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1 Introduction

1.1 Considerations on constructive approxima-
tion theory

The topics studied in this doctoral thesis are part of the mathematical field of
approximation theory. Approximation theory can be seen as a link between pure
and applied mathematics. The primary concern of the topic is approximation of
real-valued continuous functions by some simpler, more manageable functions.
Another point of interest is the quantitative approximation as well as the error
of approximation.

The fundamentals of this field were established by the work of some math-
ematicians among which we can mention K. Weierstrass, S. N. Bernstein, D.
Jackson, P. P. Korovkin, G. G. Lorentz and many others.

Moreover, this research field has history in our country. This field was in-
tensively studied by great mathematicians such as T. Popoviciu, D. D. Stancu
and A. Lupas.

One of the most important results, known in literature as the First Wier-
strass approzimation theorem, stated by K. Weierstrass in [116] states that for
any continuous function f € C([a,b]) and any € > 0, there is a real coefficients
polynomial function p(z), such that |f(z) — p(z)| < €, for any x € [a,b]. The
most famous proof of Weierstrass’s approximation theorem was proposed by S.
N. Bernstein in [18], where the author provided a constructive method which led
to the well-known Bernstein operators. These operators are defined as follows:

n

Bo(fiz) =Y pus (@) f ("“) e 0], fec(o),
k=0

where
Pk () = (Z) " (1—2)"", for 0<k<n,

and py, i (z) = 0 for k > n.

After these operators were introduced, many researchers found a lot of prop-
erties concerning them. For example see the following [14, 19, 26, 30, 81, 82,
100, 115].

Also, for extending the family of functions to be approximated, one can
find a lot of other operators, such as Kantorovich’s, where the function to be
approximated should be integrable on [0,1] (f € L1([0,1])),

Ko(fyo) =+ )Y s [ f0)dt, 2 €[0,1], f € Li((0,1)),
k=0 ==

where p,, i, is defined above. Kantorovich operators were intensively studied and
some of their modification represent an ongoing research topic, for example see:
[59, 61, 94, 106, 107].

Another generalization, also for integrable functions on [0, 1], was given by
J. L. Durrmeyer in [43] and independently by A. Lupasg in [72]:

Du(f,7) = (n+1)zpn,k(x)/ pen®F ()t f e Li((0,1]), = € [0,1],
k=0 0



with py, ; defined above. For more results concerning Durrmeyer’s operators,
see [38, 72, 79, 85].

Other operators that are very important in literature and also relevant for
the results obtained in this thesis are mentioned in preliminaries chapter, where
we will recall some of their properties which helped in the proofs of our results.

Some comprehensive and useful expositions on the constructive approxima-
tion topic can be consulted in the following references [9, 12, 35, 37, 86, 93, 103].

1.2 Motivations for choosing the theme

Approximation theory, as a branch of mathematics, represent a bridge be-
tween pure and applied mathematics. One can mention various applications in
significant areas of research, such as:

e constructive approximation;

e interpolation;

e probability theory;

e functional analysis;

e operator theory;

e numerical analysis;

e computer aided geometrical design;

e machine learning.

1.3 Structure of the thesis

In this thesis, we present new contributions to approximation by linear pos-
itive or non-positive operators and constructive approximation theory. The
results are structured in five chapters. First chapter is dedicated to establishing
the notations and terminology as well as mentioning the mathematical objects
that are used in this thesis. In the second chapter we present some non-positive
Durrmeyer type operators. Here are discussed two classes of Durrmeyer type
operators which are linear but not positive operators on their entire domain
of definition. Third chapter contains new classes of Stancu-Kantorovich type
operators modified in King sense. These operators are presented in a different
chapter because they posses the positivity property. Here we discuss three new
methods of obtaining operators of Stancu-Kantorovich type. Fourth chapter is
dedicated to non-positive Kantorovich type operators attached to some linear
differential operators. In the first section of this chapter we discuss only the
generalization of Bernstein operators in Kantorovich’s sense and in the second
section we propose a method to obtain a generalization of Kantorovich opera-
tors that posses some properties such as simultaneous approximation. The fifth
chapter is dedicated to introducing a double weighted second order modulus of
continuity. In this chapter we propose a new second order modulus depend-
ing on two weight functions. An application of this modulus is presented for
Szasz-Mirakjan operators.



The first chapter, Preliminaries, contains the notations and terminology
as well as some key concepts that are essential for the results presented in this
thesis. Here we also present some particular operators that are later generalized
or used in examples.

Chapter two, Non-positive Durrmeyer type operators, is dedicated to
introducing some new Durrmeyer type operators that are not positive on the
entire interval [0, 1]. The main results in this chapter are part of the papers ” On
approximation properties of some non positive Bernstein-Durrmeyer
type operators”, An. St. Univ. Ovidius Constanta, Vol. 21(1), 2023;
and ”On approximation properties of some non-positive Bernstein-
Durrmeyer type operators modified in the Bezier-King sense”, pub-
lished in Dolomites Research Notes on Approximation, 16(3), 104-117, 2023.
The results presented in this chapter, concerning the two classes of operators
mentioned above, are proved using some new methods that are not always
straightforward.

Chapter three, Kantorovich type operators modified in King sense
contains three new classes of positive linear operators of Stancu-Kantorovich
type. The results in this chapter are part of the paper ”On New Classes of
Stancu-Kantorovich-Type Operators”, Mathematics 2021, which is pub-
lished in collaboration with Stefan Lucian Garoiu and Cristina Maria Pacurar.
Here, we propose some operators that preserve two of the test functions e;, i €
{0,1,2} and prove that they are approximation operators. We also study the
rate of convergence in each case using the first order modulus of continuity.

Chapter four, Non-positive Kantorovich type operators attached to
some linear differential operators, is structured in two sections. First sec-
tion is dedicated to some general Bernstein-Kantorovich operators, where we
propose a modification of Bernstein operators using a linear differential operator
with constant coefficients. For this class of operators we prove an approximation
result, a Voronovskaja type result and also a simultaneous approximation result.
We conclude the first section by providing a counterexample that proves the
non-positivity of these operator. The results presented in this section are part
of two papers ” Approximation Properties of Some Non-positive Kan-
torovich Type Operators”, 2022 Proceedings of International E-Conference
on Mathematical and Statistical Sciences: A Selguk Meeting (2022), 188-194,
and Voronovskaja type theorem for some non-positive Kantorovich
type operators, Carpathian Journal of Mathematics Vol. 40, No. 1 (2024),
187-194. The second section of this chapter presents some generalized Kan-
torovich operators. Here, we propose a Kantorovich modification using a linear
differential operator with non constant coefficients. The results in this section
are presented for an arbitrary sequence of positive linear operators L,, possess-
ing the simultaneous approximation property. For these operators we provide
an approximation result and a Voronovskaja type result. In the case where the
coefficients of the differential operator are constant, we were also able to prove
a simultaneous approximation result. The section ends with generalizations of
some classical operators. The results can be found in the paper Generalized
Kantorovich operators, General Mathematics, Vol. 32, No.2 (2025), 67-83.

Chapter five, Double weighted second order modulus, is dedicated to
introducing a new second order modulus depending on two weight functions.
This new modulus is useful in order to obtain estimates of the degree of ap-
proximation of functions with fast growth to infinity, by general positive linear



operators which preserve polynomials of degree one. The chapter concludes with
an example for Szdsz-Mirakjan operators. The results in this chapter can be
found in the paper ” Double weighted modulus”, submitted for publishing,
which was obtained in collaboration with professor Radu Paltanea.

In summary, this thesis presents a comprehensive study and research of ap-
proximation by positive linear operators, linear operators which are not positive
and of constructive approximation theory. This thesis proposes new methods
and frameworks and also covers fundamental concepts of the theory.

1.4 Original results contained in the thesis

The original results contained in this thesis are the following:

A On approzimation properties of some non-positive Bernstein-Durrmeyer
type operators

The novelty brought with this paper is related to introducing a new class of
Bernstein-Durrmeyer operators that are not positive on the entire interval
[0,1]. The lack of positivity led to proposing new methods of proving the
approximation result without using the classical Korovkin theorem on the
part of the interval on which the operators are not positive.

B On approzimation properties of some non-positive Bernstein-Durrmeyer
type operators modified in the Bezier-King sense

Here, we introduce a new class of Bernstein-Durrmeyer operators modi-
fied in Bezier-King sense. These operators are not positive on the entire
interval [0,1]. Here, in order to prove the approximation of continuous
functions on all [0, 1] we proceed in two different manners on the part of
the interval where the operators are positive and on the part where they
are not. In this paper we prove some results concerning the rate of ap-
proximation using the first and second order moduli of smoothness. Also,
we provide a Voronovskaja type result.

C On New Classes of Stancu-Kantorovich-Type Operators

We introduce three classes of approximation operators that preserve two
of the test functions eq, e, e at a time. We prove that the approximation
holds on a interval I C [0, 1] in each case. The operators studied here are
positive linear operators.

D Approximation Properties of Some Non-positive Kantorovich Type Oper-
ators

We propose a new class of Bernstein-Kantorovich type operators con-
structed using a linear differential operator with constant coefficients. We
prove that the finite differences of order k of a function F' on equidistant
knots uniformly approximate the k-th derivative of the function F. This
result helps us prove that these new operators of Bernstein-Kantorovich
type are approximation operators for all continuous functions on [0, 1].
We conclude by stating the non positivity of these operators.

E Voronovskaja type theorem for some non-positive Kantorovich type opera-
tors



In this paper we prove a Voronovskaja type theorem and a simultaneous
approximation result for the operators introduced in the paper above.

F Generalized Kantorovich operators

We introduce a sequence of more general Kantorovich type operators de-
fined using a linear differential operator with non-constant coefficients.
The approximation result and the Voronovskaja type theorem proved here
are given for a general sequence of operators L,, € C([0,1]). We conclude
this paper by providing examples for some classical operators and a coun-
terexample for each, which proves that their Kantorovich variant is not
positive.

G Double weighted modulus

We introduce a new second order modulus depending on two weight func-
tions. This new modulus is useful in order to obtain estimates of the
degree of approximation of functions with fast growth to infinity, by gen-
eral positive linear operators which preserve polynomials of degree one.
The results conclude with an example for Szasz-Mirakjan operators.

1.5 Dissemination of the results

The results mentioned in the previous section were disseminated in the math-
ematical community in form of published papers in international journals and
also as communications at conferences and workshops as follows:

A In the framework of ”44th summer symposium in real analysis” held be-
tween 20-24 Jun 2022 Paris and Orsay, France, I presented a talk entitled
”On Approzimation Properties of some non-positive Bernstein-Durrmeyer
Type Operators”.

Also, at the conference ”Functional Analysis, Approximation Theory and
Numerical Analysis” held between 5-8 July 2022, Matera Italy, I held the
talk entitled ”On Approzimation Properties of some non-positive Bernstein-
Durrmeyer Type Operators”.

I published the paper: B. I. Vasian, ”On Approximation Properties of
some non-positive Bernstein-Durrmeyer Type Operators”, An. St. Univ.
Ovidius Constanta, Vol 31(1), 2023.

B In the framework of the 14th edition of ”International conference on ap-
proximation theory and its applications”, Alexandru Lupas, Sibiu, Septem-
ber 12-14 2022, I presented a talk entitled ” Approximation properties of
some non-positive Kantorovich type operators”.

C In the framework of ”International E-Conference on Mathematical and
Statistical Sciences: A Selcuk Meeting” 2022 (ICOMSS’22), I presented a
talk entitled ” Approximation properties of some non-positive Kantorovich
type operators”.

I published the paper: B. I. Vasian, Approximation Properties of Some
Non-positive Kantorovich Type Operators, 2022 Proceedings of Interna-
tional E-Conference on Mathematical and Statistical Sciences: A Selguk
Meeting (2022), 188-194.



D In the framework of 4th Edition of MACOS 2022, ”International Confer-
ence on Mathematics and Computer Science” held between 15-17 Septem-
ber, 2022, Bragov, Romania, I presented the talk entitled ”On approxima-
tion properties of some non-positive linear operators”.

E In the framework of 5th Edition of MACOS 2024, ”International Confer-
ence on Mathematics and Computer Science” held between 13-15 June,
2024, Bragov, Romania, I presented the talk entitled ” Generalized Kan-
torovich operators”.

I published the paper B. I. Vasian, Generalized Kantorovich operators,
General Mathematics, Vol. 32, No. 2 (2025), 67-83.

F Other published papers:

B. I. Vasian, Voronovskaja type theorem for some non-positive Kan-
torovich type operators, Carpathian Journal of Mathematics Vol. 40, No.
1 (2024), 187-194.

B. I. Vasian, On approximation properties of some non-positive Bernstein-
Durrmeyer type operators modified in the Bezier-King sense, Dolomites
Research Notes on Approximation, 16(3) (2023), 104-117.

B. I. Vasian, S. L. Garoiu, C. M. Pacurar, On New Classes of Stancu-
Kantorovich-Type Operators, Mathematics (2021).

R. Paltanea, B. I. Vasian, Double weighted modulus, submitted for pub-
lishing.
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2 Preliminaries
2.1 Notations and terminology

Let I C R be an interval.

We denote by F(I) = {f : I — R} the set of all real functions defined on
I. With B(I) = {f : I = R : f bounded} we denote the set of all bounded
functions defined on I. By C (I) = {f: I — R : f continuous} we denote the
set of all continuous real functions defined on 1.

For k € {0,1,...}, by C*(I) we understand the set of all continuously dif-
ferentiable functions of order k. In particular, by C°(I) we mean C(I).

We denote by P(I) the set of all polynomials on I and with IIj the set of
polynomials of degree at most k.

By test function or monomial function we mean e;(t) =7, j € {0,1,...}.

Let X be a Banach space. We will denote by || - || x the norm on X.

If X = B(I), then by the norm of a function || f(-)||, f € B(I), on I we mean
the supremum norm:

If1l = Sléglf(x)\, feB(I). (2.1)
Further we will enlist some operators that are used in the thesis:
e The identity operator Id which satisfy Id(f) = f, f € F(I);

e Big-O Landau symbol : O(f(x)) = {g(z) : 3 ¢,z0 > 0such that 0 <
f(@) <cgz), Vo=l

e Little-o Landau symbol: o(f(z)) = {g(x) : Ve >0, xo > 0 such that 0 <
flx) <ecg(z), Vo>uxo}

Another useful operator is the first finite difference operator with step k of a
function f:

Apflz) = f(z+k) = f(z). (2.2)
The I[-th iterate of Ay, is denoted by Al and is defined as follows
AL (x) = Ay [A7H (2)] (2.3)

and from the identity above, one can obtain the following formula:

!
—i (! .
ALf(z) =) (-1) <Z>f (z +ik). (2.4)
i=0
Proposition 2.1.1. [35] If f is a polynomial of degree | —1 then AL f (z) = 0.
Let I be an interval and xg,x1,...,2, € I, n + 1 distinct points of I. Let
f be a function defined on I. The divided differences of f on g, z1,...,z, are
given by

flex] + = f(xr), k=0,n, (2.5)

f[l'k,zk;+1,---7xk+p] - f[xk-‘rla"'?'rk"rp] 7f[$kaxk+17~-~7$k’+p—1}7

$k+p — Tk
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fork=0,n—p, 7 =0,n.
For the divided differences we mention the following:

Proposition 2.1.2. [35] If f is a polynomial of degree < n, then
flzo, 1, 2] =0. (2.6)

Proposition 2.1.3. [35] (Mean value theorem for divided differences) If f isn
times differentiable, then

_

n!

flzo,z1,. .., 0] , (2.7)

for € € (mingego,..n} Tk, MaAXpe(0,1,. .0} Tk) -

Proposition 2.1.4. [35] The following relation between finite differences and
divided differences holds:

1

ALf (). (2.8)

In the theory of approximation by operators, moduli of continuity were
proved to be very useful. These mathematical objects can be used for mea-
suring the smoothness of a function in a more elegant way.

Definition 2.1.5. [35] Let I C R be an interval and f € F(I). The modulus of
continuity of a function f is given by

wi(fyh) =sup{|f(z) = f(Y)| : [v—y|<h; z,yel}, h>0. (2.9)

In the case of a continuous function f on an interval I C R satisfying
w1(f,h) = o(h), one obtains that f is constant, therefore the modulus of con-
tinuity is not useful for measuring higher smoothness. In this case, the moduli
of smoothness are needed. These moduli are connected with higher order finite
differences.

Definition 2.1.6. [35] Let I C R and f € C(I), for I compact. The l-th order
modulus of smoothness of [ is defined as:

wi(f,h) = JSup 1AL(f,2)], b= 0. (2.10)

The moduli of smoothness presented above represent a very useful tool for
approximation problems. However, in the recent research, the classical moduli of
smoothness proved to be inefficient. To answer these shortcomings, the following
moduli were introduced, which will be called in this thesis weighted moduli of
smoothness for a function f.

Definition 2.1.7. [37] Let I C R and f € F(I). The weighted modulus of
smoothness for f is given by:

0<k<h

where the function ¢(x) is chosen in relation to the problem which arises.
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Remark 2.1.8. The step kp(x) in the definition above varies with x € I.

Remark 2.1.9. If p(z) =1, then (2.11) is the classical modulus of smoothness
defined in (2.10).

The function ¢(x) from the definition of the weighted modulus of smooth-
ness, also called the weight function, is defined for x € I ( where I = (a,b) with
a € {—o00,0} and b € {1,00}), should satisfy the following:

Proposition 2.1.10. [37]

A =1 locally;

B there are two values y(a) and y(b) such that v(0) > 0, v(1) > 0 and
v(£o0) < 1 for which

|| 7(@), x—a+ foraée {—o00,0}
o(x) ~ § 27, x — 00 for b= 00 ; (2.12)
1—2)D, 51— forb=1

C o(z) is a measurable function (with respect to a measure pu) and there
exists My, ko constants, such that for each 0 < k < ko and every finite
interval J C I, the following measure inequality holds:

p({zel:x+ho(x)eJ}) < Mou(E). (2.13)
Next, we will recall the definitions of K-functionals, K-functionals of order
I and weighted K-functionals.

Definition 2.1.11. [35] Let X,Y be two Banach spaces such that Y C X
continuously embedded. The K-functional of f € X is defined by

K(f,1) = K(f,:X,Y) = il {{|If —gllx +tlglly}, ¢=0. (2.14)
Definition 2.1.12. The I-th order K -functional of a function f € F(J) is given
by

Ki(f,t") = inf {|f =gl + g™}t > 0. (2.15)
geCH(I)
Definition 2.1.13. The l-th order weighted K -functional of f € F(J) is defined
as
Kf (£, = inf {If =gl + 19V}t > 0. (2.16)
geCH(I)

One of the most important results concerning K-functionals and moduli of
smoothness is the following equivalence theorem.

Theorem 2.1.14. [35] Suppose ¢ satisfies the conditions in Proposition 2.1.10,
1€{0,1,...} and f € C(I), where I = (0,1), I = (0,00) or I =R, then

CLwf (f,t) < KP(f, 1) < Cowf (f,1), 0 <t <to, (2.17)

where Cy,Ca,tg > 0 are constants.
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2.2 Moduli of continuity

2.3 Moduli of smoothness

2.4 Weighted moduli of smoothness
2.5 K-functionals

2.6 Operators

2.7 Function approximation by sequences of pos-
itive and linear operators

2.8 Some particular operators
2.9 King type operators

2.10 Bézier curves
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3 Non-positive Durrmeyer
type operators

In this chapter, we study some Durrmeyer type operators. For these oper-
ators we have proved some approximation results along with error estimation
and Voronovskaja type theorems. The results in this chapter are based on the
work published in two papers: Vasian B. 1., On approzimation properties of
some non-positive Bernstein-Durrmeyer type operators, An. St. Univ. Ovidius
Constanta, Vol. 21(1), 2023; and Vasian B. 1., On approzimation properties of
some non-positive Bernstein-Durrmeyer type operators modified in the Bezier-
King sense, Dolomites Research Notes on Approximation, 16(3), 104-117, 2023.

3.1 On approximation properties of some non-
positive Bernstein-Durrmeyer type opera-
tors

In this first section we shall present the results on a new type of Bernstein
Durrmeyer operators which are not positive on the entire interval [0,1]. For
these operators we will prove a uniform convergence result on all continuous
functions on [0, 1] as well as a result given in terms of modulus of continuity w;.
A Voronovskaja type theorem will be proved as well.

These results have been published in the paper B.I. Vasian,On approzima-
tion properties of some non-positive Bernstein-Durrmeyer type operators, An.
St. Univ. Ovidius Consstanta, Vol. 21(1), 2023.

As we have seen, Durrmeyer operators presented in (1.1) posses some pow-
erful approximation properties.

Let us introduce the Durrmeyer type modification we will further study.

Definition 3.1.1. [108]
Let a > 0. For every f € C([0,1]), we define:

D () =+ 1) (5 Yt 0) [ 07 O, e 01]
k=0
(3.1)

—k
where pj; . (v) = (""‘“)n ()" (niia - ﬂf)n , n,keN k<n.

Remark 3.1.2. [108] For a = 0 we obtain the classical Bernstein-Durrmeyer
operators, and for a =1 we get the operators studied by Deo N. et al. in paper

Remark 3.1.3. [108] D (f,xz) defined in (3.1) is a linear operator which is
_n_ 1}

positive for x € |0, =

. n
and non-positive on ra

In order to prove our results, we need the following.
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Lemma 3.1.4. [7/] We have the following recurrence relation:

x (nia —x) (pg,k (a:))/ =n (n—]ia —33) Do (), ©€10,1] (3.2)

Further, we will need some results concerning the operator D .

Lemma 3.1.5. [108] We have the following:

_n_ n—k n+s+1
/* tk+s(”_t> dt:( n ) Bk+s+1l,n—k+1),
0

n+a«a n+a«a
(3.3)

where B(-,-) is Euler’s Beta function.

Proposition 3.1.6. [108] Operators DS satisfy the following relations:
Z) Dg (60,!17) = ].;

ZZ)D;’: (61,3?) = nL+2x + m;

.. « _ n(n—1) 2 4n? on?

w)Dy (e2,2) = Grmmrs @ T mrominere? T s mra)”
where x € [0,1].

Now, we denote by M, , () the m-th order moments for operators DZ,
which have the following expression:

My (z) = DS ((t —2)™ ) (3.4)
—(n+1) (” - a) S [T =" s
k=0

Theorem 3.1.7. (See Theorem 6 in [108]) The following recurrence relation
holds:

n

(m+n+2) M, m+ (ac):x(nJra

- x) 2mMy oy () + M, (2)] (3.5)

+(m+1) (nza - 2x> Mo (2).

With all of the above, we are able to state our first result concerning ap-
proximation properties of Dg.

Theorem 3.1.8. (See Theorem 8 in [108]) For all « > 0, f € C([0,1]), and
for alle € (0,1), the following holds:

nh_}ngo Dy (f) = f, uniformly on [0,1 — ¢]. (3.6)

As for the above result, we were able to prove the uniform convergence only
on the interval where operators D¢ are positive. Our next aim is to prove that
the operators D can approximate all continuous functions on entire [0, 1], even
though they are not positive operators on the entire interval.

Proposition 3.1.9. (See Proposition 9 in [108]) Forl € {0,1,...} we have:

Dy (e, z) = (n+1) (n')Q), mijzjé’l} <l> no1 ‘ ( & )l_ixi. (3.7)

(n+l+1 i)il(n—i)l \n+a
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With the above result, we can state the following:

Proposition 3.1.10. (See Proposition 10 in [108]) For alll € {0,1,...}, we
have
Dy (e1) — e uniformly on [0, 1]. (3.8)

Remark 3.1.11. [108] From Proposition 3.1.10 and the linearity of the oper-
ators D&, we conclude that for all polynomials P € P([0,1]), the convergence

n’

D2 (P,z) — P (z) holds uniformly for x € [0,1].

With all of the above results, we are closer to prove the uniform convergence
for all continuous functions on [0,1]. We also need to prove that the norm of
the operators D¢ is bounded. For this, we have the following result.

Proposition 3.1.12. (See Proposition 12 in [108]) We have:

1D < e, (3.9)
foralln e {1,2,...}, and o > 0.
Theorem 3.1.13. (See Theorem 13 in [108]) For all f € C([0,1]), we have:

lim Dy (f) = f uniformly on [0, 1]. (3.10)

n—o0

The following results are dedicated to the estimation of the error of approx-
imation using the first modulus of continuity w1 (f,0).

Theorem 3.1.14. (See Theorem 14 in [108]) For f € C([0,1]) and z € [0,1]
we have:

1Dy (f,z) = f ()] < {1+§\/ni2 [x (nia> +ni3]}w1 (f.6), (3.11)

forxz e [O }, and

_n_
) nta

iff“+”ﬂ}m0ﬁm (3.12)

D (o) = Fla)l < {5 |20 e

forx € (n—',—La’]'] .

Remark 3.1.15. [108] If we take

o 2 n 1 2a n
§=6 _mam{\/n+2 [n+a+n+3], - +(n+a)(n+2)}7 (3.13)

then

I DR (f) = f 1< 2% w(f, ). (3.14)
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3.1.1 Voronovskaja type result

In this section, we will prove another result measuring the error of approxi-
mation.

Theorem 3.1.16. (See Theorem 16 in [108]) Let f € C([0,1)) be a bounded,
two times differentiable function at the point x € (0,1). Then, the following
limit holds:

lim n[Dy (f,x) — f (x)]

n—oo

(1—=22)f (2)+x(1—2x)f"(x). (3.15)

3.1.2 Some graphs

For the first example we considered the function f(z) = 2% — (11/6)2? + 2 —
1/6 for x € [0,1]. In this case we have obtained Figure 3.1.

Figure 3.1: « =1 and n =50

0.2 04 06 0.8 1,0
-0.02 \/ /

o0s — BDPOL(x)

-0.06 Xa_%”_-

-0.08

-0.10

Secondly we took the function f(z) = |z — 0.5] for z € [0,1] and we got
Figure 3.2.

Figure 3.2: a =1 and n =50

0.5
04

03 — BDPOL(x)

|1x-0.5]
0.2

As it can be seen from the figures and from the proved result, the operators
D¢ have good properties of approximation even though they are not positive
operators on the entire [0, 1].
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3.2 On approximation properties of some non-
positive Bernstein-Durrmeyer type opera-
tors modified in the Bezier-King sense

This section is dedicated to some results concerning Bernstein-Durrmeyer
type operators which are defined using the methods proposed by King and
Bezier. The operators obtained here are also not positive on the entire [0, 1]
interval, but they are approximation operators. Some of the results are obtained
in a straightforward manner using the first modulus of continuity. For the results
concerning the second order modulus of smoothness, we use the appropriate K-
functional. In the later, we prove a Voronovskaja type result in order to see the
error of approximation.

These results were published in paper B. I. Vasian, On approzimation
properties of some non-positive Bernstein-Durrmeyer type operators modified in
the Bezier-King sense, Dolomites Research Notes on Approximation, Vol. 16,
2023.

Let us consider 7 : [0, 1] — [0, 1] such that 7 is a differentiable and increasing
function satisfying 7 (0) = 0 and 7 (1) = 1.

For proving our results, we consider f to be a bounded function on [0, 1], and
we will need the first order modulus of continuity wq, the second order modulus
of smoothness wy and the appropriate K-functionals.

Having in mind the operators introduced and studied in the previous section,
we will introduce the following:

Definition 3.2.1. [109] Let o > 0. For every f € C([0,1]), we define:
DY (f,x) = (3.16)

)@@ [ (ror ) (a1,
k=0 0

n—+ o
n

(n+1)<

where ; ;
Qi @) = [l @] = 77 @) (3.17)

with § > 1 an integer and Jy (x) = >0, pyy (x) , where

)

i@ = () (e (@) e

Remark 3.2.2. [109] We will mention the following remarks concerning nota-
tions:

A If index 0 is missing, we assumed that § = 1;
B If index T is missing, then we considered T(x) = x.
For the operators DS{;E defined in (3.16) we can mention the following:

Remark 3.2.3. [109] From the definition, it can be seen that the operators Dg:f
are linear operators on C([0,1]).

Remark 3.2.4. [109] There is &, € (0,1) having the property 7(&,) = -2

n4o’
such that 7 (x) > 2= for x € (§,,1] and 7 (z) < A5 for x € [0,&,], therefore
a,f

n,T

the operators DY are not positive on the entire interval [0, 1].
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3.2.1 Auxiliary results

In order to prove our results concerning these operators, we will need the
following results concerning operators D¢ _, i.e. when 6 = 1.

n,7?

The following result provides a recurrence formula for pp ().

Lemma 3.2.5. (See Lemma 3.2 in [109]) For the functions pj,; (x) in (3.18),
we have the following:

1@ (s = @) (527 @) =0 @) (s~ 7 @) @, v e )
(3.19)

Lemma 3.2.6. (See Lemma 3.3 in [109]) The operators Dy, . satisfy the fol-
lowing relations:

A Dy . (eg,x) = 1;

B D, (1,7) = 25 (m’ () + #) ;

2 2
C D5, (r%,7) = topakrs (n (n—1)72 (2) + 2% 7 (x) + (%)) :
where T is defined above, and x € [0,1].

Denote by M, () the central moment of order m € {0,1,2,...} of the
operators Dy, which is defined as follows

M5, () =Dy (7 (8) = 7 ()™ @), @ €[0,1].

Lemma 3.2.7. (See Lemma 3.4 in [109]) The following recurrence relation
holds:

(m+n+2)7' ()M () (3.20)

—1(0) (i~ @) [2or’ @ M5 @)+ 07 @)

n—+a«a

+(m+1)7 (2) (H”a —or (a;)) M2 (x) .

Remark 3.2.8. [109] To simplify the notations, we denote

br (@) =) (o~ @)

n—+a«a

Remark 3.2.9. [109] The function ¢ (x) attains its mazimum for 7(x) =

2
n . - - 1 n
e and its mazimum value is max ¢, = ; (n+a> .

Proposition 3.2.10. (See Proposition 3.6 in [109]) The following norm in-
equality holds:
D5 £l < €I £1 (3:21)

for all f € C([0,1)].

The following inequalities are useful in our main results.
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Remark 3.2.11. [109] For a,b € [-1,1] and 8 > 1 integer, the inequality

la® — %] < 6]a— 10l (3.22)
holds.
Remark 3.2.12. [109] We have the following inequality

(3.23)

@ @) =| 5 @) = [7270 @]

< 0|07 @) = Il @)] = olpit (@)

obtained as a consequence of Remark 3.2.11, where 0 > 1 is an integer.

Using the results stated above, we get the following results concerning the
operators D;’{:Te .

Proposition 3.2.13. (See Proposition 3.7 in [109]) We have the following:
Dl F|| < e | £1], (3.24)

for all f € C([0,1]).

Remark 3.2.14. [109] We have D% (eg,x) = 1 for all x € [0,1]. Indeed,

0
s

D) = Y QU @) an{[JS‘;; @] - [ (x)}e}

k=0 k=0

computing D7 (e, ), we get

for all x € [0,1].
3.2.2 Quantitative approximation

In the following we will establish some quantitative results using different
types of moduli of continuity: the classical modulus of continuity w; and a
combination of w; and the modulus of smoothness ws.

Theorem 3.2.15. (See Theorem 4.1 in [109]) For f € C(]0,1]) we have

!Di;ﬁ(f,@—f(x)ys{ul " @9(”“) )}wl(for_l,é),

on+« n+2)(n+3
(3.25)
forx €10,£,],0 >0, and
12 n L
|D3,f(f,$)—f(1‘)‘ §962a{1+5/ [§+M(TL-|-CE)]}WI (foT 1,5),
(3.26)

forz € (&,,1],6" > 0.
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Corollary 3.2.16. (See Corollary 4.2 in [109]) Let f € C(]0,1]). We have:

|Dg8 (f,2) — f (z)| < 2w (fOTll[o,sn,], i \/ f(n+1) ) . (3.27)

n+al 2(n+2)(n+3)
forxz €10,&,], and

n

2
.0 . < 2a -1 _ SN
D32 (f.2) — f (2)] < 206w, (fw e St T it a)

> . (3.28)

forx € (&,,1].
Lemma 3.2.17. (See Lemma 4.3 in [109]) For x € [0,1], we have the following:

Dt ((r () =7 @) ) <0 ntl ( . )Z,forme[O,EnL

2(n+2)(n+3) \n+a«
(3.29)
and
b () =71 (2)? 62a2n[n2—n(2—a)—3a] or T
it 0o ) n A iy
(3.30)

The following result is expressed in terms of w; and wo. In order to obtain
this result we have to impose some restrictions to function 7 (x) as follows:

o 7(x) € C*([0,1]);
L4 infxe[(),l] T (l’) Z l, l e R+.
® SUP.c(o,1] |7 (z)| < B, B €Ry.

Theorem 3.2.18. (See Theorem 4.4 in [109]) For f € C([0,1]), we have:

|D? (f,2) = f (2)] (3.31)
B
G2 4 1 2¢; (1 + ZQ) <2
< 5 Crwn (fa T hera 11 + Cowz | f, 9% 11 z € [0,&],
where (1 = T‘QHL& Wm and Cy, Cy are constants not depending on n,
and
D7 (f.2) = £ ()] (3.32)
B
fe?® + 1 . 2¢2 (1 + j@) . &
ST Ciwr (f’ﬁe%‘—i—l + Cowa | f, 9% 11 z € (&, 1],
where (3 = \/9 2o ?Zﬁ;fgfd)(o:hj)a;, and C¥, C% are constants not depending

on n.
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3.2.3 Voronovskaja type result

In this section we will prove a Voronovskaja type result for the operators
D9,

Lemma 3.2.19. (See Lemma 5.1 in [109]) Let f € C?[0,1]. Then:

In [DYE (f,2) - f ()] (3.33)
o |f(@) 0
T n+2|7(x) (T(x)+n+a>
" @) e @ ([ Y
+0(”+2) (n+3) | (' (x))* f )(T’(z))3 l( 3) ¢r (2) + (n+a)
(3-34)

+A, (JJ) RS [van] )
where Ay, () = 0 as n — oo.

Theorem 3.2.20. (See Theorem 5.2 in [109]) For f € C?[0,1] and x €
[0,1), we have:

lim sup (n [DF7(f,2) = f (2)]) (3.35)
ool {0, f'@) oy T@) |
=25y | T@ A D0\ S @ T @ A= @) e e o).
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4 Kantorovich type opera-
tors modified in King sense

In this chapter we will present some results concerning Kantorovich type
operators. Namely, we will treat some classes of Kantorovich type operators
modified using Stancu and King’s methods. The classes obtained this way are
consisting only of linear positive operators, and for these classes the uniform
approximation of all continuous functions on specific intervals is proven.

4.1 On New Classes of Stancu-Kantorovich-Type
Operators

This section is dedicated to presenting the results obtained in the paper
Vasian B. 1., Garoiu S.L., Pacurar C.M., On New Classes of Stancu-Kantorovich-
Type Operators. Mathematics 2021.

Here, we introduced new classes of Stancu-Kantorovich type operators con-
structed with the method introduced by King in paper [66]. Each class is con-
structed such that the operators preserve two test functions at a time. Firstly,
we will study the operators which preserve ey and e;. Secondly, ey and es, and
lastly e; and es. For each class we have studied the uniform approximation
of continuous functions on some intervals on which operators remain positive.
Also, some error estimation results are provided in each case.

Let us introduce the classes we announced.

Definition 4.1.1. (See Definition 4 in [110]) Let I C R be an interval and
Cn,dn I — R be some functions satisfying ¢, (x) > 0, d,(x) > 0 for all
ze€l, 0 <a<pfandn € {1,2,...}. We define the following operators of
Stancu and Kantorovich type:

S () =540 Y (1) (0@ @ @) [ rwae @
k=0 _kta

foranyxz eI, me{l,2,...} and f € L1(]0,1]).
For these operators, we can state the following lemma.

Lemma 4.1.2. (See Lemma 1 in [110]) The operators (4.1) satisfy the following

LD (eq,7) = (e (x) + d ()" (42)
SB* (e, ) = #ﬂﬂcn (@) (cn (2) + dp (2)" (4.3)
20+ 1

CICECE) (cn () +dp ()",
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(@B)* (ey. 1 :771(71—1) 2 (z) (e (z x))" 2
Sy (e2,x) (n+ﬁ+1)2n()(n()+dn<)) (4.4)
nQRa+2) cn (2) (en (z z))" !
+(n+ﬂ+1)2”()("()+d”())
3a(a+1)+1 o (z JRN

forany x € I, n € {0,1,...}, where e; (t) =t*, i € {0,1,2}.
Definition 4.1.3. We denote by M, ;L,(x), the k-th order moment of the

operators L,, having the expression:

M, (Ly(z)) = Ly, ((61 — x)k , 3:) . (4.5)

4.1.1 Stancu-Kantorovich type operators which preserve
functions ej and ¢,

Now, we shall impose that Stancu-Kantorovich type operators introduced in
(4.1), preserve test functions ey and e;. In other words, we shall construct some
operators that satisfy

o ST(LQ’B)* (eg,z) = 1;
o S (e, 2) = (4.6)

o3 lim S(®P* (ey,2) = 22 uniformly on some interval.
n—oo

Now, from the conditions imposed in (4.6) and identities (4.2), (4.3), we obtain

n+0+1 200+ 1
r—
n 2n

cn (z) = , (4.7)

and (n+ B4z 2m+2a+1
—-n+p+1)z n+ 2a +
dn(l‘) = + )
n 2n
for any n € {1,2,...} and z € I.
If we need our operators to be positive, we shall assume that the functions

¢n(z) and d,(z) are positive. This assumption yields to:

(4.8)

2a+1 2n+2a+1
<z< ,forallz € I, and n € {1,2,...}.
5+ = S B D) .2,
Lemma 4.1.4. (See Lemma 2 in [110]) For 0 < o < § and any integers ng < n,
the following inclusion holds:

200+ 1 .2n0+2a+1} [ 200+ 1 .2n+2a+1]
2(ng+B8+1)" 2(nog +B8+1) 2n+B+1)"2(n+B+1)]"

Remark 4.1.5. Further in this section we will consider that 0 < o < 3.

Remark 4.1.6. Since on the interval [2(n206-¥:?31--1)3 22(7?0125?11)} we have that ¢, (x), dn(x) >

0, for everyn € {1,2,...}, we will consider the interval I = [

2a+1 . 2no+2a+1
2(no+p+1)’ 2(no+p+1) |’
where ng is a positive integer which is arbitrarily fized. Note that for any € > 0,

if we take ng sufficiently large, then [e,1 —¢] C I.
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By taking into account the sequences ¢, (x) and d,,(z) obtained in (4.7) and
(4.8), the operators of type (4.1) will have the following expressions:

n k
Sif“f)*(f,x)=(n+ﬂ+1)z<z> (n+ﬂ+1$_2a+1> (4.9)

n 2n
k=0

n—k
><(—(n—i—ﬁ—kl)m_i_2n—|—2o¢—|—1> / £ () dt,

n 2n

for any = € I.

Lemma 4.1.7. (See Lemma 8 in [110]) The operators Sﬁyn’ﬁ)* in (4.9) satisfy

Sf?‘,{ﬂ)*(eo,x) =1;

S5 (e1, ) = w5 (4.10)
. -1 2 1 12 2 1)2
Sﬁ{/g) (62,1‘):n g2, 2o xin( a+5)+32a+1)
’ n nn+p+1) 12n(n+ B +1)2

forxz el
Regarding the moments of the operators, we have the following result.

Lemma 4.1.8. (See Lemma 4 in [110]) The following relations hold

Moo (81577) (@) =1, (4.11)
M1 (Sf‘f)*) () =0, (4.12)
2
(a,B)% T n—+ 2o +1 1
M, T nwear ~). 413
,2<Sl,n )(cc) n+n(n+ﬂ+1)z+0 ~ (4.13)

Lemma 4.1.9. (See Lemma 5 in [110]) We have
lim 1M, (S{"ﬁ*) (z) = 2(1 — z) (4.14)
n—00 ’

uniformly for x € I. Moreover, for any € > 0 there exists an integer ne > ng,

sufficiently large, such that

. B)% 1+¢
nMy, > (Sin’ﬁ) ) (x) < T

forany x € I andn € {1,2,...} such that n > n..

Theorem 4.1.10. (See Theorem 2 in [110]) Let f € C([0,1]). The following
limit holds

(4.15)

: (c.B)x ey
rr}g)noo Sl,m (f) - f

uniformly on I. Moreover, for every e > 0 there exists ne € {1,2,...} such that

s () - 1 @) < (14 55 (12

foranyx €l andn € {1,2,...}, n>n..
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Further, we will present a graphical example of approximation. Here, we
have considered the function f(x) = sin(20z), n = 25 iterations, @ = 0.1 and
B8 =0.2.

0.5

— PolKS(x)
& 0.4 \05 06 0.7 sin(20 x)

-05

Figure 4.1: a = 0.1, § = 0.2, m = 25 iterations

In Figure 4.1 it can be seen that the sequence of operators (blue) can be an
approximation process for the function f (orange).

4.1.2 Stancu-Kantorovich type operators which preserve
functions e; and ey

Further, we shall treat operators of Stancu-Kantorovich type as in (4.1) for
which we impose the preservation of test functions ey and es. In this sense, the
operators are constructed such that:

0157(1@”6)* (60,.’1)) =1
050" (e5,7) = 2 (4.16)

o5 lim S(*9* (¢1,2) = 2 uniformly on some interval.
n—oo

Imposing the conditions above (4.16) and using the identities in (4.2) and (4.4)
we obtain the following conditions on ¢, (z) and d,(z):

en(z)+dn(z)=1, Ve el ne{l,2,...}, (4.17)
and the quadratic equation, in ¢, (z):
1
n(n —1)c2(x) +2n(1 + ) () + ala+ 1) + 3= ?(n+B+1)%  (4.18)

zel, andne{1,2,...}.
Note that for a > 0, 8 > 0, the discriminant

dn(z) =4n [n (g +a> +a?+a+ % +2%(n—1)(n+B+1)> (4.19)

of the quadratic equation (4.18) is positive.
We make the following notation:
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By solving the equation (4.18) we get, for n > 2:

_ (1 +0)+/A@) (4.20)

n(n—1)

cn(2)
and, from relation (4.17), we obtain:

n(n+a) — /An(z)
n(n —1)

dp(x) = (4.21)

In order to apply Korovkin’s Theorem, we need our operators to be positive.
For that, we shall impose that ¢,(z) and d,(x), from (4.20) and (4.21), are
positive. Thus, we obtain:

Voi+a+ i \/n(n—|—2a+1)—|—a2+a+%
Vo o<

n+p+1 = n+p+1

Lemma 4.1.11. (See Lemma 6 in [110]) Let 0 < ¢’ < 1 be fized. Then, there
exists an integer ng € {1,2,...}, such that

\/042—1—04—}—% \/n(n—|—2a+1)+a2+a+%

g,1-¢cC ;
| ] ntB+1 n+B+1

. (4.22)

for everyn € {1,2,...} such that n > n. and «, B satisfying o < .

Remark 4.1.12. Because the sequences c,(x) and d,(x) are positive on the
interval (4.22), from now on, we will consider I = [g',1 — '], for alle’ > 0 and
n>ng.

Going back to (4.1) with the expressions of ¢, (z) and d,(z) in (4.20) and
(4.21), the operators become:

SS (f.m) = % Zn: (Z) (~-n(1+a)+ s/An(x)>k (4.23)

(n(n

k=0
e
n—k
< (n(n+0) — VA, (@) / £ ) dt,
kta
FENCEN]

for any x € I and n > ng.

Lemma 4.1.13. (See Lemma 7 in [110]) The operators Sg:xn,,e)* from (4.23)
satisfy:

S (eg, ) = 1;

n

(c,8) B f(n+2a+1)+2\/An(x)'
S2mB (el, x) = 2(n Iy 1)(71 — 1) ; (4.24)

S’éi{ﬁ)*(eg, r) = 22

forx € I and n > ng.
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o, B)*

Further, we will present the first three moments of the operator Sé’n

Lemma 4.1.14. (See Lemma 8 in [110]) The following relations hold

Moo (s;avm*) (z) =1, (4.25)

n

Mo (S537) ) = o+ RIS,

s (50 = (- IV

2n+p+1)(n—1)
foranyx el andn € {1,2,...}.
Lemma 4.1.15. (See Lemma 9 in [110]) The following limits hold

. * 1
Tim M (S577) (@)= 5 (- 1), (4.28)
Tim Mo (S5577) (@) =2 (1 - ), (4.29)

uniformly with respect to x € I. Moreover, for any € > 0 there exists n. > ng
such that

() <1(1
Mp,» (Sz,n ) (@) < ( 1 +e) : (4.30)
foranyx €I andn € {1,2,...} such that n > n..
Theorem 4.1.16. (See Theorem 3 in [110]) Let f € C([0,1]). Then, we have
. (e, B)* _
Jim S () = f

uniformly on I. Moreover, for every e > 0 there exists n. € {1,2,...} such

that:
(5577 F) @) - £ (@) < (1 e +e> o (f, jﬁ) ,

foranyx € I andn € {1,2,...} such that n > n..

For this operators we have obtained the following graphics for the functions
f(:c)5§ 223 — %zz + %:E — % and f(x) = |:c — %|, with o = 0.1, 8 = 0.65 and
n = 50.

— PolKS2(x)

Figure 4.2: a = 0.1, § = 0.65, n = 50 iterations
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0-18p N\ / — PolKS2(x)

\\ ’ |x-05]

Figure 4.3: a = 0.1, 8 = 0.65, n = 50 iterations

4.1.3 Stancu-Kantorovich type operators which preserve
functions e; and ey

In this section we will impose to the operators of Stancu-Kantorovich type
in (4.1) to preserve the test functions e; and es. In this sense, operators should
satisfy
a,3)x*

n

e lim S?(,

(eg,x) = 1, uniformly on some interval,
n—o0

05\ (1, 1) = a, (4.31)

N

.35«;&"6)* (62,.’1}‘) = 1‘2.

In order to obtain the main results of this section, we will make the following
notation
SE" (eg,w) =1+ wy (), (4.32)
where x € I, n€ {1,2,...} and w,, : I = R.
With the previous notation we can state the following remark.

Remark 4.1.17. In order to obtain positive operators Sé?;l’ﬁ)*, ne{l,2,...},0<
S(aﬁ)*

3,n

14w, (x) >0, Ve el ne{l,2,...} (4.33)

a < B, we shall impose that (eo,x) > 0, which implies
From the relation (4.32), we get
(cn () +dy ()" =14w, (x),Vzel, ne{l,2,...}, (4.34)
which implies
en () +dp (2) =1 +w, (x))% NV el ne{l,2,...}. (4.35)

With the above considerations and imposing the conditions e, and e3 from
(4.31), we can state the following lemma.

Lemma 4.1.18. (See Lemma 10 in [110]) In order to have Sé?:’ﬁ)*(el, x) =1z,
cn(x) and d,,(x) are the following:
n+p+1 200+ 1

e (2) = |t 2t B+1) (1 4wy (2))| (1 +w, (z)) ™ (4.36)
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and
dn (2) = (1 + 1w, (2)) 7 X (4.37)
n+p+1 1 200+ 1
1- 242 .1+wn(x)(2(n+ﬁ+1)(1+wn(x))>}

From condition ey in (4.31), we get the following quadratic equation in
wy, () :

w2 () [-5n —3 —a(1+n+ )]+
wy (z) (=120 [(n +1)2+B8(B+2n+ 2)} 224
12 {(n+1)2+2a(1+n)+ﬂ(1+n+2a)]x72[5n+3+12a(1+n+a)]}+
{12 [(n+1)2+,3(ﬁ+2n—|—2)} 2+

+12 [(n—l—1)2+2a(1+n)+5(1+n+2a)}x—[5n+3+12a(1+n+a)]}:O,

with solutions denoted wy, 1 and wy, 2, Wy 2 < Wy 1.

Remark 4.1.19. It can be verified that the solutions of the quadratic equation
above satisfy lim wy o () = —oo and lim w, 1 (x) = 0, uniformly for x €
n—oo n—oo

0,1).

From now on, in this section we will consider w, (z) = wp1(z).

In order to have a positive operator, the quantities ¢, (z) and d,(x) from
relations (4.36) and (4.37) shall be positive. With these conditions, we obtain

20+ 1

T St L) 20
and
nt+p+1 1 20+ 1
1- n .1+wn(x)< —2(n+ﬁ+1)(1+wn(x))>20,

forallz € I, n € {1,2,...} and 0 < o < 8 which leads to:

2(n+pB+1)
2n+2a+1

2(n+B+1)

—1<wy,(2) <
v wn (#) S =500

x—1, (4.38)

forallz e I, ne{1,2,...} and 0 < a < .

Lemma 4.1.20. (See Lemma 11 in [110]) Let 0 < & < . Then there exists
ng € {1,2,...} such that relation (4.38) holds for any x € [¢/,1 — &'] and
ne{l,2,...}, n>ng.

From now on, we will consider I = [¢/,1 — &'], with fixed 0 < ¢’ < 3.
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We can write the operators in (4.1) as

n

S ()= a4 5+ 03 () (1w ()

k=0
k
(P (e )
n+6+1 200+ 1 n—k 'n+z+1
X(ln<1+wn<x>><xz(n+5+1><1+wn<w>>)) /f(t)dt.

Lemma 4.1.21. (See Lemma 12 in [110]) Forz € I, I =[¢/,1-¢], 0 <&’ < 3,
andn € {1,2,...}, we have

Moo (85577 (2) = 1+ wa (),

My 1 (Sé?f)*) (z) = —zw, (x),
My .2 (Sé?‘ﬁﬂ)*) (z) = 2w, (z).
Theorem 4.1.22. (See Theorem 4 in [110]) We have
; (o, B)* _
Jim S50 (f) = f
uniformly on [¢',1 —¢'], 0 <& < &, for every f € C([0,1]).

Remark 4.1.23. Having in mind the result in [{8] which proves there is no
sequence of positive linear analytic operators L : C([0,1]) — C([0,1]) that pre-
serve the test functions ey and es, we can mention that the restriction of the
image to [/, 1—¢'], 0 <&’ < %, is the mazximum interval on which our operators
remain positive.

Further, we will provide some graphical example as a comparison between
our operators S?Ea’ﬁ)* denoted by Pol K.S(x), and the operators P(x) obtained by

N

Indrea et al. in [62], which are a particular case of our operators with a = 8 = 0.

10 |

o5l i /F\\
\ P — PolKS(x)
/ . T Y . sin(20x)

i P{x]

Figure 4.4: f(z) = sin(20z), o = 10, 8 = 20, n = 50 iterations

Now, we consider the function f(x) = |z — 0.5] and we obtain the following
graphic:
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— PolKS(x)
—|x-0.5]
— P(x)

b3 04 05 0.6 0.7

Figure 4.5: f(z) = |z — 0.5|, « = 10, 8 = 20, n = 50 iterations
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5 Non-positive Kantorovich
type operators attached to
some linear differential oper-
ators

In this chapter, we present some operators obtained as a generalization of
Kantorovich operators using different kinds of linear differential operators. The
results presented in this chapter were published in the following three papers:
Vasian, B. 1., Approximation Properties of Some Non-positive Kantorovich
Type Operators, 2022 Proceedings of International E-Conference on Mathe-
matical and Statistical Sciences: A Selguk Meeting (2022), 188-194; Vasian,
B. 1., Voronovskaja type theorem for some non-positive Kantorovich type op-
erators, Carpathian Journal of Mathematics Vol. 40, No. 1 (2024), 187-194 and
Vasian, B. 1., Generalized Kantorovich operators, General Mathematics, Vol.
32, No.2, (2025), 67-83.

The first section of this chapter is dedicated to some general Bernstein-
Kantorovich operators which are not positive on [0, 1], but can be used to uni-
form approximate all continuous functions on it.

In the second section, we will treat the most general Kantorovich type op-
erators. The method presented there is useful for providing countless approxi-
mation operators, which are not positive on [0, 1].

5.1 Some general Bernstein-Kantorovich opera-
tors

In this section, we will provide a generalization of Bernstein-Kantorovich
operators using a linear differential operator of order [ with constant coeffi-
cients, D', and its corresponding anti-derivative operator I', having the prop-
erty D'oI' = Id. We will prove that the convergence on all continuous functions
on [0,1] holds even though the operators constructed this way are not positive.
The way of constructing our operators is actually Kantorovich’s method pre-
sented in Section 2.8.3, meaning our operators will be obtained as a composition
between the derivative operator D!, Bernstein operator of order n + [ and the
antiderivative operator I'.

Let I € {1,2,...},

l
D'f =Y a; Y, (5.1)
i=0
ag,a1,as, . ..,a; € R. The corresponding antiderivative operator I' is obtained

from condition D' o I' = Id. This leads to:

(D'oI') (f) = f,
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that is equivalent with:

a (N +a (1) ot (1) tao () = £, (5.2)

which is a linear differential equation of order [ with constant coefficients for
which we know that I'f exists but it is not unique and it is of class C*(]0,1]).
Since there is an infinity of such antiderivatives, a unique one can be obtained
by imposing some initial conditions for differential equations such as, in a cer-
tain point the antiderivative I'f and its derivatives up to order ! — 1 should
have particular values (see [15]). However, the exact form of the antiderivative
operator does not play a role in our proofs, therefore, the initial conditions and
their form are neglected.
The Kantorovich type operators that will be presented in this section are of
the form
K'=D'oLol, (5.3)

where L is an operator.

Further we will consider L = B,,; in (5.3) and we will prove that these linear
operators can approximate continuous functions on [0, 1] even though they are
not positive operators.

The [-th derivative of B,,4; can be expressed in terms of finite difference of
order [ with the step k = n%rl:

n—H(fv )_ (n;_'l)'ZAlan( i >pnk( )v Z'E[O,].}, fEC([O,].])

— n+1

With all the considerations from above, let us define our Kantorovich type
operators:
Ki(fax):(DZOBTL-HOIZ)(fvx)a 1‘6[0,1] (54)

which can be written as
K} (f,2) = D' (BpyI'f) (x). (5.5)

For simplicity, let us denote I'f := F

l
KL (f.2) =Y a; [Bugi (F,2)]? (5.6)
1=0
l n4l—1i .
(n+1)! i J
- o 2 !

Remark 5.1.1. The operators (5.6) are linear operators.

Our aim is to prove that
||K£Lf—f|| — 0, asn —

for all continuous functions on [0, 1].
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5.1.1 Approximation result

In order to prove our main approximation the proof of the following lemma
is essential:

Lemma 5.1.2. (See Lemma 2.1 in [111]) Let I be a compact interval and
F € Ck(I), then the following convergence holds:

lim (n+0)"AF, F=F® uniformly on I,as n — o. (5.7)

n—oo n+l
Now, we can state and prove the approximation result.

Theorem 5.1.3. (See Theorem 2.2 in [111]) Let f € C([0,1]). The following
convergence holds:

lim K'f = f, uniformly on [0,1]. (5.8)
n— o0

Remark 5.1.4. [111] The operators K! f (z) are not positive as the following
example shows:

Example 5.1.5. [111] Let n = 1 and the differential operator be D*f = f' — f
which has a fived corresponding antiderivative I' f (z) = e* fox et f (t)dt, which
will be denoted by I' f (z) := F (x) and chosen such that F (0) = 0. We consider

the function
f@t)=e tecio,1].

Then:

_ 1

KH(f.1) = geb (70 —1) = 2 (7~ 1) = ~7.0288 x 102,

e
6
which proves our remark.

5.1.2 Voronovskaja type result

In this section we will prove a Voronovskaja type theorem for the operators
K! . Let us introduce the following differential operator in order to simplify the
notations:

l
Dyg(a) =3 aw'e" (). (5.9)

Theorem 5.1.6. (See Theorem 2.3 in [112]) Let f € C?%([0,1]) and F €
C'*2([0,1]), then
lim n [K} (f,2) — f(z)] = %Dl {z(1-2)[F(z)"} (5.10)

n— oo
1 x) ODL F" (x) B EazDéF’(x)

71 _ 11 - Ty A
72x(1 z) f (I)+(2 Ay ‘y:l 2 Oy? ‘y:l'

uniformly for x € [0,1].
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5.1.3 Simultaneous approximation

In this section we will prove a simultaneous approximation result concerning
operators K.

Theorem 5.1.7. (See Theorem 3.4 in [112]) Let f € C" ([0, 1]) with r € NU{0}.
Then:
lim [K,(f)") = ), (5.11)

n—oo

holds uniformly on [0,1] and F € C'*7([0,1]).

5.1.4 Example

In this final section we will take a particular case of our operators and we
will present some computations and graphics.

Let D*f = f” — 3f' + 2f be a differential operator of order two and I*,
a fixed corresponding antiderivative operator, in the sense D* o I* = Id, with
initial conditions I*f(0) = 0 and (I*f)" (0) = 0.

I"f(x) = /Ox " (e" 7t —=1) f(t)dt, z €[0,1]. (5.12)

We denote F(x) :=I*f(x).
Now, let us consider operators:

K*(f,2) = (D* 0 Bpys o I*f) (z) = D* (Bnio(F,z)), z € [0,1].  (5.13)

Now, we will consider function f(z) = 2® — 1.322 + 0.47z — 0.035. For this
function, for n = 30 we have the following graphical process, using Wolfram
Mathematica software:

0061
0.041

002} K]

/\ x*-1.3x*+0.47 x-0.035

02 0.4 ~E— 0.8 10
-0.02

-0.04%

5.2 Generalized Kantorovich operators

In this section we will introduce a new class of operators modified in Kan-
torovich’s sense using some linear differential operators of order [ with non con-
stant coefficients. The operators constructed here can be used to approximate
all continuous functions on [0, 1] even though they are not positive operators.
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This section contains the most general results on this topic, generalizing the
previous section by taking the differential operator D! in a general way. The
results are proved for any operator L satisfying some properties, not just for
Bernstein operators.

To support our results, we will provide an approximation theorem and some
Voronovskaja type theorems for the Kantorovich generalization of the Bernstein
operators, Durrmeyer operators, Kantorovich operators, Stancu operators and
U? operators.

The results in this section can be found in paper B. I. Vasian, Generalized
Kantorovich operators, General Mathematics, Vol. 32, No. 2 (2025), 67-83.

This topic was studied in particular cases in some papers such as [50, 83, 23,
109].

5.2.1 Construction of the operators

We will prove a uniform approximation result and a Voronovskaja type the-
orem for some Kantorovich type operators constructed using a more general
differential operator: let I € {1,2,...},

l

D'y (x) = Z a; (x) g® (x), (5.14)

with a; () € C(R), ¢ € {0,1,...,1}. By an antiderivative operator correspond-
ing to D! we mean an operator I' which satisfies D' o I' = Id. This condition
leads to:

(D' I') (f) =1,
which is equivalent with:

(-1

a; (x) (Ilf)(l)+az—1 (z) (I'f) +---+a1 (z) (Ilf)/—kao (z) (I'f) = f. (5.15)

Equation (5.15) is a linear differential equation of order ! with non-constant co-
efficients. For this kind of differential equation we recall the following existence
and unicity theorem:

Theorem 5.2.1. [15] Suppose that a; € C(I), i € {0,1,...,1}, where I C R
is an open interval with a € I. Having by, b1,...,b; € R such that the initial
conditions y¥) (a) = b; hold, i € {0,1,...,1}, the equation

a (@) Yyt @)y ot an @)y tao @)y = f (@), feC), (5.16)
has an unique solution y € C' (I).

From the above theorem we have that for equation (5.15) there exists solu-
tions, and by imposing some initial conditions we will find a unique one. We
mention that for the construction of the operators studied in this paper, the
exact expression of antiderivative operators does not play an important role
since choosing a different antiderivative operator, our operator will be different,
but the approximation processes we study do not depend on the choice of the
antiderivative operator.
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Remark 5.2.2. (See Remark 2.2. in [113]) From Theorem 5.2.1 we have that
the solution of (5.15) exists on an open interval I. In order to prove our results,
let us take I such that [0,1] C I.

Definition 5.2.3. [115] Let (Ly,),, be a sequence of linear and positive operators
on C([0,1]). We introduce the following Kantorovich type operators

K,=D'oL,ol, (5.17)
which have the expression
Ko (fix) = (D'o Lo l') (f @) (5.18)
= D'(L,, (F,x))
1

:Zal(m)LS)(F’l')v 1'6[0,1}, fGC[O,l],

i=0
where F (z) = I'f (z).

In order to prove our results we will need the following.
Let I be a compact interval and

k
My (x) = Ly ((t—x) ,x), zel.

k!

In paper [51] it was proved the following result.

Theorem 5.2.4. [51] Let (Ly,),, be a sequence of positive and linear operators
on C(I), I compact, such that L,, is convex of order r—1, with r > 0 an integer.
Suppose that M, 4 () = o (M, 2 (z)) uniformly for z € I, and M, o (z) =1, and
that there exists two functions a,b: I — R such that lim, . nM, 1 () = a(x)
and lim,,_, oo nM,, 2 (z) = b(z). Then, for f € CT2(I) the following limit holds
uniformly:

tiw 0 [LO) (f,2) - 17 (@)] = la(@) /' (2) + b(z) £ ()7, we I (5.19

n—oo

5.2.2 Approximation properties

For the operators K,, introduced above we can state the following approxi-
mation results.

Theorem 5.2.5. (See Theorem 4.1 in [113]) Let (Ly,),, be a sequence of linear
and positive operators on C([0,1]) , which has the property of simultaneous

approzimation HLst)g—g(k)H — 0 uniformly on [0,1], g € C¥([0,1]), k =
0,1, 1 €{0,1,2...}. Then the following convergence holds

K f — fll = 0, uniformly on [0,1], (5.20)
with f € C([0,1]).

Using Theorem 5.2.4 we can prove the following Voronovskaja type theorem
for our operators K.
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Theorem 5.2.6. (See Theorem 4.2 in [113]) Let (L,,),, be a sequence of positive
and linear operators on C([0,1]) such that L, is convex of order r — 1, with
r > 0 an integer. Suppose that My, 4 (x) = o (My 2 (x)) uniformly for x € [0,1],
and My, o (xz) = 1, and that there exists two functions a,b: [0,1] = R such that
limy, 00 M, 1 (2) = a (x) and lim,, oo nM,, 2 (x) = b(z). Let K,, = D'oL,, 40
I'. Then, for f € C™+2([0,1]) the following limit holds uniformly:

l o
Jim [ (f,2) = £ @) = 3 ai () la (@) F' (@) + b (@) F" @) (5.21)

0
"(x) +b(z) F' (x)), = €[0,1].

B!

= D' (a(x)

5.2.3 Simultaneous approximation result

In this case we consider a; (x) = a; € R, i € {0,1,...,1l}, I > 0, real
constants and the differential operator

l
DY f(x) =Y aif (x), (5.22)
=0

and I*! a corresponding antiderivative operator with respect to D* o I*lg = g,
which leads to a linear differential equation of order [ with constant coefficients
a; € R. For this kind of equation it is well known that solutions exist but they
are not unique until we impose some initial conditions which are not needed for
the following result. Denote I*!f := F™*.

Let L,, be a sequence of operators and define K as:

K =D*"oL,ol" (5.23)
For operators K we can state the following simultaneous approximation result:

Theorem 5.2.7. (See Theorem 5.1 in [113]) Let (L,), be a sequence of op-

erators having the property that (Lng)(])
g€ Ci([0,1]), 0<j <r+1, r>0. Then

— g9 uniformly for x € [0,1] and

lim (K )" = £ uniformly on [0,1], (5.24)

n—oo

f€C(0,1]) and F* € C™*([0,1]).

5.2.4 Particular cases

In this section we will study the generalized Kantorovich modification for
some well known operators.

In order to simplify the notations we introduce the following differential
operator

l
l)ég(m):::E:yﬁu(x)gu‘l)(x)- (5.25)
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Bernstein operators

Let B,, be Bernstein operators defined in (1.1):

n

Bu(f0) =Y pua @) £ () 2 € 0,11, € OO,
k=0

where p,, i, (z) = (7)zF (1 - )" for 0 < k < n.

Let L,, = By,4;. Therefore,

KP (f.x) = (D'o B,y ol') (f ) (5.26)
l

=Y ai(@) B, (F2), z€[0,1], f€C(0,1]).
=0

Theorem 5.2.8. (See Theorem 6.3 in [113]) The following convergence

lim K2 (f)=f (5.27)

n—oQ
holds uniformly on [0,1] and f € C([0,1]).

Theorem 5.2.9. (See Theorem 6.4 in [113]) Let a; € C?([0,1]) and F €
C'*2([0,1]). The following limit holds:

Tim n [KP (f,2) — f (2) (5.28)
1- 1— 22 ODLF" 19°Dy F'
— MDlF”(x)+ 5 & yay (x)‘yzl - 253/2(@'3’_1’
fe ([0, 1)).

Durrmeyer operators

Let D,, be Durrmeyer operators defined in (1.1):

n

1
Dn (fwr) = (n+ 1)an,k (x)/o Pn.k (t)f(t) dtv T € [07 1}7 f € C([O, 1]);

k=0

with p,,  (z) = (Z)xk (1- x)n_k ,for0<k <n.
Durrmeyer operators are useful in approximation of functions f € Ly ([0, 1]).
We now choose L,, = D,,4; in our construction, therefore

KP (f,z) = (D' o Dpyyo I') (f,2) (5.29)
l
= ai(@) DY), (Fx), € 0,1], feC([0,1]).

=0
Theorem 5.2.10. (See Theorem 6.6 in [113]) The following convergence

lim K2 (f)=f (5.30)

n—0o0

holds uniformly on [0,1] and f € C([0,1]).



41

Theorem 5.2.11. (See Theorem 6.7 in [113]) Let a; € C%([0,1]) and F €
C'*2([0,1]). The following limit holds

lim n K (f,2) ~ f («)] (5.:31)
1 nllj
= 2(1—)D'F"(x) + (1 - 20)D'F'(z) + (1 - 2x>W|y_l
OD! F’ 92D !
_2119y(.r)|y—1 - (‘;Jy2<x)|y_17 f c 02([0’ 1])

Kantrovich operators

Let K, be Kantorovich operators defined in (1.1):

k+1

R (fia) =0+ D) pu o) [ 10t € 0,1], £ € C(0.1),
k=0 n+1

n+1

with pp, i (2) = (V)% (1 - )" F for 0 <k <n.

For these operators we have that the simultaneous approximation result
holds, see [50].

We choose L, = ~n+l in our construction, therefore

KE (f,2) = (Dl o Kyt 0 Il) (f, ) (5.32)
l

=Y a; (2) K}, (F,z), € [0,1], fe (1))
1=0

Now, because the simultaneous approximation result holds for Kff , We can
apply Theorem 5.2.6 and we get the following uniform approximation result:

Theorem 5.2.12. (See Theorem 6.9 in [113]) The following convergence

lim KX (f)=f (5.33)

n— oo

holds uniformly for x € [0,1] and f € C([0,1]).

Theorem 5.2.13. (See Theorem 6.10 in [113]) Let a; € C*([0,1]) and F €
C'*2([0,1]). The following limit holds

Jim [ (f.2) - f (2) (5:34)
Lo T
= WDZF“(@ + (1 —2z)D'F'(z) + L ;250 6Dyaz ( )|y=1

B ODLF'(x) 102DLF'(x)

T'y:1 - 5373/2"1/:17 feC(0,1).
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Stancu operators

Let S# be Bernstein-Stancu operators defined in (?7):

S0 = Y ()7 (155) - # €01, s econ)

with pp (z) = (})2* (1 —2)" ", for 0 <k <n, and 222 € [0,1], 0< k < n.
We choose L,, = S:fl in our construction, therefore
K5 (f,z) = (Dl 0500 Il) (f,z) (5.35)

- Zaz ) (s28)” Py, w e 0.1, e (o).

Because the simultaneous approximation result holds for K, we can state
the following uniform approximation result using Theorem 5.2.5:

Theorem 5.2.14. (See Theorem 6.12 in [118]) The following convergence
lim K5 () f (5.36)

holds uniformly on [0,1] and f € C([0,1]).

Theorem 5.2.15. Let M, ,, = %So‘ﬁ( e1 —xzeg)™,x). Then

(
(n+ B)(m + 1) My, i1 (2) (5.37)
= 33(1 - Jf) [M;z,m(‘r) + mMn,nL—l( )] (Oé — 637) n m(a:), T € [07 1]

Theorem 5.2.16. (See Theorem 6.13 in [113]) Let a; € C?([0,1]) and F €
C'*21[0,1]. The following limit holds

Jim n [K7 (f,2) = f (2)] (5.38)
_ _ aDl F
= Ll? ?) D'F"(x) + (o — Bx)D'F'(x) + ! 223: yay ) |y=1
19°DLF’ aDLF
R P (A= (X0}

U} operators

Up operators are defined as:

ZFﬁk )Pk (z), f€C(0,1]), z €0,1],
with

L = [ £ o and

tkp—l (1 _ t)(”*k’)l)*l

O e (R
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where B (-, -) is Euler’s Beta function and p > 0.
Now, we take L, = U}, and we get

UKL (fo0) = (D'oUR, o 1') (fi2), feC(01]), z€[0,1].  (5.39)
Theorem 5.2.17. (See Theorem 6.16 in [113]) The following convergence

lim UK? (f) — f (5.40)

n— oo
holds uniformly on [0,1], f € C([0,1]) and p € (0, ].

Theorem 5.2.18. (See Theorem 6.17 in [113]) Let a; € C*([0,1]) and F €
C'™*2([0,1]). The following limit holds

lim 0 [UK? (f.2)  f (2) (5.41)
Cptljz(l—x) ., 1 — 22 ODLF" (x) _182D2F’(33)
=" D'F"(z) + 5 ay =TT g ly=1
(5.42)

where z € [0,1], f € C%([0,1)).

5.2.5 Nonpositivity of operators

Proposition 5.2.19. (See Proposition 7.1 in [113]) Operators KB, KP| K5 KK
and UK, are linear but not positive operators.
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6 Double weighted second
order modulus of continuity

In this chapter we introduce a second order modulus of smoothness with two
weight functions in order to obtain estimates of the degree of approximation
of functions with fast growth to infinity, by general positive linear operators
which preserve polynomials of degree one. We will also give an example for
Szész-Mirakjan operators. The results in this chapter are based on the paper
published in R. Paltanea, B. I. Vasian, Double weighted modulus, submitted.

The aim of the present work is to give general quantitative convergence
results for the pointwise approximation by positive linear operators of functions
on interval [0, 0o) with a fast growth to infinity, using a new special second order
modulus of smoothness. Also, we will mention some consequences for uniform
approximation on compact sets and for weighted approximation.

The new modulus we introduce uses two weight functions. The first one is
o(x) = y/x, x € [0,00), which was already used in the construction of Ditzian-
Totik modulus on interval [0,00). The second one, denoted by ¥, has the role
of weighting the growth of functions to infinity.

The method described is a direct one and uses a ”canonical” sequence which
can be attached to a point in interval (0,00) which we will define later. This
method was used for the first time in estimating the rate of approximation by
general positive linear operators in terms of Ditzian-Totik modulus in [47] and
developed in [80], [24].

Some examples are given for the case of the Szdsz-Mirakjan operators, in
the last section of this chapter.

6.1 Definitions and basic results

We denote I = [0,00) and we use the definitions mentioned in Chapter 2,
Section 2.1 for the spaces F(I), C(I), C*(I). If f € C(I) and b > 0, denote
I fllfo,6] = maxgepop) |f(x)]. Let ei(t) =t*, (t € I), for i = 0,1,2,... and I, the
space of polynomials with degree at most k.

For a function f € F(I) and three points 0 < a < y < b, let us denote

Afa,.0) = =2 fla) + L2 0) - 1(y), (6.1

We consider the function (t) = v/, (t € I). Also, let ¥ € F(I) be an increasing
function such that ¥(0) > 0.

Definition 6.1.1. [87] For h > 0 and f € F(I), let

wg’w(f,h):sup{w, 0<a<y<b b—a<2hp (a—2|—b>} (6.2)

and
By ,(I) = {f € F(I), wy"*(f,h) < o}. (6.3)

It is easy to show that wg’“" is a second order modulus on the space B(I‘,W(I).
Note that, if 0 < by < hg, then By (I) C B2 (I).
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Lemma 6.1.2. [87] Let h > 0 and function Op,(u) = u+h?—h\/4u + h2, u € I.

i) For any numbers 0 <t < u and h > 0, the condition u —t < 2h/ “T“ 18
equivalent to inequality t > Op(u).

it) Let a > 0 and n € (0,1). If h < (1 fn),/ﬁ, then ©p(u) > nu,
(u>a).

Lemma 6.1.3. [87] Let U € F(I) be an increasing function such that ¥(0) > 0.
If for f € C(I), there exists n € (0,1) such that

f(z)

8 ey = 64
then
i) for any h > 0 we have wy ?(f,h) < oo;
ii) we have
Jim, wy ?(f,h) =0. (6.5)

Lemma 6.1.4. [87] Let U € F(I) be an increasing function, with ¥(0) > 0. If
f € C?(I) satisfies the following condition: there exist the constants M > 0 and

n € (0,1) such that
x

1! S < M .
then
wy P (f,h) < oo, (h>0), and Jim wy ?(f,h) = 0. (6.7)

Example 6.1.5. [87]If f(x) = 27, (z € I), with v > 2, and ¥(z) = 2* + 1,
(x € I) with & > v — 1, then limp_,04 wg’w(f, h) = 0. One can apply Lemma
6.1.4.

Example 6.1.6. [87] If f € C(I) and there exist M > 0, v > 0 such that
|f(z)] < Me™, (z € I), and U(z) = e, (z € I), o > , then limy, 04 wy (f, h) =
0. One can apply Lemma 6.1.3.

6.2 Canonical sequence attached to a point

In order to obtain estimates with modulus wép ¥ we define the canonical
sequence attached to a point y € (0,00) and to a number h > 0, such that

y > h2, as follows.

Definition 6.2.1. /87] Let h > 0 and y > h®. Let q¢ > 1 such that y = ¢*h®.
The canonical sequence attached to y and h is the sequence (x;)j>—_or:

0<z 9, <21 9 <...<zx 1 <2p=Yy<27<..., (6.8)
where r = [q] (the lest integer less than or equal to q) and

212 C > _
j_{ (g + k)*h=, forj =2k, keZ, k> —r (6.9)

(q+k)(q+k+1)Rh2 forj=2k+1, keZ, k> —r.
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Remark 6.2.2. [87]
i) The term x_5,._1 > 0 is not defined because (¢ —r — 1)(¢ — r) < 0.

ii) For g e Nwe have 0 = x_o, = T_0,41 < T_2p42 < .... For ¢ € N we have
0<x_9 < T_opy1 < ...

iii) We have

Zogt1 — Top = hp(xag), for k > —r; (6.10)
Tog — Tak—1 = ho(zak), for k> —r+ 1. (6.11)

Lemma 6.2.3. [87] We have
Tis1 — 151 < 2he (”ngjj‘l) Wi >1—2n, (6.12)

and consequently, for any f € Bg’w(l)
|A(f 51,25, 2501)| < Uag)wy P (f,h), j>1-2r (6.13)

Lemma 6.2.4. [87] Let h > 0 and y = ¢*h*, with ¢ > 1. Let f € By (I) be
such that f(y — he(y)) =0 and f(y + he(y)) =0. Then

w— )2
70 = )1 < 00 (14 T ) G, Vs ). (610

Lemma 6.2.5. [87] Under conditions of Lemma 6.2.4, we have:

(t—y)?
yh?

() - 7)< ¥() (1 14 ) W (LR, YO <t <y —holy), (6.15)

(if there exists such t).

Let us fix y > 0, h > 0 and ¥ € F(I), an increasing function, such that
¥(0) > 0. For f € B\’IL,W(I), let us consider the function:

as = (14 S0 o + (1442 w2, fﬁfj.ﬁ)

Lemma 6.2.6. [87] Under conditions of Lemma 6.2.4 we have

£ () = F) < (U(s) + W (y))wy #(f,h), (5 € ly = he(y),y + heoly)]). (6.17)
Corollary 6.2.7. [87] In conditions of Lemma 6.2.4, we have:

[(w=y)(f(t) = f(y) + =) (f(w) = f(W)] < (u=y)As (1) +(y—t)As(u), (6.18)
for all points 0 <t <y < u.

Lemma 6.2.8. [87] Let h > 0 and 0 < y < h%. Let f € B\}IL/,@(I) such that
f(0) =0 and f(2h?) = 0. Then relation (6.18) is satisfied for all points 0 < t <
y<u.
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6.3 The main results

In order to obtain the main result we shall use of the following general result.

Lemma 6.3.1. [87] Let p be a positive measure on interval J and let F be
the functional defined by p, i. e. F(f) = [, f(t)du(t), f € Lu(J). Lety be
an interior point of J. Suppose that Iy C L£,(J), F(eo) = 1, F(e1) =y and
F(ler —yeo|) > 0. Let f € £L,(J) and ® € L£,(J) be such that ® >0 and

[(w=y)(f@) = (W) + (y =) (f(w) = f(W)] < (u—y)P@) + (y —1)P(w), (6.19)
forallt,ue J, t <y <u. Then:
[F(f) = fy)l < F(®). (6.20)

Remark 6.3.2. In [80]-Theorem 2.1.1 a more general result is given, with a
different proof.

Recall that I = [0, 00). Let us fix an increasing function ¥ : I — (0, 00) and
consider a sequence of positive linear operators L, : V — F(I), of the form

Lu(foy) = /[ HOduay @), fEVyelnen), (62D

where {f,.4, (n,y) € Nx I} is a family of positive measures and by V' we mean
V' =Nnyenxt Lun, (1) Also suppose that

II, C V, and VII, C V (622)
L,(e;) =e€;, i =0,1, and L, (le; — yeo|)(y) # 0, forn € N, y € I. (6.23)

Also, using the notations given in Section 6.1 we state our main result.

Theorem 6.3.3. [87] If (L), is a sequence of positive linear operators of type
(6.21) satisfying conditions (6.22) and (6.23). Then for any f € Bff,&([) nv,
neN,yel and h >0 we have:

T(y) (1 +4L, ((ez;(‘z;o) y))
+L, <\1/ <eo + <w> ) y)] Wl (f,h). (6.24)

In the particular case where ¥(s) = 1, (s € I), denote wy?(f, h) simply by
ws (f,h) and B‘}IL,W(I) by BJ(I). In this case we obtain a simpler result.

ILn(f,y) — f(y)] <

Corollary 6.3.4. [87] If the conditions of Theorem 6.3.8 are satisfied, and

U = eg, then inequality
€1 — Yeo ?
2+5L, () | ws(f, h 6.25

holds for anyfeB:;(I)ﬁV, neN,yel and h > 0.

1Ln(fyy) = f(W)] <
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Corollary 6.3.5. [87] Let (L), be a sequence of positive linear operators as
in Theorem 6.3.3. Let b > 0. Suppose that U is increasing, ¥(0) = 1 and
| Ly (W) [lf0,5) < 00. Denote

he = sup y 'L,(¥(er —y)?y), (n€N), (6.26)
y€(0,b]

and suppose that h? < co. If f € V satisfies the condition wg’“’(f, ht) < oo,
n € N, then

1Z0(F) = Fliom < (5%0) + 1Ea(@)loy + D3 (£,4/08). (6:27)

Consequently, if lim,, o, h2 = 0, for each b > 0 and limj,_o wg"p(f, h) =0,
then (L, (f))n is uniform convergent on compact sets to f.

6.4 Applications to Szasz-Mirakjan operators

Szasz-Mirakjan operators are defined by:

S = g (B) e, (6.29)
k=0

where f € F(I) is a function for which the series is convergent. These operators
k
can be represented using a family of measures p,, = e "> %&C/m

where J, is the Dirac measure of the point z.

Remark 6.4.1. [87] If f € F(I) satisfies condition |f(y)] < Me", V y € I,
where M > 0 and v > 0 are constants, then S, (f)(y) is well-defined for all y € T
and n € N. Indeed, using the inequality n (e% - 1) <e"—1,neN a>0, we
have

o
_ (ny)*
ny
ey
k=0

Then the series in (6.28) is absolutely convergent.

k = (nye)" :
(E)] < e S OIS pgerict 0 < aret v,
n .

k=0

Denote E(I) = {f € F(I), 3M >0, 3y >0, |f(t)| < Me™, (t € I)}.
Theorem 6.4.2. Let U(t) = e, (t € I), a« > 0. Consider the function
Ho(y) =5 + e"~DV(1 4 e 4 y(e® — 1)2), (y € I). (6.29)

Let f € E(I) and n € N be such that wy ¥ ( ) < oo. We have

v
. 1
1S0(F.3) — F)] < Ha(y)wl* (ﬁ ﬁ) e, (6.30)

and consequently, for each b > 0:

190 (F) = Fllos < Ha(Bwd* (f, jﬁ) . (6.31)
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Corollary 6.4.3. [87] If f € E(I), then sequence (Sn(f))n is uniformly con-
vergent on compact sets to f.

Moreover, if f € C(I) satisfies condition |f(x)| < Me™, (x € I), with
M >0, v >0, then for each b > 0 relation (6.31) holds for n € N, where o >

and W(z) = e, (z € I). Also lim,, o wy? (f7 ﬁ) =0.

Finally we consider the weighted approximation. For g > 0, let the weight
function exp(_g)(z) = e P (z €I). For f € F(I), denote

1£l—py = sup | (@)[e"*. (6.32)
xzel

Corollary 6.4.4. [87] Let f € C(I), be such that |f(z)] < Me™™, (xz € I),
where M > 0, v > 0. If 8 > max{y,e — 1}, then:

Tim (S (f) = fll-p) = 0- (6.33)
Moreover, if there is «, 8, such that > max{«a,e* — 1} and a > -, then:
L
n

—Byy, W,
1,0 = Tl < sup(a (1)) (f, f>, (6.31)

where ¥(z) = e®, (z € I), sup,c;(Ha(y)e ) < 00 andlim, wy? (f, ﬁ) =
0.
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7 Conclusions

The results presented in this thesis bring new contributions to approximation
theory.

We have proved the usefulness of considering operators which are not positive
by providing estimation results that are improved on the interval on which
operators considered are not positive.

We also have introduced a method of generating approximation operators
of Kantorovich type defined using an arbitrary linear differential operator with
constant or non-constant coefficients.

Moreover, we have introduced a new second order modulus which is helpful
in obtaining estimates of the degree of approximation of functions with fast
growth to infinity, by general sequences of positive linear operators.

In what regards further development, this thesis opens new directions of
research. One of these is the approximation of functions using operators that
are not mandatory positive operators and research the improvements they can
bring.

Also, in what concerns the modulus introduced, the problem remains open
to considering the second weight function convex instead of increasing.

In conclusion, this thesis brings results that significantly advances the ap-
proximation theory by linear operators by introducing novel methods and con-
cepts.
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