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On the limit operators of ¢-King type sequences of operators

Dedicated to Professor loan Rasa, on the occasion of his 75th birthday

ZOLTAN FINTA*

ABSTRACT. We determine the limit operators for a sequence of generalized g-King operators and the sequence
of g-Aldaz-Kounchev-Render operators. For each sequence of operators we prove the uniform convergence to the
corresponding limit operators, for which we provide quantitative estimates.

Keywords: Bernstein operators, King operators, g-Bernstein operators, ¢-King type operators, modulus of continuity.
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1. INTRODUCTION

The connection between regular summability matrices and convergent positive linear oper-
ators leads to the following operators introduced by King [13, p. 204, (2.1)]:

Vaf)(o) = Vi) = 3 st (£

where f € C|0,1], {r,} is a sequence of continuous functions defined on [0, 1] with 0 < r,(z) <
1and py, x(z) = (})2*(1 — 2)"~*, z € [0, 1]. For the special case r,,(z) = z, z € [0, 1], we receive
the Bernstein operators

(1) (Buf)(@) = Bulf:2) = > pus(@)f (Z) |
k=0

We consider the monomial functions e;(z) = z*, where x € [0,1] and i = 0,1,2, ... The King
operators which preserve ¢g and e, are given by

a k
(12) V1)) = Vi (i) = S puatrios (1),
k=0
where
. x2, if n=1
() = m< 1+ +/4n(n — 1)z2 + if n=2,3,...

(see [13, p. 205]). Thus (V,reo)(z) = 1, (V,ler)(z) = r (x) and (V*es)(z) = 2%,z € [0,1], in
contrast with Bernstein operators: (Bep)(z) = 1, (Bpe1)(z) = x and (Be2) ) %,
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€ [0, 1]. The following quantitative estimation is obtained in [13, p. 206, Theorem 3.1]:
(Vi (@) = f(@)] < 20(f; V2u(e — (@), = €[0,1],

where the usual modulus of continuity of f € C[0, 1] is defined by

(1.3) w(f;0) =sup{|f(z) = f(y)|: 2,y € [0,1], |z —y[ <0}, 6 >0.

A systematic study of the operators V,; (n = 1,2,3,...) is due to Gonska and Pitul [11], who
determine new estimates for the rate of convergence in terms of the first and second modulus
of continuity. The existence of a sequence of linear positive bounded polynomial operators on
C10, 1], possessing e and e; as fixed points, was proved in [6]. Furthermore, in [10], we proved
the unique existence of the functions r,, (n = 1,2,3,...) on [0, 1] such that the corresponding
sequence of King operators approximate each continuous function on [0, 1] and preserve ey and
ej, where j € {2,3,...} is fixed. Main results concerning certain King type modifications of the
Bernstein operators and the Szdsz-Mirakyan operators were presented in the survey paper [1].

Replacing f (k) in (1.1) with f <</ SEE B Ei JJ i%) n > j > 2, Aldaz, Kounchev and Ren-

der [4, p. 12, Proposition 11] defined a new King type operator

— AN o[ o EE=D). (k=G +1)
(14) (Uad)(&) = Ua(f;2) Z;md)f<¢mn_uumn_j+n>,

where f € C[0,1] and z € [0, 1]. These operators reproduce e and e;, where j € {2,3,...} is
fixed, and U,,f — f uniformly for all f € C[0,1]. In [7], we proved that there exist infinitely
many sequences of Bernstein type operators, which have similar properties to (1.4). Further
properties of the Bernstein type operators of Aldaz, Kounchev and Render were obtained in
the papers [2] and [5].

The g-Bernstein operators introduced by Phillips [16] are a new generalization of (1.1). Let
0 < ¢ < 1 and denote the ¢-integers by [n], =1+ qg+...+¢" ' forn =1,2,... and [0], = 0.
Besides, let [n],! = [1]4[2];- .- [n]q forn =1,2,...and [0],! = 1. Then the g-binomial coefficient
is defined by

{Z]q:% 0<k<n.

The Bernstein operators based on g-integers are given by

(1.5) (Bn.gf)(x) = By q(f;2) an k(g <[k] ) ;

where f € C[0,1] and

n ek
portaia) = | 0= =20). (o), e o]
q
(an empty product in (1.5) is taken to equal 1). For ¢ = 1, (1.5) reduces to (1.1). II'inskii and
Ostrovska [12] proved the existence of the limit lim B, , for ¢ € (0,1) given, obtaining the

n—

so-called limit g-Bernstein operator defined by

> 3T —q"), if o
(1.6) (Boso.of)(x) = Bao 4(f;2) { kgopoo,k(q, )f(1—q%), if €01
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where p 1 (¢; ) = #]Z[k]q! ]:[0(1 —2q°®). They proved for g € (0, 1) fixed that B,, ;f = Boo ¢ f

uniformly for each f € C[0,1], and B ,f — f uniformly for any f € C[0,1] and ¢ 1 1 (see
[12, p. 104, Theorem 2 and Theorem 1]). Moreover, Wang and Meng showed in [20, p. 153,
Theorem 1] thatif ¢ € (0,1) and f € C|0, 1], then

1
17) (Baaf () — (Bool )] < (2 b i‘q")> o). we 0.1
Videnskii obtained in [19, p. 221, Theorem 8.1] that if f € C|0, 1], then
18) (Broa ) = F@)] < 20 (£:5/T4), ae 1),

The King type operators based on g-integers were introduced in [3, p. 7] as follows (see (1.2)
and (1.5)):

42 Vaf)0) = Vig(fi0) = S puslairi g ([0
k=0

[n]q
where 0 < ¢ <1, f € C[0,1],n > 2and
* _ 1 2
Fdl®) = 3T (-1 +\/Alngln — 1gz? + 1) , zelo01].

We mention that V7 | preserves the functions ey and e>. The generalized ¢-King operators were
given in [8, p. 346] as follows:

(1.10) (Voaf)(@) = Vi f:2) ank (g >f([k]q),

[n]q

where 0 < ¢ < 1, the continuous functions r, , (n = 1,2,3,...) are defined on [0, 1] with
0 <rnqx) <1, feC0,1] and p, x(g; x) are the polynomials considered in (1.5). We proved
[8, p. 349, Theorem 1] that there exists a unique sequence of continuous functions {r,, ,} such
that V,, , reproduces ey and e;, where j € {2,3,...} is fixed, and V,, 4, f — f uniformly for
each f € C[0,1] and ¢, € (0,1), g, — 1, the rate of convergence is estimated with the aid of
the modulus of continuity (1.3). For n > j and ¢ € (0, 1), the function r,, , will be the unique
solution of the equation

k .
(1.11) (Bu.qe5)(y —x%—gyhk% ([%>—nﬂ=a z € [0,1]
(see [8, p. 349, Theorem 1] and Lemma 2.2 below). For j = 2, V,, , is identical with Voo
The g-Aldaz-Kounchev-Render operators were defined in [9, p. 756, (3.1)]: for 0 < ¢ < 1,
n>j, f€C0,1 and z € [0, 1], we set

i [Flalk = 1)g .- [k = j + 1
(1.12) Unof)(@) =Upq(fix) Prk(q; - ,
(Ual o) =Unatfie) =3 lal =Tyl — 1,
where j € {2,3,...} is fixed and p,, «(g; x) is given in (1.5). We mention that [k],[k — 1], ... [k —
j+ 1), =100 =0for k =0,1,...,5 — 1, and the operator U, ; is identical with U,, defined
by (1.4). Furthermore, we have U,, 40 = ¢¢ and U,, 4e; = e;. Among others, a new Korovkin

type theorem and its converse theorem are established in [9]. As applications we obtained
quantitative estimates for g-Bernstein type operators which preserve ey and e;.
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The main goal of the paper is to determine the limit operators of the sequences of operators
given by (1.10) and (1.12). We establish the essential properties of the functions r,, , defined by
(1.11) that guarantee the uniform convergence of V,, , f to its limit operator for each f € C|0, 1]
and ¢ € (0,1) given. We also give an estimate similar to (1.8) for the limit operator of the
sequence of operators {V}, ,}. Furthermore, we establish quantitative estimates similar to (1.7)
and (1.8) for the limit operator of the sequence of operators defined by (1.12).

2. THE CASE OF GENERALIZED ¢-KING OPERATORS
In what follows we need some lemmas.

Lemma 2.1. Let j € {2,3,...} be given,n > jand 0 < q < 1. Then

b~ (B2 veion

is a polynomial in y of degree < j. Moreover, (By, 4¢;)(y) = aoy’ + a1y’ ' + ... +aj_1y,y € [0,1],
where ag, a1, ...,a;—1 depend on n and q, and ag = ( [[n]]q> <1 — [[2]]‘;> <1 — [j[;}q]q), ag, a1,
e Q51 >O,CL0+CL1—{—...—|—CLJ'_1 =1.

For the proof see [8, p. 346, Lemma 1].
Lemma 2.2. Let j € {2,3,...} be given, n > jand 0 < q < 1. Then, the equation
(Bpq¢j)(y) =2’ =0, x€[0,1]

has a unique solution ry, 4(x), v € [0, 1] such that ry, ;(0) =0, 7, 4(1) = 1and 0 < ry, 4(x) < 1 for
€ (0,1).

Proof. By [15, p. 236, (6)-(7)], we have

(Bn.of)(y ZAM [i%l T

[n]q

k—1
where \g, = M = 1, Mg = ] (1 _ lig

n
1=1 Ja

order divided difference of f with distinct nodes v, v1, - . -, Yx:

flyis - oyel = flyo, - yre—1]
Y — Yo '

> k=23,....,nand f[yo,y1,--.,yx| is the k-th

flyol = f(vo)  flyo,v1,--- 0kl =

Hence

(2.13) Bo.gei)( Z)\knej lo,i . @] yr.

[n]

In view of [17, p. 10, (1.33)], there exists & € (o,

e lo, [ni . @] e (&)

L ) such that

nlg

I le) T R
0, . if k=0
(2.14) —{ LG -1) . Gk D&Y, i 1<k <
0, if j+1<k<n
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By (2.13) and (2.14), we get

(2.15) (Bu.ge;) Z)\knej [ 0, %] e

n]q ’ [n]q

for all y € [0, 1], thus the function B, 4e; is strictly increasing on [0, 1]. Because (B,, 4¢;)(0) =0,
(Bngqej)(1) = 1 and By, 4e; € C0,1], therefore the equation (B, 4¢;)(y) — 2/ = 0, z € [0,1]
has a unique solution noted by y = 7, 4(z), € [0,1] such that r, 4(0) = 0, 7, 4(1) = 1 and
0<rpq(x)<lforze (0,1). O

The essential properties of r,, , (n = j,j+1,j+2,...) from our point of view are summarized
by the following lemma.

Lemma 2.3. Let j € {2,3,...} be given, n > jand 0 < q < 1. The functions r,, 4 (n > j) determined
in Lemma 2.2 satisfy the following properties:

a) Ty,q 1s differentiable on [0, 1];
b) Tn.q(x) < 1pt14(z) <z forall z € |0,1];
c) there exists a function ry : [0, 1] — R continuous on the [0, 1] such that li_>m Tn,q(x) = 1q(2x)

uniformly for x € [0, 1];
d) Tnq(x) <ry(x) <z forall x €[0,1].

Proof. a) Because the function B, ,e; is continuous and strictly increasing on [0, 1], there exists
the continuous and strictly increasing inverse function (B, 4e;)~* on [0, 1], due to the following
continuous inverse theorem: If ¢ : [a,b] — R is a strictly increasing and continuous function,
then the inverse mapping ¢! : [¢(a), ¢(b)] — [a, b] exists and is strictly increasing and contin-
uous function on [p(a), p(b)].

On the other hand, by Lemma 2.2, we have (B, 4¢;)(rn q(x)) — 27 = 0, z € [0,1], which
implies that r,, ,(z) = ((Bn4¢ej) ' oe;)(z), x € [0,1]. Thus r,, , is differentiable on [0, 1] and

jai~!
(Bn.g€j) (rnq(z)) ,

because of (2.15) and (B, 4€;)(rn.q(z)) = 27, z € [0, 1].
b) By [17, p. 268, (7.56)], we have B, 4(e1;x) = z, « € [0, 1]. Applying Lemma 2.2 and Jensen’s
inequality to the convex function e; on [0, 1], we get

t) = By q(ejimn,q()) = épn,k(q;rn,q(w)) <ﬁ> <an (&5 7n0()) <%>>j

= (Bug(e157mn,4(2)) = (rnq(2)).

Hence r,, 4(z) < z, x € [0,1]. Furthermore, by [17, p. 270, Theorem 7.3.4], (B,, 4¢;)(x) >
(Bnt1,4€5)(2), © € [0,1]. Because (Bpq4¢;)(0) = 0 = (Bni1,4¢;)(0) and (Bpq4¢;)(1) = 1 =
(Br+1, qej)( ), by continuous inverse theorem (see also [10, p. 91, Lemma 2.1]), we find that
(Bn,gej) ™' (¥) < (Bnt1,4¢) " (y), y € [0,1]. Thenry, 4(z) = (Bpge;) ' (27) < (Brt1,ge5) ' (27) =
Tn+1,4(2), € [0,1].
c) Due to (2.16) and (2.15), we have r;, () > 0 for each x € [0,1]. Thus the functions 7, 4
(n=j,7+1,j+2,...)are increasing on [0, 1].

In view of b), the sequence {7, 4(x)},>; is increasing and bounded above for all € [0, 1],
therefore it is convergent. We set r,(z) = lim r, ,(z), z € [0, 1].

n—oo

(2.16) Th.g(®) = ((Bn,ge;) 1) (27) - €(x) = € [0,1],
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Let zg,z € [0,1]. By Lemma 2.1, we have

(Bn,q€5)(1n,q(2)) = (Bn,q€;)(7n,q(20))

= ap {(Tn,q@))j (Tn,q(%0)) } +a { (7n,q( ()" = (Tn,q(a:O))j_l} +...
+ a1 {rnq(2) = rnq(z0)}

= {rn,q(2) = Tn,q(z0)} {ao ((rnqg(x)) ™+ 4 (rng(20))’ ™)

+aq ((rn,q(a;))j_2 +...+ (rn7q(m0))j_2) +...+ ajfl} .

Hence, by Lemma 2.1 and Lemma 2.2, we get

|(Bn.q€j)(rn.q(2)) = (Bn,q€;)(7n.q(0))]

> |Tn,q(T) = Tn,q(z0)] a0 {(rn,q(x))j_l + .o 4 (Tng(z0)) j 1}

> |rma(2) = g (@0)] (1 _ %) (1 _ %) n (1 b @ﬁ“) (P (20)) .

Due to Lemma 2.2,
g (&) = g 0)] (1 - %) (1 - %) (1 U @q”q) (s (z)

<|o? =zl =z —zol|l2? ™t + ...+ 27 < jlo — xo].

By passing to the limit in terms of n, we get

(@) = rq(z0)laq® ... ¢ (rg(x0))’ ™" < jlz — wol.
If r4(z) # 0, then we obtain the continuity of r, at z. Furthermore, in view of Lemma 2.2, we
have r, 4(0) =0and 0 < 7, 4(x) < 1forx € (0,1). At the same time, the sequence {7, () }»>;
is increasing for all x € (0, 1), therefore if r,(zo) = 0, then xy = 0. Because 0 < r, ,(z) < =z,
z € [0,1] (see b)), we have |r,, 4(x) — rq(zo)| < z, x € [0, 1]. By passing to the limit in terms of n,
we find that |r,(z) — ry(zo)| < z, z € [0, 1], therefore r, is continuous at zy = 0.

Based on the properties established for the functions r, and r, , (n = 1,2,3,...), we obtain
the uniform convergence nango Tn.q() = 1¢(z) on [0, 1] by Pdlya’s theorem of uniform conver-
gence (see [18, p. 81, Problem 127]).

d) Due to b), we have r,, ;(z) < ry 4(2) < 2 for each z € [0,1] and n < m. By passing to the
limit in terms of m, in view of ¢), we get r,, 4(z) < rqy(x) < z, x € [0, 1], which completes the
proof of the lemma. O

Taking into account (1.10), (1.5) and (1.6), we have V,, ,(f;z) = By, ((f;7n.4(x)), therefore the
corresponding limit operator is defined by

> 3Tq\T —q* it =z
(Voo f)(@) = Voo q(f;2) = Boo o(fi14(2)) = { kz::()poo,k(qv ¢(2)f(1—q%), if €1[0,1)

We have the following result.

Theorem 2.1. Let ¢ € (0,1) be given. Then for each f € C|0, 1] we have
lim (Vi,qf) (%) = (Voo,q.f)(2)

n—oo

uniformly for x € [0, 1].
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Proof. For all z € [0,1], we have

|(Vn,qf)(x) - (Voo,qf)(x”
(2.17) < |Bn,q(f§ Tn,q(l')) - Boo,q(ﬁ Tn,q(l’m + |B<>o,q(f3 Tn,q(x)) - Boo,q(f% Tq(x))|~

Because w(f;q¢") — 0as n — oo, by (1.7), for each € > 0 there exists n. € N such that for all
n >n. and z € [0, 1], we have

(2.18) Bua(f (@) = Bocg(fiaa(@))] < .

On the other hand, [12, p. 104, Theorem 2] implies that lim (B,, f)(z) = (Bso,qf)(x) uniformly
n—oo

on [0, 1]. Thus Bw o f € C[0, 1], therefore B, ,f is uniformly continuous on [0, 1] for each € > 0
there exists 6 = d(¢) > 0 such that for all u,v € [0, 1], |u — v| < §, we have

(2.19) [Boo.g (f:0) = Boe,g (f30)] < 5.

In view of Lemma 2.3, ¢), we have lim 7, ,(x) = r,(x) uniformly on [0, 1]. Then there exists
n— oo

n. € N such that for each n > n! and z € [0, 1], we have

(2.20) 7,q(2) — rg(x)] < 6.

Combining (2.19) and (2.20), we obtain for all n > n and x € [0, 1] that
5

(2.21) | Boo,q(f370,q(%)) — Boo,q(fi7¢(2))] < 5.

2

In conclusion, by (2.17), (2.18) and (2.21), we get that for each ¢ > 0 there exists n. =
max(n.,n”) such that for all n > n. and =z € [0,1], we have |(V,, ,f)(z) — (Voo o f)(z)] < ¢,

gr've

which means that hm ( n.qf)(@) = (Voo,qf ) () uniformly for = € [0, 1. O

Theorem 2.2. Let j € {2,3,...} be givenand g € (0,1). If f € C[0,1] and z € [0, 1], then

(2.22) (Voo ) () — |<(1+\/ vagf i 9—1) (f: /T—0).

Proof. Because io: Pook(¢;x) = 1, € [0,1) (see [12, p. 103, (13)]), and applying the proof of
k=0

general Popovicii’s theorem [14, p. 20, Theorem 1.6.1], we obtain

~ 1/2
(223)  |(Veo,g)(2) = f(2)] < w(f;9) {1 +o07! <Zpoo,k(q;7“q(:v))(1 —q" - :[;)2> } :

k=0

where § > 0 and = € [0,1). Because of (a+b)? < 2(a® +b?), a,b € Rand Be 4((€1 — weg)?;z) =
(1 —¢q)zx(1 —x) (see[19, p. 221, (7.12)]), we get

Zpook: %rq (1_q —.I’)2

<2 Zpoo,k(q; ra(@)(1 = ¢" = rg(2))? +2) poc(girew)(x — rq(2))?

k=0 k=0
= 2B q((e1 — rg(w)e0) 74 ()) + 2(x — rq(2))”
(2.24) = 2(1 = q)rg(2)(1 = r4(2)) + 2(x — rq(2))”.
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Due to the estimation |z — ry, 4(z)| < ([1]q+ 2]q+ ...+ [J — l]q)l/J [n]y " glven in [8, p. 350,
(10)], we find

(2 =ng (@) < (g + 2l +. .+ = U 7?7 < (U424 45— 1)) >

By passing to the limit in terms of n and using Lemma 2.3, c¢), we obtain

2/3

@-r(@) < (506-1) -0 zcp.
Hence, by (2.24),

meq,rq (1~ ¢ —ry(a))?

2/3
<g0-a+2(506-1) G-ais (}2{/3%— 1>2> (1- g/

Now, (2.23) implies that

|(Voo,g f) () — ()<wf5{1+5 \/ +2{/ 2(j — 1)2 1/]}

Taking 6 = (1 — q)'/7, we obtain (2.22) for x € [0,1). Finally, if z = 1, then (Vo ,f)(1) =
(Boo,qf)(1¢(1)) = (Boo,gf)(1) = f(1), because 1 = 1, 4(1) = ILm Tn,q(1) = 14(1) in view of
Lemma 2.2 and Lemma 2.3, ¢). Thus (2.22) is true for all z € [0, 1]. O

\)

Remark 2.1. The limit operator of the sequence of operators given by (1.9) is the following:

o ¥ (o _ .k if
<v:o,qf><x>=<Boo,qf><r:;<x>>={ ZyPor@ra =), 7 o €0

f(1)7 lf CL’:l,
where r;(v) = 2iq <—1 +q+ 22+ (1 - q)2), z € [0, 1].

3. THE CASE OF ¢g-ALDAZ-KOUNCHEV-RENDER OPERATORS

The ¢g-Aldaz-Kounchev-Render operators (see (1.12)) depend on the nodes

Qn,k = Qn k (Q7 ])

:i,/[k]q[k—l]q...[k—ijl]q :</(1—qk)(l—q’“*)---(l—q’“‘j,“) k=01,....n

[l =g =5+, 0 —g)I g 1. (1—g"7H)
With the notation
e = ok (0.9) = {/(L— ) (1 = g*=1) . (1= g+=+1), k=012,

the corresponding limit operator of the sequence of operators given by (1.12) is the following:

(3.25) (Uoo,qf)($) — Uoo,q(f;SU) _ { kzzjopoo,k(Q;l’)f(aoo,q), if xe€l0,1)

F(1), if =1

The next result contains the properties of the nodes a,, ;, and ao k-
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Lemma 3.4. Let j € {2,3,...} be given and n > j. Then for the numbers a, , (k =0,1,...,n) and
ook (k=0,1,2,...), we have

a) Gpo=ap1=...= anj—1="0,apn =1 and Goo) = Qo] = -+ = Uoo,j—1 = 0;

b) 0 < ank — ook < q"_J“fork =7,7+1,...,n

¢) [Jjﬁqk_jﬂ <l —Goop <" fork=47+1,j+2,...
Proof. a) It follows immediately from the definitions of a,,  and as . For k =0,1,...,5 -1,
the value of a,, ;, can be calculated using its second form.

b) Because 0 < ¢* " <land 0 < ¢"* < 1fork € {j,j+1,...,n}andi € {0,1,...,5 — 1}, we
get

Ank — oo,k
= </(1 —q") (1 —¢"1) ... (1 —gFith)
(1 - qn)(l — qn—l) L (1 _ q”—j+1)

On the other hand, by the inequality of geometric and harmonic means and the inequalities
1—q¢">1—q¢" ' >...>1—¢" 7, n>j, weobtain

A —g)(1—qn 1) ... (1—gnith)

1 ‘
(3.26) > J > — 1 — It

1 1 1 — 1
]__qn + ]__qn—l + L + 1_qn—j+1 l_qn—j-',-l

(1- /A=) =g 1. (A= g7)) >0.

But i:g::i <1foriec{0,1,...,5—1},since ¢" " < ¢*~%,wheren > j, k€ {j,j+1,...,n} and
i €{0,1,...,5—1}. Inconclusion a,  — oo < ¢" Tl fork=74j5+1,...,n.

c) By the inequality of arithmetic and geometric means, for k = j,j + 1,...,n, we have

Y= gh) (= g+=1) . (1 - ghi)
_ l—g"+1—¢" 1+ +1—g" I "I g+ ¢ _1_@qk—j+1

J J J
or

(3.27) [‘%q’”’“ <1- </(1 — )1 =g . (1= gF ) =1 — ago i

Analogously to (3.26), we have for k = j,j + 1,... that

(3.28) (/(1 — M)A —gF 1) (1 =gt > 1 — ¢ or 1 —agp < ¢FITh
Then, (3.27) and (3.28) imply the desired inequalities. O
We have the following result.

Theorem 3.3. Let j € {2,3,...} be given,n > jand 0 < ¢ < 1. Then

|(Un,g ) (@) = (Uso,gf)(2)]
1

<2 (1 g () ) o 0 -0 (2 )
(3.29)

foreach x € [0,1] and f € C|0, 1].
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Proof. By (1.12) and (3.25), we have (U, 4f)(1) = f(1) = (Ux,qf)(1), which implies the validi-
tity of (3.29) for z = 1.

Now, let z € [0,1). In view of Z Pnk(q;z) = 1 (see [17, p. 268, (7.55)]), Z Poo k(@) =1
(see [12, p. 103, (13)]) and Lemma34 a), we have

|( n,qf)(x)_( ooqf)( )|
— an,k(qa an k Zpoo AU aoo,k) ‘
k=0

n 0o
- an,k(Qa ank Zpook q,T aoo k {ank qa Zpoo,k(Q7x)} ‘
k=0 k=0

= i{pn’k(q;x) _poo,k:(q; )}{f }+ ank q; T an k)
k=0

%)
- Zpoo,k(q; X aoo k {an k\g; T Zpoo,k:(q; .I')} ’
k=j k=j

= Yo (@:2) = poor(@ ) HFO) = O} + D pusla o) {F(an) = Flas)}
k=0 k=j

) {Dnk(@2) = Pook (@ 2) HF (oo k) = (D)} = D Pook(@s 2){f a0 k) — F(1)}
k=3

k=n+1

— LD 100 k(@) = ook (@ 2)| + D k(@ 2) | (an k) = F(aoor)]
k=0

k=j

+ Z |pn7k(q; CE) - poo7k:(q;x)|‘f<aoo,k) - f(l)‘ + Z poo,k(q;x)’f(aoo,k) - f(l)’
k=j

= k=n+1
=) + 1y + I3+ Iy
(3.30)

First, we estimate I;. In view of [20, p. 156, (2.9)], we have

- 24" 1
331 (6 2) — Pooi (@5 2)] < 1n( )
Therefore
j—1
I =1£(0) = fFWIg 7™ ¢ pnr(a5 ) — poc,(@:7)]
k=0

7j—1
<F0) = FWIg 7D ¥ |pni(g5 ) — poo k(g )]
k=0

<1F0) = FWIg 7D ¢FIpn k(@ 2) — poor(g: )]
k=0
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632 <170~ F)] 2 ()

For the estimation of /5, we apply Lemma 3.4, b):

I2<ank q;T f,ank—a,ook <ankq, ) (f;qn—j-l-l)

k=j
(3.33) Sw(f;q”‘j“)an,k(q; =w (f;q" 7).
k=0

At the estimation of I3 we use the property w(f; Ad) < (1+ MNw(f;9), where A > 0, § > 0. Then,
by Lemma 3.4, ¢), we have for k € {j,j + 1,...,n} that

[flaces) = FI S w (f51 = aen) < (T4 a7 1 = acen)) w (f34" )
—=q —n+j—1 (qn j+1 + (1 - aoo,k)) w (f;qn_j+1)
< q—n—i—j—l (qn—j+1 + qk—j—i-l) W (f; qn—j+1)
< qn—j—i-l 2qk—j+1w (f, qn—j-i-l) — qu—nw (f’ qn—j-i-l) )

Then, by (3.31),
Iy <2¢ "w (f14" 1) Zq [P,k (45 %) = Poo (45 )|
<20 "w (f;q" ) Zq [Pnk (45 %) = Poo, k(g5 2))|
4 1 ‘
(3.34) < ln( >w frg" It
q(l—q) \l1—g¢ ( )

If £ > n+ 1, then, in view Lemma 3.4, ¢), we get

|f(asoe) = FD] Sw (i1 = acor) Sw (f;¢" 7)) Sw (f¢"77 1)

Hence, we obtain the estimation of 1,:

(335) < Y peokl@r)w(fig" ) <w(fig"7) Zpook gz) =w(f;q" 7).
k=n+1

Combining (3.30), (3.32)-(3.35), we obtain (3.29). U
Theorem 3.4. Let j € {2,3,...} be givenand g € (0,1). If f € C[0,1] and x € [0, 1], then

(3.36) (Usoa) () = f(2)] < (1 + J ; +2(j - 1) ) (£ivi=a).
Proof. Analogously to the proof of Theorem 2.2, we have
o 1/2
((Uso,qf)() = f(2)] < w(/f39) {1 +o7! (Zpoo,k(q;w)(aoo,k - fc)2> }
k=0

(3.37) = w(f;9) {1 + 67" (Uso,q((e1 — weg); :c))l/2} :

where § > 0and z € [0,1).
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On the other hand, taking into account (1.12), the inequality (a + b)? < 2(a? + b?), a,b € R,
B.4((e1 — meg)?; ) = ﬁx(l — ) [17, pp. 268-269, (7.55)-(7.57)] and Lemma 3.4, a), we get

Un,q((e1 — we)? ) = an,k(q; 2)(ank — x)?

<sznkq, <an,k %q)2+2§pmk(qm)<%_$>2
[£]

Up,k — —)2 + ﬁx(l — )

9
= 2jz:1pn,k(q; (%)2 + Qipn,k(q;x) (an,k - %)2 + ﬁx(l - )
) (Uge) +2 et (ons - ()

(3.38) + 21— a).

Because

, ke{jj+1,...n},

bty k=1, _ [,
[n—j+1], - n—1]; = |

we obtain that

k—j+1, _ __vwh%—ﬂm~%—j+ﬂq<%h
n—j+1 ~ e B

where k € {j,7+1,...n}. Hence

PN A e P
A (P Ty RS
_ [klg[n — 3+ 1]q — [nglk — j + 1]q _ qk—j+1 n—kl, [1-—1] < =1,
[n]gln —Jj+ 14 m—j+1y [0l = [n]g

fork € {j,j +1,...n}. Then, by (3.38) and (B,, 4¢0)(z) = 1 [17, p. 268, (7.55)], we find

Un,q((el - C’760)2§ )

<2) pPni(g:) +2> purlg) + —2(1 -z
2 peld ( m1:> 2 pnild ([mq) ]

q

By passing to the limit n — oo, in view of Theorem 3.3 and lim [n], = (1 — ¢) 7!, we get

n—oo

Unealler = aco)?ia) < (26~ 17) (1= )
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Hence, by (3.37), we have

1 .
((Uso,q ) () = f2)] < w(f;0) 41+ 5_1\/5 +2( - 1)*V1—¢
Choosing 6 = /1 — ¢, we obtain (3.36) for z € [0, 1).
Finally, if x = 1, then (3.25) implies that (U ,f)(1) = f(1), which means that (3.36) is true
for z = 1. Thus the theorem is proved. O
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1. INTRODUCTION

This article deals with issues related to approximation with nonlinear operators in function
spaces. Although these topics are not strictly related to those successfully developed by Prof.
Ioan Rasa over many years, they have found their foundation and inspiration in the classical
theory of approximation with linear operators, to which he made numerous and fundamental
contributions. It is impossible to select the main articles from his vast scientific production
here, as they are all not only of a high standard but also very varied.

We begin by considering the classical linear framework, so as to highlight the foundations
that inspired the theory of approximation with nonlinear operators, first introduced by Prof.
Julian Musielak.

In classical Fourier analysis, one of the main tasks is the problem of reconstruction of a
periodic function f by means of its Fourier coefficients (see e.g. [29]). The classical methods are
based on the approximation properties of sequences of convolution integral operators of type

(1.1) (Tnf)(x) = [ Kn()f(x—t)dt  (z€R),

where K, is a (measurable) 2m-periodic function and the sequence (K, ),en, satisfies some
assumptions that characterize it as an "approximate identity". Denoted by L} the space com-
prising all 27-periodic functions which are (locally) integrable on R, endowed with the usual
norm ||g[|.1 = [. " _|g(x)|dz, these assumptions can be summarized in the following:
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(p.1) there exists a constant M > 0 such that |[K,[[1; < M for every n € N, and

T

lim [ K,(t)dt=1,

oo
n— —r

(p-2) for every ¢ €]0, [, it holds

lim | K (t)|dt = 0.
oo Js<|t| <
The above assumptions define what in the language of approximation theory is called "singu-
larity" of the sequence (K,,)y.
An analogous problem in Fourier analysis is the reconstruction of a (measurable) function
f : R — R by means of its Fourier transform. In this case, the reconstruction is based on the
approximation properties of convolution integral operators of type

(1.2) (Thf)(x) := /_OO K, (t)f(z —t)dt (x € R).

Here, K,, is a measurable function over R. Denoting by L'(R) the usual Lebesgue space of
all the integrable functions on R, endowed with the norm ||g||; = [ |g(¢)|d¢, the notion of
singularity for the sequence (K,,),cn is characterized by the following assumptions:

(r.1) there exists a constant M > 0 such that || K,,|[; < M, for every n € N and

[e.e]

lim K,(t)dt =1,
n—oo J_
(r.2) for every d > 0,
lim | K, (t)|dt = 0.

In the study of the approximation properties of the operators (1.1) and (1.2) a relevant role is
played by the translation operator (7, f)(x) := f(x — h), z, h € R, that is invariant with respect
to the Lebesgue measure.

More recently, Paul Butzer and Stephan Jansche (see [24]-[28]), introduced a modern approx-
imation theory in the framework of Mellin analysis, which is based on sequences of convolu-
tion integral operators of type

13) Tuhe) = [ Kt 0T @R,

for functions f € L) (R") where y is the measure defined on the Borel o—algebra of R*, de-
noted by B(R™), defined by
dt n
pd)= [ — (A€ BRY)).
A
For a complete treatment of the approximation by the operators (1.3) in the framework of
Mellin analysis see also the new monograph [6]. The space L;,(R*) is endowed with the norm

lollzy = [l (g€ L@,

Here, K,, : RT™ — R is a measurable function and the singularity assumptions of the sequence
(K,)n are now expressed by the following:
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(m.1) there is a constant M > 0 such that || K[|, < M for every n € N, and

lim Kn(t)ﬁ =1,

n—oo [o t
(m.2) for any ¢ > 1, setting U; :=|1/6, 6[, it holds
dt

lim | K, (t)]— = 0.

n—oo R+\Us t
Here, the translation operator is indeed a "dilation" operator, defined by (7., f)(x) := f(zh™!),
for x,h € RT, that is invariant with respect to the measure u. All operators (1.1), (1.2) and
(1.3), admit a unique approach, using the language of locally compact topological groups and
its associated Haar measure . defined over the Borel sets (see [35, Chapter 10] and [36]). For
example, in the periodic case, the underlying measure space can be identified with the group

St:={zeC:z=¢"tc]0,27]}

For operators (1.2) the underlying space is the additive group (R, +) while for operators (1.3)
it is the multiplicative group (R, ).
The general approach consists in the study of convolution integral operators of type

(1.4) (T f)(z) = /G K.0)f(@ - 0du(t) (2 €Q),

where G is a locally compact topological group, endowed with its operation "+" (we adopt here
the additive notation) and with its Haar measure p, that is invariant with respect to the group
operation, and f : G — Ris a y-measurable function.

In order to define the notion of singularity for the sequence (K, ),, we assume here that the
locally compact group (G, +) is abelian. We denote by U/ a base of compact neighborhood of
the neutral element 6 of G. Let us denote by L (G, 1) the usual Lebesgue space comprising all
the integrable functions g with respect the measure 1, endowed with the norm ||g||z1 (¢, ) =
Jo lg(t)|dp(t). The notion of singularity reads now as follows:

(g.1) there exists a constant M > 0 such that || K, ||11(q,.) < M, for every n € N, and

lim [ K,(t)du(t) =1,

n—oo Q
(g.2) forevery U € U it holds
lim | K (t)|du(t) = 0.
n—oo G\U

This formulation is the starting point for a general treatment of the notion of singularity for
kernels of nonlinear integral operators of convolution type, which was developed starting from
the pioneering work by Julian Musielak (see [40], [42]) and then developed in various directions
in the framework of approximation theory, see e.g. [3], [7]-[14], [16, 17, 18, 21, 39, 44, 46], see
also the monograph [19].

The main problems to be solved in order to obtain a suitable approximation theory by means
of nonlinear operators are essentially the following two: a) How to replace the linearity? b)
How we can extend the notion of singularity for the kernels in a consistent way? The first
problem can be adequately solved employing certain generalized Lipschitz conditions on the
kernel functions K,,. This is quite usual in the theory of nonlinear integral operators, for ex-
ample in solving nonlinear integral equations and in fixed point theory. The second problem
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represents the main objective of this survey article: we report the original definitions of singu-
larity introduced by Musielak. Then we describe some useful generalizations that enable us to
obtain more easily examples of singular sequences. In particular, we consider singularity for
kernels of nonlinear integral operators of Urysohn type, for which it is not necessary to em-
ploy any algebraic structure, so that our framework will be an abstract Hausdorff and locally
compact topological space. Finally, we discuss the final form of singularity for a general class
of nonlinear operators, which includes also nonlinear discrete operators of sampling type, (see
[1, 13, 14, 22, 23, 44]). Since the theory developed in the last years is devoted to the study of
convergence properties in abstract spaces, we premise a section in which we introduce the no-
tion of modular space, that includes large classes of function spaces (LP-spaces, Orlicz spaces,
Musielak-Orlicz spaces, etc).

2. BASIC NOTIONS

Let (G, +) be alocally compact and o-compact Hausdorff topological group, provided with
its Haar measure p defined on the o-algebra ¥ of all Haar measurable sets (see e.g [35, 36]).
For any measurable set A C G, we denote by x4 the characteristic function of the set A. For
a sake of simplicity, we will assume that (G, +) is abelian. Let ¢/ the family of (measurable)
neighborhoods of the neutral element 6.

Let LY(G, ) = L°(G) be the space of all the p-measurable functions defined on G, finite
p—a.e. and with equality a.e.

Let o : L(G) — Rt = [0, +00] be a measurable modular functional, that is o satisfies the
following assumptions:

1. o(f) =0ifand only if f =0, a.e.
o(=f) = o(f),

2.
3. olaf + Bg) < o(f) + o(g), forevery f,g € L°(G), a, B3>0, a+ 3 = 1.
4. o(F(t,-)) is a ¥—measurable function of ¢ € G for any ¢ ® p—measurable function F :

GxG—RT.

In what follows a py-measurable (or ;1 ® p-measurable) set or function will be called simply
"measurable"”, when the context is clear. By means of the functional ¢ we introduce the vector
subspace of L°(G), denoted by L¢(G, 1) = L¢(G), defined by

Lo(@) = {f € L°(G) : limy Lo+ o(Af) = O}.

The subspace L¢(G) is called the modular space generated by o. A general theory of modular
spaces can be found in [41] (see also [19], [38]).
The following notions on measurable modulars will be used (see [19, Chapters 1, 2])

a. o is quasi-convex if there is a constant M/ > 1 such that

0 [ [ e du<t>] <M [ ) o(MA(E ) du)

for every p € LY (G,pn), p > 0, with Ipllz1(c,n) = 1 and for any (globally) measurable
h:GxG—RY.
b. ¢is monotone if f,g € L°(G), |f| < |g| implies o(f) < o(g).
c. ois finite if x4 € L?(G) whenever A is a measurable subset of G such that (A) < oco.
d. ¢ is absolutely continuous if there exists an @ > 0 such that for every f € L% G), with
o(f) < 400, the following two conditions are satisfied:
i. for every e > 0, there is a measurable compact subset IV C G such that (V) < co and

olafxa\v) <e
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ii. for every e > 0 there is a § > 0 such that o(afxp) < €, for any measurable subset
B C G with u(B) <.

Among the examples of modular spaces, we quote here the Lebesgue spaces LP (G, 1) = LP(G),
the Orlicz spaces L¥ (G, u) = L¥(G) generated by a p-function, the generalized Orlicz spaces,
and many others (for details see [19], [41]). We will say that a net of functions (fy)w>0 C
Le(@) is modularly convergent to a function f € L¢(G), if there is A > 0, such that

lim o[A(fw — f)] = 0.

w—r 00

We denote this by f,, = f (0). This notion extends the norm-convergence in L? —spaces. More-
over it is weaker than the norm-convergence induced by the Luxemburg norm generated by
o and they are equivalent if and only if the modular satisfies a Aj-condition, (see [19, p. 9],

[41]).

3. SINGULARITY FOR KERNELS OF NONLINEAR INTEGRAL OPERATORS OF CONVOLUTION
TYPE

J. Musielak (cfr. [40]) introduced for the first time the study of approximation theory by
means of nonlinear convolution integral operators, defined by

b
(Twf)() ::/ Ky(z—t f(t)dt  (z€R).

Here, the family (K, ).,>0 is a family of kernel functions K,, : R x R — R, with w € R™, that
satisfies a generalized Lipschitz condition with respect to the second variable of type

| Koy (t,u) — Ky (t,v)| < Ly (t)|u — ] (t € [a,b], u,v € R),

and the functions K, (-, u) are extended periodically outside the interval [a, b]. These operators
were subsequently generalized to obtain the form

(3.5) (Tof)(x) = /G Ko(z -t f(0))du(t)  (x€G),

where G is locally compact topological abelian group, endowed with its Haar measure on the
Borel sets.

Let P be the class comprising all the (globally) measurable functions ¢ : G x R — RJ such
that the following assumptions hold:

1. #(t,-) is a continuous, nondecreasing function, for every ¢t € G.
2. (t,0) =0, ¢(t,u) >0 foreveryu >0and t € G.

The notion of singularity for the family (K, )w>0, K : GXR — R, is expressed in the following
way (see [19]). First, we will assume that K, is globally measurable with respect to the o-
algebra in the product space G x R, K,,(-,u) € L*(G, pn) and K, (t,0) = 0, for every w > 0.
Setting K = (K, )w>0, we denote by K the class of all families K whose elements K,, satisfy
the above assumptions. We say that K € K satisfies an (L, 1)-Lipschitz condition, or that K is
(L, 1)-Lipschitz, if for every w > 0 there is a nonnegative measurable function L,, : G — R{
such that

| Kw(t,u) — Ky(t,v)| < Ly (t)|u — v (t € G, u,v € R).

For a fixed function ¢ € P, we say that K is (L, ¢)-Lipschitz if for every w > 0 there exists a
nonnegative measurable function L,, : G — R{ such that

| Koy (t,u) — Koy (t,v)] < Ly (0)W(t, |u — vl) (t € G, u,v € R).
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The corresponding notions of singularity of K associated with the above Lipschitz conditions,
are as follows:
Definition 3.1. We say that K € K is singular if

(s.1) L. € LY(G, ) and there exists a constant D > 0 such that ||L|| 11 (g, < D for every w > 0,
(s.2) Foranyn € N, it holds

1
rn(w) == sup —/ Ky (t,u)du(t) — 1] — 0 (w — 00),
1/n<|ul<n |U JG
. L, (t) .
(s.3) Setting p,,(t) := m,for t € Gand w > 0, it holds
wl| LY (G,u
lim pw(t)du(t) =0,

forevery U € U.

Definition 3.2. We say that K is strongly singular if the assumption (s.2) is replaced by the stronger

one
sup r,(w) — 0 (w — 00).
neN

For the above definitions and their consequences see [19, Chapter 3].

Remark 3.1. 1. If we define K,,(t,u) := K} (t)u, fort € G and u € R, where (K)o is a net of
measurable functions, then taking L., (t) := |K (t)| we see that the notion of singularity for kernels
of linear operators is a particular case of the strong singularity expressed in Definition 3.2.

2. The notion of singularity given in Definition 3.1 is strictly connected with the Lipschitz conditions.
This is quite natural, due the nature of the above definitions. In particular the assumption (s.2) in
Definition 3.1 may be interpreted as a statement that K., (t, u) behaves nearly u for large values of w.
This would imply that a generalized Lipschitz condition with a function < € P, is nearly an usual
(L, 1)-Lipschitz condition. As showed in [17] by an example, this is not true.

Using the above notions in [19, Chapter 3] an approximation theory with the nonlinear con-
volution operators (3.5) was developed for functions in a modular space L”(G) generated by a
modular p satisfying certain specific conditions. For details see [19].

The weak point of the definition of singularity for kernels satisfying (L, ¢)-Lipschitz condi-
tions, with a general ¢ € P, lies in the difficulty of finding examples that connect the Lipschitz
condition with assumption (s.2) of Definition 3.1 without leading us back to a Lipschitz con-
dition of type (L,1). In the next section, we will describe a generalization of the notion of
singularity which give a contribution to solve the above difficulties.

4. A GENERALIZATION OF SINGULARITY FOR NONLINEAR CONVOLUTION INTEGRAL
OPERATORS

In this section, we report a generalized notion of singularity for kernels K = (K,)w>0 € K
of nonlinear integral operators of convolution type (3.5). This generalization, introduced in
[10], is based on the notion of "regular nets" of functions in modular spaces. As a first step, we
modify slightly the generalized Lipschitz condition.

Definition 4.3. Let ¥ = (1y,)w>0 be a family of functions from the class P. We say that K is (L, V)-
Lipschitz if for every w > 0, there is a nonnegative measurable function L, : G — R such that

| Koy (t,u) — Koy (t,0)| < Ly (8 (t, |u — v)) (t € G, u,v € R).
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4.1. Regular Nets in Modular Spaces. Let o be a modular on L°(G) and let f € L¢(G) be a
fixed function.

Definition 4.4. A net (§,)w>0 of measurable functions &,, : R — R is said to be o—regular for f if we
have £, 0 f — f (0), w — 0.

In order to give some sufficient conditions in order that a net (§,,).>0 is o—regular, we begin
with the following definition.

Definition 4.5. We say that a family of functions (g, )w>o0 C L9(G) is o— uniformly equicontinuous if
there is a constant 8 > 0 such that:

1. For every € > 0 there is a compact neighborhood of 6, U € U, such that

o(Bgwxa\vu) < €,

for every w > 0.
2. Wehave 0[BgwXB,| — 0as k — oo, for every sequence { By, } with By, € X foreveryk € N, By C
Bk, and /L(Bk) — 0.

We have the following (see [10]).

Theorem 4.1. Let g be a finite, monotone, absolutely continuous modular on L°(G), f € L(G) and
let £, : R — R be a net of functions with the following properties
1. limy, 00 & (u) = u uniformly on the compact sets of R.
2. The family (gu)w>0, With g (s) = &, o f(s) is a p—uniformly equicontinuous net of functions in
Le(G).
Then &, o f — f (o).
The following corollary provides an interesting special case.

Corollary 4.1. Let o be a finite, monotone, absolutely continuous modular on L°(G), f € L(G) and
let £, : R — R be a net of measurable functions with the following properties

1. limy,—yo0 & (u) = uw uniformly on the compact sets of R.

2. |€w(uw)| < y(u) for every u € R, where v : R — RJ is a measurable function such that vy o f €
Le(G).

Then (£u)wso is o—regular for f.

The proof is an immediate consequence of Theorem 4.1; indeed, if y o f € L2(G), thenitis
easy to show, from absolute continuity of g, that ({,, o f)w>0 is o—uniformly equicontinuous.
As an example, let f € L¢(G) and let £, be defined by &, (u) = ul~%, foru > 0 and
extended in odd way to the real axis for sufficiently large w. Put y(u) = sup,>g |{w(w)|. If
vyo f € L(G), then {&, o f}uwso is o—uniformly equicontinuous. -

4.2. A Generalization of Singularity via Regular Nets of Functions. In this section, we report
the notion of singularity defined employing regular nets of functions, studied in [10].

Let obe amodular on LY(G). Let = = () w0, &w : R — R, be a net of measurable functions
such that &, (u) # 0 if u # 0. We denote by L2 (G) the class of all functions f € L¢(G) such that
(&w)w>0 is p—regular with respect to f.

Let v : R — R} be a fixed measurable function such that |¢,,(u)| < v(u) for every w > 0
and u € R. Setting

L2(G) = {f € LA(G) : 7o f € L(G)},
it is easy to see that LZ(G) D L2(G) whenever (£,).>0 satisfies (i) of Corollary 4.1. For a class
U = (¢Y)wso C P, let K = {Ky, }w>0 € Kbea (L, ¥)-Lipschitz kernel.



A survey on recent notions of singularity for kernels of nonlinear integral operators 21

Definition 4.6. We say that K is E-singular if the following assumptions hold:

(E.1) foreveryw >0, Ly, € L' (G, p), and there is D > 0 such that || L., | 11 (g,u) =: Dw < D, for
every w > 0.
(2.2) Setting for everyn =1,2,...,
w
Ky (t,u) du(t) — 17,
) /s w(t, ) dp(t)

for every w > 0, it results lim,, o0 7y (n) = 0, for every n € N.
(2.3) Setting p,(t) = Ly (t)/ D, for every w > 0, it results

rw(n) = sup
(1/n)<|ul<n

lim Puw(t)dp(t) =0,

forevery U € U.

Next, we say that K is E—strongly singular, if (Z.2) is replaced with r,, := sup,, ey 7w(n) = 0
as w — oo. It is clear that if K is —strongly singular then it is also =—singular.

Using this generalized notion of singularity for the kernel of the nonlinear operator (3.5)
it is proved a general modular approximation thorem in modular space, under certain side
conditions. For details see [10]. In order to compare this new definition of singularity, with the
previous one with (L, ¥)-Lipschitz kernels (see Definition 3.1 and Definition 4.3), we have the
following proposition (see [10]).

Proposition 4.1. Let = = (&, )w>0 be a family of measurable functions &, : R — R such that
&w(u) # 0, for any u # 0 and &, (v) — w uniformly on every compact set in R. Let K be an (L, ¥)-
Lipschitz kernel, ¥ C P, such that (L, (-)tw (-, n))wso is uniformly bounded in L'(G, u) for every
n € N. Then E—singularity and singularity of K are equivalent.

As an example, let = = (£,,)w>0 be a family of Holderian functions, with degree «,,, with

o,y — 1,as w — oo. Put
Ko (t, 1) = L () S (w)-

In this case, all the assumptions of Proposition 4.1 are satisfied and so for such kernel the
equivalence between the two definitions of singularity holds. In particular if L,, > 0 and
ILwllLicm = 1, and &u(u) = w1 for u > 0, and &, (u) = —|u['~Y/* for u < 0, with
sufficiently large w > 0, we obtain an example of singular and Z—singular kernel. Note that
the equivalence given in Proposition 4.1 is not true for strong singularity.

5. SINGULARITY FOR KERNELS OF URYSOHN INTEGRAL OPERATORS

In this section, we consider nonlinear integral operators which have no convolution struc-
tures, of type

(Unf)(s) := /GKw(s,t, FE)dut)  (w>0,s€QG).

Since we do not use a translation operator, we do not need an algebraic structure on G. There-
fore our framework is the class of locally compact Hausdorff topological spaces. However, we
will need also a uniform structure generating the topology of G. This enables us to employ
some features of the topology of a topological group.

Let G be a locally compact Hausdorff topological space, provided with a regular measure
v on the o—algebra B of the Borel sets of G. As before, by L°(G) we will denote the set of all
measurable real functions on G (and as usual we identify functions which agree on a measur-
able subset H with u(G \ H) = 0). As before, by L'(G, 1) = L'(G) we denote the Lebesgue
space comprising all the integrable functions with respect to the measure .
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We will assume that the topology of G is uniformizable, i.e. there is a (diagonal) uniform
structure V = {V'} C G x G, which generates the topology of G, (see, e.g. [47]). We recall that
for s € G, a basic neighborhood of s is given by

V,={teG:(s,t) eV}

for any V' € V. By local compactness, we will assume that for every s € G, the base {V, : V €
V} contains compact sets. Note that the uniform structure is employed only in order to define
uniform continuity and to study uniform convergence.

Let £ be the class of all ;1 ® u—measurable functions L : G x G — R such that the sections
L(-,t) and L(s,-) belong to L' (G, ), for every t € G and s € G respectively.

Let P* be the class of all functions 1 : Rj — RJ such that 1 is a continuous (nondecreasing)
function and ¥ (0) = 0, ¢(u) > 0, for u > 0. We will denote by K* the class comprising the
families K = (K )w>0, Wwhere K, : G x G x R — R, such that K,, is globally measurable and
Ky (s,t,0) = 0 for every (s,t) € G x G.

We introduce the following slight modification of the generalized Lipschitz condition con-
sidered in [13, 14], (see also [15], in a more general case).

Definition 5.7. Let ¥ = (Yy,)w>0 C P*. We will say that K € K is (L, ¥)-Lipschitz, if for every
w > 0 there exists L,, € L such that

| Kw(s,t,u) — Ky (s, t,0)| < Ly (s, )0y (Ju — v)) (s,t € G).

If ¢y, (u) = u, for u > 0, and for every w > 0, we will say that K* is (L, 1)-Lipschitz. We are
now ready to introduce the following notion of singularity.
Definition 5.8. We say that a (L, V)-Lipschitz family K is singular if the following assumptions hold:
(u.1) Thereis D > 0 such that, for every t,s € G, w > 0, we have

~ Ly (-t
au(s) = Ll Mo e < Do Lutt) = 1222 12 < D,

(u.2) Forevery s € G and u € R, we have

(u.3) For every s € G, and for every neighborhood Vs of s we have
lim Ly (s,t)du(t) = 0.
w—r0o0 G\Vs

We say that K is uniformly singular if conditions (u.2) and (u.3) are replaced by the following ones:
(u.2)” We have

uniformly with respect to s € G and u € C, where C' is any compact subset of R \ {0}.
(u.3)" Forevery V €V we have

lim Ly (s, t)du(t) =0
w—r 00 G\Vs

uniformly with respect to s € G.
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Remark 5.2. 1. Let us remark that in particular, in assumption (u.1) we can assume that there are
constants d, D > 0 such that d < au,(s) < D for every w > 0,s € G and || Ly (-, t)|| 1 (q,n) <
D, for every w > 0, t € G. In this case it is easily seen that the second inequality in assumption 1
holds with the constant D /d. Moreover the above relations can be satisfied only for sufficiently large
w > 0.

2. If G is a locally compact topological abelian group, setting K,,(s,t,u) := K,,(s —t,u), for s,t,€ G
and v € R, in order to compare the definition of singularity given above with the one used for
convolution operators in topological groups, considered in the previous sections, it should be noted
that the present definition is more general and has the advantage to obtain examples of singular
kernels in an easier way.

3. Employing the above definition of singularity, under the notion of regular families of measures, in-
troduced in [13, 14] and some other side conditions, pointwise and uniform convergence theorems are
obtained, and also a modular convergence theorem is established.

6. SINGULARITY FOR KERNELS OF ABSTRACT SAMPLING-TYPE OPERATOR

In recent years, it was introduced a general approach for the study of the convergence prop-
erties of sequences or nets of linear or nonlinear operators which include various kind of oper-
ators: from integral operators, to discrete operators of sampling type (see [1, 2, 4, 13, 14, 22, 23]).
This approach allows us to develop a unitary treatment of the approximation properties of ab-
stract operators in various functional spaces. Once again, the concept of singularity plays a
fundamental role. In this section, we report the notion of singularity suitable for the study of
these abstract operators.

Let G be a locally compact Hausdorff topological space, provided with its family of Borel
sets B of G. Here we denote by ;i be a regular and o—finite measure defined on 5. As in
the previous section, we will assume that the topology of G is uniformizable, i.e. there is a
uniform structure &/ C G x G which generates the topology of G. For every U € U, we put
Us={t € G:(s,t) € U}. Bylocal compactness, we will assume that for every s € GG, the base
{Us : U € U} contains compact sets.

Let now {H,, },>0 be a net of nonempty closed subsets of G such that G = U,,~0H,.

For every w > 0 we will denote by (., a regular and o-finite measure on H,,, defined on
the Borel o-algebra generated by the family {A N H,, : A open subset of G}.

Let £ be the class of all the families of globally measurable functions L = (L.)w>0, L :
G x H,, — R} such that for every w > 0 the sections L,,(+,t) and L, (s, ) belong to L'(G, ) for
every t € H, and to L'(H,, j1,,) for every s € G respectively. If P* is the class introduced
in Section 5, let ¥ := (¢)w>0 C P* be a family of functions such that the following two
assumptions hold:

1. (¥w)w>0 is equicontinuous at u = 0,
2. for every u > 0 the net (1, (u))w>0 is bounded.

We denote by K the class of all families of functions K = (Kw)w>0, where the functions
K, : G x H, x R — R, are such that for any w > 0, K,(-,-,u) is globally measurable on
G x H,, forevery u € Rand K, (s,t,0) =0, for every (s,t) € G x Hy,.

Definition 6.9. We say that K = (Ky,)w>o 15 (L, V)-Lipschitz if there are a family L = (L) w>0 €
L and a constant D > 0 such that

0 < Buls) = /H Lo (s, O)dpu(t) < D

w
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forall s € G,w >0 and
| Kw(s,t,u) — Ky(s,t,v)] < Ly (s, ) (Ju — v])
forevery s € G, t € H,, and u,v € R.

For a given (L, ¥)-Lipschitz family K = (K,,)w>0 € K we introduce the following family of
nonlinear integral operators T = (T,).,>0 given by

(6.6) @Lﬂ@%=£{K@@¢J@WWM&8€wa>O

where f € DomT = Ny~oDomT,,; here DomT,, is the subset of L°(G) on which T, f is well
defined as a jig-measurable function of s € G. The notion of singularity is now modified in the
following way.

Definition 6.10. We say that the (L, U)-family K = (K,)wso € K is singular if the following
assumptions hold
(s.1) Thereis a net (Cy)w>o Of positive real numbers such that for every w > 0 and t € H,, we have

/ L (s,8)dpc(s) < Cu < D.
G

(s.2) Forevery s € G and for every u € R we have

(s.3) Forevery s € G and for every U € U we have
lim Ly (s,t)dpq, (t) = 0.
wW— 00 Hw\Us
We say that K is uniformly singular if conditions (s.2) and (s.3) are replaced by the following ones
(s.2’) we have

w—r 00 Hw

uniformly with respect to s € G and u € C, where C' is any compact subset of R \ {0}.
(s.3’) for every U € U we have

lim Ly (s,t)dpy(t) =0
wW— 00 Hw\Us
uniformly with respect to s € G.
For the above concepts see [13, 14]. By specializing G and H,,, we obtain very interesting

tamilies of operators of discrete type. In particular, we can apply these results to nonlinear
discrete operators (sampling series) of the form ([14])

(Swf)(s) =D L(ws - k)Jw(f(g)) seR, w>0.

keZ

Related results about nonlinear sampling type operators can be found e.g. in [32, 45]. Here,
G = R endowed with the Lebesgue measure, H,, = (1/w)Z with counting measure, and the
family of kernel is defined by

Ky(s,t,u) = Ly(s,t)Jy(u) (w>0,seR, te Hy),
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with L, (s,t) = L(w(s — t)), where L : R — R is a continuous function with compact support
such that

Z Lu—Fk)=1 (for everyu € R)

keZ
and the family (J,,) >0 satisfies a (L, ¥')—condition. Using this structure, reconstruction of the
function f is obtained, in various sense (pointwise, uniform, modular). Analogously, taking
G = R* endowed with the logarithmic measure du(t) = dt/t and H,, = {t = */* : k € 7},
endowed with the counting measure, we obtain nonlinear version of exponential sampling
series (see [30, 31, 37]).

Other examples are given by the classical nonlinear operators defined over the euclidean
space RYN . where we take G = H,, = R, endowed with the Lebesgue measure, or for Mellin-
type integral operators, for which we take G = H,, = R™, endowed with the logarithmic
measure.

7. OTHER DEVELOPMENTS

There exist other definitions of singularity which take into account certain properties of the
kernels. In [7], there is considered a class of nonlinear integral operators, acting on functions
defined over the positive real line, whose kernels satisfy some generalized Lipschitz conditions,
in which the functions L,, satisfy certain general homogeneity assumptions with respect to a
continuous function. To be precise, let n : Rt — R™ be a continuous function such that

(n(t)"'n(ts) < Cn(s) + D (t,s € RT)

for suitable constants C' and D. Then we say that the function L,, : Rt x RT — R{ is n—
homogeneous, if for any A > 0, we have

1(t) Ly (A8, At) = 1(AE) Ly (5, 1),

for every w > 0, s,t € R*. For this kind of kernels, the singularity is defined through the
homogeneity function 7. For example, assumption like (u.2) of Section 5, is now expressed as

follows:

li h K (s,t dt _

Jim [ Kus, ) = i
for every s € RT and u € R. Employing this notion of singularity, approximation results
in pointwise and uniform sense were obtained for the function g := 7f. Another notion of
singularity is linked with the study of quantitative estimates of convergence, for which the
assumptions like (u.2) and (u.3) are given with a prescribed order (see [7]).

Related definitions are given in [5] for the nonlinear abstract sampling type operators con-
sidered in Section 6, when the convergence is studied with respect to a filter . In this case
the singularity takes into account of this kind of convergence, and it is named F—singularity.
We shortly report this abstract approach. For a sake of simplicity, we consider now sequences
instead of nets, that is we take N as the set of indices (instead of R™). For details and further
references see [5] (see also [33]). We begin with some preliminary definitions.

Definition 7.11. A nonempty family F of subsets of N is called a filter of Niff 0 ¢ F, ANB € F
whenever A, B € F and foreach A € F and B D Awe get B € F.

As classical examples of filters we quote the filter F.fn of all subsets of N whose complement
is finite and the filter F4 associated with the statistical convergence, that is the class of all
subsets of N whose asymptotic density is 1. We recall here this notion
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Definition 7.12. The asymptotic density of a set A C N is defined as
HAN{L,... n})

n

d(A) = lim

(provided that this limit exists). Here by § we denote the cardinality of the set in brackets (see e.g
[34, 43]).

Definition 7.13. 1. A sequence (x,),, in R is said to be F-bounded iff there exists an M > 0 such that
{neN:|z,| <M} eF.
2. A sequence (xy,)n in G is F-convergent to x € G (and we write x = (F)limz,) iff {n € N :

(xp,x) € U} € F whenever U € U.

3. A sequence f,, : G — R, n € N, is called F-exhaustive at s € G iff for every ¢ > 0 there exist a
neighborhood U of s and A € F with | f,(2) — fn(s)| < e, whenever n € Aand z € Us.

4. Asequence f,, : G — R, n € N, is said to be F-convergent uniformly to f on G iff

(F) 111?[?35 | fu(t) — ()] = 0.

Using the notations of the previous section, let K := (K, )nen € K be a (L, U)-Lipschitz
family.
Definition 7.14. We say that K is F-singular iff

(f.1) thereisa Dy > 0 with

A= {n eN :/ L, (s,t)dpn(t) < Dy forall s € G} e F,
H

n

(f.2) for every s € G and for each neighborhood Us C G we get
(F) lim L, (s,t)dun(t) =0,
n JH\Us

(f.3) for every s € G and u € R we have
(F) lim/ Kn(s,t,u) du,(t) = u.
n H,

We say that K is strongly F-singular iff it fulfills (f.1) and
(f.2)" for any s € G and for every neighborhood Us C G there is a neighborhood Zs C G, with

(F) 1im{sup /H \U‘Ln(z,t) d,un(t)] =0,

n lzeZ,

(f.3)" forany s € G and u € R there are two neighborhoods U of s and W of u respectively, with

(F) lim[ sup (/ K, (z,t,v)dp,(t) — v)} =0.
" LzeUs,weW N H,

With the above notion of convergence, in [5] several convergence theorem are established
including also the case of statistical convergence for sequence of operators T, (6.6).

As a final issue, we recall also the particular case of singularity for kernels of nonlinear
operators acting of real functions with bounded variation (in its various sense, Jordan variation,
p-variation, and other generalizations). In [3, 4] (see also [20]), some notions of singularity are
given for kernels of type

Ky(tyu) :== Ly (t)Hy(t) (w>0,te€RueR),
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where L,, € L'(R) or L,, € L}, being L3, the space comprising all the Lebesgue 2m-periodic
summable functions with respect to the Lebesgue measure, and H,, satisfies a strong Lipschitz
condition of type |H,(u) — Hy,(v)| < Clu — v|, for every u,v € R, and an absolute constant
C' > 0. In the periodic case, the notion of singularity in BV spaces is as follows.

Definition 7.15. We say that K := { K, }w>o is BV-singular if || L., || < A for an absolute constant
A>0,Ay:=[" L,(t)dt — 1asw — oo and for any § > 0 one has

lim Lo (t)]dt = 0,

W Js< |t <

and setting G, (u) := Hy(u) — u, for u € R, one has V;(G,,) — 0as w — oo, where V; denotes a
notion of variation over a bounded interval J C R.

With the above notion of BV -singularity, convergence theorems with respect the total vari-
ation (in various sense) are obtained ([3, 4, 20]).
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1. INTRODUCTION AND NOTATION

Korovkin-type approximation theory has been successfully extended to sequences of mono-
tone operators between cones of Hausdorff continuous set-valued functions since the pioneer-
ing work by Keimel and Roth [10, 11].

Thereafter, many papers have been subsequently devoted to this study and to different prob-
lems arising in connection with this kind of approximation (see, e.g. [7, 8]). The most recent
results in this direction are collected in [5, 6].

Recently, one of the most interesting topics in Korovkin approximation has been the study
of set-valued functions with compact but not necessarily convex values. However, in this set-
ting a Korovkin-type approximation theory involving these kind of functions has not been yet
developed.

In [9], some cases of particular interest have been indicated. In particular, the authors sug-
gest to consider the possibility of replacing the convex condition with suitable subsets which
admit a parametrization of their boundary or, alternatively, starshaped convex sets.

Here, our aim is to state some Korovkin type results in both these cases. We begin with some
notations. Let B denote the closed unit ball in R? and let

- F(R?) the cone of all non empty subsets of RY,
- K(R?) the cone of all non empty compact subsets of R?,
- K.(R?) the cone of all non empty compact convex subsets of R¢.

All the above cones are endowed with the natural addition and multiplication by positive
scalars.
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In F(R%) it is also defined the Hausdorff distance

dp (A, B) := max {223 Jof lle = yll, sup inf o yll} :

If X is a Hausdorff topological space and A(R?) denotes one of the above cones, we consider
the cone C(X, A(R%)) of all continuous set-valued functions defined in X and with values in
A(RY). C(X, A(R?)) is endowed with the Hausdorff uniform distance and is naturally ordered
by inclusion.

If F € C(X,F(RY)), we shall denote by Sel(F) the set of all continuous selections of F. If
F € C(X,K.(R%)) then Sel(F) is a convex subset of C(X, K.(R%)). Moreover, an operator L :
C(X, A(R?)) — C(X, A(R?)) is called linear if L(F+G) = L(F)+ L(G) and L(AF) = AL(F) for
every F,G € C(X, AR?)) and A > 0 and monotone if the condition F < G (i.e., F(x) C G(x)
for every z € X) implies L(F) < L(G). Finally, we recall the definition of Korovkin subset of
C(X, A(R?)). For the sake of simplicity, we shall refer only to the identity operator.

A subset H of C(X, A(R?)) is a Korovkin subset in C(X, A(R?)) with respect to equicontinu-
ous nets of monotone operators (respectively, monotone linear operators) if, for every equicon-
tinuous net (L;)7, of monotone (respectively, monotone linear) operators from C(X, A(R%))
into itself satisfying lim,. ;< L;(H) = H for every H € H, we also have lim,.;< L;(F') = F for
every ' € C(X, A(R?)).

One of the main results concerning the compact convex case is the following.

Theorem 1.1. Let X be a compact Hausdorff topological space and let H be a subset of C'(X, K.(R%))
such that, for every F € C(X,K.(R%)), xo € X and ¢ > 0, there exists H € H satisfying the following
conditions

(1.1) F <H, H(xo) C F(x9)+¢-B.
Then, H is a Korovkin system in C(X, K.(R?)).

From the above result it is possible to obtain different criteria and examples of Korovkin
subsets. Hence, we consider the possibility of extending this result to set-valued functions
which do not take their values in K.(R%). In the next sections, we consider different methods.

2. PARAMETRIZATION OF COMPACT SUBSETS

The first method under consideration is based on the possibility of considering a parametriza-
tion of convex compact which can be extended to more general non convex subsets. In this way
we can try to obtain Korovkin approximation results for the parametrized sets.

A natural way to parametrize a compact convex subset is to consider its support function

(see, e.g., [8, 13]). Namely, denote by S?~! be the unit sphere surface in R¢ ($¢~! := B¢\ BY).
The support function §* : K.(RY) x S~! — R is defined by setting, for every A € K.(R?)
and every direction d € S9!,

0" (A,d) = Ianeaidd, a) .

Many properties of the map 6* are well-known and are listed, e.g., in [8, 9, 13]. In particular,
§*(A, ) is continuous for every A € K.(R%). Moreover, a subset A € K.(R?) may be recovered
from its support function and is given by

A= () {zeR?[{d,z) <5*(A,d)}.

deSd—l
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Now, if X be a compact Hausdorff topological space, we can associate to every set-valued
function F € C(X,K.(R?)) its parametrization pr : X x S9! — R defined by setting, for
every (z,d) € X x §41
pr(z,d) = 0" (F(z),d) (= max (dy)).
yeF (z)
It is well-known that f is Hausdorff continuous if and only if p is (uniformly) continuous on
X x §971. Thus, we obtain a continuous operator P : C(X, K.(R?)) — C(X x S41[0, +o0])
defined by
P(F):=pp, FeC(X,K(R).
Since convex compact subsets may be recovered from their support function, the map P is
invertible. The above operator allows us to study Korovkin approximation in C(X, K.(R%))
using Korovkin approximation results in C'(X x S9! R).

As regards to the space C'(X x S%~1 [0, +00[), we know many examples of Korovkin systems
with respect to positive operators both in C(X,R) than in C(S971),R) (see, e.g. [1, Chapter
4] and [2]) and hence we can easily obtain Korovkin systems in C(X x S¢~1 R) (see [1] for a
rather complete treatment of Korovkin systems on a product space). We also observe that many
classical examples are just made up by positive functions. At this point, we can fix a Korovkin
system D in C'(X x S9!, R) consisting of positive functions and consider the following subset
of C(X, K.(R%))

D:={F c C(X,K.RY) | pr € D} .
We have the following result.

Theorem 2.2. The set D is a Korovkin system in C(X, K.(R%)) with respect to equicontinuous nets of
monotone operators.

Proof. Let (L; )Ze ; be an equicontinuous net of monotone operators from C(X, K.(R%)) into
itself satisfying lim, ;< L;(H) = H for every H € D. For every i € I, consider the operator
M; : C(X x S471[0,+00]) — C(X x S%71[0, +o0[) defined by ¢ € C(X x S471,[0, +o0[) and
(z,d) € X x S§4= 1,
M;(&)(w,d) == 6" (Ly(P~1(€))(x),d).

In this way, we obtain a net (Mz)fE ; of operators from C(X x S471, [0, +-o0]) into itself which are
obviously monotone and satisfy lim; ;< M;(n) = n for every n € D. Since D is a Korovkin sys-
tem in C(X xS971, [0, +00[), we have also lim, ;< M; () = £ forevery £ € C(X xS%71, [0, +o0]).
This yields, for every F € C(X, K(R?)), lim;c;< P(L;(F)) = P(F) and finally lim, ;< L;(F) =
F', which completes the proof. O

The above representation has been very useful in order to use well-known results for single-
valued functions for the Korovkin approximation of set-valued Hausdorff continuous func-
tions with compact and convex values.

However, we cannot use the above representation to extend our results to the Korovkin ap-
proximation of set-valued functions with non convex values. Indeed, if we consider a compact
non convex subset K of R¢, we can still consider the support function of K, but if we try to
recover K from the support function we obtain the convex hull of K instead of K. Hence, this
representation is useful only in the context of convex subsets of R%.

In order to overcome this problem, we consider a different representation which allows to re-
cover uniquely every compact subset of R. Namely, we consider the squared distance function
p* : K(RY) x RY — [0, +00[ defined by setting, for every K € K(R?) and y € RY,

*(K,y) := inf ||z — y||?.
p*(K,y) mngllfﬁ Y|
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The squared distance function has many regularity properties since it is connected to the Moreau-
Yosida regularization of the indicator function. Moreover, p* (K, -) is a convex function when-
ever K € KC.(RY).

Now, consider a set-valued Hausdorff continuous function F' : X — KC(R); we can associate
the function pr : X x R? — R defined by setting, forevery z € X and y € R,

pr(z,y) = p"(F(z),y) (= inf [z—yl).
z€F(x)

The function pr is continuous; indeed, if we fix (zg,y0) € X x R, for every (z,y) € X x R we
have

lpr(x,y) — pr(z,y)| < lpr(z,y) — pr(zo,y)| + |pr (20, y) — pr(To,y0)]

— . f . 2_ . f . 2 + * F ’ % F :
Zelg(x)Hz yll zean(xo)HZ g2 + 1o (F(z0),y) — p*(F(z0), o)

and the first addend in the last sum tends to 0 as + — z( due to the Hausdorff continuity of
F', while the second addend tends to 0 as y — yo due to the continuity of squared distance
function. With the same argument it can be shown that pr is uniformly continuous on every
compact subset X x B, where B is a closed ball containing the image | J,. yx #'(z) of F. Now,
consider the set
I':={pp | FeCX,KR)}.
We have I' C C(X x R R) and we can define on I a cone structure by defining
Pr D pG = pric, AOpPF = par, F,GEC’(X,IC(RCZ)),)\EO,

and assuming pr = p¢ if and only if G < I (the reversed inclusion is justified by the fact that
the distance is smaller from larger sets).

Finally, it can be readily seen that a sequence (F,),en in C(X,K(R%)) converges to a set-
valued function F € C(X, K(R%)) with respect to the uniform Hausdorff distance is and only if

the sequence (pr, )nen converges to pr uniformly on compact subsets X x B C X x R<. These
properties allows us to state the following main result of this section.

Theorem 2.3. Let X be a compact Hausdorff topological space and let H be a subset of C(X, K(R%))
such that, for every F € C(X,K(R%)), zo € X, yo € R and € > 0, there exist G, H € H satisfying
the following conditions

(2.2) G<F<H, d(G (o), y0) < d(H(x0),y0) + €.
Then, H is a Korovkin system in C(X, K(R®)) with respect to equicontinuous nets of monotone opera-

tors.

Proof. Let (Ll)fE ; be an equicontinuous net of monotone operators from C(X, K(R¢)) into itself
satisfying lim, ;< L;(H) = H for every H € 1. We observe that, for every p € I, there exists
a unique F € C(X,K(R%)) such that p = pp. This allows us to define, for every i € I, the
operator 7; : I' — T by setting, for every F' € C(X, K(R?)),

7i(pF) == pLy(F) -
The operator 7; is monotone since, for every F, G € C(X, K(R?)),
pr 2 pc = G<F = Li(G) < Li(F) = 7i(pr) = pr.r) 2 pr(c) = Ti(pc)
(in the same manner, it can be shown that 7; is linear if L; is linear). Hence, we obtain a net

(7'1)25e ; of monotone operators on I"' which satisfies lim, ;< 7;(pr) = pm uniformly on compact
subsets X x B C X x R?forevery H € H.



34 Michele Campiti

Let F € C(X,K(R%)) and £ > 0. From our assumptions, for every (zo,y0) € X x R¢, there
exist G, H € H satistfying the following conditions

G<F<H, aG@www<ﬂH@®w@+mm{amﬁm$y@+a}‘

Thus, we have py < pr =< pg; moreover, since
d(G(x0), yo) — d(F(x0),y0) < d(G(20),y0) — d(H (20),90) < €
we have d(G(x0),y0) < d(F(z0),yo) + € and consequently
0 < pa(z0,y0) — prr (w0, y0) = d*(G(x0), yo) — d*(H (20). yo)
= (d(G(z0), yo) — d(H (20), y0))(d(G(x0),0) + d(H (x0),10))
< SaT G o s (AF @) ) + 2+ d(F (o), 1)) =
Since pr (o, y0) < pr(zo,yo) < pa(xo,yo), we have also

pc(zo,y0) < pr(xo,yo) + €, pr(x0,%0) < pu(zo,yo) + ¢

and therefore
pc(r,y) — 2¢ < pp(z,y) < pu(w,y) + 2,

for (z,y) in a suitable neighborhood of (z, yo). Since, for every i € I, the operator 7; is mono-
tone, we have also

Ti(pr) 2 Tilpr) 2 Ti(pc) -
Finally, if we fix a compact subset B of R? such that (zg,yo) is in the interior of X x B, we
have lim;c ;< 7;(pg) = pm and lim,c ;< 7;(pe) = pe uniformly in X x B and therefore we can
consider a € I such that, for every i > a and (z,y) € X x B,

pu(@,y) —& < milpn) (2, y) < 7i(pr)(2,y) < Tilpe)(2,y) < palw,y) +e
Collecting the last inequalities, we obtain

Ti(pr) (2, y) —3e < pr(z,y) < 7ilpr)(z,y) + 3¢,
in a suitable neighborhood of (z¢,yo). At this point, a straightforward argument applied to

compact subsets X x B C X x R? yields the convergence of (7;(p F))fe I

compact subsets. This is equivalent to the convergence of (Li(F)))ze ; to F and this completes
the proof. O

to pr uniformly on

Theorem 2.3 extends Korovkin-type approximation theory to set-valued Hausdorff contin-
uous functions with non convex values. This is not the only noteworthy point. Indeed, in
Theorem 1.1 and all previous results, only global assumption independent of direction have
been considered. On the contrary, in Theorem 2.3, the second condition in (2.2) is a local as-
sumption that depends on each direction. We also observe that in (2.2) there is an additional
internal condition which is due to the possible failure of the convexity condition. However,
in some cases of particular interest this condition can be weakened. If f € C'(X,R), we shall
denote by {f} the set-valued function defined by setting, for every x € X, {f}(z) := {f(z)}.
Moreover, we shall need to consider this corollary.

Corollary 2.1. Let X be a compact Hausdorff topological space and let C a subcone of C(X, K(R?))
such that {f} € C for every f € C(X,R?) and such that, for every F € Cand x € X,

Flz)= |J {f(@)}

fESel(F)
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Moreover, let H be a subset of C such that

i) There exists a Korovkin system S C C(X,R%) such that, for every s € S, {s} € H.
ii) For every F € C, z9 € X, yo € R and e > 0, there exists H € H satisfying the following
conditions

(23) F < H7 d(F(iUo),yo) < d(H(xO)vyO) te.
Then, H is a Korovkin system in C with respect to equicontinuous nets of monotone operators.

Proof. Since S is a Korovkin system, assumption i) ensures the convergence on every function
{f} with f € C(X,R9).

Now, let F € C, z9p € X, yo € R? and € > 0 and consider the set-valued function H € H
such that F' < H and d(F(xo),y0) < d(H(z0),y0) + /2. From the definition of d(F(z), yo),
there exists zp € F(xg) such that d(z0,y0) < d(F(x0),y0) + €/2. Moreover, we can consider a
continuous selection g of F' such that g(xg) = zo. If we set G := {g}, wehave G € C, G < F and

5
d(G(20),y0) = d(z0,y0) < d(F(z0),y0) + 5 < d(H (z0),y0) +¢.
Hence, condition (2.2) is satisfied and this completes the proof. O

Different Korovkin systems in cones of set-valued functions are obtained starting with Ko-
rovkin systems in C'(X,R¢) and therefore condition i) in Theorem 2.3 is not too restrictive.
The usage of Korovkin systems for single-valued continuous functions is deepened in the next
section for particular set-valued functions with non convex values.

3. KOROVKIN RESULTS FOR STARSHAPED SET-VALUED FUNCTIONS

Set-valued functions with compact starshaped values have a particular interest for the pos-
sibility of extending classical operators to more general cones. We recall that a subset S of R? is
called starshaped set if there exists x¢ € S such that the segment joining xz and x is contained
in S whenever z € S.

We shall denote by S(R?) the set of all starshaped compact subsets of R%. S(R?) is obviously
a cone endowed with the natural addition and multiplication by positive scalars. If A € S(R?),
we observe that the kernel ker A of A, defined by

ker(A) :={zp € A|Vax € A,VA€[0,1]: zo+ Az —x0) € A},
is compact and convex. Indeed, ker(A) is obviously bounded and if we set, for every zy € A,
A(zg):={z € A|VA€[0,1]: zo+ Az —x0) € A},

we can easily show that A(xo) is closed and ker(A) = (1, c4 A(zo). The convexity of ker(A)
is obvious. Hence, for every F € C(X,S(R?)), we can consider the kernel set-valued function
ker(F) : X — K.(R?) defined by

(ker F')(x) = ker (F(x)).

Unfortunately, we cannot ensure in general that ker(F') is Hausdorff continuous and this does
not allow us to consider a kernel selection, that is, a continuous selection of ker(F’).

Now, assume that ker ' admits a continuous selection ¢, which acts as a center selection.
We can associate to o the radial function ¥z : X x S9! — [0, +-00[ defined by

Yp(z,y) = max{t € [0, +oo[ | pr(x) +ty € A}.
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Even under our restrictive assumptions, we cannot ensure the continuity of ¢ x; for example,
consider the set-valued function F : [—7/2,7/2] — Sg(R?) defined by setting, for every 6, €
[=7/2,7/2],
F(0o) := {(pcost,psind) e R* |0 < p<1,|0| <[ <7} .

If we take the constant function ¢z (x) := (—1/2,0) as central selection, then the radial function
associated to ¢p is not continuous at 8, = 0. Therefore, we shall restrict our attention to
the subcone C of C(X, Sg(R?)) consisting of all F' € C(X,Sg(R?)) which admit a continuous
central selection ¢ of ker(F') and a continuous radial function ¢ with positive values.

It is clear that we can associate a unique set-valued function F, , : X — Sg(R?) to every
pair (¢,?) € C(X,R%) x C(X x §471,]0, +00]) by setting, for every = € X,

(34) Fpuy(@) = {p(x) +ty e R |y € S, t € 0,92, y)]} -
In the next Proposition, we show that F, ,, is Hausdorff continuous.

Proposition 3.1. Let o : X — R¥and ¢ : X x S9! — R be continuous and assume that ) takes
strictly positive values. Then, the set-valued function F, , : X — Sr(R?) defined by (3.4) is Hausdorff
continuous.

Proof. Since the Hausdorff distance is invariant under translations, we can assume ¢ = 0.
Moreover, for every g,z € X,

dp (F(zo0), F(z)) < Sup (2, y) — Y(xo0,y)|

and since % is uniformly continuous

lim ( sup Iw(:c,y)—w(:co,y)o =0

T—>T0 yeSa-—1
and this completes the proof. O

Hence, we can associate to every pair (¢, 1) € C(X,R?) x C(X x S?71[0, +0o0[) a set-valued
function in the cone C. The converse property is not valid since we may have more than one
central selection and radial function which are associated with the same set-valued function.
Hence, we have only a partial Korovkin-type result in the cone C.

First, we recall that a linear operator T' : C(X,R%) — C(X,R?) is called a convexity mono-
tone operator if for every ¢1, p2 € C(X,R?) having disjoint graphs

(3.5) ¢ € co(ip1,p2) = T(p) € co(T (1), T(p2))-

Many examples of Korovkin systems in spaces of vector-valued continuous functions with
respect to equicontinuous nets of convexity monotone operators have been obtained in [3] and,
more recently, also in [4, 5, 6]. We fix a Korovkin S in C(X,R¢) with respect to equicontinuous
nets of convexity monotone operators.

Similarly, we have already observed in the preceding section that many examples of Ko-
rovkin systems with respect to positive linear operators are well-known both in C'(X,R) than
in C(S91),R) (see, e.g. [1, Chapter 4] and [2]) and hence we can easily obtain Korovkin sys-
tems in C(X x S9! R). Hence, we can also fix a Korovkin system D in C(X x S? ! R)
consisting of positive functions. At this point, we can state the following convergence result.
The proof is based on a simple property, which can be easily shown:

If (%)zge ; is a net of functions in C'(X,R?) converging uniformly to ¢ € C(X,R9) and if
(1:) ZSG ; is a net of positive functions in C(X x S9! R) converging uniformly to a positive
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function 1 € C(X x S?~LR), we have that the net (F@iywi)fe ; converges to F, ,, for the Haus-
dorff distance.

Theorem 3.4. Let X be a compact Hausdorff topological space and let S be a Korovkin system in
C(X,R?) with respect to equicontinuous nets of linear convexity monotone operators and D be a Ko-
rovkin system in C'(X x S, R) consisting of positive functions with respect to equicontinuous nets of

positive linear operators. Consider a net (Sz)fe ; of linear convexity monotone operators from C(X,R%)
into itself and assume that, for every ¢ € S, we have lim;c ;< S;(¢) = .

Moreover, let (T;)>; a net of linear positive operators from C(X x S R) into itself and assume
that, for every v € D, we have lim;¢ ;< T;(¢) = .

Then, the net (Fs,(,).1.(s))5e; converges to F, y for every ¢ € C(X,R%) and ¢ € C(X x
S, [0, 4-00]).
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ABSTRACT. In this work, we investigate an integral variant of the Wright operators arising in approximation theory.
Our main contribution is the derivation of a complete pointwise asymptotic expansion for these operators Wi To
establish this expansion, we first develop several structural properties of the operators, emphasizing their intrinsic
connections with special functions, including the Mittag-Leffler and confluent hypergeometric functions. The analysis
requires a careful study of the moments of the associated integral operators and relies on a collection of auxiliary
results, such as a localization theorem. The obtained asymptotic formula provides refined convergence estimates and
yields deeper insight into the limiting behavior of the operators as n — oo.
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1. INTRODUCTION

Positive linear operators constitute a fundamental tool in approximation theory, providing
effective schemes for approximating continuous functions and for studying convergence and
asymptotic behavior. In recent years, there has been growing interest in operator sequences
constructed via special functions arising in fractional calculus and probability theory, owing to
their rich analytical structure and enhanced flexibility. Among these, operators associated with
the Wright function have attracted considerable attention due to their close connection with
fractional diffusion processes and their ability to model non-local effects. The present paper is
devoted to the study of an integral variant of the Wright operators, with particular emphasis on
deriving a precise asymptotic expansion that yields refined convergence estimates and deeper
insight into the limiting behavior of the operators.

The three-parameter Mittag-Leffler function Eg 5 (also known as the Prabhakar function),
introduced by T. R. Prabhakar in 1971 [8], is defined as

Y = (rtv-1 zY
(1.1) E) 5(2) = 20 ( , >—r ORI (€ C, R(a)>0),
r v B
where (%Lz_l) = Fhvv) _ l‘ and I'(-) denotes the Euler gamma function. Here, 7° = 1

vID(y) v
and v =y (y+1)---(y+v—1), for v € N, denotes the rising factorial. Although the three
parameters «, 3 and v are allowed to assume values in C, we will use the function E,, ; only for
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z

e
()
In this paper, we focus on the special case a = 1. The asymptotic formulae for the three
parametric Mittag-Leffler functions for large values of indices were established in [4]. The

positive linear operator using the terms of the Prabhakar function E s (nz) as basis functions,

@@= (e 00) 5 () e ()

v=

real values of «, 5 and 7. We mention the special instances Ef 5(2) = and Ef ; (z) = €.

was introduced and studied in [1].

Closely related to the Mittag-Leffler function is the Wright function [10], introduced by E. M.
Wright as a natural generalization of exponential-type functions in the theory of entire func-
tions. It is defined by the series

00
Zk

Qsa,ﬁ(z):k;)m, a>-—1, peC.

The Wright function plays a significant role in fractional calculus, as it appears in the funda-
mental solutions of time-fractional and space-fractional diffusion equations. It is also closely
connected with the Mittag-Leffler function, Lévy stable distributions, and probability density
functions describing anomalous diffusion processes. Furthermore, in approximation theory
and applied analysis, Wright-type functions are employed in the construction of positive lin-
ear operators [6] and in the study of their asymptotic behavior and convergence properties,
highlighting their importance in both theoretical and applied contexts.

The Prabhakar function F, ; and the Wright function ¢, s play a central role in several
areas of fractional calculus, probablhty theory, and anomalous relaxation phenomena. The
Prabhakar function, as a three-parameter generalization of the classical Mittag-Leffler function,
gives rise to the Prabhakar fractional integral operator, which extends the classical Riemann-—
Liouville and Caputo fractional integrals. On the other hand, the Wright function naturally ap-
pears in the fundamental solutions of time-fractional and space-fractional diffusion equations
and is closely connected with stable probability distributions. Both functions are extensively
used in the modeling of memory-dependent processes, viscoelastic materials, and non-local
diffusion phenomena. In approximation theory, kernels expressed in terms of the Prabhakar
and Wright functions enable the construction of positive linear operators with adjustable pa-
rameters, leading to enhanced flexibility and improved convergence behavior. Consequently,
the availability of accurate asymptotic expansions for E_, ; and ¢, s is essential for rigorous
theoretical analysis and efficient numerical implementation, particularly in large-parameter
regimes, stability investigations, and the derivation of precise rate of convergence results. Such
expansions also facilitate closed-form representations of moments and provide deeper insight
into the asymptotic behavior of the associated operators as n — oo, which is crucial in approx-
imation theory and applied mathematics.

For a real number A > 0, let E4 [0, 00) be the class of all functions f : [0,00) — R which
satisfy, for some positive constant K, the growth condition |f (t)| < K exp (At), for t > 0. Let
E0,00) = Uys0Fa[0,00) be the space of all functions of (at most) exponential growth. For

B> 0and v > 1, we define the operators W/ : E[0,00) — C[0, 00) by

(1.2) (WEf) (z) = <E17”8 (nx)) B i (7 + Z N 1) #@;6) /Ooo etV f (%) dt.

v=0
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It is obvious that, the operators W7 are linear and positive. We observe that, for sufficiently
large n, the operators W7 are well defined on the space E [0, c0) since f € E4 [0, 00), implies
that, forn > A,

/O _tt"f( )dt‘ < K/ Y exp (At/n) dt

_ K/ tesp (L1~ Afm)di = IZ/V;)”“

and
2

) @l < 5 (5, o) B ().

At the point z = 0, the operators (1.2) approximate the function [, provided that it is continuous
from the right at x = 0. In this case, we have (W*B Vf) fo e tf (%) dt — f(0) asn — oc.

In the special case, v = 1, the operator W/7 was dlscussed by Patel [5], another variant was
discussed in [7]. Further, the special case 5 = v > 1, the operator W5 reduces to

(WEB ) () = e™= /O T et (2\/@) f (%) dt

where I denotes the modified Bessel function of the first kind given by

oo 2v

ho =)= ;) 4'/2(;/!)2'

Our focus is to study the rate of convergence for the operators W/7. Also, we derive a (point-
wise) complete asymptotic expansion for the sequence (W57 f) (z)) 70;1 in the form

(1.3) (VV/8 'Vf) )+ Z a,’ (f,x (n — o0),

provided that f admits derivatives of sufficiently high order at + > 0. Formula (1.3) means
that, forall ¢ = 1,2, ..., it holds

q
(W/B TF) (z +Za T(f,x +o(n™?) (n — o0).

k=1

The coefficients ag "7 (f,z), which are independent of n, will be given in terms of coefficients
of a certain power series. As a particular case 7 = 1, we obtain the complete asymptotic
expansion for the sequence of Patel’s operators established in [5]. In the special case ¢ = 1, we
complement his results on W/*! by a Voronovskaja-type theorem.

2. MAIN RESULTS

The following theorem presents as our main result the (pointwise) complete asymptotic ex-
pansion for the integral generalization of the Mittag-Leffler operators W /.

Theorem 2.1. Let ¢ € Nand x € (0,00). For each function f € E [0, c0) which is 2q times differen-
tiable at x, the operators W7 possess the asymptotic expansion

(2.4) (WEYF) (@) = f2) + > _al” (f,z)nF+o(n™®)  (n— o)
k=1
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with the coefficients

(s
@5) o (f) =3 T Deon ) k=120,

where the numbers Ty, 5 (o, 7y, B) and Hy, (a, b, j) are defined by

26) T (7.5) : ZZ ( )@Hk_ (1o — )

=0r=y

and by equation (3.10), respectively.

Before proceeding to the proof of the above theorems, we first establish several fundamental
properties of the operators W/, In particular, we demonstrate their connections with other
special functions, notably the confluent hypergeometric function. Throughout the paper,
XX=1,22=2(z—1)---(2 —j+1),j €N, denote the falling factorials.

Remark 2.1. If f € (2, K [g; x|, the operators WS possess the complete asymptotic expansion
(WETF) (o +Za f,x (n — 00),

where the coefficients af "V (f, ) are defined in (2.5).

In the case ¢ = 1, an immediate consequence of Theorem 2.1 is the following Voronovskaja-
type formula.

Corollary 2.1. Let z € (0,00). For each function f € K [2;x], the operators WS satisfy
lim n ((W7F) (2) = f (@) = (L+5 = B) f' (2) + 2f" ().

n—oo

Remark 2.2. For the convenience of the reader, we list the explicit expressions for the initial coefficients

ay” (f,x):
a7 (fox) =1+~ —B) f () +zf" (x)
agﬂ’ (f x) :(ﬁ _’7) (’7_ 1)f/ (x)
—J7_5+1g7_5+2hw@y+7_§+2mﬂ@@%+%¥“W@

3 4
+6(’Y—ﬁ) +(12_65)(7_B) f(3)(x)+(’y_ﬁ+2)2(7_ﬁ+3)xf(4)(x)

+7—§+3$2f(5) () + ‘%3f(6) ().

o8 (f,0) 2=V =By =52

We emphasize the fact that a’g " (f,x) contains only derivatives f(*) (z) of order s < 2k.

By equation (2.5), af’” (f,z), k € N, is a linear combination of the terms x5~ % f(*) (z), for s =
1,...,2k. In the special case 5 = v, we obtain the following corollary.
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Corollary 2.2. Let ¢ € Nand x € (0,00). For each function f € E [0, 00) which is 2q times differen-
tiable at x, the operators WP possess the asymptotic expansion

q

(WPE) (2) = f@)+ D _al’ (f.z)n ™  +o(n™?)  (n— o0)

k=1
with the coefficients

k S
=3 (50w k=,

S
s=0

3. MOMENTS FOR THE OPERATORS W/+Y

Throughout the paper, e, denote the monomials e, (¢) =¢", (r = 0,1,2,...) and for each real
x, we put ¢, = e; — wep.

To demonstrate our main findings on the operators W7, we will need the moments of the
integral operators (1.2). The proof of Theorem 2.1 relies on many lemmas, which are compiled
in this section.

Lemma 3.1. Forr =0,1,2,..., the moments of the operators W/Y have the representation

B, _ T — (T r—j j£1F1(7+j;5+j;nx)
) (Waer) (@) =n Z (J)T * (na) Bi 1Fi(v; Bin) ‘

§=0

With the abbreviation _

_ YR (v 458+ 5ine)
Bi 1F (v Bsnx)

/87
R, (2)

the first instances are given by
W e =eq,
Wf”el =R§:¥61,

2
W Tes =R, Jes + ERQZY%

9 27
Wies =R} 3es + —RyJea+ 5 R) e,
16 96 256
Wf’764 :Rgzzm + ERgzgeg + PREL:gez + FREL:’Iel'
Proof. Since [~ e'tVe, () dt = n™" (v + r)!, we obtain
—1.=© -1 v |
N =1\ (02)" (v 7))
(Wi Ver) (x) =n (Em (m‘)) > ( y ) VD (v + )

V=

By Vandermonde convolution, we have

L7

i=o

which leads to

(Wie,) (@) =n"" (Elﬁ (nx)>_1ji0 <r> r’"‘ji (7 + Z B 1) %M.

J =
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- -1 - -1
y3(7+y ):73(7+V. ) (I/Zj),
v v—]

(w27er) () == (7 ) 32 ()= (! 51, ).

J=0

Since

we obtain

Taking advantage of (3.8) leads to

8, oo (Mg T o LB 1P (v + i B+ jina)
(Wr7er) (x) =n ;(j)r 197 (na) NCE VA IR

which is the desired formula, since ' (8 + j) /T (8) = 3. O

For the subsequent discussion, we require the connection between the confluent hypergeo-
metric function and the three-parameters Mittag-Leffler function (1.1), as stated in [2, Equation
5.1.39] as

(3.8) E)5(2) = % gy IZ/, = F(lﬁ) 1By (785 2)

where the confluent hypergeometric function is given by

a’ z¥
Filabz) =Y =2
1F1 (a;b; 2) 7

v=0

It is well known that ; F satisfies the asymptotic relation (see [3, Formula 13.7.1])

e%zb > —a k= a k
(3.9) 1F1 (a;b;2) ~ Tl;(b) Z (b )k:'z(“i ) (z = +00) .
k=0

As in [1], we define the numbers Hy, (a, b, j) by the relation

oo k Ew S
(3.10) 1+ i (b—a) (1—a—j) 4r Z (a,b, §)

1+ Y2, (b—a)* (1 —a)f 4
where all series are interpreted as formal power series. The following consequence will become

useful related to Hy (a, b, j)

(3.11)

F b WV H b
e I R ]

1F 1 ((I, b Z E—0
For the convenience of the reader we list some explicit expressions, which were also mentioned
in [1]:

HO (CL, b:j) :17

H, (CL?b:j) = (CL o b)ja

HQ(CL,b,j) :%(3_30’_‘_1)_]—{—@]_&])7
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Hj (a,b, ) :(“T)] (22 — 42a + 20a” + 18b — 16ab + 2b°
—3(a—b—1)(3a—b—4)j
+(a—b—2)(a—0b—1)j7%).
Lemma 3.2. Forr =0,1,2,..., the moments of the operators W7 satisfy the asymptotic relation

mm{k r}

(Wie,) (a Z > ()ritss Gupr=iyat 0 ).

where Hy, (a,b, j) is defined in (3.10).

Proof. The starting point is the Equation (3.7) in Lemma 3.1, i.e.,

L S I

=\ Bi - 1Fi(y;B;nw)
Hence, by (3.11),
(Wf’”er) () ~n~" <T> r’=I (nx)’ (7—’%) (n — 00).
=\ —  (nx)

Finally,

(Whe,) ( Z( ) ~igr=i'y — He (v, 8,7 : —J) (n — o)

=0 e 0 (nx)

and collecting all terms with j + ¢ = k, we obtain the desired formula.

Lemma 3.3. For s = 0,1,2,..., the central moments of the operators W/>"¥ have the representation

oo xs—k
(3.12) W)@~ Y

k=[(s+1)/2]
where Ty, s (v, B) is defined by the Equation (2.6).

Tk,s (’77 5) (n — OO) )

A direct consequence of Lemma 3.3 is the asymptotic relation
(3.13) (WE2) () = O (n*HS“WJ) (n — o).

Proof. By the binomial formula, we have

S

(W2702) () = 3 (- () (W5, (o).

r=0

Application of Lemma 3.2 yields

WEs) ()~ 3 () 3 (;T)wﬂk_jw,ﬁ,r—j)
k—

0 r:O

S—

Z B (n—o0),
k=
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where T}, s (v, ) is defined in equation (2.6). It remains to prove that 7}, s (v, 5) = 0if 2k < s.

Using the binomial identity
() =0)2)
AV ARRCYAVES VA

>0 (T )ty G =)

we obtain

O () Y e ).

Equation (3.10) reveals that Hy, (a,b, z) is a polynomial in the variable z of degree at most k.
This implies that

s—j .
s—j—r (S — g
> (=1 ( T]> (r+5)Hy—j (v,8,r) =0
r=0
if k <s—jie,if k+j < s. Noting that 0 < j < k, we conclude that T}, 5 (v, 8) = 0if 2k < s.
This completes the proof. O

4. PROOF OF THEOREM 2.1

In order to derive Theorem 2.1, a general approximation theorem due to Sikkema [9, Theo-
rem 3] will be applied. To this end, we need some notation. Let I be a real interval and = € I.
For s € N, let H®) () denote the class of all locally bounded real functions f : I — R, which
are s times differentiable at z. In the case that I is an infinite interval, f has to satisfy the ad-
ditional condition f (t) = O (|t|*) as t — +oo or t — —oo, respectively, or both if I = R. An
inspection of the proof of Sikkema’s result reveals that it can be stated in the following form
which is more appropriate for our purposes.

Lemma 4.4. Let ¢ € Nand let (L,,),, .y be a sequence of positive linear operators, L,, : H?? (z) —
C le,d), x € [c,d]. Suppose that the operators Ly, apply to 129" and to 12472, Then the condition

(L) () =0 (n_L(SH)/QJ) (n — 00), fors=0,1,...,2q + 2,

implies, for each function f € H?% (z), the asymptotic relation

(S)
Zf )(ac)—i—o(n*q) (n — 00).

Since Lemma 4.4 deals W1th functlons of polynomial growth, we cannot apply it directly to
functions f € E [0, c0). First, we note that the definition of £ 4 [0, co) implies that the functions
of this class are bounded on each finite interval [0, 7], > 0. In order to prove Theorem 2.1 for
functions of (at most) exponential growth, we need a localization result (Lemma 4.6) for the
operators W/7. The next result will be applied in its proof.

For real numbers A, define exp 4 (t) = e,

Lemma 4.5. Let A be a real number and x > 0. Then, (WS exp ) (z) is well defined, for all positive
integers n > A, with

. (7;6, —n_AW>
(4.14) (Wi expa) (0) = =4 — 5 )
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and has lim,,_,oc (WP exp,) (z) = expy ().

Proof. Let x > 0. An elementary calculation and application of (3.8) shows that, for n > A,

(WE expy) (z) = (E175 (nw))l i (7 * Z - 1> % /000 etV e dt

V=

n’x
E7
n 1,6 <n—A>
n—A  E];(nx)

n2x
1F1 (”Y; B; —>

n n—A
n—A  1Fi(y;8;nx)

By (3.9), we conclude that

621217_5F(5) (1 L0 (21_1)>

I'(y)
(Wi expy) () ~— =
4 n—A e#2777(p) (140 (1))
() ’
. [z Y58 B B
“n_A% 2(5) (1+0 (") = 0(1)),
where
n*r n
2= =N, 29 =nx
As n tends to infinity, we have
A

nﬁA:I—FE—FO(n_Q), zlznx+Ax+O(n_1).
Hence

Z1 — 2o :A:v—l—O(n_l) , e 1772 = A% (1+O(n_1)).
Similarly,

21 =8 B n =8 B A =
(Z—2> = (n—A) _1+(7—ﬁ)z+0(n ).

Therefore

B,y Az A A -1

(W7 expy) (z) ~e 1+ﬁ 1+(7—B)E (1+0(n1)).

Hence, we have lim,,_,o. (W/7expy) (z) = exp 4 (). O

Lemma 4.6 (Localization Theorem). Let 6 > 0 and fix « > 0. If a function f € E 4 [0, 00) vanishes
on the interval (z — 6, + §) N [0,00), then (W7 f) (z) = O (n™™) as n — oo, for arbitrarily large
m > 0.
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Proof. Let m € N. For a certain positive constant K, we have

(o) e nol <k Y (7T et ()]

v>0,
lv/n— :13|>5

SK(S_ZmZ (7+Z_ 1) F(Vl‘i' B) (nnixA>y <% - x>2m'

v=0

Application of the Schwarz inequality yields

(W F) ()] < K(s—?m\/ (Wi expaa ) (w)\/ (W pam) ().

By Lemma 4.5, the first square root has the finite limit exp 4 () as n — oo. By relation (3.13),

the second root satisfies \/ (Wf ’w;‘;m> () = O (n~"™) as n — oo. This completes the proof. [

Now we are in position to prove the asymptotic expansion.

Proof of Theorem 2.1. Let x > 0 and suppose that f(29) (z) exists. Firstly, we assume that f €
H(% (z). By the Equation (3.13), we have (W/92%) (z) = O (n™%) asn — oo. Lemma 4.4
implies that

2q

) (4
W) @ =3 T Wit @) vo () (n o).

s=0

Now, we suppose that f € E[0,00) and f(9) (x) exists. Note that the above asymptotic expan-
sion depends only on the behaviour of f in an arbitrary small neighborhood of . Therefore,
by the localization theorem, we can assume, without loss of generality, that f € H(2% (z). By
Lemma 3.3 and noting that Wf”eo = ep, we infer that

(S) o (s)
Zf L wprus) @)~ F@)+ 3 S L@ kg (o )

as n — oo. Finally, we obtain

q (5) (1
WEf) @) =@+ 3~ S L@ by (4 8) 40 (n79)

k=1 s=1

as n — oo. This is the desired expansion. O

Proof of Corollary 2.2. Let x > 0 and suppose that f(29 () exists. Since 1 F} (a;a; z) = €, Equa-
tion (3.10) reveals that Hy (a,a,j) = 1 and Hy (a,a,j) = 0 (k € N). By (2.6), we obtain

T (B.8) =3 (-1 () @k

r=k

and Equation (2.5) yields
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0=y ey ()(Z)T’“
_Z(>f() —kz (i:];')rk (k=1,2,...).

Observing that

Sy (i _ Z) Sy ( B ’“) (r+k)*

r=k

I
w
M| i
x> O
T
—_
N—
V2]
El
3
VR
V)
< |
x>
N—
VR
QL
]y
N———
al
3
_|_
oyl

=0
— (d%)k i (y—1)°"

(el

(note that (_*,) = 0if 2 < 2k < ), we conclude that

P (fx) = ik: % (8 f k) rF = zk: (’;) z—jﬂm) (2).

s=k

This completes the proof of the corollary. O
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ABSTRACT. The aim of this paper is to present new insights into Rational Radial Basis Function (RRBF) approxima-
tions and their localized rescaled counterparts. After some necessary notation, we briefly recall the essence of stable
computational techniques for overcoming the ill-conditioning of the kernel matrices, as well as the ones that explore
stable bases. RRBFs are then introduced, and their benefits are described. We discuss Variably Scaled Kernels, which
provide a more flexible tool for approximating with RBFs, substituting the shape parameter with a scaling function.
This scaling function is then applied to the RRBFs to obtain a new family of RBFs that are more appropriate for dis-
continuous functions. Finally, the localized version of the RRBFs is recalled, for which we provide new insights into
an open conjecture regarding the sum of the cardinal function associated with the approximant in rescaled form.

Keywords: Radial basis function (RBF), variably scaled kernel, rational approximation, rescaled localized RBF.
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1. INTRODUCTION

Radial Basis Functions or RBF are functions that depend only on the Euclidean distance from
a center point, i.e., ¢(||x — ¢||), where z is a point in a given multidimensional domain and ¢ is
the center. Common RBFs include Gaussian, multiquadric, inverse multiquadric, and polyhar-
monic splines. They can be globally supported, locally supported, with different smoothness
properties. Among the fundamental references, we recall these books [22, 24, 64].

Suppose we wish to conduct a literature search on platforms such as Google Scholar or
specialized academic databases (e.g., IEEE Xplore, SpringerLink, or Elsevier’s ScienceDirect).
In that case, we can identify several thousand papers on RBFs across these fields. For example,
a Google Scholar search for Radial Basis Functions yields more than 10° papers, including
applications in machine learning, numerical analysis, and applied mathematics.

We can approximate functions or data at scattered points in RM, M > 1 by the following
setting: Let O C RM be a bounded set, let Xy = {z;,i =1,..., N} C Q be a set of distinct data
points (also called data sites or nodes) and let Fy = {f; = f(x;),i = 1,..., N} be a set of data
values (or measurements or function values). The approximation problem consists in finding a
function Py : @ — R such that Py (x;) =~ f;, ¢ = 1,..., N. When equality holds we talk about
interpolation. To this end, we consider P; € span{®(-, x;),x; € Xy}, where ® : O x Q@ — Ris
a strictly positive definite and symmetric kernel, for which the associated interpolation matrix
A with entries A; ; = ®(x;,x;) is strictly positive definite. The interpolant then assumes the
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form
N
(1.1) Pi(x) = Zak@(m,mk), x € Q.
k=1
The coefficients & = (a1, ...,ay)T in (1.1) are found by solving the linear system Aa = f,
with f = (f1,..., fn)T, where A being strictly positive definite and symmetric ensures the

uniqueness of the solution.

Definition 1.1. A function o : R — R is called radial, if there exists a continuous function ¢ :
[0,00) — R such that o(x) = ¢(r) withr = ||x||2.

Using this definition, given a basic function ¢ and the (symmetric positive definite) kernel
®, for all z,y € RM™ we have a radial kernel just by considering ®(z,y) = ¢(||z — y||2). We
can then indifferently use ® or ¢ by referring to Definition 1.1. An example of a RBF is the

well-known Gaussian function ¢(r) = e~ where ¢ is the shape parameter, which is indeed
a scale parameter.

Many papers focus on using RBFs for the numerical solution of PDEs within a meshless
framework. These methods include RBF collocation (cf. e.g. [9, 34, 41, 42]), RBF-generated
finite differences (RBF-FD) (cf. e.g. [2, 25, 58, 59, 60]), and RBF partition of unity methods
(RBF-PUM) (cf. e.g. [17, 38, 46]) with applications to elliptic, parabolic, and hyperbolic PDEs
(especially in fluid dynamics, electromagnetics, and material science) (cf. e.g. [3, 5, 61, 63, 69]),
option problems in the financial market [46, 57]. A significant portion of the research focuses
on the use of RBFs for function interpolation and data fitting, which is fundamental to scattered
data approximation. In machine learning, RBFs are used as kernels in algorithms like Support
Vector Machines (SVMs) and in neural networks (Radial Basis Function Networks - RBFNs)
(cf. e.g. [31, 43, 56]). These applications contribute to the large number of papers on RBFs in
pattern recognition, classification, and regression. A large body of theoretical work deals with
the analysis of convergence rates, error estimates, and the properties of different types of RBFs
(e.g., Gaussian, multiquadric, inverse multiquadric) (see e.g. [10, 11, 12, 29, 39, 45, 49, 50, 51,
52,54, 55, 65, 66, 67, 68]).

It is well-known that rational approximation (by using the ratio of polynomials) is more
robust than the standard polynomial interpolation, in particular for functions characterized
by steep gradients. However, this is a mesh-dependent approach and, as a consequence, ex-
tending polynomial approximation to higher dimensions is always quite hard (see, e.g., [32]).
Moreover, there are many challenging issues associated with rational approximation, such as
the computational cost (the number of coefficients to be determined is large) and the need to
avoid singularities in the denominator (in higher dimensions, these are curves or manifolds).

In this paper, we would like to deepen the rescaled localized RBF approach, firstly used
in [19] for the solution of PDEs with a meshless approach with compactly supported radial
functions (see also [15, 16]), which represents a particular instance of rational RBFs (cf. [18, 33]).

The paper is organized as follows. In Section 2, we present preliminaries on stability and
error analysis for RBFs. In Section 3, we recall some stable computational techniques, introduce
Rational RBEF, Variably Scaled Kernels and show that mixing them we can get a more stable
approximation. In Section 4, we discussed the so-called Rescaled Localized RBF and presented
new results on an open problem concerning the sum of the cardinals in this framework. We
make some conclusions in Section 5.
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2. PRELIMINARIES ON STABILITY AND ERROR ANALYSIS

It is well known that the /5 conditioning of a positive definite matrix K can be expressed

(2.2) cond(K) = iméx :

where Ajax; Amin are the largest and smallest eigenvalues of K respectively.

Remark 2.1. The definition of {5 conditioning in (2.2) is valid as long as we deal with a square normal
matrix K, i.e., it commutes with its conjugate transpose KM. Such a definition is a particular case of the
following formulation
Umax
cond(A) =
( ) Omin
which is true for any square matrix A. Here, 0 max, Omin are the largest and smallest singular values of
A respectively.

)

Concerning the largest eigenvalue, if K is the NV x IV positive definite kernel matrix related to
a translational invariant kernel ®(x, y) = ¢(x — y), an immediate consequence of Gershgorin’s
theorem is that

>\max < N¢(O)

For error analysis, we sometimes need the approximant to be expressed in terms of cardinal
functions (cf. [22, Section 14.2]).

Theorem 2.1. Let Q C R? and let ® be a strictly positive definite kernel. Then, for every set X =
{zr, K =1,...,N} C Q of distinct node points there exist functions u;, € span{®(-,xz), k =
1,..., N} such that u} (x;) = 6,5, where 0;; is the well-known Kronecker delta.

By means of the so-defined functions v}, k = 1,..., N, also called cardinal functions, we can
write the interpolant in (1.1) of a given function f : @ — R inits Lagrangian form [71], that is,

N
(2.3) Py(x) =) f(zp)up(x), zc.
k=1

Let ® € C(Q x Q). For any set of distinct nodes X and vector u € RY we can consider the
quadratic form

Q(u) = (x,x —2Zuk<l> T, T} +ZZuZu3 (i, ;)

=1 j5=1

Then, we give the following definition [22, Section 14.3].

Definition 2.2. Let Q C R and let ® € C(Q2 x Q) be a strictly positive definite kernel. Then, for any
set of distinct points X = {xy, k=1,..., N} C Q we define the power function

[Px.o ()] = Q (u" (2)),
where u* is the vector of cardinal functions (see Theorem 2.1).

The power function can also be computed as

Pys (2) = \/® (z.2) - (b())" Kb (x),
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where b = (®(-,x1),...,P(-,xn))T and K is the kernel matrix defined previously. Moreover,
letting K¥ be the kernel matrix related to the augmented dataset X U {y}, we can also express
the power function as (see [13])

[det KY

Remark 2.2. The power function vanishes if it is evaluated at the interpolation nodes, as emphasized
by the formulation in (2.4).

Thanks to the power function definition, we can now provide the following error bound for
the kernel-based interpolant in (2.3) [22, Section 14.4].

Theorem 2.2. Let Q C R¢ and let ® € C(Q x Q) be a strictly positive definite kernel. Moreover, let
X ={xr,k=1,...,N} C Qbea set of distinct nodes. Then

|f (&) = Py (2)| < Px.o (@) [flne), =€,
where f € Ng(Q).

Despite the dependency on the power function, and thus on the chosen set of nodes, we
observe that Theorem 2.2 provides a pointwise error bound that does not give any indication
concerning the mesh size, a term used in abuse of notation in the scattered data interpolation
context. To obtain further details in this direction, we introduce the so-called separation dis-
tance and the fill distance [22, Section 14.1].

Definition 2.3. The separation distance is defined as
— i ] |
= —min||z; — x|
ax 9 it J

Definition 2.4. The fill distance is given by

h = i — .
x,0 = sup miy [l — |
Remark 2.3. Geometrically, the quantity qx represents the radius of the largest ball that can be centered
at every point in X so that there is no overlap. At the same time, hx q is the radius of the largest empty
ball that can be placed among the data sites in €.

3. STABLE COMPUTATION TECHNIQUES

One of the most investigated topics is the behaviour of the kernel interpolant in the flat limit,
i.e., when e — 0 (cf. e.g. [20, 36, 39, 53]) and associated methods for stable evaluation of the
kernel interpolant in the limit (cf. e.g. [26, 70]). In agreement with the trade-off principles [50],
we remark the following:

¢ Insome cases, the approximants may suffer from instability because of the ill-conditioning
of the interpolation matrices as the shape parameter becomes small, corresponding to
the so-called flat RBFs [26]. This problem depends on both the smoothness order of the
basis function and the node distribution. More specifically, if one keeps the number
of nodes fixed and considers smooth basis functions, then the problem of instability
becomes evident for small values of the shape parameter.

e A radial basis function with a finite order of smoothness can be used to improve the
conditioning, but the accuracy of the fit gets worse. For this reason, recent research has
moved towards the study of stable bases (see e.g. [14, 23, 27, 28]).
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Among the most popular methods for stabilizing the interpolant, many belong to the following
categories.

(1) RBF-QR Method. It is rooted in a particular decomposition of the kernel, and it has
been developed so far to treat the Gaussian kernel [23, 27, 28, 35].

(2) Hilbert-Schmidt Singular Value Decomposition (HS-SVD). It has been developed to
stably compute the RBF interpolants [8, 24]. In principle, this technique can be applied
to any kernel, provided that the HS eigenvalues and eigenvectors are known. However,
these quantities are far from being easy to compute, and in practice, they only work for
the Gaussian function.

(3) WSVD Bases. It is a more general approach that applies to any RBF, consisting of
computing a weighted SVD decomposition which produces stable bases [14].

3.1. Rational Radial Basis Functions (RRBFs). Aiming to modify the kernel basis to improve
computational stability, we here present a recent research topic which develop rational RBF
approximation. We start by recalling the main theoretical and computational aspects studied
in [6]. The method reported here is the so-called eigen-rational kernel-based scheme. It consists
of a fractional RBF expansion, with the denominator depending on the eigenvector associated
to the largest eigenvalue of the kernel matrix.

We have already seen that the spaces spanned by kernels provide beneficial properties for
multivariate approximation. Nevertheless, it might be advantageous to study approximants in
non-linear spaces generated by RBFs. A few examples of these approaches already exist in the
literature and are known as rational RBFs, introduced in [33] and further developed in [16, 47].
The main disadvantage of the scheme proposed in these papers is that the rational basis is
constructed from function values, and consequently, it depends not only on the data sites. A
solution comes from the eigen-rational basis.

We recall that rational real functions are expressed as ratios of polynomials. That is, at each
pointz € R

R(z) P, (x) Anx™ + Ap12" "+ a1z + ag
x) = = .
Qm(x)  bna™ +by12™™ + - by + bo
The collection {ay,, an—1,...,a0; bm,bm—1,-..,bp} is the set of the coefficients of R, that can be

computed imposing some interpolation conditions. It is also usually assumed that the polyno-
mials P, and @, are relatively prime, that is, common factors are canceled.

Rational RBFs (RRBFs) are an extension of classical radial basis functions (RBFs) that, start-
ing from two RBF approximations, say R, Rs expressed as in (1.1), can be similarly expressed
as the ratio of them. It has proven to be an effective tool for solving both interpolation problems
and partial differential equations (PDEs) (cf. e.g. [6, 16]).

Fix the integers m, n, kand jsothatm,n < N, 1<k < N+m-1land1<j < N+n-1
Letting X, = {x;,i =k,... ., k+m—1}and &, = {z;,i = j, ..., j+n—1} two non-empty subsets
of Xy C Q(C RM), a natural extension of the classical RBF approximation to the rational case,
is then

. R(l)(w) . Zfl—i_:nlz_l ailq)(wawh)
R(x) Sl &(x, x;,)

12=7J

(3.5) % (x)

Y

provided R (x) # 0, z € Q. Details concerning the well-posedness and the solution of the
interpolation problem, as well as the error analysis, can be found in [16, 33]. In particular, the
well-posedness as discussed in [16, §3.2] for n = m = N, is equivalent to finding the eigen-
vector, say q, associated with the smallest eigenvalue in modulus of a generalized eigenvalue
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problem:
Ag = \Oq,
with
1 1
I 1£113

where Iy is the N x N identity matrix, A is the kernel matrix defined above and

D = diag(fi,..., fn). Hence, we have to simply define R™ and R as standard RBF inter-
polants of p and g, respectively. Some known benetfits of using Rational RBFs:

A DTA™'D+ A Y, and © = DTD + Iy,

e Improved Stability. Rational RBFs are significantly more accurate than standard RBFs
for functions with steep gradients or discontinuous behavior, both in the neighborhood
of the discontinuity and away from it and for solving PDEs with such solutions (cf.
[47]). Moreover, when using flat, infinitely smooth kernels (like Gaussians), which are
desirable for high accuracy but cause severe ill-conditioning, rational RBF methods can
be implemented in a stable manner (e.g., using Variably Scaled Kernels or RBF-QR),
preventing the system matrix from becoming overly unstable (cf.[16, 37]).

e Multiscale Behavior. Rational RBFs can handle multiscale phenomena, which are
common in many PDE problems (e.g., fluid dynamics, wave propagation) (cf. e.g. [62]).

¢ Boundary Conditions. Rational RBFs can better handle boundary conditions in PDEs
by providing more accurate approximations near the boundaries of the domain (cf.

[21]).

3.2. Variably Scaled Kernels. This subsection briefly describes an interesting approach to the
shape parameter issues, called Variably Scaled Kernels, shortly VSK. We recall the definition as
in [4, Definition 2.1].

Definition 3.5. Let ® : R(A+Vx(d+1) s R be a continuous strictly positive definite radial kernel and
let 1 : RY — R be a scaling function. A variably scaled kernel ®¥ on R4*? is defined as

(3.6) Y (z,y) = ((z,v(x)), (y, ¥ (y))),
for z,y € R4

We note that the shape parameter of the underlying kernel ® in Definition 3.5 is chosen
equal to 1. We do not include this information in the notation for simplicity and to avoid
overly complicated notation.

Remark 3.4. Often we consider radial kernels: the VSK for radial kernels becomes

2" (@,y) = ¢ (Ve — yP+b@) — b)P).

where ¢ is the usual univariate function related to ®. In other words, if ® is radial on R(4+1)*(d+1) 59
is @Y on R4, Moreover, if ® is (strictly) positive definite, so is Y.

By considering the map ¥(x) = (x, ¢ (x)) on Q and in analogy with (1.1), we can express the
VSK interpolant at the nodes X = {(xy, ¥ (xk)), xr € X} as

N
(3.7) R(U(z)) =Y cr®(T(x), U(zk)),

k=1
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with € Q, z;, € X. Therefore, in order to obtain a VSK interpolant RY at the set of nodes X
on (), it is sufficient to project back the interpolant in (3.7), that is,

N N
RY(z) =) a®¥(m, ) = > cx®(U(x), U(zi)) = R(¥()).

k=1 k=1
An important consequence of this construction is that the analysis of the variably scaled set-
ting is fully understood in terms of the analysis of the underlying standard kernel (which is
composed with ¥). The following proposition in [4] states some additional properties of VSKs,
which are fundamental to understanding why VSKs improve the stability of the approximation
process.

Proposition 3.1. Let ®, ®¥, and 1 be as in Definition 3.5. We have

(i) If ® and 1) are continuous, so is ®¥. Moreover, if 1 : Q — 1)(Q) is a bijection, then ®Y inherits
the positiveness properties of ®.
(ii) Let qx be the separation distance between the centers (see Definition 2.3 above), we have

4x < qu(x)
for any choice of the scaling map 1. Indeed, by the definition of the Euclidean norm, we have
19 (i) — ()| = [lf — 25" + (@) — (x;))* < [laf — af]|* (1 + L),

where L is the Lipschitz constant of 1.
(iii) Let Gy (Q) = {(z,¥(x)) | x € Q} C Q x R be the graph of the scaling function 1. Then, the
native spaces No (G (Q)) and Ngv () are isometrically isomorphic (cf. [4, Theorem 2]).

Remark 3.5. As a consequence of Proposition 3.1 (ii), the variably scaled setting might improve the
stability of the interpolation process by increasing the separation distance.

Remark 3.6. The interpolation via Variably Scaled Kernels (VSKs) depends on the definition of an
appropriate scaling function, but no fixed theoretical or numerical recipes for its construction have been
provided. Recently, in [1], a user-independent tool for learning the scaling function using Discontinuous
Neural Networks (called 5-NN) was presented, which partially addresses this gap.

3.3. Rational Kernel-Based Approximation. In [6], an eigen-rational kernel-based scheme was
proposed for multivariate interpolation using meshfree methods. Let us suppose that ® :
R? x RY — R is a conditionally positive definite kernel and ® its associate positive definite one
(for example, ® can be a generalized multiquadrics of order 2, ® is the inverse multiquadrics).
We note that if ® is strictly positive definite, we set ® = ® so that we use the same kernel matrix
for both the numerator and the denominator (for example, consider ¢ as the Matérn kernel).
We can define the interpolant of a function f

>y i®(@, @) + 3y ImPm (2) _ Py()
Sy Bed(x, ) Py(z)’

defined for some function values g¢;,h;, ¢ = 1,..., N. Roughly speaking, once we provide
the function values h;, we can construct P, in the standard way, i.e., such that it interpolates
g = (fih1,..., fnhn)T. Then, obviously, Pf interpolates the given function values Fy at the
nodes X . This definition, for the one given above in (3.5), for constructing P,, adapts the more
general case of conditionally positive definite kernels, still restricting to the case of strictly
positive kernels for P;,. This enables us to make the eigen-rational interpolant well-defined,
i.e. such that P,(x) # 0O, for all x € Q. We recall that a similar approach for the class of

(3.8) Py(w) =
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polyharmonic kernels considered both in the numerator and denominator of (3.8), has been
investigated in [21].

Proposition 3.2. The method consists of a fractional RBF expansion, with the denominator depending
on the largest eigenvalue of the kernel matrix.

Proof. We need to define Py by using the cardinal functions, i; (which form a partition of unity)
(cf. [6, Theorem 2.3]). If the kernel K is strictly positive definite, the same argument holds for
functions @y, € span{K (-, xz;), j=1,...,N}. Therefore,

N N
w)zzg(ﬂ?k)uk(w), Ph(m)zzh(mk)ﬂk(w)v x € Q.
k=1 k=1
Thus, the resulting eigen-rational interpolant in cardinal form is given by
N N
Py(a) = > =1 95w (®) D05y hyfiuy(@)
Z/]f V(@) Y hkﬂk( )

h;
—ij (@ ij i

Zk: 1 hkuk

and, furthermore, ; (z;) = d;x, x; € Xn. Moreover, if K = K is strictly positive definite,
{1;};L, form a partition of unity. Indeed for € Q2

N . N u;(x) Zjvlh ()
1 uj(x) = i—1 hj _ - T T
P ) =R e @ S )

Considering

et =S (@) s s
Do =% () < e e

and from [64, Theorem 12.1, p. 208], we know that

N 2
Pk xy ()
(39) LD (@) < ==
where w is the smallest eigenvalue of the kernel matrix constructed on the node set X' U {z}
with w > 0. This concludes the proof. O

This also provides an upper bound for the Lebesgue function Zjvzl |tj]. Classical bounds
in terms of Lebesgue constants and convergence rates with respect to the mesh size of the
eigen-rational interpolant showed to be comparable with the ones of the classical kernel-based
methods, as discussed in [6].

3.4. Variably Scaled Rational Kernels (VSRK). Both strategies, Rational RBF plus VSK, can
be combined to form a new family of kernels, which we denote as Variably Scaled Rational
Kernels (VSRK). The idea is to take advantage of the flexibility of the VSK and their stability
properties, which, combined with those of the rational kernels, can yield even better approxi-
mation results. At the moment, we have not developed a complete analysis of these claims (it
will appear in a forthcoming paper). In fact, the variably scaled kernel injects strictly positive
spectral mass, preventing eigenvalues from collapsing to zero, which directly improves con-
ditioning and therefore stability. Let X = {z;,...,2n5} C RY, K, : X x X — R be a rational
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positive definite kernel, and K, : X x X — R be a variably scaled positive definite kernel.
Define the combined kernel:

K, (z,y) = Ky (z,y) + yK(z,y), ~v>0.

Theorem 3.3. Let K, K, K, € RV be the corresponding kernel matrices. If K is strictly positive
definite, then K., is strictly positive definite, and we have

(310) Amin(KA) > /\min (KT) + VAmin(KS)v

)\max(KT) + ’V)\max(Ks)
(311) H(KV) S )\min(KT) + WAmin(Ks) .

Proof. The proof goes as follows:

(1) Positive Definiteness. Since K, and K are positive definite kernels, their matrices
satisfy: K, = 0, K, > 0. For any nonzero vector ¢ € RY, ¢TK. ¢ = ¢TK,c + v K.
Because ¢’ K,c > 0 and ¢’ K,c > 0, it follows that c" K., ¢ > 0, hence K, > 0.

(2) Lower Bound on Eigenvalues. By Weyl’s inequality for symmetric matrices, that is
Amin (A + B) > Anin(A) + Anin(B), and applying this to K, and 7K, we get formula
(3.10)

)\min(K'y) 2 )\min(Kr) + VAmin(Ks)-

(3) Upper Bound on Eigenvalues. Similarly,
)‘maX(K'y) S AmaX(Kr) + ’VAmaX(KS)-

(4) Condition Number Bound. By definition, x(K,) = ’;:}L((Iéi)) Hence, by using the
bounds above,

Amax (Kr) + Y Amax (Ks)
H(KW) S )\min(Kr) + 'Y)\min(Ks) '
(5) Stability Improvement. If A\, (K, ) is small (ill-conditioning), then the denominator
is increased by YAmin (Ks) > 0, leading to a reduced condition number and improved
numerical stability.

This concludes the proof. O

Remark 3.7. If, instead, one defines
(3.12) K(z,y) = K (2,y)Ks (2, y),

then the corresponding kernel matrix is the Hadamard product K = K, o K. By the Schur product
theorem, K is positive definite. Moreover, under mild assumptions,

)\min(K) 2 mln(Ks)m )\min(Kr)
showing that K acts as a local preconditioner improving stability.

Here, we provide a couple of examples that demonstrate the effectiveness of the new ap-
proach. In both examples, we consider the centers to be a set X. of N = 81 Halton points, and
the evaluation points to be the set X, of M = 100 equally spaced points. Moreover, we consider
® = ®, in particular we take the C® Matérn kernel. The Rational+VSK interpolant is obtained
by evaluating the rational interpolant P; whose coefficients are constructed by solving linear
systems with matrices constructed at the sets 1/(X.) and (X.).

Here, we outline the algorithm for constructing the VSRK interpolant.
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(1) Given the function @, and f the sets of the centers, C' and the evaluation points, E.
Consider Cy, = (C,¥(C)), Ey = (E,¥(E)). Let Bl and B2 be the corresponding kernel
matrices

(2) Find, for instance with the power method, the eigenvector & corresponding to maxi-
mum eigenvalue of the matrix B2, and set a = B%

(3) Let p = f &, where f; = f(c;) with ¢; the i — th center

(4) Find the coefficients o of the interpolant by solving the linear system Bl o = p

(5) Hence, the VSRK interpolant is

S Fa
Y =T
with E the kernel matrix at the evaluation points mapped by 1.

Example 3.1. The first numerical example consists of the function

sin(z) 4 cos(z), x> 7/4

(3.13) f(z) = { V2, 0<xz<m7/4

This is a continuous function that we approximate using a C® Matérn rational VSK kernel with ¢(x) =
2log(x)/m. The function 1 and the resulting plot of f and the comparison with the rational approximant
P; and P;+VSK are displayed in Fig. 1.

tol=0.0001
18 T T

=—REBF
==== REF+vak+rational
17| s tegt fun

Sealing function

16

e p—— B
-

L] 05 1 15

FIGURE 1. Left: The scaling function. Right: The function (3.13), the approxi-
mation with classical rational and the rational+VSK

Example 3.2. The second numerical example consists of a function

0.4+ 28/tan(1 +22) + 0.5, x> 1/2
(3.14) fla) = { sin(z), 0<z<1/2

This is a discontinuous function that we approximate using a Matérn rational discontinuous VSK kernel
with )

1, x>1/2
‘b(x)_{ ~1, 0<z<1/2
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The results are displayed in Fig. 2.

tol=0.0001

~——— REBF
==== RBF+vak+rational
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FIGURE 2. Left: The scaling function. Right: The function (3.14), the approxi-
mation with classical rational and the rational+VSK

4. RESCALED LOCALIZED RBFSs

The idea of the RL-RBF, introduced in [19], is that of computing the RBF interpolant of a
function f, based on a compactly supported ¢, that we call P¢, and the interpolant of the con-

stant function g = 1, say P, and form their quotient. The new approximation P; is then

A~ Pf
4.1 Py = —.
(4.15) /=P

The Rescaled Localized Radial Basis Function (RL-RBF) interpolant is then a simple rational
approximation method (see e.g. [15, 18]). The construction simply goes as follows.
Let Xy = {x1,...,xn} C Q C R? and consider two functions f,g : R — R, s.t. g(R?) = 1

and consider the function P )
Pr(Xy:x) = SN E)
(XN ) P, (X )

where P.(Xy;x) is a standard, generic RBF interpolant. We notice that P (Xy;z) is still an
interpolant to f, since

5 . _ Pr(Xn; Xn)  f(XN)
Prian) = Govidtn) ~ glaw) ~ T
Heuristically, it has been showed in [15, 19] that
o 75f is powerful when compactly supported RBF are chosen.
e If e is the shape parameter, there exists € and (¢ — 01, €+ d2) s.t. if € stands in the left side,
P behaves better than Py, while on the right side it shows the opposite.

e Py is, in general, much less sensitive to the setting of e than Py.

e Py can be not defined if Xy doesn’t have a sufficiently homogeneous density in €.
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About the associated native space, we recall the classical result from functional analysis.

Theorem 4.4 (Aronszajn). Let K : Q0 x Q@ — R be a (strictly) positive definite kernel. Let s : Q@ — R
be a continuous and nonvanishing function on Q. Then

Ks(®,y) = s(z)s(y) K(z, y)
is (strictly) positive definite.

= pany i A iss.t. Py(Q) # 0, then

Letting s(-)
1 1

Pg (XN, w) Pg(XNa y)

is a kernel, and by considering the usual inner product, we can build the associated Native

Space Nk, . Furthermore, let {u;(x;) = ¢; ;}; be the cardinals for Py,

Kr(xay) = K(xay)

Yol flayy u;
Pi(Xn, ) = == =) f@)=x"—
k=1 Uk ; D et Uk
leads to a natural definition of > i - = Uj
k=1 u

Theorem 4.5. The rescaled interpolation method is a Shepard’s method, where the weight functions are
defined as i; = u;/ (Zgzl uk), {u;}; being the cardinal basis of span{ K (-,x),z € X }.

The Lebesgue function and constant are, then,
N
An() =) laj(@)|, Av = [[Ax]lo0
j=1

that gives an estimate for the stability,

1Ps e < Anllflloo x-

A comparison of the Lebesgue constants is given in Figure 3.

Leb. 5td. = 2.0754 (platin lag scale
i . ? ! Leb. Res. = 1.4737 (plotin log scale)

FIGURE 3. Standard basis (Left) and rescaled one (Right), C> Wendland kernel
on the square, € = 3.85
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In [18], the convergence of the RL-RBF method in the case of quasi-uniform data and station-
ary scaling has been discussed. As the method is not only interpolatory but also reproduces
constants exactly (in fact, it is equivalent to the Shepard’s method), linear convergence is ex-
pected. We showed that this linear convergence holds up to a certain conjecture about the sum
of the rescaled cardinal functions. Concerning the convergence, the following Lemma posed
an open problem on the sum of the cardinals.

Lemma 4.1. Under the assumptions of [18, Theorem 2.3], there is a constant ¢ > 0 such that
N
(4.16) Y uj(@)>e,  weQ
j=1

Remark 4.8. Unfortunately, this Lemma has not been proved. One can easily check, by resorting to
the fact that each cardinal is a ratio of two strictly positive determinants (similarly to the Lagrange
elementary functions in the polynomial case), that it holds for n = 2. For n > 2, in [18] it was
extensively checked by many numerical examples, even in the case of standard approximation, and in all
cases it was confirmed. In Figure 4, we report the numerical results obtained from stable computations
using the RBF-QR method for the Gaussian RBF.

Rescaled Gaussian basis

Standard Gaussian basis

S T ]
- D o
N i
T-05 1 ‘i
PN 1
ST i !
- i g
— i
|
[J-15 |
2 Standard
——Rescaled
-2.5 :
0 0.5 1
X1

FIGURE 4. RBF-QR. Sum of the cardinals on a grid 50 x50 centered at 30 Halton
points: Standard, rescaled, and the comparison of their 1-d profiles, for the

Gaussian function with ¢ = v/2/4
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4.1. The Case of the Gaussian. In the forthcoming publication [40], it is shown that for small
enough values of the shape parameter ¢, and for a unisolvent node set X = {z;}, in d di-
mensions, the Gaussian interpolant s(x,¢) to the data vector f(X) can be expressed on the
following closed form that is not ill-conditioned as a function of the shape parameter

(4.17) s(z,e) = Pg(z) + (Qz, X) — vV Q(X, X))(I + Q(X, X))~ f(X),

where Py is the unique interpolation polynomial of degree K, which means that N = (¥ ;rd) ,V
is the (multivariate) Vandermonde matrix for the given nodes, and v is a row vector evaluating
the monomial basis at an arbitrary point «. For the details of the function @), we refer to [40].
When the data f(.X) is sampled from a polynomial of degree < K, the interpolation polynomial
Py () is the exact solution and the second term in (4.17) is the interpolation error. In particular,
if the data is constant, such that f,(X) = 1, then the error is given by

(418) EO(Q’J,S) = (Q<w7X> - UV_lQ(X7X>)(I + Q(X7X))_1fO(X)

We note that the first factor is the polynomial interpolation error of (), and we also note that
the second factor alternatively can be expressed as the power series I — Q + Q% — - - -.

4.1.1. Errorin the 1-d Case. A detailed analysis of the full error expression has been performed
for the 1-d case. When the shape parameter ¢ < 1, ||Q| < 1 and the second factor can be
approximated by I. Hence, we focus on the interpolation error of Q(z, X) fo(X). By analyz-
ing the leading order terms of @ fy and using the standard error estimate for 1-d polynomial
interpolation, we find the approximate error to be

15 (x — ;) 27557
(K+1)! (|52

(4.19) Ey(z,e) =~

The analytical error estimate is compared with the actual errors in Figure 5, showing excellent
agreement across the different types of node sets and numbers of points tested.

The estimate (4.19) illustrates the separation of the dependence of the error on the nodes and
on the shape parameter. A large fill distance h due to an uneven node distribution increases
the error, and uniform nodes lead to a larger error at the boundary, especially for large K, just
as for polynomial interpolation in general. For interpolation of a constant (or other monomials
of degree < K), the error decreases towards zero as an even power of the shape parameter.

In the detailed analysis of ), we find that it is beneficial for the approximation to have nodes
symmetric about the origin. In the experiments that are shown in Figure 5, all node sets are
scaled to cover the full interval [-1,1]. The uniform and Chebyshev nodes are symmetric, while
the Halton nodes are not.

The theoretical estimate as well as the numerical results show that for Gaussian RBFs in 1-d,
we can provide sufficient conditions on the number of nodes, the distribution of nodes, and
the shape parameter ¢, such that Lemma 4.1 is satisfied for a given ¢, showing that the RL-RBF
method is well defined and has at least linear convergence in this case.
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FIGURE 5. The actual Gaussian interpolation errors computed using the RBF-
QR method and the error approximation (4.19) for constant data. The node
points used were uniform (top left), Chebyshev (top right), Halton (bottom
left), and Halton nodes clustered toward the boundary (bottom right) for poly-
nomial degrees K = 2,...,10. Note that curves for K = 2sand K = 2s+ 1 are
similar in all plots and can be hard to distinguish

5. CONCLUSION AND FUTURE WORK

In this paper, we present new insights into rational RBFs and their simple counterparts
for compactly supported RBFs that reproduce constant functions, denoted Rescaled Localized
RBFs. We have also presented a new error estimate for the Gaussians that splits into two parts:
one depending on the choice of nodes and the other on the shape parameter. This allows, at
least in 1-d, to provide sufficient conditions for the well-definedness of the RL-RBF and its
linear convergence.

As future work, we observe that polynomial reproduction plays a relevant role in deriv-
ing error estimates for various approximation schemes. Local reproduction in a quasi-uniform
setting is a significant factor in error estimation and stability assessment, but for some compu-
tationally relevant schemes, such as the RL-RBF, it becomes a limitation. To facilitate the study
of a wider range of approximation methods in a unified and efficient manner, a framework
based on fast-decaying polynomial reproduction has been proposed in the master’s thesis [7].
That is, we do not restrict the method to using compactly supported basis functions, but we
instead allow the basis functions to decay to infinity as a function of the separation distance.
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The implementation of fast-decaying polynomial reproduction yields stable, convergent meth-
ods that are smooth when approximated by moving least squares or very efficient for linear
programming problems.
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APPENDIX A. MATLAB CODE

This is the core of the Matlab code for the Variably Scaled Rational Kernel.
dsitesl = [dsites psi(dsites,b)];

epointsl = [epoints psi(epoints,b)];
ctrsl = dsitesl;

DM_data = DistanceMatrix(dsitesl,ctrsl);
DM_eval = DistanceMatrix(epointsl,ctrsl);

IM1 = rbfl (ep,DM _data);

Bl1=IMl+mu. *eye (N) ;

IM2 = rbf2 (ep,DM_data);

B2=IMl+mu. *eye (N) ;

x0=ones (N, 1) ;

[x1]= powermethod (x0,IM2,1e-6);
int=(B2*x1);

p = rhs.*x1; % Define the vector p

coef = [BI1\(rhs.xint) x1]; % solve linear system B*pAlpha = p
EM1 = rbfl (ep,DM_eval);
ap_rational_vsk=(EMl*coef (:,1)) ./ (EM1xx1);
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