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ABSTRACT. Based on the g-Taylor Theorem, we introduce a more general form
of the Peano kernel (¢-Peano) which is also applicable to non-differentiable
functions. Then we show that quantum B-splines are the g-Peano kernels of
divided differences. We also give applications to polynomial interpolation and
construct examples in which classical remainder theory fails whereas g-Peano
kernel works.

1. INTRODUCTION

Recent advances in the quantum B-splines, [4, 6, 17] have given us an opportunity
to arise the question if there is a way to link quantum B-splines with a more
general Peano kernel. The quantum B-spline functions are piecewise polynomials
whose quantum derivatives agree at the joins up to some order. The quantum B-
splines are introduced by Simeonov & Goldman [17] to generalize classical B-splines
by replacing ordinary derivatives by quantum derivatives. Their work constructs
not only a new type of de Boor algorithm but also novel identities via blossoms.
Actually the underlying idea in [17] goes back to the work [16] which aimed to find
a new form of blossoms to represent g-Bernstein polynomials. Just like classical
Bernstein polynomials, the g-Bernstein polynomials possesses remarkable geometric
and analytic properties, see [11, 13]. So, our objectives are to extend the Peano
kernel and then relate with the quantum B-splines. This extension is important
because there are functions whose g-derivatives exist but whose classical derivatives
fail to exist. Furthermore it will also lead us to investigate errors in approximations.

The classical Peano kernel theorem provides a useful technique for comput-
ing the errors of approximations such as interpolation, quadrature rules and B-
splines. The errors are represented by a linear functional that operates on functions
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f € C"*1a,b] and annihilates all polynomials of degree at most n.

Namely, if L(f) = 0 for all f € P, the space of polynomials of degree n, then
b

L(f) :/f<"+1)(t)K(a:,t)dt,
where K(z,t) = %L (x—t)7).

An important application of this result is the Kowalewski’s interpolating poly-
nomial remainder. Let tg,%1,...,t, € [a,b] be fixed and distinct, and

L(f) = f(@) = > F(t)lu(x)
k=0

n *tv

where Ly (z) = [] tx LTt f € 0" a, b, then
v=0 tk — by
v#k

xT

> k() / (tp — )™ fFD()dt, for each m =0,1,...,n
k=0

tr

1
L) = -
is the error functional, see [7].

This paper is organized as follows: We begin with definitions and properties
of the quantum calculus needed for this work. In Section 3, we give the ¢-Taylor
theorem and develop a generalization of the Peano kernel (g-Peano kernel). We
present a simple way to find L(f) under the condition in which the kernel has no
sign change. Moreover, taking L(f) as divided differences we construct a relation
between ¢-B-splines and ¢-Peano kernel. Section 4 demonstrates how the g-Peano
kernel is used to find the error of Lagrange interpolation. Finally, the error bounds
of quadrature formula on the remainder involving g-integration is discussed.

2. PRELIMINARIES

Throughout the paper we consider ¢ as a real fixed parameter. Let us give basic
definitions and theorems of the g-calculus that are required in the next sections.
For a fixed parameter g # 1, the g-derivatives are defined by,

Dty — L=10)
Dpf() = Dy(Dy lf@), n>2.

Note that g-derivatives are approximations to classical derivatives and if f is a
differentiable function, then

lim D,f(z) = Df(a)
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For polynomials the g-derivative is easy to compute. Indeed it follows easily from
the definition of the ¢-derivative that

Dya™ = [n]gz" Y,
where the g-integers [n], are defined by,
1=¢")/(1=q), q#1,
Mq:{ A-g)/(1—q), a7

n, q=1.
Moreover, the g-factorial is defined by

[n]g! = (1] [nlg.

Quantum integrals are the analogues of classical integrals for the quantum cal-
culus. Quantum integrals satisfy a quantum version of the fundamental theorem of
calculus, see [9] for details.

Definition 1. Let 0 < a < b. Then the definite q-integral of a function f(x) is
defined by a convergent series

b 00
/0 @)y = (1— )b S ¢ F(a'h)

=0

/abf(a:)dqx = /Ob f(x)d,x — /Oa F(z)dyz.

Theorem 1. [Fundamental Theorem of q-Calculus]
If F(x) is continuous at x = 0, then

and

b
/ DyF(2)dyz = F(b) — Fla)
where 0 < a < b < 0.

The work [15] gives the mean value theorem in the g-calculus which will be
needed in one of our results.

Theorem 2. If F is continuous and G is 1/q-integrable and is non-negative(or
non-positive) on [a,b], then there exists ¢ € (1,00) such that for all ¢ > § there
exists £ € (a,b) for which

b b
/F(x)G(x)dl/qm = F(f)/G(x)dl/q:p.

We also require a g-Holder inequality and appropriate notions of distance in
g-integrals, see [2, 5, 18].
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Definition 2. We will denote by Ly, ,([0,b]) with 1 < p < oo, the set of all functions
f on [0,b] such that

b P
1Flla = | [ 1Pt | <
0

Furthermore let Lo, 4([0,b]) denote the set of all functions f on [0,b] such that
||f”oo,q ‘= Ssup |f<.’1))‘ < 0.
xz€[0,b]

Theorem 3. Let x € [0,b], ¢ € [1,00) and p1,p2 > 1 be such that p% + p% = 1.
Then

P2

/ F@)llg(@)ldyt < / F@)Pdy gt / g@Pdt| . @D
0

3. ¢-PEANO KERNEL THEOREM

In this section we derive a more general form of the Peano kernel theorem based
on a g-Taylor expansion. So we start by giving the ¢-Taylor Theorem with integral
remainder. A detailed treatment of the classical Peano kernel theorem can be found
in 7, 12, 14].

We use the notation q—C’k[a7 b] to denote the space of bounded functions whose
g-derivatives of order up to k are continuous on [a, b].

Theorem 4. (q-Taylor Theorem) Let f be n + 1 times 1/q-differentiable in the
closed interval [a,b]. Then

iqk (k— 1)/2W(m—a)k’q+Rn(f)a (3.1)
k=0 T
where
(=t = (2 —g" ')+ (2 — at) (& — 1)
and

n(n+1)/2
Ru(f) = | @t -

Another way to express the remainder Ry, (f) is to employ the truncated power
function. That is

n(n+1)/2 L
Ru() = T / (DI F) (") (@ — &)yt (3.2)

where
(=)} = (z—q" ) (- gt)(z — ).
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Here (x — t)4 is the truncated power function

=t aif x>t
(@—t)y = { 0, otherwise.

Although the latter representation of the remainder R, (f) associated with our
results is new, we omit the proof since it can be done in a similar way as in [9)].
There are other forms of g-Taylor Theorem, see for example [1, 8, 10]. The work
[3] investigates the convergence of ¢-Taylor series for g-difference operators using
g-Cauchy integral formula.

Theorem 5. Let gi(x) = (x —t)}? and let L be a linear functional that commutes
with the operation of q-integration and also satisfies the conditions: L(g:) exists
and L(f) =0 for all f € P,,. Then for all f € 1/q— C"[a,b)

b
L) = [ O D@ DK o)yt

where
qTL(7L+ 1)/2

[n]q!
Proof. Recall that here the function (z —t)’'? is a function of ¢ and  behaves as a
parameter. When we say L(g;) we mean that L is applied to the truncated power
function, regarded as a function of x with ¢ as a parameter. Hence we find real

number that depends on t. We apply L to the equation (3.1). Since L is linear and
annihilates polynomials, we have

K(z,t) = L(gr)-

qn(n+1)/2 b n+1 n n,q
1) = T | [ 01 Nt =02t
q* a
Since L commutes with the operation of g-integration,
qn(n+1)/2 b — " -
1) = T [ O @ oL (@ = 07 duyt
q- a

O

Corollary 1. If the conditions in Theorem & are satisfied and also the kernel
K (x,t) does not change sign on [a,b], then
(Difir) ©
1/q n(n n
L(f) = S ( +1)/2L(x +1)'
[n+1],!
Proof. Since D;’/‘Zl f is continuous and K(z,t) does not change sign on [a,b], we
can apply the Mean Value Theorem 2. Thus we have
b

L(r) = (Dp3) © / K(z,t)dyjt, a<&<b.

a



234 GULTER BUDAKCI AND HALIL ORUC

Replacing f(z) by z"*! gives

n n+1],
L(z ) = n<n+1>/2 /K 2, B)dy

SO

7L(rL+1)/2 1
/K Z, t dl/q [n ] !L(xn )’

and this completes the proof. O

We now establish a relation between g-B-splines and g-Peano kernels. Recently
g-analogue or quantum B-splines which generalize B-splines have been investigated
in several aspects in [4, 6, 17]. The work [4] finds out that ¢-B-splines are essentially
divided differences of ¢g-truncated power functions. That is, the ¢-B-spline of degree
n is given by

Nin(t:0) = (tgmt1 — i) [ty - - - s togmga] (@ — 8) 77

Although classical truncated power function has n multiple zero at ¢t = x, ¢-
truncated power function has n distinct zeros for ¢ # 0 or g # 1. This property
drastically alters certain characteristics of the basis functions. For example while
the basis functions forms partition of unity, the non-negativity property is lost. On
the other hand when ¢ is near one, the additional real parameter ¢ provides extra
flexibility to change the shape of basis functions. Sometimes this effect may be
useful and practical to match smoothness of piecewise curves and surfaces up to
some tolerance, see [6].

Now recall the fact that a divided difference flto,t1,...,t,+1] can be represented
as symmetric sum of f(t;), see [14],

n+1 n+1
fltostas o tna] = > F(t)/ ] (& — 1) (3:3)
i=0 =0
Hence we can readily derive
k+n+1 k+n+1

Nien(t:q) = (begpnar — &) Y (= 1)}/ H =1
ik
7#7

The following theorem shows that g-B-splines are indeed the g-Peano kernels of
divided differences.

Theorem 6. Let f € 1/q— C"*]a,b]. Then

g N2 NG Lt q) (

tortis . tnit] =
flto, t1 nt1) WL T —to

DYALF) (a"t)daqt.
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Proof. We first set L as

n+1 n+1
f[thtla s atn-‘rl] = Z f(tl)/ H(tl - tj)
i=0 Jj=0
G
=L(f).

We see that for any fixed and distinct points {¢; : 4 = 0,1,...,n+1}, L is a bounded
linear operator. From the ¢-Peano Kernel Theorem 5, we have

b
L) = [ K D3 a0y,

h
where qn(n—i-l)/Q
K(:C,t) = W‘L ((x — t)+7q) .
q!
This can be written as
n(n+1)/2 ntl n+tl
q n,
K(z,t) = Tl z%(ti -t/ I[O(ti — ;).

i
Thus
g "t /2 Ny (t; )
[n]q' tn+1 — to '
Combining the last equation with (3.3) we derive
"2 No ot )

n+1 n
f[t07t1,' i atn—‘rl] = [n}q' Y tn—i—l —to (Dl/—z f) (q t)dl/qt~

K(x,t) =

O

When ¢ = 1, the above Theorem 3.3 reduces to its classical counterpart which
can be found in [14]. The work [4] extends several classical formulas of B-splines to
quantum B-splines.

4. APPLICATION TO POLYNOMIAL INTERPOLATION

The main idea in this section is to apply the g-Peano kernel Theorem on the
remainder of polynomial interpolation. Findings demonstrate the advantage of
using the g-Peano kernel Theorem where the classical theorem does not work. The
following theorem has weaker assumption than the classical one and thus gives
stronger results.

Theorem 7. Let f € 1/q— C"Ya,b] and suppose to, t1,...,t, € [a,b] are distinct
points. For a fized x € [a,b], define the corresponding error functional by

L(f) = (@) = > ftr)lnk ().
k=0
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m(m+1)/2 7 Y

—[m]|Zlnk(@/(tk—ﬂm’q(Di’}ilf)(q’”t)dl/qt, m=0,1,...,n.
7 k=0 &

n
Proof. Since Y l,r(z) = 1, by the g-Peano kernel Theorem 5 we get,
k=0

n

(2= = 3 (65— )l (a)

k=0

et K (@) = L (- 07)

n

= Y [@=t)7 = (tx — )] Lk ().

k=0

It follows that

)y [
mq: m+1 m _
W/K(W) (Dl/q f) (q"t)dy /gt =

/ { (D117) @) 3. (o — ™ = (2 — y™ znm)} ot

p k=0

x

+> k() / (tx — )™ (D{’}qul f) (¢"t)dy /gt
k=0

tr

For each m < n, since the interpolation operator is a projection operator, it repro-
duces polynomials and hence the term in the first summation of the last equation
vanishes for f(z) = (x —¢)™%. Accordingly,

b

L = [ Ko (057) @ 0dyg

m(m41)/2 " Y

> tusle) [ =0 (D7) (a0t

k=0 2

q

[m]q!
for each m =0,1,...,n. O

Now, we give examples that show how we can find the ¢g-Peano kernel.
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Example: Let

3.3
%7 0<z<1
1
5 (4 — 4[3]gz + 4q[3]42? — 3¢32?) 1<z <2
= ].
f(@) o (—44 4 2003, - 8q[8),a® + 3¢%2%), 2<w <3
1 2
—6(—4+z)(74+qx)(74+q x), 3<e<4
0, otherwise.

It is obvious that for ¢ # 1, f € C[0,4] but f ¢ C'[0,4]. However, one may check
that f € 1/q — C?[0,4]. Classical error functionals cannot work but we may find
the error via the g-Peano kernel theorem. Let t) = 0, t; = 2 and to = 4. Then it is
appropriate to take the error functional

L) = a3 tala) [ (b= 1) (D uf) (a0)ds
k=0

tr
where loo(2) = (2 —2)(z —4), la1(z) = —fz(z —4) and ly2(z) = ta(x —2). Hence

x x

1
SLU) = o) [(0) (D3 f) @yt + () [@ =0 (D8 ()t
0 2
2
+ (o) [(@=0) (Df) (athdyt.
4
Now we will find the kernel. If 0 < z < 2, then
—lao(2)t, 0<t<z
K(:E,t): 121(.%')(2—t)—122($)(4—t), r<t<2
—l22($)(4—t), 2<t <4
Similarly, for 2 < = < 4,
—lao(2)t, 0<t<?2
K(z,t) = ¢ —lao(x)t + lo1(z)(2 — 1), 2<t<z
lgl(x)(Q—t)—l22($)(4—t), r<t<4.
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One may notice that the function f(z) given above is indeed a cubic ¢-B-spline.
A more recent work [6] on the ¢-B-splines demonstrates that these functions prove
useful in several aspects including geometric modelling.

4.1. Trapezoidal rule in g-integration. Consider the 1/¢-integral of a function
f on the interval [a,b]. We want to evaluate the g-integral approximately using
linear interpolation formula. Let us define the operator L as
8 pa) - L g
——fla) — —— .
2l 2l

Since L(f) = 0 for all functions f € P; and for all f € 1/q — C?[a, b], we have

b
L(f) = / F(@)dy e~

b

L) = [ (Df) (@)K .t

a

and

K(o,t) = aL((z — 1)),
Thus,

K(z,t) = ﬁ(b— Ha—1t), a<t<b
q
Notice that K (z,t) < 0 on [a,b]. Then by applying Mean Value Theorem 2 we have
D}, f(8)
L(f) = = ok,
q!

where
—(b—a)(bg —a)(b — aq)

L") = 3,1

Therefore we find that

—q(b—a)(bqg —a)(b—aq
314! [2]4!
While ¢ = 1 reduces the above L(f) to the classical error functional of the trape-
zoidal rule, on the other hand it provides extra flexibility on the control of error

functional by changing the parameter g appropriately.

4.2. The remainder on quadrature. We now discuss error bounds of quadrature
formulas on remainders given by

k=0

b n
Rol£30) = [ @)y =3 i ().
0
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For ¢ = 1, this formula is well-known in the context of numerical integration.
Assuming f € 1/q — C™™1[0,b] and R, (f;q) =0 for all f € P,,m =0,1,...,n,
we can apply the ¢-Peano kernel theorem. Hence

b

/ K(z Dml f) (q"t)dy /qt.

0
By applying the ¢g-Holder inequality (2.1), we have

N s
m+1 m P p2
IRy ] DY) ()] duygt K (2, )" dy gt
0

for all 1 < p1,p2 < oo and p—l + 172 = 1. Since the second integral in the last

mequahty is independent of f, by choosing coefficients and nodes appropriately we
can minimize the remainder R, (f;q).

(i) For p; = o0 and py = 1,

RalF50)] < 10535 Tl [ 1Ko 0lds gt
0

(ii) For p1 =py =2,
b 3

RalF50)] < 10555 Al | [ VG0t
0
The ¢-Peano kernel K (z,t) in the latter inequality can be written as

_ tym+l,
)

K(z,t) = ¢mmt9/2 v

BEES - s(t;9),

qm(m+1)/2 n

where s(t;q) = Yok (b — t)'1°? is a quantum spline with the knot

[m],!
k=0
sequence {t,o, ..., tnn}. Eventually, the problem of minimizing the g-integral

1

b P1
[ /0 K (2, )P dy /qt]

is equivalent to finding the best approximation of the polynomial
_ tym+l,gq
qm(m+3)/2 (b q)
[m + 1!

in ¢ by a quantum spline with respect to the norm ||.||,, .
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5. CONCLUSION

In this work, we investigated a generalization of classical Peano Kernel theorem
via quantum calculus. Applications to polynomial interpolation, g-integration and
quantum spline functions, and best approximation were also presented. In the
future, we aim to establish relations between g-Peano kernels and Green’s functions
using ¢-difference equations and quantum calculus.
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