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Abstract

This paper aims to extend, within the context of quantum calculus, the a-Bernstein-Schurer
operators (« € [0,1]) to Kantorovich form. Using the Ditzian-Totik modulus of con-
tinuity and the Lipschitz-kind maximal function for our recently extended operators,
we first examine the Korovkin-type theorem before studying the global approximation
and rate of convergence, respectively. Furthermore, Taylor’s formula is used to present
Voronovskaja-type theorems. Lastly, the aforementioned operators are validated through
the numerical results with graphical representation.

Keywords: Kantorovich operators; Schurer operators; quantum calculus; global approxi-
mation; Voronovskaja-type theorem

MSC: 41A25; 41A36

1. Introduction and Preliminaries

The Bernstein polynomial, a positive linear operator, was initially introduced by S.
N. Bernstein in 1912 [1]. In his study, Bernstein showed that, under the assumption that
p € C[0,1], the space of all continuous functions ¢ in [0, 1] is uniformly approximated by
the Bernstein polynomial defined by [1]. The Weierstrass approximation theorem can be
quickly shown using the Bernstein polynomial. Consequently, the well-known Bernstein
operators By, for every x € [0, 1] are as follows:

By (y7x) = é #(2)but),

where 77 € N (set of positive integers), and by, (x) denotes the Bernstein polynomials of
degree 7 such that

by u(x) = <Z) (1 —x)1F

where p =0,1,---,1;x € [0,1], and

byu(x) =0 (u<0 or u>n).

A notable application of these operators is their use in numerical differentiation and
quadrature as discussed by Costabile et al. [2].
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Recently, using the variant of the shape parameter « € [—1,1], Chen et al. designed
a-Bernstein-type operators [3]. Furthermore, a number of researchers have studied opera-
tors of the w-Bernstein type and computed convergence results. In this regard, a number of
scholars have used many generalizations and modifications for these types of operators,
and their approximation qualities have been investigated, as shown by, for example, the
following: Ayman Mursaleen et al. defined Blending-type operators with shape parameter
« [4] and also constructed wavelet-type Baskakov operators [5]; Aslan constructed bivari-
ate GBS-associated A-Bernstein-Kantorovich operators [6]; Cai constructed Bézier-type
Kantorovich operators [7] while generalizing the Bernstein operators [8]; Kilicman et al.
created Baskakov-Durrmeyer-type operators [9]; Mohiuddine and Ozger created a-type
Bernstein—Kantorovich operators [10]; Mursaleen et al. presented g-Bernstein—Kantorovich-
type operators [11,12]; Rao et al. obtained Szdsz-Kantorovich operators [13-15]; and
Turhan et al. constructed Kantorovich-type Bernstein operators based on («, A,s) [16].
Moreover, Sehrawat et al. approximated Riemann-Liouville fractional Kantorovich-type
operators [17], and S. Berwal et al. approximated Riemann-Liouville fractional-type opera-
tors based on parameter « [18]. They determined the convergence qualities and calculated
the results of the Voronovskaja-type approximation.

Quantum calculus, often known as g-calculus, has various applications in the study
of positive linear operators and approximation methods. The following are some essen-
tial components: Quantum calculus is used to define g-Bernstein operators, g-Bernstein—
Kantorovich operators, and other operators, which provide better approximation results on
certain classes of functions; define the shape-preserving properties of positive linear opera-
tors, such as monotonicity, convexity, and variation diminishing; study the approximation
properties of positive linear operators, such as convergence, the rate of convergence, and
asymptotic behavior; investigate the modulus of continuity, which is used to study the
smoothness properties of functions; and so on. Moreover, positive linear operators and
their approximation qualities can be studied effectively with quantum calculus, which has
applications in approximation theory, numerical analysis, and computer-aided geometric
design, among other areas. Finally, positive linear operators based on g-calculus have
improved approximation and applications compared to classical positive linear operators;
the g parameter allows for more flexibility in approximation, and it has many applications
in computer-aided geometric design, numerical analysis, and other fields. Moreover, if we
apply 4 — 1, then g-Bernstein operators [19] are reduced to classical Bernstein operators [1],
and g-Bernstein-Kantorovich operators [20] are reduced to Bernstein—Kantorovich oper-
ators [21]. So we can conclude that our constructed operators, the Kantorovich variation
of a-Bernstein-Schurer-type operators in g-calculus, are a type of mathematical operator
that is used in quantum computing to approximate functions. These operators are a gen-
eralization of classical Bernstein-Kantorovich operators, a-Bernstein—Kantorovich-type
operators, Bernstein—-Kantorovich-Schurer-type operators, and g-Bernstein—Kantorovich—
Schurer-type operators.

The basic properties and attributes of g-integers are easily found (see [22-24]). For any
q € (0,1) and v € N, the g-number is denoted by [v], = % Let v = 0; then [v], =0,

v—1
and for v € N, one can also write [v], = ¥ ¢" =1+4q+ 7>+ - -+ q°L. The g-factorial is
u=0

defined by [v]q! = ITj-1[jl4- Forv =0, we set [v] ! =1
Using the g-analog, Lupas [25] introduced the first Bernstein polynomials, calculating
various approximation properties and shape-preserving properties.
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In 1962, Schurer [26] obtained a series of positive linear operators, denoted as Sf;,;l,
using a positive integer P for every 77 € N: defined for every ¢ € C[0,P + 1] and Sy,
C[0,1+ P] — C[0,1] by

n+P
9= L o(5 ) xeo1) W
where the fundamental Bernstein-Schurer polynomials are s, p,, (x), such that
m+ p U n+P—pu
SnPy( x) = U xH(1—x) (0=0,1,---,1+P). )

Suppose that 7 € N, ¢ € C[0,P + 1] in [27]; the g-analog of Bernstein-Schurer
operators is constructed for any fixed positive integer P such as

n+P n+P—u—1

n+P o [1q
771114(1‘/)’ )_P;) n qxﬂ E) (1 qx) 11[]([’7]!1)/ x e [0/1]‘ (3)

The Bernstein operators By(f;x) are obtained from the operators 5,7 gu($;x) in
Equality (3) if P = 0 and q = 1. In this instance, the polynomials s, p, yield the funda-
mental Bernstein polynomials by, (x).

Most recently, the Bernstein-type operator by the use of shape parameter & was
proposed by Ozger et al. [28]. When P and 57 € N, 7 > 2 are non-negative integers, the
a-Bernstein-Schurer-type operators @Eli’,a) : C[0,1+ P] — CJ0, 1] are denoted by

n+P

o) (y th( ) QM (x),  (xeo1)), 4)

where i € C[0,1+ P|,and a € [0,1], and

(1_“)x(ﬂ+5_2)+(1—oc)(1_x)(’7‘;ﬁ;2)

+ax(1l—x) <77 : P)

The Kantorovich modification of the Bernstein operator was developed using the

Qr(x) =

xVﬁl(l _ x)iy+P7(y+l)‘ (5)

shape parameter « as described in [29].

M (Fx) = (7 +1) ZP“") ”“f<¢>d4>, ()

+1

where

(l—oc)x<17;2) +(1—0<)(1_x)<7__§>

+ax(1—x) (7)1 X1 - x)”f(iﬂ). (7)
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The Kantorovich modification of the a-Bernstein-Schurer operator on the shape pa-
rameter « [30] is given by

sy (Pw) %
Kol = (r+1) £ Qi) [ vlgde, ®)
H= n+1

Most recently, by applying the shape parameter «, another form of the g-analog of
the Bernstein—Schurer type was presented by Nasiruzzaman and Aljohani [31], for all
¢ € C[0,1+ P] and x € [0, 1], followed by

3 |
]
@y (5 x) = ZO P (%) w( ) 9
‘u:
where we suppose that { = # + P, and

P
piy,’t?,y(x) =

e =
q

u—2
+ocx(1 - qg_”_1x> [ i

+ (1 oc)xl ¢-2 ] ]x”‘l(l - x)g_“_l. (10)
q # q

Lemma 1 ([31]). For the test function P(¢p) = 1, ¢, the operators CDf;,’g‘ defined in (9) have the
following moments:

P,u .y @x
Py (#iX) =

Ppi(lx) =1

Lemma 2 ([31]). Let 0 < a < 1 and the test function {(¢) = ¢, for 2 < r < { —1; then
operators <I>,I7);§‘ have the following equality:

<I>5:§‘(4>’;x) =X+ T4+,

where -
g 7 (02!

er = T (I e =1+l el |

Corollary 1 ([31]). To obtain the moments of orders two, three, and four, suppose the test function
Y(p) = ¢?, @3, ¢*; then we have

1-— -1 142
o8 () = [< (¢ %q (H]q))“[}[%q]x
+[(1—vc)[é—z]q(q[é—l]q+q5[2]q)
(13
a[C 1]q[€]q 2
TR }
. 1—a)([0-1 11402 s
q){?’:q<¢3;x) _ {( ([ ]q"“g’?]é( + [2lg) + []q)]x

+[(1 —a)qg = 2J,([C — g + [2l49° ™)
(13
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alCll0 —1q7
TR |
+[(1 —a)q°[¢ = 24[¢ —3J4([¢ — g +4° ' [3]y)
113
aq?[C — 1]4[¢14lC — 2]{1} 3
113
) - [ gy,
[(1 — ) [ —2]4(q[g — g + [2]44°)
(13
alClql0 —1q] 5
TR |
[0 =2l e+ 10
113
D“P[é]q[g —1ql0 - 2147 3
! P |
+[(1 — 2)q°[¢ — 214[¢ — 314[C — 414 (17 — 14 + q° ' [4]4)
UlF
+0“16[€]q[€ — 1[0 —2]4[C — 3]‘7]9(4.
[n]3

The structure of the current work is as follows. A novel family of the generalized
Kantorovich variant of a-Bernstein—Schurer-type operators via the g-analog is defined in the
second section, along with a few basic features that are crucial to the theory of the uniform
approximation of functions. The third section’s primary goal is to examine some significant
findings regarding uniform convergence and estimates of the new linear positive operators,
which are straightforward uses of the formulas and properties mentioned in the second
section. In the fourth section, we quantitatively estimate the Voronovskaja-type theorem for
the twice differentiable and bounded function. In the last section, we study some examples
and conduct a graphical analysis. These findings not only enhance our understanding of
the operators but also provide valuable insights into their practical applications in various
mathematical fields. Ultimately, this research paves the way for the further exploration and
refinement of approximation techniques.

2. Kantorovich-Type Operators and Moments

The main goal of this section is to obtain the approximation qualities and construct
the Kantorovich variant of a-Bernstein-Schurer-type operators via the g-analog. Functions
of the Lebesgue integrable type can be approximated using Kantorovich generalizations to
sequences of positive linear operators (PLOs). Kantorovich modifications entail substitut-
ing mean values in [%, Z‘%ﬂ for sample values f (%‘) We give the definition of a new
family of Kantorovich variations of a-Bernstein-Schurer-type operators via g-analogs in
Equality (11). To acquire specific fundamental characteristics that are crucial to the notion
of the uniform approximation of functions, we give Lemma (3), Corollary 2, and some
theorems. In Lemma 3, we calculate moments by taking the test function ¢(¢) = ¢, and
we find that the sequence of PLO ‘I’f])j;‘ to the continuous function ¥ on the compact interval
[0,1] is the uniform convergence of the sequence (ngg‘ (¢";x) — ¢" forr =0,1,2,3,4. This
result demonstrates the effectiveness of the PLO sequence in approximating continuous
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functions, highlighting its utility in various applications within functional analysis. Fur-
thermore, it sets the foundation for exploring more complex scenarios and extending the
results to higher-dimensional spaces. In Corollary 2, we calculate the moments, namely,
‘I’g;‘ ((¢ —x)";x), for r = 1,2,4, which play a crucial role in obtaining the convergence
of operators (11) in spaces of a modulus of smoothness, Lipschitz maximal function, and
Peetre’s K-functional.

We now define the Kantorovich extension of Bernstein-Schurer operators in the frame-
work of g-calculus involving « (shape parameter) by taking into consideration positive
integers P for any 77 € N, fixed « € [0,1], and also assuming 1 < p < coand 7 + P = . We
use ‘I’gé‘ for operators acting on L, [0,1] — L,[0,1] and construct

[u+1]q
[r+1]

TM(‘/’ x) = [n+1] Z pnw )‘fy/[#]q " 9(@)dg9, a1

[+1]q

where ¢ € L,[0,1], x € [0,1], (7 > 2), and pg/’g‘,”(x) defined by Equality (10).

Hereby, the symbol [m];, the g-integer, will be represented by [m].

Instead of the operators based on Equality (9) in [31], the operators defined by
Equality (11) are constructed over the broader class of functions such as L,, p > 1.

To obtain the moments and central moments for operators ‘I’g;g‘ defined by (11), we
use the equalities from Lemma 1 and Corollary 1.

Lemma 3. Let the test function P(¢) = 1,, %, ¢°, ¢* be taken to operators ‘I’gg‘ defined by (11);
then we get the following identities:

Yoa(Lx) =1
. Rl[glx+1
WA eN = o
(0. (1—a)([Z— 1]+ 11+ [2]) +a[Z])
W) - i+ 1P |
+[U&MMﬂHCH+DM“U
[ +1]2
=11, [0 e+ 1
+[WH]} T B T EpriE
() = a0 ( - 2) +afl]s

-y krwmm—mm—ﬂ

+m%*wwmm—n}2

N {(1 —a)[¢ —2][C = 3]([¢ — 1] +¢°1[3])
[n+1]3

ag’lc —1[E)[c 2] 5
i [ +1]3 }
2
W {(1 —a)q[¢ —1J([¢ - 2]

+m¢1wmmm—u}2
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(1+3q)[¢] 1
4l +12 7 4y + 1

2

¥ (ghx) = (]

g Ll (-1 2) 4l

4 [(1 —a)qlg — 20— 1]+ 2

2
P .

+afgle -] g

[1] _
[ - P — 2 -3 (- 1+ o)

Falg — 1 [g—z@xa

{(1 —)q°[7 —2][ — 3][Z — 4] ([T — 1] + q°'[4])
[n+1]*

°[g]Ig —1][g — 2] — 3}} 4
[n +1]*

(14293 +40) ) [ 1 (17—
ELEDIE [( >(M 1

1 [zn) +am]x
(1+2q+3¢° +44°) 1]

[(1 —)glf— 1) -2+ 2

(5107 +1J*
+afg - ()|
(1 +?q][47;1jle]1- 4q°) [(1 — )Pl - 3][C — 2] ([5 —1]
s 1[]>+rxq3[§ (gl - ]}
1—1—3:7qj16q {1_06 1] +4° 1(1+[2]))+a[€]]x
1+3::16q [HX — 1]+ [219° )
+w[§][€1]]x ([;]Efz)l[]i]x [5][;71+1]4'

Proof. To prove our equality, we take into account Lemma 1 and Corollary 1 and use the
equality [r + 1] = ¢" + [r] and [r + 1] = 1+ g[r]. Thus, by applying the famous g-Jackson

integral, we conclude that

IR / Vgt | 4>qu
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where | = [[—]] [—H h = [0, H;%}H, and J, = {0,%}. Therefore, it is easy to
conclude that
I
[Wqﬂ] for r =0;
_q" 1 _ 1.
/]‘qu‘i’: e (4 + ) for r=1; (12)
" 2g+1
Thus, in the view of (12), the operators (11) give us
» 4
Y (Lx) = Z‘b[lﬂ P (x /dq‘P
p=
g I
q
EO[ npyan(X)q Ty
= CDP,';‘(l;x)
= 1,
P, 3 P -
@) = L+ nlpla [ ede,
§=0 J
4 " 1
- q
Y[ () (10 + )
u=0 o ([’7 + 1])2 [2]
& pa (M)
= X L +
G B (5) + mmem 2”’7‘”‘
[77] P 1 P
= D 7 (P; x) + Y o (1;x
T+ 1) 208 P ey Tra )

For ¢ (¢) = ¢,

1~

¥ (phx) = L [+nlppa (o5 /]gbqugb,

_ H 2 1 1
1+ glpls (1) H(Mjmg,(wu””w )

2 ¢ 2
= [j_]l]z ’E)Pg,’g,y(ﬂ ([V])

1
(e}

|
D~

=
Il
<}

[ (1]
1 Cq+1) & e (14
m+12 Bl = § ’173""”(9()( 17])

1

+W;Pw

2041) p,
= ot () ¢ g e O et
1
Blly + 17

+ @5;‘;(1;9().

For ¢(¢) = ¢3, if we use [u+ 1] = g* + [u] and [u + 1] = 1 + g[y], then from the
above g-Jackson integral equality, it is easy to get
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w(u+yP+u+m%m+WFa+ﬂmwumﬁ
[ +14(14+9+9>+4°)

_ q"
= m { 4] MS

+(1+2q +34%) [1)* + (1 +3q)[u] + 1}

Yo (‘Ps;x) = i [+ nlpygu(x /¢3dq4’

§=0

P & e DA%
- m+u3_p%ﬂ”(m0

1+29+3) 1> & pa 1]\
R 3 pio ()

M
P gpa (1+29+35°) (1 s pa( 2.
T 1P i (¢755) + ([l +1)° i (97)

D ob i) + e L @A),

In a similar way for ¢(¢) = ¢*, we get

.
[ = L { B0

+(1+2q+ 3% +44°) [u]® + (1+ 3 + 64°) [1]* + (1 +4q)[u] + 1}

4
TE:?(‘/’Al"x) = 20 L+ gy (x /‘/’4dq‘f’
],{:

It & A%
= m+u44f%““(m0

(1429 + 3¢ +4¢°)[ [ﬂ3
LG PR ZPW“ (1)
(139 +60) [ & pa (11
EENGITES: FJW“>( )

1]
144 6
+([5]4;7 —Z)l[?‘l] )3 nggru(x)<w> ,7+1 E Z Priga
]

7]

_ q>5g(¢4-x)+(1+2“7+3”7 +40°) [ b8 (¢7)

[5][7 +1]*
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(L+3q+60) [ _paf .2 (1+49)[7]
B (5) + e

1 o
+[5][1’]7+1]4®5’,q (1, x)

Dy (93 x)

Thus finally, considering Lemma 1 and Corollary 1, we obtain the desired results. [

Corollary 2. If the function ¢(¢) = ¢ — x is taken to operators ‘Yg/’,’; defined by (11), then we get
the following central moments of orders one, two, and four :

Fre(p(@)ix) = ¥ya(g:x) —xEpa (1)
A VI T
‘<w+u Q MRITESE
yha (((p(tp))z; x) = yPe (<p2; x) — 20¥D (¢;x) + PEE (1)
_{ﬂ—aMM—ﬂQ€—H+PM€5
[ +1]2
-, 1]
MRTES: 2m+u*4
1—a)([{-1+¢A+2) afg]
*[ o+ 12 MRS
@ @grn 2 ). 1
MUESENR mm+u}'*mm+uf
¥ ((9(9))%x)

= T;I;,f; (¢4 ; x) - 4x‘I’,l;/'g (473; x) + 6x2‘I’,173;;‘ (gbz ; x)
4oy P
—4x3‘Pf;,'£‘;‘(¢; X) + x ‘P,?;‘q"(l;x)

>(x4+x3+x2—|—x+1).

3. Convergence of Operators ‘I’f;q“ (y;x)

The approximation property of ‘I’,l;,‘;‘ represented by (11) is derived in this section.
After obtaining the uniform convergence property for ‘I’g{;‘ (1; x), we generate the local and
global approximation using the Ditzian—Totik uniform modulus of smoothness. As a key
finding in approximation theory, Theorem 2 yields the Bohman—Korovkin-Popoviciu-type
theorem, which offers adequate circumstances for our sequence of PLO ‘I’g,’;‘ to converge
to an identical operator. A useful method for calculating the error of approximation of a
function by a series of PLOs is the Ditzian-Totik modulus of smoothness. The relationship
between the Ditzian—Totik modulus of smoothness of orders one and two is provided by
Theorem 3. We can investigate the estimation of a function’s approximation error using a
sequence of our PLO of order one thanks to Theorem 4. A class of function spaces known
as Lipschitz function spaces is defined in terms of the Lipschitz continuity function. We
estimate a direct-type approximation in the Lipschitz maximal function space in Theorem 5.
This enables us to provide a thorough framework for examining the approximation’s
behavior. We may further examine the efficacy and efficiency of the suggested approach
in a variety of applications by utilizing these findings. Next, we use the Lipschitz-type
maximum approximation and Peetre’s K-functional to deduce various theorems.
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Theorem 1 ([32,33]). Let {L,},>1 be a sequence of PLOs which acts on Cla,b] to C[a, b], and
suppose that Ly (1;x) — 1, Ly (¢;x) — x, and Ly (¢* x) — x2, uniformly on [a, b]. Then, for any
f € Cla, b], the operator Ly (f) — f is uniform on [a, b].

Theorem 2. Let 0 < g < 1,0 <a < 1,1 < p < oo, and the sequence of PLO ‘I’g,’;‘ act on
L,[0,1] — Ly[0,1]. Suppose that ‘I’g,’s‘(cpi;x) — x! is uniformly on [0,1] for i = 0,1,2. Then, for
all classes of continuous function € C[0,1 + P], we get

Jim ¥R 5 9(x)

which is uniformly convergent on [0, 1].
Proof. From Lemma 3, it is easy to get

[7]1}13100?5;; (4>"; x) —x (i=0,1,2).

Bohman-Korovkin-Popoviciu Theorem 1, which is uniformly convergent on [0, 1],
makes it easy to obtain the sequence ‘F,l;,’g‘ (; x) — P(x). This completes the proof. [

Next, we use the Ditzian-Totik smoothness properties for the maximum order of two
to illustrate some global approximation results. We review the fundamental formulas for
the uniform smoothness results of the maximum order of two in a manner that

w(ip, )= sup sup  {|p(x+pA(x)) = p(x)[}

0<|p|<y x,x+pA(x)€[0,1]

wj(,7) == sup sup {[P(x 4+ pA(x)) = 2¢(x) + ¢ (x — pA(x))]}.
0<|p|<7y x,xtpA(x)€[0,1]

Correspondingly, A(x) = [(x —a)(b — x)]'/?

A is defined on [a, b] (see [34]) if x € [a,b]. Suppose AC denotes a uniform continuous

is the step-weight function. Suppose

set. A mathematical idea utilized in approximation theory, specifically in the study of
interpolation spaces and function approximation, is Peetre’s K-functional. Thus, Peetre’s
K-functional on weight function A(x) is given by

Kopx) (W, 7) = he%/vnsz {1¥ = hllcpira + YIAH lIclo14a] 7 € CP0, 1+ 4]},

and ¥ > 0, W2(A) = {h € C[0,1+4a] : ' € AC[0,1+ «a], A%h" € C[0,1+ ]} and
C?[0,14+a] ={h € C[0,1+a]: K, 1" € C[0,1+«]}.

Remark 1 ([35]). There exists a absolute positive constant M such that

M wr (9, v/7) < Ky po) (9,7) < Mawn (9, /7). (13)

The approximation properties of functions in different spaces are described by Peetre’s
K-functional. In terms of the modulus of smoothness property, we obtain convergence by
the use of weight functions A(x), which are as follows:



Mathematics 2025, 13, 3770 12 of 22

Theorem 3. For any step-weight function A(x) such that A\? is concave and (A # 0) given, for all
¢ € C[0,1 + PJ, the operators ‘I’f;,;‘ satisfy

VPR (x) + 052 (x)]1/2 00 (x)
2(x—a)(b—x)|1/2 ) “"(4" A )

where x € [a,b], 9,1;/;‘,"(9() = ‘I’f;,’;‘(go(gb);x), and v,lli’;‘(x) = ‘I’gjg‘((go(fp))z;x), and these are
central moments defined by Corollary 2.

%P2 () — ()] < My (w,

Proof. If we consider an auxiliary operator
Qp(p;x) =¥ya (g;x) — ¢ (x + 0,4 (X)) +9(x), (14)
where ¢ € C[0,1+ P], and x € [0,1], then from Lemma 3, it is easy to verify that
Qf;,'g‘(l;x) =1and Qg;g(¢;x) = x,
Oy (9(9);x) =0.

Takey = (1 — d)¢ + dx, for any d € [0,1]. We suppose that A? is a concave function
defined on [0, 1]; then consequently, we can derive A?(y) > dA?(x) + (1 — d)A?(¢) and

e dlx — gl 9(9)
A2(y) S a2+ (- dAX(g) © A2(x) (1)

We get the following identities:

Q8 (;x) — (x)| < | (¢ — s x)| + Q78 (5 x) — h(x)] + [p(x) — h(x)]
< 4|9 — h|cjo1a) + Q75 (B %) — h(x)]. (16)

By Taylor’s series expansion, we can conclude that

¢
s - vl < ¥ (] [Nlo-vi W)
2] 1
pen*tEme | [ 1 ‘ "
+ / x+ —y| |h d
. [17_’_” [2][17_’_” Y | (y)l qy
¢ 1 —
< IAPH |l cpona) s (‘/x |i2(yy)|dq]/ ?x) + IAH" || o144
y /w@n”[zw}m .1 y‘ dgy ’
x [n+1]" 2]y +1] A%(y)
< AN e Era (9(9))% x)

A2 () AR | o1 a)Bg (). (17)

Peetre’s K-functional makes it simple to obtain derivations from Relations (13), (16),
and (17)

Q) = ()| < 4llY = hllcpoara) + A 2O NAH [l cpo g (v (¥) + 674 (2))

P P
< M wy <¢, ;\/VW (xz\z;f"’q () >
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We now obtain the inequality due to the first order of the uniform modulus of smoothness.
9P o ( )

(G ) 0] = (A ) e (v Gigg()))'

Consequently, we ultimately obtain disparity:

¥R x) = 96| < 1055050 — v+ [ (5 S+ ) — 9

w3y HED) (0 )

which completes the desired proof. O

Below we obtain another approximation of properties for first-order continuously
differentiable functions in Peetre’s K-functional by the use of Theorem 3. Thus we can state
the theorem as follows:

Theorem 4. Let x € [0,1] and 0 < q < 1; then for all ' € C[0, 1+ P], we get the following inequality:

¥y (9:%) = p(0)] < v (0) [ ()| + 24/ vyd (o (¢, 4/ vyg (x) ),
where 1/,1]), 4 (x) is defined in Theorem 3.

Proof. We know the relation
$(9) = 9(3) + (o)W ) + [ ) = 9 @)y, a9

For all ¢, x € [0,1], by applying the operators ‘Yg/’g‘ to Equality (18), we obtain

A W0) — 9395 = (6 E o) + 458 ([0 ) = ()i )

Forany v > 0,if ¢ € C[0,1+ P] and x € [0,1], then

() — p()] < w(, ) ('Q N 1).

From the above explanations, we can deduce that

< w<¢’,v>((“"(f))2+ o(@)]).

[ W) -y

Therefore, it is easy to find that

¥ (:x) = ()] < |9 (x)] ¥4 (9(); )]
+w(¢’,7){i‘i’5,’$‘((¢(¢)) x) + ¥ (lo(@)]; )}-

From the Cauchy-Schwarz inequality, we obtain

¥ (1p(9)]:x) < ¥pa (1) 74 ((9(9))%%)7 = ¥pa((p(9)%x)2.



Mathematics 2025, 13, 3770

14 of 22

Thus, we have
¥E (i) — 90| < 9 (0()i)
o ] SV (o)) +1 2 (ole) ),

Nl—

This completes the proof. [

The local direct approximation is now estimated using a Lipschitz function space, as
we remember from [36] that the properties of such functions allow for better control over
convergence rates. This approach not only enhances the accuracy of the estimates but also
simplifies the computational processes involved.

. 9(¢)]°
Lip, () := Clo,1] : —y(x)| <M =X, 0,1, 19
py(8) == {9 € Cl0,1]: [9(@) — y(x) Giparal VP! JAEE)

where M > 0, 1,82 > 0,and 6 € (0.1].

The difference between the two functions at the values of two points are given by
Inequality (19), and this provides a way to bound the error in approximating the Lipschitz
function by a simpler function in terms of the Lipschitz constant M. Therefore, we derive
Theorem 5 based on Inequality (19) to estimate the bound of error to approximate the
Lipschitz function .

Theorem 5. Let 0 < q < 1, and suppose that Lip,(6) is the Lipschitz inequality by (19); then for
all p € Lipy(0), there exists a positive M such that

[vyg (x))°

|‘1’5,'§‘(ll’;x) —y(x)| <M W/

where 6 € (0,1].

Proof. Consider any ¢ € Lip,(0) and 6 € (0,1]. First, we would like to show that our
solution is valid for 6§ = 1. Because of this, we have

PR ) — 9] < P() ¥4 — 1]+ ¥4 (9(9) — () )
4
<+ [ [#(0) = p0)dut g #pp, (o
u=0"1

£ Jile()ldgg
420 (B1x2 + Box + 1)

< My +1) pp ()

4.1

for ¢ € Lip,(1); by using

(B1x” + Bax +¢) /2 < (B1x® + Box) V2 (1, B2 >0,)

and applying the Cauchy-Schwarz inequality, one has

¢
Y75 (05x) = ()] < M1+ pox) 2 Ll +1) [ lo@ldgt a v,
n=

= M(Br + pox) 2 [¥PA (p(9); )]
< My () [1/2(B1a% + pox) 2.
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Therefore, the statement is true if 8 = 1. Furthermore, as per ‘I’g,’;‘ (¥; x), the mono-
tonicity property applying Holder’s inequality to ¢ = 2/6 and d = 2/(2 — ) makes it
evident that our statement is true for 6 € (0, 1]. This implies that

win —v| < f[o) - v e
H

¢ :
< (11 [ [wior- o oz, 0

p=0
2-0

X (}é\?%(sz

C g+ 1] [, (9(¢) dgdpyau(x)g 7\ 2
SM(E) 9+ Bi + Pox )

19 2 2
gM{EOmu/] (qo<¢>) Ao PP (x >}

X (B1x® + Box) /2
< M(B1x? + Box +9) "2 [ (9(9))% )]

[vyig ()]

(B12® + p2x)*

These explanations complete the proof of the desired Theorem 5. O

NI

4. Voronovskaja-Type Approximation

An approximation theory conclusion that characterizes the asymptotic behavior of a
series of linear operators is called the Voronovskaja-type approximation. In approximation
theory, the Voronovskaja-type approximation has numerous uses, such as calculating
the error of a function’s approximation by a series of linear operators, examining the
convergence of linear operator sequences, and creating novel approaches to function
approximation. Theorem 6 is a generalization of the classical Voronovskaja theorem, which
is defined for the twice differentiable function. Several PLO sequences have been subjected
to the Voronovskaja-type theorem for bounded functions. Compared to the standard
Voronovskaja theorem, the Voronovskaja-type theorem for limited functions is a broader
finding that may be extended to a larger class of functions. Thus, we present Theorem 7
for any limited functions i € Cgp[0,1 + P]. The approximation theory of the quantitative
Voronovskaja type for ‘I’g/’g‘ is mainly inspired by [28,37]. We employ the concept of the
modulus of smoothness, which is described as follows, for this:

win= . (p(ee22) (-2

where 0 < x + %(Y) < 1. In this case, u(x) € C[0,1+ P] together with u(x) = (x — x2)1/2,
and the associated Peetre’s K-functional is defined by

Ku(,7) =€ tocw,or+p {11 = ol +7[[ud’|] : 0" € C[0,1+ P], 7 > 0},
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where w,[0,14+ P] = {v: v € AC[0,1+ «a], ||u?’|| < oo}, and AC[0,1 + P] is denoted for
the set of functions on interval [z1,z1] C [0, 1+ P] that are completely absolutely continuous.
A constant M > 0 exists such that

Ku(p,v) < M wu(p, )

Theorem 6. Let 0 < g < 1, and suppose that the sequence of positive linear operators acts on
‘I’g,’f;‘ : C[0,1] — CI0,1]; then for all u,y’, u"" € C[0,1 + P], we get

P,
Oy (x)+1

WA ) = ) — o GO () = D ) 1
= [’7—1—1]“ (x)wu<y ’ \/m),

where x € [0,1], Q > 0 is a constant, and 9,1;5‘ (x) and 1/,1; 4 (x) are defined by Theorem 3.

Proof. Consider y € C[0,1+ PJ; then

Applying ¥y (1; x) to (20),

) — ()~ YA () — L (PR () 0) + Y33 (1)

¢
<ef (| [Tl —vl ') — )| oy

;x>. (21)

Based on the equality of the right side of (21), we can estimate the following:

¢
’/x ¢ =yl 1" (v) — 1" (x)| dgy| < 21" — gl (@(@))* +2|lug'[u~" (x) () *,  (22)

where it € w,[0,1+ «a]. Suppose there exists Q) > 0 and

-1
o)) < oo

-1
() and  ¥E(p(@)5n) < o (B0 @3)

Based on the Cauchy-Schwarz inequality, we can write that

A i) — i) — ¥ (000 ()~ L (R (gl + ¥ 1)

<2l ol ¥y ((9(¢))%x) + 2w’ [u™! () ¥ya (|9 (9) 5 x)

<h 31]4 (2 + 20" = ol + 2w’ () {¥75 ((9(@))% )2 {¥ 5 ((p()) 1)} 2
T fl]zuz(x){ﬂﬂ” = oll + [y + 1172w/ .
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By calculating the infimum over all v € w, [0, « + 1], we discover that

1+ 6005 (x)

u?(x)w, (y", \/[WlTl])

2

e

which completes our results. O

Theorem 7. Let 0 < q < 1 and operators ‘Pg,';‘ be defined from C[0,1] to C[0,1]; then for all
u € Cpl0,1+ P], we deduce

_ 0% (x) +1
m [+ 1] ¥ (%) — p(x) — vy (x)p (x) — '”214”(96)] =0,

[7]—o0

where the collection of all bounded and continuous functions on [0,1 + P is represented by the
notation Cg[0,1 + P].

Proof. Assuming u € Cg[0,1+ P], we may apply Taylor’s series formula to determine

(@) — u(x) = (p(p))p' (x) + %(qv(fP))z#”(X) + Re(¢)(9(9))*. (24)

For Ry(¢) — 0, the Peano form of the remainder is defined as ¢ — x, where
Ry (¢) € C[0,1]. When we apply the operators ‘I’,l;g‘ (+; x) to the equality (24), we obtain

() — () = 1 (PR (o9 0) + A () P) + P2 (99 Ra(9): ).

From the Cauchy-Schwarz property, we get

TP ((9(9))PRe(); ) < \/ERA(R2(9); )\ FEA((9(9))% ). (25)

We clearly observe here that lim,_,, ‘1’5,’5‘ (R2(¢); x) = 0, and therefore

Jim [+ 1075 ((9(0))*Rel9):2)) = 0. o6
Thus, we have
il T TG Gsx) —() = M - 21{07 (o) 0w ()
]/l”(X)

+E5= Y ((9(9))% %) + ¥ (9(9))*R(9); ) }-
Thus, in the view of Equality (26), we have our proof of Theorem 7. [

5. Numerical and Graphical Results

To illustrate the approximation behavior of the proposed modified Kantorovich-type

g-Bernstein-Schurer operators ‘I’g,’,’;‘, we consider the test function

P(x) =sinx'®, x€[0,1].

The computations are carried out for the parameters 4 = 0.9, p = 2, and « = 0.3. The
operator values are evaluated for different values of the shape parameter # = 10,20, 30.
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The Jackson-type g-integral is employed in the definition of the Kantorovich modification
to ensure improved smoothness and approximation accuracy.

In Figure 1, it is observed that the operator ‘I’g‘q" curve gives increasingly accurate

15 as the parameter 7 increases. This

15

approximation to the target function ¢(x) = sinx

observation verifies that ‘i’f;,;‘ converges towards {(x) = sinx™ as 5 increases, which
means that higher values of # provide smoother and more accurate approximations to the

target function.

0.30f n=1g ]
..... rp |

0.25 n= :- : .
-------- Tafget éin_i-(ﬁ‘

0.20+ e -

'
'
]
.
.

0.10+

0.05r

0.00F

0.0 0.2 0.4 0.6 0.8 1.0

Figure 1. Behavior of ‘-I"g,’,';‘ for = 10,20,30 withg = 09, p = 2, «
P(x) = sinx!®.

0.3, and target function

To analyze the quantitative performance, we define the absolute error function as

Ey(x) = [¥5) (9;x) — p()|.

The absolute error plot for different values of 7 is displayed in Figure 2. It is observed
that the magnitude of the error decreases significantly with an increase in 7. The errors
remain minimal near the endpoints and slightly larger in the central region of the interval,
which is typical for polynomial-type approximation operators.

0.35

0.30

0251

020

0.10

0.05

0.00 =

Figure 2. Approximation error for ‘I’g{;‘; corresponding to # = 10,20,30 and g = 0.9.
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In addition, Table 1 reports the absolute error values at selected points
x =0.1,0.2,04,0.6,0.8. These tabulated values further confirm that the operator yields
increasingly closer approximations to the target function ¢(x) as # increases.

Table 1. Error values at selected x points.

x =15 =20 =25

0.1 9.31342 x 107 2.80473 x 1077 1.16045 x 107
0.2 0.0000254829 6.29612 x 10 1.84545 x 10
0.4 0.00132189 0.000253668 0.0000422556
0.6 0.02104 0.00466685 0.000504075
0.8 0.143271 0.0506958 0.000748397

Clearly, the numerical and graphical investigation demonstrates that ‘I’f;,‘; provides a
stable and efficient approximation to smooth functions.

Through the following two examples, we now show that our Kantorovich variant
(‘I’g,’,’; ) has a better approximation capacity than classical Schurer a-Bernstein operators
(Lg,’,’;‘). The parameters are set as follows:

a«a=05 ¢g=08 P=3.

Example 1. Consider {(w) = e** on [0, 1]. Figure 3 shows that ‘I’g,‘;‘ (blue) provides significantly
better approximation than Lg;;‘ (red), especially for smaller yy. The maximum error for 1 = 5 is
reduced by 62% using our operator.

n=5

— &‘rue f(z) ‘: 222 [ T | |

— = Classical L7} T

>
— New U ,Jl:,:,l

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

— 10 f(Jf) - EQ‘!
= == (lassical L,ﬂ’_}’,‘ |

)
———New T/

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
n=15
T

T T T
— Trie f(z) = e
B [ |= == Classical LI" N

n.g

New Tlo

g

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2w

Figure 3. Approximation of e“* showing ‘I’,I;L’;‘ (solid) significantly closer to true function (black) than

Ly# (dashed).

Example 2. Consider (w) = sin(37tw) on [0, 1]. Figure 4 demonstrates that ‘I’g{;‘ (blue) captures
oscillation behavior more accurately than L%‘ (red), with 45% lower RMS error at § = 15.
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n=5
T T T T T T
1r = S B
e
O] fR— RN Sf(z) = sin(37x)
= == Classical L
4y [ |[=——=New ¥y —= 1
1 1 1 | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
n=10
1 B T T T T T T ]
b,
O F| s Tru1€ f () = sin(37z)
= = Classical L)
4 | |=——=New = 1
1 1 1 | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
n=15
T T T T T T
1r = S B
e
O ] s Tru€ f () = sin(37)
= = Classical L)
_p | [==New wly —= 1
1 1 1 | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 4. Approximation of sin(37rw) with ‘i’g,‘; (solid) better tracking oscillations than Lf;,’,‘;‘ (dashed).

The Kantorovich modification’s integral averaging provides superior stability, while
the g-analog and « parameter adapt better to function curvature. Error metrics in Table 2
confirm our operator’s advantage.

Table 2. Error comparison demonstrating superiority of new operator.

Function ] Max Error (Lf;, v Max Error (‘I’f;, 7)
2 5 0.428 0.162
sin(377w) 15 0.287 0.158

6. Conclusions and Observation

In our work, we extended the g-analog of a-Bernstein—Schurer operators to Kan-
torovich form, denoted by ‘Yg,’g‘ (p;w), given by Relation (11), and ‘P,l;g‘ (p;w) is a Kan-
torovich extension of operators (9) as defined and studied in [31]. We then studied certain
approximation properties such as global approximation, the Korovkin result, Voronovskaja-
type approximation, the rate of convergence, and other related results. For g = 1, our novel
operators ‘I’g,‘;‘ reduced to recent operators (8) (see [30]). If « = 1 and P = 0in (11), then
‘1’5,’;‘ reduces to g-Bernstein—Kantorovich-type operators [38].

The operators based on (11) are reduced to the classical Bernstein—-Kantorovich opera-
tors [39]if g =1, =1, and P = 0 and also reduced to g-Bernstein-Kantorovich-Schurer-
type operators [40] for & = 1. Also, ‘I’g,’;‘ reduces to the operators in (6)if g =1and P =0
in (11) (see [29]). These observations lead us to the conclusion that our new operators are
more generalized than earlier types of operators.
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