Simsek Boundary Value Problems 2013, 2013:56 0 BO u nd d ry Va I ue PrOb I ems

http://www.boundaryvalueproblems.com/content/2013/1/56 a SpringerOpen Journal

RESEARCH Open Access

Unification of the Bernstein-type polynomials
and their applications

Yilmaz Simsek”

“Correspondence:
ysimsek@akdeniz.edu.tr
Department of Mathematics,
Faculty of Science, University of
Akdeniz, Antalya, TR-07058, Turkey

@ Springer

Abstract

In this paper, we investigate some new identities related to the unification of the
Bernstein-type polynomials, Bernoulli polynomials, Euler numbers and Stirling
numbers of the second kind. We also give some remarks and applications of the
Bernstein-type polynomials related to solving high even-order differential equations
by using the Bernstein-Galerkin method. We also give some applications on these
polynomials and differential equations.
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1 Introduction

Generating functions play an important role in the investigation of various useful prop-
erties of the sequences and differential equations. These functions are also used to find
many properties and formulas for the sequences. In [1], the author constructed certain
generating functions for the unification of the classical Bernstein polynomials. Using these
generating functions, the author derived several interesting and useful identities for these
polynomials. The Bernstein polynomials have been defined by many different ways, for
example, by g-series, by complex function and by many algorithms. The Bernstein polyno-
mials are used in approximations of functions as well as in other fields such as smoothing
in statistics, in numerical analysis, constructing the Bezier curves. The Bernstein polyno-
mials are also used to solve differential equations.

According to Farouki [2], the Bernstein polynomial basis was introduced 100 years ago
(Bernstein, 1912) as a means to constructively prove the ability of polynomials to ap-
proximate any continuous function, to any desired accuracy, over a prescribed interval.
Their slow convergence rate and the lack of digital computers to efficiently construct them
caused the Bernstein polynomials to lie dormant in the theory rather than practice of ap-
proximation for the better part of a century. The Bernstein coefficients of a polynomial
provide valuable insight into its behavior over a given finite interval, yielding many use-
ful properties and elegant algorithms that are now being increasingly adopted in other
application domains.
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Recently, the author [1] introduced and investigated the following generating functions
which use a unification of the classical Bernstein polynomials:

2bxbs( % )bset(l—x)

F(t,b,s:x)= (bs)! ,

@)

where b,s € Ny :={0,1,2,3,...},t € Cand x € [0,1]. The following function is a generating
function of the polynomials S, (b, s, x)

oo

tn
Flt,bs:n)= Y 6,(bs%)—, @)
s n!
where &g (b,s,x) = -+ = Gps_1(b,s,x) = 0.

An explicit formula of the polynomials S,(b, s, x) is given by the following theorem [1].

Theorem 1.1 Let x € [0,1]. Let b, n and s be nonnegative integers. If n > bs, then we have

bs(1 _ 4 \n-bs
S, (b,s,) = (”)M

bs 2b(s-1)

Remark 1.2 If we set s =1 in (2), we have
G,(b,1,x) = B (x),

which denotes the classical Bernstein basis function (cf. [1-7]). Consequently, the polyno-
mials G,(b, s, x) are a unification of the Bernstein polynomials.

The remainder of this study is organized as follows.

Section 2: We give many properties of the unification of the Bernstein-type polynomi-
als: partition of unity, alternating sum, subdivision property. We also give many functional
equations and differential equations of this generating function. Using these equations,
many properties of the unification of the Bernstein-type polynomials can be found. Sec-
tion 3: Integral representations of the unification of the Bernstein-type polynomials are
given. Using these representations, we give an identity. Section 4: By using the Laplace
transform, we find some identities of the unification of the Bernstein-type polynomials.
Section 5: By using a new generating function, we prove the Marsden identity for the
unification of the Bernstein-type polynomials. Section 6: By using generating functions,
we give relations between the unification of the Bernstein-type polynomial, the unifi-
cation of the Bernoulli polynomial of higher order and the Stirling numbers of the sec-
ond kind. Section 7: By using the unification of the Bernstein-type polynomials and the
Bernstein-Galerkin methods, we solve high even-order differential equations. Section 8:
We give some remarks on the unification of the Bernstein-type polynomials and Bezier-

type curves.

2 Properties of the unification of the Bernstein-type polynomials
In this section, we investigate some properties of the unification of the Bernstein-type
polynomials.
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2.1 Partition of unity
The unification of the Bernstein-type polynomials &,(b,s,x) does not have partition of
unity. That is, by using (1), we derive the following functional equation:

o0
t
Zf(t, Ls:x)=2e2@%,

s=0

By using the same method as that in [7] and (2), we arrive at the formula for the polyno-
mials &,(1,s,x)

D Gl s,x) =22 - x)".
s=0

Remark 2.1 The polynomials 2°¢-V&,, (b, s, x) have partition of unity. That is,

n
Z 260G, (b,s,x) = 1.
bs=0

2.2 Alternating sum
By using (1), we derive the following functional equation which is used to find an alternat-
ing sum of the unification of the Bernstein-type polynomials &,(b,s, x):

[e¢]
Y CIPF(E s x) = 2622739,

s=0

By using the same method as that in [7] and (2), we arrive at a formula for the alternating
sum of the polynomials &,(1,s,x), which is given by the following theorem.

Theorem 2.2

n

D (18,1, 5%) =22 - 3x)".

s=0

2.3 Subdivision property
Here, we give partial differential equations and a functional equation of the generating
function for the unification of the Bernstein-type polynomials &,(b,s,x). By using this
functional equation, we derive the subdivision property unification of the Bernstein-type
polynomials G,(b, s, x).

We set

F(t,b,s:yx) = F(yt,b,s: x)e!, (3)

By using the above functional equation and (2), we derive the subdivision property for the
polynomials &, (b, s, x) by the following theorem.

Theorem 2.3

Subysxy) = ) 2 Su(b,5,06,(L,k,y)
k=bs


http://www.boundaryvalueproblems.com/content/2013/1/56

Simsek Boundary Value Problems 2013, 2013:56 Page 4 of 15
http://www.boundaryvalueproblems.com/content/2013/1/56

or

Su(b,s,xy) = > Si(b,5,%)B (), (4)
k=bs

where Bj(y) denotes the classical Bernstein basis function.

Remark 2.4 Substituting s = 1 into (4), we obtain the subdivision property for the classical

Bernstein basis functions:

Bj(xy) = ) By(®)B{()

k=b

Using (3), we give the following partial differential equations:
3 (1
8J’-'(tbs yx)—e ) f(ytbs x) —tF(yt,b,s:x)
g
and
0 Hiy) O
—F(t,b,s:yx) = —F(yt,b,s: x).
0x 0x

By applying these partial differential equations, we obtain the following derivative rela-
tions which are related to the subdivision property unification of the Bernstein-type poly-

nomials &,,(b, s, x), respectively:

Theorem 2.5

—6 n(b,s,xy) = Z/B" »G;(b,s,x) — ny" 1S, 1(b,s,x)
j=0

and
n(b,s,xy) = ZB" Gj(b,s,x).

3 Integral representations
In this section, we derive integral representations of the unification of the Bernstein-type
polynomials G,(b, s, x). We also give an identity which connects the binomial coefficients,
gamma and beta functions.

The beta function B(w, B) is a function of two complex variables « and B, defined by

1
Bla, B) = / -0 de=B(B,a) (M) > 0,9 () >0) (5)
0

(cf [8, p.9, Eq. (60)]). The beta function is related to the gamma function; one has

['(e)I'(B)

Beh) = Tavp
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Replacing o by n € Z* and B by m € Z* in the above equation, we get

L(mrim)  (n-1)m-1)!

BB = Tovm) = nem=1) (©)
(¢f. [8, p.9, Eq. (62))).
Theorem 3.1

fo 1 So(bys,%) dax = 2009 ( ZS)B(bs +1Ln—bs+1) @)
or

1 n-bs
—bs 1
(b, s, %) dx = 2209 n Z _q)yr-bs-l n ) 3
fOG( 5%) dx (bs 1) ) n-I+1 ®

1=0
Proof
1 " 1
f G,(b,s,x)dx = 21’(1_3)( )/ a1 - %) dx, 9)
0 bs) Jo
where
bs<n
By using (5), we easily arrive at the desired result. O

Binomial coefficients play an important role in mathematics and mathematical physics,
especially in statistics, probability and analytic number theory. Therefore, by using (7) and
(8), we derive the following identity related to the binomial coefficients, gamma and beta
functions:

n-bs

webs_1 (1 — bs I 1
Z(_l) ( l )n—l+1_(n+1)(g’s)'

1=0

4 ldentities
In this section, by using the Laplace transform, we give some identities of the unification
of the Bernstein-type polynomials &,(b,s, x).

Using the generating function in (2), we get

o0 " 2bxbs(£)bs
e’ Z(;G,,(bs,x)a = Ts)zle_xt' (10)

Integrating equation (10) (by parts) with respect to ¢ from zero to infinity, we have

2b(l—s) xbs

> n b’ b *© °
E L'Sx) / elt"dt="— / e dr. (11)
. 0 0

Ly (bs)!

Page 5 of 15
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If we appropriately use the case x > 0 of the following Laplace transform of the function

f(t) =tk

!

/ e d = K (12)
0

yk+l ’

by substituting (12) into (11), we arrive at the following theorem.

Theorem 4.1 Let |1 - x| < 1. Then we have

Zx@n(b, s, %) = 2b0-9), (13)

n=0

Remark 4.2 If we set s =1 in (13), then we arrive at Theorem 15 in [7].

We modify (2) as follows:

o " szhs(ﬁ)hs
Xt Gn l’), x)— = 2 t
¢ n2=o: (b,5,%) n! (bs)!

From the above equation, we get

x " o P 2b(1—s)xbs o tn+bs

DT RPN Al L

R n! (bs)! ~ n
Therefore, we arrive at the following theorem.
Theorem 4.3

Z (lil>ijW_j(b, 5%) = (n)zh(ks)xbg

o\ bs

5 Marsden identity
In this section, by using generating functions, we prove the Marsden identity for the uni-
fication of the Bernstein-type polynomials &,(b,s,x). This identity is associated with a
formula for rational linear transformation of B-splines, which are of interest in computer-
aided geometric design and approximation theory.

We set

) p
hwwt) =) (=)' —
or
h(x, u, t) = e* ",
We derive the following functional equation:

hix, u,t) = h(1, u,xt)h(x, 1, ut).
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From the above functional equation, we get

Z(x—u)"%(Zu £ )(Z( 17/ - )

n=0 n=0
Therefore
i Py n\ . o AV&
Z(x u)— - = Z (Z(—l)""( ‘)xl(l —-x)"7u"7(1 - u)’) —. (14)
n=0 = \jmo J n.
From the above equation, we have
oo t"
D - u)" = Z(Z( 1" ( ) n(l,j,x)en(l,n—j,u)>;.
— n! i !

By comparing the coefficients of 7 on the both sides of the above equation, we obtain
(x- u)" = Z( g ( ) Gu(L,),%)S, (1,1~ j, u).
n—j

Therefore, we arrive at the Marsden identity which is given by the following theorem.

Theorem 5.1
n on-2

Remark 5.2 By using (14), we also obtain the Marsden identity for the classical Bernstein

(‘5,,(1,],36)6n(1; n _j’ M)

polynomials B} (x) as follows:

e e Vi

(x—u)'=
j=0 (n—j)

6 Relations between the polynomial G, (b, s, x), unification of the Bernoulli
polynomial of higher order and Stirling numbers of the second kind
The so-called unification of the Bernoulli, Euler and Genocchi polynomials YV, s(x; k, 2, b)

B} (x)B_(u).

were defined by Ozden [9]. The polynomials Y, s(x; k, a, b) are defined by means of the

following generating function:
1- ktk tx
fap 6K B) = g5y = Zynﬂmk,a b) (15)

where k is an integer parameter, a and b are real parameters and § is a complex parameter.
Observe that

yn,ﬁ(o;k1 a, b) = yn,ﬂ(kxdr b)

(¢f. [9, 10]).
The above generating function is related to some special polynomials as follows.

Page 7 of 15
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Remark 6.1 Substituting a = b = k =1 into (15), we have the Apostol-Bernoulli polyno-
mials (cf. [11-13]):

yn,ﬂ (x) 1; 1, 1) = Bn(x’ ﬂ);
substituting b = 1, k = 0 and a = -1 into (15), we have the Apostol-Euler polynomials:
yn,ﬂ (x; 0,-1, 1) = 5,, (x: ﬂ)’

substituting b =1, k =1 and a = -1 into (15), we have the Apostol-Genocchi polynomials:

Vg1, 1,1) = %Qn(x,ﬁ);

substituting 8 = b = k = a =1 into (15), we have

yn,l (x) 1; 1, 1) = Bn (?C),

where B, (x) denotes the classical Bernoulli polynomials and substituting 8 = b = k =1 and

a = -1 into (15), we have
yn,l (xr O’ _17 1) = En(x);
where E,(x) denotes the classical Euler polynomials.

Now, the modification of (15) is given by

(%)v(%)kvetx 00 (V) p
oy = 2L )

The following definition provides a natural generalization and unification of A-Stirling
numbers of the second kind, which is defined by Srivastava [12, 13].

Definition 6.2 Let A € C and v € Ny. The generalized A-Stirling type numbers of the
second kind S(n,v; 1) are defined by means of the following generating function:

oo

fs,v(t;)") (Ae — l)v Z n,v;A P . (17)

n=0

Remark 6.3 By setting A = 1in (17), we get
S(n,v) = S(n,v;1),

where S(#,v) denotes the Stirling numbers of the second kind. It is also well known that

x" = Z (i) vIS(m,v), (18)
v=0

Page 8 of 15
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so that
8(n,0) = 8,0, S(m1)=S(mn)=1 and S(m,n-1)= <Z),

3,0 being the Kronecker symbol (cf. [8, 12, 14, 15]).

Theorem 6.4 Let b, n and s be nonnegative integers with n > bs. Then we have

21)(1 s) —b(l x)n bs — i (7)

()

S (J', bs; é) VP (1 -xk1,1),
a n-j,

where yf:ﬁ (% k,1,1) and S(j, bs; %) denote the unification Bernoulli polynomial of higher
order and g—Stirling numbers of the second kind, respectively.

Proof By (2), we have

(Bt =1 ((2)(L)el
abxb( o )( (gef ) ZG(bs,x)_

By using (2), (16) and (17) in the above equation, we have

3 & s < - B\ 1"
ZG (bs, x)n. alxb (Zyb)(l x; k,1, e)) (;S(n,bs;;)a).

n=0

From the above equation, after some calculation, we find the desired result. O

Theorem 6.5 Let b and n be nonnegative integers with n > b. Then we have

(1-x)"= ZZ( )() D) (1= %), (19)

m=0 j=0
where Eﬁ,h_)m(l — x) denotes the Euler polynomials of higher order.

Proof By (2), we have

1
2“”(“) ZG(bOx

From the above, we have

00 n b
ZGn(b,O,x)% = e(l_")’< 2 ) (¢ + 1)b

n=0

I
Nk
M@
N
=
%
N %
N——
—
Nk
"
=
x
=Yl
SNS—
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By using the Cauchy product in the above, after some calculation, we find the desired
result. O

We recall from the work of Gould [14, Vol. 7, Eq. (2.45)] that

b m

b\ .. b 1/(b\_,,
S22 5(0)e 20)
j=0 j=0

where
Bj; =j!S(m,)).
By substituting (20) into (19), we arrive at the following result.

Corollary 6.6 The following identity holds true:

Su(b,0,%)=Y > (,Z,) (i’) 2"7ED, (1-x)Bl.

m=0 j=0

7 Unification of the Bernstein-type polynomials for solving high even-order
differential equations by the Bernstein-Galerkin methods
In [4], Doha et al. gave an application of the Bernstein polynomials for solving high even-
order differential equations by using the Bernstein-Galerkin and the Bernstein-Petrov-
Galerkin methods. The methods do not contain generating functions for proving explicitly
the derivatives formula of the Bernstein polynomials of any degree and for any order in
terms of Bernstein polynomials themselves. Here, we prove this formula for the unification
of the Bernstein-type polynomials &,,(, s, x) by a higher-order partial differential equation
and functional equations. We also give some remarks and applications related to these
polynomials and the Bernstein-Galerkin method.
We modify (1) as follows:

bk ygbs—k(Lybsk gil1=)
(bs - k)!

F(t,b—k,s—k:x)=
o0 tn
=Y Gub-ks-kx)—, (21)
= n!
where k € Ny = {0,1,2,...} and x € [0,1]. Let b, k, n and s be nonnegative integers and

n > bs—k > 0, then we get

(22)

bs—k 1- n-bs+k
Gn(b-k,s-k,x):< " )’%

bs—k 2b6-1) ’
so that, obviously,
S,(b,s,x)=6,(b-0,s-0,x).

By using the same method as in [15], we now give a higher-order partial differential
equation for the generating function F (¢, b, s : x) as follows.
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We set

bebs( % )bs

g(t,x;b,s) = s)!

and
h(t,x) = e/,
We have
F(t,b,s:x) =g(t,x;b,8)h(t, x).
By using Leibnitz’s formula for the vth derivative, with respect to x, of the product

F(t b,s: x) of the above two functions, we obtain the following higher-order partial dif-
ferential equation:

"F(t,bs:x) " (V\ [ Vg(t,x;b,5)\ [ 8" h(t,x)
dxY - j ax/ ax )

Jj=0

By using (1) in the above partial differential equation, we get the following higher order
partial differential equation:

Py () Feb s

14
0x pr

By substituting (21) into the above equation, after some calculation, we arrive at the fol-
lowing theorem.

Theorem 7.1 Let x € [a,b]. Let b, s and v be nonnegative integers with n > bs. Then we
have

(n

) o (Y o
671 (b’S’x) = _ V)‘ FZO(_I) }<j)6n—v(b_]rs_]:x),

where

dV nb; ’
eym&mz—g%;ﬂ.

Integrating equation (22) (by parts) with respect to x from 0 to 1 and using Theorem 3.1,

we have
1 9b(1-s)
/ &b, 5,0)dx = ——,
0 n+1
for all b and s.

22b(1-9) 1 (n) v () .

T @u+1)(n—v)! \bs T

1
_/ SV (b, 5,%)6,(b, s,%) dx
’ j=0 (st—j)

(23)

Page 11 of 15


http://www.boundaryvalueproblems.com/content/2013/1/56

Simsek Boundary Value Problems 2013, 2013:56
http://www.boundaryvalueproblems.com/content/2013/1/56

We recall from the work of Doha et al. [4] that if f(x) is a differentiable function of
degree m and defined on [0,1], then a linear combination of the Bernstein polynomials

can be written. Therefore, we can easily have

f(x) = Z Cb,s,me(b7 er)r

b,s=0

where bs < m, otherwise &,,(b,s,x) = 0 and
m m m
bs=0  b=0 s=0

By using the same method as in [4], we write

d'f(x) ~— d'6,,(b,s,x)
(v) _ _ § :
f (x) = dx" = Ch,s,m )

dxv
b,s=0

where bs < m, otherwise &,,(b,s,x) = 0. We now give an application for the solution of
high even-order differential equations. We also recall from the work of Doha et al. [4] that
for x € [0,1],

2m-1

f@)=ul + "y + you (24)
j=1

by the following boundary conditions:

u(0) =0, u(1)=0; 0<v<m-1
(cf. [4]). By using the same method as that of Doha et al. [4], we apply the unification of
the Bernstein-type polynomials G,,(b,s,x) to the Bernstein-Galerkin approximation for
solving (24); that is,

Y= {Gm(b,s,x) tm > bs}
and

Zn={ueY, u"0)=0,u"1)=0,0<v=m-1}.
By applying the Bernstein-Galerkin approximation (24), we find u,, € Z,, as follows. For
solving this equation, we need the following notations, which we recall from the work of

Doha et al. [4, p.9, Eq. (4.4)].
The inner product (&, v) on L%(I) is defined by

(u,v) = /u(x)v(x) dx.
I

Page 12 of 15
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By using this inner product, we modify (24) as follows:

2m-1

(f(x)r gn(k, x)) = (ugm), an(k, x)) + Z yj<u;({)’ an(k, x)) + VO(um an(k, x))» (25)

j=
where m <k <n-m, 2m < n and

bs+k (1 _ y\n-bs—k
gulk,x) = S, (b + k,s + k,x) = ( " )9%

bs + k 2b6-1)

The matrix representation of the above equation is given by

2m-1
F= (A + Y yB+ yOBO> C,

Jj=1

where

F= (fm’fmﬂr' . ’fn—m)T5 Ji= (f(x),g,,(k,x)),

un(®) = ) argu(k,x),
k=m
C = (G Gmsls - r ) > A = (ay)), B = ( j'(j), m=<k,j<n-m.

By using (23), one can easily find A, B; (j = 0,1,2,...,2m — 1); that is,

1
ai; = (92", %), gn(k, %)) = / 92", %) g (k, %) dx
0

and

1
bi; = (9, %), gu(k,x)) = / 99, %) gu(k, x) d.
0

Remark 7.2 According to Doha et al. [4], it is important to apply the Galerkin-spectral
Bernstein approximation for how to choose an appropriate basis for Z,, such that the linear

system resulting in the Bernstein-Galerkin approximation to (25) is possible. That is,
L = span{g,,(m,x),g,,(m +1,%),...,0,(n— m,x)},

where g,(k,x) € Z,, for all m < k < n — m. The 2m boundary conditions lead to the first

m, and the least m expansion coefficients are zero.

Remark 7.3 By using the Bernstein-Galerkin and the Bernstein-Petrov-Galerkin meth-

ods, Doha et al. [4] solved the following boundary value problem:

u?(x) — u(x) = (4 - sz) sinx + 4xcosx, «x€[0,1],

Page 13 0of 15
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subject to the boundary conditions #(0) = (1) = 0, with the exact solution
u(x) = (1 - xz) sinx
(cf. see for detalil [4, 16]).

8 Further remarks on Bezier curves
The unification of the Bernstein-type polynomials is used to construct Bezier-type curves
which are used in computer-aided graphics design and related fields and also in the time
domain, particularly in animation and interface design (cf. [2, 6]).

The Bezier-type curve of degree n can be generalized by the author [1] as follows:

Bub,sx)= Y PyS,lbsx), (26)

0<b,s<n(bs<n)

where x € [0,1], G,(b,s,x) denotes the unification of the Bernstein-type polynomials and
Py are the control points.
The unification of the Bernstein-type polynomials might affect the shape of the curves.
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