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On differences of positive linear operators

HEINER GONSKA, PAULA PITUL and IOAN RASA

ABSTRACT. We continue our research on the differences of positive linear operators by giving
estimates for such differences. Special emphasis is on the Bernstein operators, Beta operators of the
second kind as introduced by Lupas, piecewise linear interpolation at equidistant knots and on certain
products of these mappings.

1. INTRODUCTION

One version of Taylor’s formula with remainder is given in Theorem 1.6.6 of
Davis’ book [3] where the remainder term is attributed to Young. This is also
known as the Peano form.

Theorem 1.1. For n € Ny let f(z) be n times differentiable at « = x(. Then

ﬁﬂnq)(ggo)(m )

[f™) (o) + ()],

f(x) = f(zo) + f(wo)(x — 20) + ...+

(l‘ — Z())n
n!

where lim e(z) = 0.

T—xo

If we put R, (f;zo,2) := % ¢(z), then in this remainder term f does not
appear explicity. Hence it is not possible to derive from this the Lagrange form of
the rest for (n + 1)-times differentiable functions or bounds thereof. It is therefore
desirable to have a bound of £(x) which depends on structural properties of f in
a vicinity of z.

In our recent note [14] we proved the following version of Taylor’s theorem
with Peano-Young remainder.

Theorem 1.2. Forn € Ny let f € C™[a,b] and z, ¢ € [a, b]. Then for the remainder in
Taylor’s formula we have

. |m_x0|n ~ (n). |m—x0|
|Ry(f;20,2)| < v ! o1 )

where &(f(™); ) is the least concave majorant of the modulus of continuity w(f ;).
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66 Heiner Gonska, Paula Pitul and loan Rasa

The modulus of continuity of a function f € Cla, b] is defined by

w(f;e) = SuP{'f(x) - f(y)l ‘LY € [avb]v |$ _y| < E},E > 0.

Its least concave majorant can be written as

—X
0<w<e<y<b—a Y
TH#Y

sup (e—z)w(f;9)+(y—e)-w(f;z) for 0<e<b—a,
@(f;e) =
o(f;b—a)=w(f;b—a) for e>b—a.

Important for us is the relation between the following K-functional and .
Define, for f € C[a,b]and ¢ > 0,

K(e, f:Cla,b], C'a, b)) == mf{||f — gl +&,lg'll : g € C'[a, ]}
Then K and @ are related as in the following result attributed to Brudnyi.

Lemma 1.1. Every continuous function on the compact interval [a, b] satisfies the equal-
ity

K (5, £:Cla.bl, C'[a,b)) = 5@ (f:2).2 > 0,

|~

Using the above estimate of the Taylor remainder we proved in [14], among
other things, inequalities for the differences of certain positive linear operators.
These considerations are continued in the present paper.

2. GENERAL INEQUALITIES

Theorem 2.3. Let A, B : C'[0, 1] — ([0, 1] be positive linear operators such that
(A—B)((ey —x)2) =0fori =0,1,...,nand z € [0,1].

Then for f € C™[0, 1] there holds

(4= B)(fia) < (A4 B)er — Py 10— EEBU =)

1 (A% B)(jer - al"5a)

Proof. Using the Taylor expansion with quantitative Peano remainder we first
have

(t—a)™
n!

(A~ B)(f:2)| = [(A— B)(f(t): )| = \(A - B>( mw;x) .

Here we defined

) = 50 = Y @) (- )

k=0

n!
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Hence
|(A = B)(f;z)|
< (A+ B) (It x\" H(fFm; lZﬁ‘) )
= (A+ B)2 X5 K(F™; 55 )i 2)
< (A+B)(HE ”‘" {11 (f =)™ |55 | g7 [}52),9 € G+ [0, 1]arbitrary,
= (A+B)AEL 1) | (F - 9™ | +(A+ B)(G2hrs) || g |
= (A+ B) I ) {1 (f = 0)) |+ oty ey |9 I

Passing back to infimum over g € C"*1[0, 1], and using Brudny’s lemma again
shows that

&z ~ n —z|" Tl
(A-B)(fio) < (At B a) §o (10 by GEBMlea )

n. n). A+B)(|t—z|" iz
LA+ B -l )& (0 7y UMl D)

(|
Corollary 2.1. With L := A + B we have for n + 1 odd
Lt —a"*s2) _ V/L((t = 2)*;2)/L((t — )% )
L(|t —z|™2) — L((t — z)";2) ’
so that the bound in Theorem 2.3 can be modified accordingly.
Proof. Write
L(|t = 2" 2) = L(Jt — a|" - [t — z];2)
< VL(Jt = z;2)\/L(t — z[?;2)
= VL((t — 2)*; )/ L((t — 2)2; )
which arises from the Cauchy-Schwarz inequality. a

If n is odd the absolute moment L(|t — z|"; z) appears in the denominator. The
operators A and B are such that A(eg,z) = B(ep, ),z € [0,1]. We assume now
that A(eg, z) = Bleg,z) = 1,z € [0, 1].

So L := 1(A+ B) reproduces constant functions. Hence by Holder’s inequality
for positive linear operators we have for 1 < s < r that

1
G

L(ley — 2|%2)* < L(lex — 2|";2)7, and

thus

(A+ B)(le1 — x| 2) = 2L(|ler — 2|™;2) > 2{L((ex — z)" *;2)"-1}.

Thus we have
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Corollary 2.2. If under the assumptions of Theorem 2.3 n is odd, we also get

(A= B)(f;2)]

1 ey (. 1 (ATB)(e1—a)" )
< il B)ller — ol 20 <f ’ 2Antl) {5<A+B><<e1z>n1;x>}*>

_1(A4pB e [0, 2T (A4 B (e —a)" )
n!( + )(|61 l‘l ,ac)w f Pl (ALBY((er—a)n—Llia) T

Note that the moments inside &(f(™;-) are now both of even order and can
thus be evaluated conveniently. The absolute moment in front of &(f);-) can
also be estimated using Holder’s inequality.

Corollary 2.3. If A and B are given as in Theorem 2.3, then for ¢ € C™*1[0,1],
x € [0, 1] there holds

(A= B)(g; )| < F(A+B)(jt =" i) | gt

1
(n+1)

The question remains how to estimate the difference for all functions in C[0, 1].
So we will carry the result over from C"+1[0, 1] to C[0, 1]. In order to do so we use
the following from [10] where, for £ > 0 the symbol w;, denotes the classical k-th
order modulus of smoothness.

Lemma22. Let]I =[0,1]and f € C"(I),r € INy. Forany h € (0,1] and s € N there
exists a function f, s € C?"(I) with

@) || £ = f9) < e we (FDh) foro<j <,

h,r+s
(W) | A7), IS e h™ - wi(f3h),Tor0 < j <r s,
i) || £, 1< e B0+, ((FO-7=9) ), for r + 5 < j < 2r + 5.

Here the constant ¢ depends only on r and s.
We will use the above lemma for » = 0, s = n + 1, thus obtaining for » € (0, 1]
and f € C[0,1] functions f3,_,+1 with
H f - fh,nJrl ||§ C: WnJrl(f; h)a || f}(ltlntrll) HS C- hi(nJrl) : WnJrl(f; h)
With the aid of Lemma 2.2 we now prove the following

Theorem 2.4. If A and B are given as in Theorem 2.3, also satisfying Aeq = Bey = eq,
then for all f € C[0, 1],z € [0, 1] we have

(4= B0 < x4+ B = a1:)).

Here ¢, is an absolute constant independent of £,z and A and B.

Proof. Let f € C[0,1] be fixed and g = f5 41,0 < h < 1, be given as above. Then,
with the constant ¢ from Lemma 2.2,

(A= B)(f;2)|
<[(A=B)(f —g;2)[ +[(A— B)(g;2)|
< AN+IBNINF =gl +gam(A+ B)(ler —a[*12) | g+ |

<2 e wun(fih) + egrim (A + B)(ler — 2™ 2) ke (£ ).




On differences of positive linear operators 69

If (A+ B)(Jer — «|"*t;2) = 0, then — h > 0 being arbitrary — we also have
(A= B)(f;z)| = 0.
Otherwise we put h = n*{/% (A+ B)(Jey —z|**t1;2) < 1toarrive at

(A= B)(f;2)|

< cwnia(f; “R/5(A+ B)(ler — 2l 13 2).

wherec; =2-c+ C(nfl)g c(2+ (nil)!)' H

3. APPROXIMATION OF THE IDENTITY

Example 3.1. Suppose that A = I is the identity operator on C[0,1] and B = L is
a positive linear operator reproducing linear functions. Then the following hold:

() [L(f;2)=f(@)] < Lller —ali2) @ (£33 5= ) f e O, 1w € [0,1],
A similar inequality appeared in [12], Section 4.
(ii) [L(g,2) — g(2)| < 5 L((ex — 2)%2) || ¢" |l 9 € C[0,1],z € [0,1].

This is a well-known inequality in positive linear operator approximation
(see, e.g., [4]).

(i) |L(f12) = f@)] < e-wo (f: /3 L(ler = 2)%2)) . ] € C0.1)2 € 0,1,

To our knowledge such an inequality was first obtained by Esser in [5]
and [6]; more precise estimates were given in [9], see also [20]. O

4. SOME FUNDAMENTAL OPERATORS AND THEIR MOMENTS (UP TO ORDER 4)

In our recent note [14] we used a special case of Theorem 2.4 (case n = 3) to
prove an inequality for the commutator [A, B] := AB — BA of certain positive
linear operators A and B, thus solving a problem of Lupas concerning the simi-
larity of the two operator products. To be more specific, the operators A and B
considered then were A = B,, and B = B,,, defined as follows:

The Bernstein operators are given by

Bu(f;z) = 3 F(5)pasla),

k=0
pnk(z) = (Z)xk(l —x)"F 2 e0,1].

Moreover, Lupas’ Beta operators B, (of the second kind) are

f(0)7 z=0;
Bo(fi7) = gromo—r [y " N1 —t)" T f(0)dE, 0 <z < 1;

B(nz,n—nx)

f(1)7 rz=1.
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Some properties of B,, are given in [17]. This thesis deals mainly with Beta
operators B,, of the first kind which are defined by

1 ) /1 fn;c(l _ If)”(l_w)f(ﬁ)dt.
0

Bnx+1,n+1—nx

The operators B,, were considered, for example, in [8], [1], [2]. Further research
is needed to understand the B,, even better.
The inequality given in [14] is as follows.

Bn(f; JJ) =

Proposition 4.1. (see [14], Prop. 8.6) If S,, = B,, o B,, is a (special) Stancu Operator
and U, = B, o B, is the genuine Bernstein-Durrmeyer operator, then for n € N,
fecCo,1]andz € [0,1]

. 4321 —x)
|(Sn = Un)(f;2)| < e1-wy <f’ \/%)

Here ¢1 # c¢1(f, n, x) is an absolute constant.
In this section we will also consider piecewise linear interpolation at equidis-
tant knots. To be precise, consider the knot sequence
Apizg=20=0<21<...<Tp =Tp41 =1
where z; = %,0 < i < n. Then the piecewise linear interpolant at z;, 0 < ¢ < n,
can be written as

n—1

Sanaflz) = Z f (%) Nji(z), 0<z <1,

j=—1
and
San1f(1) = Jian, San1f(y)
Here the normalized B-Splines IV, ; of piecewise degree 1 are given by
Nji(z) = (T2 — x5) (25, Tj41, 542] (- — 7)4
with the usual notation for divided differences and
(t — )+ = max{0,¢t — x}.
For simplicity we will write

Sa, (fim) = Ji:of (%) - Nj(z),z € [0,1].

This affects only the subscripts of the normalized splines and the definition of
Np(1).

B,, B, and Sa, will be the building blocks for the special operators to be
considered in subsequent sections. We first collect some known facts in

Proposition 4.2. If A,, € {B,,B,,Sa,}, then A, : C[0,1] — C[0,1] is a positive
linear operator satisfying A,.e; = e;(i = 0,1) where e;(z) = z¢,i € No.

In the tables below we collect information concerning the moments of orders
2,3 and 4.
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Table 4.1.
An An((er — 2)% @) An((er — )% )
B, :v(lnfx) :v(lfxr)lngx)
B z(l—x) 2x(1—xz)(1—2x)
n n+1 (n+1)(n+2)
SA,L (nazf[nx])gnlz+[nz]fnz) (nazf[nx])(1+[nz];;w)[172(nzf[nz])]
Table 4.2.
A, Ay ((er — z)t )
B, ={3(n—2)z*(1 —z)* +z(1 —x)}
Sa (nz—[nz])(1+[nz]—nz)[1-3(nz—[nz])(1+[nz]—nz)]

n n

Proof. The moments of the Bernstein operators can be found in [22], Lema 6.24,
for example. Those of the Beta operators are listed on p. 63/64 in [17]. Finally, the
second and the fourth moments for Sa, can be found on p. 46 in [18]. Similarly
one can compute the third moments for Sa,, by using the explicit representation
of Sa, ((e1 — x)3; z) on the local support [%, %} For more detailed information
see also [7]. O

Knowledge about moments of various orders is useful for the proof of
Voronovskaja-type results. In [14] we proved the following

Theorem 4.5. Let L : C|0,1] — C]0, 1] be a positive linear operator such that Le; =
ei, i=0,1. If f € C?[0,1] and = € [0, 1], then

1., 2 1 2 ~ | g L((elffc)zl;x)
. . e . . < _ . . . .
|L(f,£C) f(:C) 2f (Z>L((el Z) ,:C)| = 2L((61 l‘) ,IC)L«J( ) L((el—m)Q;JC)
Applications of Theorem 4.5 for B,, and B,, were given in [14]. The application
to Sa,, yields

Proposition 4.3. Let S, be given as above, f € C2[0,1], = € [0,1]. Then

@) PSa,(fi0) — f@) — 5 0@ @) ()]

< a0 -m@) o (1)

Here z,,(z) = nax — [nx], where [nz] denotes the integer part of nx.

Proof. Write z,,(z) := nz — [nz]. Then from Tables 4.1 and 4.2 we see that

San((er—P50) = —en(@)(1 = za(a)), and
Sanller—)h2) = (@)1= @) - 32 ()1 — (@)
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Substituting these into the inequality of Theorem 4.5 yields the result once we
take into account that

SAn((el —l‘)4;l‘) _ 1 1
Sa,((e1 —z)%2) ﬁ[l = 3zn(x)(1 — 2n(2))] < o for z € [0, 1].

O

As can be noted from Table 4.1 the second moments of B, and the Lupas
operators B,, agree. Thus Corollary 2.1 and Theorem 2.4 can be applied in this
case with n = 2. An application of the corollary mentioned gives

Proposition 4.4.

(Buor —B)(Fi2)] < :c(lx)@(}c,,;\/(nJrl)(Gm:(lx)+7)),f602[071]

n+1 18n?
x(l—z) [6nz(l—x)

T f e C3o, ).

3nyn+1 2n
Proof. Using again the moments listed in Tables 4.1 and 4.2 we arrive at
_ 2z(1 — )
B, B, — )% = —
(Bny1 +Bp)((t —2)%52) ntl
_ 3(n—1) 3
By +B,)((t —2)hz) = 2(1—x)?

1 6
((n+1)3 RN TR Y e )x(l‘w

+3)
3 3 1 6
x(l—z) 6nax(l—z)+7
N n2 n '
Using the above mentioned corollary and properties of © we obtain the desired
inequalities. O

For all f € C[0,1] Theorem 2.4 implies the following

C-ws <f7 i/%(B'rH-l +Bn)(|el - $|3§$)>
‘s <f; i)/m(ln; x)? 6na(l ;m) + 7).

Proof. The firstinequality is a direct consequence of Theorem 2.4. The second one
can be obtained via Cauchy-Schwarz:

L(ler — 2*;2)5 < L((ex — 2)%2)% - L((er — 2)%2)3,

Proposition 4.5.

|(Bn+1 - Bn(f? m))l

IN

IN

where L can be replaced in this case by L := w. Involving parts of the

proof of the previous proposition we get to the desired result. |
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5. HIGHER ORDER MOMENTS OF (SOME COMPOSITE) OPERATORS

As we observed above, information about higher order moments is needed
in order to arrive at estimates concerning the difference of two positive linear
operators.

Some information concerning A,, € {B,,B,,Sa, } was given in the previous
section.

Normally the computation of higher order moments is tedious, but rather me-
chanical work. It is a recursive job, as we will see to some extent in this section:
once we know the moments of low orders, we know the ones of higher orders.

Another aspect to be considered is the computation of moments (of a fixed
order) of composite operators where information about the factors is available. We
mostly exclude this aspect from our considerations here, but refer the reader to
[15] and [11] for relevant results concerning this direction.

It was already mentioned in Section 4 that certain compositions of the building
blocks discussed there play a prominent role in approximation theory. We will
discuss these and some others in the sequel.

Of particular interest are the mappings U,, = B,, o B,,, the so-called genuine
Bernstein-Durrmeyer operators, the explicit form of which is

Un(f;2) = (Bn o By)(f; )

= FO)pno(@) + FDpan@) + (- 1S k() / P 1 (D (1)
k=1 0

The opposite operator product, namely S,, := B,, o B,, is a special Stancu operator
and is given in explicit form by

5.(f:2) = (Bu o B)(f5) = ) nof (£) (7) woteton = nhocs,

! n
k=

b—1
where (a)g =1, (a)p = [[(a—k),a € R, b€ N.

This is a special case of the Stancu operator introduced in [21], the case « = %
More information on S,, can be found in [19].

Another interesting object is
D, := B, 0B,

the composition of two Bernstein operators. This is a mapping having some sim-
ilarity with U,, from above. This will also be discussed below.

The second moments of composite operators can be computed as follows.
Lemma5.3. [15] For two linear operators P, @ where Qe; = e;,i € {0, 1}, one has
(PQ)((e1 — 2)%2) = PYQ((er — u)%u);2) + P((er — 2);2).
The superscript « indicates that P is applied to functions in the variable w.

Lemma 5.3 can be used to derive the information in the following table. The
moments of U,, can also be found in [16], and those of .S,, in [19]. It is an easy
computation to find those of D,,.
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Table 5.1.
A, An((er — )% )
U, :=B,oB, er(lir_lw)
S, =B, 0B, %{11’)
D, =B, 0B, %Jr_ll)

A further way to derive information on all moments of linear operators (not
necessarily positive) is given in

Proposition 5.6. For a linear operator L and k£ € N one has

L((ey — 2)*;2) = L(ew; o kf() B ((eg — 2)b ).

=0
Proof. Write
L(e;x) = L((ey —x+ 2)k; 1)
k
= L Z (e — )b x)
1=0
k
= > ()" Liler — o) 2)
=0
k-1 &
= L(ler —2)%52) + 3 (7)2* " L(er — 2)"5 ),
=0
which implies the representation of the k-th moment. O

Remark 5.1. (i) Note that the equality of Proposition 5.6 holds without the as-
sumption Le; = ¢;,4 € {0, 1}.

(i) The proposition means that L((e; — x)*;z) can be computed if we know
L(ex; z) and the lower order moments L((e; — :c)l x),0<I<k-—1.

Corollary 5.4. For a linear operator L with Le; = e;,7 € {0, 1}, we have
L((ey — 2)%x) = L(es;x) — 2* — 3xL((e; — 2)*; ).
Proof. Immediate consequence of Proposition 5.6. O

Using the latter equality we derive the following table.

Table 5.2.
A, An((er —2)%;2)
U, :=B,oB, %
Dy i= By o By | Crtet 020

Proof. (i) The third moments of U,, are given in [16], Proposition 3.5.
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(ii) For the Stancu operators S,, we refer again to [19], p. 68, where it is shown
that

6x(1 —x) 6na?(1 —z)
n+1D(n+2) (m+1)(n+2)
Hence, by Corollary 5.4 we find that

Sn(es;x) = 2+

5. B 6x(1 — x) 6na?(1 — ) B 2z(1 — x)

Sl —2)%520) = ey Y ey o Tt
6x(1 —z)(1 — 2x)
(n+1)(n+2)

(iii) The representation of D,,((e; — z)3; x) can be derived from Corollary 5.4
using properties of the Bernstein operators. It can also be found in the
forthcoming note [13].

O

Corollary 5.5. For a linear operator L with Le; = ¢;,i € {0,1}, the fourth moments
can be computed as

L((ey —2)*2) = L(eq; ) — a* — {4x - L((e; — 2)3;2) + 62% - L((e1 — )?%;2)}.
Below is a list of the fourth moments of the composite operators.
Table 5.3.
An ‘ An((er — )4 )
U, =B, oB, reeTs 1120 — N2 (1 - 2)” + 242(1 - 2)}
S, :=B, 0 By, T eT 1120 = Tn)a®(1 - 2)* + (26n — 2)z(1 — 2)}
D,, := B, 0 Bny1 m{m(ns—6n2+4n—1)x2(1—m)2+(15n2—9n +2)z(11—2)}

Proof. The moments of U,, were computed in [16], Proposition 3.5, those of S,, can
be found in [19], p. 68, and the ones of D,, are also computed in [13]. |

6. ESTIMATES FOR THE DIFFERENCES OF SOME COMPOSITE OPERATORS

We first give one further application of Theorem 2.4 for the case n = 1.

Proposition 6.7.

2n

|(Bn = Un) <f;x)| <cowlfif M)

Proof. From Tables 4.1 and 5.1 we see that B,,((e; — z)%;z) = el=2) Un((e1 —

n
)% ) = 22020 Hence

5 (But Un)((er —2)%50) < oo a1 — ),

which implies the claim. O
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We investigate the difference

Dn - Un = Bn o B7L+1 - Un - Bn o Bn-i—l - Bn o En - Bn o (Bn-i-l - Bn)
next in order to give further applications of Theorems 2.3 and 2.4 for n = 2.
All operators involved reproduce linear functions, so
(Dp —Un)((e1 —2)2) =0fori =0,1.

Moreover, B, 1((e1 — )% 2) = B,((e1 — 2)%2) = ””(7:1“’), and hence also
(Dy, — Uy)((e1 — x)?;2) = 0. Thus Theorem 2.3 is applicable with n = 2, once we
have estimated
(Dn + Un)(ler = 2*52) < /(D + Un)((ex — 2)%52) - /(D + Un)((e1 — )43 2),

which follows from the Cauchy-Schwarz inequality. All moments needed were
given in Table 5.1 and Table 5.3. Adding them entails

(Dn + Up)((t = 2)%2) = %a
N _ 12(n®—6n2+4n—1) 12(n—7) ) )
(Dn+Un)((t-2)s52) _( 2 (n+1)(n+2)(n+3))m (1-2)
15n% — 9n + 2 24
e T (e ) SR
< (%4— %)xQ(l — ) + (%—F i—i)x(l — )
(1 —z)24nz(l — ) + 39

This leads to

Proposition 6.8.

20(1—x) (., [(n+1)@Bnz(l—x)+13)
|(Dn*Un)(f7x)| ST_HW f a\/ 1973 ) 7f€c2[0a1]a
r(1—-2z) [8nx(l—xz)+13 3

An application of Theorem 2.4 yields

Proposition 6.9.

|(Dn - Un)(f§m)| <c-ws <f7 i/%(Dn + Un)(|el - x|3;x)>
<c-ws <f; i/azjz(}i—il)a;); - (24nz(1 — x) +39)>.

Remark 6.2. For the difference D,, — S,, similar estimates can be given, since the second
moments of both operators are the same (see Table 5.1) and the structures of the second
and fourth moments are analogous to the cases considered before.
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7. CONCLUDING REMARKS
One further interesting mapping to be considered is also motivated by the pre-

vious work of Lupas.
We put LL,, := B,, o Sa

n?

(g = 3 () Baliso)

i.e., for f € C[0,1], z € [0,1], consider

We observed that the operator product L,, = B,, o S, seems to be a very
good approximate and non-trivial decomposition of the Bernstein operator B,,.
We suggest further research concerning this matter.
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