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Abstract: The relationship between the a-Bernstein operator and its approximation function
is discussed in this paper. If the a-Bernstein operator belongs to the class of Lipschitz functions,
then its approximation function f(z) also does, and vice versa. Moreover, the a-Bernstein operator
can maintain the Lipschitz constant of the original function.
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1 Introduction

In 1885, Weierstrass published his famous theorem asserting that every continuous func-
tion in a compact interval of the real line is the uniform limit of a sequence of algebraic poly-
nomials in [1]. Several different proofs of Weierstrass’s theorem are known, but a remarkable
one was given by Bernstein [2] in 1912. As a generalization of the Bernstein operator, the
a-Bernstein operator proposed by Chen in [3] has almost the same approximation property
as the Bernstein operator.

Suppose a function f(z) is continuous on [O 1] . The nth (n > 1) a -Bernstein operator

of f(x) is denoted and defined by T, o (f;x) Z fi pifz) , where f; = f(%) and0<a<1

. For:=0,1,---,n , the a-Bernstein polynomlal pn z( ) of degree n is defined by pgfyg (z) =
11—z, pgl)( )=, andwhenn22,

P () = [(”;2)(1—a)x+< :22><1_a)(1_x)+< >am<1—x)]x‘1(1_x)n—i—1,

Obviously, T}, »(f;x) is an algebraic polynomial of degree no greater than n and its

importance in approximation theory arises from the fact that lim 7, ,(f;2z) = f(z) uni-

formly on [0,1] . When o = 1, the a-Bernstein polynomial reduces to the classical Bernstein
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polynomial, i.e.,
1 ny\ n—i
@ = ()at -0

So the a-Bernstein operator has following identity
Toa(fi2) = i )2t (1—2)"" = Bu(f;2),
=3 (7)e -0 = Bt

which means that the class of a-Bernstein operators contains the classical Bernstein ones.
a-Bernstein operators are given explicitly and depend only on the values of a function
for rational values of the variable. They have various shape-preserving properties and are
easy to handle in computer algebra systems and these are very useful when the evaluation
of f is difficult and time-consuming. One of the outstanding properties of these polynomials
is that they mimic the behavior of the given function f(z) to a remarkable degree. Some
results that hold for continuous functions, e.g., an upper bound for the error is obtained in
terms of the usual modulus of continuity. However, there are special classes of functions for
which better estimates can be given. Thus, we consider the case of Lipschitz functions.
Lipschitz continuity, named after German mathematician Rudolf Lipschitz, is a strong
form of uniform continuity for functions. In the theory of differential equations, Lipschitz
continuity is the central condition of the Picard-Lindel6f theorem which guarantees the
existence and uniqueness of the solution to an initial value problem. A special type of
Lipschitz continuity, called contraction, is used in the Banach fixed point theorem. We
have the following chain of inclusions for functions over a closed and bounded interval:
continuously differentiable C Lipschitz continuous C uniformly continuous = continuous.
A real-valued function f(z) : [0,1] — R is called Lipschitz continuous or to satisfy a
Holder condition of order 8 € (0,1] if there exists a positive real constant M such that for

every pair of points x1,xs € [0,1] ,
| fa1) = fw2) |< M| @1 — a2 |”. (1)

Sometimes a Holder condition of order f is also called a uniform Lipschitz condition of order
B . Any such M , which depends upon f(z) and 3 , referred to as a Lipschitz constant for
the function f(z) . The smallest constant is sometimes called the (best) Lipschitz constant
of the function (or modulus of uniform continuity). For f(z) satisfying (1), we usually write
f(z) € Lipnp3 .

Obviously, a Lipschitz continuous function must be a continuous function for all 3 €
(0,1] . Intuitively, a Lipschitz continuous function is limited in how fast it can change when
B =1 : there exists a real number such that, for every pair of points on the graph of this
function, the absolute value of the slope of the line connecting them is not greater than this
real number. An everywhere differentiable function is Lipschitz continuous if and only if it
has bounded first derivative. If f(z) €Lipy0 , then f(z) is uniformly continuous.

Several proofs are known for the remainder in approximations of Lipschitz functions by

Bernstein operators. Kac considered these classes in [4-5]. In 1987, Brown et al. [6] gave
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an elementary proof that the Lipschitz constant is preserved, i.e., if f(x) €Lipy/5 , then for
n=1,2---, B,(f;z) €Lipy /3 also. The case 3 = 1 was considered by Hajek in [7] and the
general case was studied in [8] (another more complicated proof, using probabilistic methods
was given in [9]).

The objective of this paper is to prove that the a-Bernstein operator belongs to the

class of Lipschitz functions, then its approximation function f(x) also does, and vice versa.

2 Main Lemma

For convenience of description, the a-Bernstein operator for f(z) is usually expressed
as Tn.o(f;2) = (1 —a)Gu(f;2) + aB,(f;x), where

Gutio) =Yoo (" )=y mrie) = 3o (1)t

i=0
and ) )

= (- —)fi+ ——f; (2)

Ji n—1"""" po1

Lemma 1 If f(z) €Lipyf, then forn=1,2,---, i,5,i+;j=0,1,--- ,n—1,
J J\g J g+l

i — gl <M |(1— Ly Lo . 3
s = o <M 1= Ly @

Proof It easily follows from (1) that

J M
|\firjr1 = firal, [firg = fil < M(;)@ | firjer — fingl < oy (4)
It follows from (2) that
L+ 1+ g i i
|9i+5 — 9il = ‘ [(1 - m)fiﬂ‘ + nlfi+j+1:| - [(1 T l)fi + n— 1fi+1:|
7 7 J
= m(fiJerrl — fir1) + (1= m)(fiﬂ‘ = fi)+ m(fi+j+1 = fi+j)
i i

J
|fitjrr = fira| + (1 = Whivs = fil + = |firger = firsl-

<
“—n—1 n—1

Substituting (4) into the above inequality, we can obtain
1 J\g 7 1.5
9i0s — 0 < oy Lo

|y Loy < v fa- pdy s Lyd iy

MY+ (-

In fact, the last inequality above is equivalent to 7 +1 < (5 + 1)ﬁ , and Lemma 1 is proved.
Lemma 2 If f(z) is convex on [0,1] , then T, »(f;2) > f(z) for all z € [0,1] and
n > 1.
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Proof For each x € [0,1] , let us define z, = = and A, = p(o‘)( ),0 < r < n. We see
that A\, > 0 when x € [0,1] , and note from T, ,(1;2) = 1 and T,, o(x;x) = x , respectively,

that >° A\, =1 and ) Az, = z. Then we obtain since f(z) is convex on [0,1] ,
r=0 r=0

Toalf;z) = ZAfxr >fZAa:T = f(x),

and this completes the proof.
Lemma 3 For f(z) =2°,0< B <landforn=1,2,---,T, (2% h) <h?, 0 <h<1.

Proof As a consequence of Lemma 2, we have, since the function f(x) = —2”,0 <
B < 1, is convex on [0,1], that for n = 1,2,---, T, o(—2%2) > —2P. It follows from
Th.o(—2%;52) = =T, o(2P; x) that T, o(z°;2) < 2%,mn=1,2,--- . This completes the proof.

3 Main Result

One of the most interesting connections between direct and converse results for a-
Bernstein operator like the classic operator is given in Theorem 1. The following theorem is
the main result of this paper.

Theorem 1 Fix g € (0,1], M > 0, and f € C[0,1]. The following assertions are
equivalent

(i) f(z) € Lipup

(ii) For any n > 1, T, o(f;x) € Lipp [ .

Proof (i) =-(ii) Fix points x1, 25 € [0,1] , z; < z5. We use the representation

n(fix2) = Zgz< . >x2(1_x2)"—i—1
- Zg <n i 1) (1 =) (k)xo: )"

k=

= nzl Zi:gi <” B 1) (;) k(o — 21) H (L — 2)"

i=0 k=0

Let us put i = j + k. We can write > > = > >
=0 k=0 k=0 j=
1

GO =005

So, we can write the double summation as

n—1ln—k—1
n—1 +k ; n—k—j—
(f,xz = Z gj+k<j+k> <] i >.’El1c(x2—x1)J(1—$2) ma

n—1ln—k—1
n—1\/n—-k—-1 , i
- gﬁk( k >< J >xlf(x2_m1y(1—$2) S
=0

n—1 1 n—1n—k—1
. We also have
=0
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And, in a similar way,

n—1 "E -k -1

S ) (T @ ara e
k=0 =0
n—1n—k-1

n—1\/n—-k—-1 i
D [ EEE

J

k=0 j=0

From the representations obtained above, for x; < x5, one has

|Gn<f;x2) - Gn(f§ x1>|
—1

) "fl (n ; 1) (n B k B 1) (o — 21)7 (1= 22)" "7 (grrs — gr)

0 j=0 J

n—1n—k—1 n—1 n—k—]_ '
= Z ( k )( j >xlf(x2 — 21 (1= 22)""" 7 ghrs — gl

S -1\ -k -1 k , k1
< Z k ; 2y (z2 — 1)’ (1 — x2) |Gr+5 — 9kl

J

Using the binomial expansion theorem and
n—1\(n—k-1\ (n—-1\/n—-j5-1
k J S\ ko)
|Gn(f5 $2) - Gn(fSCUl)l

n—1n—j—1 .
n—1 n—j—1 i , i
SZ Z < j >< k >33]f($2—$1)J(1—332) ko 1|gk+j_gk|

we have

j=0 k=0
n—1 n 1 n—j—1 n j 1
- j - J n—j—1—=k
:Z|gk+j 9k|( j >($2 — 1) Z ( k )xlf(lﬂb) -
Jj=0 k=0

n—1

n—1 . i
=Sl -l (" 1) o[- )
§=0
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It follows from (3) that
Gn(f322) — G(f;21))]

gMS[(l— ! )(%)M J (J'+1)ﬁ} (n_,1>(:c2—ml)j[l—(xg—xl)]"lj

n—1 n—1"n J

=MG, (2°; 25 — 11).
In the same way, we also have
|B,(f;22) = Bu(f;21)] < M By (2% 25 — 21).
From the two inequalities obtained above, for z; < x5, one has

Tna(fi22) = Tna(f;21)]

(L= )[Gn(f;22) = Gu(f;21)] + [ Bn(f; 22) — Bu(f;21)]]
(1= a)|Gn(f;22) = Gu(f; 1) + | Bu(f 22) — Bn(f: 21)]
(1—a)MG, (2" 25 — 1) + aM B, (2", 25 — 1)

MT, (2725 — 21).

IAN A

It follows from Lemma 3 that |Ty.o(f;22) — Thal(fiz1)| < M(zy — 1), where M is the
Lipschitz constant of f. Thus, we see that T}, o (f;z) € Lipy/.
(il)= (i) Fix f € C[0,1] and assume that, for z1, 25 € [0,1] and any n € N,

| Ta(fi21) = Thna(fi22)| < Mz — $2|B'
And given ¢ > 0, there must be N € N, such that for any n > N, [f — T, o(f)| < §. Then

|f(w1) = f(z2)] =|f(21) = Tna(fi71) + Tna(fi21) = Tona(fi22) + Too(f22) — f22)]
S'f(xl> - Tn,a(f;l‘l)‘ + |Tn,oz(f;xl> - Tn,a(f;m2)‘ + |Tn,a(fa $2) - f(I2)|
<%+M|‘I‘1—$2|5+§

=Mz, — 25|” + &
Thus we see f(x) € Lipp/8. This completes the proof.
The interesting thing about this result is that each of the a-Bernstein operator T}, »(f; x),

for n = 1,2,---, has the same Lipschitz constant as the given function f when considered
as being in the class of functions Lipy,0 .
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