CHAPTER 10

Shape Preserving Properties of
B-splines

In earlier chapters we have seen a number of examples of the close relationship between a
spline function and its B-spline coefficients. This is especially evident in the properties of
the Schoenberg operator, but the same phenomenon is apparent in the diagonal property
of the blossom, the stability of the B-spline basis, the convergence of the control polygon
to the spline it represents and so on. In the present chapter we are going to add to this list
by relating the number of zeros of a spline to the number of sign changes in the sequence
of its B-spline coefficients. From this property we shall obtain an accurate characterisation
of when interpolation by splines is uniquely solvable. In the final section we show that the
knot insertion matrix and the B-spline collocation matrix are totally positive, i.e., all their
square submatrices have nonnegative determinants.

10.1 Bounding the number of zeros of a spline

In Section 4.5 of Chapter 4 we showed that the number of sign changes in a spline is
bounded by the number of sign changes in its B-spline coefficients, a generalisation of
Descartes’ rule of signs for polynomials, Theorem 4.23. Theorem 4.25 is not a completely
satisfactory generalisation of Theorem 4.23 since it does not allow multiple zeros. In this
section we will prove a similar result that does allow multiple zeros, but we cannot allow
the most general spline functions. we have to restrict ourselves to connected splines.

Definition 10.1. A spline f = Z?Zl c;jBjq in Sq is said to be connected if for each x in
(t1,tntd+1) there is some j such that t; < x < tjiqy1 and ¢; # 0. A point x where this
condition fails is called a splitting point for f.

To develop some intuition about connected splines, let us see when a spline is not
connected. A splitting point of f can be of two kinds:

(i) The splitting point « is not a knot. If ¢, < x < t,41, then t; < x < ;1411
for j = p—d, ..., p (assuming the knot vector is long enough) so we must have
Cy—d = -+ = ¢y = 0. In other words f must be identically zero on (t,,%,+1). In this
case f splits into two spline functions f; and f» with knot vectors t! = (tj)gzl and
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204 CHAPTER 10. SHAPE PRESERVING PROPERTIES OF B-SPLINES

t? = (t;)"T41. We clearly have

J=ptl
p—d—1 n
fi= § ¢;Bj.d, fa= E c;iBjq.
=1 j=pt

(ii) The splitting point x is a knot of multiplicity m, say

by <x=tyt1 =" =lprm < tutm+1.
In this case we have t; < o < tj 144 for j = p+m —d, ..., p. We must therefore
have ¢yym—q = --- = ¢, = 0. (Note that if m = d + 1, then no coefficients need to

be zero). This means that all the B-splines that “cross” = do not contribute to f(x).
It therefore splits into two parts fi and fo, but now the two pieces are not separated

by an interval, but only by the single point . The knot vector of f; is t' = (t]);ir{n
while the knot vector of fo is 2 = (tj)?;rﬁill The two spline functions are given by
p+m—d—1 n
fi= Y. ¢Bja  fo= Y ¢Bja
j=1 J=p+1
Before getting on with our zero counts we need the following lemma.
Lemma 10.2. Suppose that z is a knot that occurs m times in t,
ty <z=tit1 =" =titm < titm+1
for some i. Let f = Zj cjBja be a spline in Sg¢. Then
1 d—m
k ryd—k 2
6= S (~1FD g () DF () (10.1)
k=0

for all j such that t; < z < tjiq41, where pjq(y) = (y — tjt1) -+ (¥ — tjta)-

Proof. Recall from Theorem 8.5 that the B-spline coefficients of f can be written as

1

= >~ pa(y) DR f (),

M=

Cj = )\]f

iy
o

where y is a number such that Bj4(y) > 0. In particular, we may choose y = z for
j=t4+m—d, ..., is0

1

= a (_1)deikpj,d(z)Dkf(Z)v (10'2)

M=

Cj = )\jf

i
o

for these values of j. But in this case p;4(y) contains the factor (y —ti11) -+ (y — tigm) =
(y—2)"so D&Fp;a(z) =0for k>d—mand j=i+m—d, ...,1, ie., for all values of
J such that ¢; < z < tj4441. The formula (10.1) therefore follows from (10.2). &



10.1. BOUNDING THE NUMBER OF ZEROS OF A SPLINE 205

In the situation of Lemma 10.2, we know from Lemma 2.6 that D*f is continuous at z
fork =0, ..., d—m, but DT~ f may be discontinuous. Equation (10.1) therefore shows
that the B-spline coefficients of f can be computed solely from continuous derivatives of f
at a point.

Lemma 10.3. Let f be a spline that is connected. For each x in (t1,t,4+1) there is then
a nonnegative integer r such that D" f is continuous at x and D" f(x) # 0.

Proof. The claim is clearly true if « is not a knot, for otherwise f would be identically zero
on an interval and therefore not connected. Suppose next that x is a knot of multiplicity
m. Then the first discontinuous derivative at = is D™+ f so if the claim is not true,
we must have D¥f(x) = 0 for k = 0, ..., d — m. But then we see from Lemma 10.2
that ¢; = A\ f = 0 for all [ such that ¢; < z < t;144+1. But this is impossible since f is
connected. N

The lemma shows that we can count zeros of connected splines precisely as for smooth
functions. If f is a connected spline then a zero must be of the form f(z) = Df(z) =--- =
D" f(z) = 0 with D" f(z) # 0 for some integer r. Moreover D" f is continuous at z. The
total number of zeros of f on (a,b), counting multiplicities, is denoted Z(f) = Z4)(f)-
Recall from Definition 4.21 that S~ (c) denotes the number of sign changes in the vector ¢
(zeros are completely ignored).

Example 10.4. Below are some examples of zero counts of functions. For comparison we have also
included counts of sign changes. All zero counts are over the whole real line.

2@ =1 §(a)=1, Z(2(1 - 2)*) =3, S~ (x(1—2)%) =1,
Z(z*)=2, S («°) =0, Z(z*(1 - z)%) =5, ST (2*1-2)%) =1,
Z(z") =1, S (z") =1, Z(—1—a* + cosz) =2, S (=1 —a® +cosz) = 0.

We are now ready to prove a generalization of Theorem 4.23 that allows zeros to be
counted with multiplicities.

Theorem 10.5. Let f = Z?Zl cjBjq be a spline in Sg ¢ that is connected. Then

Lyt () <57 () <n— 1.

n+d+1
Proof. Let 23 < 29 < --- < z; be the zeros of f in the interval (¢1,%,14+1), each of
multiplicity 7;; Lemma 10.2 shows that z; occurs at most d — r; times in ¢. For if z;
occured m > d — r; times in ¢t then d — m < r;, and hence all the derivatives of f involved
in (10.1) would be zero for all j such that ¢; < z < t;;441. But this means that z is a
splitting point for f which is impossible since f is connected.

Now we form a new knot vector ¢ where z; occurs exactly d —r; times and the numbers
z; — h and z; + h occur d + 1 times. Here h is a number that is small enough to ensure
that there are no other zeros of f or knots from ¢ other than z; in [z; — h,z; + h] for
1 <i < {. Let ¢ be the B-spline coefficients of f relative to . By Lemma 4.24 we then
have S7(¢) < 57 (c) so it suffices to prove that Zg, ; ., )(f) < S7(¢). But since

14

Z(tl,tn+d+1)(f) = Z Z(zi—h,zi—i-h) (f))

i=1
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it suffices to establish the theorem in the following situation: The knot vector is given by

d+1 der d+1
— e
t=(z—h,....,2z—h,%2,...,2,z+h,...,z+ h)

and z is a zero of f of multiplicity r. The key to proving the theorem in this more specialised
situation is to show that

(d—r)!

T (CDTIND (), j=delordt (10.3)

Cj =

as this means that the r + 1 coefficients (Cj)?;llﬂ,r alternate in sign and S™(¢) > r =

Z(s—phz+n)(f). Fix j in the range d + 1 —r < j < d + 1. By equation (10.1) we have

= g VD )P () = D D),
k=0

since DI f(z) =0 for j =0 ..., » — 1. With our special choice of knot vector we have
pja(y) = (y—z+h)H (y = )47 (y — 2 = b)Y
Taking d — r derivatives we therefore obtain
D" g, 4(2) = (d — P (—h) =14 = (d = ) (—1)
and (10.3) follows. W

Figures 10.1 (a)—(d) show some examples of splines with multiple zeros of the sort
discussed in the proof of Theorem 10.5. All the knot vectors are d 4+ l-regular on the
interval [0, 2], with additional knots at # = 1. In Figure 10.1 (a) there is one knot at z = 1
and the spline is the polynomial (z — 1)? which has a double zero at = 1. The control
polygon models the spline in the normal way and has two sign changes. In Figure 10.1 (b)
the knot vector is the same, but the spline is now the polynomial (x — 1)3. In this case
the multiplicity of the zero is so high that the spline has a splitting point at x = 1. The
construction in the proof of Theorem 10.5 prescribes a knot vector with no knots at x = 1
in this case. Figure 10.1 (c) shows the polynomial (z — 1)3 as a degree 5 spline on a
6-regular knot vector with a double knot at x = 1. As promised by the theorem and its
proof the coefficients change sign exactly three times. The spline in Figure 10.1 (d) is more
extreme. It is the polynomial (z — 1)® represented as a spline of degree 9 with one knot at
x = 1. The control polygon has the required 8 changes of sign.

10.2 Uniqueness of spline interpolation

Having established Theorem 10.5, we return to the problem of showing that the B-spline
collocation matrix that occurs in spline interpolation, is nonsingular. We first consider
Lagrange interpolation, and then turn to Hermite interpolation where we also allow inter-
polation derivatives.
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(¢) Degree 5, multiplicity 3, double knot. (d) Degree 9, multiplicity 8, simple knot.

Figure 10.1. Splines of varying degree with a varying number of zeros and knots at x = 1.

10.2.1 Lagrange Interpolation

In Chapter 8 we studied spline interpolation. With a spline space Sy ¢ of dimension n and
data (y;)}'_, given at n distinct points z; < z3 < --- < Zp, the aim is to determine a spline
9= ,¢DBjqin Sgy such that

g9(zi) = yi, fori=1, ..., n. (10.4)

This leads to the linear system of equations

Ac=1y,
where
Bia(z1) Bag(r1) ... Bpal(xr) c1 Y1
Big(w2) Baa(xz) B a(2) c2 Yo
A = . . 9 Cc = 9 y =
Bl,d(xn) BQ,d<xn) ce Bn,d($n> Cn Yn

The matrix A is often referred to as the B-spline collocation matriz. Since B; q(x) is
nonzero only if t; < z < t;1q+1 (we may allow ¢; = x if t; = t;1q4 < tj1q+1), the matrix A
will in general be sparse. The following theorem tells us exactly when A is nonsingular.
Theorem 10.6. Let Sy be a given spline space, and let 11 < z3 < --- < x,, be n distinct
numbers. The collocation matrix A with entries (Bj,d(xi))Zj:1 is nonsingular if and only
if its diagonal is positive, i.e.,

B q(x;) >0 fori=1, ..., n. (10.5)
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Proof. We start by showing that A is singular if a diagonal entry is zero. Suppose that
xq < tg (strict inequality if ¢4 = tg1q < tgyd+1) for some ¢ so that By 4(z4) = 0. By the
support properties of B-splines we must have a;; = 0for¢ =1, ..., ¢gand j = ¢, ...,
n. But this means that only the n — ¢ last entries of each of the last n — ¢ + 1 columns
of A can be nonzero; these columns must therefore be linearly dependent and A must be
singular. A similar argument shows that A is also singular if x4 > 4 441.

To show the converse, suppose that (10.5) holds but A is singular. Then there is a
nonzero vector ¢ such that Ae = 0. Let f = >""" , ¢;B; 4 denote the spline with B-spline
coefficients ¢. We clearly have f(z,) =0 for ¢ =1, ..., n. Let G denote the set

G = Ui{(tistiyar1) | ¢ #0}.

Since each z in G must be in (¢;,¢;14+1) for some ¢ with ¢; # 0, we note that G contains no
splitting points of f. Note that if x; = t; = ;49 < ti1q+1 occurs at a knot of multiplicity
d+ 1, then 0 = f(z;) = ¢;. To complete the proof, suppose first that G is an open
interval. Since x; is in G if ¢; # 0, the number of zeros of f in G is greater than or equal
to the number ¢ of nonzero coefficients in ¢. Since we also have S™(¢) < £ < Zg(f), we
have a contradiction to Theorem 10.5. In general GG consists of several subintervals which
means that f is not connected, but can be written as a sum of connected components, each
defined on one of the subintervals. The above argument then leads to a contradiction on
each subinterval, and hence we conclude that A is nonsingular. §

Theorem 10.6 makes it simple to ensure that the collocation matrix is nonsingular. We
just place the knots and interpolation points in such a way that t; < x; < t;41gq41 for i =1,
.., n (note again that if t; = t;14 < t;1q+1, then z; = t; is allowed).

10.2.2 Hermite Interpolation

In earlier chapters, particularly in Chapter 8, we made use of polynomial interpolation
with Hermite data—data based on derivatives as well as function values. This is also of
interest for splines, and as for polynomials this is conveniently indicated by allowing the
interpolation point to coalesce. If for example z1 = x9 = x3 = x, we take ;1 to signify
interpolation of function value at x, the second occurrence of x signifies interpolation of
first derivative, and the third tells us to interpolate second derivative at x. If we introduce
the notation

Az (1) = max{j | z;—j = z;}
J

and assume that the interpolation points are given in nondecreasing order as z1 < o <
.-+ < xp, then the interpolation conditions are

D)\z(i)g(xi) _ D)‘z(i)f(%') (10.6)

where f is a given function and g is the spline to be determined. Since we are dealing with
splines of degree d we cannot interpolate derivatives of higher order than d; we therefore
assume that z; < z;1441 for i =1, ..., n—d — 1. At a point of discontinuity (10.6) is
to be interpreted according to our usual convention of taking limits from the right. The
(i,j)-entry of the collocation matrix A is now given by

aij = DB, 4(x;),
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and as before the interpolation problem is generally solvable if and only if the collocation
matrix is nonsingular. Also as before, it turns out that the collocation matrix is nonsingular
if and only if ¢; < x; < t;14q+1, where equality is allowed in the first inequality only if
D)‘m(i)BZ-7d(aci) # 0. This result will follow as a special case of our next theorem where we
consider an even more general situation.

At times it is of interest to know exactly when a submatrix of the collocation matrix is
nonsingular. The submatrices we consider are obtained by removing the same number of
rows and columns from A. Any columns may be removed, or equivalently, we consider a
subset {Bj, 4;...,Bj,a} of the B-splines. When removing rows we have to be a bit more
careful. The convention is that if a row with derivatives of order r at z is included, then we
also include all the lower order derivatives at z. This is most easily formulated by letting
the sequence of interpolation points only contain £ points as in the following theorem.

Theorem 10.7. Let Sq4 be a spline space and let {Bj, 4,...,Bj, 4} be a subsequence of
its B-splines. Let 21 < --- < x4 be a sequence of interpolation points with x; < x;4441 for
i=1,...,0—d—1. Then the ¢ x { matrix A(j) with entries given by

aiq = DU B;, q(x;)
fori=1,...,fand q=1, ..., ¢ is nonsingular if and only if
ti, <@ < tjydiis fori=1,...,¢, (10.7)
where equality is allowed in the first inequality if D= (i)Bji7d(xi) £ 0.

Proof. The proof follows along the same lines as the proof of Theorem 10.6. The most
challenging part is the proof that condition (10.7) is necessary so we focus on this. Suppose
that (10.7) holds, but A(j) is singular. Then we can find a nonzero vector ¢ such that
A(j)e=0. Let f = Zle ¢;Bj, a denote the spline with ¢ as its B-spline coeflicients, and
let G denote the set

G = U {(t, tji4as1) | ci # 0}

To carry through the argument of Theorem 10.6 we need to verify that in the exceptional
case where x; = tj, then ¢; = 0.

Set r = A\z(i) and suppose that the knot ¢;, occurs m times in ¢ and that ¢;, = x; so
D" Bj, 4(x;) # 0. In other words

by <@ =tup1 = = tupm <lprmi1

for some integer u, and in addition j; = u + k for some integer k£ with 1 < k < m. Note
that f satisfies
f(zi) =Df(x;) == D"f(x;) = 0.

(Remember that if a derivative is discontinuous at z; we take limits from the right.) Recall
from Lemma 2.6 that all B-splines have continuous derivatives up to order d — m at x;.
Since D" Bj, clearly is discontinuous at x;, it must be true that r > d—m. We therefore have
f(x;) = Df(x;) =+ = D™ f(z;) = 0 and hence ¢pm—q = -+ = ¢, = 0 by Lemma 10.2.
The remaining interpolation conditions at x; are D™+ f(z;) = D™ 2f(z;) = - =
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D" f(x;) = 0. Let us consider each of these in turn. By the continuity properties of
B-splines we have D&"™+1B, 1 (z;) # 0 and D™+ B, ., = 0 for v > 1. This means that

0= D" f (i) = 1 DY By ()
and c¢,41 = 0. Similarly, we also have
0= DT f (1) = cup2 DT By (mi),
and hence ¢, 42 = 0 since D"™*2B, 5(z;) # 0. Continuing this process we find

0= Drf(l'z) = C,u+7“+mderBu+r+mfd(xi)a

SO Cyqrtm—d = 0 since D" By, p_a(x;) # 0. This argument also shows that j; cannot be
chosen independently of r; we must have j; = u+r+m —d.

For the rest of the proof it is sufficient to consider the case where G is an open interval,
just as in the proof of Theorem 10.6. Having established that ¢; = 0 if x; = ¢;,, we
know that if ¢; # 0 then z; € G. The number of zeros of f in G (counting multiplicities) is
therefore greater than or equal to the number of nonzero coefficients. But this is impossible
according to Theorem 10.5. R

10.3 Total positivity

In this section we are going to deduce another interesting property of the knot insertion
matrix and the B-spline collocation matrix, namely that they are totally positive. We
follow the same strategy as before and establish this first for the knot insertion matrix and
then obtain the total positivity of the collocation matrix by recognising it as a submatrix
of a knot insertion matrix.

Definition 10.8. A matrix A in R™"™ is said to be totally positive if all its square

submatrices have nonnegative determinant. More formally, let © = (i1,12,...,7) and
Jj = (j1,72,---,Je) be two integer sequences such that
1§i1<i2<--'<ig§m, (10.8)
1<y <o < - <1y <n, (10.9)

and let A(i,j) denote the submatrix of A with entries (ai,;,)5 ,—1. Then A is totally
positive if det A(¢, ) > 0 for all sequences @ and j on the form (10.8) and (10.9), for all £
with 1 < ¢ < min{m,n}.

We first show that knot insertion matrices are totally positive.

Theorem 10.9. Let T and t be two knot vectors with = C t. Then the knot insertion
matrix from Sq + to Sgy Is totally positive.

Proof. Suppose that there are & more knots in ¢ than in 7; our proof is by induction on
k. We first note that if k = 0, then A = I, the identity matrix, while if £ = 1, then
A is a bi-diagonal matrix with one more rows than columns. Let us denote the entries
of A by (aj(z))zn;;lln (if £ = 0 the range of ¢ is 1, ..., n). In either case all the entries
are nonnegative and o;(i) = 0 for j < i —1 and j > 4. Consider now the determinant of
A(3,3). If jo > ig then j, > i forg=1, ..., {—1s0 a;,(iqg) = 0 for ¢ < £. This means that
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only the last entry of the last column of A(%,7) is nonzero. The other possibility is that
Je < ig—1sothat j, <ip—1for ¢ < £. Then a;, (i) = 0 for ¢ < £ so only the last entry of
the last row of A(%,7) is nonzero. Expanding the determinant either by the last column or
last row we therefore have det A(z, ) = ay,(i¢) det A(¢', 5') where ¢’ = (i1,...,4—1) and
3" = (j1,...,70-1). Continuing this process we find that

det A(%,7) = o, (i1) oy, (12) - - - v, (ig)

which clearly is nonnegative.
For k£ > 2, we make use of the factorization

A=A, --A = A,B, (10.10)

where each A, corresponds to insertion of one knot and B = Ajp_;--- Ay is the knot
insertion matrix for inserting £ — 1 of the knots. By the induction hypothesis we know
that both A, and B are totally positive; we must show that A is totally positive. Let

(a;) and (b;) denote the rows of A and B, and let (a; (i))m’m_l denote the entries of Ay.

2,7=1
From (10.10) we have
a; = Oéi_l(’i)bi_l + OéZ(Z)bl fori=1,..., m,

where ap(1) = am(m) = 0. Let a;(j) and b;(j) denote the vectors obtained by keeping
only entries ( jq)gzl of a; and b; respectively. Row ¢ of A(%,7) of A is then given by

a;,(§) = ai,—1(ig)bi,—1(3) + i, (iq)bi, (3)-
Using the linearity of the determinant in row ¢ we therefore have
ai, (5) ai, (5)

det | a;,(3) | =det | ag,—1(iq)bi,—1(3) + i, (iq)bi, (F)

ai, () a;, (j)
Qa;, (.7 ) Qi (.7 )

= aj,—1(ig) det | bi,—1(J) | + i, (ig) det | b;, (5)

a;, (j) a;, (j)

By expanding the other rows similarly we find that det A(%,7) can be written as a sum
of determinants of submatrices of B, multiplied by products of «;(i)’s. By the induction
hypothesis all these quantities are nonnegative, so the determinant of A(,7) must also be
nonnegative. Hence A is totally positive. R

Knowing that the knot insertion matrix is totally positive, we can prove a similar
property of the B-spline collocation matrix, even in the case where multiple collocation
points are allowed.
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Theorem 10.10. Let Sq, be a spline space and let {Bj, 4,...,Bj, 4} be a subsequence
of its B-splines. Let 1 < --- < xy be a sequence of interpolation points with x; < ;1411
fori=1,...,¢{—d—1, and denote by A(j) the ¢ x { matrix with entries given by

aiq = DB 4(x;)

det A(j) > 0.

Proof. We first prove the claim in the case 1 < o < -+ < xy. By inserting knots
of multiplicity d + 1 at each of (z;)¢_; we obtain a knot vector t that contains 7 as a
subsequence. If t;_1 < t; = tiyq < tizq41 we know from Lemma 2.6 that Bj g ,(t;) =
a;jq(i). This means that the matrix A(j) appears as a submatrix of the knot insertion
matrix from 7 to t. It therefore follows from Theorem 10.9 that det A(j) > 0 in this case.

To prove the theorem in the general case we consider a set of distinct collocation points
y1 < --- < 7y and let A(j,y) denote the corresponding collocation matrix. Set A? = Ay (i)
and let p; denote the linear functional given by

pif = XNV [yinis ooyl f (10.11)

fori =1, ..., ¢. Here [-,...,-]f is the divided difference of f. By standard properties of
divided differences we have

i
piBja= > isBja(ys)
s=i—\!

and 7;; > 0. Denoting by D the matrix with (4, j)-entry p;B; 4, we find by properties of
determinants and (10.11) that

det D =11 v edet A(G,y).

If we now let y tend to & we know from properties of the divided difference functional that
piBj tends to D/\ZBj in the limit. Hence D tends to A(j) so det A(j) > 0. 1
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