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Abstract Recently, Popa and Rasa have shown the stability/ instability of some clas-
sical operators defined on [0, 1] and obtained the best constant when the positive
linear operators are stable in the sense of Hyers—Ulam. In this paper we show that the
Kantorovich—Stancu type operators, King’s operator, Bernstein—Stancu type opera-
tors, and Kantorovich-Bernstein—Stancu type operators with shifted knots are Hyers—
Ulam stable. Further we find the best Hyers—Ulam stability constants for some of these
operators. We also prove that Szdsz—Mirakjan and Kantorovich—Szdsz—Mirakjan type
operators are unstable in the sense of Hyers and Ulam.
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1 Introduction

The equation of homomorphism is stable if every “approximate” solution can be
approximated by a solution of this equation. The problem of stability of a functional
equation was formulated by Ulam [1] in a conference at Wisconsin University, Madison
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in 1940: “Given a metric group (G, ., p), anumber ¢ > 0 and amapping f : G - G
which satisfies the inequality p(f(xy), f(x) f(y)) < ¢ for all x, y € G, does there
exist a homomorphism / of G and a constant k > 0, depending only on G, such
that p(f(x), h(x)) < ke for all x € G?7” If the answer is affirmative the equation
f(xy) = f(x)f(y) of the homomorphism is called stable; see [2,3]. The first answer
to Ulam’s problem was given by Hyers [4] in 1941 for the Cauchy functional equation
in Banach spaces, more precisely he proved: “Let X, Y be Banach spaces, ¢ a non-
negative number, f : X — Y afunction satisfying || f(x +y) — f(x) — f(¥)|| < ¢ for
all x, y € X, then there exists a unique additive mapping & : X — Y with the property
| f(x)—h(x)|| <eforallx € X.” Due to the question of Ulam and the result of Hyers
this type of stability is called today Hyers—Ulam stability of functional equations. A
similar problem was formulated and solved earlier by Pélya and Szego in [5] for
functions defined on the set of positive integers. After Hyers result a large amount
of literature was devoted to study the Hyers—Ulam stability for various equations. A
new type of stability for functional equations was introduced by Aoki [6] and Rassias
[7] by replacing ¢ in the Hyers theorem with a function depending on x and y, such
that the Cauchy difference can be unbounded. For other results on the Hyers—Ulam
stability of functional equations one can refer to [2,8,9]. The Hyers—Ulam stability of
linear operators was considered for the first time in the papers by Miura, Takahasi et
al. (see [10-12]). Similar type of results are obtained in [13] for weighted composition
operators on C(X), where X is a compact Hausdorff space. A result on the stability
of a linear composition operator of the second order was given by Brzdek and Jung in
[14].

Recently, Popa and Rasa obtained [15] a result on Hyers—Ulam stability of the
Bernstein—Schnabl operators using a new approach to the Fréchet functional equation,
and in [16,17], they have shown the (in)stability of some classical operators defined
on [0, 1] and find best constant when the positive linear operators are stable in the
sense of Hyers—Ulam.

The aim of this paper is to show that Kantorovich—Stancu type operators, an oper-
ator introduced by J. P. King and Bernstein—Stancu type and Kantorovich-Bernstein—
Stancu type operators with shifted knots are Hyers—Ulam stable. Further we find the
best Hyers—Ulam stability constants for some of these operators. We also prove that
Szasz—Mirakjan and Kantorovich—Szdsz—Mirakjan type operators are unstable in the
sense of Hyers and Ulam.

2 The Hyers—Ulam stability property of operators

In this section, we recall some basic definitions and results on Hyers—Ulam stability
property which form the background of our main results.

Definition 2.1 Let A and B be normed spaces and 7 a mapping from A into B. We
say that T has the Hyers—Ulam stability property (briefly, T is HU-stable) [13] if there
exists a constant K such that forany g € T(A),e > Oand f € Awith |[Tf —g|| <e,
there exists an fy € A such that Tfy = g and | f — foll < Ke. The number K is
called a HUS constant of T, and the infimum of all HUS constants of T is denoted by
K7. Generally, K7 is not a HUS constant of T (see [10,11]).
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Now let 7' be a bounded linear operator with the kernel denoted by N (7') and the
range denoted by R(7"). Consider the one-to-one operator 7 from the quotient space
A/N(T) into B:

T(f+N(T)=Tf fe€A,
and the inverse operator T-1. R(T) - A/N(T).

Theorem 2.2 [13] Let A and B be Banach spaces and T : A — B be a bounded
linear operator. Then the following statements are equivalent:

(a) T is HU-stable;
(b) IS(T) is closed,
(c) T~ is bounded.

Moreover, if one of the conditions (a), (b), (¢) is satisfied, then K1 = ||T71 Il

The main results used in our approach for obtaining, in some concrete cases, the
explicit value of K7 are the formula given above and a result by Lubinsky and Ziegler
[18] concerning coefficient bounds in the Lorentz representation of a polynomial.

Let p € I1,, where [T, is the set of all polynomials of degree at most n with real
coefficients. Then p has a unique Lorentz representation of the form

n
px) =D axka —x)"k, @2.1)
k=0
wherecy € R,k =0, 1, ..., n. Remark that, in fact, it is a representation in Bernstein—

Bézier basis. Let 7,, denote the usual nth degree Chebyshev polynomial of the first
kind. Then the following representation holds (see [18]):

n
TpQx = 1) = D dp " (1= 0" (=", 22)
k=0
where
min{k,n—k} 9i
._ n n—=zj j _
dug = Y <2j) ( P )41, k=0,1,...,n.
j=0
It is proved in [16] that d,, = (3’]:) , k=0,1,...,n. Therefore
" (2n
TQx—1)=2 (2k)(—1)"_kxk(1 — 0"k,

k=0

Remark 2.3 [16] (1) Condition (i) expresses the Hyers—Ulam stability of the equation
Tf = g,where g € R(T) is given and f € A is unknown.
2)If T : A — B is a bounded linear operator, then (i) is equivalent to:
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(ii) forany f € A with ||Tf| < 1 there exists an fy € N(T) suchthat || f — fp|| <
K, (see [19]).

So, in what follows, we shall study the HU-stability of a bounded linear operator
T : A — B by checking the existence of a constant K for which (ii) is satisfied, or
equivalently, by checking the boundedness of T

Theorem 2.4 (Lubinsky and Ziegler [18]) Let p have the representation (2.1), and
let 0 < k < n. Then

ekl < dnkllPlloo

with equality if and only if p is a constant multiple of T,(2x — 1).

Let C[0, 1] be the space of all continuous, real-valued functions defined on [0, 1],
and Cp[0, 400) the space of all continuous, bounded, real-valued functions on
[0, 400). Endowed with the supremum norm, they are Banach spaces.

Popa and Raga have shown the Hyers—Ulam stability of the following operators:

(i) Bernstein operators [16]

For each integer n > 1, the classical Bernstein operators B, : C[0, 1] — C[0, 1] are
defined by (see [8])

Buf = (Z)xk(l —x)"kr (S) , fecCl01],n>1
k=0

are stable in the Hyers—Ulam sense and the best Hyers—Ulam stability constant is given

by
2n n
Kp = , N.
B (2[§])/ ([g]) "e

(i) Szdsz—Mirakjan operators [16]

The nth Szasz—Mirakjan operator L, : Cp[0, +00) — Cp[0, +00) is defined by (see
(20, pp. 338])

00 . i
Lf(x)y=e"™ > f (l—) Txl, x €10, 400)
4 nj il
i=0
is HU-unstable for each n > 1.
(iii) Beta operators [16]
For each n > 1, the Beta operator B,, : C[0, 1] — CIO0, 1] defined by [21]

L pey e o A= 0" f (s
" ’ fOl (1 — t)”(l_x)dl

is unstable in the sense of Hyers and Ulam.
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(iv) Stancu operators [17]

Let C[0, 1] be the linear space of all continuous functions f : [0, 1] — R, endowed
with the supremum norm denoted by ||.||, and a, b real numbers, 0 < a < b. The
Stancu operators [22] S, : C[0, 1] — [T, defined by

Suf () = Zf (”“) (Z)xk(l — ok,

f € C[0, 1] are HU-stable and the infimum of the Hyers—Ulam constant is K5, =
(222’])/(['%1]), for eachn > 1.

(3

(v) Kantorovich operators [17]

Let X = {f :[0,1] — R | f is bounded and Riemann integrable} be endowed with
the supremum norm denoted by ||.|| are defined by

k+1

Ko f () = (n+1)2( o f(t)dt)()x (10",

T

f € X,x € [0, 1] are stable in HU sense and the best HUS constant is K5, =

3 Main results

(i) Kantorovich—Stancu type operators

For each integer n > 1 let I, be the subspace of C[0, 1] consisting of all polynomial
functions of degree < n.Let C[0, 1+m] be the linear space of all continuous functions
f :10,1] - R, endowed with the supremum norm denoted by ||.||, and a, b real
numbers, 0 < a < b. The Kantorovich-Stancu type operators [23] K, ,, : C[0, 1 4
m)] — I, ,, are defined by

(= e
Knm(N)x) = (n+m+p+1) Z ( )xk(l —xyrm / . 01,
AT
f eClo,1+m].
The kernel of K, ,, is given by
kta+l

N(Kn’m)z[feC[O,l—i-m]: o f(t)a’t:0,0EkEn—i—m].

o
n+p+1
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which is a closed subspace of C[0, 1+m], and R(Kn m) = IT,4+n,. The operator K,, m .
C[0, 1+m]/N(Ky.m) — IT,+m is bijective, K m - hgm — Cl[0, 14+m]/N(Ky m)
is bounded since dim/7,,4+,, = n +m + 1, so according to Theorem 2.2 the operator
K;.m s Hyers—Ulam stable.

Theorem 3.1 Forn > 1

n+B+ 1)(3?&?))

KK,Lm ||Knm|| - I’l+m
n+m+ B+ 1)([n+m])
Proof Let p € IT,4m, || pll < 1, and its Lorentz representation

n+m

pe) =D a(p)x 1 —x)" T x 0,11,
k=0

Consider the piecewise constant function f, € C[0, 1 + m] defined by

(n+B+Dck(p) e [ k+a k+<x+1).

o | w1 € [
Cntm(P) re %11]

O0<k<n+m-—1. B
Then Ky fp = p and~1<,;}n(p) = fp+ N(Kpm).
As usual, the norm of K, ), : [Ty — C[0, 1 +m]/N(Ky) is defined by

IIE,,‘,,LH: sup IIK m(P)l = sup nf ||fp+hll.
Ipli<t Ipll<theN

Clearly

i (n+ B+ Dlcx(p)]
f h|| = =
ha\}?Kn m) ”fp = ”fp” O<k<n+m m+m+p+ 1)(n+m)

Therefore

Bl sy max 0BT D)
=1 0k=ntm (n+m + B+ D)
) (1 + B+ DIPldn i
sup  max T
Ipl<10sk=ntm (n +m + B+ D ("}")
ax (n+ B+ Ddptm i
= o A B (T

On the other hand, let ¢(x) = 7,,(2x — 1), x € [0, 1]. Then ||¢|| = 1 and |cx(q)| =
dntm.ks 0 <k < n -+ m, according to Theorem 2.4. Consequently
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= (n+ B+ Dlce(q)l (n+ B+ Ddntm.k
||Kn’m | > max T = ax r—
Osk=ntm (n+m 4 B+ 1)("T") ~ osksntm (n4+m + B+ D("T")

and so
1RL = (4 B+ Ddpmp (n+ B+ D)
0<k<n+m (n+m +ﬁ + 1)(n+m) 0<k<n+m (n +m +ﬁ + 1)(n+m)
Let
n+B+1 2(n+m)
= (+ 8+ D5 ,,+,)n, 0<k=<n-+m.
(n+m+pB+D("")
Then

20+ 2m — 2%k — 1
Gl _ Zn A L 0<k<n+m.
ar 2k + 1

The inequality ”’;—:1 > 1 is satisfied if and only if k < [%], therefore

apugmy, n + m is even;
0<k<n+m (5= T

max ay=a - .
a[HTm1+], Il+mISOdd.
Since Apugmyy ) = Qpugn) if n + m is an odd number, we conclude that

m+ﬁ+n(¥ZZTO

Ky = 1Kl = pa
This completes the proof of the theorem.

Remark For m = B = 0, the above operator reduces to the classical Kantorovich
operator. Therefore the infimum of the HUS constant of the Kantorovich operator is

2n n
= (Gin) /(i)

This corrects the value provided by Theorem 3.3 in [17].

(ii) King’s operator

Let {r;, (x)} be a sequence of continuous functions defined on [0, 1] with0 < r,(x) < 1,
ie., rp,(x) : [0, 1] — [0, 1] are continuous functions.
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In [24], King defined the following interesting sequence of positive linear operators
V, : C[0, 1] — C[0, 1] which generalizes the classical Bernstein operators B, defined

by
- k
Vafx)=>" (Z) (rn CNF (L = 1y ()" f (;)

k=0

forall f € C[0,1], 0 <x < 1.
The kernel of V,, is given by

N(V,,):ifeC[O,l]: f(g):0,0Ekfn}.

which is a closed subspace of C[(l, 1], and R(V,) = II,. The operator I?n
C[0, 11/N(V,) — II, is bijective, Vn’] : IT, — CI0, 1]/N(V,) is bounded since
dim/7,, = n + 1, so according to Theorem 2.2 the operator V,, is Hyers—Ulam stable.

Theorem 3.2 Forn > 1,

om0 () i)

Proof The proof is similar as Theorem 3.3 for finding the best constant in the case of
Bernstein operators in [16].
(iii) Szdsz—Mirakjan type operators

In [25], Lupas proposed the linear positive operators

o0

e~ Xk (K
Lof(x)=2 é 7] f(;), x € [0, +00)

o0
with the help of the identity ﬁ = > %ak, la] < 1 where (x)g = 1, (@)x =

ala+1)---(a+k—1);k > 1. Here we are taking an nth Szdsz—Mirakjan type
operator L, : Cp[0, +00) — Cp[0, +00) defined by

nx > (nx)g k
Lyf(x)=e ]Z:O By f (;) x € [0, +00).

Theorem 3.3 Forn > 1 the operator L, is unstable in the sense of Hyers—Ulam.

Proof Suppose that for a certain n > 1, the operator L, is HU-stable. Then there
exists a constant K such that for any f € Cp[0, +00) with ||L, f|lcoc < I there exists
g € N(Ly) with || f — gl < K.

According to Stirling’s formula, limy_, % = 0, so that there existsa j > | such
that (K + 1)-L- < 1.

jle/ —
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Let f € Cp[0, +00) be the function defined by
o=t Tl )
K+1,

1 j i j+1
£ is linear on [£=L, £] and [£, L=]. Then

n’n
K+1
Lof = e B D gy,
jlel
_ K +D () (nx+1)---(mx+j—1)
¢ j! el
K Epaa+ ha+ D) a4
= J! el

j 1 2 1\
- —"X(K+1)”—(1+—)(1+—)~.(1+J )x/
nx nx nx
x € [0, +00).

It is easy to check that ||L, fllc < 1, so that there exists g € N(L;,) with
If — glleo < K. But then g(£) = 0 and consequently K > [ f — gllooc >

|f(f—;) — g(£)| = K + 1 a contradiction. Thus the theorem is proved.

(iv) Kantorovich—Szdsz—Mirakjan type operators

The classical nth Szasz—Mirakjan operator L, : Cp[0, +00) — Cp[0, +00) is defined
by (see [20, pp. 338])

0 i

L f(x)—e_”"Zf( )T’“ x € [0, +00).

The Kantorovich version of the Szdsz—Mirakjan operators are defined by

k
K f () = ne—'” (’”)

/ f@®)dt, x €][0,+00).

Theorem 3.4 Forn > 1 the operator K, is unstable in the sense of Hyers and Ulam.

Proof The proof is similar as Theorem 3.3. But here the mapping f € Cp[0, +00) is
defined by

: 0, ZL UL, 4o00);
fx) = [K+1 xe{] /+1] [ %)

Of course f is linear on [%, %] and [ j+1]

@ Springer
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(v) Other operators
Consider the operators

(a) Bernstein—Stancu type with shifted knots introduced in [26] is defined by

. n+B k+a o \'(nto "
Sn,ot,ﬂ(fax)—( ) Zf(n+ﬁ1)()(x_n+132) (n+,32_x)

o < < n+oo
where e X < oE

0<a; <ap < By <P

and oy, Bx (k = 1, 2) are positive real numbers provided

(b) Kantorovich type generalization of Bernstein—Stancu type operator with shifted
knots introduced in [19] is defined by

* n+ﬁ2 n n n an k
sn,a,ﬁ(f;x)z(n+ﬁ1+1)( - ) Z(k)(x_n+ﬁz)

k=0
—k ktap+1
n + o n n+p1+1
x ( 2 —x) /k+ " f(dr
n+ ’32 n+ﬂ1~1H
where +ﬁ <x < Zi%z and oy, Br (kK = 1, 2) are positive real numbers provided

0<oa; <ay <1 < pz;and

(c) r-th order of the Kantorovich type generalization of Bernstein—Stancu type operator
introduced in [19] is defined by

* ) = n+ B\ < (n a \F
e ) 2065

k=0
—k
n —|— o) n— n+ﬂ1+l (j)
() S e
ntpi+1 j=0

where f € C"[0, 1] (r =0, 1,2, ...) the set of all functions f having continuous r-th
derivative £ (f@(x) = f(x)) on the segment [0, 1].
They are Hyers—Ulam stable since their ranges are finite dimensional.

Open Access This article is distributed under the terms of the Creative Commons Attribution License
which permits any use, distribution, and reproduction in any medium, provided the original author(s) and
the source are credited.
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