CHAPTER 4

Knot insertion

We have already seen that the control polygon of a spline provides a rough sketch of the
spline itself. In this chapter we will study another aspect of the relationship between a
spline and its control polygon. Namely, we shall see that as the distance between the knots
of a spline is reduced, the control polygon approaches the spline it represents.

To reduce the knot spacing we perform knot insertion. Knot insertion amounts to what
the name suggests, namely insertion of knots into an existing knot vector. This results
in a new spline space with more B-splines and therefore more flexibility than the original
spline space. This can be useful in many situations, for example in interactive design of
spline curves. It turns out that the new spline space contains the original spline space
as a subspace, so any spline in the original space can also be represented in terms of the
B-splines in the refined space. As mentioned above, an important property of this new
representation is that the control polygon will have moved closer to the spline itself. In
fact, by inserting sufficiently many knots, we can make the distance between the spline
and its control polygon as small as we wish. This has obvious advantages for practical
computations since we can represent a function consisting of infinitely many points by
a polygon with a finite number of vertices. By combining this with other properties of
splines like the convex hull property, we obtain a very powerful toolbox for algorithmic
manipulation of spline functions.

We start, in Section 4.1, by showing that the control polygon of a spline converges to
the spline as the knot spacing goes to zero. To prove this we make use of one property
of splines that is proved later, in Chapter 8. The obvious way to reduce the knot spacing
is via knot insertion, and in Section 4.2 we develop algorithms for expressing the B-spline
coefficients relative to the new refined knot vector in terms of the B-spline coefficients
relative to the original knot vector. In Section 4.3 we give a characterisation the B-spline
coefficients as functions of the knots. This characterisation is often useful for developing
the theory of splines, and in Section 4.4 this characterisation is used to obtain formulas
for inserting one new knot into a spline function.

4.1 Convergence of the control polygon for spline functions

Recall that for a spline function f(x) = >, ¢;Bj 44, the control polygon is the piecewise
linear interpolant to the points (¢, ¢;), where tf = (ti41 + -+ + titq)/d is the ith knot
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average. Lemma 4.1 below shows that this is indeed a ‘good’ definition of the control
polygon since ¢; is close to f(t7), at least when the spacing in the knot vector is small.
The proof of the lemma makes use of the fact that the size of a B-spline coefficient ¢; can
be bounded in terms of the size of the spline on the interval [tj11,t;+4+1]. More specifically,
we define the size of f on the interval [a, b] in terms of the max-norm

)

= ma

11l mrél[afi]‘f (z)
where we take the limit from the right at a and the limit from the left at b. We will prove
in Lemma 8.16 that there exists a constant K; that depends on d, but not on t, such that
the inequality

|C7;‘ < Kd||f||[ti+17ti+d] (41)
holds.
Lemma 4.1. Let f be a spline in Sq+ with coefficients (c;). Then

lei — FED] < K(tiva — tir1) 21D Fllirs b0yl (4.2)

where t} = (ti+1+ - +tird)/d, the operator D? denotes (one-sided) differentiation (from
the right), and the constant K only depends on d.

Proof. Let i be fixed. If t;14 = t;+1 then we know from property 5 in Lemma 2.6 that
B; q(t7) = 1 s0 ¢; = f(t}) and there is nothing to prove. Assume for the rest of the proof
that the interval J = (t;41,%;+4) is nonempty. Since J contains d — 2 knots it follows from
the continuity property of B-splines that f has at least two continuous derivatives on J.
Let xg be a number in the interval J and consider the spline

9(x) = f(z) = f(xo) — (x — z0) D f(x0)

which is the error in a first order Taylor expansion of f at xg. The ith B-spline coefficient
of g in Sg¢ is given by
bi = ci — f(wo) — (&7 — z0)Df (o).

Choosing zg = t7 we have b; = ¢; — f(t}) and according to the inequality (4.1) and the
error term in first order Taylor expansion we find

Kq(tiva — tiv1)
2

2
lci — f(t)] = [bs] < Kallglls < I D*f]l .

The inequality (4.2) therefore holds with K = K;/2 and the proof is complete. R

Lemma 4.1 shows that the corners of the control polygon converge to the spline as the
knot spacing goes to zero, but what does this really mean? So far we have considered the
knots of a spline to be given, fixed numbers, but it is in fact possible to represent a spline on
many different knot vectors. Suppose for example that the given spline f is a polynomial
of degree d on the interval [a,b] = [tg41,tm+1], and that the knot vector t = (¢;)7" 19! is
d+ 1-regular. From Section 3.1.2 we know that f lies in S regardless of how the interior
knots in [a, b] are chosen. We can therefore think of the B-spline coefficients as functions

of the knots, and the difference ¢; — f(t}) is then also a function of the knots. Lemma 4.1
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tells us that this difference is bounded by (¢;14 — ti+1)2 and therefore tends to zero as t;11
tends to t;44. It is important to realise that this argument is in general only valid if f
is kept fixed. Otherwise it may happen that | D?fl|y,,, ., increases when (tiyq — tit1)?
decreases with the result that the product remains fixed.

If f is a true piecewise polynomial with jumps in some derivatives at the knots in
(a,b), we can introduce some auxiliary knots in (a,b) where the jumps in the derivatives
are zero. These knots we can then move around in such a way that the control polygon
approaches f.

Since the corners of the control polygon converges to the spline it is not surprising that
the control polygon as a whole also converges to the spline.

Theorem 4.2. Let f = > ¢;B; 4 be a spline in Sgq¢, and let T'y4(f) be its control
polygon. Then

Hrd,t(f) - f‘

where h = max;{t;+1 — t;} and the constant K only depends on d.

[t%,t5,] = Kh2||D2fH[t1,t (4.3)

'm+d+l]7

Proof. As usual, we assume that ¢ is d + 1-regular (if not we extend it with d + 1-tuple
knots at either ends and add zero coefficients). Suppose that = is in [¢t],¢},] and let j be

such that ¢; < < ¢7,;. Observe that since the interval J* = (t;f,t;f 41) is nonempty we
have ;1 < tj41q+1 and J* contains at most d — 1 knots. From the continuity property of
B-splines we conclude that f has a continuous derivative and the second derivative of f is

at least piecewise continuous on J*. Let

(51 — o) () + (z — 15) f(E541)
iy =1

be the linear interpolant to f on this interval. We will show that both I' = T'y +(f) and f
are close to g on J* and then deduce that I" is close to f because of the triangle inequality

ID(z) = f(z)] < [D(x) = g(x)| + |g(z) = f(a)]. (4.4)
Let us first consider the difference I' — g. Note that

(i1 — 2)(bj = F(t5)) + (& = t5) (bjta — F(tG41))

* _ *
=t

g(x) =

NORVOE

for any x in J*. We therefore have

D) - gla)| < max{ |t — £(£))
for x € J*. From Lemma 4.1 we then conclude that

P(z) - g(2)] < Kah?|D*fll5, @ € J7, (4.5)

|bj —f(t;fﬂ)}},

where J = [t1, t;4+d+1] and K depending only on d.
The second difference f(z) — g(x) in (4.4) is the error in linear interpolation to f at
the endpoints of J*. For this process we have the standard error estimate

1
|f(2) = g(2)] < gt — )| D* f|

If we now combine (4.5) and (4.6) as indicated in (4.4), we obtain the Theorem with
constant K = K1 +1/8. 1

1
Jx < §h2||D2f”J, e J. (4.6)
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Because of the factor h? in Theorem 4.2 we say (somewhat loosely) that the control
polygon converges quadratically to the spline.

4.2 Knot insertion

In Section 4.1 we showed that the control polygon converges to the spline it represents
when the knot spacing tends to zero. In this section we shall develop two algorithms
for reducing the knot spacing by inserting new (artificial) knots into a spline. The two
algorithms for knot insertion are closely related to Algorithms 2.20 and 2.21; in fact these
two algorithms are special cases of the algorithms we develop here.

Knot insertion is exactly what the name suggests: extension of a given knot vector by
adding new knots. Let us first define precisely what we mean by knot insertion, or knot
refinement as it is also called.

Definition 4.3. A knot vector t is said to be a refinement of a knot vector 7 if any real
number occurs at least as many times in t as in T.

A simple example of a knot vector and a refinement is given by
T =(0,0,0,3,4,5,5,6,6,6) and t=(0,0,0,2,2,3,3,4,5,5,5,6,6,6).

Here two knots have been inserted at 2, one at 3 and one at 5.

Note that if £ is a refinement of 7 then 7 is a subsequence of ¢, and this we will write
7 C t. The term knot insertion is used because in most situations the knot vector 7 is
given and t is obtained by ‘inserting’ knots into 7.

With some polynomial degree d given, we can associate the spline spaces Sy > and Sg ¢
with the two knot vectors 7 and t. When 7 is a subsequence of t, the two spline spaces
are also related.

Lemma 4.4. Let d be a positive integer and let T be a knot vector with at least d + 2
knots. If t is a knot vector which contains T as a subsequence then Sq,+ C Sg¢.

Proof. Suppose first that both 7 and ¢ are d+ 1-regular knot vectors with common knots
at the ends. By the Curry-Schoenberg theorem (Theorem 3.25) we know that Sy ¢ contains
all splines with smoothness prescribed by the knot vector ¢. Since all knots occur at least
as many times in £ as in 7, we see that at any knot, a spline in Sy, is at least as smooth
as required for a spline in Sg¢. We therefore conclude that Sy C Sy ¢.

A proof in the general case, where 7 and t are not d + 1-regular with common knots
at the ends, is outlined in exercise 5. §

Suppose that f is a spline in Sq, with B-spline coefficients ¢ = (¢;) so that f =
> j c;jBjq-. If T is a subsequence of £, we know from Lemma 4.4 that Sy - is a subspace
of Sq ¢ so f must also lie in Sg¢. Hence there exist real numbers b = (b;) with the property
that f =), b;B; 44, i.e., the vector b contains the B-spline coefficients of f in S;;. Knot
insertion is therefore nothing but a change of basis from the B-spline basis in Sq  to the
B-spline basis in Sy ¢.

Since Sg.+ C Sg¢ all the B-splines in Sy, are also in Sg¢ so that

m
Bj7d77' = Z aj,d(i)Bi,d,t7 .7 = 17 2> -y 1, (47)
=1
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for certain numbers (7). In matrix form this can be written

BL =BT A, (4.8)
where BL = (Bi,d+,--->Bnd~-) and Bl = (Bi,dt,--->Bm,dt) are row vectors, and the

m x n-matrix A = (a;4(i)) is the basis transformation matrix. Using this notation we
can write f in the form

f=BZLc=Blb,

where b and c are related by

n
b= Ac, or b = Zamcj fori=1,2,...,m. (4.9)
=1

The basis transformation A is called the knot insertion matriz of degree d from T to t
and we will use the notation o 4(i) = a4+ ¢(7) for its entries. The discrete function a;q
has many properties similar to those of B; 4, and it is therefore called a discrete B-spline
on t with knots T.

To illustrate these ideas, let us consider a couple of simple examples of knot insertion
for splines.

Example 4.5. Let us determine the transformation matrix A for splines with d = 0, when the coarse
knot vector is given by 7 = (0,1,2), and the refined knot vector is t = (0,1/2,1,3/2,2) = (¢;)?;. In this
case

Sa,r = span{Bi1,0,,B2,0,+} and Sa: =span{Bioz,B2,0,, B30, Baoz}-

We clearly have
Bi,o,+ = Bi,ot + B20,t, B2o,r = B30t + Baos.

This means that the knot insertion matrix in this case is given by

SO ==
== O O

Example 4.6. Let us also consider an example with linear splines. Let d = 1, and let 7 and ¢ be as in
the preceding example. In this case dim Sq,- = 1 and we find that

B(e]0,1,2) = 1B(x[0,1/2,1) + B 1/2,1,3/2) + 3 B(z|1,3/2,2).

The situation is shown in Figure 4.1. The linear B-spline on 7 is a weighted sum of the three B-splines
(dashed) on ¢. The knot insertion matrix A is therefore the 3 x 1-matrix, or row vector, given by

1/2
A= 1
1/2

4.2.1 Formulas and algorithms for knot insertion

To develop algorithms for performing knot insertion we need to study the matrix A in
some more detail. Suppose as before that we have two knot vectors 7 and ¢t with 7 C ¢
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Figure 4.1. Refining a linear B-spline.

and a spline function f = Zj ¢jBjqr in Sq,. Since the (i, j)-entry of A is «;q(i), the
B-spline coefficients of f relative to Sy are given by

n
bi =Y ajali)e (4.10)
j=1
fori =1, ..., m, see (4.9). Similarly, equation (4.8) can now be written
m
Bjar =Y ajali)Bias (4.11)
i=1
forj=1,...,n.
In the following we make the assumption that = = (Tj)?ifl+l and t = (t;)7h are

both d + 1-regular knot vectors with common knots at the ends so that = = ¢; and
th+1 = tm41. Exercise 6 shows that this causes no loss of generality. The following
theorem gives an explicit formula for the knot insertion matrix A.

Recall from Theorem 2.18 the the B-spline matrix Ry(z) = R’,:’T(w) is given by

Tu+1—7T

T—Tyu+1-k

0 0
Tu+l —Tpu+1—k  Tp+l —Tut+l—k
0 Tu+2—7T L—Tu+2—k 0
R’,;T(:n) = Tu+2 = Tpt2—k  Tut+2 —Tpt+2—k
Tutk—T T—T,
0 0 p+ [
Ttk —Tp Tut+k— Tu

Theorem 4.7. Let the polynomial degree d be given, and let T = (Tj)?ildﬂ and t =

d
(£

be two d 4+ 1-regular knot vectors with common knots at the ends and T C t.
In row i of the knot insertion matrix A the entries are given by a;q(i) =0 for j < p—d
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and j > p, where p is determined by 7, < t; < 7,41 and

1, ifd=0,

Ry (tis1)Rh (tiva) - Ry (tira), ifd>0.
(4.12)

If f = Zj ¢jBja.+ is a spline in Sy ., with B-spline coefficients b in Sq ¢, then b; is given

by

(i) = (p—aali),- .., (i) = {

"
bi= Y aji(i)e; = Ry ((tiyr) - Rl (tira)ea, (4.13)
j=n—d

where ¢g = (cy—d, - - -, Cp)-

Proof. We already know that the two B-spline bases are related through the relation
(4.11); we will obtain the result by analysing this equation for different values of j.

Let the integer v be such that t, < t; < t,41. This means that v —d < ¢ < v
(note that v = ¢ only if ¢; < t;41). Since T is a subsequence of t we have [t,,t,+1) C
[T, Tut1)- Restrict = to the interval [t,,t,41) so that By g¢(x) =0 for { <v—dand > v.
Equation (4.11) can then be written

v

Bjar(r) = > ajall)Bras(z), forj=1,... n. (4.14)
{=v—d

Since x € |1, Ty41) we have Bj 4 r(x) = 0 for j < p—d or j > p1. For these values of j the
left-hand side of (4.14) is therefore zero, and since the B-splines {Byq+};_,_, are linearly
independent we must have «; 4(¢) = 0 for v —d < ¢ < v, and in particular a;q(i) = 0, for
j<wpu—dandj> p.

To establish (4.12) we consider the remaining values of j, namely j = p—d, ..., u. On
the interval [t,,t,+1), the nonzero part of the two B-spline bases can be represented by
the two vectors By, = (Bk:d:"')Z:,u,—d and Byt = (Brat);_,_4 We also have the vectors

of dual polynomials o4(y) = (Uk,d(y))gzu_d and p,(y) = (p&d(y))zzy_d given by
Okd(y) = (Y = Ths1) -+ (Y = Thd)
pea(y) = (Y —tey1) -+ (Y — teya)-

From Corollary 3.2 we have that the two sets of dual polynomials are related by

ped(y) = Ri(ter1) -+ Ra(tera)oa(y) (4.15)

(in this proof we omit the second subscript and the superscript to the R matrices). Com-
bining this with two versions of Marsden’s identity (3.10) then yields

v

Bir(2)"o4(y) = (y—2)"= > pra(y)Bras(z)
l=v—d

= Z Byat(x)Ri(ter1) - Ra(tera)oa(y).
l=v—d
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The linear independence of the d + 1 dual polynomials o 4(y) allows us to conclude that

Rl (tu—d-i-l) e Rd(tu)

v Ri(t,—ay2) - Ra(tu+1)
By (x)" = Z Brat(x)Ri(ter1) - Ratera) = Bag(z)" .

{=v—d .
Ry(ty41) - Ra(tuta)

for any x in the interval [t,,,11). Comparing this equation with (4.14) and making use
of the linear independence of B-splines shows that the matrix on the right is the sub-
matrix of A given by (a;a(i));X, 4,-, 4 Since v —d < i < v equation (4.12) follows.
Equation (4.13) now follows from (4.10). =

Note that if no new knots are inserted (7 = t) then the two sets of B-spline coefficients
c and b are obviously the same. Equation (4.13) then shows that

¢ = R/f,-,-(TiH) T Rfj,(md)c:d- (4.16)

This simple observation will be useful later.
An example will illustrate the use of Theorem 4.7.

Example 4.8. We consider quadratic splines (d = 2) on the knot vector 7 = (—1,—1,—1,0,1,1,1), and
insert two new knots, at —1/2 and 1/2sot = (-1,—1,—-1,-1/2,0,1/2,1,1,1). We note that 73 < ¢; < 74
for 1 <4 < 4 so the first three entries of the first four rows of the 6 x 4 knot insertion matrix A are given
by

as(i) = R} ; (tis1) RS ; (tiy2)

fori=1, ..., 4. Since

3 —x 142 0
Ri (z)=(-= 1+u), 317@0::(0 (1;;V2 (1+xv2>’

we have from (4.12)

as(i) = (Qti+1ti+2, 1—tit1 — tigo — 3titative, (I+tip1)(1+ t¢+2)) .

N | =

Inserting the correct values for ¢;41 and t;+2 and adding one zero at the end of each row, we find that the
first four rows of A are given by

1 0 0 0
/2 1/2 0 0
0 3/4 1/4 0
0 1/4 3/4 0

To determine the remaining two rows of A we have to move to the interval [74,75) = [0,1). Here we have

Ri ()= (1-z a) Iéﬁﬁg::Cl—;N2 ()2 2)7

SO

az(i) = Ri ;- (ti1)Ro - (tiv2) = = (L= tiz1)(1 — tiga), 14tip1 +tiva — Btigativa, 2tipitira).

N | =

Evaluating this for ¢ = 5, 6 and inserting one zero as the first entry, we obtain the last two rows as

(0 0 1/2 1/2)‘

0 0 O 1
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Figure 4.2. A quadratic spline together with its control polygon relative to a coarse and a finer knot vector (a),
and the same spline as in (a) with its control polygon relative to an even more refined knot vector (b).

To see visually the effect of knot insertion, let f = Bi,2,+ — 2B2,2,+ + 2B3,2,+ — B4,2,+ be a spline in Sq,-
with B-spline coefficients ¢ = (1, —2,2, —1)7. Tts coefficients b = (b;)5_; are then given by

1 0 0 0 1
1/2 1/2 0 0 1 ~1/2
o 3/4 14 o |[-2]_| 1
b=Ac=| o 14 3/4 o0 2 7| 1
0 0 1/2 1/2] \-1 1/2
o o0 0 1 ~1

Figure 4.2 (a) shows a plot of f together with its control polygons relative to 7 and t. We note that
the control polygon relative to t is much closer to f and that both control polygons give a rough estimate
of f.

The knot insertion process can be continued. If we insert one new knot halfway between each old knot
in ¢, we obtain the new knot vector

t'=(—1,-1,-1,-3/4,-1/2,-1/4,0,1/4,1/2,3/4,1,1,1).

A plot of f and its control polygon relative to this knot vector is shown in Figure 4.2 (b).

Example 4.9. Let us again consider quadratic splines on a uniform knot vector with multiple knots at

the ends,

= ()20 =(3,3,3,4,5,6,...,n,n+ Ln+ 1,n+1)

and form t by inserting one knot half way between each pair of old knots,
t= ()" =(3,3,3,7/2,4,9/2,5,...,n,(2n 4+ 1)/2,n+ 1,n+ 1,n+ 1)

Since dimSq,» = n and dimSq+ = 2n — 2, the knot insertion matrix A is now a (2n — 2) X n matrix. As
in Example 4.8 we find that the first three columns of the first four rows of A are

1 0 0
1/2 1/2 0
0 3/4 1/4
0 1/4 3/4

To determine rows 2u — 3 and 2u — 2 with 4 < g < n — 1, we need the matrices R}

i - and RS which are
given by

m _ u . 1—2)/2 (z+1-— 2 0
Ri @)= (ut1-2 a-p), B = (WHITOR riman 0 ).



82 CHAPTER 4. KNOT INSERTION

Observe that s =i fori=3,...,n+1land t; = (i+3)/2fori =3, ...,2n — 1. Entries p — 2, u — 1 and
p of row 20 — 3 are therefore given by

RY(tapo)RE (tou—1) = RY (u+1/2)RE (n+1) = (1/2 1/2) (8 1}2 192) —(0 3/4 1/4).

Similarly, entries 4 — 3, © — 2 and p of row 2u — 2 are given by
. —-1/4 5/4 0
RE (s R (1) = RE ot DR 3/2) = 0 1) (T4 20 0) =0 aja 7).
Finally, we find as in Example 4.8 that the last three entries of the last two rows are
0 1/2 1/2
0 o0 1)

The complete knot insertion matrix is therefore

1 0 0 0 0 0 0
1/2 1/2 0 0 0 0 0
0 3/4 1/4 0 0 0 0
0 1/4 3/4 0 0 0 0
0 0 3/4 1/4 0 0 0

A—| 0 0 1/4 3/4 0 0 0
0 0 0 0 .. 3/4 1/4 0
0 0 0 0 .. 1/4 3/4 0
0 0 0 0 0 1/2 1/2
0 0 0 0 o 0 1

The formula for a (i) shows very clearly the close relationship between B-splines and
discrete B-splines, and it will come as no surprise that o (i) satisfies a recurrence relation
similar to that of B-splines, see Definition 2.1. The recurrence for «; 4(7) is obtained by
setting « = t;14 in the recurrence (2.1) for B; 4(x),
t‘+d — T5 .
———aja(i) +

—grlhd 7T (i 4.17
Tj+d = Tj Tj+1+d — Tj+1 i (@), (4.17)

aja(i) =
starting with a;0(i) = Bjo(t).
The two evaluation algorithms for splines, Algorithms 3.17 and 3.18, can be adapted
to knot insertion quite easily. For historical reasons these algorithms are usually referred
to as the Oslo algorithms.

Algorithm 4.10 (Oslo-Algorithm 1). Let the polynomial degree d, and the two d + 1-

regular knot vectors T = (Tj)?ild—i_l and t = (t;)™ %" with common knots at the ends be

given. To compute the m x n knot insertion matrix A = (aj7d(i)):nj’zl from T to t perform
the following steps: 7

1. Fori=1, ..., m.

1.1 Determine p such that 7, <t; < T,41.
1.2 Compute entries 4t —d, ..., p of row i by evaluating

1, ifd=0.

T ; (1 T =
(i) = (u-a.a(i); -, ;i) {Rl(tiH) - Ry(tiya), ifd>0.

All other entries in row 1 are zero.
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An algorithm for converting a spline from a B-spline representation in Sg - to Sq¢ is
as follows.

Algorithm 4.11 (Oslo-Algorithm 2). Let the polynomial degree d, and the two d + 1-
regular knot vectors T = (Tj)’;ildﬂ and t = (t;)™ %" with common knots at the ends be
given together with the spline f in Sq with B-spline coefficients ¢ = (¢;)7_;.

the B-spline coefficients b = (¢;);, of f in S4¢ perform the following steps:

To compute

1. Fori=1, ..., m.

1.1 Determine p such that 7, < t; < T,41.

1.2 Set cqg = (cj)éf:u_d and compute b; by evaluating

b Cpu ifd=0.
’ R1(ti+1) s Rd(ti+d)cd7 ifd > 0.

4.3 B-spline coefficients as functions of the knots

Knot insertion allows us to represent the same spline function on different knot vectors.
In fact, any spline function can be given any real numbers as knots, as long as we also
include the original knots. It therefore makes sense to consider the B-spline coefficients as
functions of the knots, and we shall see that this point of view allows us to characterise
the B-spline coefficients completely by three simple properties.

Initially, we assume that the spline f = Z?:l ¢;Bj 4+ is a polynomial represented on
a d + l-extended knot vector 7. On the knot interval [7,,7,41) we know that f can be
written as

f(x) = Ry(x) - Ry(x)ey, (4.18)

where ¢q = (cu—g,-- -, cu)T, see Section 2.3. Since f is assumed to be a polynomial this
representation is valid for all real numbers z, although when z is outside [7,, 7,41) it is no
longer a true B-spline representation.

Consider the function

F(:L‘l, ey J}d) = Rl(l‘l) s Rd(xd)cd. (4.19)

We recognise the right-hand side of this expression from equation (4.13) in Theorem 4.7:
If we have a knot vector that includes the knots (xg,x1, ..., 24, X4r1), then F(z1,...,xq)
gives the B-spline coefficient that multiplies the B-spline B(z | zg,...,24+1) in the rep-
resentation of the polynomial f on the knot vector . When f is a polynomial, it turns
out that the function F' is completely independent of the knot vector 7 that underlie the
definition of the R-matrices in (4.19). The function F is referred to as the blossom of f,
and the whole theory of splines can be built from properties of this function.

4.3.1 The blossom

In this subsection we develop some of the properties of the blossom. We will do this
in an abstract fashion, by starting with a formal definition of the blossom. In the next
subsection we will then show that the function F' in (4.19) satisfies this definition.
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Definition 4.12. A function on the form f(x) = ax, where a is a real number, is called
a linear function. A function on the form f(x) = ax 4+ b with a and b real constants is
called an affine function. A function of d variables f(x1,...,xq) is said to be affine if it
is affine viewed as a function of each x; for i = 1, ..., d, with the other variables fixed.
A symmetric affine function is an affine function that is not altered when the order of the
variables is changed.

It is common to say that a polynomial p(x) = a+bx of degree one is a linear polynomial,
even when @ is nonzero. According to Definition 4.12 such a polynomial is an affine
polynomial, and this (algebraic) terminology will be used in the present section. Outside
this section however, we will use the term linear polynomial.

For a linear function of one variable we have

flax + By) = af (x) + Bf(y), =yeR (4.20)

for all real numbers o and 3, while for an affine function f with b # 0 equation (4.20)
only holds if a + 3 = 1. This is in fact a complete characterisation of affine functions: If
(4.20) holds with a + 8 =1, then f is affine, see exercise 9.

A general affine function of 2 variables is given by

f(z1,22) = axa + b = (agx1 + b2)xa + a1x1 + by

(4.21)
=co+ c1x1 + coT2 + €1 271 2.

Similarly, an affine function of three variables is a function on the form
f(:L‘l, x9, :Eg) = o+ 1T + C2T2 + €33 + €1 2T1X2 + €1 3173 + C2,.3T2X3 + C1,2,3T1T2T3.

In general, an affine function can be written as a linear combination of 2¢ terms. This
follows by induction as in (4.21) where we passed from one argument to two.
A symmetric and affine function satisfies the equation

f(l'lyx%"'axd) :f(xﬂ’;uxﬂ'za"'vxﬂ‘d)a

for any permutation (7, mg,...,m4) of the numbers 1, 2, ..., d. We leave it as an exercise
to show that symmetric, affine functions of two and three variables can be written in the
form

f(z1,22) = ap + a1 (x1 + x2) + asz122,

flx1,29,23) = ap + a1(x1 + x2 + x3) + ag(x122 + 173 + T223) + a3xr1T2T3.

We are now ready to give the definition of the blossom of a polynomial.

Definition 4.13. Let p be a polynomial of degree at most d. The blossom B[p|(z1,...,2q)
of p is a function of d variables with the properties:

1. Symmetry. The blossom is a symmetric function of its arguments,

Bpl(z1,...,2q) = Blp|(Xrys ..., Tx,)

for any permutation 71, ..., mg of the integers 1, ..., d.
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2. Affine. The blossom is affine in each of its variables,

Blp|(...,ax+ By,...) =aBp|(...,z,...) + BBp|(...,y,...)
whenever a + 3 = 1.

3. Diagonal property. The blossom agrees with p on the diagonal,

for all real numbers x.

The blossom of a polynomial exists and is unique.

Theorem 4.14. Each polynomial p of degree d has a unique blossom Blp|(z1,...,zq).
The blossom acts linearly on p, i.e., if p1 and py are two polynomials and ¢; and ¢y are
two real constants then

B[Clpl + Cgpg](l'l, ceey :L‘d) = Clg[pl](.’l,‘l, . ,CEd) + CzB[pg](l’l, e ,a:d). (422)

Proof. The proof of uniqueness follows along the lines sketched at the beginning of this
section for small d. Start with a general affine function F' of d variables

d
F(ml, ... ,ZEd) =co+ Z Z CiyyooyijTiy = " Ty

J=1 1< <-<i;<d

Symmetry forces all the coeflicients multiplying terms of the same degree to be identical.
To see this we note first that

F(l,o,...,O)ZCO—i—Cl=F<O,...,1,...,O):Co—i-CZ‘

for all ¢+ with 1 < i < d. Hence we have ¢; = --- = ¢4. To prove that the terms of degree
7 all have the same coefficients we use induction and set j of the variables to 1 and the
rest to 0. By the induction hypothesis we know that all the terms of degree less than j
are symmetric; denote the contribution from these terms by p;_1. Symmetry then gives

pj—1t+cC12,..5=DPj-1+C12, . j-1j+1 = " =Dj—1+ Cd—j+1,..d-

From this we conclude that all the coefficients multiplying terms of degree j must be equal.
We can therefore write F' as

d
F(.Z'l,...,[l}d) =ag+ a; Z Tiy * " T, (423)
j=1  1<ij<-<ij<d

for suitable constants (aj)?zo. From the diagonal property F(z,...,z) = f(z) the coeffi-
?:0 are all uniquely determined (since 1, x, ..., % is basis for m ).

The linearity of the blossom with regards to p follows from its uniqueness: The right-
hand side of (4.22) is affine in each of the z;, it is symmetric, and it reduces to c¢1p;(x) +

cop2(x) on the diagonal 1 =+ - =zg=2z. 1

cients (a;)
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Recall that the elementary symmetric polynomials

worra= (Y e )(?)

1<y <--<i;<d

that appear in (4.23) (apart from the binomial coefficient) agree with the B-spline coeffi-
cients of the polynomial powers,

Ji,d = Sj(TkJrl’ e 7Tk+d)7

see Corollary 3.5. In fact, the elementary symmetric polynomials are the blossoms of the
powers,
Bla?|(x1,...,2q) = sj(21,...,2q) for j=0,...,d.

They can also be defined by the relation

d
(x—x1) - (z—xq) = Z(—l)dik (Z) Sa—k(x1,. .. ,xd):llk.

k=0

Note that the blossom depends on the degree of the polynomial in a nontrivial way. If
we consider the polynomial p(z) = z to be of degree one, then B[p](x1) = x;. But we can
also think of p as a polynomial of degree three (the cubic and quadratic terms are zero);
then we obviously have Blp|(x1,z2, x3) = (21 + 22 + x3)/3.

4.3.2 B-spline coefficients as blossoms

Earlier in this chapter we have come across a function that is both affine and symmetric.
Suppose we have a knot vector 7 for B-splines of degree d. On the interval [7,,7,4+1) the
only nonzero B-splines are By = (Bu—qd,- - -, B%d)T which can be expressed in terms of
matrices as

Bd(x)T = Ri(x) - Ry(x).

If we consider the polynomial piece f = Bgcd with coefficients ¢q = (cy—a, - -, CM)T we
can define a function F' of d variables by

F(:Ul, Ceey xd) = R1 (561) ce Rd(xd)cd. (4.24)
From equation(4.13) we recognise F'(z1,...,24) as the coefficient multiplying a B-spline

with knots zg, z1, ..., Tg4+1 in the representation of the polynomial f.

Equation (3.7) in Lemma 3.3 shows that F' is a symmetric function. It is also affine in
each of its variables. To verify this, we note that because of the symmetry it is sufficient
to check that it is affine with respect to the first variable. Recall from Theorem 2.18 that

R, = R, ; is given by
Tu+l — Xr — T,
R1($):< i ’ i )

Tutl — Ty Tptl — Tp

which is obviously an affine function of x.
The function F' is also related to the polynomial f in that F(z,...,z) = f(z). We
have proved the following lemma.
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Lemma 4.15. Let f = ?:u—d c;jBjq be a polynomial represented in terms of the B-
splines in Sy~ on the interval [1,, 7,41), with coefficients ¢q = (¢y—g,...,c,)T. Then the
function

F(z1,...,24) = Ri(z1) - - Ry(wa)ca

is symmetric and affine, and agrees with f on the diagonal,

F(z,...,x) = f(x).
Lemma 4.15 and Theorem 4.14 show that the blossom of f is given by

Blfl(z1,...,2q) = Ri(z1) - Ri(zg)cq.

Blossoming can be used to give explicit formulas for the B-spline coefficients of a spline.
Theorem 4.16. Let f = Z?Zl cjBjq+ be a spline on a d + 1-regular knot vector T =

(Tj)n+d+1

521 It’s B-spline coefficients are then given by

c; = Blfl(Tjs1,-. ., Tj4a), fork=j,j+1,...,5+d, (4.25)
provided Ty, < Tp41. Here f = f’(7k77k+1) is the restriction of f to the interval (Ty, Tkt1)-

Proof. Let us first restrict « to the interval [7,,7,41) and only consider one polynomial
piece f,, of f. From Lemma 4.15 we know that B[f,](z1,...,24) = Ri(x1)- - Ra(zq)cq,
where ¢g = (Cj);;u_ 4 are the B-spline coefficients of f active on the interval [7,,7,11).
From (4.16) we then obtain

¢j = Blful(Tj41,- -+ Tjtd) (4.26)

which is (4.25) in this special situation.
To prove (4.25) in general, fix j and choose the integer k in the range j < k < j +d.
We then have

k
fu(z) = > cBia(x), (4.27)
i=k—d

By the choice of k we see that the sum in (4.27) includes the term ¢;B; 4. Equation (4.25)
therefore follows by applying (4.26) to fr. B

The affine property allows us to perform one important operation with the blossom;
we can change the arguments.

Lemma 4.17. The blossom of p satisfies the relation

b—=x T—a
= Blpl(....,a...
B )

Blpl(...,z,...) Blpl(...,b,...) (4.28)

for all real numbers a, b and x with a # b.

Proof. Observe that x can be written as an affine combination of a and b,

b—=x T—a
a—+

b.
b—a b—a

xTr =

Equation (4.28) then follows from the affine property of the blossom. B
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The next result will be useful later.

Lemma 4.18. Let B, [p(a:,y)] denote the blossom of p with respect to the variable x.
Then

k' g
B [(y — a:)k] (T1,...,2q) = EDd k((y —x1)---(y — xd)), (4.29)
fork=0,1,...,d, and
(d—10)!
Byl =)+ (=) @n,ma) = < 3 =) (e — ), (430)
1<in,..yig<d
where the sum is over all distinct choices i1, ..., iy of £ integers from the d integers 1, ...,

d.

Proof. For k = d equation (4.29) follows since the right-hand side is symmetric and affine
in each of the variables z; and it agrees with (y — )¢ on the diagonal z; = --- = 24 = 2.
The general result is then obtained by differentiating both sides k times.

Equation (4.30) follows since the right-hand side is affine, symmetric and reduces to
(y1 —x)--- (y¢ — ) when 2 = x1 = --- = x4, i.e., it must be the blossom of (y — z)?. R

4.4 Inserting one knot at a time

With blossoming we have a simple but powerful tool for determining the B-spline coeffi-
cients of splines. Here we will apply blossoming to develop an alternative knot insertion
strategy. Instead of inserting all new knots simultaneously we can insert them sequentially.
We insert one knot at a time and update the B-spline coefficients between each insertion.
This leads to simple, explicit formulas.

Lemma 4.19 (Bo6hm’s method). Let 7 = (Tj)?ildﬂ be a given knot vector and let

t = (ti)?ildJ“Q be the knot vector obtained by inserting a knot z in T in the interval

[T, Tug1). If
n+1

n
f=> ¢iBjar=> biBias,
j=1 1=1

then (b;)!]' can be expressed in terms of (¢j)j—y through the formulas

G, ifl<i<pu—d;

b={ T e T T ifp—dt1<i<p (4.31)
Tit+d — Ti Tit+d — Ti
Ci_1, ifp+1<i<n+1.

Proof. Observe that for j <y we have 7; = t;. For i < 4 —d and with k an integer such
that ¢ < k <1+ d it therefore follows from (4.25) that

bi = BIf*|(tiv1,-- - tiva) = BfF(Tip1, -, Tia) = 5.

Similarly, we have t; = 7,1 for i > u+ 1 so

bi = Bl (tists- - tiva) = BT, Tiva—1) = ci1
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for such values of i.
When ¢ satisfies y — d + 1 < ¢ < p we note that z will appear in the sequence
(tit1,-..,tita). From (4.25) we therefore obtain

bi = B[f*(tit1s- 52, s tivd) = BN (Tiv1, - 250, Tid—1)

since we now may choose k = u. Applying Lemma 4.17 with z = 2, a = 7; and b = 7,44
yields
Z—T;

Tivd — 2

bi = H_7B[L]C'U‘](7'i+1, ey Thye e 7Ti+d) + 7‘3[‘]0#](7'1‘, ey Tiddy e - - aTi—i—d—l)-
Ti+d — Ti Titd — Ti

Exploiting the symmetry of the blossom and again applying (4.25) leads to the middle

formula in (4.31). N

It is sometimes required to insert the same knot several times; this can of course be
accomplished by applying the formulas in (4.31) several times. Since blossoms have the
property B[f](z,...,z) = f(z), we see that inserting a knot d times in a spline of degree
d gives as a by-product the function value of f at z. This can be conveniently illustrated
by listing old and new coefficients in a triangular scheme. Consider the following triangle
(d = 3)7

02,4 02,3 02,2 02,1 ¢y Cur
o G C
o c
o

In the first row we have the coefficients of f on the original knot vector 7. After inserting
z in (7, Tu+1) once, the coefficients relative to the knot vector 71 = 7 U {2} are

0 0 1 1 1 0 0
(v Cumts Cum35 €2 Clu 15 Cpis Cps Cpug 15+ + +)

i.e., we move down one row in the triangle. Suppose that z is inserted once more. The
new B-spline coefficients on 72 = 71 U {2} are now found by moving down to the second
row, across this row, and up the right hand side,

(... ,0274, 0273, CL727 cifl, ci, c}“ cg, cg+17 cel).
Similarly, if z is inserted 3 times, we move around the whole triangle. We can also insert
z a full d =4 times. We then simply repeat ci two times in the last row.

Lemma 4.19 shows that Oslo Algorithm 2 (Algorithm 4.11) is not always efficient.
To compute a new coeflicient in the case where only one new knot is inserted requires
at most one convex combination according to Lemma 4.19 while Algorithm 4.11 requires
the computation of a full triangle (two nested loops). More efficient versions of the Oslo
algorithms can be developed, but this will not be considered here.

The simplicity of the formulas (4.31) indicates that the knot insertion matrix A must

have a simple structure when only one knot is inserted. Setting ¢ = (¢;)7_, and b = (b;)"*}
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and remembering that b = Ac, we see that A is given by the (n + 1) X n matrix

1 0

A= L , (4.32)

0 1
where \; = (z — 7;)/(Tigqa — 7 for 4 —d +1 < i < p. All the entries off the two diagonals
are zero and such matrices are said to be bi-diagonal. Since z lies in the interval [7,,, 7, 41)

all the entries in A are nonnegative. This property generalises to arbitrary knot insertion
matrices.

Lemma 4.20. Let 7 = (Tj)?ild+1 and t = (t;)™ 9 be two knot vectors for splines of
degree d with T C t. All the entries of the knot insertion matrix A from Sy, to Sq¢ are
nonnegative and A can be factored as

A=Ay pAmni-- Al (4.33)
where A; is a bi-diagonal (n + i) x (n + 4 — 1)-matrix with nonnegative entries.

Proof. Let us denote the m — n knots that are in ¢ but not in 7 by (z;)"7". Set t* = 7
and ¢ = ¢t U () fori = 1, ..., m — n. Denote by A; the knot insertion matrix from
t'~! to t'. By applying Bohm’s method m —n times we obtain (4.33). Since all the entries
in each of the matrices A; are nonnegative the same must be true of A. 1

4.5 Bounding the number of sign changes in a spline

In this section we will make use of Bchm’s method for knot insertion to prove that the
number of spline changes in a spline function is bounded by the number of sign changes in
its B-spline coefficient vector. This provides a generalisation of an interesting property of
polynomials known as Descartes’ rule of signs. Bearing the name of Descartes, this result
is of course classical, but it is seldom mentioned in elementary mathematics textbooks.
Before stating Descartes’ rule of signs let us record what we mean by sign changes in a
definition.

Definition 4.21. Let ¢ = (¢;)!_, be a vector of real numbers. The number of sign changes
in ¢ (zeros are ignored) is denoted S~ (¢). The number of sign changes in a function f in
an interval (a,b) is denoted S(_a,b)(f) = S7(f), provided this number is finite. It is given
by the largest possible integer r such that an increasing sequence of r + 1 real numbers
x1 < -+- < xpy1 in (a,b) can be found with the property that S~ (f(xl), A f(xT+1)) =7.
Example 4.22. Let us consider some simple examples of counting sign changes. It is easily checked

that S™(1,-2) =1, S7(1,0,—1,3) = 2,

$7(1,0,2)=0,  S7(2,0,0,0,—1) =1,

S7(1,-1,2) =2, 57(2,0,0,0,1) = 0.
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1 1
0.5 05
05 1 15 2 3
-05
-05
-1
-1
(a) p(z) =1 —=. (®) p(z) =1 — 3z + 22.
35 1
3 05
25
2 05— 1 15 2 25\ 3
15 -05
1 1
0.5 -15
05 1 15 2 -2
(c) p(z) = 2 — 3z + 2. (d) p(z) =1 — 4o + 4a* — 23,

Figure 4.3. Illustrations of Decartes’ rule of signs: the number of zeros in (0, c0) is no greater than the number of
strong sign changes in the coefficients.

As stated in the definition, we simply count sign changes by counting the number of jumps from positive
to negative values and from negative to positive, ignoring all components that are zero.

Descartes’ rule of signs bounds the number of zeros in a polynomial by the number
of sign changes in its coefficients. Recall that z is a zero of f of multiplicity » > 1 if

f(z)=Df(z)=---=D""1f(2) =0 but D" f(z) # 0.
Theorem 4.23 (Descartes’ rule of signs). Letp = Z?:o ¢;z' be a polynomial of degree
d with coefficients ¢ = (cg, ..., cq)", and let Z(p) denote the total number of zeros of p in

the interval (0, 00), counted with multiplicities. Then
Z(p) < 5™ (e),

i.e., the number of zeros of p is bounded by the number of sign changes in its coefficients.

Figures 4.3 (a)—(d) show some polynomials and their zeros in (0, c0).

Our aim is to generalise this result to spline functions, written in terms of B-splines.
This is not so simple because it is difficult to count zeros for splines. In contrast to
polynomials, a spline may for instance be zero on an interval without being identically
zero. In this section we will therefore only consider zeros that are also sign changes. In
the next section we will then generalise and allow multiple zeros.

To bound the number of sign changes of a spline we will investigate how knot insertion
influences the number of sign changes in the B-spline coefficients. Let Sg » and Sg ¢ be two
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spline spaces of degree d, with Sg C Sg¢. Recall from Section 4.4 that to get from the
knot vector 7 to the refined knot vector ¢, we can insert one knot at a time. If there are ¢
more knots in 7 than in ¢, this leads to a factorisation of the knot insertion matrix A as

A=A/A; 1 A, (4.34)
where Ay is a (n+ k) x (n+k — 1) matrix for k=1, ..., ¢, if dimSy = n. Each of the
matrices Ay, corresponds to insertion of only one knot, and all the nonzero entries of the
bi-diagonal matrix Ay are found in positions (i,7) and (i + 1,7) fori =1, ..., n+k — 1,

and these entries are all nonnegative (in general many of them will be zero).
We start by showing that the number of sign changes in the B-spline coefficients is
reduced when the knot vector is refined.

Lemma 4.24. Let Sy, and Sy be two spline spaces such that t is a refinement of T. Let
f= Z;”:l ¢jBjar = Y i 1 biBiat be a spline in Sq, with B-spline coefficients ¢ in Sq r
and b in Sy . Then b has no more sign changes than c, i.e.,

ST (Ac) =S5 (b) < S (o), (4.35)
where A is the knot insertion matrix from T to t.

Proof. Since we can insert the knots one at a time, it clearly suffices to show that (4.35)
holds in the case where there is only one more knot in ¢ than in 7. In this case we know
from Lemma 4.19 that A is bidiagonal so

bi = ai—1(1)ci—1 + ai(i)cy, fori=1,...n+1,
where (a](z))zljzlln
two extra entries that are zero, ap(1) = any1(n+ 1) = 0). Since a;—1(7) and «;(i) both
are nonnegative, the sign of b; must be the same as either ¢;_; or ¢; (or be zero). Since
the number of sign changes in a vector is not altered by inserting zeros or a number with
the same sign as one of its neighbours we have

are the entries of A (for convenience of notation we have introduced

Si(c) - Si(thl,bQ,CQ, v 7bn—1acn—1abnvcnabn+1) > Si(b)

The last inequality follows since the number of sign changes in a vector is always reduced
when entries are removed. R

From Lemma 4.24 we can quite easily bound the number of sign changes in a spline in
terms of the number of sign changes in its B-spline coefficients.

Theorem 4.25. Let f = Z;‘Zl c;Bjq be a spline in Sy . Then
ST(f)<S (e)<n—1. (4.36)

Proof. Suppose that S~(f) = ¢, and let (z;)'Z] be £+ 1 points chosen so that S~(f) =
S— (f(xl), e ,f(l'£+1)). We form a new knot vector ¢ that includes T as a subsequence,
but in addition each of the x; occurs exactly d + 1 times in t. From our study of knot
insertion we know that f may be written f = 3, b;Bj 44 for suitable coefficients (b;), and



4.5. BOUNDING THE NUMBER OF SIGN CHANGES IN A SPLINE

Figure 4.4. A quadratic spline (a) and a cubic spline (b) with their control polygons.

93

from Lemma 2.6 we know that each of the function values f(x;) will appear as a B-spline

coefficient in b. We therefore have

ST(f) <57 (b) <5 (o),

the last inequality following from Lemma 4.24. The last inequality in (4.36) follows since

an n-vector can only have n — 1 sign changes. N

The validity of Theorem 4.25 can be checked with the two plots in Figure 4.4 as well

as all other figures which include both a spline function and its control polygon.

Exercises for Chapter 4

4.1 In this exercise we are going to study a change of polynomial basis from the Bernstein
basis to the Monomial basis. Recall that the Bernstein basis of degree d is defined

by
d
B(x) = <k>$k(1 —x)F, fork=0,1,...,d.

A polynomial p of degree d is said to be written in Monomial form if p(z)

(4.37)

Zi:o bz and in Bernstein form if p(z) = ZZ:O cxBY(x). In this exercise the

binomial formula

(a + b)?

Z <Z> akz bd—k

d
k=0

will be useful.

a) By applying (4.38), show that

Bi(x) = Ed:(—ni—j <d) (d B *7> 2, forj=0,1,...,d.

P J)\i—j

Also show that (;i) (d_j) = (‘?) (;) fori=j4,...,dand j =0, ..., d.

] %

(4.38)
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b) The two basis vectors By = (B§(z), ..., Bg(x))T and Py = (1,z,...,29)7 are
related by B2 = PL A, where Ay is a (d+1) x (d + 1)-matrix Ag. Show that
the entries of Ay = (ai,j>gj:0 are given by

0, it i < 7,
J (—1)i—7 (d) (%), otherwise.

(XA

¢) Show that the entries of A, satisfy the recurrence relation
Qi = B; (ai_l’j_l — ai_ljj) R where 3; = (d — 1+ 1)/2

Give a detailed algorithm for computing A4 based on this formula.

d) Explain how we can find the coefficients of a polynomial relative to the Mono-
mial basis if A, is known and the coeflicients relative to the Bernstein basis are
known.

4.2 In this exercise we are going to study the opposite conversion of that in Exercise 1,
namely from the Monomial basis to the Bernstein basis.

a) With the aid of (4.38), show that for all z and ¢ in R we have

(tz + (1 —2))" = Bi(a)t. (4.39)

d
k=0

The function G(t) = (tz + (1 — x))d is called a generating function for the
Bernstein polynomials.

b) Show that Zi:o Bé(x) =1 for all x by choosing a suitable value for ¢ in (4.39).

¢) Find two different expressions for GU)(1)/j! and show that this leads to the

formulas
d

(C,l>xj => <;) Bi(x), forj=0,...,d. (4.40)

J pa
d) Show that the entries of the matrix By = (bi,j)g,j:o such that PT = BY B, are

given by
b, - = 07 if 7 < j’
e (;) / (?), otherwise.

4.3 Let P denote the cubic Bernstein basis on the interval [0,1] and let @ denote the
cubic Bernstein basis on the interval [2,3]. Determine the matrix As such that
P(z)T = Q(x)T A3 for all real numbers z.

n+2

4.4 Let A denote the knot insertion matrix for the linear (d = 1) B-splines on 7 = (7)1

to the linear B-splines in ¢ = (¢;)"12. We assume that 7 and ¢ are 2-extended with

71 =111 and Tp42 = typ4o and T C ¢,

a) Determine A when 7= (0,0,1/2,1,1) and ¢ = (0,0,1/4,1/2,3/4,1,1).
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b) Device a detailed algorithm that computes A for general 7 and ¢ and requires
O(m) operations.

¢) Show that the matrix AT A is tridiagonal.

Prove Lemma 4.4 in the general case where 7 and ¢ are not d + 1-regular. Hint:
Augment both 7 and ¢ by inserting d + 1 identical knots at the beginning and end.

Prove Theorem 4.7 in the general case where the knot vectors are not d + 1-regular
with common knots at the ends. Hint: Use the standard trick of augmenting 7 and
t with d + 1 identical knots at both ends to obtain new knot vectors + and ¢. The
knot insertion matrix from 7 to ¢ can then be identified as a sub-matrix of the knot
insertion matrix from 7 to ¢.

Show that if 7 and t are d + 1-regular knot vectors with 7 C ¢ whose knots agree at
the ends then }_, a;4(i) = 1.

Implement Algorithm 4.11 and test it on two examples. Verify graphically that the
control polygon converges to the spline as more and more knots are inserted.

Let f be a function that satisfies the identity

flax + By) = af(z) + Bf(y) (4.41)

for all real numbers z and y and all real numbers « and 3 such that o + 8 = 1.
Show that then f must be an affine function. Hint: Use the alternative form of
equation (4.41) found in Lemma 4.17.

Find the cubic blossom Bp|(x1,z2, 23) when p is given by:

a) p(x) = a?

b) p(z) = 1.

¢) p(z) =2z + 2% — 4a3.

d) p(z) = 0.

e) p(r) = (x — a)? where a is some real number.
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