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Abstract

We investigate algebraic properties of the negative degree ¢-Bernstein bases. Our fun-
damental tool in this investigation is a recently introduced variant of the blossom, the
multirational g-blossom, which provides the dual functionals for the negative degree g-
Bernstein basis functions. By applying the dual functional property of the multirational
g-blossom, we are readily able to generate several fundamental identities involving the neg-
ative degree g-Bernstein bases, including a new variant of Marsden’s identity, a partition
of unity property, a reparametrization formula, and a formula for representing monomi-
als. We also show how to use the homogeneous variant of the multirational g-blossom to
convert between the g-Taylor bases and the negative degree ¢-Bernstein bases.
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1 Introduction

1.1 Bernstein bases

The Bernstein basis functions for degree n > 0 on the interval [0, 1] are defined by

BrMt) = (Z)zku vk k=0,...,n. (1.1)
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These basis functions were introduced by Bernstein and used to provide a constructive proof
of the Weierstrass approximation theorem for uniform polynomial approximation of continuous
functions on the interval [0, 1] [6]. Along with roles in different classical fields such as approx-
imation theory, operator theory, and probability theory, the Bernstein basis functions today
play a central role in the construction and analysis of Bézier curves and surfaces which are
essential to a wide variety of applications in Computer Graphics, Geometric Modeling, and
Computer Aided Geometric Design (CAGD) [8].
The Bernstein basis functions (1.1) are the terms appearing in the binomial expansion

(1—t)+ )" = i (Z) th(1 — )k,

k=0

Many properties of the Bernstein basis functions can be derived directly from this expansion.
Since the binomial theorem is valid for negative integer exponents where

@-n+ir =3 (a0

k=0
it is natural to consider the Bernstein basis functions of negative degree —n < 0 [11]:

—n

B."(t) = < N )tk(l )™k k=0,1,... . (1.2)

Most of the standard identities and properties of the Bernstein basis functions of positive
degree extend naturally to their negative degree counterparts. A comprehensive analysis of the
negative degree Bernstein bases in the context of CAGD and the associated blossoming theory
are provided in [11,12]. These functions are known in Approximation Theory as the Baskakov
basis functions since they were first introduced by V.A. Baskakov in [5].

1.2 Blossoming

Blossoming is one of the fundamental tools for studying Bézier and B-spline curves and surfaces
[7,13,28-30]. Many important identities and algorithms such as Marsden’s identity, evaluation,
subdivision, and knot insertion algorithms can all be derived from blossoming [13].

The multiaffine blossom of a polynomial p(t) of degree n is the unique, symmetric, multiaffine
polynomial p(uy,...,u,) that reduces to p(t) along the diagonal, i.e., p(t,...,t) = p(t) [13].
This multiaffine blossom is equivalent to the classical polar form [30]. The blossom evaluated
at the endpoints of the parameter interval provides the dual functionals for the Bernstein basis
functions of positive degree.

A new kind of blossom called the multirational blossom is introduced in [11], associated with
Bernstein basis functions of negative degree. The multirational blossom of degree —n < —1 and
order k > 0 of a continuous function f(¢) is the multivariate function f(uq,...,ug/v1, ..., Unsr)
uniquely characterized by the following four axioms: bisymmetry in the v and v parameters,
multiaffine in the u parameters, satisfies a cancellation property, and reduces to f(t) along the
diagonal [11,12,35|. The multirational blossom evaluated at the endpoints 0,1 provides the
dual functionals for the negative degree Bernstein basis functions.

1.3 Motivation

In addition to the classical Bernstein bases (1.1), there are two quantum versions of Bernstein
bases of positive degree: the g-Bernstein bases and the h-Bernstein bases. The h-Bernstein bases
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were introduced in Approximation Theory by Stancu [33,34] as a generalization of the classical
Bernstein bases and later investigated by Goldman [10], and Goldman and Barry [14,15] in
the context of Probability Theory and CAGD. The ¢-Bernstein bases were introduced and
studied by Phillips [24-27| and Phillips and Orug [22,23] for the interval [0, 1] and extended
to arbitrary parameter intervals [a,b] by Lewanowicz and Wozny [21]. The h-Bernstein bases
reduce to the classical Bernstein bases when h = 0, and the ¢-Bernstein bases reduce to the
classical Bernstein bases when ¢ = 1.

Recently new properties and algorithms for these quantum Bernstein bases and associated
quantum Bézier curves have been derived by introducing quantum versions of the multiaffine
blossom [31,32]. The ¢-blossom and the h-blossom are much the same as the multiaffine blossom
but with the diagonal property replaced by the g-diagonal property p(t, ¢t, ..., q" t;q) = p(t)
or by the h-diagonal property p(t,t — h,...,t — (n — 1)h;h) = p(t). These two quantum
blossoming theories have been unified into a single theory by introducing and investigating
(g, h)-Bernstein bases and (g, h)-Bézier curves [17].

As in the case of Bernstein bases of positive degree, the Bernstein bases of negative de-
gree have also been generalized to quantum version as the g-Baskakov bases. Approximation
properties of the corresponding ¢-Baskakov operators are investigated in [2]. Another type
of ¢-Baskakov operator more suitable for studying the g-derivatives and their applications is
proposed in [3]. Many properties of these ¢g-Baskakov bases and ¢-Baskakov operators have
been investigated in the context of Approximation Theory [3,9,18,37]. Moreover using the
g-analogue of the Baskakov operators defined in [2], geometric and analytic properties of these
g-Baskakov bases, as well as the corresponding g-Baskakov curves and q-Baskakov surfaces have
been studied in [38].

Recently axioms for a new kind of multirational blossom, the multirational g-blossom, along
with an explicit formula for this g-blossom has been presented in [36]. The homogeneous variant
of this multirational g-blossom can be used to compute g-derivatives of continuous functions.

The purpose of this paper is to show that the multirational q-blossom provides the dual func-
tionals for the negative degree q-Bernstein bases, which makes this blossom a powerful tool for
analyzing the negative degree q-Bernstein bases. We derive several important properties and
identities involving the negative degree q-Bernstein bases including a new variant of Marsden’s
identity, a partition of unity property, a reparametrization formula, and a formula for rep-
resenting monomials. Finally, using the homogeneous multirational g-blossom, we show how
to represent q-derivatives and to convert between the q-Taylor bases and the negative degree
q-Bernstein bases

This paper is organized as follows. Section 2 provides some basic definitions and properties
from g¢-calculus and divided differences. In Section 3, we introduce the negative degree g¢-
Bernstein bases and derive several basic properties of these bases, including a dual functional
property. The multirational g-blossom is briefly reviewed in Section 4, where the dual functional
property of this blossom is derived. In Section 5, Marsden’s identity, the partition of unity
property, the monomial representation, and the reparametrization formula are derived from this
dual functional property and in Section 6, we use the homogeneous multirational g-blossom to
convert between the ¢-Taylor bases and the negative degree ¢-Bernstein bases.

This paper presents a comprehensive analysis of the negative degree g-Bernstein basis func-
tions based on the multirational g-blossom. But there is also the subject of negative degree
g-Bernstein-Bézier curves with these blending functions. One of our future goals is to investi-
gate geometric properties of these curves using the identities for the negative degree ¢g-Bernstein
bases derived in this paper.
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2 Preliminaries

In this section we establish notation, terminology, and preliminary results. A brief review of
two of our main tools, the g-calculus and the divided difference, is provided in the following two
subsections. For more details and proofs related to the g-calculus, see [19] and [4]. For further
information about divided differences, see [13].

2.1 g-integers, ¢-factorials, and ¢-binomial coefficients

Fix ¢ € (0,1). The g¢-integers [k], are defined by

1—q*
kl, = k e N.
[ ]q 1 — q ) S
The g-analogue of the ordinary factorial is given by
[O]q! =1, [k}q! = [k]q[k_ 1]q"'[1]qa k=1,2...,
and the ¢-binomial coefficients are defined by
m [m],!
= E=0,1,...,m.
|:k:|q [Kg![m — Kl

The ¢-binomial coefficients satisfy the following two recurrence relations

m plm—1 m—1 m—1 m_i | —1
— — < k<m. 2.1

We shall make use of the following identity for the ¢g-binomial coefficients
k .
m+ k alm41—1
— m(k—1i) 29
T e (22)

which is easily proved using (2.1) and induction on k. The following property of the generalized
g-binomial coefficients will also be useful in this paper

m = g"m m ’ (2.3)
We shall need the g-shifted factorial notation (a;¢)o = 1 and (a;q), = nH:(l — ¢’a), n € N.
J:
Then (a;¢)e = ﬁo(l — ¢’a) is well-defined since g € (0,1). Moreover
J:
(a5 ¢)oc

(‘u Q)n = ( (2'4)

0" @)oo
We shall make use of the following theorem.

Theorem 2.1 (Euler’s formula [19, Theorem 12.2.6]).

o0 n 1
Y= L el <1, (2.5)

¢3) = (=2 ¢). (2.6)
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We shall also use the ,.¢¢ basic hypergeometric series [19, (12.1.6)]

A1y vy Qp e (al,...,ar;q)k (k—1)/2 k(s+1-r) k
Qs , 2] = — z", 2.7
¢ (bla"'vbs 1 ) ;(Q7bla7bsaq)k’< 1 ) ( )
where (a1, ..., am;q¢)n = [[(a;;¢), for n > 0.
j=0
The following formula is the special case b — oo of the g-analogue of Gauss’ theorem |19,
(12.2.18)].
al ¢\ _ (¢/a;9)x
- = 2.8
1¢1 ( c q, CL) (C, q)oo ( )

2.2 g¢-derivatives, g-Taylor expansions, and g-antiderivatives

For a fixed q # 1, the g-derivatives of a function f(t) are defined recursively by

D,f(t) = % DEF(t) = Dy(DEF(), k> 2 (2.9)

It follows easily from (2.9) that

Dy(t;q)n = —[nlg(qt; @)n-1, Di(t;q)n = (—1)’“[71[7—]2!}(1!(1(’5)@%; k- (2.10)

A product rule for the g-derivative is provided by the formula
Do (f(t)g(t)) = f(t)Dag(t) + g(qt) Dy f (). (2.11)

More generally, a g-version of the Leibniz rule for differentiating products is given by

Do =3 [}] DA ny . (2.12)
k=0 L q
The g-version of the Taylor expansion of a function f(¢) analytic at ¢t = a is [1,20]
% 1k
f) =3 2oy (2.13)
= [k

where (t —a)) =1 and (t —a)l = (t —a)(t —qa) - (t — ¢" 'a) for k > 1.
The value t = 0 is special. Let f(¢) be a function that is differentiable at ¢ = 0. By
L’Hopital’s rule, Dy(f)(0) = f'(0). Moreover it follows by induction on j that

D;(f)(0) = [j]gLf9(0)/5. (2.14)

Therefore for a function f(¢) that is analytic at ¢ = 0, the ¢-Taylor expansion and the standard
Taylor expansion agree at a = 0.

Finally for the explicit representation of the multirational g-blossom defined in Section
4, we shall need the g-antiderivative. A function F(t) is called a g-antiderivative of f(t) if
D,F(t) = f(t). We shall denote a g-antiderivative of f(t) by I,f(t). The g-antiderivative
of a continuous function exists and is itself a continuous function, so that higher order ¢-
antiderivatives of continuous functions also exist and are defined recursively by

17 () = LI £(1). (2.15)

>
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Lemma 2.2 ( [36]). Let f(t) be a continuous function in a neighborhood of zero. Then any
two q-antiderivatives of f(t) can differ only by a constant.

There is a simple relation between divided differences and g-derivatives (2.9):
D,F(t) = Fl[t, qt), DIF(t) = [jl\F[t, qt, ..., ¢t], (2.16)

which is easy to prove by induction on j. Let v = v denote v repeated n times. From (2.14)
and (2.16) it follows that

F[09* ] = FO(0)/5! = DJF(0)/[j]," (2.17)

3 Negative degree g-Bernstein bases

Let ¢ € (0,1). The ¢g-Bernstein basis functions of degree n > 0 on [0, 1] are defined by [25]
n n k
By (t;q) = f t°(t; @) ks k=0,...,n, (3.1)
q

and they reduce to the classical Bernstein basis functions (1.1) when ¢ — 1~.
The ¢-Bernstein basis functions of negative degree on the interval (—oo, 1) are defined by

tk

B."(tq) = Bax(a) ., k>0,n>0, (3.2)
(t; Dtk
Bala) = (—1)%q2) {THZ_ 1]; (3.3)

Notice that the g-Bernstein basis functions of negative degree reduce to the Bernstein basis
functions of negative degree (1.2) when ¢ — 1~. To distinguish the cases n = 0 of definitions
(3.1) and (3.2)-(3.3), we will write B} °(¢;¢) when n = 0 in (3.2)-(3.3).

It is straightforward to verify the following recursive relations:

1, k=0,
Bg(t§Q):{0 k20

Bt (tq) = (1 — ¢" ") BR(t; q) + " T BE_1 (8 q),
B tq) = (1= ¢" ™) Bt q) + ¢" B (8 q).

Solving (3.5) for B, "(t; q) we get

1 n+k72t

—n/y. _ -n . q —n (4.
B, "(t;q) = mBk tq) - mBk_l(t, q).

Another recursive relation similar to (3.5) is
B." M tq) = ¢ F(1 — ¢ B (6 q) + ¢ B (5 q).

These relations follow directly from (3.2)-(3.3) and (2.1).
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The functions B, "(t;q) are non-negative over the interval (—oo,0]. Figure 1 shows the
graphs of the first four ¢-Bernstein basis functions of degree —3 for ¢ = 2/3.

Figure 1: The first four ¢-Bernstein basis functions of degree —3 for ¢ = 2/3.

The g-Bernstein basis functions of positive degree can be built up from the ¢g-Bernstein basis
functions of degree 1, and the ¢-Bernstein basis functions of negative degree can be built up
from the ¢g-Bernstein basis functions of degree —1. To show how we need two propositions.

Proposition 3.1.

Bi(t;q) = Y Bi(t;q)Br (¢ *t;q), (3.6)
k+l=h

B,"(t;:q) = Y Bi(q""t;9)B " (tiq). (3.7)
k+l=h

Proof. We prove only (3.7) since the proof of (3.6) is similar. Replace n by n+1 in (3.5). Then
by (3.1)

Bgn(t; Q) — (1 o qn+ht)B}:nfl(t;q> + qn+h ltB n— 1(t Q)
= By(q""t;q) B, (t;q) + By (g™ 1t,q)Bhf1 '(t;q)

= Y Biq"Mt9)B "t q).

k-+i=h
O
Equation (3.7) implies that
1, h=0,
Bi(t;q) = Y Bid't:q)B ' (tiq) = {0 h£0. (3.8)
k+1=h
Proposition 3.2.
B," Mt;q)= > B ("t ), (3.9)
p+r=h
B," Mtiq) = Y _ B, '(tiq)B"(¢" 't q). (3.10)
p+r=h
7
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Proof. The proofs of these two identities are very similar, so we shall prove only (3.9).
From (3.2)-(3.3) and (2.2)

> BB (@) = Y (-1) [Hp_ 1}

p+r=h p+r=h

- ¢
(75; Q)n+h+1

h
= (1) ——g®) n“ﬂ = B," (t:q)
(5 @)1 q
O
Proposition 3.3. Let ¢ € {£1} and n > 1. Then
Bi'(t;q)= Y B (t;q)B,(q" "t q) By (¢ P e q) - By (¢" Pt g).
p1+"'+pn=h
(3.11)

Proof. The case n = 1 is trivial. We proceed by induction on n. By (3.11) with n replaced by
n — 1 and the inductive hypothesis,

j—1
j—Q € Z De
3 H tiq) = By (65 q). (3.12)

p2+--+pn=h—p1 j=2

On the other hand by (3.6) if ¢ = 1 and by (3.10) with n replaced by n — 1 if ¢ = —1 we have

B(t;q) Z 1) B V(' 7t q). (3.13)
p1=0
Substituting (3.12) with ¢ := ¢' =Pt into (3.13) we obtain (3.11). O

From Propositions 3.2 and 3.3 it follows that

B, Mtiq) = Y By"(t:q)B (¢ ). (3.14)
k+l=h

Next we list some basic properties of the negative degree ¢-Bernstein bases.

Proposition 3.4. The negative degree q-Bernstein basis functions satisfy the following prop-
erties.

1. Non-negativity:

B."(t;q) >0, te (—00,0]. (3.15)
2. Interpolation:
B;."(0;q) = k0, lim B, "(t;q) =0, lim (—1)"B;"™(t; q) = oo. (3.16)
t——00 t—1-
8
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3. Differentiation:

DyB; " (t;q) = ¢" ' [nly (B "Mt q) — Byt q)), (3.17)
DyB;"(t;q) = [n]g(By" " (t0) — B Hats a)).- (3.18)

4. Degree elevation
Bttt = g g - T g, @

5. Degree reduction:
_ ~ af[n+k-—1 n+k+j (1)
B "(t;q) = n B, (tq). 3.20
2 (tq) ;q {[ . L/[ - L} it q) (3.20)

Proof. Formulas (3.15) and (3.16) follow easily from definitions (3.2)-(3.3).

Formulas (3.17), (3.18), and (3.19) can also be derived directly from (3.2)-(3.3) and the
product rule (2.11).

To prove the degree reduction formula (3.20), we will use (2.8). Letting a = ¢ and ¢ =
¢""* 1t in (2.8), and using (2.4) and (2.7) yields

o

: n+k)j4j q n+k n+k
E: n+k+1tq (+)Jt]_1¢l<qn+k+1t'Q7q+t>_1_q+t-
J=0

Multiplying this equation by 8, x(q)t"/(t; ¢)nirs+1 and using (3.2)-(3.3), we obtain

Z(_l)jq(g)HnHkMB—".—l(t; q) = B, "(t;q),

e Briipsi(q) "

which by (3.3) reduces to (3.20). O

In the following proposition, we derive a formula for higher-order derivatives of the negative
degree g-Bernstein basis functions.

Proposition 3.5.
mp-—n mk ] n+m—1 i m j (j)—mj —(n+m)
Dy B, " (t; q) = ¢ [m],! > S| GBI . (3:21)
q q

m -
j=0

Proof. For m =1, (3.21) agrees with (3.17). We will use the identities

. k). _
Dyt* = [kK]t"",  Ditt = My = i =0,...,k,

and [ 1,
_ _ ; _ s+ — 1 _
Dy(t;q)5 " = [slo(t: @)t Di(t:iq); = [8_—1],”15; D5ty
J

Applying the g-Leibniz rule (2.12) and these identities, we derive

D7'By"(tq) = Bra(@) Dy (1 (4 9), i)
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Zz=qm—it

=ouat) Y- || Pp 0 (0

“tm] m+k+m—4—1) k], (i th=J
:6n’k(q>z{ ] [ J ]q Hq (k—7)(m—j)
q

. )
—o LJ [+ &k —1],! [k — ]! (& Dnethrm—
}m: m| [n+m — 1! [k]! k—j (k—5)(m—3)—(*37) p—(n+m)
= Mn . —1 J JAm=I 2 /B, . t;q),
Prla) =0 |:j:|q [n+k—1]q! = i t:9)

where to get the last line we used (3.2)-(3.3). Applying (3.3) for 5, x(¢) and simplifying the
last line, we obtain (3.21). O

Theorem 3.6 (Dual functional property). Let F(t) be a function that is analytic at t = 0.
Then in a neighborhood of t =0

~ k k ,
- ey DIF(0)
=S "EB"te),  Fe=)Y ot (—1ig()6) L (622)
k=0 j=0 [ j ]q Jla:
Proof. 1t follows from (3.16) that Fy = F(0). Using (3.21), we get
min{k,j}
n+k—1 k i () —ki
pire = "3 Zﬂ S Y HREER )
=0 q
Setting ¢ = 0 in this equation and using (3.16), we find that
k
n+k—1
DEF(0) = { ] kgt (-1 { ] Fj. (3.23)
J=0 q
To see how (3.22) follows from (3.23), we set
k—1
L U4 (O K I PR CE )
q
: : ko (—1)kd x , > .
Then (3.23) is equivalent to By = ) WA Define A(z) = Y A;z? and B(z) = ) Byz".
j=0 J j=0 k=0
Both A(z) and B(z) converge at z = 0 by our assumptions on F. From (2.5) we have
) k 00 ) i
Z )+~ ] ko ZAJZj (—1)":’ ki _ A(z)
k=0 ]:0 q' j=0 k=j [k_]]q' (_<]‘ _q>Z’q>OO
Therefore by (2.6)
=0 &
A(z) = (—(1=¢q)z;9)suB(2) = Z ~— 2’ ZBkZ :
j=0 la! k=0
e )
Comparing coefficients of 2* in the last equation yields Ay = > WB]-. So
j=0 K = Jlg¢*
Roy B ee)-tp
k= —q 2 j )
which by (3.24) reduces to (3.22). O
10
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4 The multirational g-blossom

The multirational g-blossom of degree —n < —1 of a continuous function F'(t) is a sequence
of multivariable functions f(uq,...,ur/v1,...,Vn;q), kK > 0, where k is the blossom order,
satisfying the following four multirational ¢-blossoming axioms:

A.1 Bisymmetry in the u and v parameters:
flur, o uk/vr, o Uk @) = f(Uo(iys - - s Ua(l) /Vr(1)s - - - Ur(ltn); )
for all ¢ € Sy, and 7 € Sk, where S, denotes the set of all permutations of {1,...,p}.

A.2 Multiaffine in the u parameters:

flur,....,(1 —@)wy + qws, ..., up/v1, ..., Vkin; q)
=1 —=a)f(uy,...,wy,...,u/V1,. .., Vksn;q)
+af(uy, ..., wo, ..., uk/V1, .., Vkin;q)

A.3 Cancellation property:
fur, o up—1, w/vr, o Vg1, w5 Q) = fur, oo up—1/01, - Ukn—1; Q)

A.4 g-Diagonal property:
f(=/t.at,....q" 't;q) = F(t).

If F(t) is continuous at ¢ = 0, we also require that F'(¢) is (n — 1)-times continuously differen-
tiable at ¢ = 0. Existence and uniqueness of the multirational g-blossom are established in [36].
Our goal here is to establish the dual functional property of this blossom. But first we need to
recall the main result of [36].

Theorem 4.1 ( [36]). Let F(t) be a continuous function. Then

flug, ..., ug/vr, o U @) = [0 — 1 {(E —w) -~ (t — uk)[(’;_lF(t)}[vl, ey Uksn)  (421)
is the unique multirational q-blossom of F(t).

Theorem 4.2 (Dual functional property of the multirational g-blossom). Let F(t) be a function

that is analytic at t = 0 and let f(uq,...,u/v1, ..., 0ek;q) be the multirational q-blossom of
F(t). Then
Ft)y=>Y f(Lqg ' ..., * V0" ) B (1), (4.2)
k=0

Proof. From (3.22) it is enough to show that

FLg g B0 R gy = 37 —n+[§]q1 (1yigls)-() DO

=,

By (4.1), (2.17) and the g-Leibniz rule (2.12)
f,q7h g B 0tk g
— {[n — 1,/ (=1)*q O (t; ) I F () } [09]

11
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S S >l e | o i

n+ k=1 = i

DI R () } (0).

Z:q"‘H@*l*it

Applying (2.10) to the last equation and setting j = k — i we get

Ead

f,q7 g B 0l tR) g)

{1  Jaer o 2R

To make effective use of the dual functional property, we need explicit formulas for the
multirational g-blossom of some standard functions.

(2

= |l

j=

]

Example 4.3 (The negative power basis [36]). The multirational q-blossom of the function

) _’ﬁ IR 1
e r— @t an(t/rig)n

s given by

(z—up) - (z — uy)
r—v1) (T — Vpyr)
since the right-hand side of (4.3) satisfies axioms A.1-A.4.

flug, .o yug/vr, . Unaks q) = ( (4.3)

Example 4.4 (The monomial basis [36]). Let P(t) = t™. The multirational q-blossom of P(t)

15 given by

2o (=1) us, i vz vy
A A P

where the sums are taken over all collections of indices {i1,...,ia} and {j1,...,js} such that

(i) the i indices are distinct, (i) the j indices need not be distinct, and (iii) o + 8 = m.

flug, - upfor, Vg @) = (4.4)

Proposition 4.5 (The negative degree g-Bernstein bases). The multirational g-blossom of order
k and degree —n of B;"(t;q) is given by

b;n(ul, - ,uk/vl, ooy Untks Q)
=Y By (@ ui;q)By, (¢ uzsq) - By (47 g q)
x By (013 0) B (0 02 ) By (07 P 0ssq) -+ By (027 05 ), (4.5)

where the sum is taken over all {pi,...,pr} and {ry,... ,rpix} such that > p, + > rs =i.

Proof. To establish (4.5), we need to show that the right-hand side of (4.5) satisfies axioms
A.1-A.4. We shall denote the right-hand side of (4.5) by b7™(u1, . .., ug/V1, - . ., Vnsx). To begin
we will show that ZNJZ-_ " satisfies A.1 for the u-variables only, since the proof of A.1 is similar for
the v-variables. We proceed by induction on k. For 0 < p < min{i, k} set

k j
i— > pu
Skiip = Skip(Ut, - .-, ug; q) = Z H B, (¢ = ujq).

2pj=pJ=l
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Then Sy, = B,(q" Pu1;q), S250 = (1= q'w1)(1 = q'ua), Szi1 = ¢' ' (ur +u2) — ¢* (1 +q)urus,
Soio = q*3uqus, which verifies A.1 for the cases k = 1,2. Next, for £ > 3, from the induction
hypothesis it follows that

z— X .
Sk AP Z " uy; q)Sk_l»i—PhP—Pl (u27 ey U, Q)

p1=0

is symmetric in us, ..., u, and

Sk P Z Z puk‘; Q)Sk—17i,p—pk (Ul, ey Uk—1; q)

pr=0

is symmetric in ug, ... s Ug—1- Therefore Sy ;, is symmetric in u4,...,u;. To continue with
the other axioms, clearly b, " satisfies axiom A.2. To show that axiom A.3 is satisfied, set
Unak = U = w. Then
i);n(uh e U—1, W UL, L Uy —1, W5 Q)
= B} (q" " ui;q)B), (¢ P uaiq) - - By (¢ =P w;q)
x B (vi;q) B (g va39) B (@7 0s5q) - By (g TR q)

Tn+k

=D > Bl (@=nTw))By L (6T s g)

h=0 pk+’f’n+k=h
X {ZB; (¢ Pruisq) -+ B) (¢ =P PRy q)

x B;l(vl;q)Bgl(qu% ) . B~ 1 (qZTsTn+an+klrUn+kl;q)}

Tn4k—1
=D B (@ uwiq) By (¢ E" i)
X B v q) By (v q) -+ B (g 0 q)

Tn+k—1
b;n(ul, . ,ukfl/Ul ey Ungk—1; q)?

where in line 4 we applied (3.8) with ¢ = ¢2="s~"+*w. Hence axiom A.3 holds. Finally it follows
from (3.11) that

biM(—/tgt....q" g = > B '(tq)B, (¢"tgq) - B (¢t q)

r1+Fra=t

= Y B '(t9)B,'(¢""tq) - BN T q) = Bt q),

ritetrn=i
which establishes axiom A.4. By the uniqueness of the multirational ¢-blossom b, " = b;". [

To give a simple example to Proposition 4.5, consider the multirational g-blossom of By (t; q).
Fork=1andn=1,

bl(urforv0iq) = > By (¢ P ug q) B (v19) By (07 02 q)

p1+ri+re=1

= B{(u1;q)By ' (v1;9) By ' (v2;q) + By(qua; ¢) By H(v1;9) By ' (qua; )
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+ By (qua; 9) By ' (v1;.¢) By (a3 9)
_ (1 = quiva)us + (1 + q)uivge — (v1 + v2)
(T —v1)(1 = qui)(1 —v2)(1 — quo)

It is easy to derive the same blossoming formula for By (t; ¢) from equation (4.1).

5 Identities for negative degree ¢-Bernstein basis functions
based on the multirational ¢-blossom

In this section we derive identities for the negative degree ¢-Bernstein bases using the dual
functional property of the multirational g-blossom. As expected, when ¢ — 1~ each of these
identities yields a known identity for the standard negative degree Bernstein bases [11].

The following theorem provides a new g¢-variant of Marsden’s identity.

Theorem 5.1 (Marsden’s identity).

00 _ k) 2 9);
Z (@i q) B (t;q). (5.1)

l.k:+n
=0

:] |

Pl (x — q’t

Proof. By Example 4.3 the multirational ¢-blossom of the left-hand side of (5.1) is

(xr —wuy)- (v — ug)
o0~ D)

f(ub'"7uk/vlu"‘)vn+k;q) -

Hence by the dual functional property (4.2)

Next we give a very simple proof of the partition of unity property.
Theorem 5.2 (Partition of unity).
=> B"(t;q). (5.2)
k=0

Proof. The multirational g-blossom of the function F'(t) = 11is f(uy, ..., ug/v1,... Upsk; q) = 1,
so f(1,¢7t,...,q*V/0"*+R): ¢) = 1. Now (5.2) follows immediately from the dual functional
property (4.2). ]

Theorem 5.3 (Monomial representation).

. k
S %qu(zm)(@gk—n@; 2. (53)
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Proof. By Example 4.4 the multirational ¢g-blossom of F'(t) = t™ is given by (4.4). Denote the
numerator of the right-hand side of (4.4) by

¢(U1, s 7uk/vla s 7Un+k> - Z<_1)Bu11 T Ui Uyttt Ugge

Setting all the v parameters to zero yields

Qbk’m(Ul,...,Uk) = ¢(u17'°‘7uk/0<n+k>) - Z uiln'uim'

1<i) <+ <im<k
By [31, Lemma 3.2], ¢pm(1,q,...,¢"") = q( )[ } which together with (2.3) yields
bem(Lg g ¢ D) = ¢ (3) m _ m S0,
1/q q

m m
Finally (5.3) follows from the last equation, the dual functional property (4.2), and (4.4). O

The last identity in this section is a reparametrization formula for negative degree g¢-
Bernstein basis functions. For the proof of this formula we need the following lemma.

Lemma 5.4. Let b, "(uq,...,ug/v1, ..., Unsk;q) denote the multirational q-blossom of order k
and degree —n of B;"(t;q) and let k > i. Then

b;n(u17"7uk/0<n+k>;q) :bf(u:l?"'?uk; 1/q)7
where bY is the g-blossom of the q-Bernstein basis function BF(t;q).
Proof. Setting v; =0, j=1,...,n+k in (4.5), and using (3.1) and axiom A.1 yields

b (un, k0 g) = Y Bl (¢ uaiq) By, (¢ P ugiq) - -+ By, (ugi q)

p1tetpp=i
= > B (u;0)B(¢"uiq) - By, (¢ us q)
p1tetpp=i
= Y B (u;1/q)B),((1/q) " ua; 1/q) -~ B}, ((1/q) s 1/q).
p1tetpp=i

By definition b;"(uy,...,u,/0""®;q) is symmetric and multiaffine. Set u,, = (1/q)™ ¢,
m = 1,...,k. Then the diagonal property follows directly from Proposition 3.3. Therefore
b (uy, . . ., up /0 R g) is the 1/g-blossom of BF(t;1/q). O

Theorem 5.5 (Reparametrization formula).

"(rt; q) ZB’“ r;1/q)B. " (t;q). (5.4)

Proof. Take a function F' with multirational g-blossom f. Then f(ruy,...,rug/rvy, ..., 0501k q)
is the multirational ¢-blossom of F'(rt), since it satisfies axioms A.1-A.4 for F'(rt). In particu-
lar b; " (ruy, ..., rug/rvy, ..., TOn4k; ) is the multirational g-blossom of B; "(rt; q). Now by the

dual functional property (4.2), Lemma 5.4, and axiom A.4

"(rt; q) Z by rqt, . rg BY o tR) q)B,"(t;q)

Zbe(Mq’l,--., rg”*"Y;1/q)B ZB’“ r;1/q) By (5 q)-
k=i
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6 Conversion between the ¢-Taylor bases and the negative

degree ¢g-Bernstein bases
Homogeneous blossoms are primarily used to represent derivatives, and to derive formulas and
algorithms for derivatives of Bézier curves both in the classical and in the quantum settings
[13,16]. Previously we have shown that the homogeneous multirational ¢-blossom can be used
to represent g-derivatives [36]. We shall now use the homogeneous multirational g-blossom to
convert between the ¢-Taylor bases and the negative degree ¢-Bernstein bases.
The degree —n homogeneous multirational g-blossom of a degree —n homogeneous function

F(t,w) is a sequence of functions f((u1,71), ..., (ug, 7%)/(v1,w1), . .., (Vnik, Wnik)) that satisfies
the following four axioms [36]:

1. Bisymmetry in the (u,r) and (v,w) parameters:

f((uh Tl)) ey (uk‘a Tk)/(Ul,wl), R (Uk‘-i-na wk-l—n)) Q)
= f((ua(l)> rU(l))? ) (ua(k)7 7,cr(k))/(vfr(lﬁ wT(l))? R (UT(k+n)7 wT(k—i—n)); Q)7

for all permutations o € S, and 7 € Sgip-

2. Multilinearity in the (u,r) parameters:

flur, ), cluyr) +d(piy Si)s - oy (Ugy Tr) (01, 01)5 -+ oy (Vs Whan )5 @)
= Cf((u17 Tl)? SRR (uivri>> SR (uk7 Tk)/(vlawl)u SRR (Uk+n7 wk—l—n); Q)

+ df((u17 Tl)? SR (pi7 Si)a SRR (ulwrk)/(vla w1)7 ceey (karnawarn); Q)
3. Cancellation property:

f((Uh 7’1), ceey (kal, kal)a <p7 3)/(1117 wl), Ce (Un+k717 wn+k71)7 (p, S)§ Q)
= f((ul, 7"1), Sy (uk—lark—l)/(vlawl)a ceey (Un+k—1a wn+k—1); Q)-

4. g-Diagonal property:

F(=/(tw), (gt w), ..., (q" 't w);q) = F(t, w).

In [36] the existence and uniqueness of the homogeneous multirational g-blossom are established.
In addition, the following explicit formula for this blossom is provided:

f((uh Tl)v SR (uk’ rk>/<vlv wl)? BRI (vn+k7 wn—l—k); Q)

1 _ U1 Un+k
= fm—1rt —uy) - (rpt —u) IR | —, ... . 6.1
oy U = Ut —w) - (et = w) [T F () {wl, ,wm} (6.1)

It is also shown in [36] that g-derivatives of differentiable functions can be computed by

n+k—1],!

DEF(0) = (-0 T 0 gt ), (62)

where § = (1,0) and ¢/t represents (¢’t, 1).
Let F(t) be an analytic function at t = 0. To convert from a negative degree g-Bernstein
basis of degree —n to the ¢-Taylor form, consider the ¢-Taylor basis

k-1
M,?(t;q):(—1)’{7”!C ] o k=01,....
q
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For k > 0 let {Q%} be the homogenized coefficients in (4.2), that is
b= Fe= LG g SN0 ),
where 0 = (0,1), 1 = (1,1), and ¢~ = (¢~%,1). For d > 1 define recursively
Qr=q"(Q1— Q-
Then it is straightforward to show that
Q=[O0 1,7, .., g VD),

In particular QF = (6% /0(+k): ¢), which by (6.2) and the ¢-Taylor expansion (2.13) are the
coefficients of F(t) in the ¢-Taylor basis {M]!(t;q)}.

Conversely, it is also possible to convert F(t) from the ¢-Taylor basis {M}'(¢;q)} to the
negative degree ¢-Bernstein form of degree —n. Let R = f(5%/ Ofnth), q) be the coefficients of
F(t) in the basis {M]'(t;q)} and for d > 1 define recursively

Ri = VREL L R
It is straightforward to verify that

In particular
Ry =f(L,q " ....g "D /0" ) q) = By,

which by the dual functional property are the coefficients of F'(¢) in the basis {B, "(¢;q)}.
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