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1. INTRODUCTION AND MOTIVATION

Many problems in curve and surface modeling can be viewed as instances of
functional composition. In [6] two procedures for composing multivariate
polynomials given in Bézier simplex form were derived: one called the
product algorithm, the other called the blossom algorithm. The product
algorithm was found to be more efficient for machine implementation, whereas
the blossom algorithm was found to be geometrically more intuitive. Particu-
lar problems that can be solved using these composition algorithms include:
evaluation, subdivision, and nonlinear reparameterization of Bézier sim-
plexes (i.e., curves, triangular patch surfaces, etc.); exact representations of
shapes modeled in Bézier simplex form that have undergone free-form defor-
mation [17]; and the joining of two Bézier curves with geometric continuity of
arbitrary order.

The purpose of this paper is to extend the work begun in [6] to tensor
products, rational functions, and B-splines. Roughly speaking, we develop
efficient algorithms for solving problems of the following form: Given polyno-
mial or rational functions G: 2 —» % and F: % — Z in either Bézier simplex
or tensor-product B-spline form,! find a representation of the function
H = F o @G. As will be shown, the most natural form of the representation for
H depends on the form in which G is given, irrespective of the form of F. For
example, if G is given in tensor-product form, then H will be represented
most naturally in tensor-product form. Instead of directly generalizing the
proofs given in [6], we have taken a new approach that considerably simpli-
fies the derivation of the blossom algorithm. In fact, the new proof technique
is powerful enough to allow the extensions to be addressed with very little
additional effort. We also provide an optimized recursive version of the
algorithm that exploits certain symmetries in the formulae, resulting in an
efficient, tightly codable implementation of composition.

Our extended algorithms are capable of solving a broadened class of
problems, including: finding exact B-spline representations of trim curves on
B-spline surfaces (see Figure 1 and Color Plate 1); computing exact represen-
tations of NURB curves and surfaces that have undergone free-form deforma-
tion (when the deformation is represented in Bézier form); and converting
between the tensor-product and Bézier simplex forms. These algorithms can
be used to practical advantage by implementing them as a set of library
routines. Higher-level software designed to solve specific modeling problems
such as those listed above could then call on these library routines, thereby
encapsulating the bulk of the computation. Moreover, the simple recursive
form of the algorithms allows them to be written rapidly and compactly,
resulting in a small amount of powerful code.

Although the algorithms we present could be considered as specializations
of a single, unifying algorithm, the notational complexity of stating and

! For reasons given in Section 4.4, one restriction is that F and G cannot both be in tensor-
product B-spline form.
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Fig. 1. G represents a B-spline trim curve, in this case a circle, in the parameter space of a
tensor-product B-spline surface F, in this case a cylinder. See also Color Plate 1.

Color Plate 1. The B-spline representation of a rational B-spline curve (shown in white) on a
rational B-spline surface (shown in green). Balls denote the control points of the curve, with the
dark balls indicating where B-spline segments abut. Red lines denote the knot lines of the
B-spline surface.

deriving the general algorithm is prohibitive. We have therefore chosen to
develop the various algorithms separately. In Section 2, we begin by present-
ing several problems that can be solved with composition. In Section 3, we
present background material. The basic proof techniques used are developed
in Section 4.1 by rederiving the formula given in [6] on which the blossom
algorithm is based. In Section 4.2, we generalize these ideas to the composi-
tion of tensor products. The results in Section 4.1 and 4.2 are readily
extended to rational functions, as shown in Section 4.3. However, the exten-
sion to B-splines developed in Section 4.4 is inherently more difficult for the
reasons explained in that section. Finally, in Section 5, we give optimized
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pseudocode for the composition of polynomials to indicate how the composi-
tion algorithms may be implemented efficiently.

2. APPLICATIONS

Throughout the paper, affine spaces are denoted by upper-case characters set
in a script typeface, such as 2, %, etc. Points in affine spaces are set in bold
face. Other objects, including scalars, functions, indices, and sets of points,
are set in italics. The introduction of additional notational conventions will be
postponed until Section 3 (see Table I for a summary of the notation).

Before presenting the details of the algorithms for accomplishing composi-
tion, we examine more closely the use of composition in a variety of geomet-
ric-modeling applications. Consider for instance the situation shown in Fig-
ure 1 where a rational B-spline curve G is used to trim a tensor-product
rational B-spline surface F. The curve H(t) = F o G(t) is the image of G on
the surface F. A composition algorithm can be used to compute the control
points and weights of H, giving an explicit and exact B-spline representation
of the surface curve. Similarly, composition can be used to compute explicit
and exact representations of B-splines that have undergone free-form defor-
mations [17]. If G is the B-spline model, and if F is the tensor-product Bézier
deformation of three-space, then H = F oG is the deformed model.

Perhaps a less obvious use of composition is to convert between the
triangular and tensor-product Bézier forms. That is, given the control points
and weights for a tensor-product Bézier patch F it is sometimes necessary to
compute control points and weights for an equivalent triangular patch H.
Here equivalent means that H(t) = F(t) for all points t in the parameter
space. An algorithm for solving this problem has been given by Goldman and
Filip [10]; Figure 2 indicates a new solution based on composition. We
construct a degree-1 triangular Bézier representation of the identity map of
the parameter plane onto itself. That is, we construct G such that G(1) = t.
This is easily done by setting the domain triangle of G to abe, and setting the
control points of G to a, b and ¢. We now use the composition algorithm to
compute the control points of H(t) = F o G(t). Since G is in triangular form,
so is H, and since G(t) = t, H(t) = F(t). Conversion from a triangular patch
F to an equivalent tensor product H can be accomplished using the method
of Brueckner [3]; alternatively, the problem can be recast as composition by
constructing G to be a bilinear representation of the identity map. The
control points of H are then the control points of F oG,

One situation where the conversion between rational tensor-product form
and rational triangular form may be desirable is in the construction of
surfaces of revolution. If @ is a (typically planar) Bézier curve to be revolved
around some axis, A it is relatively straightforward to construct a rational
tensor-product control net for the surface of revolution F. However, if, as
shown in Figure 3, an endpoint of @ lies on A, then an edge of F degenerates
to a point, leading to a patch of triangular shape. It is therefore natural to
seek a triangular representation of the patch. This can be done using compo-
sition together with a (rational) quadratic transformation that maps the
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Table I. Summary of Notation

117

Notation Description
R The set of real numbers.
R" n-dimensional real space.
a,...,z Integers and real numbers.
2.0, ¥ ete. Affine spaces.
a,A...,z,Z Affine points.
A Domain simplex.
A, x4, Domain simploid.
a,..., 2z Multi-indices.
0 Multi-index whose components are all zero.
e Multi-index with a one in the jth component and zeros elsewhere.
7] =i+ - +i, wherer' = (iy,... i)
i The set of all multi-indices 1" = (i;,..., i, )} with {t'l = d.
I,d, 1, etc. Hyperindices.
Bgm The set of all hyperindices I = (7}, ..., 1,,) with
..., 0, el
Sgm A subset of [{°™ containing exactly ore permutation
of each hyperindex in [£°™.
1) =i + - +1,, where I = (i},...,1, )
it = dm where I € 1",
" The multinomial coefficient (TD /iyl i1, 1'= (g, ... i)
Bé(u) The r'th Bernstein polynomial of degree d.
Bfm = B,‘-f(u)'" B,‘{‘(u), I1=3y,.. .., 1)
(1) A combinatorial constant given by
AR N uzu)
1 i, ( i)y
gluy, ..., uy) Blossom of a Bézier simplex @(u) of degree d.
Q(u) Homogenization of a rational Bézier simplex @(u).
Glay,...,ay) Multilinear blossom of @(u).
Proj(} The map from R¥ 1 to RX* defined by
Proj(yg, ..., yx) = (¥, .-+, ¥k} /(¥g + = +yg).

interior of a triangle so as to cover the interior of a square. This is done by
“blowing up” one of the vertices of the triangle into a line.?

The quadratic transformation operates as follows: Let b,, &,, b, be the
barycentric coordinates on the triangle, and let u, v be a Cartesian coordi-
nates on the square. The transformation G :(b,, &,, b,) — («, v} is given by:

b,
u—b1+b2

v=b,

2 Quadratic transformations have been used elsewhere in CAGD. For example, Warren {19] has
used them recently to develop n-sided patch representations.
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Fig. 2. The conversion of a tensor-product Bézier patch into triangular Bézier form.

To express G in rational Bézier form, we must put z and v over a common
denominator,

(b1, bo(b, + by))
b, + b,

G(bo’ bl’bz) =

from which the control points and weights can be obtained by a simple
change of basis {9]. G maps the line b, = 0 to the line v = 0, the line 4, = 0
to the line u = 0, the line b, = 0 to the line u = 1, but the image of point (1,
0, 0) under G is the entire v = 1 line. The vertex (1, 0, 0) is therefore “blown
up.” Since G is in triangular patch form, the control points and weights of
H = FoG will form a rational triangular representation for the surface of
revolution.

Composition is also a useful tool when dealing with S-patches [12, 13].
S-patches are rational generalizations of Bézier surfaces that admit any
number n of boundary curves. In [12] it is shown how to use composition to
convert an n-sided S-patch into an m-sided S-patch, for arbitrary n and m.
Another problem that can be solved using composition is finding the repre-
sentation of a trimmed tensor-product patch as a collection of untrimmed
S-patches. Figure 4 depicts a simple instance. The map G is an S-patch that
carries the domain pentagon (left) into the domain square (center) so that the
boundaries of G match the boundaries of the trimmed patch F. The control
points of H = F oG are therefore the S-patch control points for the trimmed
portion of the surface.

3. NOTATION AND BACKGROUND

We briefly summarize the basic notions of blossoming and introduce a
number of notational conventions that have been invented to simplify the
implementations needed in Sections 4 and 5. As is often the case with
compact notation, ours is something of a two-edged sword. On one hand the
notation reduces the visual complexity of the derivation so as to expose its
simple underlying structure, but on the other hand some effort is required to
become familiar with the notation. On the whole, we feel that the investment
required to learn the notation is time well spent; see Table I for a summary.

Most of our notation deals with the indexing of multivariate polynomials.
While univariate Bernstein polynomials are commonly indexed with integers,
multivariate Bernstein polynomials are most easily indexed using tuples of
non-negative integers such as 7= (ig,...,%,), ig,..., i, = 0. Such tuples are
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A
v

(1,0,0) }

}

G F Q
by=0 ———i B —
b,=0

0 — u

by=0 0 . —

Fig. 3. A degenerate tensor-product formed as a surface of revolution.

Fig. 4. Representing a trimmed tensor-product patch as an S-patch.

called multi-indices. We denote the norm of a multi-index i'by |'| and define
it to be the sum of the components of 7. We use the symbol [¢ to stand for the
set of all multi-indices 1'= (i,,...,i,) with [I'| = d. For example, 12 = {(0, 0,
2),(0,1,1),(0,2,0,(1,0,1),(1, 1, 0), (2, 0, 0)}. The symbol € will be used to
denote a multi-index whose components are all zero except for the jth
component, which is one; 0 denotes a multi-index whose components are all
zero. Addition and subtraction of multi-indices is defined componentwise. We

-

shall also have occasion to use tuples of multi-indices, such as I = (1},...,7,,)
€ 1¢™, where 12" denotes the m-fold Cartesian product [§ x --- x [§. We
shall refer to such tuples as hyper-indices, and we again use the notation |/|
to denote the sum of the components of I. Notice that whereas |f| is an

integer, |I] is a multi-index. Therefore, for I € d’", the expression ||I]|

evaluates to the integer || + --- +[t},| = dm. Finally, Juxtaposmon of hyper-
indices denotes concatenation, as in IJ = (i},...,7,, ,..., ,)

Using this notation, the k-variate Bernstein polynomials of degree d can be
defined by

Bi(by,...,b,) = (‘lf)b;’)ob;l e bl
where 1'= (i,,...,i,) € ¢, b,,..., b, € R, and where

d d!
? iolil!"'lk!
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is the multinomial coefficient. Notice that each of the Bernstein polynomials
is a homogeneous polynomial of degree d, a fact that will become important
when considering rational functions. It is known [5] that for every polynomial
Q : 2 — % of degree d, where 2 is an affine space of dimension £ and where
¥ is an affine space of dimension K, there exist unique points {V:}.c (¢ in &
such that

Qu) = ¥ V:Bi(by,.... b,), (1)

veld
where b,..., b, are the barycentric coordinates of u €2 relative to a
simplex A = (x,,...,X,) of points in 2. (For a description of affine spaces,

simplexes, and barycentric coordinates see, for instance, Farin [9] or DeRose
(71

A polynomial @, when expressed as in Eq. (1), is called a Bézier simplex;
the points V; are called the control net of @ with respect to the domain
simplex A.

We shall often write BY(u) with the understanding that u should be
replaced with its barycentric coordinates relative to the appropriate domain

simplex. If I =(,...,7,) €19™, we define Bf"™(u) to be the product
B,if(u)- -B,ii(u). We shall make considerable use of the following product

relation satisfied by the Bernstein polynomials:
Bi™(u) = #(1)B{"(u) (2)

where #(]) is a combinatorial constant given by

This relation is easily proved using simple manipulation of the Bernstein
polynomials (c.f., [6]).

Ramshaw {15] has discovered how to exploit a connection between Bézier
simplexes and symmetric multi-affine maps. A map g(u,,...,u,) is said to
be multi-affine if it is affine when all but one of its arguments are held fixed;
it is said to be symmetric if its value does not depend on the ordering of the
arguments. Associated with every polynomial @ :2°— 2 of degree d there is
a unique, symmetric, d-affine map, q:2° — %, that agrees with @ on its
diagonal (the diagonal of a multi-affine map ¢(u,,...,u,) is the function
obtained when all arguments are equal: @) = g(u, u,...,u)). Ramshaw
refers to this multi-affine map g as the blossom of . As a simple univariate
example where 2= % = R}, if

Qu) =1+u—3u?, uecR! (3)
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then
u, + u,

5~ 3uu,, u;,u,<R. (4)

q(u,uy) =1+

Ramshaw [15] has shown that the Bézier control net for a polynomial

relative to a domain simplex can be obtained by evaluating the polynomial’s

blossom at the vertices of the simplex. More precisely, if 2 is an affine space

of dimension k, @ : %° - % a polynomial of degree d whose blossom is ¢, and

A =(x,,...,x,) a simplex in #, then Ramshaw shows that the Bézier control
net of @ relative to A is given by

d
Vi=qg| xp,.--, X0, X7,--,X3,...,X;,...,X,
Lo 2 Ly
for all = (iy,...,i,) € 0¢. For example, if we apply this result to the

polynomial @(u) given in Eq. (3) using as the domain simplex the interval
{0, 1], we find

v(2,0) =q(0,0)=1

3
v(1,1) =q(0,1)=—

2
Vo =q(1,1)= -1

A straightforward approach to evaluate an arbitrary value g(u,,...,u,) of
a blossom would be to explicitly compute an expression similar to Eq. (4) for
the blossom as a multivariate polynomial, and then to evaluate it using the
arguments u,, ..., u,. This procedure is generally to be avoided for computa-
tional reasons since an explicit expression for a general d-variate polynomial
of degree one in each variable can have as many as 2¢ terms. Fortunately,
symmetry of blossoms can be exploited to make the computation tractable.
The computation of an arbitrary blossom value g(u,,...,u,) can be made
particularly efficient if @ is known in Bézier form. Specifically, the general-
ization of de Casteljau’s algorithm given in Figure 5 can be used. The routine
EvalBlossom() takes as input the control net V of a Bézier simplex @ of
degree d having as its domain an affine space 2 of dimension k& and points
u,,...,u,; in #Z. Returned is the blossom of @, evaluated at u,,...,u,.
Notice that if u,,...,u,; are equal to a common point u, the algorithm
reduces to de Casteljau’s algorithm. A data structure called a simplicial
array, used for storing control points and intermediate results, is described in
Section 5.

A variation of blossoming can also describe rational functions.® Although it
is possible to develop the following material in a coordinate-free manner, a
number of ideas not central to composition would have to be introduced first.

® The remainder of this section can be skipped on first reading. It can be skipped also by readers
interested only in the composition of polynomials.
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EvalBlossom(V,u,,...,uy)
{V is the control net for a Bézier simplex characterizing a blossom ¢
returned is the point g(u,,...,u,)}
begin _
V « Prepare(V)
forp=1to d _
EvalBlossomArgument(V, p,u,)
endfor _
return V.cp[(;d]
end
EvalBlossomArgument(V, p,u)
begin _
d « V.degree
(by, ..., b,) « Barycentric coordinates of u relative to
V.domain
foralield -7 _ _
V.epl?l « byV.epliy + -+ +b,V.epl? !
endfor
end
Prepare(V)

{Initialize and return a structure into which the partial results of the blossom
evaluation algorithm can be stored.}
begin _

d « V.degree « V.degree

for all 7 € 1¢

V.ep™ « Veep;

endfor _

return V
end

Fig. 5. Evaluation of an arbitrary blossom value. If V is a control net for a Bézier simplex Q,
V.degree is the degree of @; V.domain denotes the domain simplex; and V.cp are the control
points of @ relative to V.domain.

To simplify the discussion, we shall therefore leave the coordinate-free frame-
work when dealing with rational functions.*

Rather than speak of a rational function @ of degree d as mapping points
in an affine space 2 (of dimension k) into points in an affine space % (of

dimension K), we associate with each point u € 2” the point (b,,...,5,) €
R**1 where (b,,..., b,) are the barycentric coordinates of u relative to some
simplex in 2. (To avoid a proliferation of symbols, we write u = (b,,..., b,),

although, in a strict sense, this is an abuse of notation.) This process
effectively embeds the affine space 2 as the affine subset in R**! whose
equation is

x0+"' +xk=1, (xo,...,xk)ERk+1. (5)
Readers familiar with projective geometry will note that this is a rather

nonstandard embedding; the more common embedding, based on Cartesian

* Ramshaw has given a purely coordinate-free development [15].
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coordinates, corresponds to the hyperplane x, = 1. The embedding given in
Eq. (5) is more convenient for our purposes because of the close relationship
between the blossom evaluation algorithm and barycentric coordinates. The
principle consequence of this embedding is that it allows the composition
algorithm for polynomial Bézier simplexes, developed in Section 4.1, to be
used virtually without change to compose rational Bézier simplexes.

By embedding % analogously onto the affine subset y, + = +y, =1 in
R¥X "1 a rational function @ of degree d may be treated as a map from R**!
to RX"! expressed as the ratio of two polynomials @ :R**! - R¥*! and
D:R*'! > R!, each of degree d:

Qw)  (Qp(m),...,Qx(w))
D(u) D(u) ’

Q(u) =

where QO, e, QK refer to the component functions of Q Since @ maps into
the affine subset of R¥* !, it must be that

Qy(u) Qx(uw)
+ o =1,
D(u) D(u)

or equivalently, that

Qo(u) + -+ +Q(u) = D(u).

Thus, the point @(u) can be obtained as the projection of @(u) onto the affine
subset y, + - +yr = 1. More precisely, if this projection is denoted by
Proj:RX*! - RX"1 and defined by

(yO LI yK)
Proj s = — 6
1( Yo Yk) Yot tyx (6)
then Q(u) = Proj(Q).
If @ is given in rational Bézier simplex form with control points V, and
weights w,, then @ is given by

Qu) = ¥ wV,B¢(u)

ireld

where each of the control points V- is represented by barycentric coordinates
(v;9,...,0:¢). It is generally convenient to set V.= w, V.=

(wyvig,...,wev k). The fact that the Bernstein polynomials are homoge-
neous polynomials of degree d means that Q, the homogenization of @, is a
homogeneous polynomial of degree d. It has been established in fields such as
projective geometry that, associated with every homogeneous polynomial of
degree d, there is a symmetric multilinear function that agrees with the
polynomial on its diagonal. (Although symmetric multilinear functions are
classically known as polar forms, the term multilinear blossom is more in
keeping with Ramshaw’s terminology.) Thus, associated with the rational
function @ is the multilinear blossom §(u,,...,u,) of . It is precisely the
homogeneity of @ that makes the embedding given in Eq. (5) so useful.
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The evaluation algorithm for multilinear blossoms is nearly identical to the
algorithm of Figure 5 for evaluating multi-affine blossoms. The only modifica-
tions are ones that trade an affine framework for a linear one. Specifically,

—u,,...,u, become elements of the linear space R**! instead of the affine
space 2 of dimension k.

-—V.domain becomes a basis for R**! instead of a simplex in 2. A computa-
tionally advantageous basis is of course the canonical basis, the ith ele-
ment, which is a tuple consisting of all zero components except for the ith
entry, which is a one.

—The statement in the routine EvalBlossomArgument() of Figure 5 that sets

(bgy,...,b,) to barycentric coordinates of u is removed. By choosing the
canonical basis for R**!, (b,,...,b,) are simply the components of u €
Rk + 1.

We shall refer to the algorithm thus created as the multilinear blossom
evaluation algorithm.

An important consequence of the homogeneous form of @(u) is that
Q(aun) = @(u), for all a # 0. (7

This follows from two facts:

(1) Q(au) = a?@(u) since § is homogeneous of degree d.
(2) Proj(ay) =y for all @ # 0 and all y € RK*1,

Thus, Q(au) = Proj(@(au)) = Proj(a?@(u)) = Proj(@(w)) = Qu). A more
complete investigation of Eq. (7) and its connection to projective spaces is
provided in [8]. Equation (7) will be exploited in Section 4.3 to develop a
composition algorithm for rational functions.

4. ALGORITHM DEVELOPMENT

The problem considered in this section is, generally: given the coefficients of
two polynomial (or rational) functions, G:# - % and F:% — 2, find the
coefficients of H = F o G. We will begin by rederiving the result for polynomi-
als using a new proof technique. Then, this result is generalized to tensor
products, to rational functions, and to B-splines.

4.1 Composing Bézier Simplexes

There are several ways to address the problem of polynomial composition.
The approach in [6] is to express both polynomials in Bernstein form and
manipulate the Bernstein polynomials. Another approach is to manipulate
the blossoms of both polynomials using only the symmetry property of the
blossom (personal communication, L. Ramshaw, Digital Systems Research
Center). Both methods yield the same formula as the one given below in Eq.
(8). The approach taken here is a hybrid of the above two methods that
results in a concise proof. The blossom is used as the representation for one of
the polynomials, whereas the Bernstein representation is used for the other
polynomial.
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To introduce our method, we first rederive the blossom algorithm of [6]
using the hybrid proof technique. Specifically, the problem we wish to reex-
amine is:

Given. Affine spaces # (of dimension %), ¥ (of dimension K), and Z (of
arbitrary dimension), control points {G,),, defining a degree / Bézier
simplex G :%2 — % relative to a domain simplex A, 2 and control points
{F,};c1p defining a degree m Bézier simplex F:% — Z relative to a domain
simplex Ay C 7.

Find. The control points {H}.;~ of the degree /m Bézier simplex
H = F oG relative to A,.

Solution. If f denotes the blossom of F, then we have

H.= ) «(I)f(G), ‘elg” (8)
Iejgm
="
where G; with I = (i},...,7,,) is an abbreviation for (G,,,...,G, ).

Proor. Into the equation H(t) = F(G(t)) = f(G(t),..., f(G(t)) substitute
the Bernstein form of G to obtain

H(t) =f( Y G;BI(t),..., L G.~mB.<;(t)).
ﬂ/ = 4

Hel €l

The Bernstein polynomials sum to one, implying that the first argument to f
is an affine combination of the points G,.. The fact that f is affine in its first
argument can now be used to pull the summation outside of f’s argument

list, yielding

nelty nely i, elf
The same process can be applied to the summations in the remaining
arguments; the resulting expression is

Hty= Y - Y f(G.,...,G.)BS(t) - - Bi(t),
nely inelf
which can be written more compactly using hyperindex notation as
H(t) = ¥ f(G)B{"(t). (9)
Ieifm
Using Eq. (2) for the product of Bernstein polynomials, we can write Eq. (9)
as
H(t)= Y f(G)&I)BI"(t). (10)
Ieym™
The “th Bézier coefficient of H is the sum of all terms that multiply B™(t).
That is, we seek the points H - such that
H(t) = Z H-B™(t). (11)

e ﬂ;m
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These points can be found by grouping together terms in Eq. (10) such that
|1t =7, yielding

H(t)= Y { L f(G)E(I) B (t). (12)

“elifm \reifm
="

The proof is completed by comparing Egs. (11) and (12) and using the linear
independence of the Bernstein polynomials. O

Notice that while F’s control points do not appear explicitly in Eq. (8), they
are used in the evaluation of f. Since we do not need to know F’s representa-
tion explicitly, we will generally omit its control points in the statement of
the remaining problems. In fact, all that is required for F is the ability to
compute arbitrary values of its blossom.

4.2 Composing Bézier Simploids

We now extend the results of the previous section to the three cases where
either F or G or both are given in tensor product Bézier form. Rather than
considering these cases separately, we shall unify them by formulating and
solving a single general problem, which is based on the notion of a simploid,
a polyhedron formed as the Cartesian product of simplexes [4]. A square is a
simple example of a simploid, formed as the Cartesian product of two line
segments (i.e., two one-dimensional simplexes). A three-dimensional simploid
can be obtained as the Cartesian product of a triangle and a line segment,
resulting in a triangular prism. We say that a map @ is a Bézier simploid of
degree d, X d, if its domain is a simploid A, X 4, and if @ is of the form

Q(u,v) = Y V.-Bi(w)B%(v), (u,v) € X2,

relf:

“eﬂfg
where 2] and 25, are affine spaces of dimension &, and %,, respectively. The
points V.- comprise the control net of @ relative to a domain simploid
Ay X A, , where A, and A, are simplexes in 2, and 2, respectively.
Although we shall not do so here, it is straightforward to generalize Bézier
simploids further by allowing n-fold Cartesian products, leading to domains
such as a simploid 2] X --- X 2.

Since simploids generalize both simplexes and hypercubes, Bézier sim-
ploids generalize both Bézier simplexes and Bézier tensor products. The
usual Bézier tensor-product surfaces are obtained when 2, and %, are of
dimension one. The Bézier simplexes are obtained when 25, is of dimension
zero.®

Many algorithms for tensor products proceed by applying curve algorithms
to the rows and columns of the tensor-product control net. For instance, a
Bézier tensor-product patch can be degree raised by degree raising each

8 Strictly speaking, this requires the identification of points in 27 X .2, with points in 2
according to (u, p) = u where p is the sole point in 25.
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column of the control net using the Bézier curve algorithm, then degree
raising each of the resulting rows [9]. A similar, although slightly more
complex, procedure holds for composing Bézier simploids F and G. However,
the resulting algorithm does not reuse partial results as efficiently as the one
we now develop.

Our method uses the tensor-product variant of the blossom [15]. The form
of the blossom appropriate for a Bézier simploid @ is a multivariate function

q whose arguments are partitioned into two sets, g(u,,...,u,; v,,...,V, ),
such that: g is multi-affine in each argument; ¢ is symmetric in u,,...,u,;
g is symmetric in v,,...,v, ; and Q(u, v) =g(u,...,u; v,...,v). Control

points are again obtained by evaluation at vertices of domain simplexes; in
particular,

_ 1 1 1 1 g2 2 2 2
V‘:-—q(x()y---aXOa""Xkl""’xkl’XO""’XO""’xkz""’xkz
———— —_— T —_—
l 1 ' '
0 lkl Jo sz
A = (el 1 = (x2 2
where A.;l = (X()v""xkl) and At‘g - (XO""’xkz)'

Since Bézier simploids generalize both tensor products and Bézier sim-
plexes, our unifying problem is to consider the composition of two Bézier
simploids F and G.

Given. Affine spaces 2] (of dimension k,), 2, (of dimension k,), %, %5, Z
(of arbitrary dimension), a degree /| X/, Bézier simploid G :2] X %, - %,
XY,

G(u: V) = E Gl', Bl/l(u)B/Z(v) = (Gl(ua V) ’ Gz(u)v))s
e U;:
ey
relative to a domain simploid A, X A, where G, .= = (G}, G:) ey, X%,
and a degree m, X m, Bézier 51mp101d F:7z, X ?2 - 7.

Find. The control points of the degree Z|(m, + m,) X/Z,(m, + m,) Bézier

simploid H = F oG relative to A, X A, .

Solution. If f(r,,...,r, ;8;,...,s, ) denotes F’s blossom, the control

i m,

points of H are given by
H. .= Y Y (I I)YE(JP J?)

[
Tenlimy 722 p/ime 1 oq/am, 2o q/z2.my
Hegpmirfelpme Jielpp ™, J el

2= lJ1J2="

f(G}r g5 GR y2), (13)
where G} ;i with I' = (7 1,...,?,1,1]) and J! = (“},...,”,lnl) is an abbrevia-
tion for (G} 1, G}y 4,,...,Gh . ); and similarly for G2 ..

i 2 2 mys my .

Proor. The proof proceeds by applying the technique of the previous
section simultaneously to each of the sets of f’s arguments. Into
H(u,v) = f(G'(u,v),...,G'(u,v); G*(u,v),...,G*(u,v))  (14)
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we substitute the Bernstein form for G!(u, v):

H(u,v) =f| L G}+BS(w)B3(v),...,
rieif

-1 g/
1€"k§

Y Gh - Bi(wB%(v); G'(w,v),....G (u,v)|.

1 /
tm‘eﬁ,,"

ERLY
Once again, the multi-affine property of f can be exploited to pull the
summations outside of f’s argument list. Using the hyperindex notation, the
resulting expression can be written as

Hu,v) = Y CUHYC(IWF(G} 1; GEa,v))BA ()BT (V).
e
Jlelfz™

A similar substitution is now done for G2(u, v). Finally, the control point H.-
of H is determined by grouping together all terms in Eq. (14) that multiply
BAtmitma)(q) BL2mitma)(y), A straightforward calculation then gives Eq. (13).
O

Since the domain of H is the domain of G, H is a Bézier simploid of the
same type as G. That is, if G is a simplex (i.e., 2, is of dimension zero), then
H will be in simplex form, regardless of the form of F. Similarly, if G is a
tensor-product surface, then the tensor-product form of H will be produced.

4.3 Composing Rational Functions

We now wish to consider composition of rational functions. Recall that, as
mentioned in Section 3, we prefer not to work in a coordinate-free framework
when dealing with rational functions. The specific problem we address in this
section may be stated as follows.

Given. A degree / rational Bézier simplex G:R**! - RX*! where
G(t)
D(t)’

with control points {G;} and weights w; and a_degree m rational Bézier
simplex F:RX*! » RL*! with homogenization F.

G(u) =

Find. The control points and weights of the degree #m rational Bézier
simplex H = FoQ.

Solution. Let f denote the multilinear blossom of ¥, and let

H.= Y #(IDFf(G)) = (h,...,h1), (15)

Ieig™
="
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where "€ ;. The weights of H are then given by
w'=h20+‘..+h"L,.

and the control points are given by

H. = Proj(fl ) =

s |

PrOOF. Since F is the ratio of homogeneous polynomials, Eq. (7) can be
used to show that

H(t) = F(G(t)) = G(t)) F(G(1)).

1
5w
Using the projection operator defined in Eq. (6), it can then be seen that
H(t) = Proj( F(G(t)). The function H(t) = F(G()) is a (homogeneous) polyno-
mial of degree /m resulting from the composition of the (homogeneous)
polynomials ¥ and G. In complete analogy with the proof of Eq. (8), the
control points H. can be computed from the multilinear blossom f of F and
the control points G = w,- G, of G according to Eq. (15). The control points H .
and weights w. of H can then be obtained from the control points of H as
shown above. O

To summarize the results of this section, to compose two rational functions
F and G, use the polynomial algorithm (together with the multilinear blos-
som evaluatlon algorithm) to compute the control points of FoG, where F
and G are then homogenizations of F and G. The control points and weights
of H = F oG can then be recovered by projection.

4.4 Composition of B-splines

In this section we shall sketch the extension of the composition algorithm to
B-spline curves and tensor-product B-spline surfaces. These extensions are
sufficient to implement the various B-spline applications listed in Section 1.
Unfortunately, for the reasons given below, composing B-splines is inherently
more complicated than composing Bézier forms.

We begin by considering the composition of B-spline curves. In the follow-
ing, if @ is a B-spline curve, then Breakpoints(®) denotes the set of break-
points of @, that is, the set of distinct knots of Q.

Given. Two polynomial (or rational) B-spline curves G:R' - R! and F:R!
- 7.

Find. The knot vector, B-spline control points (and weights! for H = FoG.

Solution. One of the complications introduced when dealing with B-splines
is that the knot vector appropriate for H must be constructed by suitably
merging the knot vectors of G and F. The knot vectors are merged by
“pulling back” each of the knots of F into G’s domain by finding their
pre-images under G. That is, for each knot ¢, of F, denote by Pullback(t,) the
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set of all real roots of the equation ¢; = G(u). The set Breakpoints(H) is
formed by computing the union of Breakpoints(G) with the set

U Pullback(¢).

t € Breakpoints(F)

The breakpoints of H segment H into a sequence of polynomial curve
segments. One way to proceed is to:

(1) Convert both F and G to piecewise Bézier form by inserting knots to full
multiplicity. For G, knots of full multiplicity must be inserted at each of
the breakpoints of H constructed above.

(2) Compute the Bézier control polygon of each segment of H using the
Bézier composition algorithm.

(3) Meld the Bézier control polygons (and weights) into a single B-spline
representation for H [2, 14, 16].

This is essentially our approach, except that F does not need to be
converted to Bézier form. As noted in Section 4.1, the composition algorithm
does not use F’s Bézier control points directly; it requires only the evaluation
of the blossom of F at G’s Bézier control points. Fortunately, arbitrary
blossom values can be computed directly from the B-spline control points
using an algorithm similar to the Cox-deBoor algorithm (cf., [1, 18]). Thus,
Eq. (8) can be applied on a segment-by-segment basis to implement step 2
above without converting F to Bézier form.

A similar procedure can be used to find the image of a B-spline curve G on
a tensor-product B-spline surface F, as indicated in Figure 1. Once again, the
idea is to pull back the knot lines of F to construct the knot vector for H,
convert G to piecewise Bézier form, apply Eq. (8) segment by segment, and
then use Sablonniere’s algorithm [16] to recover the B-spline representation
of H. In this case, the knot lines of ¥ are pulled back by finding all
parameter values u where G(u) intersects a knot line of F. (If a segment of G
coincides with a knot line, that segment can be composed using the univari-
ate technique above.) An example of this procedure is shown in Color Plate 1,
where F is a rational B-spline representation of a cylinder, and G is a
rational B-spline representation of a full circle in F’s domain. The blue and
gray spheres denote the B-spline control polygon for the surface curve H (the
blue spheres denote control points where segments abut).

It is also desirable to compose two tensor-product B-splines; for instance,
one might wish to deform a tensor-product B-spline model G using a tensor-
product B-spline deformation F. Unfortunately, the deformed model H =
F o G cannot, in general, be found in tensor-product B-spline form since it is
possible for H to be segmented into a nonrectangular mesh of surface
patches. Simply stated, tensor-product B-splines are not closed under compo-
sition. For instance, the shaded surface patch shown in Figure 6 has five
boundary curves, a situation that is impossible with the tensor-product
B-spline form.
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B
0y B

Fig. 6. The composition of two tensor-product B-splines surfaces results in a piecewise surface
composed of nonrectangular patches.

To summarize the results of this section, the composition of two B-spline
curves F and G can be accomplished by converting G to Bézier form (F does
not require conversion), executing the composition algorithm, then using
Sablonniere’s algorithm to recover the B-spline representation of F oG.

5. IMPLEMENTATION

An implementation of the polynomial composition algorithm based directly on
Eq. (8) is highly inefficient. However, symmetries in the blossom arguments
can be exploited to reduce the number of computations, and intermediate
results may be reused to further reduce the computational cost. In this
section, we give a more efficient, easily codable algorithm for computing the
composition of two polynomial functions in Bézier simplex form.

To compute H , Eq. (8) requires the evaluation of #(I)f(G,) for all hyper-
indices I € ;'™ where |I| =~ However, if the tuple ¢J is a permutation of the
tuple I, then € (If(G,) = #(J)f(G,) since both ¥ and f are symmetric.
Thus, only one of #(I)f(G,;) and #(J)f(G,) needs to be computed. If S;"™
4™ denotes a set of hyperindices where exactly one permutation of each
hyperindex of [{"™ appears in the set, then Eq. (8) can be rewritten as

H = ) PWE)AG), (16)
Ies{m
="

where P(I) denotes the number of distinct permutations of hyperindex I in
the set 05" If all i’s in I =(3,...,7,,) are unique, then P(I)=m! A

multi-index 7" that occurs with multiplicity u will reduce this by a factor of p!.
Thus, the number of distinct permutations of I is

m!
(1,7
where p(I, 1') is the number of occurrences of 'in I.
In order to iterate through the set S{'™, we impose an ordering on multi-
and hyperindices. The ordering we use is the lexicographic ordering of tuples

[11]: 7= (iy, ..., 1) < "= (Jg,..., J,) if there is some a, 0 < a < k such that
i, =j, for 0 < b <a but i, <j,. For example, the lexicographic ordering of
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the members of 12 is (0, 0, 2) < (0, 1, 1) < (0, 2,00 < (1,0, 1) <(1,1,0) <
(2, 0, 0). The lexicographic ordering on hyperindices is defined similarly. With
every i € [¢, we denote by Ord(7’) the rank order of 7, beginning at zero, in
the set 1. Thus, Ord(0, 2, 0) = 2 and Ord(0, 0, 2) = 0. By evaluating
C(IDA(G,) only on hyperindices whose multi-indices are in nondecreasing
order, i.e.,, I =(1,...,7,,) where [, <1;,,,0 <j<m, we avoid re-evaluation
on permutations of the same hyperindex.

A second way to reduce the number of computations is to reuse the blossom
values of the blossom evaluation algorithm given in Figure 5. For example,
the values f(G;, G;,, G, G,) and f(G,, G,,, G;;, G,,) can both be computed
from the control pomts of the quadratlc polynomlal E(u) = f(G,;, G, u, w.
The control points of E are precisely the ones computed by applying Eval-
BlossomArgument() twice, once with the argument G; and once with G,.
Reusing the results of EvalBlossomArgument() can therefore lead to substan-
tial savings. In the code of Figure 7, these results are efficiently reused by
simultaneously computing all the control points of H.

The scalar function (1), I = (3},...,7,,), is a ratio of two terms, #~(I)

= (‘,’-O") e ’%'-::"), and (:',I"'). The latter depends on || but not on the multi-in-

dices of I. hus, we can get a further improvement by computing the sum
('J)H.= Y P (DAG). (17)
[e8fm

1i="

The procedure Compose(} in Figure 7 incorporates the above optimizations.
Compose() first calls RecursiveCompose(), which recursively computes the
values (.)H . After returning from RecursiveCompose(), Compose() divides by
the combinatorial factors (') to obtain the control points of H.

The procedure RecursiveCompose() operates by recursively computing the
values P(I)&™N(I)f(G,). Its operation is most easily understood if we con-

sider the computation of I = (1}, ...,7,,). On entering RecursiveCompose(), a
prefix of I, (7},...,7,), 0 < n < m, will have been computed. The parameter

m will contain the previous multi-index computed for I. The remaining
multi-indices may be no less than this multi-index. RecursiveCompose()
therefore iteratively sets 7, ; to all multi-indices greater than or equal to 7.
For each 7,,,, a recursive call is made to compute the remaining multi-
indices in I. F and the scalar weight are both computed recursively as shown
in the code. At the bottom level of the recursion, P(1)#V(I)f(G,) is added to
H ;. The sum |I| is also computed recursively, with the intermediate results
being passed in the parameter 5.

Aside from geometric calculations, two things are needed to implement the
above scheme: a data structure for storing the control points and a method of
iterating over multi-indices in order.

Our data structure for storing the control points of a Bézier simplex
consists of a linear array in which control points are stored in lexicographic
order. That is, a control point V., 7’ € [{ is stored at location Ord(s’) within the
array. The pseudocode of Figure 8 can be used to compute Ord(i’). The
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Compose(F,G, H)
begin
{Initialize H}
k < Dimension(G.domain), /'« G.degree, m « F.degree
H.degree =/ +m
H.domain = G.domain
for all ~€ [{"
Hcp <0
endfor

F « Prepare( F') {See Figure 5)
min < (0,...,0, H.degree) .
RecursiveCompose( F, G, H,0, .., 0, F.degree!, 0)
for all “e ;™
Hep -« Hep /(")
endfor
end

RecursiveCompose(F, G, H, n, m, s, c, u)

{n :recursion control variable}

{m :minimum multi-index value allowed for 7, |}
{s :sum of multi-indices computed in I thus far)
{c :scalar to use as weight at bottom of recursion}
{n :multiplicity of mi in I thus far}

begin

if n = F.degree then _
Hep, < Hep, + c* F.cp’
else
for all 7, ., € 1} with ¢, , = m in increasing order _ _
EvalBlossomArgument(F, n + 1,G.cp, ){compute F'"" ) from F!")}

ifr,,,=mthen " « p+ lelse p’ <1 _
RecursiveCompose(F, G, H, n + 1,41, ,,,§ +1,,,, ¢ *(‘,f';"'k“)/y', u')
endfor

endif
end

Fig. 7. The Bézier composition algorithm.

function Size(d, k) referred to in Figure 8 returns the value (“  *), which is
the number of elements in 1¢, or equivalently, the dimension of the space of
polynomials in % variables of degree less than or equal to d.

An array used to store points V,, '€ [ is called a simplicial array of
dimension %, degree d. In the pseudocode of Figure 5, the control points
referred to as V.ep, can obviously be stored in a simplicial array of dimension
k, degree d. Moreover, a simplicial array of dimension k£ + 1, degree d can be
used to store the points V.cp!?'. In particular, the point V.cp!”' can be stored
at location Ord( p, 1’), meaning that the routine Prepare() returns a suitably
initialized simplicial array.

The procedure RecursiveCompose{) of Figure 7 requires iteration over
multi-indices in increasing lexicographic order. The index succeeding a given
multi-index ¢ = (i,,...,i,) can be computed as follows. The indices of ¢ are

scanned from right to left to find the last nonzero index i,. Next, index i, ;
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Ord(7)
{ Return the rank order of the multi-index 7' = (i,,...,i,) € 1§}
begin

d < [r]

ord < Size(k, d)

forj=0to k- 1do

ded-—i
ord < ord — Size(k —j, d — 1)
endfor
return ord
end
Fig. 8. Computation of the offset associated with a multi-index.
Successor(i’)
{ Return the multi-index that succeeds 7 = (ig,...,1,).}
begin
p < RightMostNonZeroIndex(7')
if p =0then
return NoSuccessor
else
velp
iy =i, +1
i,<0
ik —v—1
endif
return 7
end

Fig. 9. Determining the successor of a multi-index.

is incremented; index i, is set to i, — 1; and index i, is set to zero. For
example, the multi-index following (i, {,, i,, {5, 0, 0, 0) is (¢,, iy, i, + 1,0, 0,
0, i3 — 1). This process is summarized by the pseudocode of Figure 9.

Note that reusing the partial blossom evaluations is a time-space trade-off.
The speed increase comes at the price of higher memory usage. It should also
be noted that the number of blossom evaluations performed by the above
algorithm (i.e., the number of calls to EvalBlossomArgument()) is not mini-
mal. That is, there exist cases where another evaluation order of the values
C(I)f(G)) results in less computation. We chose to use the lexicographical
ordering because it simplifies the code for Successor.

The composition algorithm given in Figure 7 is appropriate for composing
polynomial functions. As mentioned in Section 4.3, it may also be applied to
compose rational functions by using the multilinear blossom evaluation
algorithm. The pseudocode of Figure 7 may also be extended to tensor
products, although the control flow is more complicated as there are four
hyperindices to compute (see Eq. (13)).

6. SUMMARY

We have developed efficient algorithms for computing the Bézier or B-spline
representations of ¥ oG from the corresponding representations of F and G.
A wide variety of modeling problems including evaluation, subdivision, repa-
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rameterization, conversion between triangular and tensor-product forms, and
explicitly representing models that have undergone free-form deformations
can be solved by these algorithms. Since the algorithms can be tightly and
efficiently coded, a large amount of software reuse can be achieved by
providing these algorithms as library routines.
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