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Abstract

In this paper, we introduce a new family of generalized Bernstein-Schurer operators and
investigate some approximation properties of these operators. We obtain a uniform ap-
proximation result using the well-known Korovkin theorem and give the degree of approx-
imation via second modulus of smoothness. Also, we present Voronovskaya and Griiss-
Voronovskaya type results for these operators.
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1. Introduction

In 1912, the classical Bernstein polynomials

- kN (n
B,(f,z)=S f(= -z F, zelo1 1.1
()é(n)@() € 0.1] (1)

for any n € N and f € C]0,1], the space of all real valued continuous functions on
[0, 1], were proposed by Bernstein [6] as one of the simplest way to prove Weierstrass
Approximation Theorem and then, considering their simple structure and many useful
approximation properties, discovery of their various generalizations and modifications in
different ways has been an intensive research area. Some works on generalizations and
modifications of the Bernstein polynomials can be found in [8,9,13,18,19,21-24].

In 1932, Voronovskaya [25] proved the first asymptotic formula describing the degree of
pointwise convergence for Bernstein operators. Later on, many researchers have studied
widely some generalizations of Voronovskaya’s result. In 1935, Griiss [16] gave an inequal-
ity which estimates the difference between the integral of product of two functions and
the product of their integrals. Recently, Acu et al. [3] initially studied the Griiss-type
inequality for linear positive operators by using the least concave majorant of the modu-
lus of continuity. In [15], Gonska and Tachev proved Griiss-type inequalities in terms of
the second order modulus of continuity and the second order Ditizian-Totik modulus of
smoothness. Very recently, Gal and Gonska [14] obtained a Voronovskaya-type theorem
with the help of Griiss inequality for Bernstein operators in both the real and the complex
case and termed it as Griiss-Voronovskaya-type theorem.
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In 1962, considering a given non-negative integer p, Schurer [21] introduced and studied
the following generalization of Bernstein operators By, , : C[0,1 4+ p] — C[0, 1] defined as

n+p
np (f, ) Zf( > <n+p>wk(1x)"+pk, z € [0,1] (1.2)

for any n € N and f € C[0,1 + p]. Note that the special case p = 0 gives the classical
Bernstein polynomials.

In 2017, Chen et al. [9] constructed a new family of generalized Bernstein operators
which is called as a—Bernstein operator, depending on a non-negative real parameter, is
given by

s =325 (2) o 1

for any function f(x) defined on [0, 1], each positive integer n and any fixed real .. Here, for
i =0,1,...,n, the a—Bernstein polynomial p(a») (z) of degree n is defined by pgilo) (x) =1—u,

N,

P\ () = z and

P;az)(x) = an2> (1—04)5174-(7;__22) (1—a)(1—x)+<?>aw(1—x)]x

$i_1 (1 _ :L,)n—i—l ’

where n > 2, € [0,1] and the binomial coefficients (¥) are given by

k!
k —— if 0<I<k
e — 1.7 - - ’
() -{ &
0, else.

For a = 1, the a-Bernstein operator becomes the classical Bernstein polynomial. Also,
the a-Bernstein operators are linear positive operators for 0 < o < 1. In [9], the authors
gave some elementary properties and proved the uniform convergency of the sequence
of the a-Bernstein operators to f € C[0,1] with the help of the well known Korovkin
theorem. They obtained the rate of convergence and Voronovskaya-type theorem for the
a-Bernstein operators. Also, they gave an upper bound for the approximation error by
means of the modulus of continuity and proved that the a-Bernstein operators satisfy some
shape preserving results. Then, many researchers have studied intensively a—Bernstein
operators and their generalizations for the last two years (see, e.g., [1,2,4,7,10,11,17,20]).

In this paper, inspired by the above works, we introduce a generalization of Bernstein-
Schurer operators given in (1.2) as follows:

Trap(fi2) if() (2). (1.4)

for any function f(z) defined on [0,1+ p], = € [0,1], each positive integer n, fixed p €
NU {0} and any fixed real a.. Here, for i = 0,1, ..., n, the a-Bernstein-Schurer polynomial

]5(;2 (x) of degree n is defined by ]5{1 0)( y=1-—uz, ]541“1)( ) =z and

(”*f”) (1—a)z+ ("jff) (1—a)(1—x)+ (n:—p>ax(l—a:)]

X(xi_l (1 - w)n-&-p—i—l),

where n +p > 2, x € [0,1]. The a—Bernstein-Schurer operators are a family of linear
positive operators for 0 < a < 1. We should note that if o = 1, then T}, ., gives
the Bernstein-Schurer operators. If a = 1 and p = 0, the operator T, o, reduces to the
classical Bernstein polynomials. Also, the case p = 0 gives the a-Bernstein operator. Here,

@) =
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we obtain an important recurrence formula to compute higher order moments and give an
estimate, related to the degree of approximation, via second modulus of smoothness. Also,
we prove a Voronovskaya and Griiss-Voronovskaya-type results for a-Bernstein-Schurer
operator Tj, o p-

2. Auxiliary results

In this section, we give some useful results which are necessary for the proof of the main
results. Let us denote by ey (v) = x¥, k € NU{0} the test functions and ¢}, (¢) := (t — )’ ,
jeN.

The a-Bernstein-Schurer operator defined by (1.4) has the following another represen-
tation.

Theorem 2.1. The a-Bernstein-Schurer operator can be stated as

Tna(f; ) (2.1)
n+p—1 n+p
n+p-—1 ; —— n—+ ; 4
= (1-a) Z gl-< f )x%(l—x)nﬂa l—i—aZfi( ip>xl(1—x)n+p i
=0 1=0
where f € C[0,1+p|, x € [0,1], fi=f (%) and
i i
i=(1—-— ) fi+ ———fi > 2.
9i < n+p—1>fl+n+p—1fl+1’n+p_
Proof. It can be easily obtained by the method used for the a-Bernstein operator (see p.
247-248 in [9]). So we omit the details. O
For the Bernstein-Schurer polynomials given in (1.2), we have the following properties
Bupleosz) = 1, (2.2)
Buglenia) = (1+2)a, (2.3)
2
Bup(eniz) = (1+p) 2%+ (n—zp)x(l—x). (2.4)
n n

(see e.g., p. 320-321 in [5]).
Furthermore, by direct computation, we have the following moments.

Lemma 2.2. For the operators By, , given by (1.2) we have

By, p(es; x)
= (n—;f)x{(n+p—1)(n+p—2)x2+3(n+p—1)x+1} (2.5)
and
Buylesz) = me)x[(n+p—1)(n+p—2)(n+p—3)x3
+6(n-|—p—1)(n+p—2)x2+7(n+p—1)a:+1]. (2.6)

In what follows, we will give a recurrence formula to calculate higher order moments of
the new operator T}, o p-

Theorem 2.3. For all j,p € NU{0}, n € N and = € [0,1], we have the recurrence
formula

Th,ap(€j+1; @)
x(1—x) 14(n+p—1)=x
= 20D (g, ey + LEOL 22D

Tnaazp(ej; J;)
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(1—a) (n—1\/ (1—a) (n—1\J
+n fp—1 n Brno1p(€j4152) — —n T Bn1p (€j32)

—O‘(ln_“”)Bn,p (ej:2), (2.7)

where o € [0,1] and By, ;, is the n th Bernstein-Schurer operator.

Proof. Using (2.1), we can write

z<> () () e (21

i=0
ntp , i ()
By some calculations, we get
(T p (€55 z))

n+p—1 - ' ‘ ‘ ‘
= (1 — a) Z <TL +p 1) [ixl—l (1 _ x)”*?*lfl _ (n +p—i— 1) o (1 B x)n+pfzf2}

i=0 v

A=) G = (50)
n+p—1 n n+p-—1 n

—|—ar§:p (” JFP) [ixz’—l (1— )n+pfi —(n+p—i) 7 (1- x)n+P*i*1} (@>J

n

+p—1 : N
_ ( np n—|—p—1 i (1- x)"+p_i_1z‘ (1_ 7 )(Z)J
x( 1—x n+p-—1 n

. . _ n+p—1 n _ ‘ )
; <Z—;l>3 _(n—l—p(l_l)x()l ) Z:O ( —i—}; 1>$,(1_x)n+p_z_1

n
) ) = ()
X 1 +
n+p—1 n+p-—1 n

* <1—x>:ip<nz+p> ey ()

0
n+p . :
a(n+p) Z<H+P> § (1 gy (2)1
(1—2x) = 7 n
(1-a) n+p—1 n+p—1\ . il . ( i )(Z)]
— i1 — n+p—1 | v
z(l—2x) ; i 7 (1-=) ! n+p—1)\n
1— n+p—1 1 ' ) . . 1 j
+( Oé) Z n+p xz(l_x)ner*Zfli G (Z+ >
r(l-—z) = i n+p—1\ n

ARSI 55 (n S 1) (1= oyt [(1 ) (3

=0
i (z‘—i—l)j P
+
n+p—1 n

+ x(la— ) nz: (njp)’r’ (1 — )" tP (;)J

=0
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- 28:3 "él (nJrZz‘)_l)xi(l_x)nﬂ_i_l l(l_n—l—;—l) <:1)j+l+n+;—1
y (z:1>j+1] B 36(21__02) "+Zp—1 (n —1—1;— 1)951'(1 _ gyt

=0

_<n+p(1—_1>$<)1 ) ”*Z”O‘l (nﬂ;— 1):# (L —ay?m [(1 1) <n>j

+n+;_1(¢;1>] 1anx Z()( Z ) _x)n—&-p—i(:l)j-l-l
(

((n—i—p) Z (n —I—p) (1= g)ntri ::L)]

) i
= mT p (€415 )
) ZO < 1>xi(1—x)”+p—i—1 n+;_1(i";1>j
n+p n ) VAV
_( (H x)l)T"’a’p )~ g 2 < Zﬂ))ml(l oy (1Y
n 1
= T0-9 (j“;x)_:c(l—a:) ap (€);7)
1—a) "t —1 AR
e ( o ) a-ar ()
(1- )n+p n+p—-1)\ ; p—i—1 { i\’
x(1—1x) ; ( i )x - n+p 1<>
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n+p N
-~ n+p % n+p—i <Z>J
1— -z
+x(1—x)§( i )x( z) n
(n+p—1) a TP Inyp) n+_~<i>j
B Ay ) — i (1 — gyntri (L
0y T i) = oy S (M e 0 (G
n 14+ (n+p—1)z
-1 o
(1—a) nie n+p—1\ , n+i1(z)3
~ 1— z)"tP -
+:L‘(1—1’) ; ) v(1—a) n
(1-a) n & (ntp-1) np—i-t (1)1
i w\nipo1) = i) n
x x) \n+p pard
n+p L
a—ax n+p\ ; n+p_i<z>3
- 1— Z
+x(1—x)§< i )x( z) n
n 14+ (n+p—1)z
= Ti—a (1= DT)Tn,a,p (ej+13) — 2 (1—2) n,ap (€55 )
(1—a) [n—1)/
+x (1—x) ( n ) Bn—1p (€j§ )
(1-a) n n—1\/"! o'
Cz(l-w) (n+p— 1> < n ) Bn-tp (ej+1;x)+§B"’p (e532),
which completes the proof. ]

Now, we give moments and central moments of the a-Bernstein-Schurer operators
below.

Lemma 2.4. For the operators T, o given in (2.1), one has

Tn7a7p(eo; x) = 17

(2.8)
st = (14 2) o
Thaple2; ) = (1 + z>2 z? 4 ntp +n3(1 — a)}l' (1—x), (2.10)
Tn,a,p(ef%; .T)
= %{{(n+p)3—3(n+p)2+2(30z—2) (n+p)+12(1 - a)| 2*
+3 [(n—i—p)z—l—(l —2a)(n+p)+6(a— 1)} x?
+n+p+6(1-a)a}, (2.11)
and
Thn.aples; x)
1

S p =60+ p)®+ (120 - 1) (0 +p)° +6(0 - 100) (n +p) - 72(1 - )] o*
+6 [+ p)° = (14 20) (n+p)* +2(8a = 7) (n + p) + 24(1 — )| 2

+[7(+p)+(29-360) (n+p) =86 (1— )| 2 + [n+p+14(1 - )]z} . (2.12)
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Proof. By the recurrence formula obtained in Theorem 2.3, for j = 0 we have

Trap(eria) =202 (T, gple )y + EHE 2D

(1-a)
n+p—1
Ca(l-=)

Tn,a,p(eo; .I)

(n _ 1) B, 1, (e1;2) — a na) Bn-1p (€0; )

n
By, (eo; ) .
Using (2.2), (2.3) and (2.8), it follows that

I+(n+p-1)x l—a) (n—1
Toaplersz) = ( np ! +n(+p—)1( n )(1+n]il>x

(1-a) a(l-=z)

_ <1 jﬁ) . ' (2.13)

Then, from (2.7), for j = 1 we get

Tyapleria) = “0 2 (1, o o)y + LA P2 D

g () - ES8 (12 B -

n n
Using the moments expressions (2.13), (2.3) and (2.4), we obtain the followings

Bonglen) = H0=8) (1 2) Lo a] oy,

Tn,a,p(el; LL’)

a(l—x)

Bn7p (61; 'CL‘) °

n n n

+n(i;i)1 (n; 1>2 <1 + nzil)2x2 + Wx(l — x)]

O () (2 ) 20 102),

(n+p)?—(+p)—2(1—a)a®+[n+p+2(1—a)l
2

n
(n +p)° n+p+2(1-a)

- — z? + [ — ]x (1—1zx). (2.14)

Writing for j = 2 and j = 3 in (2.7), by making use of (2.14), (2.4), (2.5) and (2.11), (2.5),

(2.6) respectively, the remain of the proof can be easily shown. ]

Lemma 2.5. For the operators T}, o5, one has

T (£hi7) = %w, (2.15)
2 n+p+2(1 —«
Tn,a,p (SO:%, «T) = %.’Ez + [ P n2( )] x (]. — .'L‘) s (216)

T (P35 )

- %{{3n2+2n(3—6a+7p—3p2) +pt = 6p + (1200 — 1) p% + 6p (9 — 10a)
—72(1—04)]954—1—6[—n2+n(p2—4p+4oc—2) +p* = (14+2a)p* +2(8a—T)p
+24(1— )] 2® + [3n% +n (10p + 5 — 120) + Tp* + (29 — 360) p — 86 (1 — a) | 2
+n+p+14(1—a)x}. (2.17)
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Lemma 2.6. For the operators T), o p, the following expressions hold

nh_{lgo N ap (cpi;x) = pzx, (2.18)

lim nT), o p (cpi; x) =z(1—-x), (2.19)
n—oo

lim 0T ap(0g:2) =0 (2-20)

3. Main results

Applying the classical Korovkin Theorem to the sequence of linear positive operators
Th.a.p, from (2.8)-(2.10) we have the convergence theorem as follows.

Theorem 3.1. For any f € C[0,1+p] and o € [0,1], the sequence {Ty ap (f;2)} con-
verges to [ uniformly on [0,1].

Now, we will give an upper bound for the approximation error in terms of K —functional.
For f € C'[0,1+ p] and 6 > 0, the first modulus of smoothness, modulus of continuity,
of f is defined by

w(f,0)=sup  sup  |f(z+h)—f(z)

|h|<6 z,x+h€[0,1+p]
and second modulus of smoothness of f is defined by

w2 (f,6)=sup  sup  [f(z+2h)=2f(z+h)+ [f(z).
|h|<6 &,2+2he0,14p)

For convenience, we need the following Peetre’s K-functional defined by

K 5 — . f o 5 "
(r.0)= _Jof A =gl +olg"ll}

where § > 0 and
C?10,1+p|={gcC[0,1+p]:¢,¢g" €C[0,1+p]}.

Note that the modulus of smoothness and the K-functional of an f € C[0,1+ p] are
related to each other as in the following sense: there exist positive constants Ci and
C5 such that

Crn (f,0) < K (£,6%) < Cown (£,9) (3.1)
(see, e.g., Theorem 2.4 in p. 177 of [12]).

Theorem 3.2. Let p € Ny be fized, a € [0,1] and f € C[0,1+ p|. Then, for each
z € [0,1], one has

p
o (f52) = £ @) < Clon (£ (0) +0 (£, 2 )
where C > 0 s an absolute constant and
1 [p? mn+p+2(1—a)
n,0o,p (-T) = 5 ﬁ$2 + on2 x (1 — l’) (32)

Proof. Consider an auxiliary operator

T (i) i= Ty (f30) + 1 2) = £ (14 2) 0) (33)

for f € C'[0,1+ p] and z € [0,1]. In this case, from (2.8) and(2.9), Ty, o, are linear and
positive and each operator preserves the linear functions:

Thoap(t—z;2)=0. (3.4)
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Now, let g € C?[0,1 + p]. For every = € [0, 1], from Taylor’s formula one has

9()=g@)+d @ t—x+/t— " (y) dy. (33)

Application of the operators T}, o, on both sides of (3.5) gives that

Tn,a,p (g; .Z') - g(l’)

= g/ (I) Tn,oe,p (t - T n,a,p (/ dy, ) . (36)

¢
Using (3.4) and taking (3.3) into account for f (t) = [ (t — y) ¢” (y) dy, then (3.6) reduces

to

Trap(9:2) = 9(@) = Thap ( / (t—y)g" (y)dy; x)

T

- / [(1 + Z) T — y} g" (y) dy. (3.7)

Using the fact

(1+2)a

/ [(1 + Z) T — y} 9" (y) dy| < % (Tn,a,p (%16; x))2 1ol

and Lemma 2.5, we obtain

Toap (0:2) — 9(2)|

t (1+2)z
< Thap (/(t—y)g” (y) dy ;fc) + / [<1+ i) x—y} 19" ()| dy
< |g2”|| {Tn,a,p (¢i§$) + (Tn,mp (‘P:}:%x))ﬂ
< ’g;” [25223:2 + [ +p+n22(1 — a)]m (1— x)] : (3.8)

On the other hand, from (3.3), (3.4) and (2.8), it can be easily obtained that
T (£2)] < 11 T (1) + 21151 < 31511 (39)
Thus, taking (3.3), (3.8) and (3.9) into consideration, for f,g € C'[0,1 + p] one has
‘Tn,oe,p (f7 x) - f (l’)’
< |Toap (f = 9:2) = (f = 9) (@)| + | T (952) — ()

D((+2)2) o

4{\f—gll il [21”23;% ntpd 20 -0,y

8 n? n?

}w(f,ix).
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Finally, taking infimum over all g € C?[0, 1 + p] on the right hand-side of the last inequal-
ity and application of (3.1) gives rise to

T (i) = £ @] 4K (1,820, @) + 0 (£, 2a)

< Cln (£ bnap (@) +0 (£, 2.
where 0, o () is given by (3.2). O

In the next, we investigate a Voronovskaya-type result for the a—Bernstein-Schurer
operator Tj, o p-

Theorem 3.3. Suppose that f € C[0,1+ p|] and f has the second order derivative at
z € [0,1]. Then we have
. z(l—=z
lim 0Ty (Fi2) - f (2)] = prs! () + L2

n=oo 2
where 0 < o < 1.

fl/ (1_) )

Proof. From Taylor’s formula, one has

f@)=f@)+f (2)(t—2)+ %f” (@) (t =) + h(t—2) (t - 2)*, (3.10)

at the fixed point x € [0,1], where h(t — z) is a continuous function on [0,1 4+ p| and
lim;_,, h (t — x) = 0. Application of the operators T, o, to (3.10) implies

n[Thap(fiz) — f(z)] = f'(x) nTyap(t — 2 2) + fﬂg(x) nTn.ap ((t - x)z ;x)
+nTh.a.p (h (t—z) (t —x)?; ac) :

Using (2.18) and (2.19), we can write

lim n[Tha,p (f;2) — f(2)] = pxf (33)—|—Mf” (x)+ lim nT;, qp (h (t—z)(t —x)? ;x) .

n—00 2 n—o0

Then, it suffices to prove that lim, o nTh qp (h(t—m) (t—x)z;x) = 0. Since

limy_,, h(t—x) = 0, for each &€ > 0 there is a 6 > 0 such that |h(t —x)| < e for
all t satisfying |t — x| < d. On the other hand, since h (t — x) is bounded on [0, 1 + p|, there
is an M > 0 such that |k (t — x)| < M for all t. Therefore, we may write
(t — Q?) 72
52
2
when [t — z| > J. So, these arguments enable us to write |h (¢t —z)| < e+ M% for all

t.
Thus, we have

h(t—z)| < M

nTh.a.p (h (t—z)(t— x)2 : x) < enTyap ((t — :E)2 ;x) + %nTn,a@ ((t — ZL')4 ;:r)

M
= enlhap ((pi; x) + ﬁnTn,am (cpi; :c) .
Making use of (2.19) and (2.20), we arrive at the desired result. O

In what follows, by using the approach in [14] we will give Griiss-Voronovskaya type
theorem for the a-Bernstein-Schurer operator T;, o p-

Theorem 3.4. Let f,g € C*[0,1+ p] and o € [0,1]. Then, for each x € [0,1] we have
lim n[Tyap (f9;2) = Tnap (fi2) Tnap(gi2)] =2 (1 —2) f' () ¢ (2).

n—oo
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Proof. Since

(f9) (@) = f(2)g(x), (f9)(z)=Ff"(x)g(z)+f(z)d (z)
and
(f9)" (x) = f" (x) g (z) + 2f" (x) ¢’ (x) + [ () " (2),

we can easily write

Thap (fg;x) — Toop (f;z) Toop (g;)

= [T (fg:2) = f (@) g (@) = (f9) (@) Tnap (03:7) = 5= Tnap (25 7)

—g () [Tn,a,p (f;x) = f(z) - f (z) Thap (‘P;lz; l') - f”2<1') Toop (‘Pi; l’)}

—Th,ap (f3 ) [Tn,a,p (g52) —g(x) — q () Thap (9091c§ 95) - g”2(1:) Tap (9035 ff)}

Ty (¢22) [/ (@0)9" (@) + 21 (2)f (2) — 6" () Ty (F:)]

+9' (@) Tnap (03:2) [f (2) = Toap (fi2)].
By using (2.18) and (2.19), we get
lim n [Tn,a,p (fg; l‘) - Tn,oz,p (f7 l‘) Tn,a,p (g; IL‘)]

= tim [Ty (fai2) — £ ()9 (@)] - (o) @)pe — YD1 )
—g @) { Jim 1Ty (F:) — 7 @) = ' @ - L (1)}

= T (50) { i 0 o (50) = 0] =o' @) e = S0 0= )}
z (1

FPEZTN L g0 @)l [f (@) ~ T ()] + 2 (2) ' (2)}
g (@) pe lim [f () = Ty (i)
Considering Theorem 3.1 and Theorem 3.3, we obtain
nh_{gon [Trap (f932) = Tnap (f; %) Tnap (g:2)] = 2 (1 =) f' (2) g’ (2),
which is the desired result. O

lim
n—oo
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