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Abstract: The purpose of this article is to give relations among the uniform B-splines, the Bernstein
basis functions, and certain families of special numbers and polynomials with the aid of the generating
functions method. We derive a relation between generating functions for the uniform B-splines and
generating functions for the Bernstein basis functions. We derive some functional equations for
these generating functions. Using the higher-order partial derivative equations of these generating
functions, we derive both the generalized de Boor recursion relation and the higher-order derivative
formula of uniform B-splines in terms of Bernstein basis functions. Using the functional equations
of these generating functions, we derive the relations among the Bernstein basis functions, the
uniform B-splines, the Apostol-Bernoulli numbers and polynomials, the Aposto—Euler numbers
and polynomials, the Eulerian numbers and polynomials, and the Stirling numbers. Applying the
p-adic integrals to these polynomials, we derive many novel formulas. Furthermore, by applying the
Laplace transformation to these generating functions, we derive infinite series representations for the
uniform B-splines and the Bernstein basis functions.
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1. Introduction

This article covers both generating functions and B-spline curves, which are the most
important members of spline theory. These have very important applications both in
mathematics and other branches of science. By giving brief definitions and properties of
these, the motivation for the new results of the article will be examined in detail below. We
first give the generating function and some of its properties.

It is known that generating functions were first defined in 1730 by the French math-
ematician Abraham de Moivre (26 May 1667-27 November 1754) in order to solve the
general linear recursion problem. In general, a generating function is briefly defined as
follows: let G(y, z) be a two-variable function which possesses a formal (not necessarily
convergent for z # 0) power series expansion in z such that

G(y,z) = Z Pu(y)z", 1)
m=0

where each element of the coefficient set (P (y));,_, is independent of z. Then, G(y, z)
is said to have generated the set (P (y)); _, and G(y, z) is called a generating function
(generating series) for the set (P (y));_,- A generating function represents a number
sequence as a series in powers of the formal variable. Suppose that G(y, z) is an analytic
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function at z = 0. The power series of this function in Equation (1) converges in some
domain of the complex z-plane that involves the origin. However, convergence is not
necessary for the series expansion in Equation (1) to generate the coefficient set (Py,(y))5,_o-
Therefore, using Equation (1), many useful properties of the coefficient set (Pu(y));,_o
can be obtained. It is well known that generating functions can be studied in discrete
mathematics, in complex variable theory, in linear algebra, in probability theory, in quantum
physics, etc., ([1]; see also the references cited in each of these earlier works). Hence, it is
not necessary to determine the radius of convergence for the power series representation
of each generating function. On the other hand, if any generating function H(y,z) has
a power series expansion which is divergent for ¢ # 0, then the following notation can
indicate divergence:

H2) = 1 fuly)e”

(for detalil, see [1]; see also the references cited in each of these earlier works). There are
many types of generating functions such as linear generating functions, bilinear generating
functions, bilateral generating functions, multivariable generating functions, multiple
generating functions, generating functions involving Lambert series, Laurent series, Bell
series, Dirichlet series, probability generating functions, etc. If we can formally establish
the sum of functions G(y,z) or H(y,z) in terms of special functions, we shall say that
generating functions G(y,z) or H(y,z) are found ([1,2]; see also the references cited in
each of these earlier works). As a result, the generating functions and their applications
cover many branches of mathematics and applied sciences. Therefore, many important
different applications of the generating functions method are not even touched upon in
this article, including combinatorial analysis, number theory, probability theory, the theory
of differential equations, their p-adic g-analogs, and many other important topics.

Spline was first defined by Isaac Jacob Schoenberg [3], a Romanian-American mathe-
matician. Schoenberg is also known as spline father. It is well known that spline is a special
function that is defined piecewise by polynomials. It is used in many real-world problems
involving interpolating problems. Thus, spline is the most popular areas of mathematics
and other applied sciences. There are many famous families of splines, such as the uniform
B-splines (also known as basis splines) and the Bezier curves, which are not only expressed
in terms of the Bernstein basis functions, but also used for curve fitting and the numerical
differentiation of experimental data. The B-splines have especially important applications
in numerical analysis, computer-aided design and computer graphics, computer physics
communication, engineering, etc. This is because the B-splines can be considered as spline
functions with a certain degree, smoothness and corresponding minimum support, or as
polynomials. This means that any spline functions of a given degree can be written as a
linear combination of the B-splines ([4-10]; see also the references cited in each of these
earlier works).

The motivation of this article was to give the relations among the generating functions
of the Bernstein basis functions, Apostol-type numbers and polynomials, and the uniform
B-splines. With the help of these relations, generating functions, and their functional
equations, we present some new formulas involving the uniform B-splines and the above
numbers and polynomials. Therefore, in order to give the results of this article, generating
functions of some special numbers and polynomials will be given below. In addition,
some of their properties will be also presented. Another important topic of this article
is to use a certain family of generating functions to the uniform B-splines. Then, we
derive many new formulas and relations for uniform B-splines. These splines are well
established tools not only in computer-aided geometric design, but also in discovering the
fundamental properties of the sequences of special numbers and polynomials. Thus, using
this method, Goldman [5] gave various formulas for the uniform B-splines. This method
was not previously available from classical methods, such as blossoming or the de Boor
recurrence, including formulas for sums and alternating sums, for reciprocal moments, etc.
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As we mentioned above, Goldman [5] constructed the generating functions for the
uniform B-splines for the first time and examined their properties by them. The motivation
of this article is to give new formulas and finite sums that include the uniform B-splines,
the Bernstein basis functions, and certain families of special polynomials by blending the
generating functions with their functional equations. These formulas are also related to the
Apostol-Bernoulli numbers and polynomials, the Apostol-Euler numbers and polynomials,
the Eulerian numbers and polynomials, and the Stirling numbers.

The method used in this article is different from that of almost all studies in this field.
The generating function technique was not used to obtain the identities and formulas
related to the uniform B-splines and the Bezier curves, especially the Bernstein polynomials.
Recently, only Goldman [5] used generating functions method for the uniform B-splines.
In all our studies [6,11], we gave different proofs of many new and known formulas using
the generating function with their functional equations method. In this article, very useful
new formulas with different and simple proof techniques will be given for the uniform
B-splines.

In the remaining parts of this article, the following notations are used:

Let N, Z, Q, R, and C demonstrate the set of natural numbers, the set of integers,
the set of rational numbers, the set of real numbers, and the set of complex numbers,
respectively. Ng = NU{0}. Let C, be the field of the p-adic completion of algebraic closure
of Qp, which is the set of p-adic rational numbers. Let Z, be the set of p-adic integers.

Preliminaries

The Stirling numbers of the second kind are defined by

) n

(¢ —1) = ) c!Sz(n,c)%, ()

n=0

where t € C and ¢ € Ny (see [2,12-14]). The Stirling number is the number of ways to
partition a set of 7 objects into c non-empty subsets. These numbers are also mentioned
with different notations in the literature.

The array polynomials are defined by

etw (et — 1)C = i c!S?(w)%, 3)

n=0

where t € C and ¢ € Ny (see [2,12-14]). The array polynomials have often appeared in as
the partitioning of a set of 1 objects into c non-empty subset in combinatoric applications,
and in separate occasions (see [15]). These numbers are also mentioned with different
notations in the literature.

The Apostol-Bernoulli numbers By, (p) are defined by

t > t"
Ky(t;p) = —F/— = — 4
n(t;p) o —1 WE:O: Ba(p) -5 (4)
where p is an arbitrary (real or complex) parameter and |f| < 27 when p = 1 and

|t| < |logp| when p # 1 (see [2,13,16-18]).
Putting p = 1in (4), the Apostol-Bernoulli numbers B, (p) reduce to the Bernoulli
numbers B,,. Thus, we assume that p # 1.

Lemma 1. Let n € Nwithn > 1. Then, we have
n—1

Bu(p) = ﬁ S;(—l)ss!ps_l(p — 1" 18, (n—1,5). (5)

Here, we note that proof of Equation (5) was given by Apostol [16].
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The Apostol-Bernoulli polynomials B, (w; p) are defined by

Kp(w,t;0) = Ku(t; p)e Z By (w; p (6)

where p # 1 (see [16]). Applying the Mellin transformation to the generating function (6),
the integral representation of the Hurwitz—Lerch zeta function can be found. This function
interpolates with the Apostol-Bernoulli polynomials at negative integers ([2] Equation (4),
p- 194, see also [16]).

Substituting p = 1 into (6), we have the Bernoulli polynomials:

By (w) = By(w;1).
When w = 0, we also have the Bernoulli numbers
Bn = Bn (O)

([13,16,19,20]; see also the references cited in each of these earlier works).
By using (6) and (4), some important properties of Apostol-Bernoulli polynomials and
numbers, especially those mentioned for the Apostol [16], are briefly given below:
Equation (4) yields

aBy(La) — Bi(a) =1
and forn > 2,

aBy(1;a) — By(a) = 0.
Combining (6) with (4) yields

0 =3 () 8w, 7

j=0

and
aBy(w +1;0)= By(w;a) + nw" 1 8)

(see [2,13,16-18]).
Let ¢ be an arbitrary (real or complex) parameter with ¢ # 1. The Euler-Frobenius
polynomials H, (w; ¢) are defined by

1—

t?’l
Fp(t,w,¢) = -

= L Hulwig) ©)

where |t| < 2t when 1 = 1and |t| < ‘log(%)’ when 1 ;é 1 (see [2,3,13]).

¢
Substituting w = 0 into (9), we have the Euler—Frobemus numbers, which are defined

by means of the following generating function:

1 _ [e9)
Fu(tg) = 0 = Y Ha(g) . (10)

By using (10), we have
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Combining (4) and (10) for n > 1 yields

nH, 1(w;¢) = 1;(1)6” (;)

and substituting ¢ = —1 into(10), we have the Euler numbers of the first kind
E, = Hy(—1)

(see [2,14]).
The Apostol-Euler polynomials of the first kind &£,(w;p) and the Apostol-Euler
numbers of the first kind &£, (p) are defined by means of the following generating functions:

Fpi(t,wip) = pjt:l ig” vt a1

and .
pet +1 ; n' ’ (12)
where p is an arbitrary (real or complex) parameter and |t{{ < 7 when p = 1 and

|t| < |log(—p)| when p # 1. By combining (11) with (12), we have
n n .
En(w;p) =) (.)w”fé'j(p) (13)
=0 \J
(see [2,13,17,18]).
Substituting p = 1 into (11), we have the Euler polynomials of the first kind:
Ey(w) = En(w; 1),

when w = 0, we also have E,, = E,(0) (see [2,13,14,16-18]).
The Euler-Frobenius-type polynomials (the Eulerian polynomials) A, (p) are de-
fined by

_ 1 = Au(p) t"
Fu(t,p> = 1— pet(lfp) = V;_O 1_ Iy a/ (14)
where p is an arbitrary (real or complex) parameter and |t| < 7 when p = —1 and

|t < [log(p)| when p # —1.
In [21], Foata also gave the following generating function for the Eulerian polynomials
Ay (p), which is a slightly different construction to that of [3,22,23]:

_ 1 v An(P)ﬁ
Caltip) = p—etl=p) E) 1—pn!’ (15)

For p # 1, Equation (14) allows us to compute the Eulerian polynomials A, (p) by
means of the following formula:

n .
p) =Y Anip, (16)
j=0

where A, ; denotes the Eulerian numbers which are given by

n+1

An,j=§<—1>”( -0 7)
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i=12,...,n,0<j<mnn e N((see[l4,22]). The Worpitzky’s identity for the Eulerian
numbers is given as follows:

i (w +v— 1) Ano a8)

v=0

where w € R, n € Ny (see [22,24]).

These numbers have many interesting combinatoric applications. For instance, let
A=1{1,2,3,...,n} and P(n,j) denote the number of permutation of elements of the set A
that show exactly j increases between adjacent elements, the first element always being
counted as a jump. Thus, it is known that

P(T’l,j) = An,j
and forn > 1,

n—1

2 An,j =n!

j=0

see [22,24]. In the literature, the numbers A, ; are represented by many different notations.
Some of these are presented as follows: A, ;, A(n, k), < 7 > E(n, k), W, (see [3,14,23]).

By using the umbral calculus method in (14), we also obtain the following known

formula:
ante) = 13 () 1= o)

where Ag(p) = 1.
The generating functions for the Bernstein basis functions Bg(w) are given by

fa(tw) = (wt)?e!=«) = Ed'Bk k" (19)

where fp4(t,w) is an analytic function in the complex plane, and Bf(w) denotes the
Bernstein basis functions defined by means of the following expansion:

i) = () - @), 0)

(o) = a=ay

Bf(w) =0
(see [4,7,11]). In recent years, many articles have been published covering the generating
functions of Bernstein base functions and their applications in many different fields. Some
of these studies are given by [6,9,25]). With the method of the moment-generating functions
and characteristic functions applied by Simsek [9] to the Bernstein basis functions as an
probability distribution function, the families of the uniform B-splines can be investigated
with this method, including both their geometric structures and their probability and
statistical aspects. Thanks to these methods, the potential to achieve very useful and
important applications can be discovered. Similarly, the Bezier-type curves constructed
by the Bernstein-type basis functions and their interesting applications were also given
in [6], and the same methods may also be applied to the uniform B-splines. The Bernstein

where 0 < d < k,and d,k € Ny,

ifd < 0ord > k, then
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polynomials and their important properties are also available in [7,8] in a very efficient and
practical way.

In order to construct a generating function for any discrete sequence, its recurrence
relations play a very important role. This is a well-known classical way to derive an
explicit formula for the generating function by using the recurrence relation. With the
help of this way, the explicit formulas of generating functions for many classical families
of special numbers and polynomials were found. Goldman [5] also used this method
to derive a partial derivative equation for the generating functions of the uniform B-
splines. He also solved this PDE to find an explicit formula for the generating functions
of the uniform B-splines over arbitrary intervals. Therefore, Goldman [5] constructed the
following generating function for the uniform B-splines from N , (w; p):

( _])]t]+(w_j)j1tjl>e(wf)t 1)

Coleortip) = j G-1!

e
L Nos

p<w<p+1L
In the literature, the uniform B-splines Ny ,(w; p) are represented by many different
notations. Some of these are presented as follows: Ny ,(w), B}l (w), Bx(w) (see [3,5,8,26]).
By using (21), with the aid of the generating function method, the Goldman ([5]
Theorem 3) proved the following well-known Schoenberg’s identity and the de Boor
recurrence relation for the uniform B-splines, respectively:

P n—+1 .
No,n(w; p) 2 ( j )(w—])", (22)
" 20
where p < w < p+1and
w n+l—w
Nou(w; p) = ;NO,nfl(wr'P) + ——— N1 (w;p)

(see ([5] Theorem 3)).
By using (22), a few values of the basis Ny ,,(w; p) are given as follows:
For some values of p, we have
Nou(w;0) = Lw", 0 <w <1

Now(@;1) = & (@' = ("{)w-1)"), 1w <2
Nou(w;2) = (w” — (" w—1)"+ () (w - 2)n), 1<w<2
Now(@;3) = (@ = (") (@ = 1)" + (") (@ =2)" = ()@ =3)"), 1 S w £ 2

Forn =1, we have
Noj1(w;0) =w,0 < w <1
Nop(wil) = —w+2,1<w<2

Nop(w;0) %wz, 0<w<1
Noz(w;1) = H(—2w? 4+ 6w —3),1 <w <2
No,z(w;Z)zj(a) —6w+9),2<w<3
No2(w;p) =0, p<w<p+1lifp>3.

Thus, we see that



Mathematics 2024, 12, 65

8 of 20

p<w<p+1lifp>n+1andsoon.

In the relevant sections above, we have given information based on important sources
about the rough usage areas, construction, and some applications of generating functions
for special numbers and polynomials. Now, in the next paragraph, we briefly mention
another method for constructing generating functions for certain families of special num-
bers and polynomials on the set of p-adic integers. We know that, by using the Volkenborn
integral (bosonic p-adic integral) and Fermionic p-adic integral methods, the generating
functions for the Bernoulli-type numbers and polynomials and the Euler-type numbers and
polynomials are constructed, respectively, ([13,27-29]; this can also be seen in the references
cited in each of these earlier works).

A very brief introduction to the p-adic integrals are presented as follows:

Let ¥ : Z, — C, be a uniformly differential function on Z,. The Volkenborn integral
(or the p-adic bosonic integral) is given by

pm—l
[¥@dm(@) = limp ¥ ¥(o), 3)
Z, 0=0
where 1 denotes the Haar distribution:
pr(w) =p"

(see [13,27-29]; also see also the references cited in each of these earlier works).
The fermionic p-adic integral is given by

. mel
[ ¥@dn-r(w) = Jim Y (-1)°¥(), (24)
7 0=0
p
where y_; is defined by
po(w) = (=1)¢

(for detail, see [13,27,30]).

The remaining parts of this article are also briefly summarized as follows:

In the Introduction section, we gave some properties of the certain family of generating
functions of special numbers and polynomials.

In Section 2, by using both generating functions with their functional equations
and the bosonic p-adic integral and Fermionic p-adic integral methods, we derive some
novel computation formulas for the Apostol-Bernoulli polynomials, the Apostol-Euler
polynomials, the Eulerian numbers and polynomials, and the Euler-Frobenius numbers
and polynomials.

In Section 3, with the aid of generating functions with their derivative and functional
equations, we give many new identities and relations for the uniform B-splines and the
Bernstein basis functions. By applying the Laplace transform to generating functions for
the uniform B-splines, the series representations of the uniform B-spline and the Bernstein
basis functions are given.

Finally, this article is concluded with the conclusion section.

2. Computation Formulas of the Apostol-Bernoulli Polynomials, Eulerian Numbers,
and Polynomials

In this section, by using generating functions, we derive some new formulas of the
Apostol-Bernoulli polynomials and numbers, the Apostol-Euler polynomials and numbers,
and the Eulerian numbers. These formulas are involved the Stirling numbers of the second
kind, the Bernstein basis function, and the array polynomials. By applying p-adic integrals
to these formulas, and using the Witt identities for the Bernoulli and Euler numbers, we
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also derive some identities involving finite sums. These formulas have the potential to be
used in many fields, especially spline theory.
By combining (4) with (6), we have

1’l

£ oot~ £ s

n=0

Yl ]ti’l
jtn =)

Thus, the coefficients of £ o1 on both sides of the previous equation are equalized yields (7).

Joining (7) with (5) and (20), for n € Ny, after some calculations, we obtain the
following relation among the Bernstein basis functions, the Apostol-Bernoulli polynomials,
and the Stirling numbers of the first kind:

' B n j—1 B '7lﬁjs!wn7j -1 -
Butare) = 12 L Gl G s 1), @)

A relation between the Apostol-Bernoulli polynomials and the array polynomials is
given by the following theorem:

Theorem 1. Let m € N with m > 1. Then we have

m m—1 n
Bu(w;p) = 0—1 <Wm1 + ) <1€p> ”!Sﬁnl(w))

Proof. Using (6), we also obtain

e} tm t w <) n .
mzzlosm(w;,o)ﬁ = p_lef <1+ 2(1:0) (e —1) ) (26)

Combining (26) with (3), since the array polynomials S (w) = 0 when m < n, after some
calculations, we obtain

Y Bulw;p) = ;(i “’:lfm LYY (&))nn!smw)tw).

m=0 m: P m=0 m=01n=1 m!
Therefore
0 tm 1 00 m—1 0 n pm
By(w;p)— = —— ( m <wm_1 + () n!Sm_l(a))> )
mX::O " m! p—1 n;o 1;_1 1—p " m!

Comparing the coefficients of % on both sides of the last equation, we arrive at the desired
result. [

A relation between the Apostol-Bernoulli polynomials and the Stirling numbers of
the first kind is given by the following theorem:

Theorem 2. Let m € N withm > 1. Then, we have

By (w;p) = pm < m=1_ Z < ) m—v—lé(lfp)nnlsz(v,n))

Proof. Combining (26) with (2), since the array polynomials Sy(v,n) = 0 when v < n,
after some calculations, we obtain

o mt

B (£ B £ (o (2w,
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Therefore

tm

ZBmwp)

m=0

_ 1 - m—1 el m—1 m—ov—1 - Y ! | "
- p_1<mz_:0m<w +Z;)( ’ )w ,g(l—P) n!Sy(v,n) ]

Comparing the coefficients of £ o - on both sides of the last equation, we arrive at the desired
result. O

Theorem 3. Let m € N. Then, we have
(o) p n
Z(—l)n (1—()) nlyy(m,n; 1), (27)

where ’ ‘ <1

Proof. By using (12), we obtain

o) = 2 (15 (Y ()
n;ogm(p)m!_l_p<1+1§( 1) (1_p) (ef +1) )

Combining the above equation with the following generating function

n ad "
(e"+1) :nlmgom(m,n;l)ﬁ
(see ([12] Equation (8))), we obtain
[eo) tm 2 [ " p n
&olp) + ng(P)ﬁ = 1, Y (-1) T—p nlyu(0,m;1) +
m=1 : n=1
2 [e0] [e¢] . p n | m
e L 0 (15 ) )
m=1n=1
where ’1%" < 1, we obtain
Ealp) + Y Enlp) e = 2 3 3 (125 ) ninon )
R TR Ei 1— L 1—p) M

Comparing the coefficients of % on both sides of the above equation, we arrive at the
desired result. [J

Since
1 n
y1(m,n;1) n— Z ( )

(see [12]) Equation (27) reduces to the following corollary:

LEEO(s).

Corollary 1. Let m € N. Then, we have

MS

Em(p) =

Yl

where ’ ‘ < 1.
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Joining the following formula

2 ()= g { @+ oo

h=0

(see [12,31]) with (28) yields the following result:

Corollary 2. Let m € N. Then we have

ente) = 70 20" (725 ) g { €+ Yo,

—-p
where ’ ‘ <1

Theorem 4. Let m € N. Then, we have

m
2 T p)S2(m, n).
n:1 n

Proof. Using (14), we obtain

m:l

tm

mor B )t e

By combining (29) and (2), we obtain

o] n m
p)+ Y. Aulp) —1+ZZ(1 ) nl(1—p)"Sy(m,n)—.
m=1 m=1n=1\" " n:
Comparing the coefficients of % on both sides of the above equation yields
m p n
Am(p) =), <l—p> nl(1—p)"Sy(m,n). (30)
n=1

Combining (30) with (20), we arrive at the assertion of the theorem. O

By combining (10) and (14) yields the following functional equation:

Eu(t ) = FN<(1 _o)t, ;)

Using this equation, we obtain a relation between the Eulerian polynomials and the
Euler-Frobenius numbers with the following corollary:

Corollary 3. Let n € Ny. Then, we have
1 forn=0
. n
An(p) = p(1—p)" Az()( ;l )H]G)) forn > 0.
j=

By combining (4) and (15), we have the following functional equation:

~1Gult,p) = SKl(1=p)t ).

Using the above equation, we obtain a known relation between the Eulerian polyno-
mials and the Apostol-Bernoulli numbers by the following corollary:
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Corollary 4. Let n € N with (n > 1). Then, we have

Apa(p) = — Bu(p). (31)

Remark 1. Combining (30) with (5), we also arrive at (31). Here, we note that the formula
expressed by Equation (31) has proof using different methods, for detail, as can also be seen in
also [18].

Using (5) and (31), we give a few values of the polynomials A, (p) as follows:

—1)2
) = C B = =1,
13
Ar(p) = (p3p)Bs(P) =Ayop+ A1 =p+1,
(p— 1)4 2 2
As(p) = _74p34(P) = Asop” + As1p+ Azp =" +40+1,
(p— 1)5 3 2 3 2
Agp) = T&(P) = Agop” + Ag1p” + Agpp + Ayz = p° +11p7 +11p + 1,
(p— 1)6 4 3 2
As(p) = 756 (0) = As0p” + As10” + Aspp” + As3p + Asa
= p*+260° +660% + 260 + 1,
1y
Aele) = (p7P)B 7(p) = A0 + As1p* + Appp” + Ao 3p” + Asap + Ass
= 0° +570* +3020° +3020% + 570 + 1,
and so on.

Boyadzhiev [18] gave a relation between the Apostol-Bernoulli numbers and the
geometric polynomials Wy, (w) is given as follows:

Bu(p) = =5 W <p> (32)

and
—n(p+1)Wy_1(p),

=
<
7N
—_
¥l
o
~_
Il

where n € N and ;
Wa(p) = Y j!1Sa(n, j)e’.
j=0

By using the Euler (derivative) operator

4
0 a0

Boyadzhiev [18] also showed that

d g 1 _ 1 4 _ - k v
(pdp> {1—9}_1—pwk<1—p>_7§0p’

where |p| < 1. Joining the above equation with (16), we obtain the following result:

Ax(p) = (1—p)**! (Pé)k{lip}.
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Combining the above equation with (31) yields
Bea(o) = —(k+ 1) (p1)' e (33)
k+1(P P 0 —oJ

Joining the above equation with the following well-known equation which is combined
(10) with (6):

En(wih) = fniﬂzanﬁ(w; ) (34)
(see [2]) we also obtain .
d
o= (o5 {s%5)

There are many different proofs of the Equations (33) and (35). Some of them were also
given by (see [2,17-20]).

Theorem 5. Let n € N. Then, we have

Xj: ]H(]) i(p—1) ]Aj 1 )(P:Z:;(nkj)Banj> =nB,_1.

Proof. Combining (31) with (7) and (8) yields

L0 ()it =1 A0 (ol +1T - T) =t e

]:

where 1 € N. By applying the Volkenborn integral, given by Equations (23)—(36) and using

[ @i () = B (37)

which is known as the Witt identity for the Bernoulli numbers, for k > 0,
Boki1=0

which yields

where k > 0; thus, we obtain

n

Z ]+1(]> jlo=1)7Aj1(p) (pBu—j(1) = Byj) = nBy 1.

Combining the above equation with the following formula

B, (1) =By, ;+ Z ( _]>Bk,
we arrive at the desired result. [

Theorem 6. Let n € N. Then, we have

f f“<]) i(o—1)7 (pZ("_]> En_j>—nEn1.

]:



Mathematics 2024, 12, 65

14 of 20

Proof. By applying the Ferminoic p-adic integral, given by Equations (24)—(36) and using

which is known as the Witt identity for the Euler numbers, for k > 0,
Ex =0

which yields
/kady,l(w) =0,
Zp

where k > 0, thus we obtain
- i+1 (7Y —j
3 (1% (36 = 1A A () pEs1(1) = Encj) = nEsr
j=1

Comparing the above equation with following formula

n—j—1 n _]-
Enfj(l) = Enfj + Z ( k )Ek/
k=0
we arrive at the desired result. [

3. Identities, Relations, and Series Representations for the Uniform B-Splines and the
Bernstein Basis Functions

In this section, we give many new formulas involving the uniform B-spline, the
Apostol-Bernoulli numbers, and the Eulerian numbers. We also give some functional
equations and partial derivative equations for generating the functions of the uniform
B-splines and the Bernstein basis functions. Using these equations, we derive generalized
formula for the de Boor recurrence relation, a higher-order derivative formula for the
uniform B-spline, and a relation between the uniform B-spline and the Bernstein basis
function. By applying the Laplace transform to generating functions, we give the series
representations for the uniform B-splines.

3.1. Relations among the Uniform B-Spline, Apostol-Bernoulli Numbers and Eulerian Numbers

Here, by using p-adic integrals, we introduce very interesting results among the
B-Spline, the Apostol-Bernoulli numbers, and the Eulerian numbers.
Let us briefly give these interesting relationships as follows:

Theorem 7. Let n € Ny. Then we have
n .
Busi(p) = (=1)"(p = )" (n+ 1)) Now(ji ).
j=0
Proof. By using (14) and (4), we obtain
tn-i—l 0 T

Y Anp) o = Y Bulp)

n=0 : n=0

m.

Joining (31) and (22) with (16) and (17), after some calculations, we arrive at the desired
result. O
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Substituting w = p into Equation (22), a relation between the uniform B-spline and
the Eulerian numbers is also given by

1
Nou(p;p) = 5 An(p)- (38)

Here, we note that there are another proof of the formula in Equation (38). For instance,
for detail, also see [4,5,32].

3.2. Relations between the Uniform B-Spline and the Bernstein Basis Functions

By using generating functions and their functional equations and PDEs, relations
between the uniform B-spline and the Bernstein basis functions are given.

Theorem 8. Letn,p € Noand p < w < p + 1. Then we have

Noa(wip) = — ] (") Zp](—l)”f(B;/(w —j) + By 4 (w —j)). (39)

!
nti=o\v/ 1%

Proof. By using generating functions for the uniform B-spline Ny ,(w; p) and the Bernstein
basis function B} (w), we define the following functional equation:

p .
Go(w, t;p) = ) (=1 (fa;(~t,w —j) + faj1(~t,w —j))e. (40)
=0
Combining (40) with (19) and (21), we obtain

=

P oo
ZNOnwp “L X "™ (B (w =)+ By (@—1)) = ¥ —

T
— n!

Using the Cauchy product rule in the above equation, we obtain

3 Nostarp) = 32 53 10 () ()4 B )

=0

Now, by comparing the coefficients of t” on both sides of the above equation, we arrive at
the assertion (39) of Theorem 8. [

Remark 2. Equation (39) gives us the modification of the Schoenberg’s identity. This identity was
proved by Goldman ([5] Theorem 3) with the aid of the generating function method.

Theorem 9. Let n,p,v € Ngand p < w < p + 1. Then, we have

ettt = 3 ()()e S () an

m=0
< Y (—1)(BI2(w—j) + BEE (w—1)).
. j R A
Proof. Substituting t = —z into (40), we have

Go(w, ~z:p) = (=1 (fpj(z,w = ) + fj-1 (2,0 = ]))e = (42)

j=0



Mathematics 2024, 12, 65

16 of 20

Taking the vth derivative of Equation (42), with respect to w, we have the following partial
differential equation:

|4 14 v
e Goleo, =z} = (-1 (e U0 =} + e a0 =)} )e ™

Combining the above equation with the following PDE for fp ;(t, w):

%{fﬂ?ﬁ,j(zrw)} = 2 (_1)07111 (::1) ZUfIB,j—m(Z/w)

(see [11] Equation (15)), we obtain the following PDE for the generating function Go(w, —z; p):

P v
= ]+U m( > v(fB/]'*m(Z,CU*]')+fB/]'*m71(le7j))e_z'
]:Om:0
Therefore,
P (Golw—zp)} = Y % (-1
dw? 0 “P B j=0m=0 "

Combining the right-hand side of the above equation with the following the higher-order
derivative formula of the Bernstein basis function:

dijv {Bf(w)} = i’v)! mi::o(_”vm (;) B/~ (w)

(see [11] Equation (16)), we arrive at the following equation:

[e9)

Z(—l)“d‘jjv n(w;p)z" = i i (’;)v! i(l)v_m(v)

n=0 n=0 m=0 m

n

xZ 1 (B =) + BISE (@ = ) o

n!

By using the Cauchy product rule in the right-hand side of the above equation yields

ngo(_l)n%{NO,n(w}P)}Z” = ngo 4 déo(_l)n,d(g) (Z)U!
v p '
< £ £V (B + B @)

Comparing the coefficients of z"* on both sides of the above equation, we arrive at the
assertion (41) of the Theorem. [

Remark 3. Substituting v = 1 into (41), we obtain the derivative formula 4=-{No ,(w; p)}, which
was proven by Goldman ([5] Theorem 4).

We give the generalized de Boor recurrence relation by the following theorem:
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Theorem 10. Let n, p,v € Noand p < w < p + 1. Then, we have
1 L n\ < v
N, w;p) = ——— Y (~1 U*d( > —1 ”'"( ) 43
O,n—i—v( P) n!v!(nj;z;) dg}( ) d m;o( ) m ( )

P .m
xg«&ygfmw—neﬁxw—n+#%4w—n)
= =

Proof. By applying the Leibnitz’s formula for the vth derivative, with respect to z, to Equa-
tion (42), with the help of the following partial differential equation for the generating
function fg ;(z, w):

azm{fB]Zw}_ZB fB] (z,w)

(see [11] Equation (18)), we obtain
av p 2 v—m
550 160(w, —z Jg ; Dl <:1> @)
Z fIB] C(Z w = )+fIB,j7cfl(le_].))'

Combining (40) with (19) and (44), we obtain

Comparing the coefficients of z" on both sides of the above equation, we arrive at the
assertion (43) of Theorem. [

Remark 4. Substituting v = 1 into (43), we obtain the de Boor recurrence relation, which was
proven by Goldman ([5] Theorem 5).

3.3. Series Representations for the Uniform B-Spline and the Bernstein Basis Functions

By applying the Laplace transform to the generating functions for the uniform B-spline
and the Bernstein basis functions, we give some series representations. We also give some
formulas for these series.

Theorem 11. Letp € Ng, p <w +y < p+1and w >0,y > 0. Then, we have
< n ety =)t
Nop(w; p)— = ) (1)) ——F—"——. (45)
n;() n yn+2 ];) (] _ w)]Jrl

Proof. The following functional equation is derived from (21):

P , — )iy _ 11 .
Go(w +y, t;p)e ¥ = Z(—l)]<(w+3;w e (eré/j ]1))| : >€(Jw)t
j=0 : - 1!
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wherep € Ng,p <w+y <p+1landw > 0,y > 0. Applying the Laplace transform to the
above functional equation, we obtain

o)

) Norn(w;p)/t”e_ytdt
n=0

0
< w+y—1 (wt+y -y
\WTY—J) [, —t-w) y—/Jl—t]w)
; ( /te dt + (=1 t dt

Joining the above equation with the following well-known identity

[e9)
/tje_tdt =,
0

we obtain

e (o M i@ty =i @ty =)
E(]No,n(wfp)ynﬂ —Jg( 1)]< (j— w)itl * (j—w) )

After some elementary calculations, the proof of theorem is completed. [

Substituting y = 0 into (45) yields the following result:

Corollary 5. Let n,p € Noand p < w < p + 1. Then, we have

@ R VRN (e St )
L Noa(wip) = R0

Theorem 12. Letn,p € Noand p < w < p+1and y > 0. Then we have

i n!Non(w; p) _ i i ]n w —J) _B]r'l_1(w_j)
= (y+1)n+l — = yn+l :

Proof. The following functional equation is derived from (40):

p
Go(w, ;p)e T =Y (fg i(—t,w — j) — faj-1(—t,w —j))e ",
=0

where y > 0. By applying the Laplace transform to the above functional equation, we obtain

&5 Caye ( B0 i) B ) /tne_tydt).
j=0n=0 .

0

) No,n(w;p)/t"e_(lﬂ)tdt
0

Since the rest of proof of this theorem is similar to the that of (45), we skip this proof
here. [

4. Conclusions

In this article, the results and how they were obtained are discussed together with their
methods. For this purpose, by applying p-adic integrals to the identities found for special
polynomials, new formulas were given that maybe serve as a resource for researchers on
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the subject. In addition, by using the differential and functional equations of the generating
functions, some novel formulas for special numbers and special polynomials were found.
In addition, thanks to these methods, some formulas were given for finite sums containing
these special numbers and polynomials. Derivative formulas of the B-spline curves were
found using the higher-order derivative formula of Bernstein base functions. Moreover,
by applying the Laplace transform to the new generating functional equations, we found
infinite series containing B-spline curves.

It is planned that new mathematical models will be developed with the aid of different
applications using functional equations and the differential equations of the generating
functions for the B-splines. By blending these equations, we shall investigate novel connec-
tions with spline theory, special polynomials, and Bernstein basis functions.
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