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1. Introduction

To make the exposure self-contained, we recall basic formulas in g-Calculus. Let ¢ > 0. For each k € Ny = {0} U N, the
g-integer [k]q and the g-factorial [k],! are respectively defined by

Ky =1+q+---+q", [klg! = [1]4[2]4 - - - [Klg, k€N,

and [0]; = 0, [0]4! = 1. For integers k € {0, 1, ..., n}, the g-binomial coefficients are denoted by [Z]q and are defined as
follows
nyo [n]g!
[k]q T [klg!n — klg!

As particular cases, [n]; = n, [n];! = n! and [’;]1 represent (',Z) the ordinary binomial coefficients. We also use the
standard notation

n—1
x—a)y =1, (x—a)Z:l_[(x—aqs), neN. (1.1)
s=0

In order to approximate a continuous function on R, = [0, co), Bleimann et al. [1] introduced the following positive
linear operators defined on the space RI%>)

1 NN k
(Lnf)(X)—(]+x)n;(k)?<f<n_k+l), x=0. (12)
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Over time, this class of operators has been deeply investigated and different generalizations have been obtained in
numerous papers, see, for instance, [2-6] and the literature cited therein.
In 2007, Aral and Dogru [7] introduced and investigated the following q-BBH operators

1 o k(k—1)/2 k ( (k]q )
taD®) = +X)q2[ e () (13)

k=0

see also [8,9]. Another g-analogue of BBH operators was introduced by Mahmudov and Sabancigil [10]. This class, let us
say Hp g, is related to L, 4 as follows (H, o f)(x) = (Laqf)(gx), x € Ry, and its construction is based on Lupas g-Bernstein
operator [11]. The authors showed that many properties of the original BBH operator are inherited by H, 4.

In the present note, we define a general family of BBH-type operators depending on a parameter and constructed via
g-Calculus. For ¢ > 0, @ > 0 and each n € N, we consider the operators

1 n n—k—1
@ f)()—WZ[ ] fk]"[<qx+a [il,) 1'[ (14 aljly), (14)
n,q k=0
where
960 =[]0 +ax +olsly, S —f<7[k]" ) (15)
n’qx —S=0 qx aSq, k= [n_k+1]qqk .

and x € R,.. Note, an empty product is considered to be 1.
One observes that these operators are positive and linear. For « = 0, the operators (1.4) reduce to the g-BBH operators

defined by (1.3). Moreover, L< 1 represents the classical BBH operator defined by (1.2). On the other hand, for g = 1, L
turns into the operator L% assoaated with the Pélya-Eggenberger distribution and introduced by Adell et al. [3].

Such g- generallzatlons depending on a real parameter have been recently achieved, see, for instance, [12,13].

The aim of this note is to study some properties of the operators defined by (1.4). By using the g-difference operator,
we indicate another form of this class. Also, we give sufficient conditions which ensure that it becomes an approximation
process and the rate of convergence is established in different function spaces.

2. Preliminary results

We continue to recall elements of g-Calculus. The book [14] can be a good guide. Let ¢ > 0. We denote the g-derivative
of a functionf : R — R by

_ f®) —f(gx) L
Dyf (%) = R x#0, Dqf(0) = )ICE%qu(X),
and the high g-derivatives D) f = f, Dj f = Do(D} ™' f),n € N.

Let g € (0, 1). The most known g-analogue of integration for a function f : Ry — R is given by
a oo . .
W:0.0 = [ fOdt=(1-qaY_df@). a=o
0 j=0

provided that the series of the right hand side is convergent. Over a general interval [a, b], 0 < a < b, one defines

I4(f; a,b) = 14(f; 0, b) — I;(f; 0, a).
Also, one has [14, Eq. (20.2)]

b
/ Do (0dgx = F(b) — £ (@).

The g-version of Taylor’s formula will be read as follows, [14, Eq. (4.1)]. For any polynomial f (t) of degree N and any
number c, we get

N o
£ =Y 0o =0, 1)
j:O [’]q
Lemma 2.1. For each n € N, one has
n—1 1-1 n—1
T +alsly = 3 (—1ige-n2 (1] Tl +eatin) [T +dy +atiy. (22)
s=0 =0 9j=0 i=l

wherea > 0,q > 0andy € R.
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Proof. We expand f (t) = (t + a)g by using formula (2.1). Since
(D £)(6) = [nlgln — - - [n— 1+ 1ot + @)

for any | < n, the g-Taylor formula gives

t+ar=Y" [';]q t—0lc+a. (23)

=0

In the above we replace q by g~ . Taking into account both relation (1.1) and the identity [rl']
rewrite (2.3) as

e = [’;]q q "D we can

n—I—1

n—1
H(t +q " ag’) = Z[ ] H(t —cqH 1_[ (q7'c + ag™').
s=0

In this identity making the change | := n — I, we can write successively

n—1 n -1 n—I—1

H(t +q ™ ag) = Z[ ] H(q—n+lc +ag~") 1_[ t—cq™
s=0 =0 9 j=0
n n -1 ) n—Il—1 )
_ [ ] (@™ + ag~™H1H) l_[ (t—cq™)
1=0 ! 9 =0 i=0
n n n—Il—1
— I(1-1)/2 —j— "”c—i—a n+1) t— n+l+1+i)
3 [l]qq j]_[(q q ]_[ (

n L

[ ] ql(l—l)/Zl_[(qlq— c+aq’"“)1_[(t dq ).
q j=0

Putting

= ]+7 a= % _(L_) -1
= = qg-, c¢= y)q"
1-¢q 1-¢q 1—¢q

we arrive at (2.2). O

For any k € Ny, the kth order g-difference operator of a function f is recursively defined by
Adfi=f and AST'f = Apfipa — q° AL, (2.4)
where f; denotes the value of the function f on the knot x; belonging to a certain net of an interval included in the domain
of f. The kth g-difference Agfj can be expressed as a sum of multiples of values of f as follows, see [15, p. 46],

k
_ k
ALfi=) (=g [ ] fisir. (2.5)
r=0 r q
For our purposes, we consider f; given by (1.5). In this circumstance, formula (2.5) is valid for any j € {0, 1, ..., n} and

ke{0,1,...,n—j—1}.
In what follows we indicate another look at our operators.

Theorem 2.1. The operators defined by (1.4) can be expressed in the form
"orn ML gix + afi]
LY fx) = [ ] Ak ,717, 2.6
(Lig @ k; s qfogl+q,x+a[i]q (26)

X > 0, where A{ fy is defined as in (2.4).
Proof. By using (2.2) in relation (1.4), we get

Zn: [n] fe H(qX+a[l]q)

119 (x) &5 Lk

n—k—
X Z( g ”/2[ ] 1‘[<qdy+a[; ) 1"[ (1+ 'y +alsly), (2.7)

(L) =
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where y € R. Substituting y = g*x + alkly, we get

r+k—1
1"[<qdy+oemq>— [ @x+elily
j=0 Jj=k
and
n—k—1 n—1
[]a+gy+aisly =[] 0 +gx+alsly.
s=r s=r+k

Returning to (2.7), we can write

n n—r r4-k—
@)= Z[:]qﬂZ(—l)"q"("‘”/z[n ) ] ]_[ (@'x+ alily) ]_[ (1 + ¢'x + alsly).
k=0

nq()ro q i=0 s=r+k

In view of the equality

M A

we obtain
1 ULy ]
(o) _ k—r (k ) (k—r—1)/2
(g DO = 0 2 k_r[k]q[ ] (=1 H(qx-f—a[l]q)nﬂ-i-qx-i-a[s]q)
_ 1y [”] T ](Qx-f—a[l]q)l_[(l+qx+ot[5]q)Z( 1)'q ”/zm fir.
ln‘ﬁ(x) k=0 k 9i=0 s=k r q

Knowing the expression of the polynomial l,ﬁ“& condition (2.5) completes the proof of our theorem. O

Lemma 2.2. Considering the functions ¢*, k € Ny, ¢ : Ry — [0, 1), ¢(t) = t/(t + 1), the following identities

Apf =0, jef{o0,1,....n}, (2.8)
hold for eachs > k + 1.

) N
Proof. On the basis of (1.5), (p}‘ = ¢k ([n ].[ﬂ‘;] q,.) = ([n[fg]q) . Taking into account (2.4) and following [15, p. 268], the
i q

statement is obvious. O

Theorem 2.2. Let L,ﬂ“& n € N, be defined by (1.4). For each n € N and x > 0, the following relations hold.

LD =1, (2.9)
(@ _(__ @ X
(Lyq9) () = <1 [n+1]q) T % (2.10)
X gx +«a 1 X
i)™ = T e T el Tex e (211
where
_ Iy ax+a ( n_ Inlg >
Kn, a,x) = mt1l, T+ata 1+ [2]4q TERIENIA (2.12)
If q € (0, 1], then
IK(n, @, x)| <4, foreacha > 0. (2.13)

Here 1 represents the function on R of constant value 1 and ¢ is defined as in Lemma 2.2.

Proof. Identity (2.9) is implied by the relatlons (2.6) and (2.8). Further on, taking the advantage of (2.5), we deduce
Adpo = @0 = 0, Ao = ¢1 — @0 = [n+1] and Ajgo = 0 fors > 2, see (2.8). By using Theorem 2.1 and knowing

[n]lq = [n+ 1]q — ¢", we arrive at (2.10).
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On the basis of (2.5), for ¢? we have
_ 1
412

ql2]q
n+112°

0,2 1,2
Ay =0, A%

2.2
qro —
Applying again both Theorem 2.1 and Lemma 2.2, we can write

[nlg X qlnlgln — 1], x  gx+«
[n+ 1] 1+x (n+17 14+x1+gx+a
_Int1lg—q" x  (ntllg—Dn+1lg—q¢" Rl x  gx+a

Le* (%) =

[n+12 1+x [n+ 112 1+x1+gx+a
X qgx + o 1 X
S l+xl4gxta [n+1]1+x

1 11 gx + « _ qx +«
2ly————— —q" 1-(1 =)y —— .
X([n+]]q<q []q1+qx+a q>+ (I+gq []q)1+qx+a>

Taking into account (2.12), by a straightforward calculation, we obtain (2.11).
In view of (2.12), under the hypothesis q € (0, 1], the statement (2.13) is evident. O

3. Approximation properties

Our aim is to establish when (L,(,‘f‘l;)rl is an approximation process in certain spaces of functions.

Cg(R,) stands for the space of the continuous bounded real valued functions defined on R, endowed with the usual
sup-norm || - |-

Also, let C*(R,) be the Banach lattice of all continuous functions f on Ry such that limy_, o f(x) exists and is finite
endowed with the same norm || - ||«. Forany f € C(Ry) and 0 < a < b, set [|f [ja.p) = SUPg<x<p [f (X)|. One observes
Ifli0.17 = IIf © ¢l for any f € C(R), where ¢ was introduced in Lemma 2.2. We also mention that (2.9) implies the fact

that L,ﬁ"‘é is a non-expansive operator, this means ||L§f¢3f||OQ < |Iflloo, for any f € Cg(R.). Since Lf,‘,’éf is a rational function

on R, satisfying limxﬁoo(Lf,‘ﬁ F)x) = f([nlyq™™), the relation (1.4) implies

L (C*(Ry) C C*(Ry). (3.1)

Gadjiev and Cakar [16] presented a Korovkin type theorem on uniform approximation of a certain subspace of Cz(R..).
Their result involved the test functions ¢”, v = 0, 1, 2, where ¢ was indicated by us in Lemma 2.2. The authors also gave
a simple proof of the corresponding statement for BBH-operators. In the framework of weighted approximation, a more
general theorem was obtained by Bustamante and Morales de la Cruz [17]. In this comprehensive survey, a particular case
of Theorem 4.3 will be read as follows.

Theorem 3.1 ([17]). A sequence (L,), of positive linear operators L, : C*(Ry) — C*(R.) is an approximation process if and
only if

lim ||y — ¢'llo =0, fori=0,1,2.
n

Thanks to relation (3.1), we can apply this theorem to our operators. We also point out the following. As Gadjiev and
Cakar proved [ 16, Theorem 3.3], the above result does not hold in the whole space Cz(R ). Other strict Korovkin subspaces
of C(R.) can be found in the monograph of Altomare and Campiti [ 18, Section 4.2].

Examining (2.11) we deduce lim, L,({fﬁ(pz +# @2 forany fixed q € (0, 1) and « > 0. Consequently, our operators L,ﬁag neN,
still do not form an approximation process on C*(R..). To enjoy this property, for each n € N, the constants g and « will be

replaced by the numbers g, € (0, 1) and o, € R...

Theorem 3.2. Let (qn)n>1, (@n)n>1 be real sequences such that 0 < q, < 1and o, > 0. Let Lffg,z, n € N, be defined as in (1.4).
If lim, g, = 1and lim, o, = O, for each f € C*(R,.) one has

1ip(L,§‘f;3 &) =f(x), uniformlyinx € R,. (3.2)

Proof. We check the three conditions of Theorem 3.1. In view of (2.9), the first of them is evident. From (2.10) we get

Lyl @) () X € R, (33)

Gn
)| = 11, < il
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Further on, from (2.10) and (2.13) we obtain
(1 —=qgpx + ay 1 4x
12 14+ qux+ay [N+ 1], x+1

X
(L1 0?) (x) — p*X)| < T

4

< max{l —qu,ap}+ ——, x€R,. 3.4

< {1 — qn, an} TESTH + (34)

The requirements imposed on (q,), and (o), ensure lim, ||L§1“{,‘n ¥ — ¢°llc = Ofors = 1ands = 2. This ends the

proof. O

Remark 3.1. For a givenq € (0, 1) and @ > 0, for each x € R, one has
6
L) (¢ — 9(®))*, x) < max{l — g, a} + ——— = 6. (3.5)
[n+1]q

The statement is a consequence of Theorem 3.2.
Indeed, since L, 4 is a linear, positive operator and reproduces the constants, we can write

L) (9 — 9(®)*. %) = L) (@* — 9> (0), %) + 20(x) (9(X) — (Lyp) (X))
< LX) — @* W] + L) (X) — 9.
Combining (3.3) and (3.4), ¢, = q, @, = «, we arrive at (3.5).

Starting from Theorem 3.2 we can obtain the uniform convergence of Lnag,z f tof for any f € C(R,). The disadvantage:
the uniform convergence is not valid on the whole positive semiaxis but only on compact intervals included in R.. The
advantage: the uniform convergence is valid for unbounded continuous functions.

Theorem 3.3. Let (qn)n>1, (n)n>1 be real sequences such that 0 < q, < 1and o, > 0. Let L,(f[,',z, n € N, be defined as in (1.4).
If lim, g, = 1 and lim, «,, = 0, for each f € C(R) and any [a, b] C R one has

11m L f — fllfap = O. (3.6)

n,qn

Proof. For a given compact [a, b], 0 < a < b, and an arbitrary function f € C(R.), we define the maps

A+t—af®), tel0al,
0. (1) = f®, t € (a,b),
O =Vt 14b)f@), telb b+ 1),
0. t>b+1,
( t+a)f (), tel0,al,
b, ¢ () = t € (a,b),
2= (t—b)f(t) t e[b,b+1),
f@®, t>b+1.

Clearly, 015 € Cg(Ry), 62y € C(Ry) and f = 615 + 6, 5. We can write

LD f = Fllias < ILED 015 — 015 lia) + L2025 — Oaf llja.by
= L6015 — 61 lliapr < L2615 — 615 lloo-

n.qn

Since 0; 5 € C*(R.), in view of Theorem 3.2, relation (3.6) follows. O

Theorem 3.4. Let the operators Lfl”g, n € N, be defined by (1.4). There exists q € (0, 1) such that for any q € (g, 1) the following
inequality

« IDgf o ¢l
L0 e 9.0 = Fop)l = ===+ VBWB + DIDf o ¢lloo (3.7)
q
holds, where ¢ was introduced at Lemma 2.2 and B is given by (3.5).

Proof. Let x € R, be arbitrarily fixed. Using g-Taylor’s formula with the Cauchy remainder [14, Eq. (20.4)], for each t € R
we can write

)= : : . R 3.8
f<f+1>_f(x+1> Qf<X+1>(t+1_x+1>+f"”(t)’ (38)
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where
t/(t+1) t )
R.,(t):/ (—qv)Df(v)dv
Jax x/(x+1) t+1

On the basis of an estimation formula for the remainder term [19, Theorem 5.3], there exists ¢ € (0, 1) such that for all
q € (q, 1) one has

D2 f (&) t X t X
) ’ _ _
Rr.aa(D) = 21! (t+1 x+1> <t+1 qx+1>’ (3.9)

where & » € (u, v) C [0, 1], u = min{p(x), p(t)}, v = max{p(x), p()}.
Applying L,(f‘g to relation (3.8) and using (2.9), we get

L (Fo @, %) — (f 0 9) (%) = Dgf 0 (LY (9 — 9(x), X) + L) (Ry g.x, X). (3.10)
On the other hand, from (3.9) we obtain
IDZ £l
L B ) < 0L (0 — ) (9 — a9 (). )]
1D fllo.n

211 — L= L (@ — 9 (0)* + (1 = Qe (¢ — (X)), )|
!

ID2 fllio.11 (L) ((@ — 0(x))%, %) + L (9 — 9(x), X))
< ID2f 0 @llse (L) (9 — (%)%, %) +\/an<(¢ P(x))2, x)).

The last increase was obtained by applying Schwarz’s inequality and knowing (2.9). We return at (3.10) and, in view of
(3.5) and (3.3), the conclusion (3.7) follows. O

IA

Remark 3.2. Under the additional conditions which guarantee that our sequence is an approximation process, see
Theorem 3.3, we deduce that 8, = max{1 — qy,, oy} +6/[n+ 1]4, tends to zero for n tending to infinity. Consequently, (3.7)
is an appropriate upper bound of the error of approximation.

The next result should be of interest in its own right.

Lemma 3.1. If g € C([0, 1]), then there exists ¢ € (0, 1) such that for any q € (g, 1) the following inequality

IDggllto.11 < 2(lIglo.17 + D28 llo.17) (3.11)
holds.
Proof. Let h € C([0, 2]), h(x) = g(x) forx € [0, 1] and h(x) = g(1) for x € (1, 2]. Using the g-Taylor formula we write

x+1
h(x+ 1) = h(x) + Dgh(x) + / x+1-— qv)ng(v)dqv. (3.12)
X
Using again [19, Theorem 5.3], one finds g € (0, 1) such that for all g € (q, 1) one has
w1 D2h(£)
/ (x-+1 = g 0)d = ~mC (4 2 — )
X q-:

where x < &, < x 4 1. Relation (3.12) implies
IDghlI0.11 < Ilhllfo, 11 + I~ll1,21 + 21DZ 0,2
Since [|hllj1,21 < lIhlljo,17, ||D§h||[1,2] =0and h = g on [0, 1], from the previous inequality we obtain (3.11). O

Taking into account this result, after some calculations, Theorem 3.4 can be reformulated as follows.

Theorem 3.5. Let L,(f‘l; n € N, be the operators defined by (1.4). There exists q € (0, 1) such that for any q € (q, 1) the following
inequality

X 2 9
’(nqn( +1> f<x+1>‘§ [n+1]q||f||[o,1]+<[ +1]q+f(f+1>) ID2 £ 110,11+

holds, where B is given by (3.5).
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Definition 3.1. A function £2 : R, — R, is called a modulus of continuity if it satisfies the following properties: lim;_, o+
£2(8) = 0, £2 is non-decreasing, §2 is subadditive.

For a given modulus £2, following [16], let Hg, be the space of all real-valued functions f defined in R, and satisfying the
condition

X
t+ 1 x+1
It was proved that Ho C Cp(R,).

IF() —f®)] < £2 (

‘) , (t,X) S R+ X R+. (313)

Theorem 3.6. Let L,(,‘ﬁ, n € N, be defined by (1.4). For any function f € Hg,, the following inequality
LX) — FR] < (14 BHRBY>T)
holds, where t arbitrarily belongs to [0, 1/2) and B is given in (3.5).

Proof. Let f belong to Hy,. If £2 is a modulus of continuity, then £2(A8) < (1 + 1)£2(§), A > 0. This inequality and relation
(3.13) imply

t X
H—fx<(1+=-|—— £2(), &=>0. 3.14
If () f()|_<+8t—|—1 X+1D (%) > (3.14)
Since L<°‘> is a linear positive operator reproducing the constants, taking advantage of (3.14), we can write

A

(LA H@E = Fl < LA —F®)]: %)

< <1 + 5L$‘i,(|<p X, x)) 2(5)
< ( VL9 — 002, x)) 26)
=

(H{f)m).

We also used Schwarz’s inequality and relation (3.5). Choosing 8§ = 8/~ 7, one gets the claimed result. O
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