].

The above representation provides, as a natural consequence, the possibility to

compare the value of a function at the mid point “;rb with the values of the function

and its derivatives at the end points. Therefore, we can state the following corollary:

Corollary 2. With the assumptions of Theorem / for f and I, we have the identity

) p(4F0) - L0EI0

> s 7 (@) + (DS SO )} 6 - o)

v [ wa (s w).

where

M, (t) =

NS b ifa<t<et
2onh LM (- egh)” ifegt <t <.
and a,b € I.

3. ERROR BOUNDS

On utilising the following notations

(31) Du(fiza.8) = = [(b—2) f (@) + (&~ a) f ()
PO S {0 @ (0 - )
and
b
(3.2) En (fi,a,b) = ﬁ S 1) d (£ (1))

under the assumptions of Theorem 4, we can approximate the function f utilising
the polynomials D, (f;-,a,b) with the error E,, (f;-,a,b). In other words, we have

f(x) =D, (f;2,a,0) + E, (f;2,a,b)

for any x € [a,}].

It is then natural to ask for a priory error bounds provided that f belongs to
different classes of functions for which the Riemann-Stieltjes integral defining the
expression in (3.2) exists and can be bounded in absolute value.
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Theorem 5. Let I be a closed subinterval in R, let a,b € I with a < b and let n be
a positive integer. If f : I — R is such that the n-th deriwative f() is of bounded
variation on the interval [a,b] then for any x € [a,b] we have

(3.3) [En(f;2,a,0)|

= W [(ff —a)" \I/ (f“”) +(b— x)”*l\b/ (ﬂn)ﬂ

(x—a)(b—1x)
n!(b—a)

Bo—a+le— 22" [V ()|

o B L e (o 1>F [(V (f("))) + <\Z/ (F) )

P>l +1=1;

V) =V )| [+ ooy

~ 4n!
bo—a)+ o2 [V ()]

< = -2y } [ (v : f(n)))q N (\b/ (f(n))>q]

x

q

1 1 = 1.
paq>17;+a_17

\a/ (f(n)) - \i/ (f(n)) H [(IE — a)"71 +(b— x)nil} )

V() 4 )

Proof. 1t is well known that if p : [«, 5] — R is continuous and v:[a, 8] = Ris of
bounded variation, then the Riemann-Stieltjes integral f s t) dv (t) exists and

B8
/ p()dv ()] <

where \/g (v) denotes the total variation of v on the interval [, 3] .
On utilising this property we have
1

Wb —a) /: (x—t)”(b—x)d(f(”) (t))

+ /: (—1)"+1 (t—2)"(x—a)d (f(n) (t)) |

< oa || @02 )
J
| ot @ =aa(ro o)

max
tela,f] p | \/

|En (f;xaawb)‘ =

+

|
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Sm Lreﬂ[gri] (@ —t)" (b—2)] - \7(f<”>)
et @ —a) Q(f“”)]
S . [@_ ~o\/ (1)
+(b—2)" (x — >\/ (f(”))]
L [ ) e )

a T

and the first inequality in (3.3) is proved.
However, by the Holder’s discrete inequality we also have

(& —a)"™" \/ (1) + -2 \/ (7o)
max { (2 — )", (b —2)" "} [VE (F™) + V2 (F™)] 5
(e = a4 =2y [V )"+ (V8 )]’

pag>15+5=1

max {V (/) V., (f“”)} (=0 -2
[ (b= a)+ o — =2 )" [Va (7))
= @ -2 1>]% (V2 (7)) + (V2 (7))

nq>Lp+§

| [@=a -2 1}7

IN

Q=

Vo () + 3 [VE () = Ve (7o)

which proves the second inequality in (3.3)
The last part is obvious by the elementary inequality

(z—a)(b—z)<=(b—a)?, € [a,b].
The proof is complete. |

Now, if we denote

fla)+ f(b)

M, (f1a,b) = == + ; ser (PP @+ (09 )} 6 - o)

and

n (fra,b) /M f<">
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where
+b n : +b.
1 (e —1) ifa<t<ofd

=—— X
.n! n
2-n (1) (¢ — )" e <t <

then we can approximate the value of the function at the midpoint in terms of the
values of the function and its derivatives taken at the end points with the error
F, (f;a,b). Namely, we have the representation formula

F(*57) =M (fsah) + Fu(Fiab).

The absolute value of the error can be bounded as follows:

Corollary 3. With the assumptions of Theorem &5 for f,I,a,b and n, we have the
inequality

(3.4) | <f7 a b)' = (2n+1 )T ’ \/ (f("))

We recall that a function ¢ : [«, 5] — R is L-Lipschitzian on [«, 3] if for any
t,s € [a, B] we have the inequality |g (t) —g(s)| < L- |t —s|.
The following result can be stated as well:

Theorem 6. Let I a closed subinterval in R, let a,b € I with a < b and let n be a
positive integer. If x € [a,b] and f: I — R is such that the n-th derivative f(™ is
Ly-Lipschitzian on [a, x| and Lo-Lipschitzian on [x,b] then we have

(3.5) |En(f;=,a,b)|

(b—2)(z—a)
(n+1!(b—a)

IN

[L1 (z —a)" + La (b—x)"]

[§(b—a)+ |z — 22[]" 7" (L1 + La);
(x—a)(b—2x)

S (b—a)

(z — @)’ + (b — 2)™]? (LI + L3
pg>15+5=1
[3(L1+ Lo) + 3 |L1 — L2|] [(z—a)" + (b—x)"]

[2(b—a) + |z — )" (L + La)
S?(b—a) [(x_a>pn+(b ) ]%(Lq_’_LQ)

p,q > 1, }17+,:
[3 (Ly+ Lo) + 5 [Ly = Lo] [(z — @)™ + (b — 2)"

Proof. Tt is well known that if p : [, 5] — R is L-Lipschitzian on [a, 8] and v :
[a, ] — R is Riemann integrable on the same interval, then the Riemann-Stieltjes

integral [ p « t) dv (t) exists and
8
<L [
«

B8
/ p(t) do (1)

1;
J.
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Making use of this property we have

AN

Exﬁwwwﬂnwiww[

JACECR SR GRION
J

L GJW*Wt—wWCv—wd(meﬂ)H
1

h—a) [Ll/:(wt)"(bx)dt

+Lo /b (t—x)" (x —a) dt]

_|_

IN

_(b_l')(l‘—a) . .
= D _a) @m0 L),

which proves the first inequality in (3.5). The last part follows by Holder’s discrete
inequality. The details are omitted. W

Remark 2. If the function f") is L-Lipschitzian on the whole interval [a,b] , which,
in fact, is a more natural assumption, then we get from (3.5) that

(b—2)(z—a)

(3.6) |En(f;z,a,b)| < CESIED)

(z—a)"+(b—x)"]-L

1 n n
gm(b—a)[(az—a) +(b—2)"]-L,

for any x € [a,b].

Corollary 4. Let I be a closed subinterval in R, let a,b € I with a < b and
let n be a positive integer. If f : I — R is such that the n-th derivative f(™ is

L+-Lipschitzian on [a, “T*'b] and Lo-Lipschitzian on [“T‘H’, b] , then we have

(5.7) B (o) < 0

m'(LlJrLz)-

In particular, if f™ is L-Lipschitzian on [a,b], then

(3.8) F, (f;a,b)] < z(b_a)m L.

nt+l(n 4+ 1)! )

Finally, the case when f(™ is absolutely continuous on [a,b] produces the fol-
lowing estimates for the remainder:

Theorem 7. Let I be a closed subinterval in R, let a,b € I with a < b and let n
be a positive integer. If f : I — R is such that the n-th derivative f) is absolutely



10 SEVER S. DRAGOMIR

continuous on the interval [a,b] then for any x € [a,b] we have

(39) |En (f,:ua,b)I
1 * n
S =a) [(b—l”)/a (z —1)

+(z — a) /: (t —x)™ | f Y (t)‘ dt]

f(n+1) (t) ‘ dt

< 1
~nl(b—a)
(xz— a)n+1 Hf(n+1)H . Zf f(n—i—l) c Loo [a,x];
x | (b—z) x % ||f(n+1)H Ip if f(n+1) €L,la, z,

p>1,%+%=1;
(gc—a n|‘f(n+1)H[ax )

NNy 0D € Lo 28]
_ =2)" 2 p(nt1) if f*Y € Ly, [2,b
+(z —a) x (st f H[m,b],w it f € Lu [,8],

w > 1,% + % =1;
(b—2)" Hf(nH)H[z 5,1

where the last part of (3.9) should be seen as all 9 possible configurations. Here
||'H[aﬁ]’p are the usual Lebesque p-norms, i.e.,

1
(fﬁ\h \pdS)p ifp>1;
||hH[o¢,ﬂ]7p =
esSSUPyc(a,g) [P (8)] if p= oc.

Proof. Since f(™) is absolutely continuous on the interval [a, b] then for any = € [a, b]
we have the representation

(310) [(x)= ;2 [(b—2)f (@) + (z~a) ] ()
0@ S L) @) 4 (1) (- 2 O )

1 b
- (n+1)
+b—a/a Sn (z,t) 1" (1) dt,

where the integral is considered in the Lebesgue sense and the kernel S, (z,t) is
given by the equation (2.2).
Utilising the properties of the Stieltjes integral, we have

(3.11) |E,, (f;z,a,b)| =

/S (z,t) fOFD (1) dt
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1
n!(b—a)

b
+/<—n“*@—w”@—au““www

/z (@ —=)" (b—=) f" (¢) dt

IN

e [ @ e—a e wa

/b (=)™t —2)" (@ —a) fOHD (1) dt

+(z — a) /: (t — )™ | f D (t)‘ dt]

+

|

IN

(t)‘ dt

and the first part of the inequality (2.2) is proved.
Utilising the Holder integral inequality for the Lebesgue integral we have

(3.12) /w (z—t)"

f(nJrl) (t) ‘ dt

(:v a)"t! Hf(n+1 H if f0 1) € Lo [a, 2]
: % ||f(n+1)” walp EFUTVELylaa],p>1, 0+ 5 =1
(x —a)" || fHD H[a,xm :
and
b
By [ - | o]
O 0 e FOTY € Log [2,8];
= % f(n+1)||[m,b],w if f(n—H) € Ly [«T b] w > 1, l + % =1
(b= 2)" SOy
respectively.

On making use of (3.11)—(3.13) we deduce the second part of (3.9). I

Remark 3. The above results have some particular instances of interest that are
perhaps more useful in applications. Namely, if f+Y € L [a,b], then

(3.14)  |En (f;2,0a,b)|

(.CL' —a (b - .’IJ) n n
Soﬂlww@[( o) oo T 07 mm;
(x—a)(b—1x) n n n
ShFDip_a @ -] I fo.bl.00
<s Tl (I;_fl)! [(x—a)" 4+ (b—2z)"] ||V [a,bw)



12 SEVER S. DRAGOMIR
for any z € [a,b].
If Y € L, [a,b],p > 17% + % =1, then
(3.15)  |E, (f;,a,b)|
(x—a)(b—2x)
nl(ng+ 1) (b - a)
@ = ayrit e
(x—a)(b—2)
n!(ng + 1)1/(1 (b—a)
" {(l, L B x)(n—1>q+1} Ha Hf<n+1>

IN

(b= )t

[x:b]fp:|

[a,z],p

IN

[a,b],p

[a,b],p)

b—a
7
( 4n! (ng+ 1)1

y [(x e R x)<n71>q+1} l/a Hf(n+1)

for any x € [a,b].
Finally, if f™*tY € Ly [a,b], then
(3.16) |En (f;2,a,b)|
($ B a) (b — x) n—1 (n+1)
< N _
- nlb—a) (z—a) Hf [a,z],1

< (@-a)(b-2) {1(ba)+'z atb ]nl Hf(nﬂ)

n!(b—a) 2
[a,b],1> ’

b—a |l a+b[]"!
< - _ H (n+1)
( 4n) [2( aH‘x 2 H /
for any x € [a,b].
Remark 4. The errors for the approximation at the midpoint satisfy the following
inequalities
(3.17) [Fn (f; 0, b)l
(b—a)"

— 2nt2 (n 4 1)!
(b-a"™
27+ (p 4 1)!

+(b—z)"" Hf("+1)

[x,b],1:|

[a,b],1

e

+ Hf(n+1)

)

[a, 452 ] 00

Hf<n+1>

la,b],00
and

(3.18) |Fn (f;5a,b)|

(b—a)" TV [H fone)
T ont1/q+1y) (nq + 1)1/q
(b—a)" !/

+ Hf(n+1)

s

[a7a+b

(n+1)

IN

1 1
) fO’f’p > 17 -+ -=
[a,b],p p q

2n+1n! (ng + 1)1/q
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and
(b—a)"
B P ) <04 (n+1)
(3.19) |F (f5a,b)| < on+1p) Hf [a,b],1
respectively.

4. APPLICATIONS FOR SOME ELEMENTARY FUNCTIONS

We consider first the exponential function. Thus, if f (t) = €', t € R, then for
a < x < b we have

Hf(n+1)

= 61, Hf(n+1)

[z,b],00

[a,z],00
1
pr _ pa\ 7 pb _ opx\ P
S(F5E) =) e
[a,z],p p p

and by the inequalities (3.14)—(3.16), we have the following result for the exponen-
tial

and

Hf(n+1)

[z,b],p

(4.1) [|e* — bia [(b—2)e* + (z —a) "]
(bfzc)_(a;—a).zklﬂ{(xia)k Vet (1) (b — ) b}
k=1
_(b-a)—a)
- nlb—a)
[ —a)" e+ (b —2)" "]
1 _an+%71 ePT _ePa % _xn+771 ePb _opT %
X (ng+1)a {x ) ( p ) (b ) ( p ) ’
p>1,11)—|—%—1,

for any a <z < b.

In particular, by utilising the inequalities (3.17)—(3.19), we have the following

result on approximating the exponential at the midpoint in terms of the exponential
taken at the extremities

aty % +eb " 1 @ k k
T - — 722“%' [e +(-1) eb} (b—a)
k=1 ’
n+1 ( te )
i 1
b—a)" (b—a)'/ T_epa » e
= ﬁ X Q4 (ng+1)/e + P ’

p>1,%+%:1;

(4.2)

(=)

for any a < b.
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Now, we consider another function that is of large interest. Let f(t) = Int,
t > 0. We have

~1)F (k= 1)
f(k)(t):()t%’ k>1,t>0
and, for 0 < a <z <b< o0,
|
(n+1) _ H (n+1) __m
Hf la,z],00 a”“’ f [z,b],00 pntl’

nl [x(n-i-l)p—l _ a(n+1)p_1]1/p

b, - |
sl [(n+1)p— 177 amHi-1/pgnrici/p
n — n — 1/P
Hf(n—H) = ! [b( T 1] for p > 1;
/P pn+1-1/pm+1—1 =
[zblp  [(n+1)p—1]/Pprti-1/pgnti-1/p
and
(n+1) _ (=Dl (" —a") (n+1) _(n=DIG" —a")
f - nan ’ f - N
la,z],1 z"a [x,b],1 brx
respectively.

Utilising the inequalities (3.14)—(3.16) we have

(4.3) lnx—ﬁ[(b—x)lna—i—(x—a)lnb]

(b—z)(z—a) 1 O L (B L
a b—a Zz:k{ ak a bk H

1 n 1 n 1 .
n+1 [(:C - a) T et + (b - I) ’ w"*l} )
1 n41/qg—1 [I(n%»l)p—lia(n«{»l)p—l]l/]-’
(ng+1)174 (l‘ - a) : [(n+1)p—1]1/Pgnt+i-1/pgn+i-1/p
% n+1/q—1 [b(n+l)p71_$(n+l)p71]1/p
+ (b - SC) [+ D) p—1]/PynFi—1/pgnti-1/p |
1 1 _
p>1, s+ = 1
1 n—1 (z"—a") n (b"—z™)
n |:(x —a) Cgman (b—=)"- bran

forany 0 < a <z <b< 0.
Finally, by using the second layer of inequalities from (3.17)—(3.19) we can state
the following result that provides some simple estimates for the logarithm taken at
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the midpoint:

a+b Ina+Inb < 1 (-t 1 k
m( 2 ) SRR IE =7 et v AU
k=1
(b_a)n+1 )
2"'+l(n+1)a"+1’
(b_a)nJrl/q [b(n+1)p717a(n+1)p71]1/p
§ 271+1(nq+1)1/q ' [(n+1)p_1]1/an,+1—1/pan+1—l/p7

p>1,%+%:1;

(b=a)™  (b"—a™)
on+1lp b gm

for any 0 < a < b < o0.

Remark 5. On utilising Appell type polynomials and making use of the generalised
Taylor type expansions considered for instance in [1], [2], [3], [4] and [9], more
general results will be considered in the paper [8] that is in preparation.
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