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Abstract. We utilize formulas for basic hypergeometric series to derive identities and formulas for negative
degree g-Bernstein bases, including the Marsden identity, the partition of unity property, the monomial
representation formula, the reparametrization formula, and the degree reduction formula. We show that
all these identities are just special forms of the g-analogue of Gauss’ formula. We also provide a new proof

for the g-analogue of Gauss’ formula by using the Marsden identity for negative degree g-Bernstein bases
together with the identity theorem for analytic functions.

1. Introduction

The Bernstein bases lie at the core of the theory of Bézier curves and surfaces. These polynomial curves

and surfaces play a fundamental role in the field of Computer Aided Geometric Design (CAGD) [8]. The
Bernstein basis functions of degree n > 0 on the interval [0, 1] are defined by

BI(f) = (Z)tk(l —pk k=0,...,n (1.1)

Many properties, algorithms, and identities for Bernstein bases and Bézier curves and surfaces have been
studied by using a powerful technique called blossoming [8].

Today there is also a g-form of the classical Bernstein bases (1.1). The g-Bernstein basis functions of
degree n > 0 on the interval [0, 1] are defined by

n—k-1
nep oy — |7k i _
BI(t;q) = [kLt 1;1 1-g1, k=0,...,n 1.2)
In (1.2), [Z]q denotes the g-binomial coefficient defined by [10]
n [n]q!
= k=0,...,n, 13
[kL [k],![n — k]! (1.3)
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and [Z]q = 0 for k > n, where the g-integers [n], are defined by

[nl,={ 1-4

and the g-factorials are given by
[0],! =1, [n],! = [n]g[n —1];---[1];, n=>1.

Notice that when g = 1, the g-Bernstein basis functions reduce to the classical Bernstein basis functions (1.1).
These g-Bernstein bases and the corresponding g-Bernstein operators introduced by Phillips [14] have been
widely studied by [1, 12, 13, 15-17] for the interval [0, 1] and extended to arbitrary parameter intervals [a, b]
by Lewanowicz and Wozny [11]. Simeonov et al. [19] derive many important identities, formulas, and
algorithms for the g-Bernstein bases and g-Bézier curves by introducing g-blossoming. Recently two of these
fundamental identities for the g-Bernstein bases, the partition of unity property and the g-Marsden identity,
have been shown to be intimately related to formulas for basic hypergeometric series [24]. Ziirnaci et al.
[24] show that the partition of unity property for the g-Bernstein bases on the interval [a, b] is equivalent
to the g-Chu-Vandermonde formula for basic hypergeometric series, and the g-Marsden identity for the
g-Bernstein bases is equivalent to the g-Pfaff-Saalschiitz formula for basic hypergeometric series.

As well as positive degree Bernstein bases (1.1), there are also Bernstein bases of negative degree (also
known as the Baskakov bases [5]). Algebraic and geometric properties of these negative degree Bernstein
bases have been investigated using multirational blossoming [7, 20]. As in the case of Bernstein bases of
positive degree, a g-form of the Bernstein bases of negative degree exists. These g-Baskakov bases (or
negative degree g-Bernstein bases) and the corresponding g-Baskakov operators have been studied in the
context of Approximation Theory by [2, 3, 6,9, 23], and in the context of CAGD by introducing multirational
g-blossoming [21, 22].

The goal of this paper is to show how some fundamental identities for the negative degree q-Bernstein bases are
related to basic hypergeometric series.

This paper is organized as follows. In Section 2 we introduce the basic definitions, notation, and
results for g-shifted factorials and basic hypergeometric series. In Section 3 we first provide an alternative
representation for the negative degree g-Bernstein basis functions in terms of the g-shifted factorials. We
then use formulas for basic hypergeometric series to prove some important identities for negative degree g-
Bernstein bases, including the Marsden identity, the partition of unity property, the monomial representation
formula, the reparametrization formula, and the degree reduction formula. We show that all these identities
are just special forms of the g-analogue of Gauss’ theorem. We also give a new proof for this g-analogue
of Gauss’ theorem by using the Marsden identity for negative degree g-Bernstein bases first established in
[22], together with the identity theorem for analytic functions. We close in Section 4 with a short summary
of this work.

2. Preliminaries

Throughout this paper, we shall adopt the standard definitions and notation from [10] provided in the
following two subsections.

2.1. g-shifted factorials and g-binomial coefficients

From now on we shall assume that 0 < g < 1. The g-shifted factorials are defined by

n—1
@Po=1, (&g = H(l —gla), n=1,2,.... @.1)
j=0
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Note that for n = oo, (4; 9)e = ]o_o[(l — ¢/a) is well-defined. These formulas imply that
j=0

(@ Dk = @ Pn(q"a; P, (2.2)
@ 90 = (@ Pn(q"3; 7)o (2.3)

The multiple g-shifted factorials are defined by
m
@t = [ [@igh,  m=01,.... 2.4)
=0
We will use the following straightforward identity.
@ 1/q)n = (<1)"q Da"(1/a; g),.. (2.5)

The g-binomial coefficients can be expressed in terms of the g-shifted factorials

n (@ Dn
= k=0,...,n 26
[kL @ D Dk " (2.6)

The following property of the g-binomial coefficients will be useful in this paper

mp _ k(mk)[m]
g . @7)
[k]q k 1/q

2.2. Basic hypergeometric series
The ,¢; basic hypergeometric series is defined by [10, (12.1.6)]

o (@1, .., 005 9)k (ko126
)= b 2 238
1 ) é(q/blln'/bs;q)k( 1 ) ( )

ai, ...,
rY’s
¢ ( bi,...,b,

Theorem 2.1 (The g-analogue of Gauss’ theorem [10, (12.2.18)]).

a,b c)_ (c/a,c/b;q) ¢
2¢1( c |* ﬂ_b) ~ (c,c/(ab); g)e” |E’ <L (2.9)
The following corollary is the special case b — oo of (2.9).
Corollary 2.2.
a c (c/a;9)o
1<¢>1( |4 5) = ﬁ. (2.10)

3. Identities for negative degree g-Bernstein bases and basic hypergeometric series

The g-Bernstein basis functions of negative degree or g-Baskakov basis functions [4] on the interval
(=090, 1) are defined by

, k>=0,n>0. (3.1)

By"(t;q) = (—1>kq<5>[” e 1] _t
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We begin with providing an alternative representation for the negative degree g-Bernstein basis functions
(3.1). Using (2.1) and applying (2.2) with a = g and a = t, we can rewrite (3.1) as

@"; D« tk

@ @ (& a)n(g"t; x
In the following subsections, we show how to use basic hypergeometric series to derive identities and
formulas for negative degree g-Bernstein bases, including the Marsden identity, the partition of unity
property, the monomial representation formula, the reparametrization formula, and the degree reduction
formula. All these identities and properties except the degree reduction formula were first derived in [22]
using the multirational g-blossom.

BL"(t:q) = (-1)"qC) (32)

3.1. The Marsden Identity
Lemma 3.1.

= (D O 1 g x|t
— Bt =201 . |2 =)
kZ:O xk (t/ Q)n q t X
Proof. This result follows directly from (3.2) and (2.8). O
Theorem 3.2 (The Marsden identity, [22, Theorem 5.1]).

t
x

<1 (3.3)

1 v O t
- B |-
(t/%; @) kZ_:g xk x
Proof. Using (3.3) and (2.3) and applying (2.9) with a = 4", b = x and c = g"t, the right-hand side of (3.4)

becomes
t
q, P

= (D Ok, ' 1 q", x
kz_;TBk (tq) = 2¢1( g't

<1. (3.4)

(t; q)n
1 (49"/% )

(&9 (@'t t/X;9)co
1

/%9

0

Corollary 3.3. The basic hypergeometric form of the Marsden identity is
2¢1( q",x i): (& )n

q't (t/x;q)n"

X
The Marsden identity, in turn, can be used to give an alternative proof for the g-analogue of Gauss’ theorem.
To show how, we first recall the identity theorem for analytic functions.

Theorem 3.4 (Identity theorem [18]). If f(z) and g(z) are analytic functions in a domain D and if f(z,) = g(z,)
Vn € IN for some sequence {z,,} C D such that lim z, = zg € D, then f(z) = g(z) Yz € D.

t

X

<1. (3.5)

7

Proof of Theorem 2.1. To derive the g-analogue of Gauss’ theorem starting from the Marsden identity, observe
that (3.5) is equivalent to (2.9) witha = g", b = x, and ¢ = ¢"t, provided |t/x| < 1. Equivalently (3.5) is

t _ &2t/ g)e
x] T Gt

Z,X

201 ( zt

Z,X

Since 2¢1 ( 7t
equation is true for all z € C (except at poles) by Theorem 3.4. [

Vz=4q", n=0,12,....

7

t
q, ;) and (f,zt/x; )/ (2t,t/X; q)eo are both analytic in an open neighborhood of z = 0, this
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3.2. The Partition of Unity Property
Theorem 3.5 (Partition of unity, [22, Theorem 5.2]).

1= Z BZ"(t;9). (3.6)
k=0
Proof. From (3.2), (2.8), (2.10) and (2.3) it follows that

S B = LY L1y O TP
é&wnw%Z D o G

t) _ 1 (59w _
&9 ('t 9o

(t q)n1¢)1( ng
0

Corollary 3.6. The basic hypergeometric form of the partition of unity property is

n

1¢1( l;]nt

3.3. The Monomial Representation Formula

q, t) = (t; Pn-

Theorem 3.7 (Monomial representation, [22, Theorem 5.3]).
= [,
m o __
£ = Z [n+m
k=m

Proof. From (3.2), (2.2) and (2.6), we find that

T (-1 OB 8 g). 3.7)

mo-q

o)

ma(3)-() gn @5k ek ()t
Z "*jZl =1 B = Z(q/q)k_m(q";q)m( A & Du(@"t q)

=

Setting k — m = j, and using (2.2), (2.8), (2.10), and (2.3) yields

= [, )
” m ( )-GO gt i i ()4
;W%ﬁn &“”awwwm;wﬂww””t

B pm qn+m
- (t; ‘7)11+m 1(]51( qn+mt
t" (£ Do

T E D @ D

="

)

O

Corollary 3.8. The basic hypergeometric form of the monomial representation formula is

n+m

1¢1 ( ;n+mt

) = (i-L Q)nﬂn
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3.4. The Reparametrization Formula
Theorem 3.9 (Reparametrization formula, [22, Theorem 5.5]).

)

Bt = Y BE1/B"(Bg), It <1. (3.8)
k=i

Proof. It follows from (1.2), (2.6), and (2.7) that

G ,
k k—1) L .
Bir1/q) = @@ D (5 /)i

Using this equation, (3.2), (2.2), (2.5) and (2.8), and setting k — i = j, the right-hand side of (3.8) becomes
(‘D%ﬂ”)ﬂ)iq(g‘) (rt)! i (1/r,9"*;q);
(@ 9)i &' Di i (4,9"89);
1)(q"; )i () (rt)! ( 1/r,g"* )
= 2 n+i , rt).
@G G 201y |7
Hence from (2.9), (2.3), (2.2), and (3.2)
- - DS oy @) @ 9w
BX(r; 1/9)B;"(t;q) = ©) :
;;‘ (DB @D T Pt @ T D
@ity

()@
= 0 o T
= B"(rt; q).

(rt)

Y B3 /0B (1) =
k=i

O

Corollary 3.10. The basic hypergeometric form of the reparametrization formula is

1/r,q"* (D
2¢1 ( qVHit ’ T’t) - (rt; ‘7)n+i.

3.5. The Degree Reduction Formula
Theorem 3.11 (Degree reduction formula, [22, Proposition 3.4]).

gy N [ /n+k+j
=Y o{|" Nei)

=0
Proof. Using (3.1), (2.2), (2.8), and (2.10) yields

i qfn{[i’l + Ili - 1]‘1/[71 Zf ']" ]:L} ];(_I;H)(f q)

=0
k-1
Rk (2)[n+k ] & q>tn+k+1 Z n+k+1t A /gy

};g“kt) 3.9)

1
=B, n(t Q)—ﬂ%t 1¢1( n+£11<+1t q, qn+kt)

= Bkn(t, q)
O
Corollary 3.12. The basic hypergeometric form of the degree reduction formula is

q/ qn+kt) - 1 _ qi’l+kt.

1¢1 ( qniﬂt
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4. Conclusions

Motivated by [24], we have shown that the theories of negative degree g-Bernstein bases and basic
hypergeometric series are intimately related. We have used formulas for basic hypergeometric series
to give new proofs of some fundamental identities and formulas for negative degree g-Bernstein bases,
including the Marsden identity, the partition of unity property, the monomial representation formula, the
reparametrization formula, and the degree reduction formula and we have provided basic hypergeometric
forms of these identities. All of these identities are just special cases of the g-analogue of Gauss’ theorem
(Theorem 2.1) with certain particular values of 4,b and c:

1. The Marsden identity for negative degree g-Bernstein bases is a special form of a g-analogue of Gauss’
theorem witha =¢",b = x,and ¢ = "t.

2. The partition of unity property for negative degree g-Bernstein bases is a special form of a g-analogue
of Gauss’ theorem witha = 4", b — o0, and ¢ = g"'t.

3. The monomial representation formula for negative degree g-Bernstein bases is a special form of a
g-analogue of Gauss’ theorem with a = ¢"*™, b — oo, and ¢ = g"*""t.

4. The reparametrization formula for negative degree g-Bernstein bases is a special form of a g-analogue
of Gauss’ theorem witha = 1/r, b = ¢"*, and ¢ = ¢"*'t.

5. The degree reduction formula for negative degree g-Bernstein bases is a special form of a g-analogue
of Gauss’ theorem with a = g, b — o, and ¢ = g"***+1t.

We have also given a new proof of the g-analogue of Gauss’ theorem for basic hypergeometric series by
using the Marsden identity for negative degree g-Bernstein bases together with the identity theorem for
analytic functions.
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