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Abstract

Ordinary univariate Bernstein polynomials can be represented in matrix form using factor
matrices. In this paper we present the definition and basic properties of such factor matrices
extended from the univariate case to the general case of arbitrary number of variables by us-
ing barycentric coordinates in the hyper-simplices of respective dimension. The main results
in the paper are related to the design of an iterative algorithm for fast convex computation
of multivariate Bernstein polynomials based on sparse-matrix factorization. In the process
of derivation of this algorithm, we investigate some properties of the factorization, including
symmetry, commutativity and differentiability of the factor matrices, and address the rele-
vance of this factorization to the de Casteljau algorithm for evaluating curves and surfaces on
Bézier form. A set of representative examples is provided, including a geometric interpretation
of the de Casteljau algorithm, and representation by factor matrices of multivariate surfaces
and their derivatives in Bézier form. Another new result is the observation that inverting
the order of steps of a part of the new factorization algorithm provides a new, matrix-based,
algebraic representation of a multivariate generalization of a special case of the de Boor-Cox
computational algorithm.

AMS Subject Classification: 15A23, 15A27, 65D07, 65D17, 65D10, 65F30, 65F50
Keywords and phrases: Bernstein polynomials, matrix factorization, de Casteljau algo-
rithm

1 Introduction

Univariate Bernstein polynomials were introduced by Sergei Bernstein [1] in his proof of the Weier-
strass approximation theorem. They have been studied extensively in the literature since then,
see, e.g. [2], or a textbook on approximation theory, e.g., [3].

Bernstein polynomials consitute the basis of Bézier curves and surfaces [4], and they are com-
monly used as basis functions in spline constructions [5, 6]. One way of representing Bernstein
polynomials is by matrix form as factor matrices. Such matrices are related to de Casteljau’s
corner cutting algorithm [7]. The univariate case of Bernstein factor matrices was addressed in [8],
however, univariate Bernstein factor matrices seem to have been exposed and used prior to that,
see e.g. [9], where the de Casteljau algorithm is expressed on matrix form, or the method presented
in [10, algorithm 12]. In addition, we mention that Tom Lyche and Knut Mgrken have been using
a slightly different matrix representation of B-splines in their lecture notes [11] at the university of
Oslo. A particularly attractive property of the de Casteljau algorithm and its matrix-based version
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is the convexity of computation, whereby the total accumulated error of computation stays within
the convex hull of the errors made in the process of the algorithm’s iterations.

The definition of ordinary Bernstein polynomials can be generalized with preservation of the
convexity-of-computation property by using barycentric coordinates, see e.g. [12, 13]. In this paper
we investigate symmetric and recursive properties of the factor matrices for higher dimensions of the
polynomials’ argument. Furthermore, we present an equivalent recursive definition which facilitates
the construction of Bernstein factor matrices for arbitrary dimensions of the barycentric argument,
and investigate some properties which follow from the layout and construction of the matrices. We
are interested in these findings mainly because the factorization can be seen to correspond to the
de Casteljau algorithm and to a special case of the de Boor-Cox recursion formula for B-splines.
Parts of the results, including an outline of the recursive definition of the Bernstein factor matrices,
were announced in [14].

The organization of the paper is, as follows. In subsection 1.1 we provide a brief description of
Bernstein polynomials, the Bézier representation of polynomial curves, and univariate Bernstein
factor matrices. Subsection 1.2 is concerning some properties of the algebra of square matrices.
We generalize the factor matrices to the multivariate setting in section 2, via first considering the
case of R2, and then the d-variate case. Then in section 3 we address the directional derivatives of
Bernstein polynomials and Bernstein factor matrices in the multivariate setting. Section 4 covers
the relevance of the factorization to the de Casteljau algorithm, followed by some examples of
how the construction can be used. Proofs of some of the lemmas and theorems are provided in
section 5. Finally, in section 6, we give our concluding remarks where we suggest some topics for
future work.

1.1 Univariate Bernstein polynomials and curves on Bézier form

Computing the binomial expansion

Il=0t+(1-t)" = Z <’Z>ti(1 -,

i=0

where ¢ € R, leads to the Bernstein polynomials [1] of degree n,

Br(t) = (’Z)tiu—t)n—i, i=0,....n, (1)

which satisfy a number of important properties, including linear independence, symmetry, roots at
0 and 1 only, partition of unity and positivity (i.e., convex partition of unity) in (0,1). They can
be expressed through the following (convex) recursion formula:

BY(t) =B/ (t) + (1 = ) B} (1), (2)

where B"]' = B?~! =0 and BJ = 1.

Since the n + 1 linearly independent Bernstein polynomials B form a basis for all polynomials
of degree < m, any polynomial curve c(t) of degree < n has a unique n-th degree Bernstein-Bézier
representation

n
c(t) =Y B (1), (3)
i=0
where the coefficients c; € RY, called Bézier points [13], are elements of an affine space, i.e., the ele-

ments of R? are points with coordinates defined with respect to a frame, consisting of origin with co-
ordinates (0, ...,0) and the canonical orthonormal basis with coordinates (0,...,0,1, 0,...,0 ).
—— —— ——

d times i—1 times n—i—1 times
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We note that the Bernstein-Bézier representation is sometimes referred to as the B-form, as sug-
gested by Carl de Boor in [15].
The curve in (3) can be evaluated using de Casteljau’s corner cutting algorithm [7] by letting

c? = ¢; and repeatedly applying the recursion formula for Bernstein polynomials in (2):

COBn c Bn 1 _ CnBO n
Z Z Z

where ci? =(1- 75)02“71 + tcf_;f are intermediate points of de Casteljau’s algorithm. This recursive

convex linear interpolation between two points can be expressed in matrix form as outlined in [8].
As an example, computing from right to left, for n = 3:

Co
1—t ¢ 0 0
c(t)y=(1—t t)<10_t 1tt ?) 0 1-t t 0 21 (4)
- 2
00 1t i)\

By consecutively multiplying the matrices in (4) from right to left, the dimension of the vector on
the RHS is reduced by 1 for each computation. The factor matrices are of dimension n x (n + 1)
given by their number of rows and columns respectively. It follows that (3) can be rewritten as

c(t) = T1(1)T2(t)Ts(t)c, (5)

where ¢ = (cg, €1, g, c3)” and the factor matrices are denoted by T,,(¢). As noted in [10], comput-
ing the three matrices from the left results in a vector containing the four Bernstein polynomials
of degree three:

T ()T2(H)T3(t) = (1 —1)® 3t(1—1)? 3t3(1—t) t°)
= (B3(t) Bi(t) Bi(t) Bi(t)).

This method can be seen as a special case of the de Boor-Cox recursion formula [16, 17] for
B-splines, since B-splines are the proper generalization of Bézier curves [18].

The curve c(t) can be evaluated by multiplying the vector of Bernstein polynomials together
with the vector of coefficients c. We introduce the following matrix notation for the set of Bernstein
polynomials of degree n:

B"(t) = T1(t)T2(t) - - - T (). (6)

Thus, by applying (6) to (5), the cubic Bézier curve in (4) can be expressed as

c(t) = B¥(t)c.

The binomial in (4) can be expressed using barycentric coordinates simply by substituting 1 —¢
with v and ¢ with w, so that (v,w) is a barycentric coordinate with respect to a line segment
= (10 11) C R, where v + w = 1. The first three matrices of (4) would then become

v w 0 v w 0 0
T1T2T3:<v w)( ) 0 v w 0 |. (7)
0 v w

0 0 v w
Prior to introducing multivariate Bernstein polynomials, we provide a brief description of square
matrices and some of their properties, which we shall use in some of the proofs and examples in
the sequel of this paper.
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1.2 The algebra of square matrices

N-th order square matrices form a vector space with respect to the ordinary summation of matrices
and multiplication with a scalar [19, §93 (Example 1), §94]. Its dimension is N2, and one basis in
it is provided by the canonical matrices E;; = (5%64]-),61\’,@:1, i,j=1,...,N, where

5 = {1, it i=j,

0, otherwise,

is the Kronecker delta. For the linear span of the so-defined canonical basis we shall use the
notation E = Exyxn = Enxn(F) where F denotes the field of scalars of the linear span and where,
in our case, we shall always consider only the case F = R (real scalars). It is well-known, that
when endowed with matrix multiplication, Exyx becomes a non-commutative algebra [19, §93].
Since in the sequel we shall not be using all the properties of Enxxn as an algebra (for example, we
shall not be discussing inverse elements in Ey ), our choice here is to provide a self-consistent
presentation of only those of the properties of the algebra Ey«n which are of relevance to this
article through the next few lemmas.

Lemma 1. The dimension of the space En«n is determined by the largest dimension of the
matrices involved in a given multiplication. For instance, let
AB =C,

where A, B and C are matrices with dimensions K x L, L x M and K x M, respectively. Then
N = max{K, L, M}, and we can, for instance, express the matrix A as

N N
Engny = Zzaszkz,

k=11=1

where ay; are the entries in A, which we define to be zero if k > K or if | > L. The result is a
space Enxn which contains A as element of the linear span of F;; for the first K values of i and
the first L values of j, i.e., corresponding to a K x L-rectangular submatrix situated in the upper
left corner of the N x N square matrix. Entries from B and C can be obtained analogously.

Lemma 1 allows us to simplify the considerations for multiplication of several algebrae [19, §94
(item 2)], to a consideration within one single algebra Ey v of sufficiently high order N [19, §93
(item 1)].

Lemma 2. The product of two basis matrices is
EijEre = 01 Fse, (8)
where i,j,k,f=1,...,N.
Formula (8) is a concise form of the respective formula in [19, §93 (item 1)] and a simplification

of the respective formulae in [19, §94 (item 2)]. This will prove essential in the proofs of our main
results, because there (8) will be used iteratively.

Lemma 3. Let A = (aij)ﬁif’[j:l € Enxn, B= (bkl);cvéjf,lzl € Enxn, C = (cmn)rjx’:NLn:l €

Exxy and D = (dpq);vz’]iqzl € Enxn be four matrices. Then AB — CD is an element of Exxn,
defined by

N N[N
AB - CD = Z Z Z (aarbrg — cardrg)| Eag. 9)

a=1p=1 =1
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For the particular case when C = B, D = A in formula (9) we obtain the following:

Corollary 4. The commutator of A = (aij)?g\fjd € Eyxn and B = (bkl);c\l];[,lzl € Enxn
is an element of Ey« y, defined by

N N N
[A,B] =Y > D (aarbas — argbar) | Eap.
a=18=1 Lx=1

2 Multivariate Bernstein polynomials

The symmetric properties of the Bernstein polynomials suggest that barycentric coordinates are
a natural choice to represent multivariate scenarios. We proceed by considering factorization of
the Bernstein polynomials in two variables expressed in barycentric coordinates with respect to a
triangle in R?. Then we shall generalize the resulting factor matrices to the multivariate setting,
with a recursive definition based on a particular decomposition of the matrices into submatrices.

2.1 Bivariate Bernstein polynomials

Proceeding as in (1), we compute the trinomial expansion

l=@u+v+w)" = Z <Z ;,lk)uivjwk, (10)

0,4,k

where i, j,k > 0 and ¢ + 7 + kK = n. This leads to the Bernstein polynomials of degree n,
Bl (u,v,w) = N P (11)
R i, J,k ’

where (u, v, w) is the barycentric coordinate of a point p with respect to a triangle A = (ag, a1, az) C
R?, (i,7,k) € {0,1,...,n}? and i + j + k = n. We note that (u,v,w) represents a local parameter
with respect to A and p a global parameter, since p = Au = agu+a;v+asw, with u+v+w = 1.

The recurrence relation for Bernstein polynomials associated with a triangle A C R? in homo-
geneous barycentric coordinates is defined (see e.g. [12, 13]) as

n o __ n—1 n—1 n—1
ijk — U’Bz‘—l,j,k + vBi,j—l,k + wBi,j,k—D (12)

where we consider expressions with negative subscripts to be zero. It is well known [12] that the
Bernstein polynomials

5 =Bl itj+k=n (13)
form a basis for the space of polynomials of degree n. Thus, given any triangle A, every polynomial
p of degree n has a unique Bernstein-Bézier representation

p= Z CijkBZ‘ka (14)
i+j+k=n
where Bj7, are the Bernstein polynomials associated with A.
In the sequel we shall assume a lexicographic order of the ("JQFZ) Bernstein polynomials, as

provided in (13) and (14), such that By, > BJ%) when r >4, or if r =4, then s > j, or if r = i and

s =j, then t > k. As an example, the order of BJ}; for i +j+ k =n and n = 3 is the following:

3 3 3 3 3 3 3 3 3 3
B3oo > Bj1g > Bg1 > Biag > Bi11 > Biga > Bysg > B > Biia > Bios-
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We use the recurrence relation in (12) to define the triangular (bivariate) Bernstein factor
matrix in homogeneous barycentric coordinates, as follows:

Definition 5. The Bernstein factor matrix Ts,(u,v,w) is a ("3') x ("1?) band-limited

matrix with three non-zero elements on each row. The columns of Ts ,,(u, v, w) correspond to
the (”32) vectors of terms of the recurrence relation in (12) in lexicographic order, such that the
non-zero elements in every column are

1. positioned according to the lexicographic index numbers of the Bzﬁl on the RHS, and

2. taking the values of their associated variables; u, v, or w.

It follows immediately from Definition 5 that the first three triangular (bivariate) factor matrices
in homogeneous barycentric coordinates are as follows:

Toi=(u v w), (15)
u vow ‘ 0 0 O
Too=( 0 v 0|v w 0 |, (16)
0 0 |0 v w
u v w 0 0 0|0 O O O
0O vw 0 v w 0|0 0 0 O
0 0 v 0 v w|0 0 0 O
Tes= 00 w0 0lvwo0 0| (17)
00 00w 0|0 v w O
00 00 0 w0 0 v w

where the horizontal and vertical lines are used to annotate sub-matrices, which we shall describe
later.

We find it appropriate to include the following lemma, which states that the proposed factor
matrices are a factorization of the set of Bernstein polynomials in three variables in barycentric
coordinates.

Lemma 6. The Bernstein factor matrices {Ts;}? ; factor the Bernstein polynomials BY:
T271T272 s Tg,n = Bg (18)

By investigating the matrices in (7) and (15)-(17) we observe that a specific Bernstein factor
matrix consists of four sub-matrices: The upper left sub-matrix is the factor matrix of the same
dimension but of one degree lower. The lower right sub-matrix is the factor matrix of one dimension
lower but of the same degree. The upper right sub-matrix is a zero matrix. In the lower left sub-
matrix the only non-zero elements are on the diagonal from one of the entries on the top to the
lower right element. We shall use the term right diagonal, since it can be seen as a main diagonal
which is shifted as far as possible to the right in a square matrix.

It turns out that this relation holds for arbitrary degree of the factor matrices. We, therefore,
summarize the findings in the following lemma.

Lemma 7. The factor matrix Ty, (u,v,w), for degree n > 1, consists of four sub-matrices,

such that ( ) ‘
To,—1(u,v,w 0 )
T u,v,w) = : ia,
st ) = (S

where Tgff:g(u) is a matrix where the only non-zero elements are on the right diagonal and equal
to u.
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2.2 The d-variate case, d = 2,3, ...

Multivariate Bernstein polynomials over a d-dimensional simplex A C R? are defined in [13] as

follows:
Bl'(u) = (7}>ui = < K . )ug’ ...uzld, (19)
i 10y .-+, 1q

where i = (ig,...,iq) € {0,1,...,n} L |i| =d9 + - +ig =n, u= (ug,...,uq) is the barycentric
coordinate of a point p with respect to 4, ul = (ué" e uild), and ug+---+uqg = 1. There are (”;d)
Bernstein polynomials of degree n. They form a basis for all d-variate polynomials of total degree
< n, they form a partition of unity and are positive for u > 0, which is one reason to consider
Bernstein polynomials over the simplex A.

The following recurrence relation holds for the Bernstein polynomials in (19):

Bf'(u) = uOBi"__et +- 4 udBi"__eE, (20)
where ey, ..., eq represents the columns of the (d + 1) x (d + 1) identity matrix, B§ =1, BY =0
if i has negative components, and |i — e;| = n — 1. We shall assume a lexicographic order of the
multivariate Bernstein polynomials, similar to the R? case, based on the index numbers i, . . ., iq4.
The Bernstein factor matrices for arbitrary number of variables are defined as follows:

Definition 8. The Bernstein factor matrix Ty, (uo, ..., uq) is a (”+§l_1) X ("Jdrd) band-limited
matrix with d non-zero elements on each row. The columns of Ty, (ug, ..., uq) correspond to the
(”gd) vectors of terms in the recurrence relation (20) in lexicographic order, such that the non-zero

elements in every column are

1. positioned according to the lexicographic index numbers of the B"' on the RHS, and

1—€y

2. taking the values of their associated variables; ug, u1,- -+ , or uq.

We recall Lemma 7, which can be extended to the multivariate case. An outline of a proof is
to use the recurrence relation provided in (20) and Definition 8, which is similar to the proof of
Lemma 7. We use this to propose an alternative equivalent definition of the multivariate Bernstein
factor matrices of arbitrary degree, based on recursion of the sub-matrices, as summarized in the
following theorem, which is a main result:

Theorem 9. The Bernstein factor matrix Ty, (u) is a (”+Z_1) X (";d) band-limited matrix

with d + 1 nonzero elements on each row. The matrix is defined recursively as follows:

Tdn,l(uo,...,ud) ‘ 0 >
Tqn(ug,...,uq) = ’ T , 21
an(U0 a) < T8 (uo) | Ta—1n(ua, ... ua) (21)
where d > 0 is the dimension, n > 1 is the degree, T, = (uq) for ¢ < n, Tp1 = (Ua—p,. .., Ud)

for p < d, and Tgfig(ud,q) is a matrix where the only non-zero elements are on the right diagonal
and equal to uq_q.

In the following we will in some cases omit specifying the parameters of the matrix T and its
sub-matrices for simplification. We note that the sub-matrices in (21) are such that Tg,—1 is of

size (") % ("), Ty yis (M4) x (754 and THE is (4572) x (5%). The upper

right sub-matrix is a (d+zf2) X (";f;l) matrix where all the entries are zero.

Lemma 10. The entries in every row in Tg4,(u) are either 0,uo, ..., or ug, such that each of
the elements uyg, ..., uq occurs once, in increasing order, with optional zeros in-between.
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For the sake of clarity, we formalize that the proposed factor matrices are a factorization of the
set of Bernstein polynomials in d variables, similar to Lemma 6 for the R? case, in the following
lemma.

Lemma 11. The Bernstein factor matrices {Tq;}}_; factor the Bernstein polynomials B}:
Tg1Tg2---Tqn=B]. (22)

We include the following lemma concerning a symmetry property of the Bernstein factor ma-
trices:

Lemma 12. Given the barycentric coordinates u = (ug,...,uq) and z = (2, ...,2q) with
respect to a d-dimensional simplex A. Then

Tar-1(2)Tqr(u) = Tgp_1(a)Tqr(z). (23)

3 Directional derivatives

Let us consider the line given by
I(t)=p+tv,

where p = agug + - - - + agug where ug + - - - +ug = 1 is a point in R? with barycentric coordinates
u = (ug, U, .., Uq), (24)
and v = agyg + - - - + aqug where vg + - - - + vy = 0 is a vector with barycentric coordinates
v = (vg,v1,...,04), (25)

and a polynomial s(u) in Bernstein-Bézier form:

s(p) = Y eiBf'(u). (26)

li|=n

Consider R with Cartesian coordinates ug, 11, . . ., ug, a (d+ 1)-variate sufficiently smooth func-
tion o (ug,u1, . ..,uq) and a unit vector in R4T! with Cartesian coordinates (vg,v1, ..., vq):

dop=1 (27)

d
k=0

The 1-st directional derivative of o at u® = (u,u?,...,u%) € R4 in the direction of the vector

v = (vg,v1,...,0q) satisfying (27) is, as habitual,

. d
i, 7o) )

where o(t) = a(u® + tv), t € (0,t0), 0 < ty < o0.
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Definition 13. The 1-st directional derivative of s(u) = s(ug,u1,...,uq) at the point
p = (ud,uf,...,ud) € R? in the direction of the vector v = (v,0?,...,09) € R? where u?,v?,
k=0,1,...,d are barycentric coordinates in R? satisfying (24) and (25), respectively, is the direc-
tional derivative in R9*! in the particular case when u’ = p belongs to the affine manifold (hyper-

plane in R4*+1) {(uo,ul, oo ug) € RIFL: ZZ:O up = 1} and the directional vector v belongs to
the intersection of the unit sphere {(Uo, v1,...,0q) € R ZZ:O vi = 1} and the d-dimensional

subspace (hyperplane in R4+1) {(vg, v1,...,0q) € RIHL: Zizo v =0¢.
Directional derivatives in barycentric coordinates of order higher than first are defined analo-
gously.

From the chain rule, using also the properties (24) and (25) of the barycentric coordinates and
Definition 13, we have that

Dvs(p) = UODuoS(p) +o 4+ UdDudS(p)'

Partial derivatives of a Bernstein polynomial with respect to each of its parameters can be
obtained as 5

n o__ n—1
—8% B = nBiiej,
where i is a multiindex, |i| = n, |i —e;| =n — 1, and B; = 0 if j has a negative component. This
gives rise to the following lemma, which can be found in a trivariate setting in [12]:

Lemma 14. For arbitrary ig+- - -+1iq = n, the directional derivative of a Bernstein polynomial
B!'(p) in the direction of v is
DyB}(p) = n [voB L (u) + - + v B! (u)] . (29)

i—eg 1—eq

Recall from Lemma 11 that
Bj(u) =Ty1(0)Tg2(u) - Tyn,(u). (30)

This product of matrices can be differentiated by the same formulae as if the factors were numbers.
If T'(u) is a matrix whose entries are functions of u, then the derivative in the direction of v, D, T
of T, is defined as the matrix obtained by differentiating each entry of T with respect to v.
The entries are obtained by differentiation of linear convex combinations, which yields constants
independent of u.

We formalize the definition of the derivative of the Bernstein factor matrix Ty, (u):

Lemma 15. The derivative of a Bernstein factorial matrix in the direction of v = (vp, ..., vq),

-Dde,n = Td,n (V)a

is a (d:ﬁzl) X (di") band-limited matrix with d + 1 nonzero constant elements on each row

(independent of u).

We note here that the submatrix DVijng is zero if vy = 0, since the only non-zero elements in

Tjiig are equal to vg. Furthermore, since Ty_1 ,,(v) does not contain vy, the submatrix Dy T4_1 ,,
is zero if v = -+ = vg = 0, i.e. if Dy corresponds to the partial derivative D, .

The remainder of this section is partially based on an analogous treatment of univariate B-
splines on matrix form in [11], adjusted here to the setting of multivariate Bernstein polynomials.
The following well-known rule for differentiating a product of two matrices will be used in order
to find the derivative of the factorization.
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Lemma 16. Let A and B be two matrices with compatible dimensions for the matrix product
AB and with entries that are functions of (ug, . ..,uq). Then

D(AB) = (DA)B + A(DB).

By applying the rule from Lemma 16 to the product of (30), we get
DyBjj(u) = Tai(u)- Tap_1(0)DyTarTarr1(u) - Tan(w). (31)
k=1

Formula (31) can be simplified by applying the following lemma:
Lemma 17. The matrices Ty ;1 and Ty, satisfy the relation
DyTgr-1Tqr(u) =Tgr_1(a)DyTqp, (32)

for k > 2, any u = (ug,...,uq), ux € R, k =0,1,...,d, and any given direction v = (vg,...,vq)
with ZZ:O vE > 0.

The differentiation operator Dy, in (31) can be shifted between the matrices by using (32), and
by making use of Lemma 15 we obtain

DyBi(u) =nTg1(u) - Tgn_1(0)DyTan =nB Ty, (v). (33)

We are now ready to provide one of the main results, a theorem which states that the r-th
directional derivative of the set of Bernstein polynomials B} can be obtained by differentiating r
of the factor matrices.

Theorem 18. Given a set of Bernstein polynomials BYy(u) and the directions v1,...,v,, for
1 <r <n. Then

n! n—r
Dy, -+ Dy, Bj(u) = de (WTan—rt1(v1) - Tan(vy). (34)

We recall from (26) that any d-variate polynomial of degree n has a Bernstein-Bézier represen-
tation,

s(u) = Bjj(u)c,

where ¢ = (co e Cd)T. Next, we obtain the following via applying Theorem 18:
Corollary 19. Given a polynomial s(u) on Bernstein-Bézier form and the directions vy, ..., v,.
Then

.DV1 s Dvrs(p) = (nﬁ!’r_)!Brdlr(u)Td,nr+1(V1) o 'Td,n(vr)c' (35)
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4 Relevance to the de Casteljau algorithm

The Bernstein polynomials form a basis; thus, every d-variate polynomial s(u) has a Bernstein-
Bézier representation with respect to a reference simplex A:

s(w)= ) ¢Bf(u), (36)

li|=n

which can be evaluated with de Casteljau’s algorithm by applying the recurrence relation in (20).
Similar to the case of curves, we obtain

sw)= Y B (u),

lil=n—1

and, after n — 2 steps,
s(u) =) ' B(u) = co..0,
li|=0

where ¢f = uoc{“*1 + -+ udcf_;eld,

i iteo with |[i| = n,...,0, are intermediate coefficients. These
intermediate coefficients are polynomials of degree k.
The directional derivative of a polynomial in Bernstein-Bézier form is formulated, based on a

description in [13], as follows.

Lemma 20. The directional derivative of a d-variate polynomial s(u) on Bernstein-Bézier
form, at the point p in the direction of v, is given by

Dys(p) =ny_diB{ " (u),
j

where
d;j = voCjte, + -+ + VaCjte,

are the intermediate points resulting from the first step of the de Casteljau algorithm based on the
barycentric coordinates of v.

We observe that the coefficients of the first derivative of a polynomial on Bernstein-Bézier form
are as provided by Lemma 20 and verify that Dys at the point p with barycentric coordinates u
can be evaluated using the de Casteljau algorithm by applying one step of the algorithm using v
and then n — 1 steps using u.

We abbreviate the intermediate points dj, using the notation from [13], by d; = A,c;. Higher-
order derivatives are obtained in the same way, e.g., an r-th directional derivative Dy, --- Dy s
has the Bézier coefficients Ay, --- Ay, cj, where |j| = n — r. The following result is obtained by
applying Lemma 20 repeatedly.

Lemma 21. Given the directions vi,...,v,, for 1 <r <mn. Then,
n! () pn—r
Dy, -+ Dy, s(p) = (n—r)! Z dJ' B (u),
j=n—r

where ngT) are the intermediate points obtained after performing r steps of the de Casteljau algo-
rithm using vi,...,V, in this order.
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One consequence of Lemma 21 is that Dy, --- Dy, s can be evaluated at the point p with
barycentric coordinates u by first applying r steps of the de Casteljau algorithm using v - - v,. in
this order, and then by using u in the following n — r steps.

The forward difference operator A, commutes with the steps of the de Casteljau algorithm [13]
since the computation of affine combinations of affine combinations is commutative:

> iy Bipii =Y B Y aipij.
i J J i

Thus, an r-th directional derivative can also be obtained by first computing n — r steps of the de
Casteljau algorithm followed by 7 differentiation steps.

We obtain the following result; by using Theorem 9, Lemma 11, and (20), formula (36) can be
expressed in matrix form:

Corollary 22. Any d-variate polynomial s(u) in Bernstein-Bézier form,

s(w) = 3 o By (w),

li|=n
can be expressed by using Bernstein factor matrices as:
s(u) = Tg1(w)Taz2(u) - Typn(u)c, (37)

where ¢ = (co e cd)T. Computing the RHS in (37) from right to left corresponds to the steps
of the de Casteljau algorithm.

We note that computing only the matrices Ty - T4, from left to right, yields a vector
containing the (d‘gn) Bernstein polynomials of degree n in d + 1 variables with respect to the
simplex A C R%:

Bj(u) =Ty1(u)- - Tyn(u).

One important new observation here is that, in a manner similar to the case of curves, this method
can be seen to correspond to a special case of the de Boor-Cox recursion formula for B-splines in
a multivariate setting.

We conclude this section by recalling Corollary 19 and Lemma 21 to make another important
new observation: namely Corollary 22 is applicable also for computations of directional derivatives.

4.1 Examples
4.1.1 The de Casteljau algorithm as an iterative procedure

The de Casteljau algorithm can be described as an iterative process by using projection and a
linear step. Let us recall the expression in (5) for a cubic parametric curve on Bézier form by
factorization using matrices, where in general for degree n we obtain:

c(t) = T1(t)T2(t) - - - T (t)vo,

T T .. .
where vy = (co co) = (08 o by c%) is a vector containing the coefficients,
or Bézier points, for the curve. Then we extend the matrices Ty (¢) for 1 < k < n, as described

in Lemma 1, to obtain a product of n square matrices of size (n + 1)2, multiplied with vo. After
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performing one step of the de Casteljau algorithm, which corresponds to multiplying together the
two rightmost factors in the product, we find

c(t) =Ty(t) - Tna(t) vi,
—_—

n-1 times matrices
of size (n—i—l)2

where vi = (c¢§(t) ci(t) -+ cL_y(t) O)T. We investigate the difference between the two steps
by considering the difference between the vectors of coefficients:
c§) (t) — C(S)
ci(t) —
Vi — Vg = =d;.
o1 (t) —chy

0
0—c,

Recall that the intermediate points ¢ = (1 — t)cf*1 + tc;ﬁ:ll. Then the first n — 1 entries in d; are

el(t) €0 = (1 - 1) + ey el = H(el,; )

It follows that the difference vector d; can be decomposed into an orthogonal projection from R™+!
onto R”, and a linear step:

d; =p: +1,
where 0 o
0 c(l) — 08
0 cy —Cj
P = , and 11 =t
0 ch — €y
—cY 0

In general, we find that the k-th step of the iterative procedure, which yields
c(t) =T1(t) - Tp_r(t) vg,
R ———
n-k times matrices
of size (n4+1)?

consists of a similar projection from R™*27* onto R™*!1~* and a linear step, such that

dp =vi — Vi1 = pr +1i,

where
" ORI
0 () f:ck_1 (t)
Pr = —CZ:}C(t) , and 1l =t| n-*k n—k—1
0
0
0 0

The process terminates when
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Vo

e L

-7 b1

R

Figure 1: An illustration of the steps of the de Casteljau algorithm by iteratively performing a
orthonormal projection followed by a linear step, for a parametric curve, with n = 2. The initial
coefficients, or points, are contained in the vector vy € R?. by is the orthogonal projection of v
onto R? C R3, v, constitutes the vector of intermediate points after the first step of the algorithm,
and by is the orthogonal projection of v; onto R! C R2. The final step yields the vector vo € R*.
It contains one point which constitutes the value of the curve at the parameter value .

Figure 1 shows how the vectors of coefficients are repeatedly projected onto a subspace and
translated by a linear step depending on t for the case of a parametric curve with n = 2. The
number of coefficients, or points, is reduced by one for each projection until one single point
remains.

In this example, R™ = W}, is a subset of the Euclidean space R" ,and by = vi_1 + P&
is the orthogonal projection of vi_; onto Wy. Then by, is the closest point in Wy to vi_1 in the
sense that ||vi—1 — bi|| < ||vik—1 — x| for all x in W}, distinct from by. It follows that by is the
best approximation to vi_; by elements of W.

We note that the space of square matrices used in the considered example is a complete inner
product space (i.e., a Hilbert space) with the Euclidean norm [|-||2. The method can be generalized
to uniformly convex Banach spaces with ¢P-norm, with 1 < p < oo, since there will still exist a
unique best approximation in such cases [3]. However, that will most likely yield non-polynomial
special functions, in general, but they may share some properties with the polynomial case, where

p=2.

+1-k +2—k

4.1.2 Representing a parametric surface

In this example we show how directional derivatives of a multivariate cubic Bézier representation
of a parametric surface s(u) can be expressed in matrix form by factorization. First of all, we
consider the surface

s(u) = Bj(u)c,

where B3(u) are the d-variate Bernstein polynomials of degree 3, and c are its Bézier coefficients.
The derivative of s(u) at the point p in the direction of vy,

DVOS(p) = DVoBg(u)Q
can be expressed as a factorization of the Bernstein polynomials by matrices:

DVUS(p) = DVO [Tl(u)TQ(u)TS(u)] c,
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which computes to
Dy, s(p) = [Dy, T1T2(u)Ts(u) + T1(u) Dy, T2T3(u) + T1(u)T2(u)Dy, T3] c,
and by applying Lemma 17 we obtain
Dy, s(p) = 3B3%(u) Dy, T3c.
We proceed by applying one more differentiation step, this time in the direction of vy:
Dy, Dy, s(p) = Dy, [3B3(u)Dy,Tsc| = 3Dy, Bj(u)Dy, Tsc,
which computes to
Dy, Dy, s(p) = 3[Dy, T1T2(u) + T1(u)Dy, Ts] Dy, Tsc,
and by applying Lemma 17 again and re-ordering the terms we obtain
Dy, Dy, s(p) = 6BL(u)Dy, T2Dy, Tsc.
With the use of Lemma 15 we write

Dy, Dy, 5(p) = 6B} (u)T2(v1)Ts(vo)c.

4.1.3 Commutativity of multiplication

We shall now look at how a special property of the multivariate Bernstein factor matrix Ty, (u)
can be used to provide an alternative proof of Lemma 12 by using induction.
Let us recall from (23) that:

Tyr—1(2)Tar(un) =Tgr_1(u)Tqr(z),
ford > 0and n > 1.

Proof. The proof is based on induction, on the variables d and n, of (23) of the fully-ordered
(well-ordered) set of all (d,n). We equip N x N with the lexicographic order relation < defined by
(d,n) < (s,t)if ((d < s)or (d =sand n <t)). This is a full-order relation on N x N, which
means that we may use the induction theorem. Details on full-ordered sets and induction can be
found in [20]. We proceed as follows to prove a property P for all (d,n) in N x N:

1. Show that P holds for (d,n) = (0, 1).

2. Suppose that P holds for all elements of N x N which are less than some arbitrary (d, n).
Show that P holds for (d,n).

3. Conclude that P holds for all (d,n) in N x N by the induction theorem for the well-ordered
sets.

1. Using d = 0,n =1 in (23) gives the following relation:
To,1(u)To2(2) = To,1(2)To,2(u),

which yields

(w)(z)=(z)(u), (38)
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and it follows that both the LHS and the RHS of (38) compute to uz, since the product of two
numbers commutes.

2. We want to prove P(d,n) using any (p,q) < (d,n). When applying (21) and its derivative
from the definitions above, the left-hand side of (23) becomes

< Td’nfl(u) ‘ 0 ) < Td’n(z) ‘ 0 >
dia, dia, )
Td,ng(u) ‘ Tg—1,n(a) Td/ni](z) ‘ Ti-1n41(2)

which can be written as

(. | 0 ) (39)
Tizg(U)Td,n(z) + Td—l,n(u)ng?fH(Z) ‘ Ta-1n(WTa-1n41(2) /-
A similar computation for the RHS of (23) yields
e — 0 ) (40)
ngzg(Z)Td,n(u) + Td71,n(Z)Tj:Zi1(u) ‘ Ta-1n(2)Ta-1n2(w) /-

It follows that both the upper left and the lower right sub-matrices of (39) are equivalent to the
corresponding sub-matrices of (40) by definition of the induction step.
Next, we need to check that the lower left sub-matrices of (39) and (40) are equivalent:
dia, dia, dia, dia,
Td,ng(u)Td,n(Z) + Tdflyn(u)Td,nil(z) = Td,n,g(z)Td,n(u) + Tdfl,n(Z)Td,nil(u)' (41)

The non-zero elements of Tgfzg(u) and Tgfzg(z) are equal to ug and vg, respectively. Thus, the

LHS of (41) becomes
u0< T (2) | Tyoy0(2) )+z0( 0 | Tu1n(u)).
Similarly, we obtain for the RHS of (41):
ZO( T;izg(u) ‘ Tg_1,,(u) >+u0( 0 | Ta—1,n(z) ).
Re-ordering the terms and inserting them into (41) yields
( ungf:g(z) ‘ wTa—1,(2) + 20Ta—1.n(0) ) = ( zOT‘;ng(u) ‘ w0 Ta—1,(2) + 20Ta—1.n(0) ),

and it follows that LHS = RHS in (41), since T¢(u) contains ugs and T5*#(z) contains vgs, and
since the product of two real scalars is commutative.

3. Finally, we conclude that (23) holds for all (d,n) in N x N provided d > 0,n > 1. O

5 Proofs

This section contains proofs of some of the lemmas and theorems presented earlier in this article.
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Proof of Lemma 2

Proof. We consider the product
E;jEy = Eupg,

where the entries in F;; are

1, if pw=1i,v=y,
Cuv = .
0, otherwise,

and the elements of Ej, are

1, if A=kn=4¢
dyy = ]
0, otherwise.
Since .
Eij = 0iuduj) 21
and

N,N
Eké = (616)\57][)/\:1,77:1 P
the elements of E,3 can be expressed as

N N
€ap = Z Caadaﬁ = Z 6ia5aj6ka5ﬂf~

a=1 a=1

Fixing o = ¢ and g = ¢ yields
N
€ap = Z 6aj5k:aa
a=1

and for @ = j and k = a we obtain
N

Cap = Z 1=1.

a=j=k
Thus,
€ap = 5kj5ia5£B7
which means that
it = Oj-

Finally, we obtain
Ei; By = 6k B,

and the result follows.

Proof of Lemma 3

Proof.

N

N N
AB - CD = Z Z aijEij <Z

N
i=1 j=1 k=1 ¢=

) (S5 ) (S50

1 m=1n=1 p=1q=1

where the RHS computes to

AB-CD=> 33" aibuEijEre— > Y D> CmntpgEmnEpg.
% J k n p q

14 m

17
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By using the multiplier in (8) for E;jEye and Ep,, Epq and re-ordering the sums we obtain

AB-CD=> > 3" aibrebixEic — > > Y > cmndpgnp Emg,
i j k¢ q

m n p

where setting j = k = p and n = p = v yields

AB - CD = Z XZ: (zu: a,-,,tb,ﬂ> Ey — zm: zq: (Z cmudyq> Epg.

Then we set i = o, £ = 3, m = a and ¢ = 3, and we get

AB h CD = Z Z <Z ao‘/‘bll5> EO&B - Z Z (Z cal/duﬁ> Eaﬂ
@ B K « B v
= Z Z <Z aaﬂbﬂﬁ - anudzjﬁ> Ea,B
a B Iz v

Finally, we fix v = yu = A, and the result follows. O

Proof of Corollary 4

Proof. The result follows by setting C = B and D = A in Lemma 3 and re-ordering the terms,
since [A,B] = AB — BA. O

Proof of Lemma 6

Proof. We use induction on the variable n of (18). It is trivial that To1 = Bl = (u,v,w).
Assuming that it holds for n = r — 1 and setting n = r in (18) yields

B, 'T,, = Bj.

But then the columns of T3, must correspond to the variables u, v and w in the RHS of the
recurrence relation (12) for n = r, where the values u, v and w are indexed within every column
according to the position of the indexes of the B:ﬁcl in lexicographic order, which is exactly Ts
by Definition 5. We conclude that (18) holds for arbitrary n by induction.

O

Proof of Lemma 7

Proof. The proof is based on using the recurrence relation (12) and Definition 5.
Ts ,,—1(u, v, w) corresponds by Definition 5 to the set of all (”;1) RHS terms of B;};l in (12) for
i+j+k = n—1. By Definition 5, a similar collection of terms from the first (”'QH) vectors obtained

from (12), for B;‘jk, which corresponds to the elements where ¢ > 0 since ¢ + j + k = n, results

in a matrix whose upper part contains T5 ,,_1(u, v, w) and its lower part contains T8 (u). Here,
the upper part consists of the first (72’) rows, whereas the remaining (”;rl) — (g) rows consitute the
lower part. Similarly, collecting the remaining ("'2"2) — (";1) vectors results in a matrix where the
upper part is a zero matrix and the non-zero elements in the lower part are either v or w, since

i =0, and they follow the layout of T (v, w). O
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Proof of Lemma 10
Proof. According to Definition 8, the columns in T4 ,(u) are arranged such that

1. The order of the columns are based on the lexicographic order of the permutations of i for
li| = n, and

2. w; is placed on the (i — e;)-th row within the column, if 0 < (i —e;) < (d+271).

The possible results of computing i — e;, for i = 0,...,d leads to the (”+j_1) permutations of

j = (o,---,Ja), where |j| = n — 1. There are d 4+ 1 possible ways to obtain the position j, for
k=1,..., ("*jfl) in the lexicographic order of the values of j, by taking i — e;. Since the values
of i are ordered, the values of j; will appear in order such that the associated values of u; are in
the order ug, ..., uq. Since jj corresponds to a row in Ty, (u), the result follows. O

Proof of Lemma 11

Proof. We use use induction in the variable n of (22) for arbitrary degree d.
1. By setting n = 2 in the LHS of (22) and applying Theorem 9 we obtain

T 1(uo, ..., uq) ‘ 0 )
T, T = (u U . U 2 T P
d11d2 ( 0 1 d) < Tg;g(uo) ‘ Tlm(ul,...,ud)

which computes to
(u% 2uiug  2usug - u% 2uoty  c 0 2Uugquq u% ug):Bi,

thus, (22) holds for n = 2.

2. Setting n = r in (22) gives

Ti1Tq2---Ta, =B]. (42)

Assuming that Tg1Tgo- - Tg,_1 = Bg_l, we obtain
B, 'T,, = B}, (43)
Using the recurrence formula in (20), formula (43) holds if, and only if, the columns of Ty,
correspond to the variables o, . .., uq in the RHS of the recurrence relation in (20) for n = r, where
the values ug, ..., uq are indexed within every column according to the position of the indices of

the associated Bf:elj in lexicographic order. But, this is true according to Definition 8; hence,
we conclude that (42) holds and that Ty1Tg2---Tq, is a factorization of the set of Bernstein
polynomials BY. O
Proof of Lemma 12

Proof. Consider the following relation:

Tar—1(2)Tar(u) — Tgr—1(u)Tqr(z),

where u = (ug,...,uq) and z = (z0,...,24) are barycentric coordinates with respect to a d-
dimensional simplex A. Using Lemma 3, this translates to

N N N
Z Z Z (@axbrs = cardap) | Eag, (44)

a=1p8=1 [Lr=1
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where agx,bag, cax and dyg are elements of Tgx_1(2), Tyr(u), Ty r—1(u) and T4 x(z), respec-
tively. Next, we change the order of the sums to

N N N

Z Z (aarbrg — dagcar) Eap.
A=1

a=1 =1

Then the terms aqxbyg are obtained in an order such that, for each row «, every entry in the A-th
column of Ty _1(z) is multiplied with all entries on the A-th row of T4 (u). Furthermore, the
order of the terms dygcqn yields that all entries on the A-th row of Ty x(z) are multiplied with
every entry in the A-th column of Ty 5_1(u). We recall Lemma 10, and conclude that for each «
we obtain

Z Z ([aaxbrg] — [dagcar]) =[z0(uo + -+ +ug) + - + za(uo + - - + ugq)]
A B

*[(ZOJF"'JFZd)UOJF"'+(ZO+"'+Zd)Ud}7
where the RHS can be re-arranged to
(Z()+"'+Zd)(u()+"‘+ud)_(U0+"'+ud)(zo+"'+zd)a

which clearly is equal to zero since scalar multiplication is commutative. But then (44) is equal
to zero, since changing the order of the sums commutes. Finally, since two matrices A and B
commute if AB —BA =0 (see Corollary 4), it follows that

Tyr-1(2)Tgr(a) — Tar—1(n)Tyr(z) = 0.

O
Proof of Lemma 14
Proof. The barycentric coordinates of the point p + tv are
(ug + tvo, . .., ug + tvg).

Using this with (19) yields

n . .

Bin(p + tV) = <1> (UO + t’l)())lo cee (ud + tvd)“.
By differentiating with respect to ¢ and evaluating at ¢ = 0 we obtain
DyBi'(p) = CL) [ioug ™ wout -+ ug + ugivuy T on g 4 4 g "'Uzdffid“ffil”d} ’

where the RHS computes to (29). O

Proof of Lemma 15

Proof. By applying the chain rule we obtain
DVTdJL = 'UODuOTd,n + -+ UdDude,m

The RHS corresponds to setting T4, (v), and the result follows. O
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Proof of Lemma 17

Proof. The result follows by differentiating both sides of (23) with respect to z in the direction of
V. O
Proof of Theorem 18

Proof. We differentiate (33) to find the second derivative. Since Dy, (Tqn(v1)) =0, we get

Dy, Dy, B (1) = nDy, Bl () Ty, (v1),
and by applying (33) to DvQBZ’_l, we obtain
Dy, Dy, Bj(u) = n(n — 1)B} *(W)Tan_1(v2)Tan(v1).
Similarly, for the r-th derivative we find

n! n—r
Dy, -+ Dy,Bg(u) = de (W)Tan—r+1(vr) - Tan(ve).
Since, in addition, B};""(u) = T41(u),---, Tgn_r(u) holds, and since it does not matter which
of the n matrices Ty is being differentiated (it only matters that we differentiate r of them), due
to the symmetry property of (32), we conclude that (34) is true. O

Proof of Lemma 20

Proof. Since [(t) is a line in the domain, it can be seen to correspond to a curve sol(t) on a given
parametric object,

sol(t) = s(p) = 3 By (w)

Then the derivative of s(u) at the point p in the direction of v is given by its derivative with
respect to ¢t at ¢t = 0+:

6 Concluding remarks

We have proposed a matrix representation of multivariate Bernstein polynomials of arbitrary di-
mension by factorization. The factor matrix is defined recursively via a particular decomposition
of the matrix into sub-matrices.

The multiplication of the factor matrices from right to left was shown to correspond to the
steps of the de Casteljau algorithm. A similar relation to the de Boor-Cox recursion formula,
specialized for Bézier representation, can be found by computing the matrices from left to right,
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which yields a vector containing the Bernstein polynomials for the given degree in the specified
number of variables. These polynomials can then be multiplied together with the associated vector
of coefficients in order to evaluate the parametric object in question.

The matrix representation illustrates clearly one of the differences between the two methods; in
the case of de Casteljau, every step yields intermediate points, whereas the intermediate values with
the de Boor-Cox method are numbers. The total number of arithmetic operations when multiplying
the matrices from right to left (de Casteljau) are higher than in the case of multiplication from
left to right (de Boor-Cox), provided that the coefficients are points in R%, d > 1.
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