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Preface

This is a collection of lecture notes about spline theory which are designed to ac-
company the course ‘Spline methods’ at the University of Oslo. The notes have
developed over several years in conjuction with the two courses ‘Topics in Geometric
Modelling’ and ‘Spline Methods’, taught previously by the Informatics department
and more recently by the Maths department of the University of Oslo. We consider
here a spline to be a piecewise polynomial, and we discuss both spline functions and
spline curves and surfaces.

There are two common approaches to constructing a spline function or curve.
One is to construct it one polynomial piece at a time and to enforce conditions on
the pieces that guarantee that they fit together continuously or smoothly. In this
approach, it is convenient to represent each piece in Bernstein-Bézier form. The
other approach is to use the B-spline representation of the spline, in which the
smoothness between the polynomial pieces is ‘automatic’. The aim is to cover both
approaches in these notes.

Much of the material presented here can be found in the literature. In partic-
ular, books that cover the theory of Bernstein-Bézier polynomials and Bézier curves
are those of Farin [3], H. Prautzsch, W. Boehm and M. Paluszny [6], and Lai and
Schumaker [5]. The reader is encouraged to look at these sources for further as-
pects of the theory. For the theory of B-splines, we refer the reader to the book by
de Boor [2] and the lecture notes by Lyche and K. Mgrken used in earlier versions
of the Spline Methods course.
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Chapter 1

Bernstein-Bézier polynomials

We start in this first chapter by studying Bernstein-Bézier polynomials and Bézier
curves.

1.1 Bernstein basis polynomials

Recall that a real polynomial of a real variable x € R of degree k is a function of

the form
k

p(z) = ag + a1z + - + apat = Zaixi,

where a; € R, i =0,1,...,k, and a; # 0. We will denote by 7y the linear space of
polynomials of degree at most d,

d
Ty = {Zaixi:ai ER,izO,l,...,d}.

i=0
The functions 1,z,...,2¢ form a basis for 74, known as the monomial basis, and

the dimension of the space 7, is therefore d + 1. The Bernstein basis polynomials
provide an alternative basis for w4y and are defined as

Bl(z) = <d> (1 —2)" i=0,1,...,d, (1.1)

3

where
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Figure 1.1: The cubic Bernstein basis polynomials

The first few examples are
Bg (ZL’) =1,

Bi(w)=1—-2, Bl(x)=az,
Bix) = (1-a)%, Bix)=20(1—2), Bix)=a
Bi(r) = (1—=2)°, Bj(r)=3z(1-2)* Bix)=32°(1-1x), Bjx)=21"
The cubic ones are shown in Figure 1.1.

Let us consider some of their basic properties. For any € R, they sum to 1
since, by the binomial theorem,

1=19=(z+(1-2) Zd:() (1— ) ZBd

1=

For x in the interval [0,1] they are also non-negative. Thus, in the interval [0, 1],
they form a so-called partition of unity. In fact, they are positive in the open interval
(0,1) and at the endpoints

1 = 0: =0.... —1:
Bl =45 =0 and Bi1) =% (T 0end=h g o
0, :=1,...,d, 1, i=d.

Let us now show that the Bernstein basis polynomials of degree d do indeed form a
basis for the space of polynomials of degree < d.

Theorem 1.1 The set {B%:i=0,1,...,d} is a basis for 7.
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Since the number of elements in the set is d + 1, one way to prove the theorem is to
show that any monomial 27, 0 < j < d, is in the span of the B¢, i.e., that 7 can be
expressed as a linear combination of the B¢. This is demonstrated by the following
lemma.

Lemma 1.2 For j =0,1,....,d,

i (d=j)! i J
¥ = d!] Z( Bl(x)

which, by the definition of Bf(x) gives the result. O

1.2 Recursion

The Bernstein basis polynomials satisfy a recursion formula which provides an ef-
ficient way to compute them. Here and elsewhere we will make the convenient
convention that B?,(z) = 0 and B}, (x) =0 for all z € R.

Lemma 1.3 For:=0,1,...,d,
Bl(w) = 2 BIM @) + (1 — ) BI(a). (1.3)
Proof. Suppose 1 < i < d — 1. We will make use of the recursion formula for
binomial coefficients,
(-G
=1 + ).
1 1—1 1
Using this we can express Bé(r) as

Bi(z) = ((dj 11) ‘ (d; 1)) Pl — )t

— x(d B 1) 1 —2) 4+ (1 —2) (d B 1)xi(1 — z)di

1—1 i
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which is the right hand side of (1.3). In the cases i = 0 and i = d we have
Bj(z) = (1 —2)" = (1 — 2) By (),
Bi(x) = 2% = BI"1(z),
which agree with (1.3) due to the convention that B! = B4~! = 0. O
Thus the Bernstein basis polynomials can be evaluated at a given x € [0, 1]

using a triangular scheme. For a fixed z we first set B) = 1. Then, for each
r=1,2,...,d, we let

Bl =xB '+ (1—2)B/™, i=0,1,...,r (1.4)

The scheme is illustrated below. In each column, each value is computed from two
values from the previous column (except the first and last elements of the column,
which are computed from just one value in the previous column).

1 = BY B B --- B¢
Bi B? ... B

B? ... B¢

Bj

1.3 Differentiation

We can also compute derivatives of Bernstein basis polynomials by a recursive for-
mula.

Lemma 1.4 Ford>1 and fori=0,1,...,d,
(Bf) () = d(B{Z () — B{'(2)). (1.5)

Proof. Suppose 1 <17 < d — 1. By the product rule for differentiation,

(Bg)/(x) = (?) (Z'Ii_l(l — m)d_i — (d _ 2):[’(1 _ x)d—i—l)
—d d

() n-are= (i),

which is the right hand side of (1.5). In the cases ¢ = 0 and ¢ = d,
(Bo)'(z) = —d(1 —2)"" = —dBj~(x),
(B1)'(z) = da" = dBjZ; (x),
which agree with (1.5) by the convention that B*' = B4 = 0. O
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1.4 Integration

There is a simple formula for the integral of a Bernstein basis polynomial over [0, 1].

Theorem 1.5 Ford > 0 and for alli =0,1,...,d,

1
Bx)dr = ——.
/0 i(7) d d+1

Proof. By the derivative formula (1.5),
(B (@) = (d+ 1) (B (=) — B (x))

for i = 1,...,d. Integrating this equation with respect to x in [0, 1] gives

s =0 = @) ([ @ o [ Biar)

0 0

and since the left hand side is zero for i = 1,...,d, we deduce that

/01 B [(x)dr = /01 Bl(z) dz.

Thus the integral over [0, 1] of every Bernstein basis polynomial B¢, i = 0,1,...,d,
is the same. Since the B{ sum to one, we also deduce that the sum of these integrals

is 1:
d 1 1 d 1
Z/ Bf(x)dx:/ ZBZ-d(x)dx:/ ldzr = 1.
i=0 V0 0 y—o 0

Hence, since there are d 4+ 1 of these integrals, each integral must have the value

1/(d+1). 0

1.5 Bernstein-Bézier polynomials

We call a polynomial p € 7y written in the form

p(z) = Z ¢ B (), (1.6)

a Bernstein-Bézier polynomial or BB polynomial. The coefficients ¢; € R are the
BB coefficients of p. Although we are mainly interested in values of p for z € [0, 1],
we note that p(x) is well defined for all x € R.
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Figure 1.2: Quadratic and cubic BB polynomials.

From the BB coefficients we define the control polygon of p as the polygon
passing through the points (&;,¢;), i = 0,1,...,d, where the d + 1 points &; are the
domain points of p with respect to [a, b], defined as & = i/d. The shape of p relects,
to a large extent, the shape of its control polygon. Figure 1.2 shows quadratic and
cubic BB polynomials with their control polygons.

Various properties of BB polynomials follow from properties of the Bernstein
basis polynomials. For example, from (1.2), we obtain the endpoint property,

p(0) =co,  p(1) = ca (1.7)

Since the values BY(z) sum to one for any z € R, any affine function ® of p is
the BB polynomial whose coefficients are ®(c¢;). This is because, if ®(z) = ax + S,
then

d d d
O(p(r)) =Y eBi(x)+ 8= (aci+ B)Bl(x) =Y ®(c)Bi(x).
i=0 i=0 i=0
Since the B¢ are, moreover, non-negative in [0, 1], the value p(z), z € [0,1], is a
convex combination of the coefficients ¢, . .., ¢y and so
i - < < ; <z <I. .
Oréliléldcl <px) < or;l?g)izc“ 0<zxz<1 (1.8)

1.6 Bézier curves

By letting the coefficients of a BB polynomial be vector-valued, the polynomial
becomes a parametric curve, which is commonly known as a Bézier curve. Thus,
if we let cg,cq,...,cq € R* for some Euclidean space R¥, k > 2, then we obtain a
Bézier curve,

p(z) = Z c; B (x). (1.9)



1.6. BEZIER CURVES 9

Figure 1.3: Cubic Bézier curves

This is a parametric polynomial curve, and if we restrict = to the interval [0, 1], then
0, 1] becomes the parameter domain of p and the curve is a mapping, p : [0, 1] — R*.
We call cg, cq, ..., cq the control points of p, and we define the control polygon of p
simply to be the polygon passing through the control points. Figure 1.3 shows
two cubic Bézier curves in the plane with their control polygons. Similar to BB
polynomials, a Bézier curve tends to mimic the shape of its control polygon, which
is why it is a popular choice for designing geometry in an interactive graphical
environment. As the user moves the control points interactively, the shape of the
Bézier curve tends to change in an intuitive and predictable way.

Bézier curves have properties similar to BB polynomials. For example, from (1.2),
we obtain the endpoint property of Bézier curves,

p(0) = co, p(1) = cq.

Since the Bernstein basis polynomials sum to one for x € [0, 1], every point
p(z) is an affine combination of the control points cq, ..., c,. From this it follows
that if ® is an affine map R* — R¥, then the mapped curve ®(p) has control points
®(c;). So see this, recall that an affine map has the form

d(x) = Ax + b, x € R”,

for some matrix A of dimension k x k and a vector b of length k. Then,

d d

O(p(z)) = A Z c¢iBf(z) +b =) (Aci+b)Bi(z) = Y ®(c;)Bf ().

=0 i=0

Since the Bernstein basis polynomials are non-negative in [0, 1], any point p(x),
with 2 € [0,1], is a convex combination of the control points cy, ..., ¢y, and so p,
restricted to [0, 1], lies in the convez hull of its control points:

d d
CODV{CO7-.~7Cd} = {ZWC" N P T O’Z“i = 1}.
=0 i=0
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This same property also applies to each of the k coordinates of p separately, and so
p restricted to [0, 1] also lies in the bounding box

[041,51] X [042752] X X [Oékaﬁk]a

where, if the point c¢; has coordinates ¢;1, ..., ¢,
a; = min ¢;; and . = Imax ¢;; =1,...,k.
j 0<i<d ij /6] 0<i<d i J ) )

Bounding boxes are used in various algorithms, and are easier to compute than
convex hulls.

1.7 The de Casteljau algorithm

Consider now how we evaluate a BB polynomial or Bézier curve, by which we mean
how we compute the value of the polynomial or the point on the curve corresponding
to a given input parameter . The evaluation of a Bézier curve is similar to that of
a BB polynomial, so it is sufficient to focus on the latter case.

Consider the computation of p(z) in (1.6). One way to proceed is to evaluate
the Bernstein basis polynomials B¢ at z, by the recursion (1.4), and then apply the
formula in (1.6). A more direct method is to use recursion on the coefficients, which
is known as de Casteljau’s algorithm. We initialize the algorithm by setting ¢ = ¢;,
t=20,1,...,d. Then, for each r =1,...,d, let
=1 —a) " +ad, i=0,1,....d—r. (1.10)

)

Theorem 1.6 The last value computed, c&, is the value of p(z) in (1.6).

Proof. Consider the first step of the algorithm. By the recurrence (1.4),

=0 =0
d—1 d—1
=Y dLaB @)+ (1 —2)B T (x),
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where we used the convention that B4;* = B4~ = 0, and hence, by (1.10),
d-1
plx) = B ().
i=0
Continuing in this way we find that for any r =1,...,d,
d—r
ple) =) B " (x). (1.11)
i=0
The particular case r = d gives us p(z) = cd. O

This algorithm can be arranged in a triangular scheme as follows. In each
column, each value is computed from two values from the previous column.

0 1 d—1 d
0 1 —
Cl Cl . e Cl
0 1
cdal Ca—1
€4

Figure 1.4 illustrates the algorithm applied to the cubic BB polynomial of Figure 1.2

0.5

0.4

03 -

026

0.1

ot

-0.1 : : —¥ :
0 02 0.4 0.6 08 1

Figure 1.4: de Casteljau algorithm, = 0.6

where x = 0.6.

It it sometimes useful to know that the points in the de Casteljau algorithm
are themselves BB polynomials whose coefficients are subsets of ¢, ¢y, ..., cq.

Theorem 1.7 The value ¢} in the de Casteljau algorithm (1.10), viewed as a func-
tion of x, is the BB polynomial

c = Z Civj B} (). (1.12)
=0
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Proof. We proceed by induction on r > 0. The statement clearly holds when r = 0.
For r > 1, we may suppose that (1.12) holds when r is replaced by r — 1. Thus,
from (1.10), we find

r—1 r—1
¢ =(1- 5’3)@;_1 + 37@;:11 =(1-ux) Z Ci+jB§_1(=’f) + IZCHHJ‘B;_l(x)
j=0 j=0
=i (1= 2) B (@) + 2B}~ (v))
§=0

=Y cyBj(o),
=0

using again the convention that B"7' = B/~! = 0.

1.8 Derivatives

We may also want to evaluate the derivatives of a BB polynomial or Bézier curve.
Consider the computation of the first derivative of the BB polynomial p in (1.6) at
a point x.

Theorem 1.8 The first derivative of the BB polynomial p in (1.6) is

d—1
P(z)=d) AaB(x),
i=0
where Ac; denotes the forward difference, Ac; = ciiq1 — ¢;.

Proof. Using Lemma 1.4,
d

P(z) = a(Bl) (@) =d)_ a(Bi (@) - B (2))

=0 i=0

d d—1
=d (Z ;BN x) — Z ciBidl(:c)>
=1 i=0
d—1 d—1
=d (Z cip1 B (x) — Z ciBf_l(x)) )
=0 i=0

where we used our convention that B! = Bfll_l = (0. Putting the two summations
together and using the notation that Ac; = ¢;11 — ¢; completes the proof. 0
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This theorem implies that the derivative, p'(x), is the BB polynomial in 74 ;
whose coefficients are dAc¢;, i = 0,1,...,d— 1. Thus by the endpoint property (1.7),
it follows that

7'(0) = dAcy, p'(1) = dAcy 1, (1.13)

from which we conclude that the gradient of p at = 0 equals the gradient there of
its control polygon, and likewise at = = 1. By (1.8), we also have

d min Ac; <p'(z) <d max Acg;, 0<x<1. (1.14)
0<i<d—1 0<i<d—1

1.9 Higher order derivatives

We obtain higher order derivatives of p by applying Theorem 1.8 repeatedly, and by
defining the r-th order forward difference of the coefficients by the recursion

ATCZ' = ArilCiJrl — Arilci, r > 1

)

where A; = ¢;. One can show by induction that
r r '
A"cy = —1)""¢, 1.15
=3 (f) e (115)
so, for example,

2
Ac; = ¢; — 2¢i41 + Ciya,

3. _
A’c; = —c; + 3¢ip1 — 3Ciga + Cigs,

and so on. Thus, one obtains

Theorem 1.9 For r = 0,1,...,d, the r-th derivative of the BB polynomial p in
(1.6) is

dr d
(r) — S — A"¢; BT ().
P\ (x) dmrp(a:) = ;:0 B (x)

The derivatives of p at the points x = 0 and x = 1 have simpler expressions:

Corollary 1.10 Forr = 0,1,...,d, the r-th order endpoint derivatives of the BB
polynomial p in (1.6) are
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1.10 Integration

There is a simple formula for the integral of a BB polynomial over [0, 1].

Theorem 1.11 The integral of p in (1.6) is the average of its

1
/p(x)dx:cO+cl+ +Cd.
0

d+1

Proof. Integrating p in (1.6) gives

By Theorem 1.5,
h

1
B ) dr = ——
| Bityie = 2,

and substituting this into (1.16) gives the result.

1.11 Exercises

coefficients,

(1.16)

1.1 It is sometimes necessary to convert a polynomial in BB form to monomial

form. Consider a quadratic BB polynomial,

p(z) = co(1 — 2)* + 2c12(1 — x) + co2®

Express p in the monomial form

p(z) = ag + a1x + axx®.

1.2 Consider a polynomial p(z) of degree < d, for arbitrary d. Show that if

ple) =) e’ =) aB(x)

J=0

a; = <d> AjC[).
J

Hint: use a Taylor approximation to p to show that a; =

then

p9(0)/3!.
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We might also want to convert a polynomial from monomial form to BB form.
Using Lemma 1.2, show that in the notation of the previous question,

Ci = d'z ;-

(i —Jj)!

Implement the de Casteljau algorithm for cubic Bézier curves in Matlab or
Python (or some other programming language), taking repeated convex com-
binations. Choose a sequence of four control points and plot both the control
polygon and the Bezier curve, like those in Figure 1.3.

Show that the graph, g(z) = (x,p(z)) of the BB polynomial p in (1.6) is a
Bézier curve in R?, with control points (&, ¢;), i = 0,1,...,d, where & = i/d.
Hint: express z as a linear combination of B(z),..., Bd(x).

Show that the tangent vector p’(z) of the Bézier curve in (1.6) lies in the
convex cone of the vectors Ac;, i.e., in

cone(Acy, ..., Acg_1) {Z WiAC; .y g1 > 0} )

Show that the first derivative of p in (1.6) can be expressed (and computed)
as

P(z)=d(ci™ =),
d-1 d

where ¢§*, ¢{~! are the points of order d—1 in de Casteljau’s algorithm (1.10).

Show that the Bernstein basis polynomial B¥(z) has only one maximum in
0, 1], namely at z = i/d.

Give a proof of the forward difference formula, (1.15).

The Bernstein approximation to a function f : [0,1] — R of order d is the
polynomial ¢ : [0,1] — R defined by

zgf(é)Bd

Show that if f is a polynomial of degree m < d then g has degree m.

Show that the length of the Bézier curve p in (1.9) is bounded by the length
of its control polygon,

d—
length(p Z |Ac;]|.
i=0
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Chapter 2

Splines in Bernstein-Bézier form

If we tried to model a complex function with a single polynomial, we would need
a polynomial of very high degree. It is usually easier in practice to create a com-
plex function by joining together several polynomials of low degree. The resulting
function is a piecewise polynomial, or spline. To do this it helps to represent the
polynomial pieces in BB form because the conditions for joining BB polynomials
together with a certain order of smoothness are relatively simple.

2.1 BB polynomials on an arbitrary interval

In order to construct a spline whose polynomial pieces are defined on intervals of
arbitrary lengths, we will represent each piece as a BB polynomial, and this requires
defining a BB polynomial over an arbitrary interval [a,b], rather than just over
the ‘canonical’ interval [0,1]. Any point z € [a,b] can be expressed as a convex
combination of the endpoints a and b,

r=(1—=Xa+ \b, (2.1)
where
T —a
A\ = )
b—a

This is sometimes called the barycentric form of z with respect to [a, b]. The weights

b and )\:x—a

1—-)A=
b—a b—a

are the barycentric coordinates of & with respect to [a, b].

17
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We call a polynomial p € 7y written in the form

pla) = > aBIN), 22

a BB polynomial with respect to the interval [a,b]. The control polygon of p is now
the polygon passing through the points (&;,¢;), ¢ = 0,1,...,d, where the domain
point &; is

d—1 i
The endpoint property is now
p(a) =co,  p(b) = cq. (2.3)

2.1.1 The de Casteljau algorithm

The de Castelaju algorithm of Chapter 1 generalizes in a simple way. We initialize
the algorithm by setting ¢ = ¢;, i =0,1,...,d. Then, for each r =1,...,d, let

=1 =N+ N, i=0,1,....,d—r. (2.4)
The last value computed, cf, is the value of p(z) in (2.2).

Analogous to Theorem 1.7, we can express the points in (2.4) as

¢ =S B, (2.5)
§=0

2.1.2 Derivatives

The derivative formulas are similar to the [0, 1] case, the only difference being that
we must divide by the factor b — a each time we differentiate, due to the fact that

d, 1
dt”  b—a
Thus, defining h = b — a, we find by the chain rule that

() = 3 2pla)

and more generally,
1 d
M () = —
p(a) = (),
for r = 0,1,...,d. Therefore, applying the derivative formulas from the previous
chapter we deduce
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Theorem 2.1 Let h = b—a. Forr = 0,1,...,d, the r-th derivative of the BB
polynomial p in (2.2) is

a1 &

") () = — N A"¢; BTN,
pie) (d—r)!h’“; BTN

In particular, the endpoint derivatives are as follows.

Corollary 2.2 The r-th endpoint derivatives of the BB polynomial p in (2.2) are

a1 a1

() :—_AT (r) b :——AT .
e e s ) e

We can use these formulas to join BB polynomials together smoothly.

2.2 Joining polynomial pieces together

Suppose that we want to construct a spline s consisting of two polynomials pieces p
and ¢ of degree at most d, over two consecutive intervals [a, b] and [b, ], respectively.
Thus we want to define

s(z) = {p(x), a <z <b;

q(z), b<w<q

Then s is continuous at the breakpoint z = b if p(b) = ¢(b). We can represent both
p and ¢ as BB polynomials,

pa) =D GBIV, ala) = Y eBl),

d d
1=0 =0

for coefficients ¢;,e; € R, and where A\ = (z —a)/(b—a) and u = (z — b)/(c — b).
Then, by the endpoint property of BB polynomials, the condition for the continuity
of s is that the last coefficient of p equals the first coefficient of ¢, i.e.,

Cq = €. (2.6)

More generally, if we want to ensure that s has C" continuity, we require that the
endpoint derivatives of p and q at = b of all orders up to r are equal, i.e, that

P (®) = qW(b), k=0,1,...,r

We have already derived formulas for these quantities in Corollary 2.2 and so, if we
agree beforehand that s will have certain derivatives up to some order r at x = b it is
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easy to find the coefficients of p and ¢ needed to match these derivatives. This is the
approach we will use for example to ensure C'! continuity between cubic polynomial
pieces in Section 2.4. However, there is an another approach to ensuring continuity
between BB polynomials. To obtain C" continuity between p and ¢ above, it is
sufficient to express the first r + 1 coefficients of ¢ directly in terms of the last r + 1
coefficients of p. The starting point for this comes from Corollary 2.2:

Theorem 2.3 The spline s has C" continuity, r = 0,1,...,d, if and only if

N

AFey, k=0,1,...7.

Now it remains to express eg, €1, . .., e, as functions of ¢4, cq_y11,...,cq. For
example, the condition for C'!' continuity is (2.6) combined with the condition

Cd—C—1 €1 — €

b—a  c—b"

This equation and (2.6) uniquely determine the two coefficients eg and e; from the
coefficients cg and cy4_1,

eo = ¢q, e1 = (1 —a)eg_1 + acq, (2.7)
where
c—a
o= .
b—a

The coefficient « is easy to remember because it is the local coordinate of the point
¢ with respect to the interval [a, b], analogous to A being the local coordinate of .
Notice, however, that while both A and 1 — A are non-negative for z € [a,b], the
coefficient (1 — «) is negative because ¢ > b.

Setting r = 2 in Theorem 2.3, a lengthier calculation shows that the condition
for C? continuity of s can be expressed as the two equations in (2.7) plus the equation

es = (1 — a)’cys +2(1 — a)acy_1 + a’cy. (2.8)

These conditions generalize as follows:

Theorem 2.4 The spline s has C" continuity, r = 0,1,....d, if and only if
ei:ch,iﬂB;(a), i:O,l,...,T.
§=0

We will postpone the proof of this till later (using blossoming).



2.3. LINEAR SPLINE INTERPOLATION 21

0.8 T o

0.7

06 p

05

04

03

02

0.1

0

L L L L
0 1 2 3 4 5

Figure 2.1: Piecewise linear interpolant.

2.3 Linear spline interpolation

As a first example of contructing a spline to match given data, let us consider

piecewise linear interpolation. Suppose that zi,z9,...,2,, € R is an increasing
sequence of points and that y1, s, ...,y € R are associated values. We let a = x;
and b = xz,, and we would like to find a spline ¢ : [a,b] — R such that in each
interval [x;,x;41], 1 =1,2,...,m — 1, g is a linear polynomial, and such that
g(x;) = vy, i=1,2,...,m. (2.9)
The solution to this is simple. For each ¢ = 1,2,...,m — 1, we let g; be the linear
polynomial
Tiy1 — T Tr—1x;
gi(z) = Yi + Yit1- (2.10)
Tit1 — Li Liv1 — Li

We then define g by g(x) = g;(z) for ; < z < x;11. So g; is the i-th polynomial
piece of g. Since g;_; and g; have the common value y; at z; for all: =2,... ,m—1,
it follows that ¢ is continuous, and we write g € C|a, b].

We can alternatively express g; using linear BB polynomials:
9i(x) = yi By( M) + yipa1 By (i),

where \; = (v — ;) /(Ti41 — x;).
Figure 2.1 shows an example of piecewise linear interpolation, with three linear
pieces. The data is
(xla Z2,T3, LL’4> = <07 27 47 5)7
(y1, Y2, Y3, ya) = (0,0.8,0.3,0.6). (2.11)
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In some applications the values y; will be function values y; = f(z;), i =
1,...,m, for some function f : [a,b] — R. In this case, we can ask “what is the
difference between f and ¢g?” Equivalently, if we let e = f — g be the error function
on [a, b], we can ask “what is the size of e in some sense?” Of course e is zero at the
interpolation points z;, but not in general in between. One way to measure the size
of e is to use the max norm or infinity norm of e, defined as

ell = mas |e(a)].

Under the assumption that f is smooth enough, the max norm of the error is pro-
portional to h? where h is the mesh size

and hz = Tjy1 — T
Theorem 2.5 If f € C*a,b] then

1
I =gl < gh*IL7I1

Proof. Let x € [x;,x;11]. Since g;(z;) = f(x;) and ¢;(x;+1) = f(xi11), the Newton
error formula for linear polynomial interpolation tells us that

/(&)

f(@) = gi(x) = (v — z)(x — Tiy1) or

for some point & € (z;,x;41). The maximum of the function (z — x;)(x;41 — @)
over T € [x;,z;,1] is attained at x* = (x; + 7;41)/2, and has the value h?/4 there.
Therefore,

£) — 9@ = (o — 2 e — o) < 10y <

h2

]

Taking the maximum of |f(x) — g(z)| over x in all of [a, b] gives the result. O

This theorem shows that if ¢ and b and f are fixed, and if we increase the
number of points z; sampled from [a, b] in such a way that h — 0, then the associated
splines g will converge to f, and at the rate of O(h?). For example, if we double the
number of existing intervals [z;, ;1] by adding a new interpolation point at each
midpoint (x; + x;11)/2 then the error will approximately go down by a factor of 4.
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2.4 Cubic Hermite spline interpolation

We obtain a smoother spline by using polynomial pieces of higher degree. A popular
choice of degree is three. We can build a cubic spline g : [a,b] — R which is
continuously differentiable by letting its pieces g; be cubic polynomials and such
that ¢ matches both the values y; in (2.9), and slopes, i.e., first derivatives,

g (z;) = si, i=1,2,...,m. (2.12)

Theorem 2.6 There is a unique C' cubic spline g satisfying the interpolation con-
ditions (2.9) and (2.12). We can express the i-th piece of g as

gi(z) = chBj-’()\i), (2.13)

where "
glsi, Co = Yiy1 — glsi-i-lv C3 = Yi+1, (2-14)

and \; = (x — ;) /h; and h; = x;11 — ;.

Co=VYi, C1=Y;+

Proof. Let g; be a BB polynomial of the form (2.13). By Corollary 2.2,

3 3
gz(l’z) = Co, 92(%) = E(Cl - 00)7 Qi(xiﬂ) = C3, g;('rﬂ*l) = h—(C3 - 02)-

1

7

Using the interpolation conditions (2.9) and (2.12), and solving for the coefficients
Co, C1, Co, C3 gives (2.14).

To show the uniqueness of the solution, suppose g; € w3 also matches the four
interpolation conditions at x; and x; ;. Then the difference p = g; — g; is also in 73
and

p(z;) =p'(z;) =0,  j=di+1l
So p is a cubic with at least four roots counting multiplicities and the Fundamental
Theorem of Algebra implies that p = 0. 0

Figure 2.2 shows an example of cubic Hermite interpolation, with three cubic
pieces. The data is as in (2.11) together with the derivative data

(81782,83784) = (0,0].,-O].,O].) (215)

As in the previous section, in some applications the values y; will be function
values y; = f(z;), and the values s; could be slopes, s; = f'(z;). If f is smooth
enough, the error is now proportional to h*, which means that the convergence of
these cubic splines to f will be faster than linear splines.
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Figure 2.2: Cubic Hermite interpolant (left), BB control polygons (right).
Theorem 2.7 If f € C*[a,b] then

1
—gll < = hY[F@.
1f =gl < 55 WA

Proof. Let x € [x;,7;41]. Since g;(x;) = f(x;) and g/(z;) = f'(z;) for j = 4,1+ 1,
the Newton error formula for cubic Hermite polynomial interpolation implies that

2 [ (&)

f(x) = gi(z) = (v — 901')2@ — Ti1) T

for some point &; € (z;, x;11). Therefore,

4 (¢ 2\ 2 || (@) 4
_ UG _ (RIS A
7@ = 9(0)] = (& = w) e — o) < (5 ) B < o ).
OJ
2.5 C? cubic spline interpolation
Another approach to constructing a cubic spline g to fit data values vy, ..., y,, is to
force g to have C? continuity at the interior points s, ..., Z,_;. If we then count

degrees of freedom we find that we need to place two extra conditions on ¢ to ensure
the uniqueness of g. One way to do this is to fix the first derivative of g at the two
endpoints z; and z,,. Thus we will construct a spline g € C?[a, b] which, as before,
has cubic pieces and interpolates the values y;, but in addition satisfies the Hermite
end conditions

g (x1) =51 and ¢ (Tm) = S$m. (2.16)
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Theorem 2.8 There is a unique C* cubic spline g satisfying the interpolation con-
ditions (2.9) and (2.16).

Proof. One approach to solving this problem is to let g be the cubic Hermite spline
of the previous section, and to compute the interior slopes $s,...,S,,_1 SO as to
ensure that ¢ has C? continuity at the points xs,...,2,,_1. In this approach we
have m — 2 variables and m — 2 conditions. To ensure the C? continuity of g, we
require

gl (z5) = g/ (zy), i=2,...,m—1.
From Corollary 2.2, in the notation of (2.13),

6 6 i —Y; 281‘ + S;
67 (w) = S5 (co =201 +¢2) = o~ (y“h A _ ; “) . (2.17)
Similarly, writing g;_, as
3
ngl(x) = ZéjB?()\zfl)a
=0
we find
6 ~ - 6 Yi — Yi-1 | Si-1+2s;
" o(xy) = — (61 — 2 = — ) 2.18
) = (e = 2o+ ) = o (U BBy
Equating (2.17) and (2.18) and rearranging gives
;8,1 + 281' + ﬁz‘si—l—l = bi, (219)
where
hi hi—l
Q= ——, ﬁz = 7 1
and 5
Yi — Yi—1 Yi+1 — Yi
b; = h; hi 17—/ | .
hi—1 + h; ( hi 1 i h; )
This gives us the linear system of equations
[ 2 B2 | _82- [ by — a8y |
az 2 B3 53 b3
QO —2 2 ﬁm—Q Sm—2 bm—2
L Om—1 2 1 _Sm—l_ _bm—l - 5m—15m_

The matrix is tridiagonal and strictly diagonally dominant (in its rows) and therefore
has a unique solution. O
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Figure 2.3: C? cubic spline interpolant.

Figure 2.3 shows an example of C? cubic interpolation, with three cubic pieces.
The data is as in (2.11) together with the same end derivatives, s; = 0, s, = 0.1, as

we used in the C! Hermite case (2.15).

2.6 Minimization of second derivatives

The C? cubic spline interpolant g has a remarkable property, that it has the least

second derivative of all C? interpolants in the L, sense.

Theorem 2.9 Let g be the C* cubic spline interpolant solving (2.9) and (2.16), and

let h be any C? function satisfying the same interpolation conditions. Then

b b
[@@ra< [ w2
with equality if and only if h = g.

Proof. Let e = h — g. Then e € C?[a,b] and

e(r;)=0, ¢=1,...,m, and e (x1) =€ (x,) =0.

Then h = g + e and so

Je= [z fgers ey,
Jne = [rz2 [ o

and therefore

(2.20)
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where ¢ = ¢”, which is piecewise linear. We now compute the integral on the right:

b m=1 g
/a pe’ = 2; /x pe
T
{ﬁb(flfiﬂ)@/(%ﬂ) — p(x)e'(z;) — ¢

Tiq1
/
[zi,2441] / €
z;
m—1

O(zm)e (Tm) — @(z1)€ (T1) — Z {¢/|[Z‘i7l‘i+1](e(xi+l) - e(l‘z))} : (2.23)

=1

33

'™

1

3
[

=1

So, by (2.21), this integral is zero and this proves the inequality (2.20). To complete
the proof, suppose that the integrals in (2.20) are equal. Then by (2.22), [(e”)* = 0.
This implies that e is a linear function, e(x) = ag + a;z. Since e(z1) = e(x,,) = 0,
this means that e = 0, and we conclude that h = g. 0

2.7 Natural end conditions

An alternative to imposing the Hermite end conditions (2.16) is to impose the so-
called natural end conditions, which demand that the second derivative og ¢ is zero
at the endpoints, i.e.,

" (1) = ¢"(xm) = 0. (2.24)
There is again a unique solution. To see this, we now treat all the slopes s1, s2, ..., Sm
as unknowns. The requirement of C? continuity at the interior points s, ..., Zp_1

gives us again the m — 2 equations (2.19). In addition, using equations (2.17) and
(2.18), the end conditions (2.24) expand to

251 + 59 = by, Sm—1 + 25, = by,

where
Y2 — W1 Ym — Ym-—1
by =3 bpp =3 ———— | .
' ( hy > ’ ( b1 )
We thus have m equations in the m unknowns sy, ..., sy,
[ 2 1 1T S1 1 [ bl 1
[6%) 2 52 52 b2
Am—1 2 ﬁmfl Sm—1 bmfl
1 2 Sm b,
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Figure 2.4: Cubic spline interpolant with natural end conditions.

This is again a strictly row diagonally dominant system of equations, and thus has
a unique solution.

Figure 2.4 shows an example, with the data again as in (2.11).

The minimization property of Theorem 2.9 also holds for this natural spline:
see Exercise 2.5.

2.8 Exercises

2.1 Prove equation (2.8).

2.2 Implement the de Casteljau algorithm for a planar Bézier curve of arbitrary
degree d over a general interval [a,b]. Use the routine to make a program to
plot the quadratic spline curve s : [0,2] — R?, with pieces

2
p(t)=> Bi(t), 0<t<1,
i=0

2
q(t) =Y diB}(t-1), 1<t<2,
=0

where ¢g = (—1,1), ¢; = (—=1,0), c2 = (0,0), and dy = (0,0), d; = (1,0),
d2 = (2,1)

2.3 What is the order of continuity of s in Exercise 2.2 at the breakpoint ¢ = 17

2.4 The curvature of a parametric curve r(t) in R? can be expressed as

w(o) = ZO X

@
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where (a1, as) X (by,by) := a;by — asb;. What are the curvatures of p and q in

Exercise 2.2 at the breakpoint t = 17 What can you say about the smoothness
of s?

2.5 Show that the minimization property of Theorem 2.9 also holds for the natural
spline of Section 2.7.
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Chapter 3
B-splines

In the previous chapter we saw several examples of spline functions and curves,
where we represented each local polynomial piece as a BB polynomial. It turns out
that there is an alternative way of representing a spline, as a linear combination
of so-called B-splines. An advantage of this representation is that the smoothness
of the spline is ‘automatic’ in the sense that it simply inherits the smoothness of
the B-splines. B-splines have several properties in common with Bernstein basis
polynomials, including non-negativity and the partition of unity property, and, like
BB polynomials and Bézier curves, splines tend to mimic the shape of their B-spline
control polygon, thus providing a convenient way to contruct and modify a spline.

3.1 Divided differences

We will define B-splines using divided differences, so we start by recalling some of
their basic properties. More divided difference theory can be found in [4] and [1].

The divided difference of a function f at the points xg, x1, ..., xy is the coeffi-
cient of 2% of the unique polynomial p(z) of degree at most k that interpolates f at
these points. In other words, it is the coefficient ¢, the ‘leading coefficient’, in the
representation

p(z) = chx’ (3.1)

of this interpolating polynomial. We denote it by [z, z1,...,x]f and it is said to
have k-th order.

We note that in the special case that f is itself a polynomial of degree less
than k, then p = f and ¢, = 0 and so [z, ..., xx]f = 0.

31
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3.1.1 Distinct points

If the x; are distinct, p is the Lagrange polynomial interpolant to f. We find
[zo] f = f(xg). For k > 1, we can express p in terms of two polynomials, py and py,

of degree at most k—1, as follows: we let py be the interpolant to f at xg, z1, ..., T5_1
and we let p; be the interpolant to f at xi,x5,...,xr. One can then easily check
that
T — T T — xo
T) = )+ x), 3.2
(@) = () + i (a) (32

and then, by considering the coefficient of z* of the right hand side we deduce the
recursion

If - [xl,...,xk]f—[xo,...,xk_l]f.

[xo,xl,...,a:k
T — Zo

The first examples are therefore

wolf = f(wo),  [royailf = LB =S @)

Tr1 — X
f(x2)—f(x flx1)—f(z
(21, 2] f — [0, 21]f (ii_xf Y- (:il)—zg .

['TOJxlaxQ]f: -
To — T To — X

We can also derive an explicit formula for the divided difference from the Lagrange
form of p,

pla) =Y Li@)f@), L) =[] (3.3)
=

By considering the coefficient of z* of p, we deduce the formula

(2o, 1, ..., xk]f = ZHJ 0( - (3.4)

T;i — X

So, for example, we can write a second order divided difference as

f(xo) n f(x1) n f(x2)

(xo - Il)(l‘o - Iz) (xl - Io)(Il - xz) (CU2 - Io)(l“Q - Il).

[l’o, xy, iIZ’Q]f =

3.1.2 Arbitrary points

If any of the points xg, x1,..., 2, are equal we understand the interpolant p to be
the Hermite interpolant to f. By this we mean that if x; has multiplicity m, i.e.,
xr; appears m times in the sequence xg, x1, ..., 2, then p and all its derivatives up
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to order m — 1 agree with f at this point z;. We will always assume that f has
sufficiently many derivatives at the points x; for this to make sense. In the special
case that all the points are equal, xy = z; = --- = x, the Hermite interpolant p is
the Taylor approximation to f at xo,

and so
[xo,...,xk]f:xo,...,mof:T. (3.5)

If only some of the points are equal, then in analogy to the case of distinct
points, the divided difference can be expressed recursively. One can show that as
along as o and zj, are distinct then equation (3.2) holds regardless of whether the
remaining points are distinct or not. More generally, suppose that z; and z; are
distinct and let py be the interpolant of degree < k£ —1 to f at all points except z;,
and let p; be the interpolant of degree < k — 1 to f at all points except z;. Then

one can show that . .
=
r)= xT)+
) = (o) +

r — T

pi(z). (3.6)

Then, by taking the coefficient of ¥ on both sides, we have

T A N e 7 TR R A
[wa"?xk]f— ’
.’I?j — T
where xg,...,Z;, ..., means the sequence z, ...,z with the point z; removed.
0 s Ly s Lk 05 s Lk 7

For example, if z¢ # x4,

f(@1)—f(w0) ,
— — . —
[0, T, 1] f = (2o, 1] f — [0, 2o f _ T f( 0)’
1= "To 1 — To

which is a linear combination of f(xg), f'(zo), f(x1):

[0, 2o, 1] f = coof (z0) + corf'(z0) + cr0f (21),

where
-1 -1 1
5 Cnn=——— Cio= (

Copp= —— _—.
o0 (SU1 - 130) T1 — Xo X1 — 96‘0)2

In general, it follows from the recursion that for a sequence of distinct points
Zo, L1, - . ., T with multiplicities mg, mq, ..., my, there are coefficients ¢; ,, indepen-
dent of f, such that

k mifl

Ty e v ey LOyee s Thyero, Tgf = Z Z ci,,f(”)(x,-). (3.7)

mo =0 r=0
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In other words, the divided difference is a linear combination of f and its derivatives
at xg,x1,...,xE, where the highest order derivative at x; is m; — 1.

3.1.3 Leibniz rule

Later, we will make use of a convenient formula, called the Leibniz rule, for the
divided difference of a product of two functions. For the product of functions f
and g, the Leibniz rule is

k
o, 21, k) (fg) = D [wo, ol f [wi, . 2klg. (3.8)
i=0
The name ‘Leibniz rule’ is due to the fact that in the case that zo = --- = zy,

equation (3.8) reduces to the well known Leibniz formula for the k-th derivative of
fg (due to (3.5)).

3.2 B-splines

We define B-splines as follows. For any integers d > 0 and n > 1, we call a sequence
t = (tl,tg, . 7tn+d+1>7 t; € R, a knot vector if ti < iy, and t; < Titdt1- For any
real number x we write
{:1:, if x >0,
Ty =

0 otherwise.

For i =1,2...,n, we define the i-th B-spline B; ;¢ by the formula

Biat(t) = (tivars — to)[ti tisr, - - s bigara] (- — 2)F, r e R. (3.9)
Here, the divided difference [t;,, ..., t;1q4+1] applies to the function
d
ft) = ((t=2)1)" (3.10)

with x fixed. We will sometimes use the alternative notation

Bias(r) = Blti, ti1, -, tivar1] (),
and sometimes just write B; 4 or B,  or even B; if it is clear from the context what d
and t are.

In the coming sections we will explore many properties of B-splines. One
property that is simple to derive is the following.
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Lemma 3.1 ]f[E g [ti, ti+d+1] then Bi,d(x) = 0.

Proof. If x > t;, 441, the function f(¢) in (3.10) is zero for all t € [t;,t;1q41] and so
[tir. . tizar)f = 0. If & < t; then f(t) = (t — x)? for t € [t;,tiyas1]. Since (t — z)¢
is a polynomial in ¢ of degree d, [t;,. .., t;rqr1]f = 0. O

It follows from this that in a non-empty knot interval [¢,,t,41] there are only
d + 1 B-splines that can be non-zero, specifically, B, _q4, ..., Byq-

Another property that follows easily from the definition is that of translation
imvariance. For any y € R,

Blti +y,. . tivars +yl(x) = Blti, ... tivaa](z — ). (3.11)
This is a simple consequence of (3.9) because with f(¢) as in (3.10),
i+ vy, tivar H YIS = [bis - tivara]g,

where ¢g(t) = f(t + y), which means that

g(t) = ((t+y) —2)t = (t = (= —y))T.

3.3 Piecewise polynomials and smoothness

We next observe that B-splines are piecewise polynomials (splines), and we deter-
mine their order of smoothness. We will do this in two parts, first considering
distinct knots, then multiple knots.

3.3.1 Distinct knots

Suppose that the knots t;,...,¢;1 4.1 are distinct. From the divided difference for-
mula (3.4) we can write B; 4 as

i+d+1

Bia(z) = Y a;t; — )7, (3.12)

j=i

where a; = (tirqp — t:) /1o (t; — tx). Using this formula we deduce
k#j

Theorem 3.2 Suppose t;, ..., tiyar1 are distinct. Then B; 4 is a piecewise polyno-
mial of degree d with smoothness of order C4!.
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Proof. This follows from the fact that (f; — z)%, viewed as a function of z, is a
polynomial of degree d for z in any knot interval [ty, tx11], and has order of continuity

C1at x =t;. O

Consider now the simplest example, that d = 0. Then equation (3.12) implies that
Bio(x) = —(ti — )3 + (ti1 — 2)5,

and so Bi,O(x) =0 forx <t;and z > tiv1 and Bz‘y()(l') =lfort;<x< tit1- So Bi,O
is discontinuous at * = t; and = = t;,;, which confirms what the theorem claims in
this case, that the smoothness is C~!. In order to avoid ambiguity, we can simply
make a convention that at each knot, the B-splines B,y are either right continuous
or left continuous. For example, if we agree that they are right continuous at every
knot we have

Bi70($) _ {1, if x € [t17tz+1)a

0, otherwise.

For distinct knots, when d > 1, the B-splines B, 4 are continuous. When d = 1,
equation (3.12) implies that

1 1 1
Bia(z) = E(ti —T)4 — (F + h_+1) (tiv1 — )4 +

1

hit

(tiv2 — @)+

To write down simpler formulas for B; ; when d = 1, and even d = 2, it will be
better to use the recursion formula which we will derive in Section 3.4.

3.3.2 Multiple knots

Suppose that the knots defining B; ; have the multiplicities

(tiati—i-la ce 7ti+d+1) = (7'0, ey T0y e ey Ty e - - ,Tk)7 (313)
—— ——

mo me
where 79 < 7 < --+ < 73. Since

d" d!
dtr( .I')+ (d—’f’)'( iL’)+ )

it follows from (3.7) that there are coefficients a;,, independent of z, such that

Bia(z) = Z aj (1j — ). (3.14)
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Theorem 3.3 Ift;, ..., tirqr1 have the multiplicities in (3.13) then B; 4 is a piece-
wise polynomial of degree d with smoothness of order C4~™i at 7;, 7 =0,1,..., k.

Proof. This follows from the fact that (7; — x)i‘r, as a function of z, is a polynomial
of degree d—r for x in any knot interval [ty, tx11], and has order of continuity C'¢="~1
at x = ;. U

The theorem implies that B; 4 is a continuous function on R if the maximum
multiplicity of its knots is d. This further implies that if the maximum multiplicity
of its knots is d, then B; 4(t;) = Bia(ti+d+1) = 0.

If B; 4 has a knot of multiplicity d+ 1 then it is discontinuous there. Just as in
the d = 0 case, we can avoid ambiguity by making the convention that all B-splines
(of any degree) at any particular knot are right continuous, or that they are all left
continuous.

3.4 Recursion

In order to derive simple formulas for B-splines of low degree, and in order to evaluate
B-splines of arbitrary degree it is preferable to use the recursion formula, which we
now derive. The recursion formula also shows that B-splines are non-negative.

Theorem 3.4 Ford > 1,

———— DB 1(7) + LBHLCIA(HJ)- (3.15)

Bi xTr) =
al®) Livdr1 — Liv1

tiva —

We will assume in the proof that t; < ¢;,4 and t;11 < t;1411, so that the division
in (3.15) is well defined. We will discuss how to handle the cases t; = t;;4 and
tiv1 = tirge1 in Subsection 3.5.3.

Proof. Starting from the definition (3.9), we use the fact that f(¢f) = (¢ — )% can
be written as the product f(t) = g(t)h(t), where g(t) =t — x and h(t) = (t — )4
We then apply the divided difference [t;,t;11, ..., titas1] to this product, and use
the Leibniz rule (3.8). Since

ti]g =t —z,
[titivi]g =1,
[tiw"atj]g:o? 32Z+27
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we find

i tivari)f = (G — ) [ts, . tigara)h + [tivr, - - - tigas) (3.16)

Since
(tists - s tivarih = [ti, . tipalh

Livar1 — 1

iy tivap1]h = ; (3.17)
multiplying both sides of (3.16) by t;, 411 — t; gives

Bia(x) = (ti — ) ([tixr, - - -, tigap )b — [ti, .- tizalh)
+ (tigarr — t)[tivrs - - - tizara)h
= (@ —t)[ti, - -, tivalh + (Livarr — D) [tivrs - tigapa b (3.18)

By the definition of B; 41 and B;14-1, and assuming that ¢; < t,44 and #;41 <
titat+1, we can rewrite (3.18) in the form of (3.15). O

A simple but important consequence of the recursion formula is that, by in-
duction on d, B;4(x) > 0 for all z € (¢;,ti14+1). This implies that B;4(x) > 0 for
x € R and that the support of B; 4 is [ti, titat1]-

3.5 Examples

Let us now consider some examples of B-splines.

3.5.1 Distinct knots

A linear B-spline depends on three knots and has continuity C° when they are
distinct. With d = 1, the recursion formula gives

Bii(z) = (x —t3)/(tiv1 — tisr), if x € [t tiv1);
,1 - .
(ti+2 - x)/(tl+2 - ti+1)7 1f x € [ti+1, ti+2).

A quadratic B-spline depends on four knots and has continuity C* when they are
distinct. With d = 2, two steps of the recursion formula gives

(CE*ti)z . .
(tiJEZ*?ggiiJrl*ti))’ (t Nomtinn) ifze [th ti—H)a
_ Tl )(Liy2—% i+3—T)(T—1ti41 . A ‘ .
Bia(z) = (tiy2—ti)(tiva—tiv1) + (tigs—tiy1)(tig2—tit1) if 2 € [ti1, tive);

(tit3—x) .
(ti+3_ti+t?3(ti+3_ti+2)7 if z e [ti+2’ ti+3)'
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Figure 3.1: Linear, quadratic, cubic, and quartic B-splines.

Figure 3.1 shows linear, quadratic, cubic, and quartic B-splines with distinct knots.
Figure 3.2 shows the five cubic B-splines defined on the knot interval

t =(0.0,1.1,2.4,3,4,5.2,6.0,7.2,8).

Here, d =3, n =5, and t has lengthn+d+1=09.

3.5.2 Uniform B-splines

The B-splines on a uniform knot vector are sometimes of special interest, and are
simply shifts of a single B-spline. Let the knots be t; = ¢ for all integers i € Z. We
call the B-spline

My(z) = Boa(x) = B[0,1,...,d+ 1](z), z € R,

the cardinal B-spline of degree d, which has continuity C?~! at the knots. All the
uniform B-splines are translates of M, because, due to (3.11),

Big(z) =Bli,i+1,...,i+d+1](z) = B[0,1,....,d + 1](z — i) = Mu(z —1).
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05 |

0

0 1.1 24 3 4 52 6 72 8

Figure 3.2: Cubic B-splines on distinct knots, n = 5.

In particular, for d > 1, By 41(x) = B]l,...,d + 1](z) = My_1(x — 1) and the
recursion formula implies that

d+1—=z

Md(:c) = E]\4d,1($> + d

d Md,1($ — 1)

3.5.3 Multiple knots

Let us next suppose that we have an arbitrary knot vector and consider what hap-
pens in the recursion formula if ¢; = ¢,,4 or ¢;4.1 = t;14+1, or both. Suppose first
that tl = ti+d- If 7& tl then

iy tival (- — )Tt =0, (3.19)

and the first term on the right hand side of (3.18) disappears. Moreover, in the
case that © = t; we can simply define this term to be zero. A similar consideration
applies to the case that t;,7 = t;1411. So a more precise version of the recurrence is
as follows. We now allow the possibility that ¢; = ¢;1 4.1 in t. The only restriction
on t is that it is non-decreasing. We define

T — ti ti — X
s1(x) = ———B;a-1(2), and So(x) = LBHLd,l(:c).
tiya — 1t tivas1 — Liy1
Then
0, if 5 = tirar;
Bi,d(iﬁ) _ s1(), 1 +d and ;41 +d+1 (3.20)
s9(x), if t; = tiyq and ;11 < tipatr;

s1(x) + so(z), otherwise.
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Figure 3.3: The B-splines B[0,0,1,2], B[0,0, 1,1], and B[0, 1,1, 2].

There still remains the possibility that ¢; < t;14 and t;41 < t;y44+1, but that B; 4
and B, 4-1 are discontinuous at x. This happens if t; <ty =+ = titg < tizan1
and © = t;4;. Fortunately, the formula (3.20) is still correct if we keep to the
convention that all B-splines at a knot are right continuous (or left continuous).

Figure 3.3 shows some quadratic B-splines with double knots, and illustrates
the fact that they are C' at simple knots and C° at double knots.

3.5.4 Bernstein polynomials

The Bernstein basis polynomials are examples of B-splines with multiple knots. In
fact, for © = 0,1,...,d, the i-th Bernstein basis polynomial with respect to the
interval [0, 1] can be expressed as the B-spline

Bf(x):(f) 1—-2)""=B[0,...,0,1,...,1(z z € 1[0,1]. (3.21)

d+1—1i i+

To see this, observe that it is clearly true when d = 0. For d > 1, we can use
induction on d. Assuming that (3.21) holds if d is replaced by d — 1, the B-spline
recursion formula implies that

B[0,...,0,1,...,1)(z) = zB[0,...,0,1,..., +(1-2)B0,...,0,1,...,1](z)

d+1—1 i+ d+1—1i
= 2B (2) + (1 - f)Bid ),

But the right hand side is simply B¢(z) by Lemma 1.3 (the recursion for Bernstein
basis polynomials).

3.6 Value of a B-spline at a knot

A useful property of a B-spline is that its value at one of its knots equals the value
there of the B-spline of lower degree resulting from removing that knot from the
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knot vector.

Theorem 3.5 Forany j=14,1+1,...,i+d+1,

B[tl, P 7ti+d+1] (tj> = B[t“ P ,tj_l, tj+17 P ,ti+d+1](tj).
Proof. See Exercise 3.9. OJ

A corollary of this is:

Corollary 3.6 If z =t = -+ = tipq < tipap1 then B;4(2) =1 and B;q(z) =0
for all j # 1.

Proof. From Theorem 3.5,
B;a(z) = Blti, tiyan)(2) = 1,

and for j # ¢, one can similarly use the theorem to show that B, 4(z) = 0. O]

3.7 Closed knot vector

It is often useful in practice to use a knot vector t in which ¢; = --- = t4,1 and
thi1 = -+ = tpiqr1, and all remaining knots have multiplicity at most d. In this
case we will say that t is a closed knot vector with respect to the degree d. If
we further make the convention that B; 4 is right continuous at t441 and B, 4 is
left continuous at ¢,41, all the B-splines B; 4 are continuous on the whole closed
interval I = [tgi1,tn41]. As we will see, the advantage of the closed knot vector is
that By g(ta+1) = 1 and B, 4(tg+1) = 0 for all ¢ > 1, and similarly, B, 4(tn+1) = 1
and B; 4(tn4+1) = 0 for all i < n. Figure 3.4 illustrates this, showing the five cubic
B-splines defined on the closed knot vector t = (3,3,3,3,4,5.2,5.2,5.2,5.2).

3.8 Linear combinations of B-splines

Having now defined B-splines, we can form spline functions and spline curves as
linear combinations of B-splines.



3.8. LINEAR COMBINATIONS OF B-SPLINES 43

1

05

0

3 4 5.2

Figure 3.4: Cubic B-splines on a closed knot vector.

3.8.1 Spline functions

Consider again a knot vector t = (£;)""! where d > 0 and n > 1. We can define

n B-splines of degree d on t, specifically B 4, ..., B, 4. For any coefficients ¢; € R,
1 =1,...,n, the linear combination

s(x) = ¢Bia(x) (3.22)

=1

is a spline function, or simply a spline, s : R — R, i.e., a piecewise polynomial whose
pieces are of degree at most d. We will denote by Sy the linear space of all such
splines,

n

Sat = span(Big4,...,Bpa) = { ZciBi@ le; eRyi=1,. .. ,n}.

=1

We define the control polygon of s in (3.22) to be the piecewise linear function

passing through the points (¢f,¢;), i = 1,...,n, where ¢ is the knot average
- big1 + -+ ligg
T d .

We will often restrict the spline function s to the interval I := [t4y1,%,.1]. The
reason for this is that for « € I, the B-splines sum to 1:

ZBi,d(x) =1, x€el,
i=1
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and therefore form a partition of unity there. This will be shown in the next chapter.
This means that

min¢; < s(zr) < maxc;, z el
7 7

In the special case that t is a closed knot vector, the spline s in (3.22) will
have the endpoint property that

$(tge1) = ¢, and $(tne1) = Cn.

3.8.2 Spline curves

Spline curves are defined in a similar way to spline functions, except that the coeffi-
cients are replaced by points in R* for some k > 2. For points ¢; € RF, i =1,...,n,
the linear combination

s(z) = Z ¢:Big(x) (3.23)

is a parametric spline curve, and we call the points ¢; the control points of s. The
control polygon of s is simply the polygon in R¥ passing through ci,...,c,. The
restriction of s to the parameter interval I = [ty,1,t,41] lies in the convex hull of
the control polygon.

In the special case that t is a closed knot vector, the spline curve s will have
the endpoint property that

S(tgr1) = c1, and S(tni1) = Cp-

3.9 Evaluation

Let us consider now how to compute the value s(z) of the spline function in (3.22),
given some = € I. First we locate an index p € {d+1,...,n} such that [t,,t,41] is
non-empty and contains z. Then s(z) is given by the local summation,

§

s(x) = Y Bia(x) (3.24)

i=p—d

because all the B-splines other than B,,_qg4,..., B, are zero at x. Then there are
two ways of evaluating s at z, i.e, calculating the value s(z).
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3.9.1 Algorithm 1: B-spline recursion

The first algorithm is to use the B-spline recursion directly to compute the d + 1
values B;4(x), i = p—d,...,d, and then to multiply them by the coefficients ¢;,
i =pu—d,...,nand sum them up. The recursion formula (3.15) gives us a triangular
scheme for computing the B-splines. We fix « € [t,,,,4+1] and initialize the scheme
by setting B, o = 1. Then, forr =1,2,...,d,and i = p —r,..., 1, we set

r—1 litr41 —

Biy=——"Bi,1+

s Bi—l—l,r—l-
livr — t; Livrr1 — tiya

Here, we are using the fact that both B,,_,,_1 and B,;1,_; are zero at x. The flow
of computations is as follows, where in each column, each value is computed from
two values from the previous column.

Buo Bu-11 Bu-22 -+ Bu-dd
B,u,l B,u,—l,2 e Bu—d-l—l,d

B,s -+ Bu_da24

Bu,d

3.9.2 Algorithm 2: de Boor algorithm

Alternatively, we can use recursion on the coefficients ¢; in (3.24). This is de Boor’s
algorithm, and it generalizes de Casteljau’s algorithm. We fix x and initialize the
algorithm by setting ? = ¢;, i = u—d,...,pu. Then for r = 1,...,d, and i =
w—d-+r, ..., u we set

r titd—r41— T x—t

=TT ety et (3.25)
" tidert —ti 0 tivaerp — b

Theorem 3.7 The last value computed, CZ, is the value of s at x in (3.24).

Proof. To prove this, consider the first step of the algorithm. By the B-spline
recurrence for the B; ; we have

m
T —t; t; —x
S(x) - Z ? <—Bz d—l(‘r) + LBH—I@—I(‘%‘))

Pl liva—t tivar1 — tiya
a d — T t
. _ 4
= 2 ( : it —ZC?) Bia-1(x),
i—ndt1 z+d_t Liva — ti
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where we have used the fact that both B, ;41 and B, 4-1 are zero at x. Hence
by the definition of ¢} in (3.25),

In

s(x) = Z i Bia_1().

i=p—d+1
Continuing in this way we find that for any r =1,...,d,

I

s()= > &Biar(x). (3.26)

i=p—d+r

The case r = d gives us s(z) = ¢ O

This algorithm can also be arranged in a triangular scheme, as follows. In each
column, each value is computed from two values from the previous column.

0 1 d—1 d
o o G
Cu—d+1 Cu—d+2 7 Cu
p—d+1  “p—d+ w

0 1
Cual Cu

Cu

3.10 Exercises

3.1 Suppose that xg,zq, s are distinct, and let f; = f(x;), ¢ = 0, 1,2, for some
function f. Show by direct calculation that the recursive formula

fo=fi _ fi=fo
_ xo—xq xr1—T0
[wOax17$2]f_
Ty — Xo

can be expressed as

[$07x17x2f ZH

j;éz xj>'
3.2 Show that if f(x) = 1/x and that zg, x1, ..., 2 # 0 then

(o, ..., x| f =
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3.3 Prove the Leibniz rule for divided differences:

k

[0, 1, ..., zx](fg) = Z[mo, ooz f e, . TE]g.

1=0

Hint: let p and ¢ be the polynomials of degree < k that interpolate f and g
respectively at xg, z1, ..., 2k, and express p and ¢ as

=
=
I
-

(x — 1) - (x — xp)[z), - . ., Tk]g-

Now consider the polynomial pq.

3.4 Use the recursion formula (Theorem 3.4) to show that

a) B[0,0,0,1](x)
b) B[0,0,l,Z](l’)
¢) B[0,1,1,2](x)

(1 —=)*B[0,1](x),
z(2 — 32)B[0,1](z) + 1(2 — 2)*B[1, 2](z),

2?B[0,1)(z) + (2 — 2)?B[1, 2)(x).

3.5 a) Prove Theorem 3.5, and b) use it to show that for distinct knots,

Bia(tin) = =& -, Bia(tise) =
Livo — 1 tiys — tiy1

3.6 Show that

8

(4=2) blo. i

Bla,...,a,b](z)

Bla,b,...,b,d(z) = <§:Z)d8[a,b](1’) + (Z:z)dB[b,c](w).

Show that this B-spline is continuous on R.
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3.7

3.8

3.9

3.10

3.11
3.12
3.13

CHAPTER 3. B-SPLINES

Show that
Bia(x) = (=) (tizars — t)[tis tist, - s tivara ] (z — )%, reR
Hint: use the fact that
(t— ) — (~1)™ (2 — )" = (t — )"
Use this to show that for distinct knots,
Bia(z) = (tivar1 — t;) Z§1 (z —1;)5

i+d+1 :
— TTiHe g, — ¢
Jj=t ]’%ﬁ; ( k J)

Use the recursion formula to show that (for d > 1)
ZBi,d(x) =1, T € [tat1, tny1]-
i=1

Prove Theorem 3.5. Hint: show first that the case j = i follows from (3.16).
For any other j, derive an analogy of (3.16) by first expressing [t;, ..., ti1q+1]
in the form

[tj,tl‘, . ,tj—la tj+1, . 7ti+d+1]'

Given a knot vector t = ()™ and a real number x, with = € [tg1, 1],

write a routine to determine an index p such that « € [t,,t,11] with [t,,¢,41]
non-empty. A call to this routine is always needed before running Algorithms 1
and 2 of Section 3.9. By letting i be an input parameter as well as an output
parameter you can minimze the searching for example during plotting when
the routine is called with many values of x in the same knot interval.

Implement Algorithm 1 of Section 3.9 in your favourite programming language.
Implement Algorithm 2 of Section 3.9 in your favourite programming language.
Suppose that d = 3 and that the knot vector is

t=1(0,1,2,3,4).

With this knot vector we can only associate one cubic B-spline, B; 3. There-
fore, if we want to compute By 3(z) for some = € (0,4), Algorithms 1 and 2 of
Section 3.9 do not apply. Show, however, that by augmenting the knot vector
to

t=1(0,0,0,0,1,2,3,4,4,4,4),

we can compute By 3 in the interval (0,4) using Algorithm 2.



Chapter 4

Further properties of B-splines

In this chapter we derive further properties of B-splines and splines. In particular,
we show that all piecewise polynomials can be represented as linear combinations of
B-splines, and that the B-splines are linearly independent. The main tool for this is
Marsden’s identity. We also discuss the evaluation of derivatives.

4.1 Marsden’s identity

As in the previous chapter, let t = (t1,t2,...,t,1q411) be a knot vector for some
d>0and n > 1. For each i = 1,...,n, let us define the so-called dual polynomial

pia(y) = (y = tig1)(y — tiv2) -+ (Y — tita)-

Then Marsden’s identity is as follows.

Theorem 4.1 For any x € [tgi1,tns1] and for any y € R,
(y — 95)d = Z pia(y) Bia(z). (4.1)
i=1

To prove this theorem, it is sufficient to derive the local form of the equation:

Theorem 4.2 If x belongs to some non-empty interval [t,,t,+1], for some p €
{d+1,...,n}, then for any y € R,

(y—2)" =Y pia(y)Bial). (4.2)

i=p—d

49
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Proof. The proof uses Algorithm 2 of Section 3.9 applied to the initial data ¢; =
pid(y), i = p—d,...,pu. Consider the first step of the algorithm. With r = 1 in
(3.25),

gl L oot
Liva — Ui Liva — Ui
livd — T —1
— 1,a(Y) rp— a(y)
ti d— X r — ti
= —t:) + ——(y — tiza) ) pia—1(y),
litvd — ti livd — ti

and a simple calculation shows that
litda — T ( r—1;

y—ti) +

—tivq) =Y — . 4.3
tivda — L tiva — L = tia) =y —a (43)

This shows that

Czl = (y — 2)pia-1(y)-

In the next step of the algorithm, with » = 2 in (3.25), we find, similarly, that
sz =(y— iE)QPi,d—Q(y)-
Continuing in this way, we find that for all r =1,...,d,

c; =y —2) pia—r(y)- (4.4)

The case d = r gives ¢} = (y — )¢, which, by Theorem 3.7, proves (4.2). O

4.2 Linear independence of B-splines

We can use Marsden’s identity to show that the B-splines B; 4, ... B, 4 are linearly
independent with respect to the interval [t441,%,41]. To this end, suppose that there
are coefficients ¢4, ..., ¢, such that

Z CiBz',d('T) = O, td+1 S T S f}n+1. (45)
i=1
The task is show that ¢; = --- = ¢, = 0. From (4.5), for any non-empty [t,,t,11],

d+1<pu<n,

Iz
Z CiBi,d(w) = O, tﬂ S Zz S t/H‘l‘
i=p—d
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We will have ¢,—q = --- = ¢, = 0 if the B-splines B,_44,...,B,q are linearly
independent. Since there are d + 1 of these, it is sufficient to show that we can
express any monomial ", 0 < r < d, as a linear combination of them. To do this
we use the local form (4.2) of Marsden’s identity. First we differentiate (4.2) d —r
times with respect to y, giving

“w
d! (

r d—r
Sw=2)" =D o () Bial),
’ i=p—d

and then we let y = 0, giving

d! - .
(—1)a" = > p%7(0)Bialx).

7!

i=p—d
Rearranging this gives
o
=Y cipBia(z), (4.6)
i=p—d
where
_ "
cip = (=1) J1Pid (0).
Thus we have shown that B, _q4,..., 5,4 are linearly independent on the knot
interval [¢,,t,4+1] and so ¢,_q = -+ = ¢, = 0. By considering all 4, it follows that
g =+ = ¢, = 0, as claimed, and so we conclude that B4, ..., B, 4 are indeed

linearly independent on [tg41, tni1].

4.2.1 Monomials as splines

We can obtain a more explicit formula for z” in (4.6) by deriving a closed formula for
the coefficients ¢; ,. By the product rule for differentiating a product of d functions,

we have
d—r
pra @) == 3T —ta) = t).
14+1<i1 < <ip <i+d
The sum is over all possible products of 7 of the d factors of p; 4(y). It follows that
d—r r
A0 = (=1 (d=r) Y et
+1<i1 <+ <ir<itd
and therefore,

Cip = % Z til ce tir-

r) i41<iy < <ip <itd



52 CHAPTER 4. FURTHER PROPERTIES OF B-SPLINES

The sum here is over all possible products of r of the d interior knots ¢;,1,...,t;1q
in the support of B; 4. The binomial coefficient (f) is the number of these products,
and hence ¢;, is simply the average of all these products.

From (4.6) we also have the global version,
" = Z ci,rBi,d(x), td+1 S x S tn+1. (47)
i=1

Some examples are
1= Biax),
i=1
T = Z t; Bi.a(x),
i=1
= Zt;‘*Bi,d(x),
i=1

zt = Zti+1 o tipaBia(T),
i—1

where
- lit1liva +litativs + - - - + liva—1tiva

L (5)

The first example shows that the B-splines sum to one.

4.3 B-splines as a basis for splines

With a little more work, we can show that any spline s (a piecewise polynomial)
can be represented by B-splines. Roughly speaking, it is just a matter of choosing
the right knot vector: there should be a knot ¢; at each break point of s and the
multiplicity of ¢; should reflect the order of continuity of s at ¢;.

First, let’s be precise about what we mean by a spline (piecewise polynomial).
Let [a, b] be a real interval and let A = (&)X, be a partition of [a, ],

a=§ <& <<y =D,
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and let r = (1;)," be a sequence of integers with ; > —1. For any d > 0 we define

S;(A) = {S : [&,b] —R: 5’(52‘7&-‘-1) eng,t=1,...,N—1,

k)

s) is continuous at &, k =0,1,...,7r,i=2,...,N — 1}.

Since any linear combination of functions in S§(A) is also in S§(A), we see that
SH(A) is a linear space. A basis for S§(A) can be constructed using truncated
powers.

Lemma 4.3 Any s € S§(A) can be expressed in the truncated power form

d

s(x ):chx —1—2 Z Cik x—& (4.8)

k=0 =2 k=r;+1

Proof. Let p; denote the polynomial in 74 representing s in (&;,&41), i =1,..., N—1.
Then let

p?(0)
k;l

(k) (¢
Cip = (gz)k'pza(fz)’ k=ri+1,....d, i=2,...,N—1.

Cp = s kIO,...,d,

We now claim that s is as in (4.8). Indeed, letting x € (£, &) in (4.8) implies

d
= Z e = pi ()
k=0

and letting « € (&;,£;4+1) in (4.8) for some j =2,..., N — 1 gives

ch$ +Z Z Cik x_éz —pl +sz — Di— 1 )):pj(m),

i=2 k=r;+1

since p (51) pgﬁ)l(fi) for k=0,1,...,7. O
Lemma 4.4 The truncated power form of s in (4.8) is unique.

Proof. 1t is sufficient to show that if
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then the coefficients ¢;, and ¢;, are zero. To see this, observe that for z € (&, &),

d
0=35(z) = Z cra®,
k=0
which implies that cg = --- = ¢4 = 0. It then follows that for x € (&, &3),
d
0=35x)= > cunlz—&),
k=ro+1
which implies that c3,,11 = -+ = c24 = 0, and continuing in this way shows that
all the ¢; ; in 5 are zero. O

By Lemmas 4.3 and 4.4, we conclude that the functions z¥, k = 0,...,d, and
(z—&)k, k=r+1,...,d, i =2,...,N — 1, form a basis of S§(A). Thus, the
dimension of the space S§(A) is

n::d—l—l—i—Z(d—m). (4.9)

We can now show that any spline in S§(A) can be represented in terms of
B-splines.

Theorem 4.5 (Curry-Schoenberg) Let S5(A) be a space of piecewise polynomi-
als, let n be as in (4.9), and let t = (t;)"5 be any knot vector such that

(td+27- .. 7tn) = (527' .. 7527537' <. 7§37 S ?£N717 o 7€N71)7
— ) N—— ~—_——
d—r2 d—rs d—ryn_1

and such that ty.1 < a and b <t,.1. Then
S§<A) = Sd,t|[a,b]>

where Sqg|[ap is the space obtained from Sqy by restricting its functions to |a,b].

Proof. By the construction of the knot vector, the B-splines in Sy satisfy the
smoothness properties of S}(A) and therefore Sytlp C Sj(A). Moreover, since
tay1 < a < tgyo and t, < b < t,44, the B-splines in S;¢ are linearly independent
in [a,b], and therefore the space Sgg|.s has dimension n. But since n is also the
dimension of Sj(A), we conclude that Sqg|a = Si(A). O
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4.4 Derivatives

If it is often important to be able to compute derivatives of B-splines and splines.
The key to computing these is the following formula for the first derivative of B; 4,
which has many similarities to the recursion formula (3.15).

Theorem 4.6 Ford > 1,

B4 Bii1q-
Bj 4(x) = d( a1l0)  Binig() ) : (4.10)
’ liva =l titd+1 — lima
Proof. Due to the recursion (3.17), we can express B; 4 in (3.9) in the form
Bi,d<x) = [ti+1, e 7ti+d+1](' — x)i — [t“ e 7ti+d](’ — ZL')t_i‘_ (411)
Differentiating this with respect to = gives
B y(x) = d(=[tis1, - tivar](- — )+ [ty tia) (- — @) T,
which, by the definition of B, 4—1 and B;;1 4—1, yields the result. O

We can apply this to find the first derivative of the spline

= Z CiBi,d (Q?)
=1

Differentiation gives
n

M
_ B; _ ( i,d— 1 _ Bz’+1,d71(9€) >

tiva — t Livat1 — tit1

n
Ci — Ci_
= (2—21) Bi g1 ().
— \liva =t

Both Algorithms 1 and 2 of Section 3.9 can now easily be adapted to compute
§'(x) for a given x in a knot interval [t,,t,11].

Higher order derivatives are easily obtained by differentiating (4.10). Ford > 1

and r > 1,
B.(rfl) x Bgrfl) T
’ liva =t titdr1 — lita
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4.5 Exercises

4.1 Prove (4.3).

4.2 Derive the following alternative formula for the r-th derivative of the B-spline
B, 4 (where d > 1):

d T —1 tivdi1 — T
B (2) = i ) _itdtl 2 p(r) ‘
i (7) d—r (tH—d — 1l b1 (@) litd+1 — lit1 11 (7)

Hint: differentiate (3.15) r times and use (4.12).



Chapter 5

Knot insertion

As we have seen in numerial examples, the shape of a spline curve tends to mimic
the shape of its control polygon. Examples also indicate that a spline curve is a kind
of smoothed out version of its control polygon. This makes modelling with a spline
curve easy: the designer can adjust an existing spline curve by moving the control
points: the change in the curve will be reflected by the change in the polygon in an
intuitive (and local) way.

Another useful aspect of spline curves in B-spline form is that there is a simple
way to add degrees of freedom, i.e., add control points, to an existing spline curve
without changing the curve: what we do is to add knots to the knot vector and cal-
culate what the new control points should be so that the spline curve is unchanged.
Once this refinement of the knot vector has been carried out, the designer will have
more control points available to manipulate the spline curve.

In this chapter we study how to find the control points of the spline curve with
respect to the refined knot vector from the previous control points. To understand
this we focus on what happens to a single B-spline when we add one knot to the knot
vector: we can can express the B-spline as a linear combination of two B-splines on
the new knot vector.

As well as being of practical use in geometric modelling, knot insertion is also
a useful tool for deriving further theoretical properties of splines. One such property
is the variation diminishing property of splines in B-spline form: the number of sign
changes in a spline function is bounded by the number of sign changes in its control
polygon. For spline curves this translates to the number of times the spline curve
crosses a straight line: it is bounded by the number of times its control polygon
crosses the line. This variation dimishing property makes precise the intuitive idea
that the spline curve is a smoothed out version of its control polygon.

57
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5.1 B-spline refinement

Given a knot vector t = (t1,ta,...,tniq+r1), for some d > 0 and n > 1, there are
n B-splines of degree d, Bi, ..., Byt. Suppose we now add a new knot z to some
non-empty knot interval [t,,¢,41], where 1 < p < n 4+ d, to form the refined knot
vector

T = (’7'1, .. ,Tn+d+2) = (tl,tg, e ,t“, Z,tu+1, e 7tn+d+1>‘ (51)

We then ask, how can we represent the ‘old’ B-splines, By, ..., B, in terms of the
‘new’ B-splines, B r,..., By11+7 Observe first that

Bi,d,t:Bi,d,‘ra i:17-~'7u_d_17 (52)

since z is not among the knots that define these B-splines, and similarly,
Bi,d,t = Bi+l,d,T> Z = ILL + 1, e,y (53)

for the same reason. Thus, it remains to consider the B-splines B;; with i =
p—d,. .., pn Aswe will see, in this case B; ¢ can be expressed as a linear combination
of B; » and B;;1 ~. To this end, we will first derive a refinement formula for divided
differences.

Lemma 5.1 Consider a diwvided difference [xo, x1, ..., x| f in which xo and xy are
distinct, and let z € R. Then

zZ— X Ty — 2

[0, ...,z f = [0, ..., Tp_1, 2] f + [1,. .., 2k, 2] f. (5.4)
Tk — Lo Tk — Xo
Proof. We have
(21, we) f = @0, .. TR f =
(w1, xee1, 2] f — [xoy - 2l f) + ([21, -y xk)f — [21, .- o 21, 2] f)
= (Z - [L’())[..'E(), sy Th—1, Z]f + (ajk - Z)[xh s ,$k72]f,
and dividing by zy — x¢ gives (5.4). O
From this lemma we obtain the refinement of the B-splines B, _4¢, ..., Buy.
Theorem 5.2
t —z
Bu—d,t = B,u—d,T + LBu—d-{-ln‘v
tur1 — tu—ds1
— 1l li — :
Bi,t:Z—BLT_‘_LZBH-I,T’ ZZIUJ_d_I_lv"'MU_lv
tiva — tivar:r — tiva
z—1,
Byt = " B+ Buir

tutd — ty
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Proof. Leti € {u—d,...,u}. By Lemma 5.1, for any smooth enough function f,
(tivarr — ta)[tis - tiga)f = (2 = t3)[ti, - tiga, 2] f
+ (Cirar1 — 2)[tir1s - tivar, 2] S

We now apply this equation to the function f(¢) = (¢ — 2)%. Then the left hand
side becomes B; ¢(z), and on the right hand side,

B, -
Lf), i=p—d;
ot 2l =1 B (5
— 7> o — da
litda — Ui
and
M, 1<
| A — J litd+1 — lit
[ivt, - s bivars 2lf By, (2 )
e L=
tiva — 2

5.2 Spline refinement

Suppose now that s is a spline function
s(x) = ch-BM(Jc), rel, (5.5)
i=1

for some coefficients ¢y, ..., ¢, € R, where I = [ty.1,t,41]. If we add a knot z to [
to form the refined knot vector 7 in (5.1), we can represent s with respect to 7 due
to Theorem 5.2. In other words, we can find coefficients by, . .., b,1 such that

n+1

s(x) =Y biBis(x), wel (5.6)
i=1
The algorithm for computing the b; is known as Boehm’s algorithm.

Theorem 5.3 The coefficients b; in (5.6) are

Ci if 1 <4< p—d
tivd — 2 z—1; ) .

b= 2L Ce i+ ifp—d+1<i<p, (5.7)
tivd — Liva — Ui
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Proof. We convert the sum in (5.5) into the form (5.6) by expressing each B-spline
B;+ as a linear combination of the B-splines B; .. Consider the terms in (5.5) for
t=pu—d,...,u. By Theorem 5.2,

)

t 1 — 7
CiBi,t = Cu—d (B,ud,‘r + t!H_—B,ud+l,‘r)

4 el — tu—dy1

—1
Y o 2tip, etz g
. Ntiva —ti 7 tivger — tin T

with b; defined in (5.7). Combining this with equations (5.2) and (5.3) gives the
result. O]

5.3 Variation diminishing property

In this section we use Boehm’s algorithm to show that the number of sign changes in
a spline function is bounded by the number of sign changes in its B-spline coefficient
vector. Let us start by defining what we mean by sign changes.

Definition 5.4 Let ¢ = (¢;) be a vector of real numbers. The number of sign
changes of ¢ (zeros ignored) is denoted by S~(c). The number of sign changes of
a function f on an interval I is denoted by Sy (f), provided this number is finite.
It is the largest integer v such that there is an increasing sequence of real numbers
Ty < Ty < -+ < Tpyq in I such that S™(f(z1), f(z2), ..., f(xpy1)) =71,

For example,

S7(1,-2) =1,
57(1,0,-1,3,2) =2,
57(1,-1,3,2) = 2.

We start by showing that the number of sign changes in the coefficients cannot
increase when we insert one knot.



5.3. VARIATION DIMINISHING PROPERTY 61

Lemma 5.5 Let

n n+1

s(x) = Z ¢;Bit(z) = ZbiBiﬂ.(x), rel,

=1

where T is the knot vector formed from the knot vector t by adding one knot to t in
I. Then b has no more sign changes than c, i.e., S~(b) < S~ (c).

Proof. By Boehm’s algorithm, we can express the coefficients b; in the form
bi = (1 — ai)eimy + i, i=1,2,...,n+1,

where 0 < o; < 1, and where we have defined for convenience ¢y = ¢,+1 = 0. Since
1 — a; and «; are both non-negative it follows that b; is either zero or has the same
sign as either ¢;_; or ¢;. Therefore,

57<C) = Si(b17617b2702’bg, Ce ,bn,Cn7bn+1) Z Si<b)

The inequality on the right follows from the fact that when we remove an element
from a vector, the number of sign changes cannot increase. U

By adding knots one by one we immediately obtain a corollary.

Corollary 5.6 Let

n

s(x) = Z ¢;Biat(x) = ZbiBi,d,T(x)a xel,
i=1

=1

where m > n and T s the knot vector formed from the knot vector t by adding
m —n knots tot (sot C 7)in I. Then b has no more sign changes than c, i.e.,

S=(b) < 5~ (c).

With this corollary we can derive the variation diminishing property of spline
functions.

Theorem 5.7 (Variation Diminishing Property) Let

n

s(z) = ZCZBM(m), rel,

=1

be a spline. Then Sy (s) < S~ (c).
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Proof. Let r = S; (s) and let (z;)i7{ be an increasing sequence of points in I chosen
such that

ST (s(x1), s(x2),...,s8(xpp1)) =1

Then let 7 be the knot vector formed from t by adding to t each point x;, ¢ =
1,...,r+1, with multiplicity d (if any point z; is already a knot in t, we just add it
d — m; times to t, where m; is is the multiplicity of z; in t). At each point z;, only
one B-spline B, . has the value 1, all others have value 0, and therefore s(z;) = b;.
It follows that S~(b) > r, and hence, by Corollary 5.6,

S;(s)=r <S5 (b) <S5 (c).
U

For spline curves in R? the variation diminishing property translates into a
property concerning the number of crossings of the curve with a straight line.

Theorem 5.8 (VDP for planar spline curves) Let
s(z) =Y _¢Big(z), wel,
i=1

be a spline curve in R?, with c¢; € R%, and let L be any straight line in R%2. Then the
number of times s crosses L is less than or equal to the number of times its control
polygon crosses L.

Proof. Suppose the straight line is
L={peR’:p-n—a=0},

for some unit vector n € R? and constant a € R, and let
o(x) =s(z) n—a, x el

Then S} (o) is the number of times s crosses L. Moreover, since > | B; 4(x) = 1,

o(z) = Z%Bi,t(l’),

where v; = ¢; - n — a, and S~ (7) is the number of times the control polygon of s
crosses L, where v = (71,...,7Vn)-

Since o is a spline function with coefficients ;, the VDP of ¢ (Theorem 5.7)
implies S} (o) < S~ (7). O
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5.4 Exercises

5.1 Show that a spline curve s in R? satisfies a variation diminishing property
analogous to Theorem 5.8: the number of crossings of s through a plane P is
not greater than the number of crossings of the control polygon of s through P.
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Chapter 6

B-spline interpolation and
approximation

6.1 Spline interpolation in B-spline form

We now return to the problem of interpolating data with a spline that we discussed
in Chapter 2, but we can now use the alternative approach of representing the spline
in B-spline form.

6.1.1 Linear spline interpolation

Consider again the example of contructing a piecewise linear spline to match given
data. Suppose that z,xs,..., 2, € R is an increasing sequence of points and that
Y1, Y2, ..., Yn € R are associated data values. We let « = x; and b = =z, and
we would like to find a spline ¢ : [a,b] — R such that in each interval [z;, x;11],
1=1,2,...,m—1, g is a linear polynomial, and such that

g9(x;) =y, i=1,2,...,m. (6.1)

In Chapter 2 we constructed g piecewise (in equation (2.10)). If instead we repre-
sent g using B-splines, the C° continuity of ¢ is already guaranteed by the continuity
of the B-splines. We set d = 1 and n = m, and we can choose t to be the closed
knot vector

t = (tl, N 7tm+2) = ($1,$1,$2,I37 Ce ,xm_g,xm_l,xm,xm).

Then
m—+2

g(x) = Z ¢;Biit(x), x € [a,b],

i=1

65



66 CHAPTER 6. B-SPLINE INTERPOLATION AND APPROXIMATION

where ¢; = y;, 1 =1,...,n.

6.1.2 Cubic Hermite spline interpolation

The cubic Hermite spline we constructed in Theorem 2.6 can also be represented
using B-splines. We recall that this spline is the C'' function g : [a,b] — R whose
pieces are cubic and such that

g(xz) =y; and g/(xz) = Si, i=1,...,m, (62)

for given height values y; and slope values s;. To represent g in B-spline form, we
must set d = 3 and n = 2m. As regards the knot vector t, we can reflect the C*
continuity of g in t by giving the interior knots multiplicity 2. Thus, choosing t to
be closed, we obtain

t=(t1,...,tamea) = (x[14],x[22],x£2], o ,xﬁ]fl, x4,
where we have used the shorthand 2" =z, ... z.
k

Theorem 6.1 The unique C' cubic spline satisfying the Hermite interpolation con-
ditions (6.2) can be represented as

2m
g(x) = ZciBi737t(x), x € |a, b, (6.3)
i=1
where ¢1 = Y1, Com = Ym, and
i h; .
Coi = Yi + 5 Si, Coit1 = Yit1 — 5 Si+l, t=1,...,m—1,
3 3
and hl = Tijy1 — Ty
Proof. Consider g in (6.3). The m — 2 interior points s, ..., Z,,_1 are knots in t of

multiplicity 2. If we now insert these same m — 2 points into t, we obtain a refined
knot vector 7 in which each of these knots has multiplicity 3:

T=(T1,, T3ms2) = (x[14],x[23],a:g3], . ,xi]fl,xﬁ]).

By applying Boehm’s algorithm repeatedly we obtain a new representation of g,

3m—2

g(x) = > biBis.(x),  x€[a,b],

i=1
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where b; = ¢1, b3y = Com, and

bsi_1 = ca;, bs; = C2i+1, t=1,...,m—1,
and
Tiv1 — T Ti — Tj—1 .
byi_g = —————cC9i-1 + ————— ¢y, t=2,...,m—1.
Tit1 — Ti—1 Tig1 — Ti—1

The latter coefficients simplify:

3i—2 — hi—1+hi Yi 3 i hi—1+hi Yi 3 7 = Yi-

Since the interior knots of 7 have multiplicity 3, and recalling Section 3.5.4, we see
that this representaion of ¢ is piecewise cubic BB form, and thus by checking its
coefficients one can see that it is the same function as in Theorem 2.6. 0

6.1.3 C? cubic spline interpolation

Consider now the C? cubic spline ¢ that matches the values y; at ; and that satisfies
the two Hermite end conditions,

g (x1) =5 and ¢ (Tm) = Sm. (6.4)

We showed in Theorem 2.8 that g is uniquely determined and one way of computing
g is to make the first derivatives of g at the interior points xs, . .., z,,_1 be unknowns
and to solve a linear system of m—2 equations to find these. We can instead represent
g using cubic B-splines and solve for the coefficients, as follows. We let d = 3 and
n =m + 2, and we can use the closed knot vector
4
t= (tl, e 7tm+6) = (.I'[l ],.1'2, T3y ... ,.’Emfl,fl??[i]),
The simple interior knots reflect the C? continuity of g. We can now represent ¢ in

the form
m-+2

g(x) = Z ¢;Bisi(x), x € |a, b,

and it remains to compute the coefficients. To do this we simply use the m + 2
interpolation conditions to create m + 2 linear equations. We require

m+2

> ¢iBjs(w) =y,  i=1,...,m,

j=1
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and
m—+2

Z ¢;Bj5(x;) = s, i=1,m.
j=1

Since at most three cubic B-splines are non-zero at a knot and the same is true
of their first derivatives, each equation involves at most three of the coefficients ¢;.
In fact, these equations form a tridiagonal system if we order the coefficients as
c=lc,co,. .. ,cm+2]T and we order the data as

y= [91731792, o Ym—1,Ym, Sm]T'

The equation system is then Ac =y, where A is the tridiagonal matrix

ar n
B2 s V2

Bm—l—l Am4+1 Tm+1
Bm-‘,-? am—l—?_

with

ar=1, m =0,

Ba = B (1), 2= Byy(z1), 72 =0,

Bi = Bifl,B(Z'ifl)a Q= Bz',s(l’zel), Vi = Bi+1,3(xi71)7 1=3,...,m,
Bt1 =0, am1 =0, Ypp1 =1,

5m+2 =0, Q2= B;n+1,3(xm)7 Tm+2 = B;n+2,3(xm)-

We know that the matrix A is non-singular because we have already shown that the
spline g is unique.

If instead of the Hermite end conditions (6.4), we use the natural end conditions
@) =0 and g"(xn) =0, (6.5)

then we can use the same knot vector and just two of the equations change. We
know that these equations also have a unique solution because we have already show
that the natural spline is unique.

A third alternative to ensuring there is a unique C? cubic spline interpolant to
the data (z;,v;),7 = 1,...,m, is to use the so-called free end condition, or not-a-knot
condition. In this approach, which is valid as long as m > 4, we force the spline g to
be C3 at the two points x5 and x,,_;. This is equivalent to forcing ¢ to be a single
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cubic polynomial in the intervals [z, x3] and [z,,_2, Z,,]. To do this we set n = m,
and we let t be the knot vector

t = (tl, e ,tm+4) = (.13[14],1’3, e ,Imfg,l’li]),

and we look for a spline solution of the form

g(x) = ZCiBz,g,t(Ji), x € [a,b].
i=1
We now simply obtain the m x m linear system Ac =y where ¢ = [c1,¢a, ..., cn]7,

y = [y17y27 R 7ym]T7 and
A= [Bj,37t($i)]i,j=1,...,m'

We will show in the next section that this problem also has a unique solution by
viewing it as a special case of more general spline interpolation, in which the degree
is arbitrary and the so-called Schoenberg-Whitney conditions hold.

6.2 (General spline interpolation

Let us now consider the more general problem of interpolation using splines of any
degree. Suppose we are given the data (x;,v;), ¢ = 1,2,...,n, where the z; are
increasing. To construct a spline g that passes through the data, we could consider
choosing any degree d, and choose some knot vector t = (t1,ts,...,t,1q+1), Which
defines n B-splines, the same number of B-splines as data. Then we can ask whether
there exist unique coefficients ¢4, ..., ¢, € R such that the spline

n

g(z) = Z ¢iBi gt ()

=1

interpolates the data, i.e., such that g(x;) = v;, ¢ = 1,...,n. Writing B; = B 4z,
this is equivalent to asking whether the matrix

Bl(xl) v Bn(ZEl)
A= [Bj(xi)]ij=1,.n = : 5
By(z,) -+ Bp(zn)

is non-singular. It turns out that the answer is very simple: there is a simple set of
conditions, known as the Schoenberg-Whitney conditions, that guarantee a unique
solution.
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Theorem 6.2 (Schoenberg-Whitney) The matriz A is non-singular if and only
if Bi(z;) >0 foralli=1,...,n.

The conditions B;(x;) > 0 are of course equivalent to the single condition that the
diagonal of A is positive. In the case that the maximum multiplicity of the knots
in t is d, the conditions are also equivalent to

ty <y <tivdst, 1=1,...,n.

In the case that the knot vector is closed, the condition that By(z1) > 0 is equivalent
to t; < 1 < tgy9, and the condition B, (z,) > 0 is equivalent to ¢, < x, < t,1q.1.
This allows the case that t; = z; and t4,,11 = x,. Therefore, the theorem can be
applied to show that, for example, C? cubic spline interpolation using a closed knot
vector and free end conditions, as in the previous section, is uniquely solvable.

We will give a proof of the Schoenberg-Whitney theorem by proving a more
general result, as follows. It turns out that the matrix A is also totally positive,
meaning that all its minors are non-negative (a minor of A is the determinant of a
square submatrix of A). Not only that, a minor of A is positive if and only if its
diagonal is positive. In summary, this more general property of B-splines can be
stated as a follows.

Theorem 6.3 Let t = (t1,ta,...,thrqr1) be a knot vector, and let m < n. For any
increasing sequence of points xi,To, ..., T, and any increasing sequence of indices
i=01,7d2, -y Jm) with 1 < j; < jm < n, the matriz

AG) = [Bju(@i)]ik=1,..m

has non-negative determinant. The determinant is positive if and only if B;,(x;) > 0
foralli=1,... ,m.

The case m = n of Theorem 6.3 implies the Schoenberg-Whitney theorem.

To prove Theorem 6.3, we will work directly with the determinant of A(j), and
apply knot insertion, and use the fact that the determinant is a linear function of
its columns. Let us recall how the B-splines By, ..., B,, are refined by adding a new
knot z to some non-empty knot interval [t,,¢,+1]. The refined knot vector is

T = (t]_,tQ, [P ,tu,z,tu+l, PN 7tn+d+1),

and, as observed in Chapter 5, if By, ..., Bns1 are the B-splines on 7, then

Bj = CYJBJ + ﬂijJrl, j = 1, oo, (66)
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where «;, 8; > 0 and

oy > 0 if tj < Zz,
ﬁj >0 if tj+d+1 > Z.

Proof of Theorem 6.3. Suppose first that for some p, B; (x,) = 0. Then there are
two possible cases, either z, <t; or x, > t; tq41. If v, <t;, then Bj, (2;) = 0 for
all i < pand k > p. Then the first p rows of A(j) are linearly dependent and A(j) is
singular. If on the other hand w;, > ;441 then Bj, (x;) = 0 for all i > p and k < p.
Then the first p columns of A(j) are linearly dependent and A(j) is again singular.

It remains to consider the case that Bj,(x;) > 0 for all i = 1,...,m. Suppose
that there are at least d+ 1 knots in t between each consecutive pair of interpolation
points z; and ;1. Since x; belongs to [t;,,t,+4+1], any other point z,, p # i, cannot
belong to [t;,,t;+a+1]. Thus By, (x,) = 0 if p # i, and A(j) is a diagonal matrix and
since its diagonal elements are positive, it is non-singular with positive determinant.

Otherwise, we use induction on the number of knots between pairs of points
x; and x;41. Suppose that between some pair of points x, and z,1, there are less
than d + 1 knots of t. We now form a new knot vector 7 by adding a new knot z to
t between z, and x,.;. Then, recalling (6.6), we can replace each element B, (;)
of A(j) by . .
Ay, Bjk (931) + ﬁjk Bjk+1($i)-
Then, by the linearity of the determinant of A(j) with respect to its columns,

det A(j) = Y yedet A(j+e), (6.7)

ec{0,1}™

where € = (e, €, ..., 6,), and

Ve = H ((1 - ek)ajk + Ekﬁjk) >0,
k=1

and

A(j+€) = [Bjser (®i)]ik=1,..m-

Any j+ € in (6.7) is a non-decreasing subsequence of (1,2,...,n+1). If any
two consecutive elements of j 4 € are equal then two of the columns of A(j+ €) are
equal and det A(j 4 €) = 0. Therefore, we can remove such € from the sum in (6.7),
and we have

det A(j) = Y vedet A(j+e). (6.8)

ec{0,1}™
j+e€ increasing
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By the induction hypothesis, all the determinants in the sum in (6.8) are non-
negative, and this implies by induction that det A(j) > 0. To show that det A(j) > 0
we must show that there is at least one € € {0,1}™ for which j + € is increasing,
Ye > 0, and det A(j + €) > 0. By the induction hypothesis, det A(j + €) > 0 if the
diagonal of A(j + €) is positive. It turns out that this is true for €* = (e,...,€"),
where

*_--u_*_ * _---_*_
€ = =€, =0, €pt1 = =e, = L.

To see this observe that j + €* is clearly increasing, and it is sufficient to show that

oy > 0, Bjk($k> >0, k= L...,p (69)

ﬁjk > 0, Bjk—&-l(a;k) > 0, Ek=p+1,...,m. (610)

Consider first (6.9), and let k € {1,...,p}. Since t;, < z; <z, < z, it follows that
a;, > 0. Further, let 7 be the knot vector obtained from inserting z in t. Then
Tjk = tjk and

- _ ) birdn if 2>t +d+1,

Tkt max(z,t;,+q4) otherwise.

Therefore, 7, < 2 < Tj, 1ar1, and so Bj, (xx) > 0, which establishes (6.9). To show
that (6.10) also holds, let k € {p + 1,...,m}. Since tj,1a41 > T > Tpy1 > 2 it
follows that g;, > 0. Further, 7, 1442 = tj, 4441 and

t, if 2 <t
Tie+1 = . :
min(z,¢;,4+1) otherwise.

Therefore, 7, 11 < 2 < Tj, +dt2, and so E’jkﬂ(xk) >0. O

6.3 Least squares approximation

While interpolation is suitable when the data set is small and relatively free of
noise, a better solution otherwise is to make some kind of approximation. One of the
easiest kinds of approximation is least squares approximation since it leads to a linear
system of equations. So now let us suppose we have data (z;,v;), i = 1,2,...,m,
where m could be large, and we would like to make an approxiamtion using a spline

9(x) =Y ¢;Bjas(w),
=1

with n < m, using some suitable degree d and knot vector t = (t1,t2, ..., thiqr1)-
Thus we want to find coefficients ¢y, ..., ¢, so that g(x;) ~ y;, i = 1,...,m. The
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least squares solution to this is to minimize the sum of squares,

E— i ) — )2, (6.11)

=1

E = Z ( ¢;Bj(z;) — yl) .

i=1 =1

which expands to

We can regard E as a function F : R” — R in the unknowns ¢y, . .., ¢,. It is quadratic
and at a minimum, all its partial derivatives are zero. The partial derivative with
respect to the variable ¢, is

ack =2 Z By () (Z ¢;Bj(x;) — yi> ) (6.12)
— o

and so all the partial derivatives of E are zero if and only if

> (Z Bk(xi)Bj(xi)> ¢; = Z Bi(z)y:,  k=1,...,n. (6.13)

j=1 \i=1

This is a linear system of equations in the unknowns ¢y, ..., ¢,, often referred to as
the normal equations. We can express this system in vector and matrix notation by
defining A to be the (rectangular) matrix in R™"

Bi(z1) -+ Bp(z)

By(ty) - Bul(tn)

and letting ¢ = [c1,...,¢,]T € R" and y = [y1,...,ym]’ € R™. Then the system
becomes

(ATA)c = Aly. (6.14)

Thus there is a unique solution c if the n x n square matrix A7 A is non-singular.
When is the matrix AT A non-singular? Suppose that AT A¢ = 0 for some ¢ € R™.
Then ¢ AT A¢ = 0 and therefore ||Ac||?> = 0 and so A¢c = 0. It follows that if A has
full rank n, then ¢ = 0. Thus AT A is non-singular if A has full rank n.

Next, differentiating (6.12) with respect to ¢ gives

O*E i
Fode = 2 Z By (%) By(x:),
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and so the Hessian matrix of E is 247 A. Therefore, if AT A is positive definite, E
is a strictly convex function (it is strictly convex along every straight line in R"), in
which case the solution ¢ to the normal equations is the unique minimum.

By the Schoenberg-Whitney conditions, A has full rank n if there exists a

subsequence (T, , Tk,, - - - Tx,) of the points (z1, s, ..., x,,) such that B;(xy,) > 0,
1=1,...,n. We conclude as follows.

Theorem 6.4 [f there exists a subsequence (Tg,, Tky, - - - Ty, ) of (X1, 2o, ..., Ty) such
that

Bi(xy,) >0, i=1,...,n,

then there is a unique solution c to the minimization of E in (6.11) and it is the
solution to the linear system (6.14).

6.4 Variation-Dimishing Spline Approximation

Schoenberg introduced the following spline approximation. Let f : [a,b] — R be

continuous, let d > 1, n > 1, and let t = (¢y,...,t,1441) be a knot vector such that
tgr1 = a and t,,1; = b and such that all knots t4.5,...,%, are simple. Then the
spline

Zf Biax( x € [a,b], (6.15)

where tf is the knot average tl- = (tiy1 + -+ + tiya)/d, is known as the variation-
dimanishing spline approximation. This is a very simple approximation, which we
can think of as a generalization of piecewise-linear interpolation. It is in general
smoother than piecewise-linear interpolation, but still has good shape-preserving
properties, as we will see.

Theorem 6.5 If f is non-negative then so is g, if f is monotonically non-decreasing
then so is g, and if f is convex then so s g.

Proof. We leave the cases d = 1 and d = 2 as Exercise 6.15. Otherwise, d > 3,
in which case g € C?[a,b]. That g is non-negative when f is non-negative follows
immediately from the fact, already established, that the B-splines B; ;¢ are non-
negative.

Next, suppose that f is monotonically non-decreasing. By Theorem 4.6, the
derivative of g for z € [a, b| is

tiva — t; tz+d+1
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which is non-n 1ve since 1s a non-decreasin uence.
hich is egative since f(t7),..., f(t;) is a decreasing sequence

Finally, suppose that f is convex. Observe that

tiyi + -t tiva Lt ttivar  liva—t
d d d

t;'k - t:fl =

and therefore

g'(z) = Z ¢iBia-1(x),
=2

where

£t = f(t)

=t

)

Differentiating ¢ again and using Theorem 4.6 shows that

#@ ==Y (FE) Buaato)

= \liva1 — 1

which is non-negative because the sequence cy, ..., ¢, is non-decreasing by the con-
vexity of f. 0

6.5 Exercises

6.1 Check that Theorem 6.5 also holds in the cases d = 1 and d = 2.



76 CHAPTER 6. B-SPLINE INTERPOLATION AND APPROXIMATION



Chapter 7

Surfaces

We will consider two ways of extending BB polynomials and Bézier curves to sur-
faces, one is to take tensor-products of BB basis polynomials, the other is to gen-
eralize BB polynomials to polynomials defined over triangles. The tensor-product
approach is very general and also applies to splines in B-spline form. We consider
both interpolation and least squares approximation by splines in tensor-product
B-spline form.

7.1 Tensor-product BB polynomials

If we take the tensor-product of the two linear spaces of polynomials 74, and my,,
we obtain a new linear space 74, 4, = Mg, ® Tg,, comprising all polynomials of two
variables with degree < d; in the first variable and of degree < d, in the second
variable. A basis can be constructed by taking products of bases for 7, and 7g,.
For example, the monomial bases for 75 and 7, are {1, x, 22} and {1, y} respectively,
so that a basis for my; is
{1,2, 2%, y, 2y, 2%y}
Thus a polynomial p € 7y, 4, can be expressed uniquely in the form

di  do

plr,y) =D Y aia'y’.

i=0 j=0
An alternative to the monomial basis is the BB polynomial basis, and thus we

can represent a polynomial p € mg, 4, as a tensor-product BB polynomzial,

di da

p(gjv y) = Z Z CiJBzdl ()‘)Bjdz (:u)v Cij € R? (71)

i=0 j=0

7
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Figure 7.1: A biquadratic Bézier surface

with respect to some rectangular domain [a, by] X [ag, be], where

P —— T — (7.2)

bl_a17 bz—CLQ.

Similarly, we define a tensor-product Bézier surface in R* as a parametric polynomial

di  do
p(z,y) =Y Y ci;BHNB(n), ¢y € RN (7.3)

i=0 j=0

We often restrict both p and p to the domain [a1,b;] X [a2,bs]. In practice, the
Euclidean space R* will often be R®. The control net of p is the network of points
and line segments consisting of the control points c; ; and all line segments of the
form [c;;, ci414] and [c;;, ¢ j41]. Figure 7.1 shows a biquadratic surface, where
m = n = 2, with its control net. For the scalar-valued function p we take its control
pOil’ltS to be (i/dl,j/dg,cm), 1= 0, ]., ce ,dl, j = O, 1, ce ,dg.

Tensor-product BB polynomials inherit various properties from BB polyno-
mials in one variable. On each of the four boundaries of the parameter domain
[a1, b1] X [ag, bs] the function p is a univarite BB polynomial whose control polygon
is one of the four boundaries of the control net of p. For example,

pz,as) =Y cioB ().

=0

At the corners of the parameter domain, p equals one of the corner coefficients, for
example

P(ah @2) = Cp,0-
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Since the tensor-product Bernstein polynomials
dide _ pd d
B = Bi' ® By?,

sum to one:

d dy di do d1 da
YOS OBEEO ) =) Y BB =Y BN Y B (w) =1,
i=0 j=0 i=0 j=0 i=0 §=0

every point p(z,y) is a non-negative affine combination of the coefficents ¢; ;. The
surface p lies in the convex hull of its control points c; ;.

7.1.1 The de Casteljau algorithm

Given a parameter pair (z,y) € [a1,b1] X [az, bs], one way of computing the value
p(x,y) is to evaluate the basis polynomials B and B;b at x and y respectively and
then apply the formula (7.1). Alternatively one can apply de Casteljau’s algorithm
to the rows of coefficients in each of the two directions. We apply d; steps of the
algorithm with respect to z and ds steps with respect to y. The last point generated
will be the point p(z,y), no matter how we order these d; + dy steps. Consider an
example. Let d; = 2, dy = 3, and

Coo Co1 Co2 Co3 0O 00 6
Cilop C11 Ci12 C13| = 18 2 0 8 ,
Cog C21 C22 Co23 4 0 4 18

and suppose that A = 1/2 and g = 2/3 in (7.2). Applying de Castlejau’s algorithm
first with respect to = gives

000 6
18 2 0 8 —>[1911(2)173]—>[101110}.
4 0 4 18

Then, applying the algorithm with respect to y gives
(10 1 1 10] >[4 1 7] = [2 5] — [4],

so that p(x,y) = 4. Alternatively, we could apply the algorithm first with respect
to y, giving

000 6 0 0 4 0 8/3 16/9
18 2 0 8| — [22/3 1/3 16/3| — |26/9 34/9| — | 94/27 |,
4 0 4 18 1/3 8/3 40/3 20/9 88/9 196,27
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and then with respect to z,

16/9 71/27
19946//2277 - [145/ 27} = bl

yielding the same answer.

7.1.2 Joining polynomial pieces together

Joining tensor-product BB polynomials is similar to joining univarite BB polynomi-
als if we arrange their parameter domains in a rectangular grid. By Theorem 2.1,
the partial derivative of p of order (rq,7s) is

d1—r1 d2—r2

DD AT BT (N BE T (),

i=0 ;=0

dy! 1 ds! 1
(dl — 7'1)! h71“1 (dg — 7’2)! hg2

D™ "p(x,y) =

where h; = b;—a;, © = 1,2, and A"™"2¢; ; denotes the forward difference of ¢; ; formed
by differencing r; times in ¢ and ry times in j. So,

00.
ATy = ¢y,
1,0 _
A5 = Cigrg — Cigs
0,1 _
ATy = Cij1 = Cigs
1,
AV = Ciy1+1 — Cit1j — Cig1 T+ Cig,
and so on.

If, for example, p is bicubic, i.e., d; = dy = 3 then it is uniquely determined
by the sixteen Hermite corner data

DTl’TQP(almbl)? 1,79 c {0; 1}7 k7l S {172}

By the formula for the partial derivatives, these Hermite data can be expressed in
terms of differences of the BB coefficients. For example, at the corner point (aq, as)
we have

plar, az) = cop

3
Dl’op(ah a2) = h—(CLo - Co,0)7
1
3
D%'p(ay, az) = h_(CO,l — C0,0),
2
9
Dl’lp(ah az) = (€11 — €10 — Coq + Cop0)-

" hihy
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by

aj)
aj by Cq

Figure 7.2: Parameter domains of p and ¢

Alternatively, one obtains the BB coefficients from the Hermite data.

In this way, in analogy to the method of Section 2.4, we could construct a
bicubic Hermite spline interpolant to data given on a rectangular grid of points
(g, y1), for some x; < x9 < --+ < Ty, and for some y; < Yo < -+ < Yp,. Given
some Hermite data values i} € R, ry,my € {0,1}, bk =1,...,my, [ = 1,... ,my,
we could find a unique C! bicubic spline ¢ that satisfies

D7'1,7'2g(xk’yl) = ;’11’7”2’ 1,79 € {O, 1}, k= 1, .o, My, [ = 1, .oy Mo.

An alternative approach to constructing a tensor-product spline is to derive
the smoothness conditions required by the BB coefficients of adjacent polynomial
pieces. Due to the tensor-product nature of the spline, these conditions just reduce
to those for univariate polynomials, applied to each row of coefficients. For example,
suppose that ¢ is a second BB polynomial

di do
q(:v, y) = Z Z 62'7ng1 (V)Bjdz (,u)a €ij € R, (74)
i=0 j=0
where
Xr — b1
y g
G — 51’

on an adjacent parameter domain [by, ¢1] X [ag, bo]; see Figure 7.2. Then p and ¢ join
with continuity of order r at x = by, written C", if and only if

Dk70p(blay) :Dk,oq(bby)? k:O,].,...7T, ye [CLQ;bQ]'

From the formula for partial derivatives, these conditions are equivalent to

d2 1 d2

- k.0 d k,0 d
(b1 —ar)* ZA kg B (1) = (c1 —by)* ZA coB;” (1),
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for k =0,1,...,r and p € [0,1]. So by the linear independence of the basis polyno-
mials B;i?, the conditions are equivalent to

Ak’OCdI,k j Ak’oeo j
J I k=0,1,...,r, j=0,1,...,d.
(b1 —a)f (1 —by)* b ’

Similar to Theorem 2.4, these conditions can be expressed in the form

eij = CoinkgBila), i=01,...1, j=01,...,ds,
k=0

where
1 —aq

bl_al‘

7.2 'Tensor-product splines in B-spline form

A tensor-product spline function has the form

niy n2

s(z,y) = Z Z ¢i,j0i () (y), (7.5)

i=1 j=1

where ¢;(x) = B4 0(x) and ¢¥;(y) = Bj4,r(y) are the B-splines defined by the
polynomial degrees d; and dy and the knot vectors

g = (0'1,02, Ce a0n1+d1+1)7 T = (7’1,7’2, e aTn2+d2+1)~

We can also write s as

niy  n2

s(z,y) = Z Z ¢ijBij(r,y),

i=1 j=1

a linear combination of the tensor-product B-splines B; ;(z,y) = ¢;(2)1;(y).

7.2.1 Evaluation

To evaluate s at a given point (z,y) we can first locate knot intervals [0, 0,,41] and
[7,, Tv11] that contain x and y respectively, in which case

s(x,y) = Z Z cijdi(2);(y).

i=p—dy j=r—da
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We can now use Algorithm 1 of Subsection 3.9.1 to compute the ¢;(z) and ;(y)
in the sum to compute s(z,y). We could, for example, use the vector and matrix
notation

3(2) = [bp-a, (@), 0u @], V() = [o-u(®).- - LW,

and

C = [Ci,j]i:ufdl ..... pj=v—ds,....vs
so that
s(z,y) = ¢(x)" CY(y).

7.2.2 Interpolation to gridded data

Suppose next that we are given rectangular grid data (x;,y;, fi;), ¢ = 1,...,nq,
J =1,...,n9, where the z; are increasing and the y; are increasing. We would like
to find the coefficients ¢; ; of the spline in (7.5) such that s(z;,y;) = fi; for all
1=1,...,n1, 7 =1,...,n9. Thus we want to solve the equations

ni no

chp,q¢p(xi)wq(yj) :fi,ja Z: 17"'777’17 .7 - 17"'7”2' (76)

p=1 g=1

We can break this problem down into two simpler problems by defining

n2

dp.; :Zcmﬁ/zq(yj), p=1,...,n1, j=1,...,no. (7.7)

q=1

With this substitution we can rewrite the equations in (7.6) as
ni
Z dpjOp(7i) = fij, (7.8)
p=1

and we can now solve the problem in two steps. In the first step we solve the
equations (7.8) for the unknowns d, ; and in the second step we solve (7.7) for the
unknowns ¢, ,. We can express both steps in vector and matrix notation, defining
the matrices

¢1(r1) 0 bny(71) Vi(yr) o Un(y1)
A= : : , B= : :

. Y

o1(Em) o G (m) Gr(tng) Vg ()
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and
C = [Ci,y]izl,“.,nl,j:l,...,nz7
D = [di,]}zzl,.,ﬂu,j:l,,..,nz7
F = [fl,j]z:l ..... n1,j=1,...,n2

Further, let dy, .. .,d,, denote the columns of D and Ell, ...,dy,, the rows of D, and
similarly for C' and F'. With this notation, the first step consists of solving

Adj :fj, j: 1,...,n2, (79)
for the vectors d;, and the second step consists of solving
Be,=d,, p=1,...,n, (7.10)

for the vectors ¢,. Thus, in the first step, for each j, we carry out interpolation of the
j-th row of data (z;, f; ;). In the second step, for each p, we carry out interpolation
of the p-th column of the coefficients computed in the first step, (y;,d, ;). We can
also write the two steps more succinctly as

AD = F, (7.11)
BCT = DT, (7.12)

Thus, due to the tensor-product nature of the spline and the rectangular nature
of the data, the interpolation problem (7.6) reduces to univariate interpolation in
each variable independently, and has a unique solution if the matrices A and B are
non-singular. Due to the Schoenberg-Whitney theorem (Theorem 6.2) we conclude
as follows.

Theorem 7.1 If ¢;(x;) >0, i =1,...,nq1, and ¢¥;(y;) >0, j = 1,...,ng, then the
interpolation problem (7.6) has a unique solution whose coefficient matriz C' can be
found by solving the linear systems (7.11) and (7.12).

Notice here that we are solving several linear systems using the same matrix A
or B, only the right hand side changes. So we can reduce the amount of computation
considerably if we use a technique like LU decomposition to factorize A and B in a
preprocessing step, so that the individual linear systems can be solved efficiently.

7.2.3 Least squares approximation

In analogy to the interpolation problem, the least squares problem for a rectangular
grid of data can be reduced to univariate approxmation. Suppose we are given
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rectangular grid data (x;,y;, fij), ¢ = 1,...,my, j = 1,...,mq, where the z; are
increasing and the y; are increasing. Assuming that n; < my and ny < mo, we
would like to find the coefficients ¢; ; of the spline in (7.5) such that s(z;,y;) = fi;
forall = 1,...,my, 7 = 1,...,ms. The least squares solution to this problem
consists of minimizing the sum of squares

mi1 m2

E= ZZ(S(%,%’) - fi,j)z-

i=1 j=1

Thus we want to find the ¢, , that minimize

£-3 3 (5 et 1) (713

i=1 j=1 \p=1 ¢g=1

We can proceed as in the univariate case treated in Section 6.3. The function F,
as a function of the niny variables ¢, 4, is quadratic, and at a minimum its partial
derivatives are zero. Its partial derivative with respect to ¢ is

aacfl Zz¢k Z; 1/}l y] <chp q¢p Z; 1/111 y]) fi,j) s (714)

=1 j=1 p=1 ¢=1

and so the partial derivatives of F are zero if and only if

ZZ<Z¢k ¢pxz><zwl Yj wqyﬂ) Zz¢k L wl Yj fzga

p=1 ¢g=1 =1 =1 j=1

fork=1,...,n1,l =1,...,ns, These are the normal equations for the minimization
problem and we can break them down into univariate linear systems. Let us define
the matrices

¢1(w1) 0 Py (T1) Vi(yr) o Uny(y1)
: : , B= : : )

A= : :
¢1 (xml) to ¢n1 (’:le) 101 (ym2) e ¢n2 (ym2)

and
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Let dy,...,d,,, denote the columns of D and di,..., d,,, the rows of D, and similarly
for C' and F. With this notation, we can solve the system in two steps. The first
step consists of solving

(ATA)d,; = A™f;, j=1,...,mo,
for the vectors d;, and the second step consists of solving
(B'B)¢, = Bd,, p=1,...,m,
for the vectors ¢,. We can write the two steps more succinctly as
(ATA)D = ATF, (7.15)
(B*B)C" = B'D'. (7.16)

Applying the Schoenberg-Whitney theorem again, we make the following conclusion.

Theorem 7.2 Suppose that there exists a subsequence (T, Thy, - .. Ty, ) such that
Gi(xr,) >0, 1= 1,...,n1, and a subsequence (yi,, Yi,, - - - Y1,,) such that ¥;(x;;) > 0,
j=1,...,ny. Then E in (7.13) has a unique minimizer whose coefficient matriz C
can be found by solving the linear systems (7.15) and (7.16).

7.3 'Triangular BB polynomials

An alternative choice of bivariate polynomials is the linear space of polynomials of
total degree at most d, for some d > 0, i.e, polynomials of the form

p(xay) = Z ai7jxiyj7

0<i+j<d

(where we understand i,7 > 0 in the summation). The degree of p is the largest
value of i 4 j over all non-zero a;; in the summation. As in the univariate case, we
denote this space by ;. The monomials z'y’ in the sum are linearly independent
and form a basis for 7. Since the number of such polynomials is

d+2
1+2+---+(d+1):< ) )

this is also the dimension of 7;. For example, the monomial basis of m, is
{1,2,y,2% 2y, y*},

which has six elements.
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If we use such polynomials to model surfaces it turns out that, similar to the
univariate case, there is again an alternative basis that makes the modelling easier.
This is the basis of triangular BB basis polynomials

d! o o
— Lfd(1 — g — )30 <ji+i<
i!j!(d—i—j)!xy(l r—y) , 0<i+j<d,

To show that these polynomials are linearly independent, it is sufficient to show that

any monomial z*y', k + 1 < d, can be expressed as a linear combination of the Bffj.

sz(l',y)

Lemma 7.3 For k,l >0 and k+1 <d,

= 7 B¢ .
oy d! 3;1@—@m¢4ﬂzﬂ%”

1>k, j>1

Proof. We use the trinomial theorem:

iyt =yl e+ y+ (1 -z —y)) !
kol (d—k—1) i j d—k—l—i—j
=y > A —F—i—i— vy
i+j<d—k—Il
>0, j>0

(d—k—1) » o

= . . — 'y (1 — oz — Y,
D A
i>k, j>1

which by the definition of Bffj gives the result. O

We are often mainly interested in (z,y) in the triangular domain
D:={(z,y) eR? 2,y > 0,0 +y <1}

because the polynomials sz are non-negative in D. By the trinomial theorem they
also sum to one,

> By =(e+y+(-a—y)'=1

0<i+j<d

The form of Bz‘fj suggests a more symmetric way of viewing it, as a function of three
variables. Let i = (i1, 19, 13) for i, = 0,1,2,..., and let A = (A1, A2, A3), with A\, € R.
Then we define 4

B = (), (7.17)

i
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d\  d
i) dgliglig!

Bzd,j(xa y) = ng,d—i—j(xa y,1—x—y).

For example, the cubic basis polynomials with the trivariate indexing are:

where

Then we see that

, Bios
By Bgis
; B3, , B B
Biyg B By B
and are given by the formulas
A3
32 3A2 A2
3N2)3 6A1 A2 A\3 323
A3 A2\, AN A3

We now define a triangular BB polynomial with respect to an arbitary triangle
T € R? with vertices vi, va, V3 as

p(x) =plx,y) = Y _aBiA), aeR, (7.18)

lij=d

where |i| = i1 + i + i3 and A\j, A2, A3 are the barycentric coordinates of the point
x = (z,y) with respect to the triangle T', i.e., the three values such that

)\1+)\2—|—)\3 - 1, (719)
>\1V1 + )\QVQ + >\3V3 = X. (720)

Analogously, if we replace the coefficients ¢; by points ¢; in some Euclidean space
such as R?, we obtain a triangular Bézier surface

p(x) = p(z,y) = Y aBi(N). (7.21)
lij=d

The points ¢; are the control points of p, which, together with all line segments that
connect neighbouring points, form the control net of p. Similarly, the control points
of p are defined to be (&, ¢;) € R3, |i| = d, where & is the domain point

i1V1 + i2V2 + i3V3
&= g .
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\
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)f{-’é".%—AVAVAYA
SOOI
S22

Figure 7.3: A quadratic triangular Bézier surface

Figure 7.3 shows a quadratic surface, where d = 2, with its control net.

How do we find A\, Ao, A\3? If v = (2, yx), k = 1,2,3, then we can express
(7.19-7.20) in matrix form as

1 1 1 A1 1
xT1 T2 I3 Ao | = ||,
Y1 Y2 Y3 A3 Y

and Cramer’s rule gives the solution

D, D, Ds
A = Ay = — A3 = —
1 D7 2 D’ 3 D7
where
1 1 1 1 1 1 1 1 1
D=\ x29 w3|, Dy=|x; = x3, D3= |11 22 7|,
Yy Y2 Y3 Yy Yy Y3 Y Y2 Y
and
1 1 1
D = Tr1T X2 T3|.
Y1 Y2 Y3

Since the signed area A(vi, vy, v3) of the triangle T' = [vy, vo, v3] is D/2, and the
signed area of, for example, the subtriangle A(x, vq,v3) is D1/2, and so on, we can
alternatively express the barycentric coordinates of x as ratios of triangle areas,

A<Xa V27V3) A(Vlax7 V3) A<V17V27X)

>\1: )\2: )\3:

A(V1,V2,V3)7 A(Vl,V2,V3)’ A(V17V27V3)'
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If x € T then these coordinates are non-negative.

Triangular BB polynomials have several properties analogous to tensor-product
ones. For example, on each of the three edges of the triangle T', p is a univariate
polynomial whose BB control polygon is part of the control net of p. For example,
if x is a point on the edge [vy, Vo] then its barycentric coordinates are such that
A3 = 0 and A + Ay = 1 and then

p( ) ()\1V1 + )\2V2 Z Czl,zg, )\“)\12

i1+io=d

At the corners of the triangle T', p equals the corresponding corner coefficient. For
example if x = vy then Ay = A3 =0 and \; =1 and so

p(X) = P(Vl) = C4,0,0-

Like tensor-product Bézier surfaces, triangular Bézier surfaces are affinely invariant
and have the convex hull and bounding box properties.

7.3.1 The de Casteljau algorithm

The basis polynomials satisfy a recursion formula analogous to the univariate case,
c.f. Lemma 1.3. Here we make the convention that Bf(x) = 0 whenever i; < 0 or
1o < 0 oriz3 <O0.

Lemma 7.4 For iy, iz, iz > 0 and |i| = d,
d-1 (
Z)\ B ( (7.22)
where e; = (1,0,0), e; = (0,1,0), and e3 = (0,0,1).

Proof. The proof is similar to that of Lemma 1.3. For iy,i5,73 > 1, one can easily
check the following formula for trinomial coefficients,

(- (2 (20+ ()

and substituting this into the definition (7.17) leads to (7.22). The cases when any
of the indices i1, 79, 13 are zero are easy to check. 0
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From this recursion we obtain a de Casteljau algorithm for evaluating p in (7.18)
at x € R?. We initialize the algorithm by setting ¢) = ¢, |i| = d. Then, for each
r=1,...,d, let

¢ = Micf e, + M, + A3l e i|=d—r. (7.23)

i+eop i+e3’

Theorem 7.5 The last value computed, cf,, is the value of p(x) in (7.18).

Proof. Similar to the proof of Theorem 1.6, one uses the recursion (7.22) to show,
by induction on r, that

px)= Y GBI (7.24)

for all r = 0,1,...,d. For r = 0, (7.24) follows from the definition of p(x). For
r > 1, we may assume that (7.24) holds with r replaced by r — 1, and then

li|=d—r+1
3
_ r—1 d—r
- E : G E :)\kBlfek(A)
li|=d—r+1 k=1

which, by (7.23), reduces to (7.24). O

The de Casteljau algorithm can be viewed as a tetrahedral scheme. The flow of
computations in the case d = 2 is as follows,

0
Co02 cl
0 0 001
Cio1 Co11 —

2
ol ol —  Choo
100 010

0 0 0
€200 €110 Co20

Analogous to Theorem 1.7, the de Casteljau coefficients are themselves triangular
BB polynomials:
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Theorem 7.6 The coefficient ¢, |i| = d — r, in the de Casteljau algorithm (7.23),
viewed as a function of x, is the BB polynomial

G =Y B\ (7.25)
il=

The proof is similar to that of Theorem 1.7, using induction on r but using instead
the recursion (7.22).

7.3.2 Derivatives

Let us consider the directional derivative of p in some vector direction u € R?,
Dup(x) =u- Vp(x>7

where - is the scalar product and Vp(x) denotes the gradient of p at x. In order to
find a formula for Dyp(x) let us consider first how we take a directional derivative
of a basis polynomial.

Lemma 7.7 The directional derivative of the basis polynomial B¢ in (7.18) in the
vector direction u € R? is

3
DuB{(A) =d ) mB{l (N), (7.26)
k=1

where iy, fo, 3 are the unique solutions to the equations

P+ po + ps =0, (7.27)
[1V1 + faVe + fi3Vy = U. (7.28)

We might call pq, s, 3 the ‘directional coordinates’ of u with respect to T'. They
are similar to barycentric coordinates, but they sum to zero instead of one. As an
example, the vector u = vy — v; has directional coordinates py = —1, uo = 1, and
w3 = 0, and the vector u = v3 — (vy 4+ v2)/2 has directional coordinates p; = —1/2,
po = —1/2; and pz = 1.

Proof. By the definition of BZ(X) in (7.17), we see that

o
— BYXN)=dB* ' (N\)., k=1.2
BN =dBE (), k=123
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and therefore, by the chain rule,

3
DuBI(\ :Zi A) Dy, = dZBdl ) Dy

1—eg

Taking the directional derivative of equations (7.19-7.20) in the direction u gives

DyMi + DyAs + Dy)s =0,
Du)\1v1 + Du)\QVQ + Du)\3V3 = u,

and so Dy gy = i, k=1,2,3. 0
In analogy to Theorem 1.8, we have

Theorem 7.8 The directional derivative of the BB polynomial p in (7.18) in the
vector direction u € R? is

Dup(x) =d Y AuaB{'(N), (7.29)
li|=d—1
where
Auci = Aur6 = Z HECitey -

Proof. By Lemma 7.7,

=Y aDuB{(N)

li|=d

_dZCIZMkBI ek

lij=d k=1
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V2

V3
Vq

Vi

Figure 7.4: Triangles sharing a common edge.

Continuing to take directional derivatives in this way, we can also find higher
order derivatives.

Theorem 7.9 The r-th order derivative of the BB polynomial p in (7.18) in the
vector directions uy,...,u, € R? 1 <r <d, is

d! —r
Du1 . Durp(x) = W Z Aul e AurCiBid (A)
" lil=d—r

7.3.3 Joining polynomial pieces together

Consider now how we might build a spline over a triangulation in the plane from
triangular BB polynomials. The main issue is how to fit together two triangular BB
polynomials whose triangular parameter domains share a common edge. Suppose
then that p is again the BB polynomial in (7.18), of degree < d, whose parameter
domain is the triangle T' = [vy, Vo, v3] and that we again denote by Aj, A9, A3 the
barycentric coordinates of the point x € R? with respect to 7. Then, for any point
v, € R? on the side of the edge [vy,Vs] opposite to v3, let ¢ be a BB polynomial of
degree < d, defined on the triangle U = [vy, Vg, V4],

g(x) =Y _&B{(N), (7.30)
li|=d

where A1, Ao, A3 are the barycentric coordinates of x with respect to U see Figure 7.4.
Suppose that the point x belongs to the common edge [vi,vs]. Then \; = Ay,
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/\2 = /\27 and /\3 )\3 = O and

11\ 12
E , 6117127 )‘ )‘27

i1+ia=d
~ d i1 12
Q(X) = Z C’Ll 2,0 1. ' )\ )\
11+ia=d
It follows that p and ¢ join continuously on the common edge [vy, Vo] if and only if
Ciy,in,0 = Ei1,i2,07 il + Z.2 =d. (731)

This is equivalent to saying that the control nets of p and ¢ have the same boundary
polygon on [vy,vs]. Under this condition we can define the spline

rx), xeT;
s(x) == {q(x), el (7.32)

Under what condition is s also C'? It is C! if its directional derivative Dys is
continuous on the edge [vy,vy| for any vector u transversal to the vector vy — vy,

e., for any non-zero vector u that is not parallel to vo — vy. For such a u we
compare the derivative formulas

Dup(x) = d Z Au,TCiBid_l(A)7
li|l=d—1

Dug(x)=d > Auu&Bi'(N).
li|=d—1

In the case that x € [vy, vy these reduce to

—d Z AuUCu,ZQ, (d ' ) /\11)\122’

i1tig=d—1 lip!
=d Y Auuéi i (d, F 2) MENZ.
i1+in=d—1
The condition for C! continuity is therefore
AurCiy iy 0 = DuuCiyiz.0s i1 +iy=d—1, (7.33)
in addition to (7.31). Condition (7.33) can be rewritten in the form

Ciy i1 = Z Qs Cliy jin,0)+ey s i+l =d—1, (7.34)
k=1
where aq, i, a3 are the barycentric coordinates of v4 with respect to T". This follows
from using (7.31) and taking the difference of (7.28) and the corresponding equation
for U. The coordinates a; and as are non-negative but a3 is negative.
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Chapter 8

Blossoming

The blossom or polar form of a polynomial provides a simple way to derive the con-
tinuity conditions for joining BB polynomials together (as in Theorem 2.4). It also
shows how a BB polynomial is subdivided into two BB polynomial pieces through
de Casteljau’s algorithm.

8.1 The three axioms

Every polynomial of degree < d,

p(z) = Zaiwi, a; € R, (8.1)

has a unique d-variate blossom, also called a polar form, P. The blossom is the
unique polynomial P(zy,xs,...,x4) that is

(i) symmetric,
(ii) multi-affine, and

(iii) agrees with p on its diagonal.

By symmetric we mean that P has the same value if we swap any two variables z;
and x;:
P(...,IZ’,...,IJ',...) :P<...,ij,...,.1‘i,...).

By multi-affine we mean that P is affine with respect to each variable: if

97
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then
P(xy,z9,...,2q) = (1 = N)P(x,29,...,24) + AP(y, T2, ..., 2q),

and similarly for the other variables. By the diagonal property we understand that
Pz = P(z,z,...,1) = p(z).
(%) = P( d ) = p(z)

We will see shortly that the blossom is unique, but to show that it exists, just replace
each term x’ in (8.1) by the expression

d
> Thy Ty ﬂﬁk/ (Z) (82)
1<k <ko<--<k;<d
For example, the quadratic
p(x) = ap + a1x + ax’

has the bivariate blossom

T1+ X2

P(l’l, l’g) = Qo + aq + aoT1T9,

and the cubic

p(z) = ag + a17 + ax® + azx®

has the trivariate blossom

r1+ T + 3 T1To + T1X3 + T2T3
3 + as + A3T1T2T3.

3

P(x1, 22, 23) = ao + ay

Using (8.2), the symmetry and multi-affine properties of P are easily verified. The
diagonal property holds because (‘f) is the number of terms in the sum in (8.2).

We will use the blossom to derive various properties of BB polynomials without
needing the explicit formula (8.2): it is the defining properties (i), (ii), (iii) that are
important.

8.2 de Casteljau’s algorithm

It turns out that we can express both the coefficients of a BB polynomial p and
the points in the de Casteljau algorithm very simply in terms of the blossom of p.
Consider again the BB polynomial

d
pl@) =) eBi(N), (8.3)
=0

7
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with coefficients ¢; € R, and A = (z—a)/(b—a), and recall de Casteljau’s algorithm:
we let & =¢;,i=0,1,...,d, and for r =1,...,d, we let
=1 =N+ N, i=0,1,....,d—r. (8.4)

(3

Then ¢ = p(z).

Theorem 8.1 The d-variate blossom P of p is unique and the points in de Castel-
jau’s algorithm can be expressed as

& = P10l 2y =0,1,....d, i=0,1,...,d—r

(3

In particular, since the coefficients ¢; of p are the de Casteljau points ¢; = ¢? (for
any value of ), we also have

¢; = P(al4=1 bl i=0,1,...,d. (8.5)
Proof. For each r=0,1,...,dand +=0,1,...,d —1r, let
o = Pl ) 4l
By the symmetry and multi-affine properties of P and the fact that
r=(1—Xa+ b,

it follows that

and therefore,

So by the diagonal property of P,

d
pla) = > alBI).

Since this holds for all z and the B¢ are linearly independent, it follows that o = ¢;.
It then also follows that a] = ¢ for all r and .

It remains to show that P is unique. To this end, suppose P and () are
d-variate blossoms of p, and let z1,..., x4 € R. We will show that

P(zy,...,xq) = Q(x1,...,2q). (8.7)
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For each r =0,1,...,dand ¢ =0,1,...,d —r, let
] = P(al==1 gl gy xy),
Bl = Qa1 bl xy, L x).
By the symmetry and multi-affine properties of P and () and since
. = (1= X\)a+ \b,
where A\, = (2, — a)/(b — a), we have the recursions

aj = (1= A)aj ™"+ Najp,

Bl = (1= A)B 7+ MBL

By (8.5), a? = Y = ¢;, and so by induction on r, af = 37 for all 7 and i. Hence,
ad = B¢, which gives (8.7). O

For example, the coefficients of de Casteljau’s algorithm in the cubic case are:

P(a,a,a) P(a,a,z) P(a,z,z) P(r,z, x)
P(a,a,b) P(a,b,x) P(b,z,x)

P(a,b,b) P(b,b,x)

P(b,0,b)

8.3 Joining BB polynomials together

One application of the blossom is the derivation of the continuity conditions for
joining BB polynomials together smoothly, i.e., a proof of Theorem 2.4. Consider
again the spline

p(x), a<z<b;
q(z), b<z<q

for coefficients e; € R, with u = (z — b)/(c — b).
Let us define
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To obtain the condition for C" continuity of s at = b, observe that the

derivatives of g of order < r at x = b depend only eg, e, ..., e,.. Thus we just need
to express p as a BB polynomial with respect to the interval [b, ¢] and equate the first
r + 1 of its coefficients with ey, ey, ..., e,. This motivates us to find the coefficients
Qo, . . ., g in the representation

d
p(x) =) B (p),
i=0
with g = (z — b)/(c — b). We can express these using the blossom of p:
o = P(pl=1 Ly,

On the other hand, from the de Casteljau algorithm applied to p on the interval
[a, b] with x = ¢ we also have

Moreover, by (2.5),

i
Cii = Z Cd—i+jB]i‘(V)7
j=0

and we conclude that
(073 :ch_i+jB;(V), 220,1,,d
=0

Thus, the condition for C" continuity of s is that

i
’L’ .
e = g ca—iriBj(v), i=0,1,...,7
J=0

which proves Theorem 2.4.

8.4 Subdivision

Another application of the blossom is to subdivision. Consider again the BB poly-
nomial p(z) in (8.3), and consider the two outer diagonal rows of points in the de
Casteljau algorithm (8.4), that is

0 1 d d d—1 0
Cos Cos - - - 5 €y and €0, Cy sy Cy
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By Theorem 8.1, these can be expressed in terms of P as

cf) = P(a[d_ﬂ, x[i]), and At = P(b[’i]w[d—il)‘

(2

Therefore, again by Theorem 8.1, but applied to the sub-interval [a, x], we see that
the ¢ are the coefficients of p when represented as a BB polynomial with respect to

la, z], i.e.,
d .
y) =Y ciB(n)
i=0

where 1 = (y—a)/(z —a), and similarly, the ¢* are the coefficients of p represented
as a BB polynomials with respect to the sub-interval [z, b,

d

ZC;i zBd

where v = (y — z) /(b — x).

On subdividing p repeatedly, one can obtain the BB polynomial coefficients
of p on any number of adjacent sub-intervals [ag, a1], [a1,as], ..., [ar_1,ax], with
ap = a and a; = b. Together, their individual control polygons form a composite
control polygon for p with kd + 1 vertices. As the sub-intervals get smaller, the
composite polygon tends to get closer to p. Thus subdivison offers an alternative
way of plotting p. Instead of plotting p by sampling it at several parameter values
t; € [a,b] and plotting the polygon formed by the points p(t;), we can alternatively
subdivide p a few times and plot its composite control polygon.

8.5 (seneralized de Casteljau algorithm

We can also compute the blossom of a BB polynomial by generalizing de Casteljau’s
algorithm in a simple way; in fact we already did this in the latter part of the proof
of Theorem 8.1. We will see later that computing a blossom is useful for converting
a BB polynomial to B-spline form.

Suppose that p(z) is the BB polynomial in (8.3). We can compute its blossom

P(zy,...,x4) for any x4, ..., 24 € R using the the following generalized de Casteljau
algorithm. We set ¢ =¢;,i=0,1,...,d, and for r = 1,...,d, we set
= (1= X\) N, 1=0,1,...,d—r. (8.8)

where A\, = (z, —a)/(b—a). As in the latter part of the proof of Theorem 8.1, one
can show by induction on r that

c = P(a[d’T’i], bm, T1yeoy Ty),
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and so, in particular, the last coefficient computed is ¢ = P(xy,...,z4). For exam-
ple, the coefficients of the algorithm in the cubic case are:

P(a,a,a) P(a,a,z1) P(a,r1,72) P(71,72,73)
P(a,a, b) P(avwal) P(ba 31'1,1’2)

P(a,b,b) P(b,b,z1)

P(b,b,b)

By the symmetric property of the blossom P, this algorithm will yield the value
P(xq,...,z4) regardless of the ordering of the points zy, ..., z4.

8.6 Blossom of a polynomial in B-spline form

We have seen how the coefficients of de Casteljau’s algorithm can be expressed in
terms of the blossom of the polynomial in question. This property generalizes to the
coefficients in the de Boor algorithm (Algorithm 2 of Subsection 3.9.2). Consider
the spline function

s(z) = Z ¢;Biat(x),
i=1

for some knot vector t = (¢1,ts, ..., tntat1), and suppose [t,, t,+1] is a non-degenerate
knot interval for some p € {d+1,...,n}. Then the polynomial piece s, = s, 1]
is given by
w
su(@) = > eBige(x), T € [ty tus). (8.9)
i=p—d

Let us recall de Boor’s algorithm (see (3.25)): we set ¢ =¢;, i = pu —d, ..., u, and
forr=1,....dandi=pu—d+r,...,u, we set
= (1= Np)eio) + N, (8.10)

7

where A, = (x — ¢;)/(tiva—rs1 — ;). Then ¢ = s,(z).

Theorem 8.2 The coefficients ¢} in the de Boor algorithm can be expressed as
c = P(ti+1,...,ti+d_r,x[r]), r=1,...,d, 1=pu—d+r, ..., 4,

where P is the blossom of s,,.

In particular, the coefficients of s, are

Ci:P(ti+17"'7ti+d)7 Z:,U/—d,,ﬂ (811)
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Proof. The proof is similar to that of Theorem 8.1 except that we now define
af = P(tiv1, .. tiza—r, ™, r=1,...d, i=p—d+r, ... u
By the symmetry and multi-affine properties of P and the fact that
r=(1—=X,)ti+ Nisticdri1,
it follows that
= (1= Nig)ai =) + Nipal r>1,

and therefore,
“w

§ O,/ zdt

i=d—p
So by the diagonal property of P,

I
E zdt
i=d—pu

By the linear independence of B,,_4 44, - - ., Bu.ds, it follows that a? = ¢;, and it then
follows that af = ¢ for all r and 7. O]

As an example, let d = 3, u =4, and t4 < t5, and let P be the blossom of the cubic
piece s4. Then the coefficients in de Boor’s algorithm for a point = are:

P(t27t37t4) P(tg,t4,$) P(t4ax7x) P(x,q;,:c)
t3,ta,ts) Plta,ts,x) Pl(ts,z, )

B( )
P(ts, ts,ts) Plts,te, )
P( )

ts,te, 7

Similar to the generalized de Casteljau algorithm, there is also a generalized

de Boor algorithm which computes the blossom of s, at any points z1,...,z4. We
set d=c,i=p—d,...,p,andforr=1,.... dand i =p—d+r,...,pu, we set
= (1= Ny 4+ N (8.12)
where \;, = (x, — t;)/(titda—r+1 — t;). One can show by induction on r that
;= Ptist, s ticdr 1y, Tp),
and so, in particular, the last coefficient computed is ¢& = P(z1,...,74). For ex-

ample, the coefficients in this generalized algorithm for s4 of the previous example

are:
t27t37t4 P<t37t4ax1) P(t4,$17x2) P<xlax27'r3)

P( )
P(t t47t5) P(t47t57$1) P(t57x17$2)
P(t t57t6) P(t5,t6,l‘1)

P(t5,t6,t7)
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8.7 Conversion of polynomial and spline repre-
sentations

Suppose we are given the BB coefficients of a polynomial p with respect to an
interval [a,b]. We have seen how we can use de Casteljau’s algorithm to obtain the
BB coefficients of p with respect to a sub-interval of the form [a,c]| or [c,b]. If we
apply the algorithm a second time we will then obtain the BB coefficients of p with
respect to any arbitrary interval [c, d].

We might also need to convert a BB polynomial to B-spline form with respect
to some chosen knot vector, or convert a spline in one B-spline representation into
another. To do this we can make use of the blossoming theory we have developed.

8.7.1 Converting a BB polynomial to B-spline form

We saw earlier, in Subsection 4.2.1, how we can represent a polynomial p given in
monomial form

into a spline over any knot vector, by using Marsden’s identity. But suppose we are
given p in the BB form

with A = (x — a)/(b— a) for some interval [a,b]. How can we represent p as a spline
in this case, i.e., how do we find the coefficients ¢4, ..., ¢, in the representation

i=1

with respect to some chosen knot vector t = (tq,ts,...,t,1q+1)? To do this we can
use blossoming. We know that

6i:P(ti+1,...,ti+d), 7::1,...,”,
where P is the d-variate blossom of p. Thus we can compute the coefficients ¢; using

the generalized de Casteljau algorithm for p to compute P(t;y1,...,t;+q) for each i.
We just set (x1,...,2q) = (tix1,...,tira) in (8.8).
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8.7.2 Converting one B-spline form to another

Similarly, we can convert a polynomial given in B-spline form into some other
B-spline form. Thus, consider the polynomial s, of (8.9), whose coefficients are
Cu—d, - - - Cu. We might want to represent s, in the alternative form

su(r) = Y &Biar(v),

i=v—d

with respect to some new knot vector 7 = (74,72, ...,Tmiar1) for v < v+ 1 and
ve{d+1,...,n}. By the theory we have developed,

éi:P(Ti+17...,Ti+d), i:V—d,...,V,

where P is the d-variate blossom of s,, and moreover, we can compute the value
P(Ti41,...,Tivq) for each i from the generalized form of de Boor’s algorithm, setting

(X1, ..., %q) = (Tig1y - -, Tiga) in (8.12).

Consider now spline refinement. Suppose we want to represent a spline s over
a given knot vector t as a spline over a refined knot vector 7, i.e., such that t C 7.

Thus we have
n m
s = E ¢iBias = E biBigr,
i=1 i=1

and we want to find the new coefficints b; from the old ones, ¢;. We saw in Chapter 5
how we can do this by adding one knot at a time, and using Boehm’s algorithm to
find the new coefficients at each step. Using blossoming, we now have an alternative
method. We can express b; as

b; = P(Ti-i-lu cee 7Ti+d)7

where P is the blossom of any polynomial piece p = sl r,,,] such that 7, < 7,44
and v —d <1 < v. For any such choice of v there is a unique p such that

t,u S Ty < Tyt S t,u—‘rh

in which case

i d

p(-T) = Z CiBi,d,t(x)>

and we can therefore compute P(7;41,...,7;+q) from the generalized de Boor algo-
rithm, setting (x1,...,2q) = (41, ..., Tixaq) in (8.12).
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8.8 Blossoms of bivariate polynomials

As for polynomials of one variable, there is a blossom for polynomials of several
variables. Consider the bivariate polynomial,

p(x) = p(z,y) = Z a; 'y’ (8.13)
i+j<d

There is a unique d-variate blossom P for p in which each variable is a point in R2.
The blossom, P(x1,Xs,...,X4), Xx € R?, is, as before, uniquely defined by three
properties: that it is (i) symmetric, (ii) multi-affine, and (iii) agrees with p(x) on its
diagonal. The blossom can be obtained from p by replacing the term z'y’ in (8.13)
by the expression

d!
kalxl@ T Ye Y o 'ygj/ (Z']'(d i j)') . (814)

Here the sum is over all pairs of sequences

1§]€1<k‘2<<k1§d, 1§£1<£2<"'<£j§d,

whose elements are pairwise distinct, i.e., such that ¢g # k,. For example, the
quadratic
p(X) = ag + a10x + ao1y + axr” + a117y + agey”
has the bivariate blossom
T1+ T2 Y1+ Y2 T1Y2 + Tol1

P(x1,%x2) = ag + ao 5 + ag1 7 + a0x1T2 + a1 5

+ ap2y1Y2-

The monomials p(x) = zy and p(x) = z*y have the trivariate blossoms

1
P(x1,%9,X3) = g($1y2 + T1Y3 + Toy1 + Tays + T3y1 + T3y2),

and

1
P(x1,X2,X3) = = (T122Y3 + T123Y2 + TaT3y1),
3

respectively. Like in the univariate case, the symmetry and multi-affine properties
of P are easily verified from (8.14), and the diagonal property holds because the
number of terms in the sum is d!/(:!j!(d — i — j)!).

Recall now the triangular BB polynomial p of (7.18) and the corresponding de
Casteljau algorithm (7.23) for evaluating p(x) for some point x € R%. In analogy to
the proof of Theorem 8.1, one can show that the d-variate blossom P of p is unique
and the coefficients in de Casteljau’s algorithm can be expressed as
ct :P(Vgil],v[;ﬂ,vgg],x[r]), r=0,1,...,d, |ij=d—r, (8.15)

1
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and so, as a special case,

G = P(Vgil],vgﬂ,vgg]), i| = d. (8.16)

In analogy to the univariate case, since

Cﬁ’,m,o = P<ng7 V[2i2]7x[i3])7 |1| = d7
these are the BB coefficients of p with respect to the sub-triangle [vy, vy, x|, more
precisely,
p(y) =Y o BN,

li|=d

where Ai, Ao, A3 are the barycentric coordinates of y with respect to the triangle
[V1, Vo, X].

Next consider the conditions for two triangular BB polynomials to join with
C" continuity on a common edge. Recalling the spline s we defined in (7.32), in

analogy to the univariate case, the condition for p and ¢ to join with C" continuity
on the common edge [vy, vo] is that

Ei = ﬂiv |i| = d? i3 S r

where the §; are the BB coefficients of p with respect to the triangle U. These can
be computed from the de Casteljau algorithm for p with respect to T" with x = vy,
and the C'" condition thus reduces to

b= chnouBl@),  lil=d i<
lil=is

where aq, as, ag are the barycentric coordinates of v, with respect to T'. This con-
dition generalizes the C'! condition of (7.31) and (7.34) in which i3 = 0 and i3 = 1
respectively.
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