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Chapter

Splines and B-splines
an introduction

In this first chapter, we consider the following fundamental problem: Given a set of points
in the plane, determine a smooth curve that approximates the points. The algorithm
for determining the curve from the points should be well suited for implementation on a
computer. That is, it should be efficient and it should not be overly sensitive to round-
off errors in the computations. We only consider methods that involve a relatively small
number of elementary arithmetic operations; this ensures that the methods are efficient.
The sensitivity of the methods to round-off errors is controlled by insisting that all the
operations involved should amount to forming weighted averages of the given points.
This has the added advantage that the constructions are geometrical in nature and easy
to visualise.

In Section 1.1, we discuss affine and convex combinations and the convex hull of a set
of points, and relate these concepts to numerical stability (sensitivity to rounding errors),
while in Section 1.2 we give a brief and very informal introduction to parametric curves.
The first method for curve construction, namely polynomial interpolation, is introduced
in Section 1.3. In Section 1.4 we show how to construct Bézier curves, and in Section 1.5
we generalise this construction to spline curves. At the outset, our construction of spline
curves is geometrical in nature, but in Section 1.6 we show that spline curves can be
written conveniently in terms of certain basis functions, namely B-splines. In the final
section, we relate the material in this chapter to the rest of the book.

1.1 Convex combinations and convex hulls

An important constraint on our study is that it should result in numerical methods that
will ultimately be implemented in floating point arithmetic on a computer. We should
therefore make sure that these methods are reasonably insensitive to the primary source
of problems, namely round-off errors and other numerical uncertainties that occur in

numerical computations. This requirement is often referred to by saying that the methods
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should be numerically stable .

1.1.1 Stable computations

One characteristic of numerical instabilities is that a chain of computations contain num-
bers of large magnitude even though the numbers that form the input to the computa-
tions, and the final result, are not particularly large numbers. A simple way to avoid this
is to base the computations on computing weighted averages as in

c=(1—=Xeg + Aea. (1.1)

Here ¢; and ¢y are two given numbers and A a given weight in the range [0, 1]. The result
of the computation is the number ¢ which must lie between ¢; and cy as averages always
do. A special example is of course computation of the mean between two numbers, ¢ =
(c1+c2)/2. A computation on the form (1.1) is often referred to as a conver combination,
and c is often said to be a convex combination of ¢; and co. If all our computations are
convex combinations, all intermediate results as well as the final result must be within
the numerical range of the input data, thereby indicating that the computations are
reasonably stable. It is overly optimistic to hope that we can do all our computations
by forming convex combinations, but convex combinations will certainly be a guiding
principle.

1.1.2 The convex hull of a set of points

Convex combinations make sense for vectors as well as for real numbers. If ¢; = (21, y1)
and ¢y = (z2,y2) then a convex combination of ¢; and ¢z is an expression on the form

c=(1—-XNe1 + Ae, (1.2)

where the weight A is some number in the range 0 < A < 1. This expression is often
implemented on a computer by expressing it in terms of convex combinations of real
numbers,

(z,y) = (1 = N1 + Azg, (1 — Ny1 + Aya),

where (z,y) = c.

Sometimes combinations on the form (1.1) or (1.2) with A < 0 or A > 1 are required.
A combination of ¢; and ¢z as in (1.2) with no restriction on A other than A € R is called
an affine combination of ¢; and ca. As A takes on all real numbers, the point ¢ in (1.2)
will trace out the whole straight line that passes through ¢; and ca. If we restrict A to lie
in the interval [0, 1], we only get the part of the line that lies between ¢; and cp. This is
the convex hull , or the set of all weighted averages, of the two points. Figure 1.1 shows
two points ¢; and co and the line they define, together with some points on the line and
their corresponding values of .

We can form convex and affine combinations in any space dimension, we just let ¢;
and ¢z be points in the appropriate space. If we are working in R™ for instance, then ¢;
and co have n components. In our examples we will mostly use n = 2, as this makes the
visualisation simpler.
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Figure 1.1. Some points on the line (1 — A)e1 + Aez and the corresponding values of .

Just as we can take the average of more than two numbers, it is possible to form
convex combinations of more than two points. If we have n points (¢;)”

i1, a convex
combination of the points is an expression on the form

c=M\ci+ Aaca+ -+ ey

where the n numbers \; sum to one, Z?Zl Aj =1, and also satisfy 0 < \; <1 for j =1,
2, ..., n. As for two points, the convex hull of the points (cj)?zl is the set of all possible
convex combinations of the points.

It can be shown that the convex hull of a set of points is the smallest convex set
that contains all the points (recall that a set is convex if the straight line connecting any
two points in the set is always completely contained in the set). This provides a simple
geometric interpretation of the convex hull. As we have already seen, the convex hull
of two points can be identified with the straight line segment that connects the points,
whereas the convex hull of three points coincides with the triangle spanned by the points,
see Figure 1.2. In general, the convex hull of n points is the n-sided polygon with the
points as corners. However, if some of the points are contained in the convex hull of
the others, then the number of edges is reduced correspondingly, see the examples in
Figure 1.3.

1.2 Some fundamental concepts

Our basic challenge in this chapter is to construct a curve from some given points in the
plane. The underlying numerical algorithms should be simple and efficient and preferably
based on forming repeated convex combinations as in (1.1). To illustrate some funda-
mental concepts let us consider the case where we are given two points ¢y = (xg, yo) and
c1 = (r1,y1) (we always denote points and vectors by bold type). The most natural
curve to construct from these points is the straight line segment which connects the two
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C2

C1

Figure 1.2. Determining the convex hull of three points.

points. In Section 1.1.2 we saw that this line segment coincides with the convex hull of
the two points and that a point on the line could be represented by a convex combination,
see (1.2). More generally we can express this line segment as

t —t t— 1o

= for t € [to,t1]. 1.3
t1*t000+t1*t061 or [0 1] ( )

qlco, ci;to, t1](t)

Here tg and t; are two arbitrary real numbers with ¢y < t;. Note that the two coefficients
add to one,

-t t-t

ti—to ti—ty
and each of them is nonnegative as long as ¢ is in the interval [to,?;]. The expression in
(1.3) is therefore a convex combination of ¢g and ¢;. In fact, if we set A = (t—1¢)/(t1—10)
then (1.3) becomes (1.2).

A representation of a line as in (1.3), where we have a function that maps each real

number to a point in R2, is an example of a parametric representation. The line can also
be expressed as a linear function

Ir] — T Tr — X
y=f(z)= Yo + Y1
xr1 — o 1 — o

but here we run into problems if xy = x1, i.e., if the line is vertical. Vertical lines can
only be expressed as z = ¢ (with each constant ¢ characterising a line) if we insist on
using functions. In general, a parametric representation can cross itself or return to its
starting point, but this is impossible for a function, which always maps a real number to
a real number, see the two examples in Figure 1.4.

In this chapter we only work with parametric representations in the plane, and we
will refer to these simply as (parametric) curves. All our constructions start with a set of
points, from which we generate new points, preferably by forming convex combinations
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) Two points. ) Three points.
) Four points. ) Five points.
) Five points. ) Five points.

Figure 1.3. Examples of convex hulls (shaded area) of points (black dots).

Aah
T

Figure 1.4. A function (a) and a parametric curve (b).

N

(b)
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as in (1.2). In our examples the points lie in the plane, but we emphasise again that the
constructions will work for curves in any space dimension; just replace the planar points
with points with the appropriate number of components. For example, a line in space
is obtained by letting ¢y and ¢; in (1.3) be points in space with three components. In
particular, we can construct a function by letting the points be real numbers. In later
chapters we will work mainly with functions since the core of spline theory is independent
of the space dimension. The reason for working with planar curves in this chapter is that
the constructions are geometric in nature and particularly easy to visualise in the plane.

In (1.3) the two parameters to and ¢ are arbitrary except that we assumed ¢y < ¢;.
Regardless of how we choose the parameters, the resulting curve is always the same. If
we consider the variable ¢ to denote time, the parametric representation qlcy, c1;to,t1)
gives a way to travel from ¢g to ¢;. The parameter ¢y gives the time at which we start at
co and t1 the time at which we arrive at ¢;. With this interpretation, different choices of
to and t; correspond to different ways of travelling along the line. The velocity of travel
along the curve is given by the tangent vector or derivative

C1 — Co
t1 —to’

while the scalar velocity or speed is given by the length of the tangent vector

_ ler — e _ V(@1 — 20)? + (y1 — y0)?
t—to t1 —to '

If t1 — tg is small (compared to |e; — ¢l), then we have to travel quickly to reach ¢; at
time t; whereas if t; — tg is large then we have to move slowly to arrive at ¢ exactly
at time t;. Note that regardless of our choice of ¢y and ¢;, the speed along the curve is
independent of ¢ and therefore constant. This reflects the fact that all the representations
of the line given by (1.3) are linear in ¢.

This discussion shows how we must differentiate between the geometric curve in ques-
tion (a straight line in our case) and the parametric representation of the curve. Loosely
speaking, a curve is defined as the collection of all the different parametric representations
of the curve. In practise a curve is usually given by a particular parametric represen-
tation, and we will be sloppy and often refer to a parametric representation as a curve.
The distinction between a curve and a particular parametric representation is not only of
theoretical significance. When only the geometric shape is significant we are discussing
curves and their properties. Some examples are the outlines of the characters in a font
and the level curves on a map. When it is also significant how we travel along the curve
(how it is represented) then we are talking about a particular parametric representation
of the underlying geometric curve, which in mathematical terms is simply a vector valued
function. An example is the path of a camera in a computer based system for animation.

q'[co, c1;to, t1](t) =

‘q'[co, Cl§t07t1)|

1.3 Interpolating polynomial curves

A natural way to construct a curve from a set of given points is to force the curve to
pass through the points, or interpolate the points, and the simplest example of this is the
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(a) t=(0,1,2). (0,0.5,2).
() t=1(0,1,2). (0,0.5,2).

Figure 1.5. Some examples of quadratic interpolation.

straight line between two points. In this section we show how to construct curves that
interpolate any number of points.

1.3.1 Quadratic interpolation of three points

How can we construct a curve that interpolates three points? In addition to the three
given interpolation points ¢y, ¢; and co we also need three parameters (tj)?zo. We first
construct the two straight lines g, ,(t) = g[co, c1;to,t1] and qy 1 (t) = qle1, e2;t1,t2]. If
we now form the weighted average

ty —t
ty — to

t—to

ty — ¢11 1(8)s (1.4)

qo2(t) = qlco, c1, c2;t0, 11,12 (1) = qoq(t) +

we obtain a curve that is quadratic in ¢, and it is easy to check that it passes through
the given points as required,
0,2(t0) = qo1(t0) = co,

ty — 1
t1
R o (t1) +

qo2(t2) = q11(t2) = ca.

bhoto, o _Bmhy ot
= c c1 = cy,
Ty — to T11 t—to N Tt T

qoo(t1) =

Four examples are shown in Figure 1.5, with the interpolation points (Cj)?:o given
as black dots and the values of the three parameters t = (tj)?zo shown below each
plot. The tangent vector at the end of the curve (at ¢ = t9) is also displayed in each
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case. Note that the interpolation points are the same in plots (a) and (b), and also in
plots (c¢) and (d). When we only had two points, the linear interpolant between the
points was independent of the values of the parameters ¢y and t;; in the case of three
points and quadratic interpolation the result is clearly highly dependent on the choice of
parameters. It is possible to give qualitative explanations of the results if we view g o(t)
as the position at time t of someone travelling along the curve. In the first two plots the
given points are quite uniformly spaced and the uniform distribution of parameters in
plot (a) seems to connect the points with a 'nice’ curve. In plot (b) the value of ¢; has
been lowered, leaving more ‘time’ for travelling from ¢; to ¢s than from ¢y to ¢; with
the effect that the curve bulges out between ¢; and cs. This makes the journey between
these points longer and someone travelling along the curve can therefore spend the extra
time allocated to this part of the ‘journey’. The curves in Figure 1.5 (c¢) and (d) can be
explained similarly. The interpolation points are the same in both cases, but now they
are not uniformly distributed. In plot (a) the parameters are uniform which means that
we must travel much faster between ¢; and ¢y (which are far apart) than between ¢y
and ¢; (which are close together). The result is a curve that is almost a straight line
between the last two points and bulges out between the first two points. In plot (d) the
parameters have been chosen so as to better reflect the geometric spacing between the
points, and this gives a more uniformly rounded curve.

1.3.2 General polynomial interpolation

To construct a cubic curve that interpolates four points we follow the same strategy that

was used to construct the quadratic interpolant. If the given points are (Cj)?:o we first

3

choose four parameters t = (t;) =0~ We then form the two quadratic interpolants

qo2(t) [co, €1, 25 to, 1, ta),

=q
q12(t) = qle1, 2, c3;5 11, 2, t3),
and combine these to obtain the cubic interpolant g 5(t),

ty—t
qo3(t) = HQOQ@) t o

At to this interpolant agrees with g 4(to) = co and at t3 it agrees with g 5(t3) = cs.
At an interior point ¢; it is a convex combination of g ,(t;) and g, ;(t;) which both
interpolate c; at t;. Hence we also have g, 3(tj) = ¢; for j = 1 and j = 2 s0 g3
interpolates the four points (cj)?zo as it should.

Some examples of cubic interpolants are shown in Figure 1.6, and the same inter-
polation points are used in (a) and (b), and (c) and (d) respectively. The qualitative
comments that we made about the quadratic interpolants also apply here. The pleasing
shape of the curve in Figure 1.6 (a) is quite natural since both the interpolation points
and parameters are quite uniformly spaced. However, by adjusting the parameters, quite
strange behaviour can occur, even with these ‘nice’ interpolation points. In (b) there is
so much time to ‘waste’ between ¢; and ¢z that the curve makes a complete loop. In (c)
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(a) t=1(0,1,2,3). (0,0.3,2.7,3
(c) (0,0.75,2.25, 3). (0,0.3,2.8,3).

Figure 1.6. Some examples of cubic interpolation.

and (d) we see two different approaches to jumping from one level in the data to another.
In (c) there is too much time to be spent between ¢y and ¢, and between ¢y and es,
the result being bulges between these points. In Figure 1.6 (d) there is too much time
between c¢; and ¢y leading to the two big wiggles and almost straight lines between cg
and ¢p, and ¢z and c3 respectively.

The general strategy for constructing interpolating curves should now be clear. Given
p + 1 points (¢;)%_, and parameters (t;)"_,, the curve g, of degree p that satisfies

qO,p(tj) =c¢jfor 5 =0,1, ..., pis constructed by forming a convex combination between
the two curves of degree p — 1 that interpolate (cj)§;é and (cj)é’:l,
ty—t t—to
t) = — t) + ——r _1(%). 1.5
QO,p() tp—to do.p— 1(1) tp_thLp 1(1) (1.5)

If we expand out this equation we find that g ,(t) can be written

q07p(t) = C[]fo,p(t) + Clél,p(t) + 4 Cpfp,p(t), (16)

where the functions {f ,}’_. are the Lagrange polynomials of degree p given by
PIk=0

bp®) = 1 £ =t), (1.7)

o<i<p T
ket
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Co
ot
Co,1 t1-to
@
)
Co,2 t2—to Cy
vt vt
)
Co;3 t3-to O1,1 2ty
@t
ey, ty,
Q1,2 t3—tg C
vt
I
4
02,1 t3-tp
&
\
C3

Figure 1.7. Computing a point on a cubic interpolating curve.

It is easy to check that these polynomials satisfy the condition

)L, ifk=y,

- 0, otherwise,
which is necessary since qq ,(t;) = ¢;.

The complete computations involved in computing qo’p(t) are summarized in the

following algorithm.
Algorithm 1.1 (Neville-Aitken method). Let p be a positive integer and let the p + 1
points (¢;)%_, be given together with p+1 strictly increasing parameter values t = (t;)%_.
There is a polynomial curve q,, of degree p that satisfies the conditions

~—

Ek,p(tj

qo,p(tj) =Cj fOI’j = 07 ]-; e Py

and for any real number t the following algorithm computes the point qq ,(t). First set

q;0(t) =cj for j=0,1, ..., p and then compute
bk —t t—t;
a0) = g (04 ()

forj=0,1,...,p—kandk=1,2,...,p.
The computations involved in determining a cubic interpolating curve are shown in

the triangular table in Figure 1.7. The computations start from the right and proceed
to the left and at any point a quantity g, is computed by combining, in an affine
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(a) t=(0,1,2,3,4,5). (b) t=(0,05,2,3,4.5,5).

Figure 1.8. Two examples of interpolation with polynomial curves of degree five.

combination, the two quantities at the beginning of the two arrows meeting at q; -
The expression between the two arrows is the denominator of the weights in the affine
combination while the two numerators are written along the respective arrows.

Two examples of curves of degree five are shown in Figure 1.8, both interpolating the
same points. The wiggles in (a) indicate that ¢; — tg and tg — t5 should be made smaller
and the result in (b) confirms this.

It should be emphasized that choosing the correct parameter values is a complex
problem. Our simple analogy with travelling along a road may seem to explain some
of the behaviour we have observed, but to formalise these observations into a foolproof
algorithm for choosing parameter values is a completely different matter. As we shall see
later, selection of parameter values is also an issue when working with spline curves.

The challenge of determining good parameter values is not the only problem with
polynomial interpolation. A more serious limitation is the fact that the polynomial
degree is only one less than the number of interpolation points. In a practical situation
we may be given several thousand points which would require a polynomial curve of an
impossibly high degree. To compute a point on a curve of degree p requires a number of
multiplications and additions that are at best proportional to p (using the Newton form
of the interpolating polynomial); the algorithm we have presented here requires roughly
p? additions and multiplications. If for example p = 1000, computer manipulations
like plotting and interactive editing of the curve would be slow, even on today’s fast
computers. More importantly, it is well known that round-off errors in the computer
makes numerical manipulations of high degree polynomials increasingly (with the degree)
inaccurate. We therefore need alternative ways to approximate a set of points by a smooth
curve.

1.3.3 Interpolation by convex combinations?
In the interpolation algorithm for polynomials of degree p, Algorithm 1.1, the last step

is to form a convex combination between two polynomials of degree p — 1,

t,—t t
‘Io,p(t) = hq&p&(t) + H‘h,pﬂ(t)
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(a) Two points on the curve. (b) Thirty points on the curve.

Figure 1.9. The geometry of quadratic interpolation.

More precisely, the combination is convex as long as t lies in the interval [to,t,]. But
if the algorithm is based on forming convex combinations, any point on the final curve
should be within the convex hull of the given interpolation points. By merely looking
at the figures it is clear that this is not true, except in the case where we only have two
points and the interpolant is the straight line that connects the points. To see what is
going on, let us consider the quadratic case in detail. Given the points (cj)?:() and the

parameters (t;)2_,, we first form the two straight lines

7=0°
t1 —t t—to

t) = c cy, 1.8

QO,l() t—to 0 t—to 1 (1.8)
to —t t—1t1

q1.1(1) 25 (1.9)

= C1 C
to — 11 to — 11
and from these the quadratic segment

ty —t t—to
Qo2(t) = —q01(t) + ——aq1.1(1). (1.10)

ta —to t2 —to

The combination in (1.8) is convex as long as ¢ is in [to,?1], the combination in (1.9)
is convex when t lies within [t1,?2], and the combination in (1.10) is convex when ¢t is
restricted to [to, 2]. But in computing g o(t) we also have to compute g ; (t) and g ; (t),
and one of these latter combinations will not be convex when t is in [tg, t2] (except when
t = t1). The problem lies in the fact that the two line segments are defined over different
intervals, namely [to, 1] and [t1,t2] that only has ¢; in common, so ¢ cannot be in both
intervals simultaneously. The situation is illustrated in Figure 1.9.

In the next section we shall see how we can construct polynomial curves from points
in the plane by only forming convex combinations. The resulting curve will then lie
within the convex hull of the given points, but will not interpolate the points.

1.4 Bézier curves

The curve construction method that we consider in this section is an alternative to poly-
nomial interpolation and produces what we call Bézier curves, named after the French
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(a)

Figure 1.10. A Bézier curve based on three points.

engineer Pierre Bézier (1910-1999) who worked for the car manufacturer Renault. Bézier
curves are also polynomial curves and they avoid the problem of wiggles and bulges be-
cause all computations are true convex combinations. It also turns out that segments
of Bézier curves can easily be joined smoothly together to form more complex shapes.
This avoids the problem of using curves of high polynomial degree when many points are
approximated. Bézier curves are a special case of the spline curves that we will construct
in Section 1.5.

1.4.1 Quadratic Bézier curves

We have three points in the plane ¢y, ¢; and ¢z, and based on these points we want to
construct a smooth curve, by forming convex combinations of the given points. With
polynomial interpolation this did not work because the two line segments (1.8) and (1.9)
are defined over different intervals. The natural solution is to start by defining the two
line segments over the same interval, say [0, 1] for simplicity,

q11(t) = qlco, c1](t) = (1 — t)co + tey, (1.11)
q>1(t) = qler, c2)(t) = (1 —t)er + tea. (1.12)

Now we have no problem forming a true convex combination,

q22(t) = qlco, c1,cal(t) = (1 —t)qy 1 (t) +tqy 1 (1) (1.13)

The construction is illustrated in Figure 1.10 (a). In Figure 1.10 (b), where we have
repeated the construction for 15 uniformly spaced values of ¢, the underlying curve is
clearly visible.

If we insert the explicit expressions for the two lines in (1.11) and (1.12) in (1.13) we
find

q272(t) = (1 — t)200 + Qt(l — t)q + t262 = b()g(?f)Co -+ 5172(t>61 + 6272@)02. (1.14)

This is called a quadratic Bézier curve; the points (Cj)jzzo are called the control points of
the curve and the piecewise linear curve connecting the control points is called the control
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(a) (b)

Figure 1.11. Two examples of quadratic Bézier curves.

polygon of the curve. The polynomials multiplying the control points are the quadratic
Bernstein polynomials. Two examples of quadratic Bézier curves with their control
points and control polygons are shown in Figure 1.11 (the two sets of interpolation points
in Figure 1.5 have been used as control points).

Some striking geometric features are clearly visible in Figures 1.10 and 1.11. We note
that the curve interpolates ¢y at t = 0 and ¢y at t = 1. This can be verified algebraically
by observing that bp2(0) = 1 and b1 2(0) = b2 2(0) = 0, and similarly by 2(1) = 1 while
bo2(1) = b1 2(1) = 0. The line from ¢y to ¢; coincides with the direction of the tangent
to the curve at t = 0 while the line from ¢; to ¢y coincides with the direction of the
tangent at t = 1. This observation can be confirmed by differentiating equation (1.14).
We find

@55(0) =2(c1 —co), (1) =2(ca —c1).

The three polynomials in (1.14) add up to 1,
(I—t)2+2t(1—t)+ = (1 —t+1)* =1,

and since t varies in the interval [0, 1], we also have 0 < b;o(¢) < 1 for j =0, 1, 2. This
confirms that g, 5(t) is a convex combination of the three points (cj)jzzo. The geometric
interpretation of this is that the curve lies entirely within the triangle formed by the
three given points, the conver hull of ¢y, ¢ and co.

1.4.2 Bézier curves based on four and more points

The construction of quadratic Bézier curves generalises naturally to any number of points
and any polynomial degree. If we have four points (Cj)?:o we can form the cubic Bézier
curve g3 3(t) = qlco, c1, c2, €3] by taking a weighted average of two quadratic curves,

q33(t) = (1 —1)qy(t) +tqs(t).

If we insert the explicit expressions for g 5(t) and g3 5(t), we find

g33(t) = (1 —t)%co + 3t(1 — t)%cs + 3t*(1 — t)eg + ties.



1.4. BEZIER CURVES

(a) (b)

Figure 1.12. Constructing a Bézier curve from four points.

(a) (b)

Figure 1.13. Two examples of cubic Bézier curves.

15



16 CHAPTER 1. SPLINES AND B-SPLINES AN INTRODUCTION

The construction is illustrated in Figure 1.12. Figure (a) shows the construction for
a given value of ¢, and in Figure (b) the cubic and the two quadratic curves are shown
together with the lines connecting corresponding points on the two quadratics (every
point on the cubic lies on such a line). The data points are the same as those used in
Figure 1.6 (a) and (b). Two further examples are shown in Figure 1.13, together with
the control points and control polygons which are defined just as in the quadratic case.
The data points in Figure 1.13 are the same as those used in Figure 1.6 (¢) and (d).
In Figure 1.13 (b) the control polygon crosses itself with the result that the underlying
Bézier curve does the same.

To construct Bézier curves of degree p, we start with p+ 1 control points (cj)gzo, and
form a curve g, ,(t) = q[co, - . ., ¢p] based on these points by taking a convex combination

of the two Bézier curves g,,_; ,_; and g, ,,_; of degree p—1 which are based on the control
p—

points (cj)j:é and (cj)§:1 respectively,

qp,p(t) = (1 - t)qp—l,p—l(t> + tqp,p—l(t)'

If we expand out we find by an inductive argument that

q, () = bop(t)co + - + by p(t)cy, (1.15)

where

p . s
bjp(t) = ( _>t](1 — )P .
J
The set of polynomials {bj,p}ijzo turn out to be a basis for the space of polynomials of
degree p and is referred to as the Bernstein basis.
As in the quadratic case we have

bop(t) +b1p(t) + -+ bpp(t) =1 —t+t)P =1

and 0 < b;,(t) < 1 for any ¢ in [0,1] and 0 < j < p. For any ¢ in [0, 1] the point g, ,(?)
therefore lies in the convex hull of the points (cj)é-’zo.The curve interpolates the first and
last control points, while the tangent at ¢ = 0 points in the direction from ¢y to ¢; and
the tangent at t = 1 points in the direction from c,_1 to c,,

q,,(0) = p(c1 — co), a,,(1) = plcy — cp1). (1.16)

As in the quadratic and cubic cases the piecewise linear curve with the control points as
vertices is called the control polygon of the curve.

The complete computations involved in computing a point on a Bézier curve are given
in Algorithm 1.2 and depicted graphically in the triangular table in Figure 1.14. This
algorithm is often referred to as the Casteljau algorithm after the French engineer and
Mathematician Paul de Faget de Casteljau (1930-) who worked for Citroén.
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Figure 1.14. Computing a point on a cubic Bézier curve.

Algorithm 1.2. Let p be a positive integer and let the p + 1 points (cj)§:0 be given.
The point qpvp(t) on the Bézier curve qq , of degree p can be determined by the following
computations. First set q;(t) = c;j for j =0, 1, ..., p and then compute q,, ,(t) by

q; k() = (1 —=t)qj_1 5_1(t) +1q; ,_1(t)

forj=k, k+1,...,pandk=1,2,...,p.

Two examples of Bézier curves of degree five are shown in Figure 1.15. The curve in
Figure (a) uses the interpolation points of the two curves in Figure 1.8 as control points.
We have defined Bézier curves on the interval [0, 1], but any nonempty interval would

(a) (b)

Figure 1.15. Two Bézier curves of degree five.
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(a) (b)

Figure 1.16. Different forms of continuity between two segments of a cubic Bézier curve.

work. If the interval is [a, b] we just have to use convex combinations on the form

b—t +t—a
= c c
bfao bfa1

C

instead. Equivalently, we can use a linear change of parameter; if g, ,(t) is a Bézier curve
on [0, 1] then
(jp,p(s) = qp,p((t - a)/(b - CL))

is a Bézier curve on [a, b].

1.4.3 Composite Bézier curves

By using Bézier curves of sufficiently high degree we can represent a variety of shapes.
However, Bézier curves of high degree suffer from the same shortcomings as interpolating
polynomial curves:

1. As the degree increases, the complexity and therefore the processing time increases.

2. Because of the increased complexity, curves of high degree are more sensitive to
round-off errors.

3. The relation between the given data points (Cj)];:o and the curve itself becomes
less intuitive when the degree is large.

Because of these shortcomings it is common to form complex shapes by joining together
several Bézier curves, most commonly of degree two or three. Such composite Bézier
curves are also referred to as Bézier curves.

A Bézier curve of degree p consisting of n segments is given by n sets of control points
(ch,... ,cﬁ)zzl. It is common to let each segment be defined over [0, 1], but it is also
possible to form a curve defined over the interval [0,7n] with segment p defined on the
interval [ — 1, u]. By adjusting the control points appropriately it is possible to ‘glue’
together the segments with varying degrees of continuity. The minimal form of continuity
is to let cﬁfl = clf which ensures that segments ¢ — 1 and 4 join together continuously as

in Figure 1.16 (a). We obtain a smoother join by also letting the tangents be continuous
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at the join. From (1.16) we see that the tangent at the join between segments u — 1 and
u will be continuous if
cj’,f_l —c

An example is shown in Figure 1.16 (b).

Quadratic Bézier curves form the basis for the TrueType font technology, while cubic
Bézier curves lie at the heart of PostScript and a number of draw programs like Adobe
Mlustrator. Figure 1.17 shows one example of a complex Bézier curve. It is the letter S
in the Postscript font Times Roman, shown with its control polygon and control points.
This is essentially a cubic Bézier curve, interspersed with a few straight line segments.
Each cubic curve segment can be identified by the two control points on the curve giving
the ends of the segment and the two intermediate control points that lie off the curve.

1.5 A geometric construction of spline curves

The disadvantage of Bézier curves is that the smoothness between neighbouring polyno-
mial pieces can only be controlled by choosing the control points appropriately. It turns
out that by adjusting the construction of Bézier curves slightly, we can produce pieces of
polynomial curves that automatically tie together smoothly. These piecewise polynomial
curves are called spline curves.

1.5.1 Linear spline curves

The construction of spline curves is also based on repeated averaging, but we need a slight
generalization of the Bézier curves, reminiscent of the construction of the interpolating
polynomials in Section 1.3. In Section 1.3 we introduced the general representation
(1.3) for a straight line connecting two points. In this section we use the same general
representation, but with a different labelling of the points and parameters. If we have
two points ¢; and ¢y we now represent the straight line between them by

ty —t t—ty

= , tE [t ts], 1.17
ts—to "ty —ty 2 b2, 1] (117)

Q[cla C2; t27 t3} (t)

provided to < t3. By setting to = 0 and t3 = 1 we get back to the linear Bézier curve.
The construction of a piecewise linear curve based on some given points (cj)?zl is

quite obvious; we just connect each pair of neighbouring points by a straight line. More

specifically, we choose n numbers (t;)"*} with t; < t;1; for j = 2, 3, ..., n, and define

j=2
the curve f by
Q[ClacQ;t%t:ﬂ(t)a te [t27t3)7
qlca, c3;t3,t4)(t), t € [ts, ta),

F=30" : (1.18)

q[cn—lvcn;tnvtn-‘rl](t)? te [tn,tn+1].
The points (¢;)}_; are called the control points of the curve, while the parameters ¢ =

(tj);-‘i%, which give the value of ¢ at the control points, are referred to as the knots, or
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.

Figure 1.17. The letter S in the Postscript font Times Roman.
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knot vector, of the curve. Later we will need two extra knots ¢; and ¢,,1,4+1 and starting
here with ¢ avoids reindexing.
If we introduce the piecewise constant functions B), o(t) defined by

1, t,<t<t,11
Buot) =4 "= . 1.19
no(®) {0, otherwise, (1.19)

and set g, 1(t) = glcu—1, ¢y ty, tuta], we can write f(¢) more succinctly as

£ = q,1(t)Buo(t). (1.20)
pn=2

This construction can be generalized to produce smooth, piecewise polynomial curves of
higher degrees.

1.5.2 Quadratic spline curves

In the definition of the quadratic Bézier curve, a point on gy 5(t) is determined by taking
three averages, all with weights 1 — ¢ and ¢ since both the two line segments (1.11) and
(1.12), and the quadratic curve itself (1.13), are defined with respect to the interval [0, 1].
The construction of spline functions is a hybrid between the interpolating polynomials of
Section 1.3 and the Bézier curve of Section 1.4 in that we retain the convex combinations,
but use more general weighted averages of the type in (1.17). To construct a spline curve
based on the three control points ¢1, ¢z, and e3, we introduce four knots (tj)?ZQ, with
the assumption that to < t3 < t4 < t5. We represent the line connecting ¢; and ¢z by
qlci, co;ta, t4)(t) for t € [ta,t4], and the line connecting ¢y and e3 by g[ce, c3;t3,t5](t)
for t € [t3,t5]. The reason for picking every other knot in the representation of the line
segments is that then the interval [t3,¢4] is within the domain of both segments. This
ensures that the two line segments can be combined in a convex combination to form a
quadratic curve,

ty—t t—ty
T2, t4)(2
t4—t3q[cl’02’ 2, ta] (t) + ry—

qlci, e, ¢35 ta, 3,14, t5](t) = qlca, c3;ts,t5)(t)  (1.21)
with ¢ varying in [t3,ta]. Of course we are free to vary ¢ throughout the real line R since
q is a polynomial in ¢, but then the three combinations involved are no longer all convex.
The construction is illustrated in Figure 1.18. Note that if to = t3 =0and t4y =t5 =1
we are back in the Bézier setting.

Just like for Bézier curves we refer to the given points as control points while the
piecewise linear curve obtained by connecting neighbouring control points is the control
polygon.

The added flexibility provided by the knots to, t3, t4 and 5 turns out to be exactly
what we need to produce smooth, piecewise quadratic curves, and by including sufficiently
many control points and knots we can construct curves of almost any shape. Suppose

we have n control points (¢;)7_; and a sequence of knots (tj)?ig that are assumed to be
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VA

Figure 1.18. Construction of a segment of a quadratic spline curve.

increasing except that we allow to = t3 and t,+1 = t,+2. We define the quadratic spline
curve f(t) by

q[cl7 Co, C3;t2a t3>t47t5}(t)7 t3 S t < t4a
q(ca; 3, 45 t3, 14, 15, 6] (1), ty <t <ts,

F=30" | (1.22)

Q[Cn—Q; Cn—1,Cn; tn—ly tna tn-‘rlv tn+2](t)7 tn S t S tn+1-

An example with n = 4 is shown in Figure 1.19. Part (a) of the figure shows a quadratic
curve defined on [t3,t4] and part (b) a curve defined on the adjacent interval [t4,t5]. In
part (c) the two curves in (a) and (b) have been superimposed in the same plot, and,
quite strikingly, it appears that the curves meet smoothly at ¢t4. The precise smoothness
properties of splines will be proved in Section 3.2.4 of Chapter 3; see also Exercise 6.

By making use of the piecewise constant functions {By,0}},_3 defined in (1.19) and
the abbreviation g, 5(t) = q[cu—2, cu—1, € tu—1,tu, tut1, tut2] (t), we can write f(t) as

£t = q,2t)Bpuo(t). (1.23)
n=3

Two examples of quadratic spline curves are shown in Figure 1.20. The control points
are the same as those in Figure 1.13. We observe that the curves behave like Bézier curves
at the two ends.

1.5.3 Spline curves of higher degrees

The construction of spline curves can be generalized to arbitrary polynomial degrees by

forming more averages. A cubic spline segment [t,,t,1] requires four control points
ut3

G2 which must form a nondecreasing sequence

Cu—3, Cu—2, Cu—1, ¢y, and six knots (¢;)



1.5. A GEOMETRIC CONSTRUCTION OF SPLINE CURVES 23

(a) (b)

(c)

Figure 1.19. A quadratic spline curve (c) and its two polynomial segments (a) and (b).

(a) (b)

Figure 1.20. Two quadratic spline curves, both with knots ¢ = (0,0,0, 1,2, 2, 2).
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of numbers with ¢, < ¢,41. The curve is the average of two quadratic segments,

q[c,uf?;; Cu—2,Cpu—1,Cpu; t,u727 t,ufh t,ua t,u+17 t,u+27 t,u+3](t) =

tyr1 —t
s Q[cu—?n Cu—2,Cu—1; tu—?a tu—la tu—‘rla tu—&—Q] (t)+
tut1 =ty
t—t
ﬁq[cu—27 Cu—1,Cpu; t,u—17 t,u7 tu+27 t,u-i—?)] (t)a (124)
p+1 H

with ¢ varying in [t,, t,4+1]. The two quadratic segments are given by convex combinations
of linear segments on the two intervals [t,_1,t,41] and [t,,t,42], as in (1.21). The three
line segments are in turn given by convex combinations of the given points on the intervals
[tu—2,tut+1], [tu—1,tu+e) and [t,,t,43]. Note that all these intervals contain [t,,t,41] so
that when ¢ varies in [t,,t,41] all the combinations involved in the construction of the
cubic curve will be convex. This also shows that we can never get division by zero since
we have assumed that ¢, <t,1.

The explicit notation in (1.24) is too cumbersome, especially when we consider spline
curves of even higher degrees, so we generalise the notation in (1.20) and (1.23) and set

q;’,k(t) = q[cj_k, oy Cj, tj—k+17 .o ,tj, tj+5, AN 7tj+k+s—1](t)7 (1.25)

for some positive integer s, assuming that the control points and knots in question are
given. The first subscript j in qj-’ i indicates the segment that is involved (in general we
work with many spline segments and therefore long arrays of control points and knots),
the second subscript k gives the polynomial degree, and the superscript s gives the gap
between the knots in the computation of the weight (¢ —t,)/(tu+s — t,). With the
abbreviation (1.25), equation (1.24) becomes

t—1t
E_g? o(t).

ty+1 — 10
1 w1 2

t t) + ———
qu,3( ) q,u, 1,2( ) st £t

tur1 — 1y
Note that on both sides of this equation, the last subscript and the superscript sum to
four. Similarly, if the construction of quadratic splines given by (1.21) is expressed with
the abbreviation given in (1.25), the last subscript and the superscript add to three. The
general pattern is that in the recursive formulation of spline curves of degree p, the last
subscript and the superscript always add to p + 1. Therefore, when the degree of the
spline curves under construction is fixed we sometimes drop the superscript and write
qz,k =4,k
The complete computations involved in computing a point on the cubic segment
q,3(t) can be arranged in the triangular array shown in Figure 1.21 (all arguments to
the g, , have been omitted to conserve space). The labels should be interpreted as in
Figure 1.7.

A segment of a general spline curve of degree p requires p+1 control points (¢;)"

j=p—p
and 2p knots (tj)é'iﬁ—pﬂ that form a nondecreasing sequence with ¢, < t,41. The curve
is a weighted average of two curves of degree p — 1,
tpr —t t—t
qM,p(t) =+ qpfl,pfl(t) + = qy,,pfl(t)’ (126)

tur1 =ty tur1 =ty
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Figure 1.21. Computing a point on a cubic spline curve.

Because of the assumption ¢, < t,41 we never get division by zero in (1.26). The two
curves of degree p — 1 are obtained by forming similar convex combinations of curves of
degree p — 2. For example,

tu+2 —t t— tﬂ

Qup1(t) = ———q,_1,2) +

t
tu+2 — ty qU,p72( )a

tute — 1y

and again the condition ¢, < t,41 saves us from dividing by zero. At the lowest level we
have p line segments that are determined directly from the control points,

titp — 1t t—i
@j1(t) = ———¢j 1+ ———¢;
! tivp — 1 titp —
for j = p—p+1,..., pu. The denominators in this case are t,11 —tu—pi1, -5 tutp —tu,

all of which are positive since the knots are nondecreasing with ¢, < t,1. As long as
t is restricted to the interval [t,,?,1], all the operations involved in computing q,, ,,(?)
are convex combinations. The complete computations are summarized in the following
algorithm.

Algorithm 1.3. Let p be a positive integer, let the p + 1 points (cj)é-‘:u_p be given

together with the 2p knots t = (tj)?;rﬁ,pﬂ- The point q,, ,(t) on the spline curve q,, ,,
of degree p is determined by the following computations. First set qigl(t) = ¢; for
j=p—p, u—p+1, ..., uand then compute
tivg —1 t—1;
k Jtk k+1 J_ k1
9 pr1(t) = g L)+ g"t (1) (1.27)
Jp k+1( tj+k_tj j—1p k( thrk_tj j.p—k
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(a) (b)

Figure 1.22. Two cubic spline curves, both with knots ¢t = (0,0,0,0,1,2, 3,3, 3, 3).

forj=p—k+1,...,pandk=p,p—1,..., 1.

A spline curve of degree p with n control points (¢;)%_; and knots (tj)?ig is given by

qp-‘rl,p(t) te [tp—&-l; tp+2)7
qp+2,p(t)7 le [tp—‘rQa tp+3);

f(t) =

qn,p(t)? te {tﬂvtn+1]>

where as before it is assumed that the knots are nondecreasing and in addition that
tj <tjy1for j =p+1,..., n. Again we can express f in terms of the piecewise constant
functions given by (1.19),

Ft)= > q;,(t)Bjolt). (1.28)

Jj=p+1

It turns out that spline curves of degree p have continuous derivatives up to order p — 1,
see Section 3.2.4 in Chapter 3.

Figure 1.22 shows two examples of cubic spline curves with control points taken from
the two Bézier curves of degree five in Figure 1.15. Again we note that the curves behave
like Bézier curves at the ends because there are four identical knots at each end.

1.5.4 Smoothness of spline curves

The geometric construction of one segment of a spline curve, however elegant and numer-
ically stable it may be, would hardly be of much practical interest was it not for the fact
that it is possible to smoothly join together neighbouring segments. We will study this
in much more detail in Chapter 3, but will take the time to state the exact smoothness
properties of spline curves here.

put+p

Theorem 1.4. Suppose that the number t,,1 occurs m times among the knots (¢;);2,_,

with m some integer bounded by 1 < m <p+1, i.e,

tu < t,lH—l == t,u+m < t/t+m+1'
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(a) (b)

Figure 1.23. A quadratic spline with a double knot at the circled point (a) and a cubic spline with a double
knot at the circled point (b).

Then the function f : [t,, t,+m+1] — R given by

ft) = Gup(t), ity <t <tupr,
Quimpt)s i tprm <t <tupmia.

has continuous derivatives up to order p —m at the join t,1.

This theorem introduces a generalization of our construction of spline curves by per-
mitting ¢,41, - . ., tu+m to coalesce, but if we assume that m = 1 the situation corresponds
to the construction above. Theorem 1.4 tells us that in this standard case the spline curve
f will have p continuous derivatives at the join ¢,41: namely f, f', ..., FP1 will all be
continuous at £,41. This means that if the knots are all distinct, then a linear spline will
be continuous, a quadratic spline will also have a continuous first derivative, while for
a cubic spline even the second derivative will be continuous. Examples of spline curves
with this maximum smoothness can be found above.

What happens when m > 17 Theorem 1.4 tells us that each time we add a knot at
t,+1 the number of continuous derivatives is reduced by one. So a quadratic spline will
in general only be continuous at a double knot, whereas a cubic spline will be continuous
and have a continuous derivative at a double knot.

This ability to control the smoothness of a spline by varying the multiplicity of the
knots is important in practical applications. For example it is often necessary to represent
curves with a sharp corner (discontinuous derivative). With a spline curve of degree p this
can be done by letting the appropriate knot occur p times. We will see many examples of
how the multiplicity of the knots influence the smoothness of a spline in later chapters.

Two examples of spline curves with reduced smoothness are shown in Figure 1.23.
Figure (a) shows a quadratic spline with a double knot and a discontinuous derivative
at the encircled point, while Figure (b) shows a cubic spline with a double knot and a
discontinuous second derivative at the encircled point.
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1.6 Representing spline curves in terms of basis functions

In Section 1.4 we saw that a Bézier curve g of degree p with control points (cj)§:0

can be written as a linear combination of the Bernstein polynomials {bi7p}§:0 with the
control points as coefficients, see (1.15). In this section we want to develop a similar
representation for spline curves.

If we have n control points (¢;)}_; and the n +p — 1 knots t = (t]);:g for splines of
degree p; we have seen that a typical spline can be written

f(t) = Z qj,p(t)B]}U(t)v te [tp-f-l’ tn+1]7 (1'29)
Jj=p+1

where {B;0}7_, ., are given by (1.19). When this representation was introduced at the
end of Section 1.5.3 we assumed that t,11 < tpi2 < -+ < tp41 (although the end knots
were allowed to coincide). To accommodate more general forms of continuity, we know
from Theorem 1.4 that we must allow some of the interior knots to coincide as well. If for
example t; = t;41 for some j with p+1 < j <n+1, then the corresponding segment q;,,
is completely redundant and (1.26) does not make sense since we get division by zero.
This is in fact already built into the representation in (1.29), since Bj(t) is identically
zero in this case, see (1.19). A more explicit definition of B; o makes this even clearer,

1, tj <t< Ljt1,
Bjo(t) =40, t<tjort>tj, (1.30)
O, tj - tj+1.

The representation (1.29) is therefore valid even if some of the knots occur several times.
The only complication is that we must be careful when we expand out g, ,, according
to (1.26) as this will give division by zero if ¢; = ¢;41. One might argue that there
should be no need to apply (1.26) if t; = t;41 since the result is zero anyway. However,
in theoretical developments it is convenient to be able to treat all the terms in (1.29)
similarly, and this may then lead to division by zero. It turns out though that this
problem can be circumvented quite easily by giving an appropriate definition of ‘division
by zero’ in this context, see below.

Let us now see how f can be written more directly in terms of the control points. By
making use of (1.26) we obtain

FO= 3 (52 G OBl + (0B ()

PP RS ! ti+1
n—1
t—t; tivo—t
=) (T—]t»Bj’o(t) + mBjJrl,O(t))qj,pfl(t)‘{’ (1.31)
PRl j j j
t— tn

Bp+1,0(t)qp,p71(t) + 7Bn,0(t)qn,pfl(t)'
tn—l—l —tn

tpyo —t
tpt2 — tpr1
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This is a typical situation where we face the problem of division by zero if t; = ¢, for
some j. The solution is to declare that ‘anything divided by zero is zero’ since we know
that if t; = ¢;41 the answer should be zero anyway.

In (1.31) we have two ‘boundary terms’ that complicate the expression. But since ¢
is assumed to lie in the interval [tp41,tn+1] we may add the expression

t—t,

lnya —1
b1 — tp

Bpo(t)ay, ,—1(t) + Brny1,0(t)qp—1(t)

tn+2 - tn+1

which is identically zero as long as t is within [t,41,t,+1]. By introducing the functions

t—t; titg—t
Bj 1(t) = 7]3]‘70(75) + jiBjJrl’O(t) (132)
tiv1 —1j ti+2 — tj+1
for j =p, ..., n, we can then write f as

£ = a;,1()B;a(t).
Jj=p

This illustrates the general strategy: Successively apply the relations in (1.27) in
turn and rearrange the sums until we have an expression where the control points appear
explicitly. The functions that emerge are generalisations of Bj; and can be defined
recursively by

t—t: tivpag —t
Bji(t) = ——L-Bj1(t) + 25— B (1), (1.33)
tivk — 1 bitk+1 — &
for k=1, 2, ..., p, starting with B; as defined in (1.19). Again we use the convention

that ‘anything divided by zero is zero’. It follows by induction that Bj(t) is identically
zero if t; = tjypy1 and Bj(t) =0if t <tj or t > t;jyp41, see Exercise 7.

To prove by induction that the functions defined by the recurrence (1.33) appear in
the process of unwrapping all the averaging in (1.27), we consider a general step. Suppose
that after & — 1 applications of (1.27) we have

FO = @praa®)Biga(D).

Jj=p+2—k

One more application yields

n
tin—t bt
f(t) = Z (mq]‘—lm—k(t)Bj,k—l(t) + T_‘]t‘qj,p—k(I»Bj,k—l(t))
j=p+2—k J J J J
n—1
t—1 Livkyr — 1
= Z (%Bj,k—l(t) + ‘]—‘Bj-‘r].,k—l(t))qj,p—k(t)_'_
o itk =t Litk+1 — L1

tpio —t t—t
p—Bp+27k‘,k‘71(t)qp+1—k:7p—k;(t) + #Bn,k—l(t)qn,p—k(t)-

tp+2 — tp+2—k tn+k —tn
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Just as above we can include the boundary terms in the sum by adding

t—tpr1-k B bntkt1 — t

; , o1k k—1(E)Gpr1— pi(t) + Bri1k-1(8)qn k(1)
p+1 = Up+1-k

t7L+k+1 - tn—i—l

which is zero since Bj—1(t) is zero when t < t; or t > t; . The result is that

F&) =Y ajpr®)Bi(t).

j=p+1—k

After p—1 steps we have f(t) = >0 5 q;,—1 () Bjp-1(t). In the last application of (1.27)
we recall that q;o(t) = ¢; for j = p—p, ..., p. After rearranging the sum and adding
zero terms as before we obtain

F(t) = ¢iBjp(t).
j=1

But note that in this final step we need two extra knots, namely t1 and ¢,,4,4+1 which are
used by B p—1 and B, 41,1, and therefore also by By, and B,, ;,. The value of the spline

in the interval [t,11,t,+1] is independent of these knots, but it is customary to demand
n+p+1

that t; <t and t,4p+1 > ty4p to ensure that the complete knot vector t = (ti)]:1 is
a nondecreasing sequence of real numbers.

The above discussion can be summarized in the following theorem.

Theorem 1.5. Let (cj)?zl be a set of control points for a spline curve f of degree p,

n+p+1

with nondecreasing knots (t;);2 ",

FO) =Y a;,t)Bjo(t)

Jj=p+1
where q; , is given recursively by
tion—t t—t
q;.,_ H=-"2" "q. 1, . (t)+—2L—q, _,.(t 1.34
7p k+1( ) tj+k — tj ji—1p k:( ) tj+k — tj 7ip k’( ) ( )
forj=d—k+1,...,n,andk=p,p—1, ..., 1, while q;((t) = ¢ for j =1, ..., n.
The functions {Bj0}}_,,, are given by
1, t;i<t<tii,
Bjo(t) = 7= (1.35)
0, otherwise.

The spline f can also be written

F(t)=> ¢;Bj,t) (1.36)
j=1
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where Bj, is given by the recurrence relation

t—t

t; —t
= B (). (1.37)
tﬂ“’l’ - tﬂ

Bj,(t

Bjp-1(t) +

In both (1.34) and (1.37) possible divisions by zero are resolved by the convention that
‘anything divided by zero is zero’.

The function Bj, = Bjp; is called a B-spline of degree p (with knots t). B-splines
have many interesting and useful properties and in the next chapter we will study these
functions in detail.

1.7 The Newton Form and Divided Differences

Using the Neville-Aitken Algorithm 1.1 to evaluate an interpolant at many points ¢, say
for plotting, is not very efficient for large degrees p. In fact, since it involves Y 7_ p—k+
1= %p(p—l— 1) affine combinations, the number of arithmetic operations is O(p?), i.e. it is
proportional to p?. In this section we consider an alternative approach for constructing
the interpolation polynomial, where each evaluation only costs O(p) operations. It is
based on writing the polynomial in a special form called the Newton form and computing
the coefficients using divided differences. Divided differences will turn out to be a useful
tool in B-spline theory.

Let for a nonnegative integer k and s € N, IIj be the space of univariate polynomials
of degree < k with coefficients in R®. We define Il := H}f. Thus g € II; means that
q(t) = E_I;:O bjtj is a linear combination of 1,¢,¢2,...,t*. These monomials or powers
are linearly independent, see Theorem A.15, so the dimension (number of degrees of
freedom) is k£ + 1 and the polynomial coefficients a; are uniquely given.

As in Section 1.3 we are given positive integers p,s, p + 1 points ¢; € R*, j =
0,1,...,p, and parameter values tog < t; < --- < t,. Let ¢;x(t), 7 =0,1,...,p—k and
k =0,1,...,p be polynomials in II} such that ¢;x(t;) = ¢;, 1 = 4,7 +1,...,j+ k. For
each j, k there are precisely one polynomial satisfying these requirements, i.e. polynomial
interpolation is unique. This also means that if p; 1 (t) = Zf:o b;t' then the coefficients
bo, ..., by are uniquely determined.

Consider the linear case p = 1. We can write g 1 as

C1 —C

qo’l(t) =co+ (t —to) — =ap+ (t—to)ai, (1.38)
where ag = ¢g and
a| = [to,tl]c = €1~ <% (139)
t1—to

is called the first order divided difference of ¢ at tg,t;. Obviously,

Cy) — C
(J1,1(t) =c1+ (t - tl)[tla t2]cv [t17t2]c = tz _ tll :

(1.40)
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In the quadratic case we can write go2 as a convex combination of go1 and ¢1,1 as in
(1.4), but we can also add a quadratic term to go 1

q0’2(t) = Q()71(t) + (t — to)(t - tl)ag, (1.41)

where ag = (c2 — QQ71(t2))/(t2 — to)(t2 — t1). It is easy to see that go2(t;) = ¢; for
i = 0,1,2. We can obtain a more convenient formula for as by inserting (1.38) and
(1.40) in (1.4). Thus

ty —t
ty — to

_to

Goa(t) = (co+ (t — to)lto, tr]e) + tt (e1+ (¢ — 0)[t1, tale).

2 —to
The t? coefficient must be the same on both sides of this equation giving

t1,12]c — [to,t
as = [to,tl,tQ]C = [ L Q]C [ 0 1]0' (1.42)
ta —to

The quantity [to, 1, t2]c is called the second order divided difference of ¢ at to, t1,t2. The
result of combining (1.38), (1.41), and (1.42) is

Q(]yg(t) =y + (t — to)[to, tl]c + (t — to)(t — tl)[to, t1, tz]c, (1.43)

and this formula is called the Newton form of g 2.
The Newton form for a general degree is derived in a very similar manner. If ¢; .1
is the polynomial in IIJ_; interpolating ¢; at t; for [ =¢,74+1,...,i4+r — 1 then

qim(t) ZQi,r—1t+ (t—ti)-"(t—ti+r_1)[ti,...,tH_T]C, 1 :0,1,...,]?—7”, (1.44)
where
[tis . tiprle = (Cipr — Qi1 (tigr))/ (Gigr — ) -+ (bigr — tigr—1)

interpolates ¢; at ¢; for [ = 4,9+ 1,...,%+r. Moreover, ¢;, € II]. By Aitken-Neville’s
formula for 0 < j <p—k

t—t
Ltk — 1

tiip—1
Gii(t) = g1 () + +

qjk—1(%).
btk — 1 =19

Using the representation (1.44) and equating " coefficients on both sides gives

[tj+1, e 7tj+k]c — [tj, ce. atj+k71]c

L 0<j<p—k (1.45)
btk — tj

[tj, e ,tj+k}c =

Algorithm 1.6 (Divided difference calculation). Let p be a positive integer and let the
p + 1 points (cj)I;ZO be given together with p + 1 strictly increasing parameter values
t = (tj)jj?zo. The following algorithm computes the coefficients a; = [to,...,t;]c for
j=0,1,...,p in the Newton form

q07p(t) =ag + (t - to)al + (t - to)(t — tl)ag +--+ (t - to) <o (t — tp_l)ap. (1.46)

First set [t;]c :=c¢; for j =0, 1, ..., p and then compute [t;,..., t;;|c using (1.45) for
7=0,1,....p—kand k=1,2,...,p.
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Figure 1.24. A divided difference table.

The computation is shown in Figure 1.24 for p = 3. The coefficients a; are located
along the top NE-SW diagonal. Note the similarity with the table in Figure 1.7. For the
nodes we replace g; by [tj,...,tj1k]c. An edge label t; — ¢ is replaced by —1 and t —t;
by +1.

Once we have found the coefficients a; in the Newton form (1.46) we can evaluate
qop(t) for any ¢ by a method known as Horner’s rule. We write qq p(t) in nested form,
illustrated for p = 3 by

qo3(t) = (((t —to)as +ag)(t —t1) + al) (t —to) + ao.

In general we have the following algorithm.

Algorithm 1.7 (Horner’s rule). Let p be a positive integer and let the p+1 points (aj)§:0
be the coefficients in the Newton form (1.46) corresponding to p distinct parameter values
t= (tj)?;(l). For any t the following algorithm computes the value qo,(t).

1 g=a,

2q:ak+(t_tk)Q7 k=p—-1,p—2,...,0.

This algorithm requires p multiplications and 2p additions and subtractions for a
specific t. The algorithm is easily vectorized since t can be a vector.
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1.8 Conclusion

Our starting point in this chapter was the need for efficient and numerically stable meth-
ods for determining smooth curves from a set of points. We considered three possibilities,
namely polynomial interpolation, Bézier curves and spline curves. In their simplest forms,
all three methods produce polynomial curves that can be expressed as

g(t) = a;F;(t),
j=0

where p is the polynomial degree, (aj)g-’zo are the coefficients and {Fj}fzo are the basis
polynomials. The differences between the three methods lie in the choice of basis poly-
nomials, or equivalently, how the given points relate to the final curve. In the case of
interpolation the coefficients are points on the curve with the Lagrange polynomials as
basis polynomials. For Bézier and spline curves the coefficients are control points with
the property that the curve itself lies inside the convex hull of the control points, while
the basis polynomials are the Bernstein polynomials and (one segment of) B-splines re-
spectively. Although all three methods are capable of generating any polynomial curve,
their differences mean that they lead to different representations of polynomials. For
our purposes Bézier and spline curves are preferable since they can be constructed by
forming repeated convex combinations. As we argued in Section 1.1, this should ensure
that the curves are relatively insensitive to round-off errors.

The use of convex combinations also means that the constructions have simple geo-
metric interpretations. This has the advantage that a Bézier curve or spline curve can
conveniently be manipulated interactively by manipulating the curve’s control points,
and as we saw in Section 1.4.3 it also makes it quite simple to link several Bézier curves
smoothly together. The advantage of spline curves over Bézier curves is that smooth-
ness between neighbouring polynomial pieces is built into the basis functions (B-splines)
instead of being controlled by constraining control points according to specific rules.

In the coming chapters we are going to study various aspects of splines, primarily
by uncovering properties of B-splines. This means that our point of view will be shifted
somewhat, from spline curves to spline functions (each control point is a real number),
since B-splines are functions. However, virtually all the properties we obtain for spline
functions also make sense for spline curves, and even tensor product spline surfaces, see
Chapters 6 and 7.

We were led to splines and B-splines in our search for approximation methods based
on convex combinations. The method which uses given points (%’)?:1 as control points
for a spline as in

F(t) =Y ¢iBjy(t) (1.47)
j=1

is often referred to as Schoenberg’s variation diminishing spline approxzimation. This is
a widely used approximation method that we will study in detail in Section 5.2, and
because of the intuitive relation between the spline and its control points the method is
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often used in interactive design of spline curves. However, there are many other spline
approximation methods. For example, we may approximate certain given points (bj);”:1
by a spline curve that passes through these points, or we may decide that we want a
spline curve that approximates these points in such a way that some measure of the
error is as small as possible. To solve these kinds of problems, we are faced with three
challenges: we must pick a suitable polynomial degree and an appropriate set of knots,
and then determine control points so that the resulting spline curve satisfies our chosen
criteria. Once this is accomplished we can compute points on the curve by Algorithm 1.3
and store it by storing the degree, the knots and the control points. We are going to
study various spline approximation methods of this kind in Chapter 5.

But before turning to approximation with splines, we need to answer some basic
questions: Exactly what functions can be represented as linear combinations of B-splines
as in (1.47)7 Is a representation in terms of B-splines unique, or are there several choices
of control points that result in the same spline curve? These and many other questions
will be answered in the next two chapters.

Exercises for Chapter 1

1.1 Recall that a subset A of R” is said to be convex if whenever we pick two points in
A, the line connecting the two points is also in A. In this exercise we are going to
prove that the convex hull of a finite set of points is the smallest convex set that
contains the points. This is obviously true if we only have one or two points. To
gain some insight we will first show that it is also true in the case of three points
before we proceed to the general case. We will use the notation CH(eq, ..., ¢,) to
denote the convex hull of the points ¢q, ..., c,.

a) Suppose we have three points ¢1, co and ¢3. We know that the convex hull
of ¢; and ¢y is the straight line segment that connects the points. Let ¢ be a
point on this line, i.e.,

c=(1—-XNei+ Aey (1.48)

for some A with 0 < A < 1. Show that any convex combination of ¢ and
c3 is a convex combination of ¢;, ¢o and c3. Explain why this proves that
CH(ey, c2, ¢3) contains the triangle with the three points at its vertexes. The
situation is depicted graphically in Figure 1.2.

b) It could be that CH(ey, 2, ¢3) is larger than the triangle formed by the three
points since the convex combination that we considered above was rather
special. We will now show that this is not the case.

Show that any convex combination of ¢1, co and c3 gives rise to a convex
combination on the form (1.48). Hint: Show that if ¢ is a convex combination
of the three points, then we can write

c = \ici + Aacs + A3es
= (1 — )\3)& + )\303,
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1.2

1.3

14

1.5

a)

b)
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where ¢ is some convex combination of ¢; and ¢;. Why does this prove that the
convex hull of three points coincides with the triangle formed by the points?
Explain why this shows that if B is a convex set that contains ¢1, c2 and c3
then B must also contain the convex hull of the three points which allows us
to conclude that the convex hull of three points is the smallest convex set that
contains the points.

The general proof that the convex hull of n points is the smallest convex set
that contains the points is by induction on n. We know that this is true for
n = 2 and n = 3 so we assume that n > 4. Let B be a convex set that contains

Ci, ..., ¢y. Use the induction hypothesis and show that B contains any point
on a straight line that connects ¢, and an arbitrary point in CH(ey, . .., ¢p—1).
From what we have found in (c¢) it is not absolutely clear that any convex
set B that contains cj, ..., ¢, also contains all convex combinations of the
points. To settle this show that any point ¢ in CH(ey, ..., ¢,) can be written
c = Ae+ (1 —\)ey, for some A in [0, 1] and some point ¢ in CH(e, ..., cp—1).
Hint: Use a trick similar to that in (b).

Explain why this lets us conclude that CH(ey, ..., ¢,) is the smallest convex
set that contains ¢, ..., ¢,.

Show that the interpolatory polynomial curve qq ,(t) given by (1.5) can be written
as in (1.6) with ¢, given by (1.7).

Implement Algorithm 1.1 in a programming language of your choice. Test the code
by interpolating points on a semicircle and plot the results. Perform four tests, with
3, 7, 11 and 15 uniformly sampled points. Experiment with the choice of parameter
values (t;) and try to find both some good and some bad approximations.

Implement Algorithm 1.2 in your favourite programming language. Test the pro-
gram on the same data as in exercise 3.

In this exercise we are going to write a program for evaluating spline functions.
Use whatever programming language you prefer.

Implement Algorithm 1.3 in a procedure that takes as input an integer p (the
degree), p + 1 control points in the plane, 2p knots and a parameter value ¢.

If we have a complete spline curve f = 37", ¢;B;, with knots t = (tj)?;rfﬂ

that we want to evaluate at ¢ we must make sure that the correct control
points and knots are passed to the routine in (a). If

ty <t <ty (1.49)

then (C]:)?:#_p and (tj);‘ig—pﬂ are th('e control points and knots needed in
(a). Write a procedure which takes as input all the knots and a value ¢ and

gives as output the integer p such that (1.49) holds.
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¢) Write a program that plots a spline function by calling the two routines from
(a) and (b). Test your program by picking control points from the upper half
of the unit circle and plotting the resulting spline curve. Use cubic splines
and try with n = 4, n = 8 and n = 16 control points. Use the knots t =
(0,0,0,0,1,1,1,1) when n = 4 and add the appropriate number of knots
between 0 and 1 when n is increased. Experiment with the choice of interior
knots when n = 8 and n = 16. Is the resulting curve very dependent on the
knots?

1.6 Show that a quadratic spline is continuous and has a continuous derivative at a
single knot.

1.7 Show by induction that B;, depends only on the knots ¢;, t; 11, ..., tj4pt1. Show
also that Bj,(t) =0if t <tjort > tjipi1.



38 CHAPTER 1. SPLINES AND B-SPLINES AN INTRODUCTION



Chapter

Basic properties of splines and B-splines

In Chapter 1 we introduced splines through a geometric construction of curves based on
repeated averaging, and it turned out that a natural representation of spline curves was
as linear combinations of B-splines. In this chapter we start with a detailed study of the
most basic properties of B-splines, illustrated by examples and figures in Section 2.1, and
in Section 2.2 we formally define spline functions and spline curves. In Section 2.3 we
give a matrix representation of splines and B-splines, and this representation is the basis
for our development of much of the theory in later chapters.

2.1 Some simple consequences of the recurrence relation

We saw in Theorem 1.5 that a degree p spline curve f can be constructed from n control

points (¢;)7_; and n +p + 1 knots (ti)?ifﬂ and written as

n
f= E c;iBip,
j=1

where {B;;}"_; are B-splines of degree p. In this section we will explore B-splines by
considering a number of examples, and deducing some of their most basic properties. For
easy reference we start by recording the definition of B-splines. Since we will mainly be
working with functions in this chapter, we use x as the independent variable.
Definition 2.1. Let p be a nonnegative integer and let t = (t;), the knot vector or knot
sequence, be a nondecreasing sequence of real numbers of length at least p + 2. The jth
B-spline of degree p with knots t is defined by

xr—t; titiap —
Bjpt(r) = ——L-Bjp 14(z) + "By 14(2), (2.1)
tj+p tj tj+1+p tj+1

for all real numbers x, with

1, ift; <z <tjtr;
B» xTr) = ’ I = T >
J,Oyt( ) {07 otherwise. >

39
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1 1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
15 2 25 3 15 2 25 3
(a) (b)

Figure 2.1. A linear B-spline with simple knots (a) and double knots (b).

Here, the convention is assumed that ‘0/0 = 0'. When there is no chance of ambiguity,
some of the subscripts will be dropped and the B-spline written as either Bj,, Bj, or
simply Bj.
We say that a knot has multiplicity m if it appears m times in the knot sequence.
Knots of multiplicity one, two and three are also called simple, double and triple knots.
Many properties of B-splines can be deduced directly from the definition. One of the
most basic properties is that

Bj,p(w) =0 forall z when t; =t;4,41

which we made use of in Chapter 1. This is true by definition for p = 0. If it is true
for B-splines of degree p — 1, the zero convention means that if ¢; = t;4,41 then both
Bj7p_1(x)/(tj+p — tj) and Bj—i—l,p—l(x)/(tj—i-l-l-p — tj+1) on the I‘ight n (21) are zero, and
hence B; p(x) is zero. The recurrence relation can therefore be expressed more explicitly
as

0, if tj = thrler;
s1(x), ift; <t;1,and tj41 =t; ;
Byy(x) = {17 £ty <tjap and ty =iy 2.3
82(.%), if tj = tj+p and tj-‘rl < tj+1+p;
s1(x) + s2(x), otherwise;
where
Tr — t]’ tj+1+p — X
si(@) = ——Bjp1(x) and  s(x) =" ——Bji1p1(2)
Litp — Lit14p — L
for all x.
The following example shows that linear B-splines are quite simple.
Example 2.2 (B-splines of degree 1). One application of the recurrence relation gives
I toin— (@ —t5)/ (i1 — t), ift; <@ <ty
Bja(e) = LB o(@) + 2 E——Bj1,0(z) = { (tjra — 2) /(2 — tj1), iftj <@ <tji;.
41—t ti+2 = tj+1

0, otherwise
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06 |
04 +
02
25 5 75 10 125 15 175

Figure 2.2. From left to right we see the quadratic B-splines B[0,0,0,1]|(z), B[2,2,3,4](x), BI[5,6,7,8](z),
BI9,10, 10, 11](z), B[12,12,13,13](z), B[14, 15,16, 16](z), and B[17,18,18,18](z).

A plot of this hat function is shown in Figure 2.1 (a) in a typical case where t; < ;41 < t;12. The figure
shows clearly that Bj 1 consists of linear polynomial pieces, with breaks at the knots. In Figure 2.1 (b),
the two knots ¢;11 and ¢;42 are identical; then the second linear piece is identically zero since Bjy1,0 =0,
and Bj 1 is discontinuous. This provides an illustration of the smoothness properties of B-splines: a linear
B-spline is discontinuous at a double knot, but continuous at simple knots.

The B-spline Bj,, depends only on the knots (tk)igj’.ﬂ. For B-splines of degree 0 this
is clear from equation (2.2), and Example 2.2 shows that it is also true for B-splines of
degree 1. To show that it is true in general we use induction and assume that Bj,_1
only depends on (tk)f;? and Bji1p,-1 only depends on (tk)f;?ﬂ By examining the
Jt+p+1

recurrence relation (2.1) we see that then Bjj, can only depend on the knots (¢x);; ",
as we claimed.

The notation Bjp(z) = Blt;, ..., tj1p+1)(x) will sometimes be used to emphasise the
dependence of a B-spline on the individual knots. For example, if p > 2 and if we set
(tj,tj+1s-- s tjgp tjigp+1) = (a,b, ..., c,d), then (2.1) can be written

_ d—
Bla,b,...,c,d|(z) = ——2Bla,b,...,d(z) + ; gb“’B[b, od(@).  (2.4)
c—a —

Example 2.3 (Quadratic B-splines). Using the zero convention and (2.4) we find
1. B[0,0,0,1](z) = (1 — 2)B[0,0,1](z) = (1 — z)*>B[0, 1](x).
2. B[0,0,1,2](z) = z(2 — 32)B[0,1](z) + 3(2 — 2)*B[L,2](z).

2

3. BI0,1,2,3](x) = 5 B0, (@) + (3 — (@ — $)*) BL,2(x) + 52 B[2,3)(x).

4. B[0,1,1,2](z) = 2> B[0,1](z) + (2 — x)?>B[1, 2](x).

5. B[0,0,1,1](z) = 2z(1 — x)B[0, 1](z).

6. B[0,1,2,2)(z) = 32°B[0,1](z) + (2 — 2)(3z — 1) B[1,2](z).

7. B[0,1,1,1](z) = 22 B[0, 1](z).

Translates (see (2.6)) of these functions are shown in Figure 2.2. Note that the B-spline B[0, 1, 2, 3](z)

consists of three nonzero polynomial pieces, but that in general the number of nonzero pieces depends
on the multiplicity of the knots. For example, the functions B[0,0,0,1](z) and B[0,0,1,1](z) consist of
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Figure 2.3. The different polynomial pieces of a quadratic B-spline.

only one nonzero piece. Figure 2.2 illustrates these smoothness properties of B-splines: At a single knot
a quadratic B-spline is continuous and has a continuous derivative, at a double knot it is continuous,
while at a triple knot it is discontinuous.

Figure 2.3 shows the quadratic B-spline BJ0,1,2,3](z) together with its constituent polynomial
pieces. Note how the three parabolas join together smoothly to make the B-spline have continuous first
derivative at every point.

By applying the recurrence relation (2.1) twice we obtain an explicit expression for a generic
quadratic B-spline,

t< —
MBJ-H,()(JC)]

Bj2(z) S [ S -Bjo(z) +

tj+1 —1; tj+2 = tj+1
tits — T T —t; tits —
— [ 2 Bjii0(@) + LBJ""QJ](‘%)]
ti+s = ti+1 Ltjp2 =t tj+3 = ti+2
(z —t;)* (ti+s —)*
= Bjo(x) + Bji2,0(x)
(tivz = tj)(tien —1;) (%) (tj+s = tis1)(ties — tjg2)
(z —tj)(tj+2 — ) (tits — x)(® — tj41) _
Bjt1,0().
(2 = ) (E+2 = ti+1) (s — ti) (B2 — L)

I

(2.5)

The complexity of this expression gives us a good reason to work with B-splines through other means
than explicit formulas.

Figure 2.4 shows some cubic B-splines. The middle B-spline, BI9,10, 11,12, 13](z),
has simple knots and its second derivative is therefore continuous for all real numbers x,
including the knots. In general a cubic B-spline has 3 — m continuous derivatives at a
knot of multiplicity m for m =1, 2, 3. A cubic B-spline with a knot of multiplicity 4 is
discontinuous at the knot.

Before considering the next example we show that B-splines possess a property called
translation invariance. Mathematically this is expressed by the formula

B[tj + Yy tjpr1 + y](a; +y) = B[tj, ce. ,tj+p+1](x) z,y € R. (2.6)
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We argue by induction, and start by checking the case p = 0. We have

L, ifti+y<z+y<tis1+uy; 1, ift; <z <tjgs;
Bltj +y,tjt1 +yllz +y) = ’ ! = o
0, otherwise 0, otherwise,

so equation (2.6) holds for p = 0. Suppose that the translation invariance holds for
B-splines of degree p — 1. In the recurrence (2.1) for the left-hanp-side of (2.6) the first
coefficient (z —t;)/(tj4+p — t;) can be written

(z+y) -ty -t

(tjrpTy) =t +y)  tjrp—t;

I

i.e., the same as before translation. This also holds for the other coefficient (¢j4,4+1 —
x)/(tj4p+1—tj4+1) in (2.1). Since the two B-splines of degree p—1 are translation invariant
by the induction hypothesis, we conclude that (2.6) holds for all polynomial degrees.

Example 2.4 (Uniform B-splines). The B-splines on a uniform knot vector are of special interest.

Let the knots be the set Z of all integers. We index this knot sequence by letting ¢; = j for all integers
j. We denote the uniform B-spline of degree d > 0 by

My,(z) = Bo,p(z) = B[0,1,--- ,p+1](z), z€R (2.7)

The functions M, are also called cardinal B-splines. On this knot vector all B-splines can be written as
translates of the function M. Using (2.6) we have

Bjp(®) = Blj,j+1,....5+p+1(z) = B[0,1,...,p+1](z — j) = Mp(z — j) for all j.

In particular, By p—1(x) = B[1,...,p+ 1](z) = Mp—1(x — 1) and the recurrence relation implies that for
d>1
p+1l—=x

S My 1), (2.8)

T
Mp(x) = = Mp_1(x) +

p
Using this recurrence we can compute the first few uniform B-splines

Mi(z) = xMo(z) + (2 — ) Mo(z — 1)

Mae) = S o) + (2 — @ 22 Mota 1) + @Mo(x _9)
2 ) (2.9
My(z) = & Mo(z) + (% - %aj(m ~2)?) Mo(z — 1)
+ (% _ %(4 —2)(@ —2)*) Mo(w — 2) + %Mo(x _3)

(compare with Examples 2.2 and 2.3). As we shall see in Chapter 3, the B-spline M, has p—1 continuous
derivatives at the knots. The quadratic cardinal B-spline M5 is shown in Figure 2.2, translated to the
interval [5, 8], while M3 is shown in Figure 2.4, translated to [9, 13].

Example 2.5 (Bernstein polynomials). The Bernstein polynomials that appeared in the repre-
sentation of Bézier curves in Section 1.4 are special cases of B-splines. In fact it turns out that the jth
Bernstein polynomial on the interval [a, b] is (almost) given by

p+1l—j i+l
B?(z) = Bla,...,a,b,...,b|(z), forj=0,...,p.
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Figure 2.4. From left to right we see the cubic B-splines BJ[0,0,0,0,1](z), B[2,2,2,3,4](x), B[5,5,6,7,8](z),
BI[9,10, 11,12, 13](z)), B[14, 16, 16, 16, 17](z), B[18,19,20,20,20](z), and B[21, 22,22, 22, 22](x).

The recurrence relation (2.4) now takes the form

p+1l—j J b p—J _/\_\j+1
P _ T apny -
B](i‘)— b_aB[a,,a,b,,b](lf)+b_aB[a77a7b77b](x) (210)
T —a _ b—x —
=T B @) + B (@),

This is also valid for j = 0 and j = p if we define Bf*1 =0 for j < 0 and j > p. Using induction on p
one can show the explicit formula

BY(x) = <f) <”§‘Z)J (Z_z>ij[a,b](m), for j=0,1,....p, (2.11)

see exercise 5. These are essentially the Bernstein polynomials for the interval [a,b], except that the
factor Bla,b) causes B} to be zero outside [a,b]. To represent Bézier curves, it is most common to use
the Bernstein polynomials on the interval [0, 1] as in Section 1.4, i.e., with a =0 and b =1,

BY(z) = <I;> (1 — 2)*7 B[0,1)(z) = bj »(x)B[0,1](z), for j=0,1,...,p; (2.12)

here b;, is the jth Bernstein polynomial of degree p. For example, the quadratic Bernstein basis
polynomials are given by

bo2(z) = (1 — x)2, bi2(z) =22(1 —x), boo(z) = z2

which agrees with what we found in Chapter 1. These functions can also be recognised as the polynomial
part of the special quadratic B-splines in (1), (5) and (7) in Example 2.3. For Bernstein polynomials on
[0, 1] the recurrence relation (2.10) takes the form

bjp(z) = abj—1,p-1(2) + (L = 2)bjp-1(z), §=0,1,...,p (2.13)

We have now seen a number of examples of B-splines and some characteristic features
are evident. The following lemma sums up the most basic properties.

Lemma 2.6. Let p be a nonnegative polynomial degree and let t = (t;) be a knot
sequence. The B-splines on t have the following properties:

1. Local knots. The jth B-spline Bj, depends only on the knots t;, tji1, ..., tjipi1.
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2. Local support.

(a) If = is outside the interval [tj,tji,+1) then Bj,(z) = 0. In particular, if
tj = tj;py1 then Bj,, is identically zero.

(b) If x lies in the interval [t,,t, 1) then B;,(x) =0if j < p—porj > p.

3. Positivity. If © € (tj,tj4pt1) then Bj,(x) > 0. The closed interval [t;,tj4p41] is
called the support of Bj .

4. Piecewise polynomial. The B-spline B;, can be written
jtp

Bj,(z) = Z B (x)Byo() (2.14)
k=3

k . .
where each B; () is a polynomial of degree p.

5. Special values. If z =tj11 =+ =tjqp < tjyps1 then Bjp(2) =1 and B;p(2) =0
fori #j.

6. Smoothness. If the number z occurs m times among tj, ..., tji,11 then the
derivatives of B, of order 0, 1, ..., p —m are all continuous at z.

Proof. Properties 1-3 follow directly, by induction, from the recurrence relation, see
exercise 3. In Section 1.5 in Chapter 1 we saw that the construction of splines produced
piecewise polynomials, so this explains property 4. Property 5 is proved in exercise 6
and property 6 will be proved in Chapter 3. R

2.2 Linear combinations of B-splines

In Theorem 1.5 we saw that B-splines play a central role in the representation of spline
curves. The purpose of this section is to define precisely what we mean by spline functions
and spline curves and related concepts like the control polygon.

2.2.1 Spline functions

The B-spline Bj, depends on the knots ¢;, ..., tj;14p. This means that if the knot
vector is given by t = (tj)?;“f *1 for some positive integer n, we can form n B-splines
{Bj7p}§-‘:1 of degree p associated with this knot vector. A linear combination of B-splines,

or a spline function, is a combination of B-splines on the form

n
f=>_¢;Bjp, (2.15)
j=1

n

where ¢ = (cj)j:1 are n real numbers. We formalise this in a definition.
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Definition 2.7 (Spline functions). Let t = (tj)?ifﬂ be a nondecreasing sequence of
real numbers, I.e., a knot vector for a total of n B-splines. The linear space of all linear

combinations of these B-splines is the spline space S, ; defined by

n

Spt =span{Bi p,...,Bpp} = {Z ¢jBjp|cieRfor1 <j< n}
j=1

An element f = Z?:l c;jBjp of Sp ¢ is called a spline function, or just a spline, of degree
p with knots t, and (Cj)?:1 are called the B-spline coefficients of f.

As we shall see later, B-splines are linearly independent so S,; is a linear space of
dimension n.

It will often be the case that the exact length of the knot vector is of little interest.
Then we may write a spline as ) ; ¢ Bjp without specifying the upper and lower bounds
on j.

Example 2.8 (A linear spline). Let (v,y:)7, be a set of data points with ; < w41 for j = 1,
2, ..., m—1. On the knot vector

t= (tJ);n:J’i2 = (mhxlaanx?’a . ~,$m—17xm,xm)

we consider the linear (p = 1) spline function
s(x) = y;Bji(x), for x € [x1,zm].
j=1
From Example 2.2 we see that s satisfies the interpolatory conditions
S(CL‘Z) :Zijj‘l(xi) = Yi, ] = 1,...,m—1 (2.16)
j=1

since B;,1(z;) = 1 and all other B-splines are zero at z;. At x = z,, all the B-splines are zero according
to Definition 2.1. But the limit of B,,(z) when z tends to x,, from the left is 1. Equation (2.16) therefore
also holds for j = m if we take limits from the left at © = x,,. In addition s is linear on each subinterval
[tu, tpt1) since

s(z) = yu—1Bu-1,1(2) + yuBu ()

tut1 — T —ty (2.17)
=
tus1 —tu Yt tut1 — tu Y

when z is in [t tu+1). It follows that s is the piecewise linear interpolant to the data. An example is
shown in Figure 2.5 (a).

Example 2.9 (A quadratic spline). Let f : [a,b] — R be a given function defined on some interval
n+3

[a, ], and let n be an integer greater than 2. On [a, b] we assume that we have a knot vector t = (¢;)717,

where
a:t1:t2:t3<t4<~~~<tn<tn+1:tn+2:tn+3.

We can then define the quadratic spline function

n

s(z) = Qf(x) = Y f(t})Bja(w),

j=1
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Figure 2.5. A linear spline interpolating data (a), and a quadratic spline (solid) that approximates sin(mwz/2)
(dashed).

where
t; = (tjs1 +tj42)/2, j=1,...,n

‘We note that
a=1t] <ty <---<t,=0

The function Qf is called the Variation Diminishing Spline Approzimation to f of degree 2. As a
particular instance of this approximation we approximate the function f(z) = v/2sin ( Z ) on the interval
[0, 3]. With

t= (tj)?:1 = (07 07 Oa 17 27 37 35 3)7

we obtain (¢)%_, = (0,1/2,3/2,5/2,3) and

8(17) = BQ,Q(JIS) + Bgyg(m) — B4,2(x) — \/§B5,2($),

A plot of this function together with f(z) is shown in Figure 2.5 (b).
Example 2.10 (A cubic polynomial in Bernstein form). On the knot vector

t = (t;)5=1 = (0,0,0,0,1,1,1,1)
we consider the cubic spline function
s(z) = —=Bi1,3(x) + 5B2,3(x) — 5Bs 3(z) + Bas(z).
In terms of the cubic Bernstein basis we have
s(x) = —bo,3(x) + 5b1,3(x) — Bb2z +bs3z, 0<ax <1

This polynomial is shown in Figure 2.6 (b). It is the cubic Chebyshev polynomial with respect to the
interval [0, 1].

Note that the knot vectors in the above examples all have knots of multiplicity p+ 1
at both ends. If in addition no knot occurs with multiplicity higher than p+ 1 (as in the
examples), the knot vector is said to be p + 1-regular.

When we introduced spline curves in Chapter 1, we saw that a curve mimicked the
shape of its control polygon in an intuitive way. The control polygon of a spline function
is not quite as simple as for curves since the B-spline coefficients of a spline function is
a number. What is needed is an abscissa to associate with each coefficient.
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Figure 2.6. The quadratic spline from Example 2.9 with its control polygon (a) and the cubic Chebyshev
polynomial with its control polygon (b).
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Figure 2.7. Two splines with corresponding control polygons. The spline in (a) is quadratic with knots ¢ =
(0,0,0,1,1,2,3,3,3) and B-spline coefficients ¢ = (1,0,2,1/2,0,1), while the spline in (b) is cubic with knots
t=1(0,0,0,0,1,1,2,2,2,4,5,5,5,5) and B-spline coefficients 0, 3,1,4,6,1,5,3,0,4).

Definition 2.11 (Control polygon for spline functions). Let f = Z;-lzl ¢;Bjp, be a spline
in Sp¢. The control points of f are the points with coordinates (t;f,cj) forj=1,...,n,
where

S S L

’ p

are the knot averages of t. The control polygon of f is the piecewise linear function
obtained by connecting neighbouring control points by straight lines.

t

Some spline functions are shown with their control polygons in Figures 2.6-2.7. It
is quite striking how the spline is a smoothed out version of the control polygon. In
particular we notice that at a knot with multiplicity at least p, the spline and its control
polygon agree. This happens at the beginning and end of all the splines since we have
used p + 1-regular knot vectors, and also at some points in the interior for the splines in
Figure 2.7. We also note that the control polygon is tangent to the spline function at a
knot of multiplicity p or p + 1. This close relationship between a spline and its control
polygon is a geometric instance of one of the many nice properties possessed by splines
represented in terms of B-splines.

From our knowledge of B-splines we immediately obtain some basic properties of
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splines.
Lemma 2.12. Let t = (tj)?;“fH be a knot vector for splines of degree p withn > p+1,
and let f = Z?Zl ¢jBjp be a spline in S, . Then f has the following properties:

1. If x is in the interval [t,,t, 1) for some p in the range p+1 < u < n then

f(z) = Z ¢jBjp(x).
Sl

J p

2. Ifz=tj41 = =tjq1p < tjipy1 for some j in the range 1 < j < n then f(z) = ;.
3. If z occurs m times in t then f has continuous derivatives of order 0, ..., p—m at
z.

Proof. This follows directly from Lemma 2.6. R

2.2.2 Spline curves

For later reference we give a precise definition of spline curves, although we have already
made extensive use of them in Chapter 1.

In many situations spline functions will be the right tool to represent a set of data
or some desired shape. But as we saw in Section 1.2 functions have some inherent
restrictions in that for a given x, a function can only take one scalar value. We saw that
one way to overcome this restriction was by representing the z- and y-components by
two different functions,

flu) = (f(w), f2(w).

Vector functions in higher dimensions are obtained by adding more components. We
will be particularly interested in the special case where all the components are spline
functions on a common knot vector.

Definition 2.13 (Spline curves). Let t = (tj)?ifﬂ be a nondecreasing sequence of real
numbers, and let s > 2 be an integer. The space of all spline curves in R® of degree p

and with knots t is defined as

n
bt = {chBj,p lc; €R® for 1 < j < n}
j=1

More precisely, an element f = 2?21 ¢jBjp of Sp; is called a spline vector function or
a parametric spline curve of degree p with knots t, and (Cj)?zl are called the B-spline
coefficients or control points of f.

We have already defined what we mean by the control polygon of a spline curve, but
for easy reference we repeat the definition here.
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Definition 2.14 (Control polygon for spline curves). Let t = (tj)?ifﬂ be a knot vector

for splines of degree p, and let f = 2?21 ¢jBjp be a spline curve in S;, 4 for s > 2. The
control polygon of f is the piecewise linear function obtained by connecting neighbouring
control points (c;)7_; by straight lines.

Some examples of spline curves with their control polygons can be found in Sec-
tion 1.5.

Spline curves may be thought of as spline functions with B-spline coefficients that
are vectors. This means that virtually all the algorithms that we develop for spline
functions can be generalised to spline curves by simply applying the functional version
of the algorithm to each component of the curve in turn.

2.3 A matrix representation of B-splines

Mathematical objects defined by recurrence relations can become very complex even if
the recurrence relation is simple. This is certainly the case for B-splines. The structure of
the recurrence relation (2.1) is relatively simple, but if we try to determine the symbolic
expressions of the individual pieces of a B-spline in terms of the knots and the variable
x, for degree five or six, the algebraic complexity of the expressions is perhaps the most
striking feature. It turns out that these rather complex formulas can be represented
in terms of products of simple matrices, and this is the theme of this section. This
representation will be used in Section 3.1 to show how polynomials can be represented in
terms of B-splines and to prove that B-splines are linearly independent. In Section 2.4
we will make use of the matrix notation to develop algorithms for computing function
values and derivatives of splines. The matrix representation will also be useful in the
theory of knot ingertion in Chapter 4.

We start by introducing the matrix representation for linear, quadratic and cubic
splines in three examples.

Example 2.15 (Vector representation of linear B-splines). Consider the case of linear B-
splines with knots ¢, and focus on one nonempty knot interval [t,,¢,+1). We have already seen in
previous sections that in this case the B-splines are quite simple. From the support properties of B-
splines we know that the only linear B-splines that are nonzero on this interval are B,_1,1 and B, ; and
their restriction to the interval can be given in vector form as

tyu+1—2 T—1t,
Bu11 Bui) =2 ) )
( uobd l’l) (twl_tu tu+1_tu) (2 18)

Example 2.16 (Matrix representation of quadratic B-splines). The matrices appear when
we come to quadratic splines. We consider the same nonempty knot interval [t,, ¢,+1); the only nonzero

quadratic B-splines on this interval are {B;2}}_, ,. By checking with Definition 2.1 we see that for z
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in [ty,tu+1), the row vector of these B-splines may be written as the product of two simple matrices,

t;Hrl_m x_tl’«*l 0
tutr1—tp—1 tpy1—tu—
(B#—Q,Q Bu-1,2 B#,Q)—(B,L_l,l B#,l) . tpra—z o—t,
turz—ty  tus2—tu
(2.19)
tﬂ.i,-l—l’ x—tu_l O
o tu+1—ZL‘ x—tu t‘hq—t#fl tu+1—t“71
- (tu+l_tu tu+1_tu) tu+2—$ Ll'—tu

0

lpye =ty tugy2—tu

If these matrices are multiplied together the result would of course agree with that in Example 2.3.
However, the power of the matrix representation lies in the factorisation itself, as we will see in the next
section. To obtain the value of the B-splines we can multiply the matrices together, but this should be
done numerically, after values have been assigned to the variables. In practise this is only done implicitly,
see the algorithms in Section 2.4.

Example 2.17 (Matrix representation of cubic B-splines). In the cubic case the only nonzero

B-splines on [t,,t,+1) are {Bj3},_, ;. Again it can be checked with Definition 2.1 that for = in this
interval these B-splines may be written

(Bu-33 Bu-23 Bu-13 Bu3s) = (Bu-22 Bu-12 Byu2)

tu+1—I x—tufg 0 0
tpu+1—tu—2 tuy1—tu—2
0 t#+2—a: m—tu71 0
tute—tu—1 tu2—tu—1
0 0 tutrz—x T—1ty
tuts =ty tuys—ty
tu+1_x m_tufl 0
[tz x—t, tur1—tu—1 tur1—tu—1
B T e 0 tute—x Tty
tut2—1p tu+a—1p
tyt1—x T—tu—2 0 0
tpri—tu—2 tpri—tu—2
0 tu.t,.z—ﬂi Jl‘—tu_1 0
tut2—tu—1 tuyo—tu—1
0 0 tu+s—x T—1ty

luts—ty  tuts—tlu

The matrix notation generalises to B-splines of arbitrary degree in the obvious way.

Theorem 2.18. Let t = (tj)?:fﬂ be a knot vector for B-splines of degree p, and let

be an integer such that t, < t,y1 and p+1 < p < n. For each positive integer k with
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k < p define the matrix R}(z) = Ry(x) by

lyt1—2 T—tyt1—k 0 0
tur1—tur1—k  tur1—tur1—k
0 luy2—2 T—1lyyo—k 0
Ry(z) = tur2—tpro—k  lur2a—turo—k
. . tok—z  w—1,

btk =t turk—ty
(2.20)
Then, for x in the interval [t,,t,+1), the p + 1 B-splines {B; } of degree p that

are nonzero on this interval can be written

K
j=p—p

BZ = (Bufp,p By ptip --- Bu,p) = Ry(z)Ra(7) - - - Ry(x). (2.21)
If f=3,¢;BjpisasplineinSyy, and x is restricted to the interval [t,,, {,,41), then f(z)
is given by

f(z) = Ri(x)Ra(z) - - - Rp(x)co, (2.22)

where the vector cg is given by ¢o = (Cu—p; C—pt1, - - - ,cu)T. The matrix Ry, is called a
B-spline matrix.

For p = 0 the usual convention of interpreting an empty product as 1 is assumed in
equations (2.21) and (2.22).

Theorem 2.18 shows how one polynomial piece of splines and B-splines are built up, by
multiplying and adding together (via matrix multiplications) certain linear polynomials.
This representation is only an alternative way to write the recurrence relation (2.1), but
the advantage is that all the recursive steps are captured in one equation. This will be
convenient for developing the theory of splines in Section 3.1.2. The factorisation (2.22)
will also be helpful for designing algorithms for computing f(z). This is the theme of
Section 2.4.

It should be emphasised that equation (2.21) is a representation of p+ 1 polynomials,
namely the p+ 1 polynomials that make up the p+ 1 B-splines on the interval [t,, t,1).
This equation can therefore be written

(Blipp(®) By pi1p(@) .. Blp(x)) = R{(2)Ry(x) - - Ry (x),
see Lemma 2.6.

Likewise, equation (2.22) gives a representation of the polynomial f# that agrees with

the spline f on the interval [t,,t,11),

fH(z) = Ri(z)Ra(x) - - - Ry(x)co.

Once p has been fixed we may let = take values outside the interval [t,,t,+1) in both
these equations. In this way the B-spline pieces and the polynomial f# can be evaluated
at any real number z. Figure 2.3 was produced in this way.
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Example 2.19 (Matrix representation of a quadratic spline). In Example 2.9 we considered
the spline

S(Q;‘) = BQA’Q(Q:) + Bg,z(m) — B472(3;‘) — \/53572(33)

on the knot vector
t = (t;)5=1 = (0,0,0,1,2,3,3,3).
Let us use the matrix representation to determine this spline explicitly on each of the subintervals [0, 1],

[1,2], and [2,3]. If z € [0,1) then t3 < = < ¢4 so s(x) is determined by (2.22) with = 3 and p = 2. To
determine the matrices R; and R we use the knots

(tu—la t;“ tp+17 tu+2) = (07 07 17 2)

and the coefficients
(cu—2,cu-1,¢4) = (0,1,1).

Then equation (2.22) becomes

1—=x T 0 0
s(@)=(1-=, x)< 0 (2-1)/2 x/2> (} =z(2-2)

If € [1,2) then t4 < z < ¢5 so s(z) is determined by (2.22) with y = 4 and p = 2. To determine the
matrices R; and Ry in this case we use the knots

(tu—la t;“ tu+17 tu+2) = (07 17 27 3)

and the coefficients
(CM*27 Cu—1, Cu) = (17 1, _1)'

From this we find

1
1 2—x T 0 _ 2
s(x)—i(Qfx, xfl)( 0 34 $_1)<11)—2xx.

For x € [2,3) we use ;= 5, and on this interval s(z) is given by

1
s(z) = (3 -z, T — 2) ((3 —OCC)/2 (1:3—_123/2 N 9 2) (?}5) = (2 — x) (6 —2v/2—-(2— \/i)x)

2.4 Algorithms for evaluating a spline

We originally introduced spline curves as the result of the geometric construction given
in Algorithm 1.3 in Chapter 1. In this section we will relate this algorithm to the matrix
representation of B-splines and develop an alternative algorithm for computing splines.

2.4.1 High level description

Recall from Theorem 2.18 that a spline f of degree p with knots £ and B-spline coefficients
c can be expressed as
f(z) = Ri(x)--- Ry(x)co (2.23)

for any x in the interval [t,,t,41). Here cog = (cu—p, ..., cu) denotes the B-spline coeffi-
cients that are active on this interval. To compute f(z) from this representation we have
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two options: We can accumulate the matrix products from left to right or from right to
left.
If we start from the right, the computations are

Cp—i+1 = Ricpi, fork=p p—1,..., 1. (2.24)

Upon completion of this we have f(z) = ¢, (note that ¢, is a vector of dimension 1, i.e.,
a scalar). We see that this algorithm amounts to post-multiplying each matrix Ry by a

vector which in component form becomes
tj+k—x a:—tj
(Ri(z)ep—k); = T g Gkt T Gk (2.25)
j+k—bj j+k )

for j=pu—k+1, ..., p. This we immediately recognise as Algorithm 1.3.

The alternative algorithm accumulates the matrix products in (2.23) from left to
right. This is equivalent to building up the nonzero B-splines at x degree by degree until
we have all the nonzero B-splines of degree p, then multiplying with the corresponding
B-spline coefficients and summing. Computing the B-splines is accomplished by starting
with Bo(x)” = 1 and then performing the multiplications

Bi(x)" = By1(x) Ri(x),  k=1,...,p.

The vector By(x) will contain the value of the nonzero B-splines of degree p at x,

By(z) = (Bu—pp(®), -, Bmp(x))T'

We can then multiply with the B-spline coefficients and add up.

Algorithm 2.20 (L). Let the polynomial degree p, the 2p knots t,,_pi1 < t, < t,41 <
tu+p, the B-spline coefficients ¢y = (Cj)?:#_p of a spline f, and a number x in [t,,t, 1)
be given. After evaluation of the products

Cp—k+1 :Rk(l‘)cp—ka k=p,p—1,..,1,

the function value f(x) is given by

f(z) = ¢p.

Algorithm 2.21 (R). Let the polynomial degree p, the knotst, _pi1 <t, <tu41 <tuip
and a number x in [t,,t,+1) be given and set By = 1. After evaluation of the products

Bk(x)T:kal(x)TRk(x% k= 1; Y 2

the vector B,(x) will contain the value of the p + 1 B-splines at z,

By(w) = (Bu—pp(); -- -, Bmp(x))T'
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S By-33
1 W
S B/u—2,2 Tu+l ~Tp-2
3V
1 \1’(
/ /\,\7;(
B Bu-11 Tu+l™Tp-1 4 u-2,3
3V 2
1 p)( 1 \V\'
/ )(\7;1
B,u,O Tu+1™Tu /J u—-1,2 T2 Tp-1

Figure 2.8. A triangular algorithm for computation of all the nonzero cubic B-splines at x.

o+ _Cu-30
y
&/s/\ Cu-21 Tur1~Tp-2
1 yx
/ ‘N
V7N
e C/,t—1,2 Tl Tu-1 * C/J—Z,O
3V
1 p)f 1 \l)(
/ Vm
C/J,3 Tu+1 Tp /Jy\ C/J—l,l Tu+2 Tpu-1
1 ‘1)(1
X<r X<pr
“ Lo
Cu2 Tu+2=Tu X Cu-1,0
T X
‘N 4
“
Cy,l Tus3™Tp
X<
T
Cu0

Figure 2.9. A triangular algorithm for computing the value of a cubic spline with B-spline coefficients ¢ at
T € [t tut1)-
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These algorithms have a simple triangular structure, just like Algorithm 1.3, see
figures 2.8-2.9. Figure 2.8 shows the computation of all the nonzero B-splines at a point
x, while Figure 2.9 shows how the value of a cubic spline can be computed.

In Algorithms 2.20 and 2.21 it is assumed that there are 2p knots to the left and right
of x. This may not always be the case, especially near the ends of the knot vector, unless
it is p + 1-regular. Exercise 19 discusses evaluation in such a case.

2.4.2 More detailed algorithms

Algorithms 2.20 and 2.21 are high level algorithms. Although they may be implemented
directly by forming the matrices { Ry }Y_,, it is usually better to polish the algorithms a
bit more. In this section we will discuss Algorithm 2.21 in more detail. For more details
on Algorithm 2.20, we refer to Algorithm 1.3 in Chapter 1 and exercise 18 below.

Algorithm 2.21 corresponds to pre-multiplying each matrix Ry by a row vector. In
component form this can be written

T—t; t; —x
(Bi-1(2)) Ri(2)); = ——2- B 1(x) + ———Bji1 41 (2) (2.26)
Live—t; 7 tiri+k—tj41
for j = pu—k, ..., p. This is of course just the recurrence relation for B-splines. Here it

should be noted that By, x—1(x) = Byy1x—1(x) =0 when = € [t,,t,41). For j = p—k,
the first term on the right in (2.26) is therefore zero, and similarly, for j7 = u, the last
term in (2.26) is zero.

We are going to give two more detailed versions of Algorithm 2.21. In the first one, we
make use of vector operations. This version would be suitable for a language like Matlab
or Mathematica where for-loops are relatively slow, but the built-in vector operations
are fast.

We assume that the elementary arithmetic operations may be applied to vectors of
the same size. For example, the vector operation a/b would produce a vector of the same
length as a and b, with entry i equal to a;/b;. We can also combine a scalar and a vector
as in « + a; then the first operand is converted to a vector of the same length as a by
duplicating x the correct number of times.

We will need two more vector operations which we denote ay; and a4 ;. The first
denotes the vector obtained by appending a zero to the end of a, while a, ; denotes the
result of prepending a zero element at the beginning of a. In Matlab syntax this would
be written as ay; = [a,0] and a4y = [0,a]. We leave it to the reader to verify that
Algorithm 2.21 can then be written in the following more explicit form. A vector version
of Algorithm 2.20 can be found in exercise 18.

Algorithm 2.22 (R—vector version). Let the polynomial degree p, the knots t,_p41 <
ty <tys1 < tuyp and a number x in [t,,t,11) be given. After evaluation of
1. b=1;
2. Fork=1,2,...,p
1otl = (ty—psts - o tu);
2. 82 = (tus1, - tugn);
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3. w=(r—1t1)/(t2 —t1);

4. b:((l—w)*b)+l+(w*b)+f;

the vector b will contain the value of the p + 1 B-splines at x,

b= (Bufp,p(fﬁ)a e vBuyp@))T'

When programming in a traditional procedural programming language, the vector
operations will usually have to be replaced by for-loops. This can be accomplished as
follows.

Algorithm 2.23 (R—scalar version). Let the polynomial degree p, the knots t,_pi1 <
ty <tyt1 <tuyp and a number x in [t,,t,11) be given. After evaluation of
1. bpy1=1;b;=0,7=1, ..., p;
2. Forr=1,2,...,p
Lk=p—r+1;
2. wo = (thyr — @)/ (tpir — tr);
3. bp—r =wabp_ry1;
4. Forj=p—r+1,p—r+2,...,p—1
1. k=k+1;
2. w1 = we;

3. wy = (thar — @)/ (bpgr — t1);
4. bi = (1 — (,U1) bi +WQ bz‘_:,_l,'

5. bd = (1 —CL)Q) bd

the vector b will contain the value of the p + 1 B-splines at x,

b= (Bupp(®), .- vBuyp@))T'

Exercises for Chapter 2
2.1 Show that

B[0,3,4,6](z) = %xQB[O, 3)(z) + %(—7:52 + 48z — 72)B[3, 4](x)

+ é(6 — 2)?B[4,6](x).

2.2 Find the individual polynomial pieces of the following cubic B-splines and discuss
smoothness properties at knots

a) B[0,0,0,0,1](z) and B[0,1,1,1,1](x)
b) B[0,1,1,1,2](x)
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2.3 Show that the B-spline B;, satisfies properties 1-3 of Lemma 2.6.

2.4 Show that B; is a piecewise polynomial by establishing equation 2.14. Use induc-
tion on the degree p.

2.5 In this exercise we are going to establish some properties of the Bernstein polyno-
mials.

a) Prove the differentiation formula

b) Show that the Bernstein basis function bj,(x) has a maximum at = j/p,
and that this is the only maximum.

c) Show that

1
| Bistade =110+ 1),

2.6 a) When a B-spline is evaluated at one of its knots it can be simplified according
to the formula

B(t; | tj, ..., tjq14p) = Bti [ tj, - tictstivts - tjgi4p) (2.27)

which is valid for j = 5,7+ 1,...,7 + 1 + p. Prove this by induction on the
degree p.

b) Use the formula in (2.27) to compute the following values of a quadratic B-
spline at the interior knots:

Bja(tjt1) = % Bija(tjr2) = M (2.28)
j+2 — b j+3 — ti+1
c¢) Prove property (5) of Lemma 2.6.
2.7 Prove the following formula using (2.4) and (2.11)
—— (x —a)?P (c—x)P
Bla,b,...,b,c](x) = mB[a,b](:):) + = b)pB[b, c)(z)

Show that this function is continuous at all real numbers.
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2.8 Prove the following formulas by induction on p.

p r—alP (e — 2)Vi(h— pp-1-i
R 105
=0
(c— 2
(c—a)p—l(c— b)B[b,C}(I'),
Blab, & l(@) = — S pig )

2.9 When the knots are simple we can give explicit formulas for the B-splines.

a) Show by induction that if ¢; < --- < tj114p then

Jj+14p (ZL’ N t)p
Bjp(®) = (tis1p = 1) Y, =
i=j Hi:j p(tk - ti)
ki
where
(x—t;)% = o~ t)f, w2 t“
0, otherwise.

b) Show that Bj, can also be written

Bj:p(x) = (tj+1+p - t]) i+1+
i=j Hi@:j p(ti - tk)
k#i

but now the (-)4-function must be defined by

(i — o) = (t; —x)P, ift; > x;
’ + 0, otherwise.

29

2.10 Write down the matrix Rg(z) for i = 4 in the case of uniform splines (t; = j for

all 7). Do the same for the Bernstein basis (t = (0,0,0,0,1,1,1,1](z)).

2.11 Given a knot vector t = (tj)”ﬂ’Jrl and a real number x with « € [t1,t,4p1+1), write

Jj=1

a procedure for determining the index p such that t, < x < t,1;. A call to this
routine is always needed before Algorithms 2.20 and 2.21 are run. By letting p be
an input parameter as well as an output parameter you can minimise the searching
for example during plotting when the routine is called with many values of x in the

same knot interval.
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2.12

2.13

2.14

2.15

2.16

217

2.18

2.19

CHAPTER 2. BASIC PROPERTIES OF SPLINES AND B-SPLINES

Implement Algorithm 2.21 in your favourite programming language.
Implement Algorithm 2.20 in your favourite programming language.

Count the number of operations (additions, multiplications, divisions) involved in
Algorithm 2.20.

Count the number of operations (additions, multiplications, divisions) involved in
Algorithm 2.21.

Write a program that plots the cubic B-spline B[0,1,3,5,6] and its polynomial
pieces. Present the results as in Figure 2.3.

a) What is computed by Algorithm 2.20 if x does not belong to the interval
[ts tut1)?
b) Repeat (a) for Algorithm 2.21.

Algorithm 2.22 gives a vector version of Algorithm 2.21 for computing the nonzero
B-splines at a point x. Below is a similar vector version of Algorithm 2.20 for
computing the value of a spline at x. Verify that the algorithm is correct and
compare it with Algorithm 2.22.

Let f =) ,¢jBipt be a spline in S, ¢, and let « be a real number in the interval
[tustu+1). Then f(z) can be computed as follows:

L. e=(cu—ps---»Cu);
2. Fork=p,p—1,...,1
1. t1 = (tu_k_;’_]_, e ,t‘u);
2. t2 = (t#""l? AP 7t,u+k);
3. w=(z—tl)/(t2 —t1);
4. c=(l-w)*c+w*c_y;
After these statements ¢ will be a vector of length 1 that contains the number f(z).

Here the notation c_; and c_; denote the vectors obtained by dropping the last,
respectively the first, entry from c.

Suppose that p = 3 and that the knot vector is given by
t=(t;);-1 = (0,1,2,3,4).

With this knot vector we can only associate one cubic B-spline, namely Bj 3. There-
fore, if we are to compute Bj 3(x) for some x in (0,4), none of the algorithms of
this section apply. Define the augmented knot vector t by

t=(-1,-1,-1,-1,0,1,2,3,4,5,5,5,5).

Explain how this knot vector can be exploited to compute the B-spline B 3(z) by
Algorithms 2.20 or 2.21.



Chapter

Further properties of splines and B-splines

In Chapter 2 we established some of the most elementary properties of B-splines. In
this chapter, our focus is on the question “What kind of functions can be represented
as linear combinations of B-splines?” This may seem like a rather theoretical and un-
interesting issue from a practical point of view. However, if our spline spaces contain
sufficiently many interesting functions, we will gain the flexibility that is required for
practical applications.

The answer to the question above is that our spline space contains a large class of
piecewise polynomials, and this ensures that splines are reasonably flexible, much more
so than polynomials. To prove this, we start by showing that polynomials of degree p can
be represented in terms of splines of degree p in Section 3.1. This is proved by making
use of some simple properties of the B-spline matrices. As a bonus, we also prove that
B-splines are linearly independent and therefore provide a basis for spline spaces, a result
that is crucial for practical computations. In Section 3.2, we investigate the smoothness
of splines and B-splines in detail, and this allows us to conclude in Section 3.3 that spline
spaces contain a large class of piecewise polynomials.

3.1 Linear independence and representation of polynomials

Our aim in this section is to show that any polynomial can be represented as a linear
combination of B-splines, and also that B-splines are linearly independent. To do this,
we first need some simple properties of the B-spline matrices defined in Theorem 2.18.
3.1.1 Some properties of the B-spline matrices

To study the B-spline matrices, we associate a certain polynomial with each B-spline.
We start by associating the polynomial p;o(y) = 1 with B, and, more generally, the
polynomial in y given by

Pip(y) =y —tix1)(y — tix2) -~ (¥ — tjtp), (3.1)

is associated with the B-spline Bj, for p > 1. This polynomial is called the dual
polynomial of the B-spline B;,. On the interval [t,,t,,1), we have the p 4+ 1 nonzero

61
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B-splines By, = (Bu—pp,---,Bup)’. We collect the corresponding dual polynomials in
the vector

Pp = pp(y) = (pu—p7p(y)7 e 7pu,p(y))T~ (3.2)
The following lemma shows the effect of applying the matrix R4 to p,.

Lemma 3.1. Let u be an integer such that t, <t,,1 and let pp(y) be the dual polyno-
mials defined by (3.2). For p > 1 the relation

Ry (x)py(y) = (y —x)pp-1(y)- (3.3)
holds for all x,y € R.
Proof. Writing out (3.3) in component form, we see that what we need to prove is

( —t)pjpy) + (tjap — T)pj—1,(y)
tj+p - tj

= (y — 2)pjp-1(v), (3.4)

for j = p—p+1, ..., p Since pjp(y) = (Y = Ljp)pip-1(y) and pj1,(y) = (y —
tj)pjp—1(y), the numerator on the left-hand side of (3.4) can be written

(& =)y = tjzp) + (Ljp — ) (Y — 15)) pjp—1(y)-

A simple calculation reveals that

(@ =)y — tjsp) + (tjrp — 2) (Y — 1) = (y — ) (tj4p — t))- (3.5)
Inserting this on the left in (3.4) and simplifying, we obtain the right-hand side. R

The crucial relation (3.5) is an example of linear interpolation. For if we define the
linear function g by g(z) = y — « for a fixed number y, then linear interpolation at ¢;
and tj4, gives the relation

Livp — T

g(t;) + 9(tjtp) = 9(x),

ti+p — ti+p — 1

see Section 1.3 in Chapter 1. If we multiply both sides of this equation by t;4, —t;, we
obtain equation (3.5).
In equation 3.3, the p + l-vector p,, is transformed to a vector with p components.

We can reduce the number of components further by applying more R’s. By making use
of all the matrices Ry, ..., R, we end up with a scalar.

Corollary 3.2. Let p be an integer such that t, < t,.1 and let p,(y) be the dual
polynomials defined by (3.2). Then the relation

Ri(z1)Ro(2) - Ry(wp)pp(y) = (y —21)(y — 22) -~ (y — ). (3.6)

holds for all real numbers x1, x2, ..., T, and y.
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We need one more property of the B-spline matrices. This property cannot be estab-
lished completely until we have proved that the dual polynomials are linearly indepen-
dent.

Lemma 3.3. For p > 2 and for any x and z in R, the matrices R,_1 and R, satisfy the
relation

Ry 1(2)Ry(x) = Ry (1) Ry (2). (3.7)

Proof. Applying (3.3) twice, we obtain

Ry 1(z)Ry(2)p,(y) = (y — 2)(y — 2)pp—2(¥)-

By symmetry we also have

Ry 1(2)Rp(2)p,(y) = (v — 2)(y — 2)pp—2(v),

Equivalently,
Bp,(y) =0 (3.8)

for all y, where the (p — 1) x (p + 1) matrix B is defined by
B =R, 1(z)Ry(z) — Ryp-1(2) Rp(x).

To complete the proof, we must show that B = 0. Let a be any vector in RP~!. Then
we know from (3.8) that aTBpp(y) = 0 for all y. Since the p + 1 polynomials in p,, are
linearly independent, see Lemma 3.7, this means that a’ B = 0. But a was arbitrary,
so B maps all vectors to 0, in other words B=0. 1

3.1.2 Marsden’s identity and representation of polynomials

The relation (3.6) is a key to finding the B-spline representation of polynomials. If we
set 1 = --- = x) = x and remember that Ry(z)--- Ry(z) = Bp(z), the relation becomes

w
(y —2)” = By(x Z Bj p(2)p;p(y), (3.9)

provided x is in the interval [t,,t,4+1). The interpretation of this is that if for fixed y, we
use the sequence of numbers (pjm(?/))?:u—p as B-spline coefficients, the resulting spline
is the polynomial (y — x)P, as long as we restrict our attention to the interval [t,,t,4+1).
But since the coeflicients (pjvp(y))é-‘:#_p are independent of p and therefore of the knot
interval, the polynomial formula (3.9) can be generalised to a statement about how the
polynomial (y — x)P is represented in terms of B-splines.

Theorem 3.4 (Marsden’s identity). Let the knot vector t = (t )?H’H be given. Then
the relation

— )’ = pjp(y)Bjp(x) (3.10)
j=1

holds for all real numbers y, and all real numbers x in the interval [tp41,tn41).
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The restriction on x cannot be avoided since we do not have a complete set of B-
splines outside the interval [t,11,tn+1). The relation (3.9) is therefore not valid if z is
outside this interval.

The power of Theorem 3.4 lies in the fact that the coefficients p, depend on y. Making
use of this result, we can show explicitly how the powers 1, x, ..., P can be written in
terms of B-splines.

Corollary 3.5. On the interval [tpi1,tn+1), the power basis {z'}}_, can be expressed
in terms of B-splines through the relations

n
1= Bjp(z), forp=>0, (3.11)
n
z= Zt;ij,p(m), forp >1, (3.12)
z? Zt**B ), forp>2, (3.13)
where
tip=(i+1+ - +tjtp)/p (3.14)
j+p—1 j+p D
TSIy titk/<2>. (3.15)
i=j+1 k=i+1
In general, forr =0, 1, ..., p, the relation
n
2" =Y "07,B)p(x) (3.16)
j=1
holds for any x in the interval [ty+1,t,+1). Here o} ) are the symmetric polynomials given
by
> . =
( tjt, - th> (r)’ forr=0,1,...,p, (3.17)
where the sum is over all integers ji, ..., jr with j+1 < j1 < --- < j, < j+p, a total

of (‘Z) terms.

Proof. If we differentiate both sides of equation (3.10) a total of p—r times with respect
to y, set y = 0, and rearrange constants, we end up with
7!

—‘Bp(a:)TDp*’"pp(O) = (—1)”% ZBj,p(x)Dp*ij,p(O). (3.18)
p: p: J

Multiplying together the factors of p;,, we find

Pip(y) = yF — 5 yF 1y oyt 2 + lower order terms. (3.19)
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From this it follows that
DPp;p(0) =pl, DP~'p;p(0) = —(p—1)t5,, D’ ?p;p(0) = (p—2)it35.  (3.20)

Setting = 0, 1 and 2 in (3.18) and inserting the appropriate formula in (3.20), leads to
equations (3.11), (3.12), and (3.13). In general, we have the formula

p
p —

Pip(y) = Z(_l)r <7"> oy’
Using the same reasoning as above, we therefore find that

TT! —r T‘(p - 7")' b r r
(-1 EDP Pj,p(o) = T r Tjp = %jp:

so (3.16) follows from (3.18). n

The coeficients o7, are scaled versions of the elementary symmetric polynomials of
degree p. They play an important role in the study of polynomial rings.
Example 3.6. In the cubic case, the relations (3.11)—(3.13) are

1=> " Bjs(x), (3.21)
j=1
" tit1 +tj42 +t43
= Z J 73 I Bja(x), (3.22)
j=1
= tiv1tjero +tj41tj43 + tjr2tj43
3:2 _ Z J J+ J 3]+ J J B‘j’S(Qj), (323)
j=1
xS = th+1tj+2tj+3Bj,3(m), (324)
j=1

which are valid for all z in [tpy1, tnt1)-

3.1.3 Linear independence of B-splines

Recall from Appendix A that a set of functions {¢; }?:1 are linearly independent on an
interval I if Z}Ll cj¢;(xz) = 0 for all z € I implies that ¢; = 0 for all j. In other words,
the only way to represent the O-function on [ is by letting all the coefficients be zero. A
consequence of this is that any function that can be represented by (qu);‘:l has a unique
representation.

To prove that B-splines are linearly independent, we start by showing that the B-
splines that are nonzero on a single knot interval are linearly independent.

0

Lemma 3.7. The B-splines {B;,}_,  and the dual polynomials {p;,}i_,

linearly independent on the interval [t,,t,41).

p are both
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Proof. From Corollary 3.5, we know that the power basis 1, z, ..., 2P, and therefore any
polynomial of degree p, can be represented by linear combinations of B-splines. Recall
that the linear space of polynomials of degree p has dimension p + 1. On the interval
[tustu+1), the only nonzero B-splines are {BM,};L:H_ID. Since all polynomials of degree
p can be written in terms of these p + 1 B-splines, they must be linearly independent.
These B-splines therefore form a basis for polynomials of degree p on [t,,t,+1). The
symmetry of z and y in (3.9) leads to the same conclusion for the dual polynomials. =

From this local result, we are going to obtain a global linear independence result
for B-splines. But first we need to be more precise about the type of knot vectors we
consider.

Definition 3.8. A knot vector t = (tj)?:fﬂ is said to be p 4+ 1-extended if
I.n>p+1,
2. tpy1 <tpi2 and t, < tpqq,
3. tj <tjipp1forj=1,2,..., n.

A p + l-extended knot vector for which t1 = t,41 and t,41 = tuqps1 is said to be
p + 1-regular or open.

The norm is to use p+ 1-regular knot vectors, but linear independence can be proved
in the more general situation of a p + l-extended knot vector.

Theorem 3.9. Suppose that t is a p + l-extended knot vector. Then the B-splines in
Spt are linearly independent on the interval [t,11,tn4+1).

Proof. Suppose that the spline f = Z;‘:l ¢;Bj p is identically zero on [tpi1,tn41); we
must prove that ¢; = 0 for j = 1, ..., n. Let j be an arbitrary integer in the range
[1,n]. Since no knot occurs more than p+1 times, there is a nonempty interval [t,,,¢,41)
contained in [t;,¢;4p+1], the support of Bj,. But all the nonzero B-splines on [t,,t,+1)
are linearly independent, so f(x) = 0 on this interval implies that ¢, = 0 for k = u — p,

.., p. Since Bj, is one of the nonzero B-splines, we have in particular that ¢; =0. =

The condition that no knot must occur with multiplicity higher than p+1 is essential,
for otherwise one of the B-splines will be identically zero and then they will certainly be
linearly dependent. The other conditions are not essential for the linear independence,
see Exercise 2.

3.2 Differentiation and smoothness of B-splines

Our study of differentiation and smoothness is based on the matrix representation of B-
splines. But first of all we need to be fairly precise about what we mean by smoothness
and jumps in the derivatives of a function.
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3.2.1 Piecewise smooth functions

A C"-function is a function whose derivatives up to order r are continuous at all points of
its domain of definition. A piecewise smooth function is a function that is smooth except
at some isolated points. The points of discontinuity are called jumps. Although these
concepts are quite simple, we need to be precise about the definition as we are going to
computations with the jumps in a derivative of a spline.

Definition 3.10. A function f defined on some interval [a,b] is piecewise continuous on
[a, b] provided f is continuous on [a,b] except at a finite number of points (z;) where the
one-sided limits

fe) = lim f(@), f(z—) = lim f(2). (3.25)
>z <z

exist for z=wx;, and i =1, 2, ..., n. The number
Jof = f(z4) = f(z-) (3.26)

is called the jump of f at z.

Note that we require the jumps to be finite. Of course there are many functions with
infinite jumps, but since the functions we study are piecewise polynomials, all jumps will
be finite.

We will also need to consider functions with piecewise continuous derivatives.

Definition 3.11. If the function f has piecewise continuous rth derivative (") on [a, ]
for some integer r > 0, it is said to be piecewise C". If Jz(f(k)) =0fork=0,...,r
at some z € (a,b), then f is said to be C" at z. Differentiation of functions that are
piecewise C" is defined by

. | DL f(x), x€la,b),
D f(”f)—{ D f(2). x—b,

where the right derivative D', and the left derivative D" are defined by
D' f(z) = fO(a+), =€ [a,b),
D" f(z) = fO(a=), € (a,b]
At a point where the rth derivative of f is continuous, this definition of differentiation
agrees with the standard one since the two one-sided derivatives D', f and D" f are equal

at such a point.
Example 3.12. It is easy to check that the quadratic B-spline

BI0,0,1,2](x) = (22 — 5a*)B[0, 1](@) + 5(2 — 2)*B[1,2](x)
is continuous on R. The first derivative
DBJ0,0,1,2](z) = (2 — 32)B[0,1](z) — (2 — z)B[1, 2](z)
is piecewise continuous on R with a discontinuity at x = 0, and the second derivative
D?B|0,0,1,2)(z) = —3BJ[0,1)(z) + B[1,2](z)
is piecewise continuous on R with discontinuities at 0, 1, and 2. The third derivative is identically zero

and continuous everywhere. This B-spline is therefore C° at z = 0, it is C* at = 1 and = = 2, and at
all other real numbers it has infinitely many continuous derivatives.
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3.2.2 Derivatives of B-splines

From Definition 3.11 and equation (2.14), we see that the rth derivative of a B-spline
Bj, is given by
J+p
DTijp = ZDTB]k,ka,Ov r > O; (327)
k=

where D’"Bﬁp is the ordinary rth derivative of the polynomial representing B;, on the
interval [tg, tg+1). This explicit formula is of little interest in practice because it is difficult
to compute. What we want is something similar to the recurrence relation (2.1).

Our approach to derivatives of B-splines will instead follow a customary strategy:
We start by considering what happens on one knot interval. We will then see that the
formulas we obtain are independent of the specific knot interval so they can be generalized
to splines.

Recall from Theorem 2.18 that on a knot interval [t,,t,+1), the row vector of the
nonzero B-splines B), is given by

By,(z) = Ri(z) --- Rp(x). (3.28)

It turns out that we can differentiate this product of matrices as if the factors were
numbers. Indeed, let A be a matrix where each entry is a function of x. The derivative
DA of A is defined as the matrix obtained by differentiating each entry of A with respect
to x. We have the following familiar rule for differentiating a product of two matrices.

Lemma 3.13. Let A and B be two matrices with entries that are functions of x and
with dimensions such that the matrix product AB makes sense. Then

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

Proof. Let (AB);; be an arbitrary entry of the matrix AB. Then
D(AB);; = D(Z aikbkj) =" D(aibiy)
k k
= Z((Daikz)bkj + aik(Dby;))

k
= Z(Daik>bkj + Z aik(Dbkj)
k k

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

ij ij

which proves the lemma. R

Applying this rule to the product (3.28), we get

DB,(z) = Ri(z) - Rp—1(x)DRy(x)Ry41(x) ... Ry(x), (3.29)

Eond
—_
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where DRy, denotes the matrix obtained by differentiating each entry in Ry (x) with
respect to z,
-1 1

1 —tpr1—k  Tur1—Tpr1—k
DRy, = E : : (3.30)
-1 1

butk =t tugpk—tu

The dimensions of the matrix DRy, are the same as those of Ry, so both are transfor-
mations from R**! to R”.
The following lemma will help us simplify equation 3.29.

Lemma 3.14. For k > 2 and any real number x, the matrices Ry and Ry satisfy the
relation

DRy Ryy1(z) = Ry(x) DRy 1. (3.31)

Proof. Equation 3.31 follows by differentiating both sides of 3.7 with respect to z and
lettingp=FkFk+1. 1

By making use of equation 3.31, we can move the differentiation operator D in (3.29)
from R to R, in term k of the sum. The end result is

DBy(z) =pRi(z)---R,_1(x)DR, = pB,_1(z)DR,,. (3.32)
Let us now see how higher derivatives of B-splines can be determined. To find the
second derivative, we differentiate (3.32). Since D(DR,,) = 0, we obtain
D?’B,(z)" =pDB,_1(z)" DR,,
If we apply (3.32)) to DB, we find
D?B, ()" = p(p—1)B,_o(z)' DR, 1DR,,

In general, for the rth derivative, we find

D"By(z)" = (p—} )!Bp_r(a;)TDRp_m ---DR,,.

Since in addition B, (z)T = Ry(x) - -+ Ry_, (), the following theorem has been proved.

Theorem 3.15. Let x be a number in [t,,t,+1). Then the rth derivative of the vector
of B-splines By(x) = (By—pp(), ..., Bup(x)) is given by

D'By(z)" = .Bp_r(:c)TDRp_T_H---DRp. (3.33)
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Suppose that f(z) =>."_, ¢;Bjp(x). With cg = (cu—p,...,cu)? the r’th derivative of f
at x is given by

|
DW@»=@égﬂﬁ@w~RwAwDRwHy~Dme (3.34)

for any integer r such that 0 < r < p.

Note that the symmetry property (3.31) gives us a curious freedom in how to represent
the rth derivative: It does not matter which of the p matrices Ry we differentiate as long
as we differentiate r of them. In Theorem 3.15 it is the r matrices of largest dimension
that have been differentiated.

Theorem 3.15 is the basis for algorithms for differentiating splines and B-splines,
see Section 3.2.3 below. But let us first record the following recurrence relation for the
derivative of a B-gpline.

Theorem 3.16. The derivative of the jth B-spline of degree p on t is given by

Bjp-1(z)  Bji1p-1(2) )
titp — 1 iti4p — tim

DBmu»:p( (3.5)

for p > 1 and for any real number x. The derivative of Bj, can also be expressed as

:L'—tj

t; —
DBjy1(z) + 25— " _DBj 1, 1(x)

p
DB, (z) = < >
o titp — tj ti+14p = tj+1

- (3.36)

for p > 2 and any x in R. Here the '0/0 = 0/ convention is used.

Proof. Equation (3.35) clearly holds if z ¢ [tj,%j414p), as then both sides of the equation
are identically zero. Suppose therefore that x € [t,,t,41) for some j < p < j + p.
Equation (3.33) with r = 1 states that

(DBu—p,p(x)a e vDBu,p(x)) = p(Bu—p+17p—1(95)v e vBu,p—l(v’U))DRp-

Carrying out the matrix multiplication on the right and comparing the jth component
on both sides, we obtain (3.35), with x restricted to the interval [¢,,t,41). But since
(3.35) is independent of y, it actually holds for all = € [t;,tj4p41)-

Equation (3.36) is proved in a similar way, we just use Lemma 3.14 and differentiate
the matrix Ry instead of R, see Exercise 5. 1

3.2.3 Computing derivatives of splines and B-splines

From Theorem 3.15, we know that the rth derivative of a spline f is given by

D @) = P Ry(@) Ry (x) DRy yi1--- DRyco. (3.37)

(p—r)!

Just as for evaluation (see Section 2.4), there are two algorithms for computing this
derivative; either from left to right or from right to left.
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As before, we assume that x lies in the interval [t,,t,4+1) and that the vector ¢ =
(Cu—p,--- ,cH)T contains the B-spline coefficients that multiply the B-splines that are
nonzero on [t,,t,4+1). We then have the DL (Derivative Left) Algorithm which computes
D" f(z) by accumulating matrix products from right to left in (3.37). The DR (Deriva-
tive Right) Algorithm computes the rth derivative of all the nonzero B-splines at x by
accumulating matrix products from left to right, then multiplying with the coefficients
and summing.

Algorithm 3.17 (DL). Let the polynomial degree p, the 2p knots t;,—p41 < t, < t,41 <
tu+p, the B-spline coefficients c(()o) =co = (cy—p...,cu)t of aspline f, and a number x
in [t,,tus1) be given. After evaluation of the products

—k+1 —k
c;’:kﬂ):Dch;{k), k=p,....,p—71+1,
cgr—)k-‘rl :Rk(m)cgr—)k7 k:p_r7 cey 17

the rth derivative of f at x is given by
D" f(x)=ple))/(p—r).

Algorithm 3.18 (DR). Let the polynomial degree p, the knots t,_p+1 < t, < t 41 <
tut+p and a number x in [t,,t,+1) be given and set By = 1. After evaluation of the
products

Bi(z)' = Bj_1(2)TRi(z), k=1,...,p—r,
D Pt B ()T = DF P 1B _(2)TDRy,, k=p—-r+1,...,p,

the vector (p%)!D’”Bp(:U) will contain the value of the rth derivative of the nonzero
B-splines at x,

|
ﬁDer(x) = (DrBu—p,p(x)a = wDTBuvp(fc))T‘

Figure 3.1 shows how the second derivative of a cubic spline can be computed, while
Figure 3.2 shows the computation of the first derivative of all the nonzero B-splines at a
point. In Algorithm 3.17, we have to compute the two matrix-vector products DRy.c,_y,
and Ry (z)c,—. The component form of the latter product is given in (2.25), while the
component form of the former is obtained by differentiating the linear factors in (2.25)
with respect to . The result is

Cp—k,j — Cp—k,j—1
(DRka,k)j =2 ’]' P A’j (3.38)
Lk =1,

forj=p—k+1,..., p.

The alternative algorithm accumulates the matrix products in (2.23) from left to
right. The component form of the product By_i(z)T Ry is given in (2.26), while the
component form of the product By_i(z)T DRy, is

Bjr-1(z)  Bjtik-1(2)

Bi_1(x)'DRy,) . = - 3.39
(Bi-1(z) ) Ltk —t L4k —li+ (339

forj=pu—~%k ..., p.



72 CHAPTER 3. FURTHER PROPERTIES OF SPLINES AND B-SPLINES
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Figure 3.2. A triangular algorithm for computation of the derivative of the nonzero cubic B-splines at .
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3.2.4 Smoothness of B-splines

A characteristic feature of splines is their smoothness properties as stated in Theorem 1.4
in Chapter 1. In this section we will prove the smoothness properties of splines. We start
by stating the precise smoothness of a B-spline.

Theorem 3.19. Suppose that the number z occurs m times among the knots t;, t;41,
..+, tjypt1, defining the B-spline Bj,. If 1 <m < p+ 1, then D" B, is continuous at z
forr=0,1,..., p—m, but Dp*m“Bj,p is discontinuous at z.

This theorem will proved via a sequence of steps. We first note from the explicit
formula (2.11) for the Bernstein basis that Theorem 3.19 holds for m = p + 1. At such
a knot the B-spline is discontinuous with a jump of size 1. In the general case the proof
is based on the following recurrence relations for jumps in B-splines.

Lemma 3.20. The jump in Bj, at x satisfies the recurrence relation

Jz(Bjp) = %Jx(Bj,p—l) + 75_tj+1+—1)_?Jw(Bj+l,p—l)7 (3.40)
Jtp T J+14+p — Y+l
with
1, if x = t,
Jo(Bjo) = -1, ifx=tj, (3.41)
0, otherwise.

For r > 1, the jump in the rth derivative at any x € R is given by

J.(D"71B; Jo(D" 1B i1,
Jx(DTBj,p):p< 2 in=1) ol i+lp 1)>, forz € R and r > 1. (3.42)
titp — tj tit14p = tj+1

The convention that '0/0 = 0 is used in (3.40) and (3.42).

Proof. Evaluating the recurrence relation (2.1) at x+ and z— and subtracting, we obtain
(3.40) since the linear coefficients are both continuous at z. Equation (3.41) follows
directly from the definition of Bjg. Differentiating the differentiation formula (3.35) a
total of » — 1 times leads to

D"B; () :p<DrlBj’p_1(x) _ DTIBJ’H,p—l(fC))
e titp — ¢ Lir1+p — Uit

for any real number . The same formula holds if we replace D = D, by D_. Taking
the difference of the two formulas leads to (3.42). n

The first step in the proof of Theorem 3.19 is to show that a B-spline is continuous
at a knot of multiplicity at most p.

Lemma 3.21. Suppose that no knot among t;, tji1, ..., tjypy1 occurs more than p
times. Then the B-spline Bj,, is continuous everywhere.
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Proof. The proof is by induction on the degree p. For a B-spline of degree 0, the
lemma does not apply, so the induction starts with p = 1. It is easy to see from the
explicit representation in Example 2.2 that a linear B-spline with three distinct knots
is continuous. For the induction step we assume that the lemma holds for B-splines of
degree p — 1. To prove that it is also true for B-splines of degree p, suppose first that
no knots occur more than p — 1 times. Then the two B-splines B;,_1 and Bji1,_1 are
both continuous which means that B;, is also continuous. Suppose next that z is equal
to a knot which occurs exactly p times among t;,¢j41,...,tj4p+1. There are three cases.
Suppose first that x = ¢;. Since tj1,-1 < tj4p, it follows from the induction hypothesis
that Jy(Bjt1p-1) = 0, while J;(Bj,—1) = 1. From (3.40) we then obtain J,(B;,) = 0,
since (x —tj)Jz(Bjp—-1) = 0-1=0. The proof in the case x = tj; 1, is similar. Finally,
ift; <x <tjpi4p,thenax =t;41 =---=1tj4p 50 (3.40) yields

w_tj 1+ tj+1+il7_x (_1) —0.

Jz(Bjp) =
T i — ti+1+p — tit1

This completes the proof. N1

Proof. [The continuity part of Theorem 3.19]
For r = 0 the result follows from Lemma 3.21, while for r in the range 1 <r < p—m, it
follows from (3.42) and induction on p that J,(D"B;,) =0. 1

To complete the proof of the continuity property, we determine the jump in the first
discontinuous derivative of a B-spline.

Lemma 3.22. Suppose that the number z occurs exactly m times among the knots
tj,...,tjt+1+p. Then the p —m + 1th derivative of Bj, has a jump at z given by

| j+14p
LuWWHH%m:(m%lﬂwﬂﬂrﬁp/lluk—@¢o. (3.43)

tk;ﬁjz
Proof. As usual, the proof is by induction of the degree p. We first note that (3.43) holds
in the case where m = p+ 2, so we may assume that m < p—+ 1. It is easy to check that
equation (3.43) holds when p = 0 and m = 1. Suppose that (3.43) holds for B-splines of
degree p — 1. For a B-spline of degree p, we apply (3.42) with » = p —m + 1. There are
three cases to consider. Suppose first that z = ¢;. Since z occurs m — 1 times among the

knots of Bji1 -1, it follows from the continuity property that J,(DP~™Bjt1p-1) = 0.
In view of the induction hypothesis, equation (3.42) therefore takes the form

Jj+p
IT e —t).
L

=j
e

JZ(Dpme]}p_l) _ p! /
b=t (m—1)l

Multiplying the numerator and denominator by ¢;414p, —t; proves (3.43) in this case. A
similar argument is valid when 2z = ¢;1,.



3.2. DIFFERENTIATION AND SMOOTHNESS OF B-SPLINES 75

The remaining situation is ¢t; < z < tj414p. In this case both B;, 1 and Bji11,-1
have a knot of multiplicity m at z. Applying (3.42) and the induction hypothesis, we
then obtain

p) j+p J+14p
J(DPm B, ) = M(H (ty — 2) % — H (tp — z)—l)

k=j k=j+1
lp#z lp#z
Jj+p
p! RYAR! 1
e (e
(m - 1)' k:_l;—[i-l tj —Z tj+1+p —Z
tr#z
P! j+1+p
Im(ﬁup /H tk — 2)
tk;ﬁz

which completes the proof. =

Using the continuity property and differentiation formula we can show a formula for
the integral of a B-spline.

Theorem 3.23. The integral of the jth B-spline of degree p > 0 on t is given by

titp+1 t. —ts

/ Bjpi(a)de = LH T (3.44)
t; p+1

Proof. If t; .1 = t; there is nothing to prove. Assume first ¢;,, > t;. Define a knot

vector 8 = (s;):71% by

§1 = "= 38p+1 = Q, Sp+2+k:tj+kakzoula"°7p+]—7

where a is any number strictly less than ¢;. Integrating the differentiation formula (3.35)
for B-gplines of degree p+ 1 on s gives

Si+p+2
[ DBua@de = Ji= T, i=120p 1, (3.45)
Si
where ) S
r+p
J, = p+/ Brps(z)dz, r=1ii+1,
Sr4p+1 = Sr Js,

and we used the local support property of B, ,s. Since no knot in s occurs more than
p+1 times it follows from Lemma 3.21 that each B; 11 s is continuous. Therefore B; 11 s
vanishes at the endpoints s; and s;;,42 of its support. Moreover, since t;4, > t; each
B; pt1,s has a continuous derivative in the interior of its support. Therefore the integral
on the left of (3.45) is zero and J;41 = J; for i = 1,...,p+ 1. In particular, Jp4 0 = Ji
and this implies (3.44). Indeed, since sp19 = tj, s2p43 = tj4ps1 and s; = -~ 5,41 We
have

1 Li+p+1 1 Sp+2 (g 1o — )P
Jpio = p—l—/ Bjpi(x)de = J, = p—l—/ de -1
titp+1 —tj Jy, Sp+2 — 51 (Sp+2 — s1)P
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Finally, if t; = tj4) < tj4p+1 then (3.44) follows by direct calculation, (Cf. the calculation
for J1). B

3.3 B-splines as a basis for piecewise polynomials

Our ultimate purpose is to use B-splines as building blocks for constructing and repre-
senting functions and data, but what exactly are the functions in a spline space S, ;7
We know that they are piecewise polynomials, with different polynomial pieces meeting
at the knots. We also know that the exact continuity between two pieces is controlled
by the multiplicity of the knot at the join. If the knot z occurs with multiplicity m, we
know from Theorem 3.19 that there is at least one B-spline with its first p—m derivatives
continuous, but with the derivative of order p—m+1 discontinuous. When we take linear
combinations of the B-splines and form S, ¢, the spline functions will in general inherit
this smoothness at z, although there will be some functions that will be even smoother,
like for example the function with all coefficients zero, the zero function. In this section
we will start by defining piecewise polynomial spaces in terms of the smoothness at the
joins and show that S, ; can be characterised in this way. We start by defining piecewise
polynomial spaces.

Definition 3.24. Let p be a nonnegative integer, let [a,b] be a real interval, let the
sequence A = (&)X, be a partition of [a, b],

a=§ <& < - <Eno1 <Ev =0,

and let r = (ri)f\gl be a sequence of integers. By S} (A) we denote the linear space of
piecewise polynomials of degree p on [a,b] with r; continuous derivatives at &;. In other
words f € Sp(A) if and only if the restriction of f to (§;-1,&;) is a polynomial of degree
pfori=2,..., N, and D*f is continuous at & for k=0, ..., r;andi=2, ..., N — 1.

It is quite simple to check that linear combinations of functions in SJ(A) are again
in S7(A); it is therefore a linear space.

Lemma 3.25. The dimension of Sj(A) isn= (N —1)p+1— sz\gl Ti.

To see why Lemma 3.25 is reasonable, we can argue as follows. If there were no
smoothness conditions (r; = —1 for all i), we would have a space of dimension (N —
1)(p+ 1) (there are N — 1 subintervals and on each we have a space of polynomials of
degree p). All together there are vaz ;l(n + 1) smoothness conditions so

N-1 N-1
dmST(A) > (N=1D)(p+1) - > (ri+1)=(N-1p+1-Y (3.46)
=2 1=2

A priori we only get a lower bound since we cannot be sure that each continuity constraint
reduces the dimension by one. A more careful investigation reveals that the dimension
agrees with this lower bound, see Exercise 6.

There are many ways to represent the piecewise polynomials in S} (A). One possibility
is to pick one’s favourite polynomial basis and represent each piece as a polynomial of
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degree p and ignore the smoothness conditions. Another possibility is to use the truncated
power basis that is employed to prove Lemma 3.25 in Exercise 6. The following theorem
shows that S} (A) can in fact be represented in terms of B-splines on an appropriate knot
vector.

Theorem 3.26 (Curry-Schoenberg). Let SJ(A) be a given space of piecewise polyno-

mials and let the p + 1-extended knot vector t = (tj)?ifﬂ be defined by

p—T2 p—ri P—TN-1
— — ——t—
t= (t17"'7tp+17£27'"7627"'7€i7'"7§i7"'7§N—17"'7§N—17tn+17"'7tn+p+1)
where n is given in Lemma 3.25 and the end knots satisfy t1 < --- < tp41 < a and

b<tpt1 < - <tlyypy1. Then
Sp(A) =Sp tliap:

where Sy t|(q i the space obtained by restricting the functions in Sy 4 to the interval

[a, b].

Proof. Let S = S, ¢|jo5- We note that by the construction of the knot vector, the B-
splines in S satisfy the smoothness conditions of S;(A) so S € S7(A). On the other hand,
the length of the knot vector ¢ is n +p + 1 so dimS = dim S} (A). But a subspace that
has the same dimension as the full space must agree with the full space so S = S7(A). B

Exercises for Chapter 3

3.1 Suppose that p = 3 and that £ = (0,0,1,3,4,5) so we can associate two cubic
B-splines B13 and Ba 3 with . We want to prove that these two B-splines are
linearly independent on [1, 3].

a) Let t denote the augmented knot vector ¢ = (0,0,0,1,3,4,5,5). Show that
we can associate 4 B-splines {B; 3}, with ¢ and that these are linearly inde-
pendent on [1, 3].

b) Show that the two B-splines E173 and 32,3 are linearly independent.

3.2 Let t = (tj)?ifﬂ be knot vector with n > 1 and such that no knot occurs more
than p + 1 times. Show that the B-splines {B;,}]_, are linearly independent on

the interval [t1, tpp+1)-

3.3 Let A be matrix where each entry is a function of « and let o be a scalar function
of . Prove the formula

D(aA) = (Da)A + a(DA).
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3.4 a) Count the number of operations (additions/subtractions, multiplications, di-
visions) involved in computing the matrix Ry (x) defined in (2.20). Do the
same for the matrix DRy, defined in (3.30).

b) Recall that in the formula (3.34) for the rth derivative of f, we have the
freedom to differentiate any r of the p matrices {Ry(x)},_,. Based on the
count in (a), show that the choice made in (3.34) is the most efficient.

3.5 In this exercise we are going to prove the differentiation formula (3.36).
a) Show that
(DBy—pp(x),..., DBy p(x)) = dDRiRy(x) - - - Ry(x) (3.47)

for any x in [t,, t,41)-

b) Show that (3.47) leads to (3.36) and that the latter equation is valid for any
z. Why do we need the restriction p > 27

3.6 In this exercise we will provide a proof of Lemma 3.25. Let 1I, denote the linear
space of polynomials of degree at most p. Recall that the powers 1, z, ..., 2P is a
basis for IT, on any interval [a,b] with a < b and that the dimension of IT, is p+ 1.

a) Let A = (&)X be a partition of some interval [a, b],

a=§ <& < <1 <En=0D

and let S;1(A) denote the set of functions that are polynomials of degree
p+ 1 on each subinterval (§_1,&;) for i =2, ..., N (no continuity is assumed
between the different pieces). Show that the dimension of S;(A) is (N —

1)(p + 1). Hint: Show that the functions {n; s} 7, defined by

0, otherwise;

ik (T) = {(w —G) G e <G

form a basis for S, 1(A).

b) Show that a different basis for S, '(A) is given by the functions {sz}f\:llki 0
defined by
Oii(a) = (z — &)Y,
where

i ak, if a > 0;
a =
+ 0, otherwise;

except that we use the convention 0° = 1.
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c¢) Let J denote the jump-operator defined in Definition 3.10. Show that
Je,(D'0; 1) = k160 x0;

where 0,,,, = 1 if m = n and zero otherwise.
d) Let Sj(A) be as in Definition 3.24. Show that S} (A) is a subspace of S;l(A).

Show also that if f = Zf\:ll > b0 Ci ki 18 in Sp(A) then ¢;, = 0 for k =0,
1, ..., rpand i = 2,3, ..., N — 1. Hint: Make use of (¢). Conclude that
{Gz’,k}ij\;—ll;;d:m, where 71 = 0, is a basis for SJ(A), and that

N-1
dimST(A) = (N —Dp+1- >
=2
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Chapter

Knot 1nsertion

In Chapter 1 we were led to B-splines, defined via the recurrence relation, as a convenient
way to represent spline functions. In Chapters 2 and 3 we then established some of the
basic properties of splines, with the recurrence relation as the major tool. We have seen
that splines can be evaluated efficiently and stably, we have studied the smoothness of
splines, we have shown that B-splines are linearly independent and that they form a basis
for certain spaces of piecewise polynomials.

This chapter supplements the recurrence relation for B-splines with another very
versatile tool, namely the idea of knot insertion or knot refinement. We have already
seen that the control polygon of a spline provides a rough sketch of the spline itself. It
turns out that the control polygon approaches the spline it represents as the distance
between the knots of a spline is reduced, a fact that will be proved in Chapter 9. This
indicates that it is of interest to see how the B-spline coefficients of a fixed spline depend
on the knots.

Knot insertion amounts to what the name suggests, namely insertion of knots into an
existing knot vector. The result is 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. This provides us with a new and very powerful tool
both for algorithmic manipulation and theoretical investigations of spline functions.

We start, in Section 4.1, by showing some simple examples of knot insertion. In
Section 4.2 we then develop algorithms for expressing the B-spline coefficients relative
to a refined knot vector in terms of the B-spline coefficients relative to the original knot
vector. It turns out that the B-spline coefficients of a spline are completely characterised
by three simple properties, and this is the topic of Section 4.3. 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. Finally, in

81
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1 1

0.8 0.8

0.6 0.6

0.4 0.4
0.2 . 0.2 .
0.5 1 15 2 0.5 1 15 2

(a) (b)

Figure 4.1. A line segment represented as a linear spline with no interior knots (a), and with one interior knot

(b)-

Section 4.5, we make use of knot insertion to prove that the number of sign changes in a
spline is bounded by the number of sign changes in its control polygon; another instance
of the close relationship between a spline and its control polygon.

4.1 The control polygon relative to different knot vectors

In this introductory section we will consider some examples of knot insertion with the
purpose of gaining an intuitive understanding of this important concept.

Figure 4.1 shows spline representations of a line segment. We all know that a straight
line is uniquely determined by two points and in (a) the line segment is represented by
its two end points. Although one may wonder what the point is, we can of course also
represent the line segment by cutting it into smaller pieces and represent each of these
pieces. This is what is shown in Figure 4.1 (b) where the line segment is represented
by a linear spline with an interior knot at 1 which in effect means that we are using a
redundant representation of three points to represent a line segment.

The redundancy in the representation is obvious and seems useless in the linear case.
But let us increase the degree and consider a quadratic example. Figure 4.2 shows part
of the parabola y = (4z — 22)/6 represented as a spline without interior knots in (a)
and with one interior knot in (b). In general, the representation in (b) requires a spline
function and its first derivative to be continuous at x = 1, whereas a jump is allowed
in the second derivative. The parabola in the figure is certainly continuous and has
continuous first derivative at x = 1, but the jump in the second derivative happens to
be 0. The knot at x = 1 is therefore redundant, but it has the nice effect of bringing the
control polygon closer to the spline. We shall see later that there may be many other
good reasons for inserting knots into a spline function.

An example with a cubic spline is shown in Figure 4.3. The situation is the same as
before: The refined knot vector allows jumps in the second derivative at x = 1 and the
third derivative at = 2, but the jumps may be 0. For the specific spline in (a) these
jumps are indeed 0, but one advantage of representing it in the refined spline space is
that the control polygon comes closer to the spline.

The examples have hopefully shown that insertion of knots can be useful; at the



4.1. THE CONTROL POLYGON RELATIVE TO DIFFERENT KNOT VECTORSS3

1 1
08 08
06 06
0.4 0.4
0.2 . 0.2 .
05 1 15 2 05 1 15 2
(a) (b)

Figure 4.2. A piece of a parabola represented as a quadratic spline with no interior knots (a), and with one
interior knot (b).

Figure 4.3. A cubic spline with one interior knot (a). In (b) the same spline is represented with two extra knots
(the knot at z =1 is now double).
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very least it seems like it may be a useful tool for plotting splines. In the next sections
we are going to develop algorithms for computing the B-spline coefficients on a refined
knot vector and deduct various properties of the B-splines coefficients as functions of the
knots. A proof of the fact that the control polygon converges to the spline it represents
as the knot spacing goes to zero has to wait until Chapter 9.

4.2 Knot insertion

In this section we are going to develop two algorithms for computing the B-spline coef-
ficients of a given spline relative to a refined knot vector. 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.

4.2.1 Basic idea

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

Note that if ¢ is a refinement of 7 then 7 is a subsequence of ¢, and this we will write
T C t even though knot vectors are sequences and not sets. The term knot insertion is
used because in most situations the knot vector 7 is given and ¢ is obtained by ‘inserting’
knots into 7. A simple example of a knot vector and a refinement is given by

7 =1(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.

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

Lemma 4.2. Let p be a positive integer and let T be a knot vector with at least p + 2
knots. If t is a knot vector which contains T as a subsequence then S, » C Sp¢.

Proof. Suppose first that both 7 and t are p + 1-regular knot vectors with common
knots at the ends. By the Curry-Schoenberg theorem (Theorem 3.26) 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 f in S, - is
at least as smooth as required for a spline in S, ¢. But then f € S, - and S, - C Sy .

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

Suppose that f = Z;'l:1 ¢jBjp+ is a spline in Sy » with B-spline coefficients ¢ = (c;).
If 7 is a subsequence of ¢, we know from Lemma 4.2 that S, ; is a subspace of S, so
f must also lie in Sp;. Hence there exist real numbers b = (b;) with the property that
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[ =>"1biBipt, 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 S, » to the
B-spline basis in S, ¢.

Since S, + C Spt, all the B-splines in S, » are also in S, ;. We can therefore write

m
Bjpr =Y ajp(i)Bipe. j=12,....n, (4.1)
=1

for certain numbers o (7). In the matrix form we have used earlier this can be written
BT =BT A, (4.2)

where B.,T. = (Biprs.--,Bnpr) and BtT = (Bipt,.-.,Bmpt) are row vectors, and the
m X n-matrix A = (ajﬁp(i)) is the basis transformation matrix. Using this notation and
remembering equation (4.2), we can write f in the form

f=Blb=BLc= B} Ac.

The linear independence of the B-splines in Sy therefore means that b and ¢ must be
related by

n
b= Ac, or b; = Zaijjcj fori=1,2,..., m. (4.3)
j=1
The basis transformation A is called the knot insertion matriz of degree p from T to
t and we will use the notation «; (i) = o p r¢(7) for its elements. The discrete function
«;p has many properties similar to those of Bj,, and it is therefore called a discrete
B-spline on t with knots 1.
To illustrate these ideas, let us consider a couple of simple examples of knot insertion
for splines.

Example 4.3. Let us determine the transformation matrix A for splines with p = 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) = (t;)i—;. In
this case

Sp, =span{Bi,0,+,B20,+} and Sp:=span{Bi o, B20,t, B30, Biot}

We clearly have
Bi,0,+ = Bi,o,t + B2,0,t, B2, = B3,0,t + Bao,t.

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

A=

=0 O

1
1
0
0

Example 4.4. Let us also consider an example with linear splines. Let p = 1, and let T and t be as
in the preceding example. In this case dim S, + = 1 and we find that

1 1 1 3 1 3
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Figure 4.4. Refining a linear B-spline.

The situation is shown in Figure 4.4. The linear B-spline on 7 is a weighted sum of the three B-splines
(dashed) on t. The knot insertion matrix A is therefore the 3 x 1-matrix, or row vector, given by

1/2
1/2

4.2.2 Formulas and algorithms for knot insertion

A=

For simplicity we will make the assumption that 7 = (Tj)?if and ¢ = ()7 are

both p + 1-regular knot vectors with p + 1 common knots at the two ends. Exercise 6
shows that this causes no loss of generality.
Both the B-splines on 7 and ¢, and the corresponding dual polynomials given for any
y € R by
Pipr(y) =y —Tjx1) (Y —Tjwp), F=1....n, (4.4)
Pipt(y) = (Y —tix1) - (Y —tip), i=1,...,m,
are related through discrete B-splines.

Lemma 4.5. Let 7 Ct be p+ 1-regular knot vectors with common end knots and let

m
Bjpr = E :O‘jvp(i)Bivp,tv J=1...n
i=1

Suppose for a fixed integer i, with 1 < i < m, that the integer p is such that 7, < t; <
Tut1. Then

1. ajp(i) =0for j < p—pandj>p.
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2. If f € S, + has B-spline coefficients (c;j) in Sy + and (b;) in S, ¢ then

w
bi= Y ajpli)e =ap(i)Te, i=1,...,m, (4.5)
J=p—p

where

ap(i)T = (u—pp(@)s sy aup(i),  ep:=(Cu—ps---scu)

3. The dual polynomials on the refined knot vector can be expanded in terms of the
dual polynomials on the coarse knot vector using dicrete B-splines as coefficients

o
Pipt = Z aj,P<i)pj,P7T = ap(i)Tpp,Tv i=1,...,m, (4.6)
Jj=p—p
where
T
Ppr = (Pu—pprs-- > Pup,r)

Proof. To show 1. for fixed ¢ we also fix j with j < u—p or j > u and show that
ajp(i) = 0. Let t; = tiy1 = -+ =t, < ty41. Since 7 C t it follows that [t,,t,11] C
[T, Tut1], and since tj1pyq > t; we have i < v <i+porv—p <i<w. Thus, itis
enough to show that a;,(¢) =0for v —p <l <wv. lf z € [t,,t,41) then

v

Bjpr(z) = Z jp(4) B p ().

Now Bjp r(x) = 0 since x € [1,,7y41) and j & {p —p, ..., pu}. But then a;,(¢) = 0 for
¢ =v —p,...,v by the linear independence of {B,_pp¢t,...,Bupt} on [ty tui1).
2. follows from (4.3) and what we just proved. Indeed,

n "
bi =Y ajpli)e; = ajp(i)e; = (i) e,
7=1

J=K—P

For 3. we use Marsden’s identity (3.10) on both 7 and ¢. For fixed y € R,
n m
(Y=o’ = ¢iBjpr(®) =D biBips(®), ;= pjpr(y), bi = pips(y),
j=1 i=1

and (4.6) follows from (4.5). 1

It is now easy to derive recurrence relations for discrete B-splines.

Theorem 4.6. Let the polynomial degree p be given, and let T = (Tj)?;rfﬂ and t =
(t:)™ 7T be two p + 1-regular knot vectors with common knots at the ends and T C t.

Suppose for a fixed integer i, with 1 < i < 'm, that the integer u is such that

Ty <t < Tyug- (4.7)
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Then
1, ifp=0,
a(i)T: Appp(i),...,0p (1)) = ‘ (4.8)
’ (O @) Ri(tit1) - Rp(titp), ifp>0,
where Ry, = R}, _ is the usual k x (k + 1) B-spline matrix on 7
Tu+1—7% LT—Tu+1-k 0 0 7
Tu+1 —Tu+l—k  Tpd+l — Tpu+l—k
0 TM+2—.Z' xfTIH_g_k 0
Rk(l') = Tpu+2 —Tpud+2—k  Tu+2 —Tpt+2—k
0 0 Ttk —T r—Ty,
L T#+k—TM T,Uer_T/L—

If f= Zj ¢;jBjp+ is a spline in Sy, -, with B-spline coefficients b in S, ¢, then b; is given
by
o
bi= Y ajpli)e; = Ri(tiy1) - Ry(tirp)cp,
j=pn—p
)"

(4.9)

where ¢y, = (Cy—p, .- -, Cu

Proof. The case p = 0 is easy so we concentrate on p > 1. Recall the discrete Marsden
identity (3.6) given by

(y —21)(y —22) - (v — 2p) = Ri(z1)Ra(22) - - - Rp(wp) pp(y)-

This is valid for all real numbers x1, xo, ..
we obtain

., Tpand y. Choosing x; =t;1jforj=1,...,p

Pipt(y) = Ra(tiy1) - Ryltivp)pp(y) = op(i) p, 1 (1),

where the last equality follows from (4.6). By the linear independence of the dual poly-
nomials in p, » we obtain (4.8). The equation (4.9) is a consequence of (4.5). W

A couple of examples will illustrate the use of Theorem 4.6.

Example 4.7. We consider quadratic splines (p = 2) on the knot vector 7 = (—1,—1,—1,0,1,1,1),
and insert two new knots, at —1/2 and 1/2 so t = (—1,-1,—1,-1/2,0,1/2,1,1,1). We note that
73 < t; < 14 for 1 < i < 4 so the first three elements of the first four rows of the 6 x 4 knot insertion
matrix A are given by

as(i) = R (ti1) R - (tiya)

fori=1, ..., 4. Since

—x 1+ 0

R} (z)=[-z 1+4], 0 (1-2)/2 (1+z)/2|

R}, (z) =
we have from (4.8)
Q+t+1)1+ ti+2)] .

. 1
as (i) = B} [2151'+1t¢+2, 1 —=tiv1 — tiva — 3tititite,
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\ 1 05
_1 _05 05 Y -1 -05 05 1
-1 5

(a) (b)

Figure 4.5. 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).

Inserting the correct values for ¢;41 and t;4o 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 O
12 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 [r4,75) = [0,1). Here we
have
1—-2)/2 (14x)/2 0
Ri @)=[l-2 o] Ri.@=|!" 02 Uro2 0
so

[(1—tiy1)(X —tiva), 1+tiy1 +tiya — 3tivatize, 2bivitira].

DO | =

a(i) = Ry, (tiy1)Ro o (tiv2) =
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
00 0 1]

To see visually the effect of knot insertion, let f = B1,2+ —2B22+ +2B3,2+ — Ba2,+ be a spline in S, ~
with B-spline coefficients ¢ = (1, —2,2, —1)7. Its coefficients b = (b;)_; are then given by

1 0 0 o0 1
12 12 0 o0|[1 _1/2
o s o1a 0| |2 -1
b=Ae=\yo 1/ 314 of|2|7] 1
0 0 12 1/2| |1 1/2
o 0o 0 1 1

Figure 4.5 (a) shows a plot of f together with its control polygons relative to 7 and t. We note
that the control polygon relative to ¢ 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 t, we obtain the new knot vector

th = (-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 4.5 (b).
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Example 4.8. Let us again consider quadratic splines on a uniform knot vector with multiple knots
at the ends, )
T=(r)}4 =(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= ()2 =(3,3,3,7/2,4,9/2,5,....,n,2n+ 1)/2,n+ 1,n+1,n+1).

Since dim S, » = n and dimS, ; = 2n — 2, the knot insertion matrix A is now a (2n — 2) X n matrix. As
in Example 4.7 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 2p — 2 with 4 < g < n — 1, we need the matrices Ry | and R4 which
are given by
‘) lesl—p o i o [BH1-D)/2 @rl-p2 o
Ri, @)= [ut1-0 o-p),  Rh )= [WFITR Erimans o)
Observe that 7; =i for i =3, ...,n+1land t; = (i +3)/2fori =3, ..., 2n — 1. Entries p — 2, p — 1

and p of row 2p — 3 are therefore given by

RY (tzu2)RE (tou—1) = R (n+ 1/2)RE (u+1) = [1/2 1/2] {8 1}2 1(/)2} [0 3/4 1/4].

Similarly, elements p — 3, 4 — 2 and p of row 2u — 2 are given by
-1/4 5/4 0
Rt )R 12 = RE o+ DR 3/2) = [0 1) | 7( 37 O =0 1/a a/a].

Finally, we find as in Example 4.7 that the last three elements of the last two rows are

0 1/2 1/2
0 O 1|
The complete knot insertion matrix is therefore
! 0 0 0 0 0 0 17
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=10 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
L O 0 0 0 0 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 ,(7) satisfies a recurrence
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relation similar to that of B-splines, see Definition 2.1. The recurrence for «;,(i) is
obtained by setting & = t;;, in the recurrence (2.1) for Bj,(x),

titp =T Tttt “bitw ), (4.10)
Tj+p — 75 Tj+1+p — Tj+1
starting with o 0(i) = Bjo(ti).

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 4.9 (Oslo-Algorithm 1). Let the polynomial degree p, and the two p + 1-

regular knot vectors T = (Tj)?ierl and t = (tl-);’jlp“ with common knots at the ends

be given. To compute the m x n knot insertion matrix A = (aj,p(i))?;.’il from T to t
perform the following steps:

1. Fori=1, ..., m.
1.1 Determine p such that 7, <t; < 7,41.

1.2 Compute elements pt — p, ..., p of row i by evaluating

1, ifp=0.

a,(N)T = (ay_pp(i), ..., « iT:
(1) (u pop(8)s - -5 Qpp( )) {R1(ti+1)"'Rp(ti+p)v if p> 0.

All other elements in row i are zero.

An algorithm for converting a spline from a B-spline representation in S, » to Sy ¢ is
as follows.

Algorithm 4.10 (Oslo-Algorithm 2). Let the polynomial degree p, and the two p + 1-

regular knot vectors T = (Tj)?ifﬂ and t = (ti)?ﬁlpﬂ with common knots at the ends
be given together with the spline f in S, , with B-spline coefficients ¢ = (cj)?zl. To

compute the B-spline coefficients b = (b;)!", of f in S, perform the following steps:
1. Fori=1,..., m.

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

1.2 Set ¢, = (¢j) and compute b; by evaluating

b = Cps ifp=0.
Rl(ti+1) R Rp(ti+p)cp, ifp>0.

K
j=p—p

Theorem 4.6 shows that the knot insertion matrix is banded: In any row, there are
first some zeros, then some nonzero elements, and then more zeros. As we have already
noted there are several possibilities when it comes to computing the nonzero elements
since a B-spline consists of different polynomial pieces which are all transformed in the
same way. In Theorem 4.6 we compute the nonzero elements in row ¢ by considering the
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knot interval in ¢ which has ¢; as its left end and the knot interval in 7 whose left end
is closest to ;. In general, there are many other possibilities. With ¢ given, we could for
example choose p by requiring that 7,4, <tijpr1 < Tugpt1-

It should be noted that, in general, not all the p + 1 elements of row ¢ of A given
by (4.8) will be nonzero. It is in fact quite easy to see that c;(i) will only be nonzero if
the whole support of B;; is a subset of the support of B; . More specifically, it can be
shown that if there are r new knots among ¢;11, ..., t;1, then there will be r +1 nonzero
elements in row ¢ of A.

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 (4.9) then shows that

¢i = Ri(7it1) -+ Rp(Tip)Cp (4.11)
This simple observation will be useful later.

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;-Lzl ¢jBjpr is a polynomial represented on
a p + l-extended knot vector 7. On the knot interval [7,,7,4+1) we know that f can be
written as

f(@) = Ri(x) - Rp(z)cp, (4.12)

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

Consider the function

F(z1,...,2p) = Ri(x1) - - - Rp(zp)cp. (4.13)

We recognise the right-hand side of this expression from equation (4.9) in Theorem 4.6:
If we have a knot vector that includes the knots (zg, z1,...,2p, p+1), then F(zq, ..., xp)
gives the B-spline coefficient that multiplies the B-spline B(x | zo,...,2p4+1) in the
representation 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 (4.13). 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 (4.13) satisfies this definition.
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Definition 4.11. 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 p variables f(x1,...,xp) is said to be affine if it
is affine viewed as a function of each x; for i =1, ..., p, 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 + bz of degree one is a linear
polynomial, even when a is nonzero. According to Definition 4.11 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(z) +Bf(y), z,y€eR (4.14)

for all real numbers a and 3, while for an affine function f with b # 0 equation (4.14)
only holds if a + 8 = 1. This is in fact a complete characterisation of affine functions: If
(4.14) holds with a+ 8 = 1, then f is affine, see exercise 9.

A general affine function of 2 variables is given by

f(xl, :CQ) =axry+b= (agxl + bg)xg + a1z, + b1

(4.15)
=c¢o+ 171 + C2x2 + €1 271 2.

Similarly, an affine function of three variables is a function on the form
f(x1,22,23) = co + c121 + ca®a + c3x3 + 122122 + €1 32103 + 230223 + €1,2,3T1L2L3.

In general, an affine function can be written as a linear combination of 2P terms. This
follows by induction as in (4.15) where we passed from one argument to two.
A symmetric and affine function satisfies the equation

f(l'bx%'“amp) = f<$ﬂl7zﬂ27"‘7xﬂp)’

for any permutation (7, 9, ..., m,) of the numbers 1, 2, ..., p. 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) + aszi22,
f(x1,x9,x3) = ap + a1(x1 + 22 + x3) + ag(x122 + 123 + T2x3) + a3Tr1T2T3.

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

Definition 4.12. Let g be a polynomial of degree at most p. The blossom Blg|(x1, ..., xp)
of g is a function of p variables with the properties:

1. Symmetry. The blossom is a symmetric function of its arguments,
Blgl(x1, ... 2p) = Blgl(@my, - - o 2my)

for any permutation 7y, ..., m, of the integers 1, ..., p.
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2. Affine. The blossom is affine in each of its variables,

Blg](...,ax+ By,...) =aBlg|(...,x,...) + BBlg](...,y,...)
whenever a + 3 = 1.

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

Blgl(x,...,z) = g(=)
for all real numbers .

The blossom of a polynomial exists and is unique.

Theorem 4.13. Each polynomial g € II, has a unique blossom Blg|(x1,...,x,). The
blossom acts linearly on g, i.e., if g1 and go are two polynomials and ¢y and co are two
real constants then

B[Clgl + 6292](1"13 v 7mp) = Cl‘B[gl](:L‘la v 7$p) + CQB[QQ](xlv s axp)' (416>

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

P
F(ﬁl,...,ﬁﬂp) =co+ g E Ci1,...,ijxi1”"rl'j‘

§=11<i1 < <ij<p

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

F(l,O,...,O):Co—‘y-Cl:F(O,...,l,...,O):Co—i-ci

for all 4 with 1 <4 < p. Hence we have ¢; = --- = ¢,. To prove that the terms of degree
7 all have the same coeflicients 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 g;_1. Symmetry then gives

gi-1t¢C12,..5=9j-1+tCl2. . j-1j+1 = " = gj-1 1+ Cp—j+1,..p-

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

p

aj Z 7P -xi]., (4.17)
1

1<y << <p

F(xi,...,zp) = ao +
J

for suitable constants (aj)é’:[). From the diagonal property F(z,...,z) = f(z) the coef-
ficients (aj)§:0 are all uniquely determined (since 1, z, ..., 2P is basis for II,,).

The linearity of the blossom with regards to p follows from its uniqueness: The
right-hand side of (4.16) is affine in each of the x;, it is symmetric, and it reduces to

c191(x) + cag2(x) on the diagonal zy = --- =z, =z. 1
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Recall that the elementary symmetric polynomials

siter e = (2 “”’ff”x)/(?)

1<ii<<i;<p

that appear in (4.17) (apart from the binomial coefficient) agree with the B-spline coef-
ficients of the polynomial powers,

O'i’p = 85 (Tha1s- -+ Thip)s

see Corollary 3.5. In fact, the elementary symmetric polynomials are the blossoms of the
powers, '
Bl |(z1,...,2p) = sj(x1,...,2p) for j=0,...,p.

They can also be defined by the relation

p
(x—21) (v —xp) = Z(—l)p_k (Z) $p (@1, ..o xp)ah.
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 Blg|(z1) = z1. But we
can also think of p as a polynomial of degree three (the cubic and quadratic terms are
zero); then we obviously have B[g](z1,x2, x3) = (z1 + x2 + 23)/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 T for B-splines of degree p. On the interval [7,,, 7,41) the
only nonzero B-splines are B, = (By—pp, - - -, Bup)? which can be expressed in terms of
matrices as

By(z)" = Ri(2)--- Ry(2).
T

If we consider the polynomial piece f = Bgcp with coeflicients ¢, = (cu—p,...,cu)" we
can define a function F' of p variables by

F(z1,...,2p) = Ri(x1) -+ Rp(zp)cyp. (4.18)
From equation (4.9) we recognise F'(z1,...,x;,) as the coefficient multiplying a B-spline
with knots xg, 1, ..., Zp4+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
Tutl — T T =Ty

Ry (z) =

M
Tpt+l = Tp o Tutl — Ty

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 4.14. Let f = Z?:/L—p ¢jBj, be a polynomial represented in terms of the B-
splines in S, » on the interval [1,, T,+1), with coefficients ¢, = (cy—p, . ..,cu)T. Then the
function

F(z1,...,2p) = Ri(x1) - Rp(zp)cy

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

Lemma 4.14 and Theorem 4.13 show that the blossom of f is given by

Blfl(x1,...,zp) = Ri(z1) - - Rp(xp)cp.

Blossoming can be used to give explicit formulas for the B-spline coefficients of a
spline.
Theorem 4.15. Let f = Z?:l cjBjp+ be a spline on a p + 1-regular knot vector T =

( ')n+p+1

Ti)iZ1 - Its B-spline coefficients are then given by

¢ = BU (Tya1se i), fork=j, G+ 1, .., j+p, (4.19)
provided 1y, < Tp+1. Here fi, = f](ﬂmk“) is the restriction of f to the interval (Tg, Tj41)-

Proof. Let us first restrict « to the interval [7,,, 7,41) and only consider one polynomial
piece f, of f. From Lemma 4.14 we know that B[f,](z1,...,2p) = Ri(x1) - Rp(zp)cp,
where ¢, = (Cj)é';u—p are the B-spline coefficients of f active on the interval 7, 7,41).
From (4.11) we then obtain

¢ = Bl (Tjt1s -5 Titn) (4.20)

which is (4.19) in this special situation.
To prove (4.19) in general, fix j and choose the integer k in the range j < k < j + p.
We then have

k
folx) = > aBiylx), (4.21)
i=k—p

By the choice of k we see that the sum in (4.21) includes the term ¢;B; ,. Equation (4.19)
therefore follows by applying (4.20) to fr. W

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

Lemma 4.16. The blossom of g satisfies the relation

b—=x T —a

B[g](...,x,...):b_aB[g](...,a...)—i-b_a

Blgl(...,b,...) (4.22)

for all real numbers a, b and x with a # b.
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Proof. Observe that x can be written as an affine combination of a and b,

b—xa+x—a
b—a b—a

b.

xTr =

Equation (4.22) then follows from the affine property of the blossom. &

The next result will be useful later.

Lemma 4.17. Let B, [g(at,y)] denote the blossom of g with respect to the variable x.
Then

k'
B [(y — x)k] (1,...,2p) = HDP k((y —x1) - (y— :cp)), (4.23)
fork=0,1, ..., p, and
_ (-0 A A
Be[(yr — ) (ye — )] (21, 2p) = = > i) (g — ), (424)
p: 1<i i<
<i1,eie<p
where the sum is over all distinct choices i1, ..., iy of £ integers from the p integers 1,

., D

Proof. For k = p equation (4.23) follows since the right-hand side is symmetric and affine
in each of the variables x; and it agrees with (y — x)P on the diagonal z; = --- =z, = .
The general result is then obtained by differentiating both sides k times.

Equation (4.24) follows since the right-hand side is affine, symmetric and reduces to
(yi —x)---(y¢ —x) when x = x; = - -- = xp, i.e., it must be the blossom of (y —z)’. 1

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 sequen-
tially. We insert one knot at a time and update the B-spline coefficients between each
insertion. This leads to simple, explicit formulas.

Lemma 4.18 (Béhm’s method). Let T = (Tj)?i'fﬂ be a given knot vector and let

t = (ti)i:lpJr2 be the knot vector obtained by inserting a knot z in T in the interval

[T, Tug1). If
n+1

n
f= E ¢jBjpr = E biBipt,
j=1 i=1

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

Cis if1<i<p—p;
zZ—T; i —Z
by — Ti oy T2 T2 ifp—p+1<i<pu (4.25)
Ti—l—p — T; Ti—i—p — T;
Ci—1, jfu—i—lgign—i—l.
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Proof. Observe that for j < p we have 7; = t;. For ¢ < o — p and with £ an integer
such that ¢ < k <1+ p it therefore follows from (4.19) that

bi = 'B[fk}(ti+1, .o 7ti+p) = B[fk](7i+1; . e 7Ti+p) = C;.

Similarly, we have t; = 7,1 for ¢ > p+ 1 so

bl‘ = B[fk](ti+17 e 7ti+p) = B[fk]('ru . 7Ti+p—1) = C;—1

for such values of 1.
When i satisfies p — p+ 1 < i < p we note that z will appear in the sequence
(ti+1,-- -, titp). From (4.19) we therefore obtain

b; = B[fu](ti+1a ey Zy ey tigp) = B[fu](7i+la ey Zy ey Tigp—1)

since we now may choose k = p. Applying Lemma 4.16 with * = 2z, a = 7; and b = 7,4,
yields
Tidp — 2 z— T
bi = L‘B[fu](n—i—la ey Ty e e 7Ti+p) + 713[]‘.”](7'1‘, e ;Ti+p7 ceey Ti-‘,—p—l)-
Ti+p — Ti Tit+p — Ti
Exploiting the symmetry of the blossom and again applying (4.19) leads to the middle
formula in (4.25). 0

It is sometimes required to insert the same knot several times; this can of course be
accomplished by applying the formulas in (4.25) several times. Since blossoms have the
property B[f](z,...,2z) = f(z), we see that inserting a knot p times in a spline of degree
p 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

(p=3),

02—4 03—3 02—2 Cu—1 02 Cut1
c}L,Z c}H cL
ci_l ci
c;i

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

0 0 1 1 1 0 0
(s Cuas Clum35 Cu2y Clu 15 Cpas Cpiy Cp 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,

0 0 1 2 2 1 0 0
(- €ty €3y Cu2y Cl15 Cus Cp Cpps Cpui 15 - - )
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Similarly, if z is inserted 3 times, we move around the whole triangle. We can also insert
z a full p =4 times. We then simply repeat cf; two times in the last row.

Lemma 4.18 shows that Oslo Algorithm 2 (Algorithm 4.10) is not always efficient.
To compute a new coefficient in the case where only one new knot is inserted requires
at most one convex combination according to Lemma 4.18 while Algorithm 4.10 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 (4.25) indicates that the knot insertion matrix A
must have a simple structure when only one knot is inserted. Setting ¢ = (¢;)7_; and
b = (b;)’"] and remembering that b = Ac, we see that A is given by the (n +1) x n
matrix

1 0
1= )‘,ufp+1 )\M*pﬁ’l
: , (4.26)

where \; = (2 — 73)/(Tigp — i) for p—p+1 < i < p. All the elements off the two
diagonals are zero and such matrices are said to be bi-diagonal. Since z lies in the
interval [7,,7,+1) all the elements in A are nonnegative. This property generalises to
arbitrary knot insertion matrices.

Lemma 4.19. Let 7 = (Tj)?:fH and t = (ti)?zpﬂ be two knot vectors for splines of
degree p with T C t. All the elements of the knot insertion matrix A from S, r to Sy

are nonnegative and A can be factored as
A= Am—nAm—n—l T Al, (427)
where A; is a bi-diagonal (n + 1) x (n + ¢ — 1)-matrix with nonnegative elements.

Proof. Let us denote the m —n knots that are in ¢ but not in 7 by (z;)*7". Set t® =7
and t* =t"1U(z) 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 (4.27). Since all the
elements 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 Bohm’s method for knot insertion to prove that the
number of sign 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



100 CHAPTER 4. KNOT INSERTION

polynomials known as Descartes’ rule of signs. Bearing the name of Descartes, this result
is of course classical, but it is rarely mentioned in elementary mathematics textbooks.
Before stating Descartes’ rule of signs let us record what we mean by sign changes in a
definition.

Definition 4.20. Let ¢ = (¢;)!"; be a vector of real numbers. The number of sign
changes in ¢ (zeros are ignored) is denoted S~(c). The number of sign changes in a
function f in an interval (a,b) is denoted S(;,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 r; < --+ < x,41 in (a,b) can be found with the property that

S™(f(@1), .., fzr4)) =1

Example 4.21. Let us consider some simple examples of counting sign changes. It is easily checked
that

57(1,-2) =1, S$7(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.

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 a polynomial f of multiplicity

r>1if f(z) = Df(z) =---=D""1f(2) =0 but D"f(z) # 0.
Theorem 4.22 (Descartes’ rule of signs). Let g = ¢ c;x' be a polynomial of degree
p with coefficients ¢ = (cg,...,cp)T, and let Z(g) denote the total number of zeros of g

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

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

Figures 4.6 (a)-(d) show some polynomials and their zeros in (0, 00).

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 S, and S, be
two spline spaces of degree p, with S, - € S, ;. 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=AA) 1--- A, (4.28)

where A is a (n+ k) x (n+ k — 1) matrix for k =1, ..., ¢, if dimS, » = n. Each of
the matrices Ay corresponds to insertion of only one knot, and all the nonzero elements
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Figure 4.6. Illustrations of Descartes’ rule of signs: the number of zeros in (0, 0o0) is no greater than the number
of strong sign changes in the coefficients.

of the bi-diagonal matrix Ay are found in positions (i,4) and (i + 1,i) for ¢ = 1, ...,
n+k — 1, and these elements 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 4.23. Let S, - and S, be two spline spaces such that t is a refinement of T.
Let f = Z?Zl ¢jBjpr =Y it biBipt be a spline in S, ; with B-spline coefficients ¢ in
Sp,r and b in S, . Then b has no more sign changes than c, i.e.,

ST (Ac) =S5 (b) < S (o), (4.29)
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 (4.29)
holds in the case where there is only one more knot in ¢ than in 7. In this case we know
from Lemma 4.18 that A is bidiagonal so

b; = ai_l(i)ci_l + ai(i)ci, fori=1,...n+1,

A\ n+1n

where (aj(z))i’jzl
two extra elements that are zero, ag(l) = ap+1(n+1) = 0). Since a;_1(7) and «;(2) both
are nonnegative, the sign of b; must be the same as either ¢;_1 or ¢; (or be zero). Since

are the elements of A (for convenience of notation we have introduced
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Figure 4.7. A quadratic spline (a) and a cubic spline (b) with their control polygons.

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

S_(C) = S_(bl,Cl,bQ,CQ, e 7bn71acn717bnacnabn+l) 2 S_(b)

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

From Lemma 4.23 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 4.24. Let f = Z?:l ¢;Bjp be a spline in S, . Then
ST(f)<S (e)<n-—1. (4.30)

Proof. Suppose that S7T(f) = ¢, and let (:L’z)fill be ¢+ 1 points chosen so that S™(f) =
S~ (f(xl), ce f(:L‘gH)). We form a new knot vector t that includes 7 as a subsequence,
but in addition each of the x; occurs exactly p + 1 times in ¢. From our study of knot
insertion we know that f may be written [ = Zj b;jBjpt for suitable coefficients (b;),
and 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

S7(f) < S (b) < 5 (o),

the last inequality following from Lemma 4.23. The last inequality in (4.30) follows since
an n-vector can only have n — 1 sign changes. N

The validity of Theorem 4.24 can be checked with the two plots in Figure 4.7 as well
as all other figures which include both a spline function and its control polygon.
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Exercises for Chapter 4

4.1 In this exercise we are going to study a change of polynomial basis from the Bern-
stein basis to the Monomial basis. Recall that the Bernstein basis of degree p is

defined by
P _ P . s .
Bl(z) = <j> (1 —z)P7, for j=0,1,...,p. (4.31)
A polynomial g of degree p is said to be written in Monomial form if g(z) =
>F_gbjz’ and in Bernstein form if g(z) = >-0_g¢;BY(x). In this exercise the

binomial formula

(a+b)P

>

k=0

(i) a*opk (4.32)

will be useful.

a) By applying (4.32), show that

BY(x) = zp:(_ni—ﬂ' (?) (f:j):ﬁ for j=0,1,...,p.

i=j J
Also show that (?) (f:jj) =) (;) fori=j,...,pand j=0,...,p.

b) The two basis vectors B, = (Bg(w),...,Bg(a:))T and P, = (1,z,...,2P)T
are related by B;‘,F = P;FAP where A, is a (p+1) x (p+ 1)-matrix. Show that
the elements of A, = (a; ;)] ;o are given by

0, if i <j,
(1) (%) (j), otherwise.
c) Show that the elements of A, satisfy the recurrence relation
a;j = Bi(ai—1-1—ai—1;), where §; = (p —i+1)/i.

Give a detailed algorithm for computing A, 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 coefficients 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 (4.32), show that for all z and ¢ in R we have

(tr + (1 —x))" =D Bh(z)t". (4.33)
k=0

The function G(t) = (tz + (1 — x))” is called a generating function for the
Bernstein polynomials.
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b) Show that Y ¥_, Br(z) = 1 for all « by choosing a suitable value for ¢ in
(4.33).

¢) Find two different expressions for G/)(1)/4! and show that this leads to the

formulas
p .
() =30 (()mear dori=0pn s

j =\

d) Show that the elements of the matrix B, = (b; ;) ;o such that Pg = BZBp
are given by

0, if 1 < 3,
big = {(’)/(p) otherwise.
YAV
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 .

Let A denote the knot insertion matrix for the linear (p = 1) B-splines on 7 =
(TJ);LLQ to the linear B-splines in t = (¢;)712. We assume that 7 and ¢ are 2-

extended with 71 =¢; and 7,49 =ty and 7 C L.

a) Determine A when 7 = (0,0,1/2,1,1) and t = (0,0,1/4,1/2,3/4,1,1).
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 4.2 in the general case where 7 and t are not p + 1-regular. Hint:
Augment both 7 and ¢ by inserting p+ 1 identical knots at the beginning and end.

Prove Theorem 4.6 in the general case where the knot vectors are not p+ 1-regular
with common knots at the ends. Hint: Use the standard trick of augmenting 7
and t with p + 1 identical knots at both ends to obtain new knot vectors 7 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 p + 1-regular knot vectors with 7 C ¢t whose knots agree
at the ends then > a; (i) = 1.

Implement Algorithm 4.10 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(x) + Bf(y) (4.35)
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for all real numbers x and y and all real numbers o and 5 such that a4+ 5 = 1.

Show that then f must be an affine function. Hint: Use the alternative form of
equation (4.35) found in Lemma 4.16.

4.10 Find the cubic blossom Blg](x1, z2, x3) when g is given by:

a) g(z) =a®

b) g(z) = 1.

¢) g(x) =2z + 2% — 423,

d) g(z) = 0.

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

Spline Approximation
of Functions and Data

This chapter introduces a number of methods for obtaining spline approximations to given
functions, or more precisely, to data obtained by sampling a function. We first focus on
local methods where the approximation at a point x only depends on data values near x.
Connecting neighbouring data points with straight lines is one such method where the
value of the approximation at a point only depends on the two nearest data points.

In order to get smoother approximations, we must use splines of higher degree. We
first discuss a very simple approximation method, the Variation Diminishing Spline Ap-
prozimation. This approximation scheme has the desirable ability to transfer the sign of
some of the derivatives of a function to the approximation. This is important since many
important characteristics of the shape of a function is closely related to the sign of the
derivatives.

The Variation Diminishing Spline Approximation does not interpolate the data for
degree greater than two. With cubic polynomials we can prescribe, or interpolate, position
and first derivatives at two points. Therefore, given a set of points with associated
function values and first derivatives, we can determine a sequence of cubic polynomials
that interpolate the data, joined together with continuous first derivatives. This is the
cubic Hermite interpolant of Section 5.3.

In Section 5.4 we study global cubic spline approximation methods where we have
to solve a system of equations involving all the data points in order to obtain the ap-
proximation. These methods interpolate the data, which now only are positions. The
gain in turning to global methods is that the approximation may have more continuous
derivatives and still be as accurate as the local methods.

The cubic spline interpolant with so called natural end conditions solves an inter-
esting extremal problem. Among all functions with a continuous second derivative that
interpolate a set of data, the natural cubic spline interpolant is the one whose integral
of the square of the second derivative is the smallest. This is the foundation for various
interpretations of splines, and is all discussed in Section 5.4.

107
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Two approximation methods for splines of arbitrary degree are described in the last
two sections of this chapter. The first method is spline interpolation with B-splines
defined on some rather arbitrary knot vector.

The disadvantage of using interpolation methods is that the approximations have a
tendency to oscillate. If we reduce the dimension of the approximating spline space, and
instead minimize the error at the data points this problem can be greatly reduced. Such
least squares methods are studied in Section 5.6.

5.1 Piecewise linear interpolation

The simplest way to obtain a continuous approximation to a set of ordered data points is
to connect neighbouring data points with straight lines. This approximation is naturally
enough called the piecewise linear interpolant to the data. It is clearly a linear spline
and can therefore be written as a linear combination of B-splines on a suitable knot
vector. The knots must be at the data points, and since the interpolant is continuous,
each interior knot only needs to occur once in the knot vector. The construction is given
in the following proposition.

Proposition 5.1. Let (z;,y;)", be a set of data points with z; < xj4q fori =1, ...,
m — 1, and construct the 2-regular knot vector t as

t= (tl):':{2 = (21,21, T2, T3, -+, Tm—1, Tms Tpy)-

Then the linear spline g given by

m
g(z) = yiBi(x)
i=1
satisfies the interpolation conditions
g(zi) =y, fori=1,...,m—1, and lim g(x) = yYm. (5.1)

T—Tm,

The last condition states that the limit of g from the left at x,, is y.,. If the data are
taken from a function f so that y; = f(x;) fori = 1, ..., m, the interpolant g is often
denoted by I f.

Proof. From Example 2.2 in Chapter 2, we see that the B-spline B;; for 1 <i < m is
given by
(x —xim1) /(s — w—-1), faig <z <y,
Bii(z) = § (@iv1 — @)/ (wip1 — x3), if 2 <@ < iy,
0, otherwise,
where we have set zg = x1 and zy,+1 = zp,. This means that B; 1(z;) = 1 for i < m and

lim,_, - Bp,1(z) = 1, while B;;(z;) = 0 for all j # 4, so the interpolation conditions
(5.1) are satisfied. W
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The piecewise linear interpolant preserves the shape of the data extremely well. The
obvious disadvantage of this approximation is its lack of smoothness.

Intuitively, it seems reasonable that if f is continuous, it should be possible to ap-
proximate it to within any accuracy by piecewise linear interpolants, if we let the distance
between the data points become small enough. This is indeed the case. Note that the
symbol C7[a,b] denotes the set of all functions defined on [a, b] with values in R whose
first j derivatives are continuous.

Proposition 5.2. Suppose that a = x1 < x93 < --- < xy, = b are given points, and set
Ax = maxlggm_l{xiﬂ — LUZ}
1. If f € Cla,b], then for every e > 0 there is a § > 0 such that if Ax < ¢, then
|f(z) — L1 f(z)| < € for all x € [a,b].

2. If f € C?*[a,b] then for all z € [a,b],

7) — (L)@ < g(Bw)? max |7(2)], (52)
@) = (1) @) < 5A mas, | (2). (53

Part (i) of Proposition 5.2 states that piecewise linear interpolation to a continuous
function converges to the function when the distance between the data points goes to
zero. More specifically, given a tolerance €, we can make the error less than the tolerance
by choosing Ax sufficiently small.

Part (ii) of Proposition 5.2 gives an upper bound for the error in case the function f is
smooth, which in this case means that f and its first two derivatives are continuous. The
inequality in (5.2) is often stated as “piecewise linear approximation has approximation
order two”, meaning that Az is raised to the power of two in (5.2).

The bounds in Proposition 5.2 depend both on Az and the size of the second deriva-
tive of f. Therefore, if the error is not small, it must be because one of these quantities
are large. If in some way we can find an upper bound M for f” i.e.,

|f"(z)] < M, for z € la,b], (5.4)

we can determine a value of Az such that the error, measured as in (5.2), is smaller than
some given tolerance e. We must clearly require (Az)?M/8 < e. This inequality holds
provided Az < /8¢/M. We conclude that for any € > 0, we have the implication

Aw<\/§ =  |f(z) = Lif(z)] <e, forzx € [x1,zn] (5.5)

This estimate tells us how densely we must sample f in order to have error smaller than
€ everywhere.

We will on occasions want to compute the piecewise linear interpolant to a given
higher degree spline f. A spline does not necessarily have continuous derivatives, but
at least we know where the discontinuities are. The following proposition is therefore
meaningful.
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Proposition 5.3. Suppose that f € S, for some p and t with interior knots of mul-
tiplicity at most p (so f is continuous). If the break points (x;)", are chosen so as to
include all the knots in t where f' is discontinuous, the bounds in (5.2) and (5.3) continue
to hold.

5.2 The Variation Diminishing Spline Approximation

In this section we describe a simple, but very useful method for obtaining a local spline
approximations to a function f defined on an interval [a,b]. This method is a general-
ization of piecewise linear interpolation and has a nice shape preserving behaviour. For
example, if the function f is positive, then the spline approximation will also be positive.

Definition 5.4. Let f be a given continuous function on the interval [a,b], let p be a
given positive integer, and let T = (71,...,Th4pt+1) be a p + l-regular knot vector with
boundary knots 17,41 = a and 7,41 = b. The spline given by

(V@)=Y f(7)B)p(x) (5.6)
j=1

where 77 = (7j41+ - -+7j4p)/p are the knot averages, is called the Variation Diminishing

Spline Approximation of degree p to f on the knot vector T.

Evaluating f at the knot averages ensures that V f reproduces linear functions, V f =
f for any linear function f(x) = ax + 3. See Problem 1.

The approximation method that assigns to f the spline approximation V f is about
the simplest method of approximation that one can imagine. Unlike some of the other
methods discussed in this chapter there is no need to solve a linear system. To obtain
V f, we simply evaluate f at certain points and use these function values as B-spline
coefficients directly.

Note that if all interior knots occur less than p + 1 times in 7, then

a=T7 <7y <...<Th_1<Tp =0 (5.7)

This is because 71 and 7,4p4+1 do not occur in the definition of 7{" and 7,; so that all
selections of p consecutive knots must be different.

Example 5.5. Suppose that p = 3 and that the interior knots of T are uniform in the interval [0, 1],
say
T =(0,0,0,0,1/m,2/m,...,1—1/m,1,1,1,1). (5.8)

For m > 2 we then have
" =(0,1/(3m),1/m,2/m,...,1 —1/m,1 —1/(3m), 1). (5.9)

Figure 5.1 (a) shows the cubic variation diminishing approximation to the exponential function on the
knot vector in (5.8) with m = 5, and the error is shown in Figure 5.1 (b). The error is so small that it
is difficult to distinguish between the two functions in Figure 5.1 (a).

The variation diminishing spline can also be used to approximate functions with
singularities, that is, functions with discontinuities in a derivative of first or higher orders.



5.2. THE VARIATION DIMINISHING SPLINE APPROXIMATION 111

2.75 0.025
25 0.02
2.25

2 0.015
175 0.01
15

125 0.005

02 04 06 08 1 02 04 06 08 1
(a) (b)

Figure 5.1. The exponential function together with the cubic variation diminishing approximation of Example 5.5
in the special case m = 5 is shown in (a). The error in the approximation is shown in (b).

Example 5.6. Suppose we want to approximate the function
fl@y=1—¢e"" " zel[-1,1], (5.10)

by a cubic spline V f. In order to construct a suitable knot vector, we take a closer look at the function,
see Figure 5.2 (a). The graph of f has a cusp at the origin, so f’ is discontinuous and changes sign there.
Our spline approximation should therefore also have some kind of singularity at the origin. Recall from
Theorem 3.19 that a B-spline can have a discontinuous first derivative at a knot provided the knot has
multiplicity at least p. Since we are using cubic splines, we therefore place a triple knot at the origin.
The rest of the interior knots are placed uniformly in [—1,1]. A suitable knot vector is therefore

r=(-1,-1,-1,-1,-141/m,...,—1/m,0,0,0,1/m, ..., 1 — 1/m,1,1,1,1). (5.11)

The integer m is a parameter which is used to control the number of knots and thereby the accuracy of
the approximation. The spline V f is shown in Figure 5.2 (a) for m = 4 together with the function f
itself. The error is shown in Figure 5.2 (b), and we note that the error is zero at « = 0, but quite large
just outside the origin.

Figures 5.2 (c) and 5.2 (d) show the first and second derivatives of the two functions, respectively.
Note that the sign of f and its derivatives seem to be preserved by the variation diminishing spline
approximation.

The variation diminishing spline approximation is a very simple procedure for obtain-
ing spline approximations. In Example 5.6 we observed that the approximation has the
same sign as f everywhere, and more than this, even the sign of the first two derivatives is
preserved in passing from f to the approximation V f. This is important since the sign of
the derivative gives important information about the shape of the graph of the function.
A nonnegative derivative for example, means that the function is nondecreasing, while a
nonnegative second derivative roughly means that the function is convex, in other words
it curves in the same direction everywhere. Approximation methods that preserve the
sign of the derivative are therefore important in practical modelling of curves. We will
now study such shape preservation in more detail.

5.2.1 Preservation of bounds on a function

Sometimes it is important that the maximum and minimum values of a function are
preserved under approximation. Splines have some very useful properties in this respect.
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Figure 5.2. Figure (a) shows the function f(z) = 1 —e~591%| (dashed) and its cubic variation diminishing spline
approximation (solid) on the knot vector described in Example 5.6, and the error in the approximation is shown
in Figure (b). The first derivative of the two functions is shown in (c¢), and the second derivatives in (d).
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Lemma 5.7. Let g be a spline in some spline space Sy » of dimension n. Then g is
bounded by its smallest and largest B-spline coefficients,

min{¢;} < Z ¢iBi(z) < max{c;}, for all x € [Tpy1, Tnt1)- (5.12)

Proof. Let cpax be the largest coefficient. Then we have

ZCsz(m) < Z CmaxBi(x) = Cmax Z Bz(x) = Cmax;
i i i

since ), Bij(x) = 1. This proves the second inequality in (5.12). The proof of the first
inequality is similar. N

Note that this lemma only says something interesting if n > p+1. Any plot of a spline
with its control polygon will confirm the inequalities (5.12), see for example Figure 5.3.

4L

3t

Figure 5.3. A cubic spline with its control polygon. Note how the extrema of the control polygon bound the
extrema of the spline.

With Lemma 5.7 we can show that bounds on a function are preserved by its variation
diminishing approximation.

Proposition 5.8. Let f be a function that satisfies
fuwin < f(2) < fmax  forallz € R.

Then the variation diminishing spline approximation to f from some spline space S, -
has the same bounds,

fmin < (V@) < fimax for all z € R. (5.13)
Proof. Recall that the B-spline coefficients ¢; of V f are given by
¢ = f(77) where 7" = (711 + -+ + Tisp) /p.

We therefore have that all the B-spline coefficients of V' f are bounded below by fmin and
above by fmax- The inequalities in (5.13) therefore follow as in Lemma 5.7. &
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5.2.2 Preservation of monotonicity

Many geometric properties of smooth functions can be characterized in terms of the
derivative of the function. In particular, the sign of the derivative tells us whether
the function is increasing or decreasing. The variation diminishing approximation also
preserves information about the derivatives in a very convenient way. Let us first define
exactly what we mean by increasing and decreasing functions.

Definition 5.9. A function f defined on an interval [a,b] is increasing if the inequality
f(zo) < f(x1) holds for all xg and x1 in |a,b] with xo < 1. It is decreasing if f(zg) >
f(z1) for all xy and z in [a,b] with xo < x1. A function that is increasing or decreasing
is said to be monotone.

The two properties of being increasing and decreasing are clearly completely sym-
metric and we will only prove results about increasing functions.
If f is differentiable, monotonicity can be characterized in terms of the derivative.

Proposition 5.10. A differentiable function is increasing if and only if its derivative is
nonnegative.

Proof. Suppose that f is increasing. Then (f(z+h)— f(z))/h > 0 for all  and positive
h such that both x and x + h are in [a, b]. Taking the limit as h tends to zero, we must
have f’(x) > 0 for an increasing differentiable function. At z = b a similar argument
with negative h may be used.

If the derivative of f is nonnegative, let zo and x; be two distinct points in [a, b] with
xg < x1. The mean value theorem then states that

f(xl) B f(x()) _ fl(e)
Tr1 — X

for some 6 € (zg,x1). Since f/(0) > 0, we conclude that f(z1) > f(z0). N

Monotonicity of a spline can be characterized in terms of some simple conditions on
its B-spline coefficients.

Proposition 5.11. Let T be a p + l-extended knot vector for splines on the interval
la,b] = [Tpt1, Tn1], and let g = Y1 | ¢;B; be a spline in S, . If the coeflicients are
increasing, that is ¢; < c¢jyq fori =1, ..., n— 1, then g is increasing. If the coefficients

are decreasing then g is decreasing.

Proof. The proposition is certainly true for p = 0, so we can assume that p > 1. Suppose
first that there are no interior knots in 7 of multiplicity p + 1. If we differentiate g we
find ¢'(x) = > | A¢iBip—1(z) for z € [a,b], where
Ci — Cie
Ac; = pli%l‘
Titp — Ti
Since all the coefficients of ¢’ are nonnegative we must have ¢’(x) > 0 (really the one
sided derivative from the right) for = € [a,b]. Since we have assumed that there are no
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knots of multiplicity p+ 1 in (a,b), we know that ¢ is continuous and hence that it must
be increasing.

If there is an interior knot at 7, = 7;4, of multiplicity p + 1, we conclude from the
above that ¢ is increasing on both sides of 7;. But we also know that g(7;) = ¢; while the
limit of g from the left is ¢;_1. The jump is therefore ¢; — ¢;—1 which is nonnegative so g
increases across the jump. N

An example of an increasing spline with its control polygon is shown in Figure 5.4 (a).
Its derivative is shown in Figure 5.4 (b) and is, as expected, positive.

3 3
25
2 2
1 15
1
/ 1 2 3 4 0.5
-1 1 2 3 4

(a) (b)

Figure 5.4. An increasing cubic spline (a) and its derivative (b).

From Proposition 5.11 it is now easy to deduce that V f preserves monotonicity in f.

Proposition 5.12. Let f be function defined on the interval [a,b] and let T be a p+ 1-
extended knot vector with 7,11 = a and 7,41 = b. If f is increasing (decreasing) on
[a, b], then the variation diminishing approximation V f is also increasing (decreasing) on

[a, b].

Proof. The variation diminishing approximation V' f has as its i’th coefficient ¢; = f(t}),
and since f is increasing these coefficients are also increasing. Proposition 5.11 then shows
that V f is increasing. N

That V f preserves monotonicity means that the oscillations we saw could occur in
spline interpolation are much less pronounced in the variation diminishing spline approx-
imation. In fact, we shall also see that V f preserves the sign of the second derivative of
f which reduces further the possibility of oscillations.

5.2.3 Preservation of convexity

From elementary calculus, we know that the sign of the second derivative of a function
tells us in whether the function curves upward or downward, or whether the function
is conver or concave. These concepts can be defined for functions that have no a priori
smoothness.

Definition 5.13. A function f is said to be convex on an interval (a,b) if

f((l — )\)HZQ + Al'Q) < (1 — )\)f(wo) =+ )\f(xg) (5.14)
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Figure 5.5. A convex function and the cord connecting two points on the graph.

for all xo and xy in [a,b] and for all X in [0,1]. If —f is convex then f is said to be
concave.

From Definition 5.13 we see that f is convex if the line between two points on the
graph of f is always above the graph, see Figure 5.5. It therefore ‘curves upward’ just
like smooth functions with nonnegative second derivative.

Convexity can be characterized in many different ways, some of which are listed in
the following lemma.

Lemma 5.14. Let f be a function defined on the open interval (a,b).

1. The function f is convex if and only if

f(z1) — f(zo0) < f(z2) — f(21)

r1 — X o T2 — T

(5.15)

for all xg, 1 and x5 in (a,b) with xg < x1 < x3.

2. If f is differentiable on (a,b), it is convex if and only if f'(yo) < f'(y1) when
a < yg <yp <b, that is, the derivative of f is increasing.

3. If f is two times differentiable it is convex if and only if f"”(x) > 0 for all z in (a,b).
Proof. Let A\ = (z1 — x9)/(z2 — o) so that z1 = (1 — N)xg + Axe. Then (5.14) is
equivalent to the inequality

(L =N (f(z1) = flz0)) < A(f(22) — f(z1)).

Inserting the expression for A gives (5.15), so (i) is equivalent to Definition 5.13.
To prove (ii), suppose that f is convex and let yp and y; be two points in (a,b) with
Yo < y1. From (5.15) we deduce that

f(yo) — f(=o) < fly1) = f(z1)

Yo — Xo Y1 — 21
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for any zop and x7 with 29 < yo < 1 < y;. Letting 9 and z; tend to yo and
respectively, we see that f'(yo) < f/'(y1)-

For the converse, suppose that f’ is increasing, and let o < 1 < x2 be three points
in (a,b). By the mean value theorem we have

f(x1) = flxo) _ f(6)  and f(x2) — f(21)

T1 — o T2 — I

= f'(61),

where z¢g < 0y < x1 < 01 < z5. Since f’ is increasing, conclude that (5.15) holds and
therefore that f is convex.

For part (iii) we use part (ii) and Proposition 5.10. From (ii) we know that f is convex
if and only if f’ is increasing, and by Proposition 5.10 we know that f’ is increasing if
and only if f” is nonnegative. 1

It may be a bit confusing that the restrictions on zg < z; < 22 in Lemma 5.14
are stronger than the restrictions on zg, z2 and A in Definition 5.13. But this is only
superficial since in the special cases g = z2, and A = 0 and A = 1, the inequality (5.14)
is automatically satisfied.

It is difficult to imagine a discontinuous convex function. This is not so strange since
all convex functions are in fact continuous.

Proposition 5.15. A function that is convex on an open interval is continuous on that
interval.

Proof. Let f be a convex function on (a,b), and let z and y be two points in some
subinterval (¢, d) of (a,b). Using part (i) of Lemma 5.14 repeatedly, we find that

£~ @) _ f) = F@) _ f0) = S
c—a —  y—xz —  b—d

(5.16)

Set M = max{(f(c) — f(a))/(c—a),(f(b) — f(d))/(b—d)}. Then (5.16) is equivalent to

|f(y) = f(2)] < My — z|.

But this means that f is continuous at each point in (c¢,d). For if z is in (¢, d) we can
choose x = z and y > z and obtain that f is continuous from the right at z. Similarly,
we can also choose y = z and z < z to find that f is continuous from the left as well.
Since (¢, d) was arbitrary in (a,b), we have showed that f is continuous in all of (a,b). R

The assumption in Proposition 5.15 that f is defined on an open interval is essential.
On the interval (0, 1] for example, the function f that is identically zero except that
f(1) = 1, is convex, but clearly discontinuous at = 1. For splines however, this is
immaterial if we assume a spline to be continuous from the right at the left end of the
interval of interest and continuous from the left at the right end of the interval of interest.
In addition, since a polynomial never is infinite, we see that our results in this section
remain true for splines defined on some closed interval [a, b].

We can now give a simple condition that ensures that a spline function is convex.
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Proposition 5.16. Let 7 be a p + l-extended knot vector for some p > 1, and let
g=>.1,¢DBiy be aspline in S, ». Define Ac; by

Ac; = {(Ci —¢i-1)/(Tirp — i), I Ti < Tigp,

Aci_1, if Ty = Tigp;
fori =2, ..., n. Then g is convex on [Tp41, Tp+1] if it is continuous and
Ac; 1 < Ag; fori=2,...,n. (5.17)

Proof. Note that (Ac¢;)!, are the B-spline coefficients of ¢’ on the interval [Tp41, Tr+1],
bar the constant p. Since (5.17) ensures that these are increasing, we conclude from
Proposition 5.11 that ¢’ is increasing. If g is also differentiable everywhere in [Tp41, Tr+1],
part (ii) of Lemma 5.14 shows that g is convex.

In the rest of the proof, the short hand notation

S 90 ~9(0)

v—u

will be convenient. Suppose now that there is only one point z where ¢ is not differen-
tiable, and let g < 1 < x2 be three points in [Tp41, T+1]. We must show that

5(1‘0,1’1) § 5(LL‘1,$2). (518)

The case where all three x’s are on one side of z are covered by the first part of the proof.
Suppose therefore that z¢g < z < x1 < 3. Since d(u,v) = ¢'(f) with u < § < v when ¢
is differentiable on [a,b], and since ¢’ is increasing, we certainly have d(zg, z) < d(z, z2),
so that (5.18) holds in the special case where 1 = z. When 21 > z we use the simple

identity
z — T 2

0(xo,x1) = 0(x0, 2)

+9(z,21) )
xr1 — Xo 1 — o

which shows that §(zg,z1) is a weighted average of d(x, z) and §(z,2z1). But then we
have
(w0, 1) < (2, 1) < d(z1,22),

the first inequality being valid since §(zg, z) < §(z,x1) and the second one because g is
convex to the right of z. This shows that g is convex.

The case where g < 21 < z < x9 and the case of several discontinuities can be
treated similarly. N

An example of a convex spline is shown in Figure 5.6, together with its first and
second derivatives in.

With Proposition 5.16 at hand, it is simple to show that the variation diminishing
spline approximation preserves convexity.
Proposition 5.17. Let f be a function defined on the interval [a,b], let p > 1 be an
integer, and let T be a p + l-extended knot vector with 7,11 = a and 7,41 = b. If f is
convex on [a,b] then V f is also convex on [a, b].
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Figure 5.6. A convex spline with its control polygon (a), its first derivative (b) and its second derivative (c).

Proof. Recall that the coefficients of V f are ( f (7'14*));.1:1 so that the differences in Propo-

sition 5.16 are
Ac — () = f(r) _ () = f(r)
= =

Titp = Ti (7 = 71)p

)

if 7, < Ti4p. Since f is convex, these differences must be increasing. Proposition 5.16
then shows that V f is convex. N

At this point, we can undoubtedly say that the variation diminishing spline approx-
imation is a truly remarkable method of approximation. In spite of its simplicity, it
preserves the shape of f both with regards to convexity, monotonicity and bounds on
the function values. This makes it very attractive as an approximation method in for
example design where the shape of a curve is more important than how accurately it
approximates given data.

It should be noted that the shape preserving properties of the variation diminishing
approximation is due to the properties of B-splines. When we determine V f we give
its control polygon directly by sampling f at the knot averages, and the results that
we have obtained about the shape preserving properties of V' f are all consequences of
relationships between a spline and its control polygon: A spline is bounded by the extrema
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of its control polygon, a spline is monotone if the control polygon is monotone, a spline
18 convex if the control polygon is convez. In short: A spline is a smoothed out version of
its control polygon. We will see many more realisations of this general principle in later
chapters

5.3 Cubic Hermite interpolation

The piecewise linear interpolant has the nice property of being a local construction: The
interpolant on an interval [x;, z;+1] is completely defined by the value of f at x; and
xi+1.- The other advantage of f is that it does not oscillate between data points and
therefore preserves the shape of f if Ax is small enough. In this section we construct an
interpolant which, unlike the piecewise linear interpolant, has continuous first derivative,
and which, like the piecewise linear interpolant, only depends on data values locally. The
price of the smoothness is that this interpolant requires information about derivatives,
and shape preservation in the strong sense of the piecewise linear interpolant cannot be
guaranteed. The interpolant we seek is the solution of the following problem.

Problem 5.18 (Piecewise Cubic Hermite Interpolation). Let the discrete data
(@iy f(24), f'(2))y witha = 21 < xg < -+ < &y, = b be given. Find a function g = Hs f
that satisfies the following conditions:

1. On each subinterval (x;,x;+1) the function g is a cubic polynomial.

2. The given function f is interpolated by g in the sense that
g(x;) = f(x;), and ¢'(x;) = f'(x;), fori=1,..., m. (5.19)

A spline g that solves Problem 5.18 must be continuous and have continuous first
derivative since two neighbouring pieces meet with the same value f(z;) and first deriva-
tive f'(z;) at a join z;. Since H f should be a piecewise cubic polynomial, it is natural
to try and define a knot vector so that H f can be represented as a linear combination of
B-splines on this knot vector. To get the correct smoothness, we need at least a double
knot at each data point. Since p = 3 and we have 2m interpolation conditions, the length
of the knot vector should be 2m + 4, and we might as well choose to use a 4-regular knot
vector. We achieve this by making each interior data point a knot of multiplicity two
and place four knots at the two ends. This leads to the knot vector

— 2m+4 _
T = (TZ)ZZLl - (xlaxlaxlvxlwr%ﬂf%--'7$m—17xm—1’$m7$n17$mvxm)a (520)
which we call the Cubic Hermite knot vector on @ = (x1,...,%;). This allows us to

construct the solution to Problem 5.18.

Proposition 5.19. Problem 5.18 has a unique solution H f in the spline space Ss -,
where T is given in equation (5.20). More specifically, the solution is given by

2m
Hf = ZCiBiB? (521)
=1
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where )
c2i-1 = f(x;) — gAﬂfi—lf/(l‘i)a
1 fori=1,...,m, (5.22)
coi = f(@i) + gﬁl’if'(fﬂi),
where Axz; = xj41 — x5, and the points x¢g and x,,41 are defined by xop = x1 and

Tm+1 = Tm-

Proof. We leave the proof that the spline defined by (5.22) satisfies the interpolation
conditions in Problem 5.18 to the reader.

By construction, the solution is clearly a cubic polynomial. That there is only one
solution follows if we can show that the only solution that solves the problem with
f(z;) = f'(z;) = 0 for all 4 is the function that is zero everywhere. For if the general
problem has two solutions, the difference between these must solve the problem with all
the data equal to zero. If this difference is zero, the two solutions must be equal.

To show that the solution to the problem where all the data are zero is the zero
function, it is clearly enough to show that the solution is zero in one subinterval. On
each subinterval the function H f is a cubic polynomial with value and derivative zero
at both ends, and it therefore has four zeros (counting multiplicity) in the subinterval.
But the only cubic polynomial with four zeros is the polynomial that is identically zero.
From this we conclude that H f must be zero in each subinterval and therefore identically
zero. N

Let us see how this method of approximation behaves in a particular situation.

Example 5.20. We try to approximate the function f(z) = x* on the interval [0, 1] with only one
polynomial piece so that m = 2 and [a,b] = [z1, Zm]| = [0,1]. Then the cubic Hermite knots are just the
Bernstein knots. From (5.22) we find (c1, ¢2, c3,ca) = (0,0,—1/3,1), and

(Hf)(@) = —332%(1 - o) +2° = 2° — o

The two functions f and H f are shown in Figure 5.7.

Example 5.21. Let us again approximate f(z) = z* on [0,1], but this time we use two poly-
nomial pieces so that m = 3 and @ = (0,1/2,1). In this case the cubic Hermite knots are 7 =
(0,0,0,0,1/2,1/2,1,1,1,1), and we find the coefficients ¢ = (0,0,—1/48,7/48,1/3,1). The two func-
tions f and Hf are shown in Figure 5.7 (a). With the extra knots at 1/2 (cf. Example 5.20), we get
a much more accurate approximation to z*. In fact, we see from the error plots in Figures 5.7 (b)
and 5.7 (b) that the maximum error has been reduced from 0.06 to about 0.004, a factor of about 15.
Note that in Example 5.20 the approximation becomes negative even though f is
nonnegative in all of [0, 1]. This shows that in contrast to the piecewise linear interpolant,
the cubic Hermite interpolant H f does not preserve the sign of f. However, it is simple

to give conditions that guarantee H f to be nonnegative.

Proposition 5.22. Suppose that the function f to be approximated by cubic Hermite
interpolation satisfies the conditions

1
f(@s) = Az f(25) >0,
3 fori=1,..., m.

flas) + FAmS (@) 2 0,
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1 0.06
058 0.05
06 0.04

0.03
0.4

0.02
0.2 0.01

0.2 0.4 0.6 0.8 1

(b)

Figure 5.7. Figure (a) shows the cubic Hermite interpolant (solid) to f(z) = 2* (dashed), see Example 5.20,
while the error in this approximation is shown in (b).
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Figure 5.8. Figure (a) shows the cubic Hermite interpolant (solid) to f(x) = z* (dashed) with two polynomial
pieces, see Example 5.21, while the error in the approximation is shown in (b).
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Then the cubic Hermite interpolant H f is nonnegative on [a, b].

Proof. In this case, the spline approximation H f given by Proposition 5.19 has nonneg-
ative B-spline coefficients, so that (H f)(z) for each x is a sum of nonnegative quantities
and therefore nonnegative. N

As for the piecewise linear interpolant, it is possible to relate the error to the spacing
in & and the size of some derivative of f.

Proposition 5.23. Suppose that f has continuous derivatives up to order four on the
interval [x1,xy,]. Then

7@~ (HN@) < 5 (82) max [0, forzefob). (529

This estimate also holds whenever f is in some spline space S, + provided f has a con-
tinuous derivative at all the x;.

Proof. See a text on numerical analysis. 0

The error estimate in (5.23) says that if we halve the distance between the interpo-
lation points, then we can expect the error to decrease by a factor of 2* = 16. This is
usually referred to as “fourth order convergence”. This behaviour is confirmed by Exam-
ples 5.20 and 5.21 where the error was reduced by a factor of about 15 when Ax was
halved.

From Proposition 5.23, we can determine a spacing between data points that guar-
antees that the error is smaller than some given tolerance. Suppose that

|7 (z)] < M, for z € [a,b).

For any € > 0 we then have

N\ /4
Amg(?’f\;‘) e |f(2) = (Hf)(2)| < e fora € [a,b].

When € — 0, the number €'/4 goes to zero more slowly than the term €/2 in the corre-
sponding estimate for piecewise linear interpolation. This means that when e becomes
small, we can usually use a larger Az in cubic Hermite interpolation than in piecewise
linear interpolation, or equivalently, we generally need fewer data points in cubic Hermite
interpolation than in piecewise linear interpolation to obtain the same accuracy.

5.3.1 Estimating the derivatives

Sometimes we have function values available, but no derivatives, and we still want a
smooth interpolant. In such cases we can still use cubic Hermite interpolation if we can
somehow estimate the derivatives. This can be done in many ways, but one common
choice is to use the slope of the parabola interpolating the data at three consecutive
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data-points. To find this slope we observe that the parabola ¢; such that ¢;(z;) = f(z;),
for j=4—1,4¢and i + 1, is given by

0 — 6;—1
gi(z) = f(zi=1) + (. —zi—1)di1 + (2 — zi—1) (z — xz)m;
where
;= (f(zj1) — f(x))) /Ay
We then find that
0; — 051
i(x) = 0i1 + Amjg .
ql(x ) di1+ Az IA.TZ‘_l -+ A.TZ
After simplification, we obtain
Azi_10; + Azid;— .
q;(z;) = Zi-10i + A2id Lofori=2,...,m-1, (5.24)

Az;_1+ Ax;

and this we use as an estimate for f’(z;). Using cubic Hermite interpolation with the
choice (5.24) for derivatives is known as cubic Bessel interpolation. It is equivalent to
a process known as parabolic blending. The end derivatives f’(x1) and f'(x,,) must be
estimated separately. One possibility is to use the value in (5.24) with xg = x3 and
ITm+1 = Tm—2-

5.4 Cubic Spline Interpolation

The methods we have considered so far are local methods, i.e. the approximation at a
point x only depends on the data near x. If this is the case, changing the data in some
small area will only affect the approximation in the same area. The methods we consider
now are global methods, i.e. the approximation at a point x depends on all the data.

Cubic Hermite interpolation works well in many cases, but it is inconvenient that the
derivatives have to be specified. In Section 5.3.1 we saw one way in which the derivatives
can be estimated from the function values. There are many other ways to estimate the
derivatives at the data points; one possibility is to demand that the interpolant should
have a continuous second derivative at each interpolation point. As we shall see in this
section, this leads to a system of linear equations for the unknown derivatives so the
locality of the construction is lost, but we gain one more continuous derivative which
is important in some applications. A surprising property of this interpolant is that
it has the smallest second derivative of all C?-functions that satisfy the interpolation
conditions. The cubic spline interpolant therefore has a number of geometric and physical
interpretations that we discuss briefly in Section 5.4.1.

Our starting point is m points a = 1 < x9 < - -+ < &, = b with corresponding values
yi = f(x;). We are looking for a piecewise cubic polynomial that interpolates the given
values and belongs to C?[a, b]. In this construction, it turns out that we need two extra
conditions to specify the interpolant uniquely. One of the following boundary conditions
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is often used.

() ¢(e)=f(a) and ¢(b) = f'(b);  H{ermite)

(i) ¢"(a) =4"(b) = 0; N(atural) (5.25)
(iii) ¢" is continuous at w9 and x,,—1. F(ree) '
(iv) Dig(a) = Dig(b) for j =1, 2. P(eriodic)

The periodic boundary conditions are suitable for closed parametric curves where f(x1) =

In order to formulate the interpolation problems more precisely, we will define the
appropriate spline spaces. Since we want the splines to have continuous derivatives up to
order two, we know that all interior knots must be simple. For the boundary conditions
H, N, and F, we therefore define the 4-regular knot vectors

_ _ m+6 __
TH=TN = (Tz')izl = (961,351,961,%1,372,%3, e ,ib’m—l,xm,ﬂﬁm,xm,fﬁm% (5 26)
o m+4 !
Tr = (Ti)i2)" = (21,21, 21, 1, T3, T4, - -+, Tmn—2, Ty Ty Ty Tin).-

This leads to three cubic spline spaces S3 r,,, S3.+, and S3 7., all of which will have
two continuous derivatives at each interior knot. Note that xo and x,,—1 are missing
in 7p. This means that any h € S3;, will automatically satisfy the free boundary
conditions.

We consider the following interpolation problems.

Problem 5.24. Let the data (z;, f(z;))", witha =x1 < z3 < --- <z, = b be given,
together with f'(x1) and f'(xy,) if they are needed. For Z denoting one of H, N, or F,
we seek a spline g = gz = Iz f in the spline space S3 r,, such that g(z;) = f(z;) for
1=1,2,...,m, and such that boundary condition Z holds.

We consider first Problem 5.24 in the case of Hermite boundary conditions. Our aim
is to show that the problem has a unique solution, and this requires that we study it in
some detail.

It turns out that any solution of Problem 5.24 H has a remarkable property. It is the
interpolant which, in some sense, has the smallest second derivative. To formulate this,
we need to work with integrals of the splines. An interpretation of these integrals is that
they are generalizations of the dot product or inner product for vectors. Recall that if u
and v are two vectors in R™, then their inner product is defined by

n
(w,v) =u-v="> wuv,
i=1

and the length or norm of uw can be defined in terms of the inner product as

full = {2 = (3u2)

=1

The corresponding inner product and norm for functions are

(u,v) = /ab u(x)v(x)dr = /ab uv
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and

| = (/bu(t)th>1/2 _ (/abu2>1/2.

a
It therefore makes sense to say that two functions u and v are orthogonal if (u,v) =
Juv =0.
The first result that we prove says that the error f — Iy f is orthogonal to a family
of linear splines.
Lemma 5.25. Denote the error in cubic spline interpolation with Hermite end conditions
by e = f — I f, and let T be the 2-regular knot vector

T = (TE)QZJ{Q = (1,21, 22,23, .., Tin—1, T, T )-

Then the second derivative of e is orthogonal to the spline space Sy . In other words
b
/ ¢"(x)h(z)dz =0, forall he€ S,
a

Proof. Dividing [a,b] into the subintervals [x;,z;11] for i = 1, ..., m — 1, and using
integration by parts, we find
T; Ti41
+1—/ e/h/).
T z

b m—1 Zig1 m—1
/ 'h = Z/ d'h = Z (e’h
@ i=1 VT

=1

Since €'(a) = €/(b) = 0, the first term is zero,

m—1

Z e'h

=1

Tit+1

= ¢ (b)h(b) — €'(a)h(a) = 0. (5.27)

Ty

For the second term, we observe that since h is a linear spline, its derivative is equal
to some constant h; in the subinterval (z;, x;+1), and therefore can be moved outside the
integral. Because of the interpolation conditions we have e(x;y1) = e(x;) = 0, so that

m=1 i m—1 Tip1
Z/ e'h' = Zhl/ ¢ (z)dx = 0.
i=1 Vi i=1

i
This completes the proof. 1

We can now show that the cubic spline interpolant solves a minimization problem.
In any minimization problem, we must specify the space over which we minimize. The
space in this case is Eg(f), which is defined in terms of the related space E(f)

E(f) = {g € C?*[a,b] | g(z;) = f(z;) fori=1,...,m},
Ex(f) ={g€E(f) | g'(a) = f'(a) and g'(b) = f'(b)} -

The space E(f) is the set of all functions with continuous derivatives up to the second
order that interpolate f at the data points. If we restrict the derivatives at the ends to
coincide with the derivatives of f we obtain Ex(f).

The following theorem shows that the second derivative of a cubic interpolating spline
has the smallest second derivative of all functions in Ex(f).

(5.28)
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Theorem 5.26. Suppose that g = Iy f is the solution of Problem 5.24 H. Then

b 2 b 2
/ (g"(x)) d:cg/ (h"(az)) dx for all h in Eg(f), (5.29)

a

with equality if and only if h = g.

Proof. Select some h € Ef(f) and set e = h — g. Then we have

b b b
/ R = / e’ —|—g —/ e”2—|—2/ e”g"—i—/ g "2, (5.30)
a a a

Since g € Sz, we have ¢” € S; r, where 7 is the knot vector given in Lemma 5.25.
Since g = Iyh = Iy f, we have e = h — Iyh so we can apply Lemma 5.25 and obtain
fb "¢" = 0. We conclude that f R'? > fb "2,

To show that we can only have equality in (5.29) when h = g, suppose that ff n'? =

fb "2 Using (5.30), we observe that we must have fb "2 — (). But since ¢” is continuous,
this means that we must have €’ = 0. Since we also have e(a) = €/(a) = 0, we conclude
that e = 0. This can be shown by using Taylor’s formula

e(z) = e(a) + (x — a)e'(a) + /x ¢"(t)(x —t)dt.

Since e = 0, we end up with g =h. 1

Lemma 5.25 and Theorem 5.26 allow us to show that the Hermite problem has a
unique solution.

Theorem 5.27. Problem 5.24 H has a unique solution.

Proof. We seek a function
m—+2

g=1Ingf= Z ¢;iBis
=1

in Sz -, such that

Z = f(z), fori=1,...,m,

.

(5.31)

3
o

Z ¢jBjs(xi) = f'(z:), for i = 1 and m.
j=1

This is a linear system of m + 2 equations in the m + 2 unknown B-spline coefficients.
From linear algebra we know that such a system has a unique solution if and only if
the corresponding system with zero right-hand side only has the zero solution. This
means that existence and uniqueness of the solution will follow if we can show that
Problem 5.24 H with zero data only has the zero solution. Suppose that g € S3 r,, solves
Problem 5.24 H with zero data. Clearly g = 0 is a solution. According to Theorem 5.26,
any other solution must also minimize the integral of the second derivative. By the
uniqueness assertion in Theorem 5.26, we conclude that g = 0 is the only solution. =
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We have similar results for the “natural” case.
Lemma 5.28. If e = f — Iy f and T the knot vector

T = (Ti)?ll = (CL‘l,l'Q,I‘g, . "xM*lvl‘m)v

the second derivative of e is orthogonal to St r,
b
/ ¢"(x)h(x)dx =0, for all hin Sy r.
a

Proof. The proof is similar to Lemma 5.25. The relation in (5.27) holds since every
h € S1 + now satisfies h(a) = h(b) =0. B

Lemma 5.28 allows us to prove that the cubic spline interpolation problem with
natural boundary conditions has a unique solution.

Theorem 5.29. Problem 5.24 N has a unique solution g = Iy f. The solution is the
unique function in C?[a, b] with the smallest possible second derivative in the sense that

b 2 b 2
/(g”(:c)) dxg/ ("(z))"dz, forall heE(f),

with equality if and only if h = g.

Proof. The proof of Theorem 5.26 carries over to this case. We only need to observe
that the natural boundary conditions imply that ¢” € S; . N

From this it should be clear that the cubic spline interpolants with Hermite and
natural end conditions are extraordinary functions. If we consider all continuous functions
with two continuous derivatives that interpolate f at the z;, the cubic spline interpolant
with natural end conditions is the one with the smallest second derivative in the sense
that the integral of the square of the second derivative is minimized. This explains why
the N boundary conditions in (5.25) are called natural. If we restrict the interpolant to
have the same derivative as f at the ends, the solution is still a cubic spline.

For the free end interpolant we will show existence and uniqueness in the next section.
No minimization property is known for this spline.

5.4.1 Interpretations of cubic spline interpolation

Today engineers use computers to fit curves through their data points; this is one of the
main applications of splines. But splines have been used for this purpose long before
computers were available, except that at that time the word spline had a different mean-
ing. In industries like for example ship building, a thin flexible ruler was used to draw
curves. The ruler could be clamped down at fixed data points and would then take on
a nice smooth shape that interpolated the data and minimized the bending energy in
accordance with the physical laws. This allowed the user to interpolate the data in a
visually pleasing way. This flexible ruler was known as a draftmans spline.
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The physical laws governing the classical spline used by ship designers tell us that
the ruler will take on a shape that minimizes the total bending energy. The linearised
bending energy is given by [ ¢’ 2, where g(z) is the position of the centreline of the ruler.
Outside the first and last fixing points the ruler is unconstrained and will take the shape
of a straight line. From this we see that the natural cubic spline models such a linearised
ruler. The word spline was therefore a natural choice for the cubic interpolants we have
considered here when they were first studied systematically in 1940’s.

The cubic spline interpolant also has a related, geometric interpretation. From dif-
ferential geometry we know that the curvature of a function g(z) is given by

9" (x)
32"
(1+ (7@)?)
The curvature x(x) measures how much the function curves at  and is important in the
study of parametric curves. If we assume that 1+¢'* ~ 1 on [a,b], then k(x) = ¢"(x). The

cubic spline interpolants Iz f and Iy f can therefore be interpreted as the interpolants
with the smallest linearised curvature.

k(z) =

5.4.2 Numerical solution and examples

If we were just presented with the problem of finding the C? function that interpolate
a given function at some points and have the smallest second derivative, without the
knowledge that we obtained in Section 5.4, we would have to work very hard to write a
reliable computer program that could solve the problem. With Theorem 5.29, the most
difficult part of the work has been done, so that in order to compute the solution to say
Problem 5.24 H, we only have to solve the linear system of equations (5.31). Let us take
a closer look at this system. We order the equations so that the boundary conditions
correspond to the first and last equation, respectively. Because of the local support
property of the B-splines, only a few unknowns appear in each equation, in other words
we have a banded linear system. Indeed, since 7,13 = x;, we see that only {B; 3 32 can
be nonzero at ;. But we note also that x; is located at the first knot of B;,33, which
means that Bjy33(z;) = 0. Since we also have B 5(z1) = 0 for j > 3 and Bj 3(zy,) = 0
for 7 < m, we conclude that the system can be written in the tridiagonal form

M c1 f(z1)
B2 az 72 c2 f(x1)
Ac = L= : =7 (5.32)
Bm+1 QOm+1 Ym+l Cm+1 f(zm)
ﬁm+2 Am4-2 Cm+4-2 f/(xm)

where the elements of A are given by

o) = Bi,3(ﬂf1), Am42 = ;n+2,3($m)’
v = Bé’g(x1)7 Btz = B7/n+1,3(33m)7 (5.33)

Bit1 = Biz(xi), oiy1 = Big13(25), Yit1 = Bivoz(w;).
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Figure 5.9. Cubic spline interpolation to smoothly varying data (a) and data with sharp corners (b).

The elements of A can be computed by one of the triangular algorithms for B-bases.

For Hsf we had explicit formulas for the B-spline coefficients that only involved a
few function values and derivatives, in other words the approximation was local. In
cubic spline interpolation the situation is quite different. All the equations in (5.32) are
coupled and we have to solve a linear system of equations. Each coefficient will therefore
in general depend on all the given function values which means that the value of the
interpolant at a point also depends on all the given function values. This means that
cubic spline interpolation is not a local process.

Numerically it is quite simple to solve (5.32). It follows from the proof of Theorem 5.27
that the matrix A is nonsingular, since otherwise the solution could not be unique. Since
it has a tridiagonal form it is recommended to use Gaussian elimination. It can be shown
that the elimination can be carried out without changing the order of the equations
(pivoting), and a detailed error analysis shows that this process is numerically stable .

In most cases, the underlying function f is only known through the data y; = f(x;),
fori =1, ..., m. We can still use Hermite end conditions if we estimate the end slopes
f(x1) and f'(z,,). A simple estimate is f'(a) = dy and f'(b) = da, where

g = Ja2) = fla) dy — f(xm) = fl@m_1)

T2 — 1 Tm — Tm—1

. (5.34)

More elaborate estimates like those in Section 5.3.1 are of course also possible.

Another possibility is to turn to natural and free boundary conditions which also
lead to linear systems similar to the one in equation (5.32), except that the first and
last equations which correspond to the boundary conditions must be changed appropri-
ately. For natural end conditions we know from Theorem 5.29 that there is a unique
solution. Existence and uniqueness of the solution with free end conditions is established
in Corollary 5.33.

The free end condition is particularly attractive in a B-spline formulation, since by
not giving any knot at x5 and x,,—1 these conditions take care of themselves. The free
end conditions work well in many cases, but extra wiggles can sometimes occur near the
ends of the range. The Hermite conditions give us better control in this respect.
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Example 5.30. In Figure 5.9 (a) and 5.9 (b) we show two examples of cubic spline interpolation.
In both cases we used the Hermite boundary conditions with the estimate in (5.34) for the slopes. The
data to be interpolated is shown as bullets. Note that in Figure 5.9 (a) the interpolant behaves very
nicely and predictably between the data points.

In comparison, the interpolant in Figure 5.9 (b) has some unexpected wiggles. This is a characteristic
feature of spline interpolation when the data have sudden changes or sharp corners. For such data, least
squares approximation by splines usually gives better results, see Section 5.6.

5.5 General spline interpolation

So far, we have mainly considered spline approximation methods tailored to specific
degrees. In practise, cubic splines are undoubtedly the most common, but there is an
obvious advantage to have methods available for splines of all degrees. In this section we
consider spline interpolation for splines of arbitrary degree. The optimal properties of
the cubic spline interpolant can be generalized to spline interpolants of any odd degree,
but here we only focus on the practical construction of the interpolant.

Given points (z;,y;)i",, we again consider the problem of finding a spline g such that

9(zi) = i, 1=1,...,m.

In the previous section we used cubic splines where the knots of the spline were located
at the data points. This works well if the data points are fairly evenly spaced, but can
otherwise give undesirable effects. In such cases the knots should not be chosen at the
data points. However, how to choose good knots in general is difficult.

In some cases we might also be interested in doing interpolation with splines of degree
higher than three. We could for example be interested in a smooth representation of the
second derivative of f. However, if we want f” to be continuous, say, then the degree p
must be higher than three. We therefore consider the following interpolation problem.

Problem 5.31. Let there be given data (:17@-, yz)z1 and a spline space Sy, » whose knot

vector T = (TZ-)ZZJ{”H satisfies Tjypt1 > 7, fori =1, ..., m. Find a spline g in S, » such
that
m
g(z;) = chBM,(:Ei) =Y, fori=1,...,m. (5.35)
j=1

The equations in (5.35) form a system of m equations in m unknowns. In matrix
form these equations can be written

Bip(z1) ... Bmp(z1) c1 Y1
Ac= : : =1 =y (5.36)
Bip(xm) ... Bmp(Tm) Cm, Ym

Theorem 5.32 gives necessary and sufficient conditions for this system to have a unique
solution, in other words for A to be nonsingular.
Theorem 5.32. The matrix A in (5.36) is nonsingular if and only if the diagonal ele-
ments a;; = B; p(z;) are positive for i =1,...m.

Proof. See Theorem 10.6 in Chapter 10. 1
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The condition that the diagonal elements of A should be nonzero can be written
Ti < Zi < Titp+1, L= 1a 2a <M, (537>

provided we allow z; = 7; if 7, = -+ = 7;4,. Conditions (5.37) are known as the
Schoenberg- Whitney nesting conditions.

As an application of Theorem 5.32, let us verify that the coefficient matrix for cubic
spline interpolation with free end conditions is nonsingular.

Corollary 5.33. Cubic spline interpolation with free end conditions (Problem 5.24 F)
has a unique solution.

Proof. The coefficients of the interpolant are found by solving a linear system of equa-
tions of the form (5.35). Recall that the knot vector 7 = 75 is given by

_ m+4 _
T = (1) = (21,21, 21,21, T3, T4, . . ., Tm—2, Tn, Trmy Ty T ) -

From this we note that By(x1) and Bs(x2) are both positive. Since 7,19 = x; for i = 3,
.., m—2, we also have 7; < z;_1 < T4 for 3 < i < m — 2. The last two conditions
follow similarly, so the coefficient matrix is nonsingular. §

For implementation of general spline interpolation, it is important to make use of the
fact that at most p + 1 B-splines are nonzero for a given z, just like we did for cubic
spline interpolation. This means that in any row of the matrix A in (5.35), at most p+1
entries are nonzero, and those entries are consecutive. This gives A a band structure that
can be exploited in Gaussian elimination. It can also be shown that nothing is gained
by rearranging the equations or unknowns in Gaussian elimination, so the equations can
be solved without pivoting.

5.6 Least squares approximation

In this chapter we have described a number of spline approximation techniques based on
interpolation. If it is an absolute requirement that the spline should pass exactly through
the data points, there is no alternative to interpolation. But such perfect interpolation
is only possible if all computations can be performed without any round-off error. In
practise, all computations are done with floating point numbers, and round-off errors
are inevitable. A small error is therefore always present and must be tolerable whenever
computers are used for approximation. The question is what is a tolerable error? Often
the data are results of measurements with a certain known resolution. To interpolate
such data is not recommended since it means that the error is also approximated. If it is
known that the underlying function is smooth, it is usually better to use a method that
will only approximate the data, but approximate in such a way that the error at the data
points is minimized. Least squares approximation is a general and simple approximation
method for accomplishing this. The problem can be formulated as follows.
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Problem 5.34. Given data (z;,y;)]~, with x1 < --- < &y,, positive real numbers w; for
it =1, ..., m, and an n-dimensional spline space S, -, find a spline g in S, - which solves
the minimization problem

min Z w; (yi — h(z))? . (5.38)
i=1

The expression (5.38) that is minimized is a sum of the squares of the errors at each
data point, weighted by the numbers w; which are called weights. This explains the name
least squares approzimation, or more precisely weighted least squares approzimation. If
wj is large in comparison to the other weights, the error y; — h(z;) will count more in the
minimization. As the the weight grows, the error at this data point will go to zero. On
the other hand, if the weight is small in comparison to the other weights, the error at
that data point gives little contribution to the total least squares deviation. If the weight
is zero, the approximation is completely independent of the data point. Note that the
actual value of the weights is irrelevant, it is the relative size that matters. The weights
therefore provides us with the opportunity to attach a measure of confidence to each
data point. If we know that y; is a very accurate data value we can give it a large weight,
while if y; is very inaccurate we can give it a small weight. Note that it is the relative
size of the weights that matters, a natural ‘neutral’ value is therefore w; = 1.

From our experience with interpolation, we see that if we choose the spline space
Sp,+ so that the number of B-splines equals the number of data points and such that
Bi(x;) > 0 for all 4, then the least squares approximation will agree with the interpolant
and give zero error, at least in the absence of round-off errors. Since the

whole point of introducing the least squares approximation is to avoid interpolation
of the data, we must make sure that n is smaller than m and that the knot vector is
appropriate. This all means that the spline space S, must be chosen appropriately,
but this is not easy. Of course we would like the spline space to be such that a “good”
approximation g can be found. Good, will have different interpretations for different
applications. A statistician would like g to have certain statistical properties. A designer
would like an aesthetically pleasing curve, and maybe some other shape and tolerance
requirements to be satisfied. In practise, one often starts with a small spline space,
and then adds knots in problematic areas until hopefully a satisfactory approximation is
obtained.

Different points of view are possible in order to analyse Problem 5.34 mathematically.
Our approach is based on linear algebra. Our task is to find the vector ¢ = (c1,...,¢cp)
of B-spline coefficients of the spline g solving Problem 5.34. The following matrix-vector
formulation is convenient.

Lemma 5.35. Problem 5.34 is equivalent to the linear least squares problem

min || Ac — b||?,
cecR”

where A € R™"™ and b € R™ have components

aij =wiBj(z;)  and b = \Jwy;, (5.39)
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and for any u = (uy,...,Up),

el = \Juf+ -+,

is the usual Euclidean length of a vector in R™.

Proof. Suppose ¢ = (c1,...,¢,) are the B-spline coefficients of some h € S, . Then
m n 2
|Ac - bl = Z(Z aijcj — bz‘)
i=1 j=1
m n 2
::j{:(j{:\/ﬂgf%(xiﬁ%'—-wluﬂﬁ)
i=1 j=1

This shows that the two minimization problems are equivalent. N

In the next lemma, we collect some facts about the general linear least squares prob-
lem. Recall that a symmetric matrix N is positive semidefinite if ¢/ Ne > 0 for all
¢ € R", and positive definite if in addition ¢/ N¢ > 0 for all nonzero ¢ € R™.

Lemma 5.36. Suppose m and n are positive integers with m > n, and let the matrix
A in R™" and the vector b in R™ be given. The linear least squares problem

min || Ac — b||? (5.40)
ceR”

always has a solution ¢* which can be found by solving the linear set of equations
AT Ac* = ATb. (5.41)

The coefficient matrix N = AT A is symmetric and positive semidefinite. It is positive
definite, and therefore nonsingular, and the solution of (5.40) is unique if and only if A
has linearly independent columns.

Proof. Let span(A) denote the n-dimensional linear subspace of R™ spanned by the
columns of A,
span(A) = {Ac| c € R"}.

From basic linear algebra we know that a vector b € R™ can be written uniquely as a sum
b = by + be, where by is a linear combination of the columns of A so that by € span(A),
and by is orthogonal to span(A), i.e., we have bl d = 0 for all d in span(A). Using this
decomposition of b, and the Pythagorean theorem, we have for any ¢ € R",

|[Ac —b|* = [|Ac — by — bs||* = | Ac — by||* + [|b2*.



5.6. LEAST SQUARES APPROXIMATION 135

It follows that ||Ac — b3 > ||b2||3 for any ¢ € R", with equality if Ac = b;. A ¢ = c¢*
such that Ac* = by clearly exists since by is in span(A), and ¢* is unique if and only if A
has linearly independent columns. To derive the linear system for c*, we note that any
c that is minimising satisfies Ac —b = —bs. Since we also know that b, is orthogonal to
span(A), we must have

d'(Ac—b)=clAT(Ac—b) =0

for all d = Acy in span(A), i.e., for all ¢; in R™. But this is only possible if AT (Ac—b) =
0. This proves (5.41).
The n x n-matrix N = AT A is clearly symmetric and

¢’ Nc=|Ac|3 >0, (5.42)

for all ¢ € R™, so that IN is positive semi-definite. From (5.42) we see that we can find
a nonzero c such that ¢/ N¢ = 0 if and only if Ac = 0, i.e., if and only if A has linearly
dependent columns . We conclude that IN is positive definite if and only if A has linearly
independent columns. =

Applying these results to Problem 5.34 we obtain.

Theorem 5.37. Problem 5.34 always has a solution. The solution is unique if and only

if we can find a sub-sequence (x;,);_, of the data abscissas such that

By(z;,) #0  forl=1, ..., n.

Proof. By Lemma 5.35 and Lemma 5.36 we conclude that Problem 5.34 always has a
solution, and the solution is unique if and only if the matrix A in Lemma 5.35 has linearly
independent columns. Now A has linearly independent columns if and only if we can find
a subset of n rows of A such that the square submatrix consisting of these rows and all
columns of A is nonsingular. But such a matrix is of the form treated in Theorem 5.32.
Therefore, the submatrix is nonsingular if and only if the diagonal elements are nonzero.
But the diagonal elements are given by By(x;,). 1

Theorem 5.37 provides a nice condition for checking that we have a unique least
squares spline approximation to a given data set; we just have to check that each B-spline
has its ‘own’ x;, in its support. To find the B-spline coefficients of the approximation, we
must solve the linear system of equations (5.41). These equations are called the normal
equations of the least squares system and can be solved by Cholesky factorization of a
banded matrix followed by back substitution. The least squares problem can also be
solved by computing a @ R-factorization of the matrix A; for both methods we refer to
a standard text on numerical linear algebra for details.

Example 5.38. Least squares approximation is especially appropriate when the data is known to be
noisy. Consider the data represented as bullets in Figure 5.10 (a). These data were obtained by adding
random perturbations in the interval [—0.1,0.1] to the function f(z) = 1. In Figure 5.10 (a) we show
the cubic spline interpolant (with free end conditions) to the data, while Figure 5.10 (b) shows the cubic
least squares approximation to the same data, using no interior knots. We see that the least squares
approximation smooths out the data nicely. We also see that the cubic spline interpolant gives a nice
approximation to the given data, but it also reproduces the noise that was added artificially.



136 CHAPTER 5. SPLINE APPROXIMATION  OF FUNCTIONS AND DATA

2 2
1.75 1.75
1.5 1.5
1.25 1.25
1'\,,._‘*/./‘\»/\/'\'/\,.*./0\,) 1 vt S e eyt
0.75 0.75
0.5 0.5
0.25 0.25
5 10 15 20 5 10 15 20

(a) (b)

Figure 5.10. Figure (a) shows the cubic spline interpolation to the noisy data of Example 5.38, while least
squares approximation to the same data is shown in (b).

Once we have made the choice of approximating the data in Example 5.38 using
cubic splines with no interior knots, we have no chance of representing the noise in the
data. The flexibility of cubic polynomials is nowhere near rich enough to represent all the
oscillations that we see in Figure 5.10 (a), and this gives us the desired smoothing effect in
Figure 5.10 (b). The advantage of the method of least squares is that it gives a reasonably
simple method for computing a reasonably good approximation to quite arbitrary data
on quite arbitrary knot vectors. But it is largely the knot vector that decides how much
the approximation is allowed to oscillate, and good methods for choosing the knot vector
is therefore of fundamental importance. Once the knot vector is given there are in fact
many approximation methods that will provide good approximations.

Exercises for Chapter 5

5.1 Consider the Variation Diminishing Spline Approximation (V f)(x) given by (5.6).

a) Show that V f(tit1) = f(tiz1) fori=1,...,n.

b) Show that (Vey) = ex, k = 0,1, where ex(z) = ¥, all k > 0, and that V f = f
for any linear function f(z) = ax + 5.

¢) Show that Vey # es.



Chapter

Parametric Spline Curves

When we introduced splines in Chapter 1 we focused on spline curves, or more precisely,
vector valued spline functions. In Chapters 2, 3 and 4 we then established the basic theory
of spline functions and B-splines, and in Chapter 5 we studied a number of methods for
constructing spline functions that approximate given data. In this chapter we return to
spline curves and show how the approximation methods in Chapter 5 can be adapted to
this more general situation.

We start by giving a formal definition of parametric curves in Section 6.1, and in-
troduce parametric spline curves in Section 6.2.1. In the rest of Section 6.2 we then
generalise the approximation methods in Chapter 5 to curves. It turns out that the
generalisation is virtually trivial, except for one difficult point.

6.1 Definition of Parametric Curves

In Section 1.2 we gave an intuitive introduction to parametric curves and discussed the
significance of different parameterisations. In this section we will give a more formal
definition of parametric curves, but the reader is encouraged to first go back and reread
Section 1.2 in Chapter 1.

6.1.1 Regular parametric representations
A parametric curve will be defined in terms of parametric representations.

Definition 6.1. A vector function or mapping f : [a,b] — R of the interval [a,b] into
R?® for s > 2 is called a parametric representation of class C"™ for m > 1 if each of the
s components of f has continuous derivatives up to order m. If, in addition, the first
derivative of f does not vanish in [a, b,

Df(u) = f'(u) #0, for u € [a,b],

then f is called a regular parametric representation of class C™.

A parametric representation will often be referred to informally as a curve, although
the term parametric curve will be given a more precise meaning later. In this chapter

137
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we will always assume the parametric representations to be sufficiently smooth for all
operations to make sense. Note that a function y = h(z) always can be considered as a
curve through the parametric representation f(u) = (u, h(u)).

If we imagine travelling along the curve and let u denote the elapsed time of our
journey, then the length of f/(u) which we denote by ||f/(u)||, gives the speed with
which we travel at time u, while the direction of f'(u) gives the direction in which we
travel, in other words the tangent to the curve at time u. With these interpretations a
regular curve is one where we never stop as we travel along the curve.

The straight line segment

f(u) = (1 =u)py+upy, foruel0,1],

where p, and p; are points in the plane, is a simple example of a parametric represen-
tation. Since f/(u) = p; — p, for all u, we have in fact that f is a regular parametric
representation, provided that p, # p;. The tangent vector is, as expected, parallell to
the curve, and the speed along the curve is constant.
As another example, let us consider the unit circle. It is easy to check that the
mapping given by
f(u) = (z(uv),y(u)) = (cosu,sinu)

satisfies the equation z(u)? + y(u)? = 1, so that if u varies from 0 to 2, the whole unit
circle will be traced out. We also have ||f'(u)|| = 1 for all u, so that f is a regular
parametric representation.

One may wonder what the significance of the regularity condition f’(u) # 0 is. Let
us consider the parametric representation given by

’LL2 or u X
f(u)_{(o, ), for u < 0;

(u?,0), for u>0;

in other words, for u < 0 the image of f is the positive y-axis and for v > 0, the image is
the positive z-axis. A plot of f for u € [—1,1] is shown in Figure 6.1 (a). The geometric
figure traced out by f clearly has a right angle corner at the origin, but f’ which is given
by

(0,2u), for u < 0;

f(u) =

(2u,0), for u > 0;
is still continuous for all u. The source of the problem is the fact that f'(0) = 0. For this
means that as we travel along the curve, the speed becomes zero at uw = 0 and cancels

out the discontinuity in the tangent direction, so that we can manage to turn the corner.
On the other hand, if we consider the unit tangent vector 8(u) defined by

O(u) = f'(u)/|1f (W,

we see that
0,-1 f 0;
e(u) _ ( ) )7 or u <0
(1,0),  foru>0.
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Figure 6.1. A parametric representation with continuous first derivative but discontinuous unit tangent (a), and
the parametric representation f(u) = (u2,u?) (b).

As expected, the unit tangent vector is discontinuous at v = 0.

A less obvious example where the same problem occurs is shown in Figure 6.1 (b).
The parametric representation is f(u) = (u?,u?) which clearly has a continuous tangent,
but again we have f'(0) = (0,0) which cancels the discontinuity in the unit tangent
vector at w = 0. To avoid the problems that may occur when the tangent becomes
zero, it is common, as in Definition 6.1, to assume that the parametric representation is

regular.

6.1.2 Changes of parameter and parametric curves

If we visualise a parametric representation through its graph as we have done here, it is
important to know whether the same graph may be obtained from different parametric
representations. It is easy to see that the answer to this question is yes. As an example,
consider again the unit circle f(u) = (cosu,sinu). If we substitute v = 27wv, we obtain
the parametric representation

7(v) = (cos 27w, sin 27v).

As v varies in the interval [0, 1], the original parameter v will vary in the interval [0, 27]
so that #(v) will trace out the same set of points in R? and therefore yield the same
graph as f(u). The mapping u = 27v is called a change of parameter.

Definition 6.2. A real function u(v) defined on an interval I is called an allowable
change of parameter of class C™ if it has m continuous derivatives, and the derivative
u'(v) is nonzero for all v in I. If u'(v) is positive for all v then it is called an orientation
preserving change of parameter.

From the chain rule we observe that if g(v) = f(u(v)) then
g'(v) =/ (v) ' (u(v)).

This means that even if f is a regular parametric representation, we can still have g’ (v) =
0 for some v if u/(v = 0). This is avoided by requiring u'(v) # 0 as in Definition 6.2.

If «/(v) > 0 for all v, the points on the graph of the curve are traced in the same
order both by f and g, the two representations have the same orientation. If «/(v) < 0
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for all v, then f and g have opposite orientation, the points on the graph are traced in
opposite orders. The change of parameter u(v) = 27 of the circle above was orientation
preserving.

Note that since u/(v) # 0, the function u(v) is one-to-one so that the inverse v(u)
exists and is an allowable change of parameter as well.

The redundancy in the representation of geometric objects can be resolved in a stan-
dard way. We simply say that two parametric representations are equivalent if they
are related by a change of parameter. If this is the case we will often say that one
representation is a reparametrisation of the other.

Definition 6.3. A regular parametric curve is the equivalence class of parameterisations
of a given regular parametric representation. A particular parametric representation of
a curve is called a parametrisation of the curve.

We will use this definition very informally. Most of the time we will just have a
parametric representation f which we will refer to as a parametrisation of a curve or
simply a curve.

As an interpretation of the different parameterisations of a curve it is constructive to
extend the analogy to travelling along a road. As mentioned above, we can think of the
parameter u as measuring the elapsed time as we travel along the curve, and the length
of the tangent vector as the speed with which we travel. The road with its hills and bends
is fixed, but there are still many ways to travel along it. We can both travel at different
velocities and in different directions. This corresponds to different parameterisations.

A natural question is whether there is a preferred way of travelling along the road. A
mathematician would probably say that the best way to travel is to maintain a constant
speed, and we shall see later that this does indeed simplify the analysis of a curve. On
the other hand, a physicist (and a good automobile driver) would probably say that it
is best to go slowly around sharp corners and faster along straighter parts of the curve.
For the purpose of constructing spline curves it turns out that this latter point of view
usually gives the best results.

6.1.3 Arc length parametrisation

Let us end this brief introduction to parametric curves by a discussion of parameterisa-
tions with constant speed. Suppose that we have a parametrisation such that the tangent
vector has constant unit length along the curve. Then the difference in parameter value
at the beginning and end of the curve equals the length of the curve, which is reason
enough to study such parameterisations. This justifies the next definition.

Definition 6.4. A regular parametric curve g(o) in R® is said to be parametrised by
arc length if ||g’(o)|| = 1 for all o.

Let f(u) be a given regular curve with u € [a,b], and let g(o) = f(u(o)) be a
reparametrisation such that ||g’(o)|| = 1 for all o. Since ¢g'(0) = u/(0) f'(u(0)), we see
that we must have [u/(0)| = 1/||f'(u(0))|| or |o/(u)] = ||f(w)|| (this follows since u(o)
is invertible with inverse o(u) and «/(0)o’(u) = 1). The natural way to achieve this is to
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define o(u) by
o(u) = / £/ ()] do. (6.1)

We sum this up in a proposition.

Proposition 6.5. Let f(u) be a given regular parametric curve. The change of param-
eter given by (6.1) reparametrises the curve by arc length, so that if g(o) = f(u(o))
then ||g'(o)]| = 1.

Note that o(u) as given by (6.1) gives the length of the curve from the starting point
f(a) to the point f(u). This can be seen by sampling f at a set of points, computing the
length of the piecewise linear interpolant to these points, and then letting the density of
the points go to infinity.

Proposition 6.6. The length of a curve f defined on an interval [a,b] is given by

b
L(f) =/ £ (w)|] du

It should be noted that parametrisation by arc length is not unique. The orientation
can be reversed and the parameterisation may be translated by a constant. Note also
that if we have a parametrisation that is constant but not arc length, then arc length
parametrisation can be obtained by a simple scaling.

Parametrisation by arc length is not of much practical importance in approximation
since the integral in (6.1) very seldom can be expressed in terms of elementary functions,
and the computation of the integral is usually too expensive. One important exception
is the circle. As we saw at the beginning of the chapter, the parametrisation r(u) =
(cosu,sinu) is by arc length.

6.2 Approximation by Parametric Spline Curves

Having defined parametric curves formally, we are now ready to define parametric spline
curves. This is very simple, we just let the coefficients that multiply the B-splines be
points in R? instead of real numbers. We then briefly consider how the spline approxi-
mation methods that we introduced for spline functions can be generalised to curves.

6.2.1 Definition of parametric spline curves

A spline curve f must, as all curves, be defined on an interval I and take its values in
R?. There is a simple and obvious way to achieve this.

Definition 6.7. A parametric spline curve in R® is a spline function where each B-
spline coefficient is a point in R®. More specifically, let T = (Ti)?;rlpﬂ be a knot vector
for splines of degree p. Then a parametric spline curve of degree p with knot vector T

and coefficients ¢ = (¢;)}'_, is given by

g(u) = Z ¢iBipr(u),
i=1



142 CHAPTER 6. PARAMETRIC SPLINE CURVES

where each ¢; = (c},c?,...,c5) is a vector in R®. The set of all spline curves in R® of

degree p with knot vector T is denoted by Sy, ;.
In Definition 6.7, a spline curve is defined as a spline function where the coefficients
are points in R®. From this it follows that

g(u) = Z ¢;Bi(u) = Z(cg, .., ¢)Bi(u)

= (ZC}BZ(U),,ZCfBZ(uD (6.2)

(2 7

= (gl(u)7 s 7gs(u))7
so that g is a vector of spline functions. This suggests a more general definition of spline
curves where the degree and the knot vector in the s components need not be the same,
but this is not common and seems to be of little practical interest.

Since a spline curve is nothing but a vector of spline functions as in (6.2), it is simple to
compute f(u): Just apply a routine like Algorithm 2.20 to each of the component spline
functions ¢!, ..., ¢°. If the algorithm has been implemented in a language that supports
vector arithmetic, then evaluation is even simpler. Just apply Algorithm 2.20 directly to
g, with vector coefficients. The result will be the vector g(u) = (gl(u), gt ().

Example 6.8. As an example of a spline curve, suppose that we are given n points p = (p;)i=1 in
the plane with p;, = (x;,¥:), and define the knot vector T by

T=(1,1,2,3,4,....,n—2,n—1,n,n).

Then the linear spline curve

g(w) = Y pBiar () = (3 wiBinr(w), > B (u))
i=1 i=1 i=1
is a representation of the piecewise linear interpolant to the points p.

An example of a cubic spline curve with its control polygon is shown in Figure 6.2,
and this example gives a good illustration of the fact that a spline curve is contained
in the convex hull of its control points. This, we remember, is clear from the geometric
construction of spline curves in Chapter 1.

Proposition 6.9. A spline curve g = > | ¢;B;,r defined on a p + 1-extended knot
vector T is a subset of the convex hull of its coefficients,

g(u) € CH(ey,...,cn), for any u € [Tp41, Tnt1]-
If u is restricted to the interval [7,,7,11] then
g(u) € CH(cu—p,---,cpu).

To create a spline curve, we only have to be able to create spline functions, since a
spline curve is just a vector with spline functions in each component. All the methods
described in previous chapters for approximation with spline functions can therefore also
be utilised for construction of spline curves. To differentiate between curve approximation
and function approximation, we will often refer to the methods of Chapter 5 as functional
approzimation methods.
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Figure 6.2. A cubic parametric spline curve with its control polygon.

6.2.2 The parametric variation diminishing spline approximation

In Section 5.2, we introduced the variation diminishing spline approximation to a func-
tion. This generalises nicely to curves.

Definition 6.10. Let f be a parametric curve defined on the interval [a,b], and let T
be a p + 1-extended knot vector with 7,41 = a and 7,41 = b. The parametric variation
diminishing spline approximation V f is defined by

(V)W) =D F(7)Bipr(u),
i=1

where 7 = (Tip1 + - Tigp) /d.
Note that the definition of V' f means that

VE=VFfL. . V.

If we have implemented a routine for determining the variation diminishing approxima-
tion to a scalar function (s = 1), we can therefore determine V f by calling the scalar
routine s times, just as was the case with evaluation of the curve at a point. Alterna-
tively, if the implementation uses vector arithmetic, we can call the function once but
with vector data.

A variation diminishing approximation to a segment of the unit circle is shown in
Figure 6.3.

It is much more difficult to employ the variation diminishing spline approximation
when only discrete data are given, since somehow we must determine a knot vector.
This is true for functional data, and for parametric data we have the same problem. In
addition, we must also determine a parametrisation of the points. This is common for all
parametric approximation schemes when they are applied to discrete data and is most
easily discussed for cubic spline interpolation where it is easy to determine a knot vector.
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Figure 6.3. A cubic variation diminishing approximation to part of a circle.

6.2.3 Parametric spline interpolation

In Section 5.4, we considered interpolation of a given function or given discrete data by
cubic splines, and we found that the cubic C? spline interpolant in a sense was the best
of all C? interpolants. How can this be generalised to curves?

Proposition 6.11. Let (uz,f(ul))zl be given data sampled from the curve f in R,
and form the knot vector

T = (U, U, UL, UL, Uy« -+ s Upn—T 5 Unnys Unryy Uy s Uy ) -
Then there is a unique spline curve g = Iy f in S | that satisfies
g(u;) = fluy), fori=1,...,m, (6.3)

with the natural end conditions g"(u1) = g”(u,,) = 0, and this spline curve g uniquely
minimises
Um
‘ / R (u) duH
u

1
when h varies over the class of C? parametric representations that satisfy the interpola-
tion conditions (6.3).

Proof. All the statements follow by considering the s functional interpolation problems
separately. N
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Note that Proposition 6.11 can also be expressed in the succinct form

INf: (INfla”'aINfs)'

This means that the interpolant can be computed by solving s functional interpolation
problems. If we go back to Section 5.4.2, we see that the interpolant is determined by
solving a system of linear equations. If we consider the s systems necessary to determine
Inf, we see that it is only the right hand side that differs; the coefficient matrix A
remains the same. This can be exploited to speed up the computations since the LU-
factorisation of the coeflicient matrix can be computed once and for all and the s solutions
computed by back substitution; for more information consult a text on numerical linear
algebra. As for evaluation and the variation diminishing approximation, this makes it
very simple to implement cubic spline interpolation in a language that supports vector
arithmetic: Simply call the routine for functional interpolation with vector data.

We have focused here on cubic spline interpolation with natural end conditions, but
Hermite and free end conditions can be treated completely analogously.

Let us turn now to cubic parametric spline interpolation in the case where the data
are just given as discrete data.

Problem 6.12. Let (p;)!", be a set of points in R®. Find a cubic spline g in some spline
space S5 . such that
g(uz):pzv fOI"L':].,...,m,

for some parameter values (u;)!", with up < ug < -+ < Up,.

Problem 6.12 is a realistic problem. A typical situation is that somehow a set of
points on a curve has been determined, for instance through measurements; the user
then wants the computer to draw a ‘nice’ curve through the points. In such a situation
the knot vector is of course not known in advance, but for functional approximation it
could easily be determined from the abscissae. In the present parametric setting this is a
fundamentally more difficult problem as long as we have no parameter values associated
with the data points. An example may be illuminating.

Example 6.13. Suppose that m points in the plane p = (p;)7; with p; = (x;,y;) are given. We
seek a cubic spline curve that interpolates the points p. We can proceed as follows. Associate with each
data point p, the parameter value i. If we are also given the derivatives (tangents) at the ends as (x7, y;)
and (z/,, ¥, ), we can apply cubic spline interpolation with Hermite end conditions to the two sets of
data (i,2;)i—1 and (4,¥:)i=1. The knot vector will then for both of the two components be

r=(1,1,1,1,2,3,4,...,m —2,m — 1,m,m,m, m).

We can then perform the two steps

(i) Find the spline function g' € S3, with coefficients ¢* = (c})7™*%? that interpolates the points

(i,2;)7, and satisfies Dg* (1) = z} and Dg*(m) = z},,.
(ii) Find the spline function g> € Sz with coefficients ¢ = (c?)7%? that interpolates the points
(4,4:)™, and satisfies Dg?(1) = 3} and Dg*(m) = y,,.
Together this yields a cubic spline curve

m—+2

g(u) = Z ciBis,r(u)
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that satisfies g(i) =p, for i =1,2, ..., m.

The only part of the construction of the cubic interpolant in Example 6.13 that is
different from the corresponding construction for spline functions is the assignment of
the parameter value i to the point f;, = (z;,y;) for i =1, 2, ..., n, and therefore also the
construction of the knot vector. When working with spline functions, the abscissas of the
data points became the knots; for curves we have to choose the knots specifically by giving
the parameter values at the data points. Somewhat arbitrarily we gave point number ¢
parameter value ¢ in Example 6.13, this is often termed uniform parametrisation.

Going back to Problem 6.12 and the analogy with driving, we have certain places that
we want to visit (the points p;) and the order in which they should be visited, but we do
not know when we should visit them (the parameter values ;). Should one for example
try to drive with a constant speed between the points, or should one try to make the
time spent between points constant? With the first strategy one might get into problems
around a sharp corner where a good driver would usually slow down, and the same can
happen with the second strategy if two points are far apart (you must drive fast to keep
the time), with a sharp corner just afterwards.

In more mathematical terms, the problem is to guess how the points are meant to be
parametrised—which parametric representation are they taken from? This is a difficult
problem that so far has not been solved in a satisfactory way. There are methods available
though, and in the next section we suggest three of the simplest.

6.2.4 Assigning parameter values to discrete data

Let us recall the setting. We are given m points (p;)!”; in R® and need to associate a
parameter value u; with each point that will later be used to construct a knot vector for
spline approximation. Here we give three simple alternatives.

1. Uniform parametrisation which amounts to u; = i for ¢ = 1, 2, ..., m. This
has the shortcomings discussed above.

2. Cord length parametrisation which is given by
up =0 and  u;=ui—+||p; —p;_q|| fori=2,3, ..., m.

If the final approximation should happen to be the piecewise linear interpolant to
the data, this method will correspond to parametrisation by arc length. This often
causes problems near sharp corners in the data where it is usually wise to move
slowly.

3. Centripetal parametrisation is given by
up =0 and  wi=ui 1+ ||p;—p_q|[Y? fori=2,3,...,m.

For this method, the difference u; — u;—1 will be smaller than when cord length
parametrisation is used. But like the other two methods it does not take into
consideration sharp corners in the data, and may therefore fail badly on difficult
data.
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Figure 6.4. Parametric, cubic spline interpolation with uniform parametrisation (a), cord length parametrisation
(b), and centripetal parametrisation (c).

There are many other methods described in the literature for determining good pa-
rameter values at the data points, but there is no known ‘best’ method. In fact, the
problem of finding good parameterisations is an active research area.

Figures 6.4 (a)—(c) show examples of how the three methods of parametrisation de-
scribed above perform on a difficult data set.

6.2.5 General parametric spline approximation

In Chapter 5, we also defined other methods for spline approximation like cubic Hermite
interpolation, general spline interpolation and least squares approximation by splines. All
these and many other methods for functional spline approximation can be generalised
very simply to parametric curves. If the data is given in the form of a parametric curve,
the desired functional method can just be applied to each component function of the
given curve. If the data is given as a set of discrete points (p;)/",, a parametrisation of
the points must be determined using for example one of the methods in Section 6.2.4.
Once this has been done, a functional method can be applied to each of the s data sets

(uz,pz )Zn]il 1~ If we denote the functional approximation scheme by A and denote the
data by f, so that f; = (u;,p;) for i = 1, ..., m, the parametric spline approximation
satisfies

Af = (AfY, ... Af®), (6.4)
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where f7/ denotes the data set (ui,pg)?ll which we think of as (ui,fj(ui))zl. As we
have seen several times now, the advantage of the relation (6.4) is that the parametric
approximation can be determined by applying the corresponding functional approxima-
tion scheme to the s components, or, if we use a language that supports vector arithmetic,
we simply call the routine for functional approximation with vector data. In Chapter 7,
we shall see that the functional methods can be applied repeatedly in a similar way to

compute tensor product spline approximations to surfaces.



Chapter

Tensor Product Spline Surfaces

Earlier we introduced parametric spline curves by simply using vectors of spline functions,
defined over a common knot vector. In this chapter we introduce spline surfaces, but
again the construction of tensor product surfaces is deeply dependent on univariate spline
functions. We first construct spline functions of two variables of the form z = f(z,y),
so called explicit spline surfaces, whose graph can be visualized as a surface in three
dimensional space. We then pass to parametric surfaces in the same way that we passed
from spline functions to spline curves.

The advantage of introducing tensor product surfaces is that all the approximation
methods that we introduced in Chapter 5 generalize very easily as we shall see below.
The methods also generalize nicely to parametric tensor product surfaces, but here we
get the added complication of determining a suitable parametrisation in the case where
we are only given discrete data.

7.1 Explicit tensor product spline surfaces

The reader is undoubtedly familiar with polynomial surfaces of degree one and two. A
linear surface
z=ar+by+c

represents a plane in 3-space. An example of a quadratic surface is the circular paraboloid
z=1x+ y2
shown in Figure 7.1 (a). The spline surfaces we will consider are made by gluing together
polynomial “patches” like these.
7.1.1 Definition of the tensor product spline

For z € [0, 1] the line segment
b()(l - HJ) + bix

connects the two values by and by. Suppose by(y) and by (y) are two functions defined for
y in some interval [c,d]. Then for each y € [¢,d] the function by(y)(1 — z) + bi(y)x is a

149
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(a) (b)

Figure 7.1. A piece of the circular paraboloid z = 22 + 42 is shown in (a), while the surface (1 —z)y? + z sin(7y)
is shown in (b).

line segment connecting bo(y) and b1 (y). When y varies we get a family of straight lines
representing a surface

z="bo(y)(1 —z) + bi(y)z.

Such a “ruled” surface is shown in Figure 7.1 (b). Here we have chosen by(y) = y? and
b1(y) = sin(wy) for y € [0, 1].
An interesting case is obtained if we take by and by to be linear polynomials. Specif-
ically, if
bo(y) = coo(1 —y) +coay, and bi(y) =cio(l —y)+c11y,

we obtain

f(x,y) =cop(l —x)(1 —y) +coi(l —2)y+croz(l —y) + crazy,

for suitable coefficients ¢; ;. In fact these coefficients are the values of f at the corners
of the unit square. This surface is ruled in both directions. For each fixed value of one
variable we have a linear function in the other variable. We call f a bilinear polynomial.
Note that f reduces to a quadratic polynomial along the diagonal line x = y.

We can use similar ideas to construct spline surfaces from families of spline functions.
Suppose that for some integer p; and knot vector o we have the spline space

Sy = Spha' = Sp&ﬂ{%, ) ¢n1}

To simplify the notation we have denoted the B-splines by {¢;}.,. Consider a spline in
S; with coefficients that are functions of y,

ni

fla,y) =) cily)dix). (7.1)

i=1

For each value of y we now have a spline in S;, and when y varies we get a family of
spline functions that each depends on x. Any choice of functions ¢; results in a surface,
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but a particularly useful construction is obtained if we choose the ¢; to be splines as well.
Suppose we have another spline space of degree po and with knots 7,

So = Spg,‘r = Span{%’ s a’@zjng}

where {¢;}72, denotes the B-spline basis in Sy. If each coefficient function ¢;(y) is a
spline in So, then

n2
ci(y) = Z cij i (y) (7.2)
j=1
for suitable numbers (cw)?;:”f Combining (7.1) and (7.2) we obtain
ni no
Fla,y) =D ) cigdila)w;(y). (7.3)
i=1 j=1

Definition 7.1. The tensor product of the two spaces S; and So is defined to be the
family of all functions of the form

fla,y) =D cidile)d;(y),
i=1 j=1

ni,m2

where the coefficients (c; j); 37

is denoted S1 ® Ss.

The space S1®S is spanned by the functions {¢;(x)v;(y)}; ;7. Since these functions
are linearly independent the space has dimension nijns.

Some examples of these basis functions are shown in Figure 7.2. In Figure 7.2 (a) we
have ¢ = ¢ = B[0,1,2]. The resulting function is a bilinear polynomial in each of the
four squares [i,i+1) x [j,j+ 1) for ¢,7 = 0,1. It has the shape of a curved pyramid with
value one at the top. In Figure 7.2 (b) we show the result of taking ¢ = ¢ = B0, 1,2, 3].
This function is a biquadratic polynomial in each of the 9 squares [i,i+ 1) x [j,7+ 1) for
i,7 =0,1,2. In Figure 7.2 (c) we have changed ¢ to BJ[0,0,0, 1].

Tensor product surfaces are piecewise polynomials on rectangular domains. A typical
example is shown in Figure 7.3. Each vertical line corresponds to a knot for the S; space,
and similarly, each horizontal line stems from a knot in the So space. The surface will
usually have a discontinuity across the knot lines, and the magnitude of the discontinuity
is inherited directly from the univariate spline spaces. For example, across a vertical knot
line, partial derivatives with respect to x have the continuity properties of the univariate
spline functions in S;. This follows since the derivatives, say the first derivative, will
involve sums of terms of the form

L esorlani ) = cidl @) (o).

can be any real numbers. This linear space of functions

A tensor product surface can be written conveniently in matrix-vector form. If f(x,y)
is given by (7.3) then
Fz,y) = o(2)" C(y), (74)
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Figure 7.2. A bilinear B-spline (a), a biquadratic B-spline (b) and biquadratic B-spline with a triple knot in one
direction (c).

Figure 7.3. The knot lines for a tensor product spline surface.
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where

¢:(¢17"'7¢n1)T7 w:(wla"'v¢n2)T7

and C = (c¢;;); 527 is the matrix of coefficients. This can be verified quite easily by

expanding the matrix products in (7.4).

7.1.2 Evaluation of tensor product spline surfaces

There are many ways to construct surfaces from two spaces of univariate functions, but
the tensor product has one important advantage: many standard operations that we wish
to perform with the surfaces are very simple generalizations of corresponding univariate
operations. We will see several examples of this, but start by showing how to compute a
point on a tensor product spline surface.

To compute a point on a tensor product spline surface, we can make use of the
algorithms we have for computing points on spline functions. Suppose we want to com-
pute f(z,y) = ¢(z)"C(y)T, and suppose for simplicity that the polynomial degree
in the two directions are equal, so that p = p; = po. If the integers p and v are such
that 0, < x < oy41 and 7, < y < 7441, then we know that only (qﬁi(w));-’:l,_p and
(v(y))=,,_, can be nonzero at (z,y). To compute

flx,y) = ()" Cp(y) (7.5)

we therefore first make use of Algorithm 2.21 to compute the p 4+ 1 nonzero B-splines at
x and the p+ 1 nonzero B-splines at y. We can then pick out that part of the coefficient
matrix C which corresponds to these B-splines and multiply together the right-hand side
of (7.5).

A pleasant feature of this algorithm is that its operation count is of the same order
of magnitude as evaluation of univariate spline functions. If we assume, for simplicity,
that p = p1 = p, we know that roughly 3(p + 1)?/2 multiplications are required to
compute the nonzero B-splines at x, and the same number of multiplications to compute
the nonzero B-splines at y. To finish the computation of f(x,y), we have to evaluate
a product like that in (7.5), with C a (p + 1) x (p + 1)-matrix and the two vectors
of dimension p + 1. This requires roughly (p + 1)? multiplications, giving a total of
O((p + 1)) multiplications. The number of multiplications required to compute a point
on a spline surface is therefore of the same order as the number of multiplications required
to compute a point on a univariate spline function. The reason we can compute a point
on a surface this quickly is the rather special structure of tensor products.

7.2 Approximation methods for tensor product splines

One of the main advantages of the tensor product definition of surfaces is that the ap-
proximation methods that we developed for functions and curves can be utilised directly
for approximation of surfaces. In this section we consider some of the approximation
methods in Chapter 5 and show how they can be generalized to surfaces.
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7.2.1 The variation diminishing spline approximation

Consider first the variation diminishing approximation. Suppose f is a function defined
on a rectangle

Q= {(l’,y) | al Sﬂigbl & as Syg bg} = [al,bl] X [ag,bg].

Let o = (07)" 77! be a p; + 1-regular knot vector with boundary knots ¢,, = a; and
On, = by, and let 7 = (Tj)?f{pﬁl be an py + l-regular knot vector with boundary knots
Tpy, = G2 and T,, = ba. As above we let ¢; = B;;, o and ©; = Bj p, » be the B-splines on
o and T respectively. The spline

ny n2

Vf(z,y) = Z > f(of,7)6u(@)s (y) (7.6)

=1 j=1

where
* *
0 =05 = (O'i—i—l +...+ Ui+p1)/p1
*

7—] — T;,pg — (T]—‘rl + +T]+p2>/p27

is called the wariation diminishing spline approzimation on (o, T) of degree (p1,p2). If
no interior knots in o has multiplicity p; + 1 then

(7.7)

ay =0y <0y <...<o0, =bi,
and similarly, if no interior knots in 7 has multiplicity p2 + 1 then

ap=1; <75 <...< T, =bo.

This means that the knot averages (o}, 7/); 77} divides the domain Q into a rectangular
grid.
Example 7.2. Suppose we want to approximate the function
f(@,y) = g(z)g(y), (7.8)
where
o= [ 0<z<1/2
g\r) = e~ 10(==1/2) 1/2 <z <1,

on the unit square
Q:{(Ly) | O§x§1&0§y§1}2[071]2.

A graph of this function is shown in Figure 7.4 (a), and we observe that f has a flat spot on the square
[0,1/2)* and falls off exponentially on all sides. In order to approximate this function by a bicubic
variation diminishing spline we observe that the surface is continuous, but that it has discontinuities
partial derivatives across the lines x = 1/2 and y = 1/2. We obtain a tensor product spline space with
similar continuity properties across these lines by making the value 1/2 a knot of multiplicity 3 in o and
7. For an integer ¢ with ¢ > 2 we define the knot vectors by

o=7=1(0,0,0,0,1/(2q),...,1/2—1/(2¢),1/2,1/2,1/2,
1/2+1/(2q),...1—-1/(2¢),1,1,1,1).

The corresponding variation diminishing spline approximation is shown in Figure 7.4 (b) for ¢ = 2.
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Figure 7.4. The function f(z,y) given in Example 7.2 is shown in (a) and its variation diminishing spline
approximation is shown in (b).

The tensor product variation diminishing approximation V f has shape preserving
properties analogous to those discussed in Section 5.2 for curves. In Figures 7.4 (a)
and (b) we observe that the constant part of f in the region [0, 1/2]x [0, 1/2] is reproduced
by V f, and V f appears to have the same shape as f. These and similar properties can
be verified formally, just like for functions.

7.2.2 Tensor Product Spline Interpolation

We consider interpolation at a set of gridded data
(xia Yj, fl,j):ill’?ilv (79)
where
a1 =21 <Xy < -+ < Ty, = by, ag =y1 <y2 <+ < Ymy = bo.

For each i, j we can think of f;; as the value of an unknown function f = f(z,y) at the
point (x;,y;). Note that these data are given on a grid of the same type as that of the
knot lines in Figure 7.3.

We will describe a method to find a function g = g(x,y) in a tensor product space
S1 ® Ss such that

g(xiyyj):fi,ja izl,...,ml, jzl,...,mg. (710)
We take S1 and Sg to be two univariate spline spaces

S1 = span{¢1,...,dm, }, So = span{vn, ..., ¥m,}, (7.11)

where the ¢’s and 1’s are bases of B-splines for the two spaces. Here we have assumed
that the dimension of S; ® So agrees with the number of given data points since we want
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to approximate using interpolation. Our tensor product spline g takes the form (Cf.

(7.4))

mi mg

9(z,y) = Z Zcq,r@br(y)géq(x) = ¢(x)TC’1,b(y) (7.12)
q=1r=1
Proposition 7.3. Define matrices ® € R™™ and ¥ € R™2™2 by
d(x1)"
D= ; ;O = [(yn) o (ymy)] (7.13)
¢($m1>T

If ® and ¥ are nonsingular then there is a unique g € S1 ® So such that

9(%7%) :¢(x2)TCI/)(y]):fZ,j7 1= 17"'7m17 ]:1,,7’)7,2 (714)

This g is given by (7.12) where the coefficient matrix C = (c,,) satisfies the matrix
equation
oCcv’ = F. (7.15)

Proof. The interpolation conditions (7.14) immediately lead to the matrix equation
(7.15). This system has a unique solution if ® and ¥ are nonsingular. =

The matric C in (7.15) can be computed in steps as follows
®D=F, ¥G=D' cCc=aG". (7.16)

This splits the computation into univariate interpolation problems. It involves two
banded linear systems with several right hand sides, and two transpose operations.

7.2.3 Least Squares for Gridded Data

The least squares technique is a useful and important technique for fitting of curves
and surfaces to data. In principle, it can be used for approximation of functions of any
number of variables. Computationally there are several problems however, the main one
being that usually a large linear system has to be solved. The situation is better when
the data is gridded, say of the form (7.9). We study this important special case in this
section and consider the following problem:

Problem 7.4. Given data
(x% ij fZ,])Zill’Znilv

positive weights (w;);"y and (v;)72,, and univariate spline spaces Sy and Sy, find a spline

surface g in S; ® So which solves the minimisation problem
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We assume that the vectors of data abscissas * = (7;);2; and y = (y;)7% have

distinct components, but that they do not need to be ordered. Note that we only have
m1 + msg independent weights. Using weights of the special form w;v; assures that the
problem splits into a sequence of univariate problems.

We assume that the spline spaces S; and Sy are given in terms of B-splines

Sl :Span{¢la'--,¢n1}’ SQ = Span{¢1""a¢n2}>

and seek the function g in the form

ny n2

g(z,y) = Z Z cq,rd)r(y)d)q(x)'

q=1r=1

Our goal in this section is to show that Problem 7.4 is related to the univariate least
squares problem just as the interpolation problem in the last section was related to uni-
variate interpolation. We start by giving a matrix formulation analogous to Lemma 5.35
for the univariate case.

Lemma 7.5. Problem 7.4 is equivalent to the following matrix problem

min ||[ACBT — G|, (7.17)
CcR"1:"2
where
A= (ai,q) € Rmhnlv ai,q =V wi¢q(£’i>7
B = (bjr) € R™™, bj = \/ujihr(y)), (7.18)
G = (VT fig) € B™™, C = (cq,) € RV,
Here, the norm || - || is the Frobenius norm,
m n ) 1/2
1B = (33 leisl) (7.19)
i=1 j=1

for any rectangular m x n matrix E = (e; ;).

Proof. Suppose C = (¢, ) are the B-spline coefficients of some g € S; ® Sp. Then

mi1 mo niy no 2
IACE" Gl =33 (X3 aincarti — 015

i=1 j=1 \p=1r=1

mi m2 , nmi Ny 9
= Z Z <Z Z ﬁ¢Q($i)0q,r@¢r(yj) - \/17@\/@]27])

i=1 j=1 “p=1lr=1
mi1 m2
2
=1 j=1

This shows that the two minimisation problems are equivalent. N
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We next state some basic facts about the matrix problem (7.17).

Proposition 7.6. The problem (7.17) always has a solution C = C*, and the solution
is unique if and only if both matrices A and B have linearly independent columns. In
that case the solution C* can be found by solving the matrix equation

ATAC*B"B = ATGB. (7.20)

Proof. By arranging the entries of C' in a one dimensional vector it can be seen that the
minimisation problem (7.17) is a linear least squares problem. The existence of a solution
then follows from Lemma 5.36. For the rest of the proof we introduce some additional
notation. For matrices H = (h; ;) and K = (k; ;) in R"™" we define the scalar product

m n

(H,K)=> "> hiki;.

i=1 j=1

This is a scalar product of the matrices H and K regarded as vectors. We have (H, H) =
| H|?, the Frobenius norm of H, squared. We also observe that for any m x n matrices
H and K, we have

IH + K|* = |H|* +2(H, K) + | K|*.

Moreover,
(E,HK)= (H'E,K)= (EK" H), (7.21)

for any matrices FE, H, K such that the matrix operations make sense. For any C €
R™:72 we let
¢(C) = |ACB” - G|I*.

This is the function we want to minimize. Suppose C* is the solution of (7.20). We want
to show that ¢(C* +eD) > ¢(C*) for any real € and any D € R™*"2, This follows from
the relation

q(C* +eD) = q(C*) + 2¢(ATAC*BTB — ATGB, D) + | ADBT ||, (7.22)
For if C* satisfies (7.20) then the complicated middle term vanishes and
q(C* + D) = ¢(C*) + | ADB"||* > ¢(C").
To establish (7.22) we have to expand ¢(C* + eD),

¢(C* +eD) = |(AC*BT — G) + eADB”|?
= q(C*) +2¢(AC*BT — G,ADBT) + ¢¥| ADB”||%.

Using (7.21) on the middle term, we can move A and BT to the left-hand side of the
inner product form, and we obtain (7.22). The uniqueness is left as a problem.
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Conversely, suppose that C' does not satisfy (7.20). We need to show that C does
not minimize q. Now, for at least one matrix component ¢, we have
2= (ATACB"B - ATGB),; #0.

We choose D as the matrix where the ¢, j element is equal to 1 and all other entries are
0. Then (7.22) takes the form

¢(C + eD) = q(C) + 2¢z + | ADB”||?,

and this implies that ¢(C 4 eD) < ¢(C) for ez < 0 and || sufficiently small. But then
C' cannot minimize q. N

In order to find the solution of Problem 7.4, we have to solve the matrix equation
(7.20). We can do this in two steps:

1. Find D from the system AT AD = ATG.
2. Find C from the system B' BCT = BT D™
The matrix C' is then the solution of (7.20). The first step is equivalent to
ATAd; = A"g;, j=1,2,....ma,

where D = (dy,...,dp,) and G = (g;,...,9,,,)- This means that we need to solve my
univariate linear least squares problems

min | Ad; — gl j=1,2...,ms.
Similarly, the second step involves my univariate linear least squares problems.

7.3 Trivariate Tensor Product Methods

The tensor product construction can be extended to higher dimensions. For trivariate
approximation we can combine three univariate approximation schemes into a method
to approximate trivariate data

. . . ..\, m2, m3
(Tiy s Yig» Zig f11,l277/3)ilzl,igzl,igzl' (7.23)
Here the f’s are function values of an unknown trivariate function
f=f(zy,2)

The data is given on a cubical region determined from the grid points
(%iy, Yiy, 2ig) in space. We write

F = (fi17i27i3) € R™1m2mS

to indicate that the data can be thought of as sitting in a cube of dimensions m1, ms, ms.
Such a cubical grid is shown in Figure 7.5.
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Figure 7.5. A cubical gridded region in space.

The approximation we seek has the form

g(x,y,z) = Z Z Z le,jQ,jssz(Z)¢j2(y)¢j1 (:E) (7'24>

J1=1j2=17j3=1
Here
S1 =span{¢1,...,én, }, So =span{t1,...,¥n,}, Sz =span{wi,...,wn,},

are three univariate spline spaces spanned by some B-splines.
To show that such an interpolation problem can be split into three univariate problems

it is convenient to consider arrays with more than two subscripts.
7.3.1 Tensors
For a positive integer s we define a rank s tensor to be a s-dimensional table of the form

A = (a5, iy )"0, M2, e s
115225050 )11 =1,10=1,...,25=1"

We write
A € RM1m2,...ms _ Rm’
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for membership in the class of all rank s tensors with real elements. These tensors are
generalisations of ordinary vectors and matrices. A rank s tensor can be arranged in
a s-dimensional cuboidal array. This is the usual rectangular array for s = 2 and a
rectangular parallelepiped for s = 3.

The operations of addition and scalar multiplication for vectors and matrices extend
easily to tensors. The product of two tensors, say A € R™M1™M22™s and B € R™1:72:Me
can be defined if the last dimension of A equals the first dimension of B. Indeed, with
m = mg = ny, we define the product AB as the tensor

C — AB c le7m27---7ms—1yn27---7ne

with elements

Citynis—1,02,000e — E :a’i1,.-~,i571,kbk,j27~-7je'

For s = e = 2 this is the usual product of two matrices, while for s = e = 1 we have the
inner product of vectors. In general this ’inner product’ of tensors is a tensor of rank
s+ e —2. We just contract the last index of A and the first index of B. In particular,
suppose A € R™™2 ig a matrix and B € R™:"2"3 ig a tensor of rank three. If mg = ny
then the product AB € R™"2"3 ig also a rank three tensor.

We also need to consider a transpose of a tensor A € R"1"72™s  Corresponding to
any rearrangement ni,...,ns of my,..., ms we define the transpose of A as the tensor
B € R™+"s ghtained from A by rearranging the subscripts of A. For a rank 3 tensor
A we consider the special transpose A’ given by a cyclic rotation of the subscripts.

A e R™M™M2ms o Al ¢ RM2Ma M (7.25)

7.3.2 'Trivariate tensor product interpolation

We can construct g by forming a a sequence of simpler sums as follows

:B ya Z d_]l y> ¢jl )

J11

dj (y, 2 Z €j1,j2 (2)¥j2 (Y), (7.26)

Jj2=1
n3

€jr,j2(2) = Z Cjit jajaWis (2)-

ja=1
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In order to interpolate the data given by (7.23) we obtain the following set of equations

ni
Z djl(yi272i3)¢j1($i1) = firigyis» 01 =1,2,...,mu,

J1=1
n2
Z €j17j2 (ZiB)QzZ)]'Q (y’LQ) = djl (yizu Zig)) i2 - 17 2) coe, M2, (727)
Jo=1
ng
Z leyjz,j:%wj?,(zis) = €j17j2(zi3)' i3=1,2,...,ms,
Jjs=1

These are square systems if ny = myg, kK = 1,2,3 and have to be solved in the least
squares sense if my > ng for one or more k.

Consider now writing these systems in matrix form. The equations involve arrays
with 3 subscripts.

Let us now write the equations in (7.27) in tensor form. The first equation can be
written

D =F. (7.28)
Here
® = (¢i17j1) = (¢j1 (xll)) € R™LM,
D = (dj17i27i3) = dj, (yizvzis) e Rmm2ms - F = (fi17i27i3) S
The system (7.28) is similar to the systems we had earlier for bivariate approximation.

We have the same kind of coefficient matrix, but many more right-hand sides.
For the next equation in (7.27) we define

U = (Yig5o) = (V)2 (¥in)) € R™>72,
E = (€ja,iz 1) = (€432 (2i3) € R™™™M 0 D' = (diy 3y 5,) € RT3
Taking the transpose of D according to (7.25) the next equation can be written
YE =D (7.29)

The construction of D’ from D involves a cyclic rotation of the dimensions from (ny, ms,
m3) to (ma, ms3,n1). The same operation is applied to E for the last equation in (7.27).
We obtain

QG =F/, (7.30)

where
Q = (wig,js) = ()3 (2i5)) € R™™,
E' = (€igj1,2) = (€142 (2i5)) ERTM G = (gjy 5,,50) € R™M™,
The coefficients C’ are obtained by a final cyclic rotation of the dimensions
C =G (7.31)
The actual implementation of this scheme on a computer will depend on how arrays

are sorted in the actual programming language used. Some languages arrange by columns,
while others arrange by rows.
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7.4 Parametric Surfaces

Parametric curves and explicit surfaces have a natural generalisation to parametric sur-
faces. Let us consider the plane P through three points in space which we call py, p;
and py. We define the function f : R? — P by

F(u,v) = py+ (p1 — Po)u + (Py — Po)v- (7.32)

We see that f£(0,0) = py, while f(1,0) = p; and f(0,1) = py, so that f interpolates
the three points. Since f is also a linear function, we conclude that it is indeed a
representation for the plane P.

We start by generalising and formalising this.

Definition 7.7. A parametric representation of class C™ of a set S C R? is a mapping
f of an open set Q C R? onto S such that

(i) f has continuous derivatives up to order m.

Suppose that f(u,v) = (fl(u,v), 2 (u,v), f3(u, v)) and let D1 f and Dy f denote differ-
entiation with respect to the first and second variables of f, respectively. The parametric
representation f is said to be regular if in addition

(ii) the Jacobian matrix of f given by

Dy fY(u,v) Daft(u,v)
J(f) = lez(u7v) D2f2(u7v)
D1 f3(u,v) Daf3(u,v)

has full rank for all (u,v) in Q.

That J(f) has full rank means that its two columns must be linearly independent for
all (u,v) € €, or equivalently, that for all (u,v) there must be at least one nonsingular
2 x 2 submatrix of J(f).

A function of two variables z = h(z,y) can always be considered as a parametric
surface through the representation f(u,v) = (u,v,h(u,v)). In the following we will
always assume that f is sufficiently smooth for all operations on f to make sense.

It turns out that there are many surfaces that cannot be described as the image of
a regular parametric representation. One example is a sphere. It can be shown that
it is impossible to find one regular parametric representation that can cover the whole
sphere. Instead one uses several parametric representations to cover different parts of
the sphere and call the collection of such representations a parametric surface. For our
purposes this is unnecessary, since we are only interested in analysing a single parametric
representation given as a spline. We will therefore often adopt the sloppy convention of
referring to a parametric representation as a surface.

Let us check that the surface given by (7.32) is regular. The Jacobian matrix is easily
computed as

J(f) = (p1— Po: P2 — o) »
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(the two vectors p; — py and py — py give the columns of J(f)). We see that J(f) has
full rank unless p; — py = A(py — py) for some real number A, i.e., unless all three points
lie on a straight line.

A curve on the surface S of the form f(u,vg) for fixed vy is called a u-curve, while
a curve of the form f(ug,v) is called a v-curve. A collective term for such curves is
150-parametric curves.

Iso-parametric curves are often useful for plotting. By drawing a set of u- and v-
curves, one gets a simple but good impression of the surface.

The first derivatives D; f(u,v) and Dy f(u,v) are derivatives of, and therefore tangent
to, a u- and v-curve respectively. For a regular surface the two first derivatives are linearly
independent and therefore the cross product D1 f(u, v) X Do f (u, v) is nonzero and normal
to the two tangent vectors.

Definition 7.8. The unit normal of the regular parametric representation f is the vector

_ le(uv U) X DQf(ua U)
D1 (u,v) x Do f(u,v)||

N (u,v)

The normal vector will play an important role when we start analysing the curvature
of surfaces.

Let (u(0),v(0)) be a regular curve in the domain Q of a parametric representation
f- This curve is mapped to a curve g(o) on the surface,

The tangent of g is given by

g/(a) = ul(o)le(u(o), 7)(0')) + v’(U)Dgf(u(U), U(O‘)),

in other words, a linear combination of the two tangent vectors D1 f(u(o),v(s)) and
Dy f (u(0),v(0)). Note that g is regular since g'(0) = 0 implies /(o) = v/(0) = 0.

All regular curves on S through the point f(u,v) has a tangent vector on the form
51D1f + 02Dof, where § = (61,6%) is a vector in R%2. The space of all such tangent
vectors is the tangent plane of S at f(u,v).

Definition 7.9. Let S be a surface with a regular parametric representation f. The
tangent space or tangent plane T f(u,v) of S at f(u,v) is the plane in R® spanned by
the two vectors D1 f(u,v) and Dyf(u,v), ie., all vectors on the form 6Dy f(u,v) +
02D f (u, v).

Note that the normal of the tangent plane T'f(u,v) is the normal vector N (u,v).

7.4.1 Parametric Tensor Product Spline Surfaces

Recalling how we generalized from spline functions to parametric spline curves, we see
that the definition of parametric tensor product spline surfaces is the obvious generaliza-
tion of tensor product spline functions.
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Definition 7.10. A parametric tensor product spline surface is given by a parametric
representation on the form

m n
flu,v) = Z Z ¢;,jBipy,o (W) Bjps,r(V),
i=1 j=1

where the coeflicients (Cw);ﬂ]zl are points in space,
_ (1 2 3
Cij = (Ci,j7ci,j7ci,j)a
1 1 .
and o = (o) """ and T = (Tj)?:fQJr are knot vectors for splines of degrees p; and

p2.

As for curves, algorithms for tensor product spline surfaces can easily be adapted to
give methods for approximation with parametric spline surfaces. Again, as for curves,
the only complication is the question of parametrization, but we will not consider this in
more detail here.
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Chapter

(Quasi-interpolation methods

In Chapter 5 we considered a number of methods for computing spline approximations.
The starting point for the approximation methods is a data set that is usually discrete
and in the form of function values given at a set of abscissas. The methods in Chapter 5
roughly fall into two categories: global methods and local methods. A global method
is one where any B-spline coefficient depends on all initial data points, whereas a local
method is one where a B-spline coefficient only depends on data points taken from the
neighbourhood of the support of the corresponding B-spline. Typical global methods are
cubic spline interpolation and least squares approximation, while cubic Hermite interpo-
lation and the Schoenberg variation diminishing spline approximation are popular local
methods.

In this chapter we are going to describe a general recipe for developing local spline
approximation methods. This will enable us to produce an infinite number of approxi-
mation schemes that can be tailored to any special needs that we may have or that our
given data set dictates. In principle, the methods are local, but by allowing the area of
influence for a given B-spline coefficient to grow, our general recipe may even encompass
the global methods in Chapter 5.

The recipe we describe produces approximation methods known under the collective
term quasi-interpolation methods. Their advantage is their flexibility and their simplic-
ity. There is considerable freedom in the recipe to produce tailor-made approximation
schemes for initial data sets with special structure. Quasi-interpolants also allow us to
establish important properties of B-splines. In the next chapter we will employ them
to study how well a given function can be approximated by splines, and to show that
B-splines form a stable basis for splines.

8.1 A general recipe

A spline approximation method consists of two main steps: First the degree and knot vec-
tor are determined, and then the B-spline coefficients of the approximation are computed
from given data according to some formula. For some methods like spline interpolation
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and least squares approximation, this formula corresponds to the solution of a linear
system of equations. In other cases, like cubic Hermite interpolation and Schoenberg’s
Variation Diminishing spline approximation, the formula for the coefficients is given di-
rectly in terms of given values of the function to be interpolated.

8.1.1 The basic idea

The basic idea behind the construction of quasi-interpolants is very simple. We focus
on how to compute the B-spline coefficients of the approximation and assume that the
degree and knot vector are known. The procedure depends on two versions of the local
support property of B-splines that we know well from earlier chapters: (i) The B-spline
Bj is nonzero only within the interval [7;, 7j4p+1], and (ii) on the interval 7, 7,41) there
are only p + 1 B-splines in S, - that are nonzero so a spline g in S, - can be written as
g(x) =>21_, , biBi(x) when w is restricted to this interval.

Suppose we are to compute an approximation g = ), ¢;B; in Sy, to a given function
f. To compute ¢; we can select one knot interval I = [r,,7,41] which is a subinterval
of [7j,Tj+p+1]. We denote the restriction of f to this interval by f! and determine an
approximation g! = Zf:/kp b;B; to fI. One of the coefficients of g/ will be b; and we
fix ¢; by setting ¢; = b;. The whole procedure is then repeated until all the ¢; have been
determined.

It is important to note the flexibility of this procedure. In choosing the interval I
we will in general have the p + 1 choices = j, j, ..., j + p (fewer if there are multiple
knots). As we shall see below we do not necessarily have to restrict I to be one knot
interval; all that is required is that I N[, 7,4p+1] is nonempty. When approximating fr
by ¢! we have a vast number of possibilities. We may use interpolation or least squares
approximation, or any other approximation method. Suppose we settle for interpolation,
then we have complete freedom in choosing the interpolation points within the interval
I. In fact, there is so much freedom that we can have no hope of exploring all the
possibilities.

It turns out that some of this freedom is only apparent — to produce useful quasi-
interpolants we have to enforce certain conditions. With the general setup described
above, a useful restriction is that if f! should happen to be a polynomial of degree
p then ¢! should reproduce f7!, i.e., in this case we should have ¢/ = f/. This has
the important consequence that if f is a spline in S, ; then the approximation g will
reproduce f exactly (apart from rounding errors in the numerical computations). To

see why this is the case, suppose that f =), I;iBi is a spline in S, ». Then f1 will be
o

a polynomial that can be written as f!/ = i=p—p b;iB;. Since we have assumed that

polynomials will be reproduced we know that ¢/ = f! so Do pbiBi =0, b; B,
and by the linear independence of the B-splines involved we conclude that b; = l;z for
¢ = p—p, ..., 4. But then we see that ¢; = b; = b; so g will agree with f. An
approximation scheme with the property that Pf = f for all f in a space S is said to

reproduce the space.
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8.1.2 A more detailed description

Hopefully, the basic idea behind the construction of quasi-interpolants became clear
above. In this section we describe the construction in some more detail with the gener-
alisations mentioned before. We first write down the general procedure for determining
quasi-interpolants and then comment on the different steps afterwards.

Algorithm 8.1 (Construction of quasi-interpolants). Let the spline space S,  of dimen-
sion n and the real function f defined on the interval [T, 41, Th+1] be given, and suppose
that T is a p + 1-regular knot vector. To approximate f from the space S, » perform the
following steps for j =1, 2, ..., n:

1. Choose a subinterval I = [1,,,7,| of [Tp41, Tn41] with the property that IN(7j, Tj4pt1)
is nonempty, and let f! denote the restriction of f to this interval.

2. Choose a local approximation method P! and determine an approximation g’ to

fI)

v—1
g"=Pf'=>" bB; (8.1)
i=p—p
on the interval I.

3. Set coefficient j of the global approximation Pf to b;, i.e.,
Cj = bj.

The spline Pf =377, ¢;B; will then be an approximation to f.

The coefficient ¢; obviously depends on f and this dependence on f is often indicated
by using the notation A;f for ¢;. This will be our normal notation in the rest of the
chapter.

An important point to note is that the restriction S, , ; of the spline space S, to
the interval I can be written as a linear combination of the B-splines {B; ;-’:_Ml_p. These
are exactly the B-splines whose support intersect the interior of the interval I, and by
construction, one of them must clearly be B;. This ensures that the coefficient b; that
is needed in step 3 is computed in step 2.

Algorithm 8.1 generalizes the simplified procedure in Section 8.1.1 in that I is no
longer required to be a single knot interval in [}, Tj4p+1]. This gives us considerably
more flexibility in the choice of local approximation methods. Note in particular that the
classical global methods are included as special cases since we may choose I = [Tp41, Tn41]-

As we mentioned in Section 8.1.1, we do not get good approximation methods for
free. If Pf is going to be a decent approximation to f we must make sure that the local
methods used in step 2 reproduce polynomials or splines.

Lemma 8.2. Suppose that all the local methods used in step 2 of Algorithm 8.1 repro-
duce all polynomials of some degree p1 < p. Then the global approximation method P
will also reproduce polynomials of degree py. If all the local methods reproduce all the
splines in Sy, - 1 then P will reproduce the whole spline space Sy r.
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Proof. The proof of both claims follow just as in the special case in Section 8.1.1, but
let us even so go through the proof of the second claim. We want to prove that if all
the local methods P! reproduce the local spline spaces Sprr and f is a spline in S, ,
then Pf = f. If fisin S, » we clearly have f =Y ", b; B; for appropriate coefficients
(Ei)?zl, and the restriction of f to I can be represented as f! = Zzl‘j;;}—p b;B;. Since P!
reproduces S, » ; we will have PLfl = fI or

v—1

v—1
z:m&: z:@&.
D

i=p—p T=p—

The linear independence of the B-splines involved over the interval I then allows us to
conclude that b; = b; for all indices 4 involved in this sum. Since j is one the indices
we therefore have ¢; = b; = b;. When this holds for all values of j we obviously have

Pf=f n

The reader should note that if I is a single knot interval, the local spline space Sy, -
reduces to the space of polynomials of degree p. Therefore, when [ is a single knot
interval, local reproduction of polynomials of degree p leads to global reproduction of the
whole spline space.

Why does reproduction of splines or polynomials ensure that P will be a good ap-
proximation method? We will study this in some detail in Chapter 9, but as is often
the case the basic idea is simple: The functions we want to approximate are usually nice
and smooth, like the exponential functions or the trigonometric functions. An important
property of polynomials is that they approximate such smooth functions well, although if
the interval becomes wide we may need to use polynomials of high degree. A quantitative
manifestation of this phenomenon is that if we perform a Taylor expansion of a smooth
function, then the error term will be small, at least if the degree is high enough. If our
approximation method reproduces polynomials it will pick up the essential behaviour
of the Taylor polynomial, while the approximation error will pick up the essence of the
error in the Taylor expansion. The approximation method will therefore perform well
whenever the error in the Taylor expansion is small. If we reproduce spline functions we
can essentially reproduce Taylor expansions on each knot interval as long as the function
we approximate has at least the same smoothness as the splines in the spline space we are
using. So instead of increasing the polynomial degree because we are approximating over
a wide interval, we can keep the spacing in the knot vector small and thereby keep the
polynomial degree of the spline low. Another way to view this is that by using splines we
can split our function into suitable pieces that each can be approximated well by polyno-
mials of relatively low degree, even though this is not possible for the complete function.
By constructing quasi-interpolants as outlined above we obtain approximation methods
that actually utilise this approximation power of polynomials on each subinterval. In
this way we can produce good approximations even to functions that are only piecewise
smooth.
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8.2 Some quasi-interpolants

It is high time to try out our new tool for constructing approximation methods. Let us
see how some simple methods can be obtained from Algorithm 8.1.

8.2.1 Piecewise linear interpolation

Perhaps the simplest, local approximation method is piecewise linear interpolation. We
assume that our n-dimensional spline space S1 - is given and that 7 is a 2-regular knot
vector. For simplicity we also assume that all the interior knots are simple. The function
f is given on the interval |1, 7,41]. To determine ¢; we choose the local interval to be
I = [75,7j41]. In this case, we have no interior knots in I so Sy - s is the two dimensional
space of linear polynomials. A basis for this space is given by the two linear B-splines
Bj_1 and Bj, restricted to the interval I. A natural candidate for our local approximation
method is interpolation at 7; and7;11. On the interval I, the B-spline B;_; is a straight
line with value 1 at 7; and value 0 at 7511, while Bj is a straight line with value 0 at 7;
and value 1 at 7;11. The local interpolant can therefore be written

Pl f(z) = f(5)Bj-1(z) + f(1j41)B;().

From Algorithm 8.1 we know that the coefficient multiplying B; is the one that should
multiply B; also in our global approximation, in other words ¢; = \;f = f(7j41). The
global approximation is therefore

Pif(z) = f(7j+1)B)(x).
j=1

Since a straight line is completely characterized by its value at two points, the local
approximation will always give zero error and therefore reproduce all linear polynomials.
Then we know from Lemma 8.2 that P; will reproduce all splines Sy .

This may seem like unnecessary formalism in this simple case where the conclusions
are almost obvious, but it illustrates how the construction works in a very transparent
situation.

8.2.2 A 3-point quadratic quasi-interpolant

In our repertoire of approximation methods, we only have one local, quadratic method,
Schoenberg’s variation diminishing spline. With the quasi-interpolant construction it is
easy to construct alternative, local methods. Our starting point is a quadratic spline
space So r based on a 3-regular knot vector with distinct interior knots, and a function
f to be approximated by a scheme which we denote P5. The support of the B-spline
Bj is [1j,Tj+3], and we choose our local interval as I = [7j41,Tj42]. Since I is one knot
interval, we need a local approximation method that reproduces quadratic polynomials.
One such method is interpolation at three distinct points. We therefore choose three
distinct points 0, ;1 and x;j2 in I. Some degree of symmetry is always a good guide
so we choose

o Tl T2 L
50 = Tj+1, Tj1 = ) y  Tj2 = Tj42.
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To determine PQI f we have to solve the linear system of three equations in the three
unknowns b;_1, b; and b1 given by
Jj+1
Py f(zjr) = Y biBi(wjk) = f(xjk), fork=0,1,2.
i=j—1
With the aid of a tool like Mathematica we can solve these equations symbolically. The
result is that

bj = %(—f(TjH) +4f(Tjp3/2) — f(7i42)),

where 7jy3/5 = (Tj41 + Tj+2)/2. The expressions for b;_1 and bj41 are much more
complicated and involve the knots 7; and 7;43 as well. The simplicity of the expression
for b; stems from the fact that x;; was chosen as the midpoint between 7;41 and 7;2.

The expression for b; is valid whenever 7,411 < 742 which is not the case for j =1
and j = n since 71 = 79 = 73 and T 41 = Tht2 = Tpt3. But from Lemma 2.12 we know
that any spline g in S3, will interpolate its first and last B-spline coefficient at these
points so we simply set ¢; = f(71) and ¢, = f(Tn+1)-

Having constructed the local interpolants, we have all the ingredients necessary to
construct the quasi-interpolant P f = 377 \; f Bj, namely

f(m), when 5 = 1;
Aif = %(—f(mj,o) +4f(wj1) — f(zj2), when1<j<mn;

f(Tnt1), when j = n.

Since the local approximation reproduced the local spline space (the space of quadratic
polynomials in this case), the complete quasi-interpolant will reproduce the whole spline
space Sg .

8.2.3 A 5-point cubic quasi-interpolant

The most commonly used splines are cubic, so let us construct a cubic quasi-interpolant.
We assume that the knot vector is 4-regular and that the interior knots are all distinct. As
usual we focus on the coefficient ¢; = \;f. It turns out that the choice I = [1j41, Tj43]
is convenient. The local spline space S3,; has dimension 5 and is spanned by the
(restriction of the) B-splines {B,}gijz_Z
the whole spline space and therefore need P! to reproduce Sz, ;. We want to use
interpolation as our local approximation method, and we know from Chapter 5 that
spline interpolation reproduces the spline space as long as it has a unique solution. The
solution is unique if the coefficient matrix of the resulting linear system is nonsingular,
and from Theorem 5.32 we know that a B-spline coefficient matrix is nonsingular if and
only if its diagonal is positive. Since the dimension of S3 - 7 is 5 we need 5 interpolation
points. We use the three knots 711, 7j42 and 7j43 and one point from each of the knot
intervals in I,

We want the quasi-interpolant to reproduce

Tj0 = Tivl, i1 € (T, Tje2)y Tj2 = Tive, 253 € (Tjt2, Tjta)s  Tj4 = Tjta.
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Our local interpolation problem is
J+2
Z biBi(ijg) = f(.%'j’k), for k = 0, 1, ceny 4.
i=j—2

In matrix-vector form this becomes

Bj_o(xj0) Bj-1(zj0) Bj(zjo) 0 0 bj—2 f(zj0)
Bja(zj1) Bj-1(xj1) Bj(xj1) Bjta(zja) 0 bj—1 f(zj1)
Bj_o(zj2) Bj-1(wj2) Bj(zj2) Bj+i(zj2) Bjya(w)2) bj | = | f(zj2)
0 Bj_1(wj3) Bj(zj3) Bjt1(wj3) Bjya(wjs) | | bjr f(x53)
0 0 Bj(wja) Bjti(zja) Bjra(zja)) \bjte f(@j4)

when we insert the matrix entries that are zero. Because of the way we have chosen
the interpolation points we see that all the entries on the diagonal of the coefficient
matrix will be positive so the matrix is nonsingular. The local problem therefore has a
unique solution and will reproduce Sz ;. The expression for A;f is in general rather
complicated, but in the special case where the widths of the two knot intervals are equal
and z;2 and x4 are chosen as the midpoints of the two intervals we end up with

Nf= é(f(TjJrl) — 8f(Tj13/2) + 20f (Tj12) — 8f (Tjt5/2) + f(Tj43))

where 7 3/9 = (Tj41+7j42)/2 and 7,5/9 = (Tj42+7;+3)/2. Unfortunately, this formula
is not valid when 7 =1, 2, n — 1 or n since then one or both of the knot intervals in [
collapse to one point. However, our procedure is sufficiently general to derive alternative
formulas for computing the first two coefficients. The first value of j for which the general
procedure works is j = 3. In this case I = [4, 76] and our interpolation problem involves
the B-splines {B;}?_;. This means that when we solve the local interpolation problem
we obtain B-spline coefficients multiplying all of these B-splines, including By and Bs.
There is nothing stopping us from using the same interval I for computation of several
coefficients, so in addition to obtaining Asf from this local interpolant, we also use it as
our source for the first two coefficients. In the special case when the interior knots are
uniformly distributed and z31 = 79/5 and x33 = 7112, we find

A f = f(T4)7
Aof = %(—5‘]0(7'4) + 40f(7'9/2) - 24f(7_5) + 8f(7—11/2) - f(Tﬁ))

In general, the second coefficient will be much more complicated, but the first one will
not change.

This same procedure can obviously be used to determine values for the last two coef-
ficients, and under the same conditions of uniformly distributed knots and interpolation
points we find

An—1f = %(_f(Tn—l) + 8f(Tn—1/2) — 24f (7)) + 40f (T 41/2) — 5 (Tnt1)),
)‘nf = f(Tn-i-l)‘
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8.2.4 Some remarks on the constructions

In all our constructions, we have derived specific formulas for the B-spline coefficients
of the quasi-interpolants in terms of the function f to be approximated, which makes it
natural to use the notation ¢; = A; f. To do this, we had to solve the local linear system
of equations symbolically. When the systems are small this can be done quite easily with
a computer algebra system like Maple or Mathematica, but the solutions quickly become
complicated and useless unless the knots and interpolation points are nicely structured,
preferably with uniform spacing. The advantage of solving the equations symbolically is
of course that we obtain explicit formulas for the coefficients once and for all and can
avoid solving equations when we approximate a particular function.

For general knots, the local systems of equations usually have to be solved numeri-
cally, but quasi-interpolants can nevertheless prove very useful. One situation is real-time
processing of data. Suppose we are in a situation where data are measured and need to
be fitted with a spline in real time. With a global approximation method we would have
to recompute the whole spline each time we receive new data. This would be acceptable
at the beginning, but as the data set grows, we would not be able to compute the new
approximation quickly enough. We could split the approximation into smaller pieces at
regular intervals, but quasi-interpolants seem to be a perfect tool for this kind of appli-
cation. In a real-time application the data will often be measured at fixed time intervals,
and as we have seen it is then easy to construct quasi-interpolants with explicit formulas
for the coefficients. Even if this is not practicable because the explicit expressions are
not available or become too complicated, we just have to solve a simple, linear set of
equations to determine each new coefficient. The important fact is that the size of the
system is constant so that we can handle almost arbitrarily large data sets, the only
limitation being available storage space.

Another important feature of quasi-interpolants is their flexibility. In our construc-
tions we have assumed that the function we approximate can be evaluated at any point
that we need. This may sometimes be the case, but often the function is only partially
known by a few discrete, measured values at specific abscissas. The procedure for con-
structing quasi-interpolants has so much inherent freedom that it can be adapted in a
number of ways to virtually any specific situation, whether the whole data set is available
a priori or the approximation has to be produced in real-time as the data is generated.

8.3 Quasi-interpolants are linear operators

Now that we have seen some examples of quasi-interpolants, let us examine them from a
more general point of view. The basic ingredient of quasi-interpolants is the computation
of each B-spline coefficient, and we have have used the notation ¢; = A\;f = A\;(f) to
indicate that each coefficient depends on f. It is useful to think of A; as a 'function’ that
takes an ordinary function as input and gives a real number as output; such functions’
are usually called functionals. If we go back and look at our examples, we notice that in
each case the dependency of our coefficient functionals on f is quite simple: The function
values occur explicitly in the coefficient expressions and are not multiplied or operated
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on in any way other than being added together and multiplied by real numbers. This is
familiar from linear algebra.

Definition 8.3. In the construction of quasi-interpolants, each B-spline coefficient is
computed by evaluating a linear functional. A linear functional A is a mapping from a
suitable space of functions S into the real numbers R with the property that if f and g
are two arbitrary functions in S and a and [ are two real numbers then

Maf + B8g) = aAf + BAg.

Linearity is a necessary property of a functional that is being used to compute B-spline
coefficients in the construction of quasi-interpolants. If one of the coefficient functionals is
nonlinear, then the resulting approximation method is not a quasi-interpolant. Linearity
of the coefficient functionals leads to linearity of the approximation scheme.

Lemma 8.4. Any quasi-interpolant P Is a linear operator, i.e., for any two admissible
functions f and g and any real numbers o and (3,

P(af + Bg) = aPf + BPg.

Proof. Suppose that the linear coeflicient functionals are (\;)"_;. Then we have

=1

P(af + Bg) = Z/\ (af + Bg)B —aZ)\ fB; +6Z)\]gB =aPf + BPg

=1 =1

which demonstrates the linearity of P. 1

This lemma is simple, but very important since there are so many powerful mathe-
matical tools available to analyse linear operators. In Chapter 9 we are going to see how
well a given function can be approximated by splines. We will do this by applying basic
tools in the analysis of linear operators to some specific quasi-interpolants.

8.4 Alternative ways to construct coefficient functionals

In Section 8.2 we constructed three quasi-interpolants by following the general procedure
in Section 8.1. In this section we will deduce two alternative ways to construct quasi-
interpolants.

8.4.1 Computation via evaluation of linear functionals

Let us use the 3-point, quadratic quasi-interpolant in subsection 8.2.2 as an example. In
this case we used I = [7j41,7Tj42] as the local interval for determining ¢; = A;f. This
meant that the local spline space Sy » ;1 become the space of quadratic polynomials on [
which has dimension three. This space is spanned by the three B-splines {B; } and

interpolation at the three points

ljl

_ Tj+1 T2
Titl T3z = T 5o Ti2
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allowed us to determine a local interpolant ¢/ = Zg;rjl_l b; B; whose middle coefficient b;
we used as A f.

An alternative way to do this is as follows. Since ¢! is constructed by interpolation
at the three points 7,41, 7;43/2 and 7;42, we know that A;f can be written in the form

Njf = w1 f(Tj41) + w2 f(Tj43/2) + wsf(Tit2). (8.2)

We want to reproduce the local spline space which in this case is just the space of
quadratic polynomials. This means that (8.2) should be valid for all quadratic polyno-
mials. Reproduction of quadratic polynomials can be accomplished by demanding that
(8.2) should be exact when f is replaced by the three elements of a basis for Sg - ;. The
natural basis to use in our situation is the B-spline basis {Bz}f;rjl_l
obtain the system

Inserting this, we

AjBj-1 = w1Bj1(7j11) + waBj1(7j13/2) + w3Bj-1(7j42);
AjBj = w1 Bj(1j41) + w2 Bj(Tj43/2) + w3Bj(Tj+2),
AjBji1 = w1 Bj1(Tj1) + waBj1(Tjq3/2) + wsBji(Ti42)-

in the three unknowns wi, we and ws. The left-hand sides of these equations are easy
to determine. Since \;f denotes the jth B-spline coefficient, it is clear that \;B; = 9, ;,
i.e., it is 1 when ¢ = j and 0 otherwise.

To determine the right-hand sides we have to compute the values of the B-splines.
For this it is useful to note that the w;’s in equation (8.2) cannot involve any of the knots
other than ;41 and ?;2 since a general polynomial knows nothing about these knots.
This means that we can choose the other knots so as to make life simple for ourselves.
The easiest option is to choose the first three knots equal to ¢;41 and the last three equal
to tj42. But then we are in the Bézier setting, and we know that the B-splines in this
case will have the same values if we choose 7j11 = 0 and 7j;2 = 1. The knots are then
(0,0,0,1,1,1) which means that Tiy3/2 = 1/2. If we denote the B-splines on these knots
by {Bi}?zl, we can replace B; in (8.4.1) by Bi,j+2 for i =1, 2, 3. We can now simplify
(8.4.1) to

0= wlél(O) + w2B1(1/2) + ’wgél(l),

1= w1B2(O) + wQBQ(l/Q) + w?)Bg(l),
0= w1§3(0) + 1@33(1/2) + wggg(l).

If we insert the values of the B-splines we end up with the system

wy + we /4 =0,
w2/2 = 1,
w2/4 + w3 =0,
which has the solution wy = —1/2, we = 2 and ws = —1/2. In conclusion we have

_ —f(tj1) +4f(tjrs2) — f(tj+2)
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as we found in Section 8.2.2.
This approach to determining the linear functional works quite generally and is often
the easiest way to compute the weights (w;).

8.4.2 Computation via explicit representation of the local approximation

There is a third way to determine the expression for \;f. For this we write down
an explicit expression for the approximation g’. Using the 3-point quadratic quasi-
interpolant as our example again, we introduce the abbreviations a = 741, b = Tj13/2
and ¢ = 7j42. We can write the local interpolant g! as

(x —b)(x —¢) (x —a)(x—0)
(a —b)(a—rc) (c—a)(c—0)

as it is easily verified that g’ then satisfies the three interpolation conditions g’ (a) = f(a),
g'(b) = f(b) and g’(c) = f(c). What remains is to write this in terms of the B-spline
basis {Bi}gijlfl and pick out coefficient number j. Recall that we have the notation ~;(f)
for the jth B-spline coefficient of a spline f. Coefficient number j on the left-hand side is
Ajf. On the right, we find the B-spline coefficients of each of the three polynomials and
add up. The numerator of the first polynomial is (x — b)(z — ¢) = 22 — (b+ ¢)x + be. To
find the jth B-spline of this polynomial, we make use of Corollary 3.5 which tells that,
when d = 2, we have vj(2?) = 7j417j+2 = ac and vj(x) = (Tj41+7j42)/2 = (a+c)/2 = b,
respectively. The jth B-spline coefficient of the first polynomial is therefore

(x —a)(x—c)

I _
g(z)= (b~ )b o)

fla) + f0) + f(e),

5

<ac—(b+c)b—|—b6):( ac — b? (8.3)

(a—0b)(a—rc) a—>b)la—rc)

which simplifies to —1/2 since b = (a+c)/2. Similarly, we find that the jth B-spline coeffi-
cient of the second and third polynomials are 2 and —1/2, respectively. The complete jth
B-spline coefficient of the right-hand side of (8.3) is therefore —f(a)/2 +2f(b) — f(c)/2.
In total, we have therefore obtained

f(Ti1)

Nif=i(g") = = T 2f(Tj82) —

f(Tj12)

2 )
as required.

This general procedure also works generally, and we will see another example of it in
Section 8.5.1.

8.5 Two quasi-interpolants based on point functionals

There are many functionals that can be used to define quasi-interpolants. As an example,
integral functionals based on moments are given by

/a ’ f(z)z! de.

These functionals can be used for any polynomial degree, since the only polynomial of
degree p whose p + 1 first moments vanish is the zero polynomial.
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However, we will not consider these functionals any further. Instead we restrict our
attention to two particular quasi-interpolants based on point functionals: In the first case
all the points are identical which leads to derivative functionals, in the second case all
the points are distinct. They may be useful for practical approximation problems, but
we are going to use them to prove special properties of spline functions in Chapters 9
and 10.

8.5.1 A quasi-interpolant based on the Taylor polynomial

A very simple local, polynomial approximation is the Taylor polynomial. This leads to a
quasi-interpolant based on derivative functionals. Even though we use splines of degree
p, our local approximation can be of lower degree; in Theorem 8.5 this degree is given
by 7.

Theorem 8.5 (de Boor-Fix). Let r be an integer with 0 < r < p and let x; be a number
in [1j,Tj4ps1] for j =1, ..., n. Consider the quasi-interpolant

Qprf =D N(f)Bjp, where X(f)= ;Z(—l)kDpkﬂj,p(ﬂfj)Dkf(wj% (8.4)
j=1 " k=0

and pjp(y) = (y — 7j+1) - - - (y — Tj4p). Then Qp reproduces all polynomials of degree r
and @)y, reproduces all splines in Sy r.

Proof. To construct @, we let I be the knot interval that contains x; and let the local
approximation g/ = P! f be the Taylor polynomial of degree r at the point xj,

- r — T4 k
o) = PLix) = 30 O phg(ay),

k=0

To construct the linear functional A;f, we have to find the B-spline coefficients of this
polynomial. We use the same approach as in Section 8.4.2. For this Marsden’s identity,

(y—2)" = pip)Bjp(x),
j=1

will be useful. Setting y = x;, we see that the jth B-spline coefficient of (z; — x)? is
pjp(z;). Differentiating Marsden’s identity p — k times with respect to y, setting y = x;
and rearranging, we obtain the jth B-spline coefficient of (x — x;)¥/k! as

vi((x — z)F/KY) = (=1)*DP~*p; (2;) /p! fork=0,...,r

Summing up, we find that

T

M) = = SO (1R DR, (1) DF £ (1),

k=0
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Since the Taylor polynomial of degree r reproduces polynomials of degree r, we know
that the quasi-interpolant will do the same. If = p, we reproduce polynomials of degree
p which agrees with the local spline space S, 1 since I is a single knot interval. The
quasi-interpolant therefore reproduces the whole spline space S, - in this case. B

Example 8.6. We find

Dpyp)/pl =1, D" psp(w)/pl =y~ where 7= DHIIIETE (g5)
For r = 1 and z; = 7; we therefore obtain
Qprf = Z f(T)Bip
j=1

which is the Variation Diminishing spline approximation. For d = r = 2 we obtain

n 1 )
Qa2f =Y [f(x) = (w5 = Ty48/2) Df (25) + 5 (@i = Tj+1) (2 = Tj42) D f(z3)] Bjz2. (8.6)

j=1

while for d = r = 3 and z; = 742 we obtain

= 1 1
Qsaf =Y [f(rjs2) + 3 (Ti+3 = 2Tj42 + Ti41) Df (Tj12) = £ (Ti4s = Tj42) (Tj42 = Ti+1)D* f(7j+2)] Bj .
j=1

(8.7)
We leave the detailed derivation as a problem for the reader.

Since Qppf = f for all f € S, it follows that the coefficients of a spline f =
>_j—1¢jBjp can be written in the form

1< _ :
cj = o Z(—l)kDp kpj,p(azj)Dkf(azj), forj=1,...,n, (8.8)
" k=0

where z; is any number in [75, Tj4p11].

8.5.2 Quasi-interpolants based on evaluation

Another natural class of linear functionals is the one where each A; used to define @ is
constructed by evaluating the data at r 4+ 1 distinct points

T S @50 < Tj1 <o < Tjr S Tjptl (8.9)
located in the support 7, 7j4p+1] of the B-spline Bj, for j =1, ..., n. We consider the
quasi-interpolant

n
Pp,rf = Z )‘j,r(f)Bj,pa (810)
j=1
where .
N (F) =) wjf (@jk)- (8.11)
k=0

From the preceding theory we know how to choose the constants w; so that P, f = f
for all f € m,.
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Theorem 8.7. Let S, ; be a spline space with a p+ 1-regular knot vector 7 = (Ti)?;rfﬂ.
Let (zjx)—o be r + 1 distinct points in |7}, Tj1py1] for j =1, ..., n, and let wjy, be the

jth B-spline coefficient of the polynomial
T or—=u
B ]78
Dbjk(T) = PO
vt =115 =
s#k

Then P,,f = f for all f € m,, and if r = p and all the numbers (x;);_, lie in one
subinterval

T STy S x50 < Tjr <o < Ty S Tg41 S Tigpl (8.12)

then P,,f = f for all f € Sy r.
Proof. It is not hard to see that
pj,k(xj,i) = 5k,ia k,i=0,...,r

so that the polynomial

Pp{rf(x) = ij7k($)f(xj,k)
k=0

satisfies the interpolation conditions P!, f(z;,) = f(z;,) for all j and r. The result
therefore follows from the general recipe. N

In order to give examples of quasi-interpolants based on evaluation we need to know
the B-spline coefficients of the polynomials p; ;. We will return to this in more detail in
Chapter 9, see (9.15) in the case r = p. A similar formula can be given for r < p.

Example 8.8. For » = 1 we have

Tj1 — X T — Zj,0
. - () = =30
pj0(x) s pj1(x) P——
and (8.10) takes the form
~ Tj1 — T T — 1 0
Poif = Bt L B TONy +17]* T B, 8.13
af = 3 | I fa0) + P )| B (5.13)

Jj=1

This quasi-interpolant reproduces straight lines for any choice of 7; < ;0 < 2,1 < Tj4p+1. If we choose
xj0 = 7; the method simplifies to

n

Pprf =Y f(77)Bjp. (8.14)

Jj=1

This is again the Variation diminishing method of Schoenberg.
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Exercises for Chapter 8

8.1 In this exercise we assume that the points (z; ;) and the spline space S,  are as in
Theorem 8.7.

a) Show that for r =d =2

n
Tit1 — Tii)(Tjg2 — Tj52) + (Tj4o — X;1)(Tj41 — X2
mezz[m 1) (T2 = 232) + (T2 = 230) (1 = 252)

Tji0
= 2(xj0 — xj1) (50 — j2) fzs0)
n (Tj+1 — 25,0) (Tj42 — Tji2) + (Tj42 — @50) (741 — xj’Q)f(x )
2(zj1 — j0)(wj1 — 252) g
L (Tin = 250) (T4 = @) + (T2 = 25.0) (T — afj,l)f( g
) 4 4 ) j2)| Bj2
2(zj2 — zj0)(wj2 — 1)
(8.15)

b) Show that (8.15) reduces to the operator (9.6) for a suitable choice of (2 x)7_-

8.2 Derive the following operators )}, ; and show that they are exact for , for the indi-
cated . Again we the points (x; ) and the spline space Sy ; are is in Theorem 8.7.
Which of the operators reproduce the whole spline space?

a) Qpof =371 f(zj)Bjp, (r=0).

b) Qpaf =37 [f(xj) + (1j = 2j)Df ()] Bjp, (r=1).

) Qpaf =271 f(7})Bjp, (r=1).

)

o,

Q22f = Z [f(x;) = (x5 — Tjy3/2) D f (x5)
=

(2 = Tj1) (@) = Ti12) D f (27)] Bj 2, (1=2).

N | =

_|_

e) Quaf =30y [f(Tjsap2) — 3(Tjr2 — 7541) 2D f(7j432)| Bja,  (r=2).
f)
Qssf = [f(rj42) + %(Tj+3 — 27j42 + 7j41) D f(Tj12)
j=

1
- 6(7j+3 — Tjr2)(Tj42 — Tj+1)D? f(1j42)| Bjs,  (r = 3).
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Chapter

Approximation theory and stability

Polynomials of degree p have p 4+ 1 degrees of freedom, namely the p + 1 coefficients
relative to some polynomial basis. It turns out that each of these degrees of freedom
can be utilised to gain approximation power so that the possible rate of approximation
by polynomials of degree p is h?T!, see Section 9.1. The meaning of this is that when
a smooth function is approximated by a polynomial of degree p on an interval of length
h, the error is bounded by ChPt!, where C is a constant that is independent of h. The
exponent p 4+ 1 therefore controls how fast the error tends to zero with h.

When several polynomials are linked smoothly together to form a spline, each polyno-
mial piece has p+1 coefficients, but some of these are tied up in satisfying the smoothness
conditions. It therefore comes as a nice surprise that the approximation power of splines
of degree p is the same as for polynomials, namely hPt! where h is now the largest
distance between two adjacent knots. In passing from polynomials to splines we have
therefore gained flexibility without sacrificing approximation power. We prove this in
Section 9.2, by making use of some of the simple quasi-interpolants that we constructed
in Chapter 8; it turns out that these produce spline approximations with the required
accuracy.

The quasi-interpolants also allow us to establish two important properties of B-splines.
The first is that B-splines form a stable basis for splines, see Section 9.3. This means that
small perturbations of the B-spline coefficients can only lead to small perturbations in the
spline, which is of fundamental importance for numerical computations. An important
consequence of the stability of the B-spline basis is that the control polygon of a spline
converges to the spline as the knot spacing tends to zero; this is proved in Section 9.4.

9.1 The distance to polynomials

We start by determining how well a given real valued function f defined on an interval
[a,b] can be approximated by a polynomial of degree p. We measure the error in the
approximation with the uniform norm which for a bounded function f defined on an

183
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interval [a, b] is defined by
Hf”oo,[a,b] = Sup |f($)‘
a<x<b

Whenever we have an approximation g to f we can use the norm and measure the
error by [|f — gllsc,ja,p)- There are many possible approximations to f by polynomials of
degree p, and the approximation that makes the error as small as possible is of course
of special interest. This approximation is referred to as the best approximation and the
corresponding error is referred to as the distance from f to the space II, of polynomials
of degree < p. This is defined formally as

dist II,) = inf — .
1S oo,[a,b](f, p) 916an Hf g”oo,[a,b]

In order to bound this approximation error, we have to place some restrictions on the
functions that we approximate, and we will only consider functions with piecewise con-
tinuous derivatives. Such functions lie in a space that we denote C% [a, b] for some integer
k > 0. A function f lies in this space if it has k — 1 continuous derivatives on the interval
[a,b], and the kth derivative D f is continuous everywhere except for a finite number
of points in the interior (a,b), given by A = (z;). At the points of discontinuity A the
limits from the left and right, given by D*f(2;+) and D¥ f(z;—), should exist so all the
jumps are finite. If there are no continuous derivatives we write Ca [a, b] = CQ [a, b]. Note
that we will often refer to these spaces without stating explicitly what the singularities
A are.

It is quite simple to give an upper bound for the distance of f to polynomials of
degree p by choosing a particular approximation, namely Taylor expansion.

Theorem 9.1. Given a polynomial degree p and a function f in CpAH[a, b], then
diStoo,[a,b] (f7 Hp) < Cphp+1 HDpJAfHoo,[a,b]y

where h = b — a and the constant C, only depends on p,

1
Cp = 2r 1 (p 4+ 1)1

Proof. Consider the truncated Taylor series of f at the midpoint m = (a+b)/2 of [a, ],

P (z—m)k
Tpf(z) = Z:(I{:')Dkf(m)7 for z € [a, b].
k=0

Since T}, f is a polynomial of degree p we clearly have

diStoo,[a,b](fv HP) < Hf - TPfHoo,[a,b}' (91)

The error is given by the integral form of the remainder in the Taylor expansion,

@) = Tyf (@) = - / “(@ — P DM f(y)dy,

m
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which is valid for any « € [a, b]. If we restrict = to the interval [m, b] we obtain

(@) — Tpf(x)] < ||Dp+1f|oo,[a7b]; / (x — y)Pdy.

m

The integral is given by

1 (" oy 1 » 1 (n\"!
Mzgx_wdy_&Hﬂﬂ@_m)Hg(ﬂ+UK2> ’

so for x > m we have

@)~ Tof @) < sprrs

+1 +1
Tl)!hp 1DP7 flloo,[a,b)-

By symmetry this estimate must also hold for z < m. Combining the estimate with (9.1)
completes the proof. &

It is in fact possible to compute the best possible constant C),. It turns out that for
each f € CP*![a,b] there is a point & € [a,b] such that

2

= mhﬁlmpﬂf@)\

diStoo,[a,b} (f7 Hp)

Applying this formula to the function f(z) = 2P™! we see that the exponent p + 1 in
hP*1 is best possible.

9.2 The distance to splines

Just as we defined the distance from a function f to the space of polynomials of degree
p we can define the distance from f to a spline space. Our aim is to show that on one
knot interval, the distance from f to a spline space of degree p is essentially the same as
the distance from f to the space of polynomials of degree p on a slightly larger interval,
see Theorem 9.2 and Corollary 9.12. Our strategy is to consider the cases p = 0, 1
and 2 separately and then generalise to degree p. The main ingredient in the proof is to
construct a simple but good approximation method that we can use in the same way that
Taylor expansion was used in the polynomial case above. Some of the quasi-interpolants
that we constructed in Chapter 8 will do this job very nicely.

We consider a spline space S, » where p is a nonnegative integer and 7 = (7;)
is a p+ 1 regular knot vector and set

n+p+1
=1

a=T1, b=Typt1, hj=7j41—7j, h= max h;.
1<j<n

Given a function f we consider the distance from f to S, defined by

dist +) = inf — .
18 oo,[a,b}(fa Sp, ) gEHSlp,-r Hf g”oo,[a,b}

We want to show the following.
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Theorem 9.2. Let the polynomial degree p and the function f in Cpgl[a, b] be given.
The distance between f and the spline space S, » is bounded by

diStoo,[a,b](f7 Spﬂ') < DpthrlHDp+1f”oo,[a,b}7 (92)

where the constant D, depends on p, but not on f or T.

We will prove this theorem by constructing a spline @), f such that

|f (@) = Qpf ()| < D" D" fllo fopy, € [a, ] (9-3)

for a constant D, that depends only on p. The approximation @,f will be a quasi-
interpolant on the form

Qpf =>_ Xi(f)Bip
=1

where )\; is a rule for computing the ith B-spline coefficient. We will restrict ourselves
to rules \; like

p
Ai(f) =D winf (i)
k=0

where the points (x;)7_, all lie in one knot interval and (w;);_, are suitable coeffi-
cients.

9.2.1 The constant and linear cases
We first prove Theorem 9.2 in the simplest cases p = 0 and p = 1. For p = 0 the
knots form a partition a = 71 < -+ < 741 = b of [a,b] and the B-spline B, is the
characteristic function of the interval |7, 741) for i = 1, ..., n — 1, while B, is the
characteristic function of the closed interval [7,, 7, +1]. We consider the step function

9(x) = Quf(x) = f(Tis1/2)Bio(x), (9.4)
=1

where 741 /9 = (7 + Tit1)/2. Fix z € [a,b] and let p be an integer such that 7, <z <
Tu+1.- We then have

xT

F(2) — Qof (@) = F(z) — f(rs1n) = / Df(y)dy

Tu+1/2
SO h
|f(2) = Qof ()| <o —Tui1s0l IDfllooirrus] < §HDfHoo,[a,b}-

In this way we obtain (9.2) with Dy = 1/2.
In the linear case p = 1 we define Q1 f to be the piecewise linear interpolant to f on
T defined by

9=Q1f =) f(7i11)Bir. (9.5)

i=1
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Proposition 5.2 gives an estimate of the error in linear interpolation and by applying this
result on each interval we obtain

h2
1f = Q1flloc,fap < gHDQfHoo,[a,b}
which is (9.2) with D; = 1/8.

9.2.2 The quadratic case

The quadratic case p = 2 is more involved. We shall approximate f by the quasi-
interpolant Q2 f that we constructed in Section 8.2.2 and then estimate the error. The

relevant properties of Qo are summarised in the following lemma.

Lemma 9.3. Suppose T = (Ti)?:l?’ is a knot vector with 7.3 > 7; for i = 1,...,n and

set T;13/2 = (Ti+1 + Tiy2)/2. The operator

Q2f =Y Nl(f)Bigr with N(f) = —%f(Ti—i-l) +2f(Tita2) — %f(TH-?) (9.6)
=1

is linear and satisfies Qa2 f = f for all f € S r.

Note that since the knot vector is 3-regular we have A\i(f) = f(72) and A\, (f) =
f(Tnt1). We also note that since Q2 reproduces all splines in Sg - it certainly reproduces
all quadratic polynomial. This fact that will be useful in the proof of Lemma 9.6.

Our aim is to show that (9.3) holds for p = 2 and we are going to do this by
establishing a sequence of lemmas. The first lemma shows that \;(f) can become at
most 3 times as large as f, irrespective of what the knot vector is.

Lemma 9.4. Let Q2(f) be as in (9.6). Then

IN(H] <3l f oo frisrmips fori=1,... n. (9.7)
Proof. Fix an integer i. Then
1 1 1 1
Xi(f)] = ‘—§f(%'+1) +2f(Tiy3/2) — §f(ﬂ;+2)‘ < <§ +2+ 5) 1 f loo, riga,7isa]

from which the result follows. B

Since the B-spline coefficients of Qo f are bounded it is easy to see that the spline
Q2 f is also bounded by the same constant.

Lemma 9.5. Select some interval [, T,41) of [T3, Tp41). On this interval the spline Q2 f
is bounded by

1Q2 oo, r,msa) < 3l Flloo, s mual- (9-8)

Proof. Fix x € |7, 7,41]. Since the B-splines are nonnegative and form a partition of
unity we have

w
Quf@)] =| 30 MNBiar(@)| < max N(F)

T p—2<isp
i=p—2
= SM—IS%XSM ||f||oo7[n+1,n+2] = 3||f||00’[7u71»7u+2]’
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where we used Lemma 9.4. This completes the proof. R

The following lemma shows that on one knot interval the spline Qs f approximates f
almost as well as the best quadratic polynomial over a slightly larger interval. The proof
depends on a standard trick that we will also use in the general case.

Lemma 9.6. Let [7,,7,41) be a subinterval of [13,7,41). On this interval the error
f — Q2f is bounded by

Hf - QQfHOO,[Tu,TH_'.l] < 4diStOO,[TH_1,TH+2}(f7 H2) (99)

Proof. Let g € Ils be any quadratic polynomial. Since Q29 = g and @5 is a linear
operator, application of (9.8) to f — g yields

|f(2) = (Q2/)(@)| = | f(z) — g(z) — (Q2f)(x) - g(x))]
< [f(@) = g(@)] + [Q2(f — g9)(2)] (9.10)
< (1 + 3)||f - gHOO,[T‘U‘_l,T’u+2]'

Since g is arbitrary we obtain (9.9). N
Proof of Theorem 9.2 for p = 2. Theorem 9.1 with p = 2 states that
diStoo,[a,b](f7 HQ) < C2h3HD3f||oo,[a,b}7

where h = b — a and Cy = 1/(233!). Specialising this estimate to the interval [a,b] =
[Tu—1, Tu+2] and combining with (9.9) we obtain (9.3) and hence (9.2) with Dy =1/12. 1

9.2.3 The general case

The general case is analogous to the quadratic case, but the details are more involved.
The crucial part is to find a sufficiently good local approximation operator. The operator
()2 is a quasi interpolant that is based on local interpolation with quadratic polynomials
at the three points x; , = 711+ k(Ti42 —Tiy1)/2 for kK = 0, 1, 2. Those points are located
symmetrically in the middle subinterval of the support of the B-spline B; ».

We will follow the same strategy for general degree. The resulting quasi-interpolant
will be a special case of the one given in Theorem 8.7. The challenge is to choose the local
interpolation points in such a way that the B-spline coefficients of the approximation can
be bounded independently of the knots, as in Lemma 9.4. The key is to let all the p+1
points be uniformly distributed in the largest subinterval [a;, b;] = [Ty, Tut1] of [Ti1, Tivp),

a:Lk:ai—&—ﬁ(bi—ai), fork=0,1,...,p. (9.11)
b
Given f € Cala,b] we define Q,f € Sy by
n p
Qpf(x) =D Ni(f)Bip(x), where Xi(f) =) wirf(zig). (9.12)
i=1 k=0

In this situation Theorem 8.7 specialises to the following.
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Lemma 9.7. Suppose that the functionals \; in (9.12) are given by \i(f) = f(7iy1) Iif
Titp = Ti+1, while if T4, > 7,11 the coefficients of \;(f) are given by

Wi 1 = ’Yl(pz,k)a for k = O; 17 -y Dy (913)

where 7;(p; ) is the ith B-spline coefficient of the polynomial

p
T = Tij
pin(@) = , 9.14
a0 -l 011
Jj#k
Then the operator @, in (9.12) satisfies Q,f = f for all f € Sp +.

We really only need reproduction of polynomials of degree p, but since all the in-
terpolation points lie in one knot interval we automatically get reproduction of all of
Spr-

The first challenge is to find a formula for the B-spline coefficients of p; ;. Blossoming
makes this easy.

Lemma 9.8. Suppose the spline space S, r is given together with the numbers vy, ..., vp.
The ith B-spline coefficient of the polynomial g(x) = (x —v1) ... (x — vp) can be written

vi(g9) = o S (i —v1) - (ting, — vp), (9.15)

where P, is the set of all permutations of the integers {1,2,...,p}.

Proof. By Theorem 4.15 we have

Yi(9) = Blgl(Tit1, - Titp),

where B[g] is the blossom of g. It therefore suffices to verify that the expression (9.15)
satisfies the three properties of the blossom. This is simple and is left to the reader. N

Let us consider the special case p = 2 as an example. The set of all permutations of
{1,2} are P» = {(1,2),(2,1)} and therefore

1

%‘((95 — 1)z — 112)) = B ((Tz’+1 —v1)(Tiy2 — v2) + (Tize — v1)(Tig1 — 1)2))-

The next and most difficult step is to obtain a bound for A\;(f).
Theorem 9.9. Let Q,(f) =Y., X\i(f)Bi, be the operator in Lemma 9.7. Then

‘)‘l(f” < Kpr”oo,[Ti_;,_l,Ti_;,_p]a 1= 1,...,71, (916)
where
2P p
K,= H(p(p -1)) (9.17)

depends only on p.
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Proof. Fix an integer ¢. We may as well assume that 7,41 < 7,4, since otherwise the
result is obvious. From Lemma 9.8 we have

wig= Y ﬁ(””r—”’“)/pu (9.18)

X; —
(1) €Pp r=1 T BE TET

where (v;)P_; = (250, .., Tik—1,Tikt1s- - -, Tip). and P, denotes the set of all permuta-
tions of the integers {1,2,...,p}. Since the numbers 74, and v, belongs to the interval
[Tit1, Titp) for all r we have the inequality

p
G5 = vr) < (rigp — 72" (9.19)

r=1

We also note that z; ; — v, = (k — q)(b; — a;)/d for some ¢ in the range 1 < ¢ < p but
with ¢ # k. Taking the product over all r we therefore obtain

. 2k =4l
| | |z — vp| = | | —(bi — ;)
r=1 q=0 p

for all values of k and r since [a;, b;] is the largest subinterval of [7;41, Ti1p]. The sum in
(9.18) contains p! terms which means that

p P
p(p— 1) p\ 2P

> el < PRI (7)< 2o - 0p ~ £,

k=0 p: k=0 p:
and therefore

P
‘)\'L(f)‘ S Hf||00,[7’i+1,7'2'+p] Z |w11k’ S Kp”f”()O,[Ti_{_l,T'H_p} (92]‘)
k=0

which is the required inequality. =

Theorem 9.9 is the central ingredient in the proof of Theorem 9.2, but it has many
other consequences as well, some of which we will consider later in this chapter. In fact
Theorem 9.9 gives one of the key properties of B-splines. If f =>"" | ¢; B, + is a spline
in Sy > we know that A;(f) = ¢;. The inequality (9.16) therefore states that a B-spline
coefficient is at most K, times larger than the spline it represents, where the constant
K, is independent of the knots. A similar conclusion holds for p < 2, see Lemma 9.4
and the definition of Qp and @; in (9.4) and (9.5). For later reference we record this in
a corollary.
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Corollary 9.10. For any spline f = > | ¢;Bi, in Sy ; the size of the B-spline coeffi-
cients is bounded by

|Ci| < Kp||f||00,[7’¢+1,7'i+p]7
where the the constant K, depends only on p.
From the bound on A;(f) we easily obtain a similar bound for the norm of Q,f.

Theorem 9.11. Let f be a function in the space Cala,b]. On any subinterval [1,,, T;11)
of [Tp+1, Tn+1) the approximation Qpf is bounded by

1Qp flloo,rurusa] < Epllflloo, iz psr musp] (9.22)
where K, is the constant in Theorem 9.9.

Proof. Fix an z in some interval [7,,7,41). Since the B-splines are nonnegative and
form a partition of unity we have by Theorem 9.9

Q@) =] 3 NN Bipr(@)] £ max [n(h)]

. T p—p<isp
i=p—p
S Kp }L—III}SaZXS/J HfHOO,[Ti+1,TZ‘+p} = Kpr||OO,[Tu_p+1,Tu+p]

This completes the proof. N

The following corollary shows that @, f locally approximates f essentially as well as
the best polynomial approximation of f of degree p.

Corollary 9.12. On any subinterval 7, 7,41) the error f — Q,f is bounded by

Hf - prHoo,[m,Tp,+1} < (1 + KP) diStOO,[T;L—p+17Tu+p}(f7 HP)? (9-23)

where K, is the constant in Theorem 9.9

Proof. We argue exactly as in the quadratic case. Let g be any polynomial in II,. Since
Qpg = g and @, is a linear operator we have

|f(z) = (Qpf)(@)| = |f(2) — g(x) — ((Qpf)(x) — g(x))]
<|f(z) = g(@)] + |Qp(f — 9)(2)]
< (1 + Kp)”f - g”oo,[m_p+1,m+p]'

Since g is arbitrary we obtain (9.23). B
Proof of Theorem 9.2 for general p. By Theorem 9.1 we have for any interval [a, b]
diStoo,[a,b](fa HP) < Cphp+1|’Dp+1fHoo,[a,b]v

where h = b — a and C), only depends on p. Combining this estimate on [a,b] =
[Tu—pt1, Tutp) With (9.23) we obtain (9.3) and hence (9.2) with D, = (K, +1)C,. 1
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We have accomplished our task of estimating the distance from a function in (CpAJr ! [a, b]
to an arbitrary spline space S, r. However, there are several unanswered questions.
Perhaps the most obvious is whether the constant K, is the best possible. A moment’s
thought will make you realise that it certainly is not. One reason is that we made use
of some rather coarse estimates in the proof of Theorem 9.9. Another reason is that we
may obtain better estimates by using a different approximation operator.

In fact, it is quite easy to find a better operator which is also a quasi-interpolant based
on local interpolation. Instead of choosing the local interpolation points uniformly in the
largest subinterval of [7;41, Ti4p], we simply choose the points uniformly in [7i41, Titp),

Tik = Tit1 + ;(Ti-#p —Tit1), fork=0,1,...,p.

It is easy to check that the bound (9.19) on the numerator still holds while the last
estimate in the bound on the denominator (9.20) is now unnecessary so we have

P P
|k —q| kl(p — k)!
[T 1zis—ol=1] (Titp = Tit1) = ————(Tirp — Tir1)".
r=1 =0 p p
= q_
q#k
This gives a new constant
. P
K, = —pr
p!
Note that the new approximation operator will not reproduce the whole spline space for
p > 2. This improved constant can therefore not be used in Corollary 9.10.

The constant can be improved further by choosing the interpolation points to be the
extrema of the Chebyshev polynomial, adjusted to the interval [7;41, Titp)-

9.3 Stability of the B-spline basis

In order to compute with polynomials or splines we need to choose a basis to represent the
functions. If a basis is to be suitable for computer manipulations it should be reasonably
insensitive to round-off errors. In particular, functions with ‘small’ function values should
have ‘small’ coefficients and vice versa. A basis with this property is said to be well
conditioned or stable and the stability is measured by the condition number of the basis.
In this section we will study the condition number of the B-spline basis.

9.3.1 A general definition of stability

The stability of a basis can be defined quite generally. Instead of considering polynomials
we can consider a general linear vector space where we can measure the size of the
elements through a norm; this is called a normed linear space.

Definition 9.13. Let V be a normed linear space. A basis (¢;) for V is said to be stable
with respect to a vector norm || - || if there are small positive constants C and Cy such
that

O {[(ep]l < HZ%’%H < Ca|(e)) ], (9.24)
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for all sets of coefficients ¢ = (c;). Let C7 and C3 denote the smallest possible values of
Cy and Cq such that (9.24) holds. The condition number of the basis is then defined to
be k = k((¢:);) = C7C5.

At the risk of confusion we have used the same symbol both for the norm in V and
the vector norm of the coefficients. In our case V will be some spline space S, ¢ and the
basis (¢;) will be the B-spline basis. The norms we will consider are the g-norms which
are defined by

b 1/q 1/q
|muﬂmmmz</fuwm) wdmm=<§]w§ ,
a J

where ¢ is a real number in the range 1 < ¢ < co. Here f is a function on the interval
la,b] and ¢ = (c;) is a real vector. For ¢ = oo the norms are defined by

£l = 1Flocasy = max [F@)] and el = [[(e)]].c = max e,

In practice, the most important norms are the 1-, 2- and co-norms.

In Definition 9.13 we require the constants C; and Cy to be ‘small’, but how small
is ‘small’? There is no unique answer to this question, but it is typically required that
C1 and C should be independent of the dimension n of V, or at least grow very slowly
with n. Note that we always have x > 1, and k = 1 if and only if we have equality in
both inequalities in (9.24).

A stable basis is desirable for many reasons, and the constant x = C1Cs crops up in
many different contexts. The condition number x does in fact act as a sort of derivative
of the basis and gives a measure of how much an error in the coefficients is magnified in
a function value.

Proposition 9.14. Suppose (¢;) is a stable basis for V. If f = Zj cj¢p; and g = Zj bio;
are two elements in V with f # 0, then

£ ~all _ lle=bl
7 =" el

where k is the condition number of the basis as in Definition 9.13.

(9.25)

Proof. From (9.24), we have the two inequalities || f — g|| < Ca||(¢; — bj)|| and 1/||f]| <
C1/|l(¢;)|l- Multiplying these together gives the result. B

If we think of g as an approximation to f then (9.25) says that the relative error in
f — g is bounded by at most s times the relative error in the coefficients. If x is small a
small relative error in the coefficients gives a small relative error in the function values.
This is important in floating point calculations on a computer. A function is usually
represented by its coefficients relative to some basis. Normally, the coefficients are real
numbers that must be represented inexactly as floating point numbers in the computer.
This round-off error means that the computed spline, here g, will differ from the exact
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f. Proposition 9.14 shows that this is not so serious if the perturbed coeflicients of g are
close to those of f and the basis is stable.

Proposition 9.14 also provides some information as to what are acceptable values of
C7 and C3. If for example k = C7C5 = 100 we risk losing 2 decimal places in evaluation
of a function; exactly how much accuracy one can afford to lose will of course vary.

One may wonder whether there are any unstable polynomial bases. It turns out that
the power basis 1, z, 22, ..., on the interval [0, 1] is unstable even for quite low degrees.
Already for degree 10, one risks losing as much as 4 or 5 decimal digits in the process
of computing the value of a polynomial on the interval [0, 1] relative to this basis, and
other operations such as numerical root finding is even more sensitive.

9.3.2 Stability of the B-spline basis, ¢ = oo

Since splines and B-splines are defined via the knot vector, it is quite conceivable that
the condition number of the B-spline basis could become arbitrarily large for certain knot
configurations, for example in the limit when two knots merge into one. One of the key
features of splines is that this cannot happen.

Theorem 9.15. There is a constant K, which depends only on the polynomial degree
p, such that for all spline spaces Sy and all splines f =>""" | ¢;B;, € Spt with B-spline
coefficients ¢ = (¢;)}_,, the two inequalities

Ky lelloo < 1 fllooftr nsy) < llells (9.26)
hold.

Proof. We have already proved variants of the second inequality several times; it follows
since B-splines are nonnegative and sum to (at most) 1.

The first inequality is a consequence of Corollary 9.10. The value of the constant K,
is Ko = K1 =1, Ky = 3 while it is given by (9.17) for p > 2. 1

The condition number of the B-spline basis on the knot vector 7 with respect to the
oo-norm is usually denoted kp oo . By taking the supremum over all knot vectors we
obtain the knot independent condition number s o,

Rp,oo = sup Kp,o0,7-
T

Theorem 9.15 shows that kp « is bounded above by K.

Although K, is independent of the knots, it grows quite quickly with p and seems
to indicate that the B-spline basis may well be unstable for all but small values of p.
However, by using different techniques it is possible to find better estimates for the
condition number, and it is indeed known that the B-spline basis is very stable, at least
for moderate values of p. It is simple to determine the condition number for p < 2;
we have Kgoo = Ki,00 = 1 and Ko = 3. For p > 3 it has recently been shown that
Kpoo = O(2P). The first few values are known to be approximately k3., ~ 5.5680 and
K400 ~ 12.088.



9.3. STABILITY OF THE B-SPLINE BASIS 195

9.3.3 Stability of the B-spline basis, ¢ < co

In this section we are going to generalise Theorem 9.15 to any p-norm. This is useful
in some contexts, especially the case p = 2 which is closely related to least squares
approximation. The proof uses standard tools from analysis, but may seem technical for
the reader who is not familiar with the techniques.

Throughout this section ¢ is a fixed real number in the interval [1,00) and ¢’ is a
related number defined by the identity 1/¢+1/¢' = 1. A classical inequality for functions
that will be useful is the Hélder inequality

b
/ £ (@)g(@)|dz < | Flallglle-

We will also need the Holder inequality for vectors which is given by

n

D Iicil < i) llgll(er)izally -

i=1
In addition to the Hélder inequalities we need a fundamental inequality for polyno-
mials. This states that for any polynomial g € II, and any interval [a, b] we have

lg(z)| < i z)|dz, for any z € [a,b], (9.27)
where the constant C' only depends on the degree p. This is a consequence of the fact
that all norms on a finite dimensional vector space are equivalent.

In order to generalise the stability result (9.26) to arbitrary g-norms we need to
introduce a different scaling of the B-splines. We define the ¢g-norm B-splines to be
identically zero if 74,11 = 7; and

1 1/q
B+ = P Bipt, (9.28)
5Dy Tl+p+1 — T )

otherwise. We can then state the p-norm stability result for B-splines.

Theorem 9.16. There is a constant K that depends only on the polynomial degree p,
such that for all 1 < ¢ < oo, all spline spaces Sp¢ and all splines f =Y " | C@sz €Syt
with g-norm B-spline coefficients ¢ = (¢;)}_, the inequalities

K~ ellg < 1l < llellq (9.29)

hold.
Proof. We first prove the upper inequality. Let v; = (p + 1)/(Ti4p+1 — 7i) denote the
gth power of the scaling factor in (9.28) for i = 1, ..., n and set [a,b] = [T1, Tn4p+1]-

Remembering the definition of B} p and the identity 1 /q+1/¢" =1 and applying the
Holder inequality for sums we obtain

. _ 1/q 1/q l/q 1/q . 1/q’
Z‘Cz p‘ Z‘Cz% B; < Z]cﬁ viBip ZBW )
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Raising both sides of this inequality to the gth power and recalling that B-splines sum
to (at most) 1 we obtain the inequality

| ZciBf’p(:L‘)‘q < Z |lci|%yiBip(z) for any z € R. (9.30)
i i

By (3.44) the integral of a B-spline is given by

Titp+1 A 1
/ Bip(z)dz = Titpt1 =T _ 2
. p+1 Vi

Making use of this and (9.30) we find
b q b
11 = [ | ety o < Slels [ Buperae = Y je

)

Taking qth roots on both sides proves the upper inequality.
Consider now the lower inequality. The spline f is given as a linear combination of
g-norm B-splines, but can very simply be written as a linear combination of the usual

F= Y eant, = Y ent B,
7

2

B-splines,

From the first inequality in (9.26) we then obtain for each i
1/q
p+1
() el < Ky max G
Titp+1 — Ti Tit1 ST Tiqp
where the constant K, only depends on p. Extending the maximum to a larger subinterval

and applying the inequality (9.27) we find

leil < Kp(p + 1)_1/q(7i+p+1 - Tz’)l/q| max | f(z)]

Ti ST Tigpt1

_ Titp+1
< CKp(P + 1)_1/q (Ti+p+1 - Ti) 1+l/q/ |f(y)| dy.

i

Next, we apply the Hélder inequality for integrals to the product [T#+! ’ f (y)‘ 1dy and
obtain

Titp+l 1/q
\cirSCKp<p+1>-1/q( / \f(ywdy) .

Raising both sides to the gth power and summing over ¢ we obtain

dolalt < CUR(p+ 1) Z/mpﬂ W)l py < CUKZIL
(] — p - . - p q7[a7b]'

%

Taking gqth roots we obtain the lower inequality in (9.29) with K = CK,,. 1
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9.4 Convergence of the control polygon for spline functions

Recall that for a spline function f(x) =), ¢;B;p - the control polygon is the piecewise
linear interpolant to the points (7, ¢;), where 7" = (Ti41 + - - - + Ti4p)/p is the ith knot
average. In this section we are going to prove that the control polygon converges to the
spline it represents when the knot spacing approaches zero. The main work is done in
Lemma 9.17 which shows that a corner of the control polygon is close to the spline since
¢; is close to f(7}), 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 [7;41, Ti4p], which we proved in Theorem 9.9
and Lemma 9.4 (and Section 9.2.1),

leil < Kpll flpriss i) (9.31)

The norm used here and throughout this section is the co-norm.

Lemma 9.17. Let f be a spline in S, with coefficients (c;). Then
lei = FOO < K (Tivp = 7)) 1D Fll im0 (9.32)

where 7} = (741 + -+ + Ti+p)/p, the operator D? denotes (one-sided) differentiation
(from the right), and the constant K only depends on p.

Proof. Let i be fixed. If 7,11 = 71, then we know from property 5 in Lemma 2.6 that
B, ,(17) = 180 ¢; = f(7;) and there is nothing to prove. Assume for the rest of the proof
that the interval J = (7j41,Ti4p) is nonempty. Since J contains at most p — 2 knots,
it follows from the continuity property of B-splines that f has at least two continuous
derivatives in J. Let x¢ be a number in the interval J and counsider 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. This spline lies in S, - and
can therefore be written as g = ), b;B; , - for suitable coefficients (b;). More specifically
we have

bi = c; — f(z0) — (7] — o) D f (o).

Choosing zg = 7" we have b; = ¢; — f(7;) and according to the inequality (9.31) and the
error term in first order Taylor expansion we find

Kp(Titp — Tit1)

2
D21l ;.
5 1D f|l5

|ci = ()| = Ibil < Kpllglls <

The inequality (9.32) therefore holds with K = K,/2 and the proof is complete. &

Lemma 9.17 shows that the corners of the control polygon converge to the spline as
the knot spacing goes to zero. This partly explains why the control polygon approaches
the spline when we insert knots. What remains is to show that the control polygon as a
whole also converges to the spline.
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Theorem 9.18. Let f =Y " | ¢;iB;p be a spline in S, », and let T'), - (f) be its control
polygon. Then

Ty (f) = f] (9.33)

where h = max;{7;11 — 7;} and the constant K only depends on p.

[r5,72] < I<h2HD2fH[7'17

Tn+p+1}’

Proof. As usual, we assume that 7 is p 4 1-regular (if not we extend it with p 4+ 1-tuple
knots at either ends and add zero coefficients). Suppose that x is in [}, 7;] and let j be
such that 77 < < 7/,;. Observe that since the interval J* = (T;‘, T ',1) is nonempty we
have 741 < Tj4p41 and J* contains at most p — 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 in J*. Let

(T;—&-l - x)f(Tj*) + (l’ - T;)f(T;—i-l)

* %
Ti+1 = 75

g(w) =

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

ID(x) = f(2)] < [T(x) = g(x)] + [9(x) = f(2)]. (9.34)
Let us first consider the difference I' — g. Note that

(771 —2)(bj = f(75)) + (@ — 77) (bj11 — f(77441))

* *
Tiv1 = T;

I(x) — glx) =

for any z in J*. We therefore have

P(@) — g@)| < max{ s — £G5By — £}
for x € J*. From Lemma 9.17 we then conclude that

D(z) - g(2)| < K1h?|D*f|l5, z € J7, (9-35)

where J = [T1, Tim4p+1] and K is a constant that only depends on p.
The second difference f(x) — g(x) in (9.34) is the error in linear interpolation to f at
the endpoints of J*. For this process we have the standard error estimate

* * 1 *
|f(z) = g(2)| < S (700 = T2ID [l < ghQIIDQfHJa r e J (9.36)

Q. oof

If we now combine (9.35) and (9.36) as indicated in (9.34), we obtain the Theorem with

constant K = K; +1/8. 1

Because of the factor h? in Theorem 9.18 we say (somewhat loosely) that the control
polygon converges quadratically to the spline.
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Exercises for Chapter 9

9.1 In this exercise we will study the order of approximation by the Schoenberg Vari-
ation Diminishing Spline Approximation of degree p > 2. This approximation is

given by
n Ts 1 + P 7—2+
Vof =Y f(77)Bip, with 7= P
i=1 p
Here B; ), is the ith B-spline of degree p on a p+1-regular knot vector 7 = (Ti)?ilp—’—l.
We assume that 7,4, > 7; for i = 2,...,n. Moreover we define the quantities

a=T1, b=T h = max 7Tjy; — 7.
1, n+p+1, i<i<n i+1 [

We want to show that V, f is an O(h?) approximation to a sufficiently smooth f.

We first consider the more general spline approximation
5 n
Vof =3 Xl(f)Bip,  with  X(f) = wiof(xip) + wirf(zia).
i=1

Here x;0 and ;1 are two distinct points in [7;, 7j4p] and w; o, w;1 are constants,
1=1,...,n.

Before attempting to solve this exercise the reader might find it helpful to review
Section 9.2.2

a) Suppose for i =1,...,n that w;¢ and w;; are such that

w0+ w1 =1

*
Ti0Wi0 + Ti1wi1 = T;

Show that then f/pg = g for all g € II;. (Hint: Consider the polynomials
g(z) =1and g(z) = z.)

b) Show that if we set z; 9 = 7;* for all 4 then %f = V,f for all f, regardless of
how we choose the value of ;1.

In the rest of this exercise we set A\;(f) = f(7)) for i = 1,...,n, i.e. we
consider V,,f. We define the usual uniform norm on an interval [c, d] by

Hf”[c,d] = Ssup |f($)|7 IS CA[Ca d]
c<z<d

¢) Show that for p+1<1<n
VoAl S Wl 10 f € Cala, bl
d) Show that for f € CA[Tl*_p,Tl*] andp+1<I1<n

1f — Vo llimmen < 2 dist[Tlthl*](fy II).
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e) Explain why the following holds for p+1 <1 <n

TH 2
d1st (f) ) < (1811’)

2
||D fH[Tl*_p,Tl*]'
f) Show that the following O(h?) estimate holds

| 0] < R ID” Fllfap)-

(Hint: Verify that 7* — Tltp < hp. )

9.2 In this exercise we want to perform a numerical simulation experiment to determine
the order of approximation by the quadratic spline approximations

n
Vaf = Zf<7'i*)Bz’,2, with 7F = %

Q2f = Z f(Tign) +2f(7) — ;f(7i+2)>Bi,2-

We want to test the hypotheses f — Vaof = O(h?) and f — Qof = O(h3) where
h = max; 7,41 — 7;. We test these on the function f(x) = sinz on [0, 7] for various

values of h. Consider for m > 0 and n,, = 2 + 2™ the 3-regular knot vector

7™ = (1) 3 on the interval [0, 7] with uniform spacing hy, = 72~™. We define

n m m
+1 1 Tito
WWhf= Z f(Tz‘T-:z/z)BZLQa with 7'_5-3/2 %7

= 1 1
Q' f = Z (- if(ﬁil) +2f(7t50) — §f(7ﬁ2)) i1
i=1

and BZQ is the ith quadratic B-spline on 7™. As approximations to the norms
If = V3" flljo,, and || f — Q5 flljo,x we use
EY = max |f(jm/100) — V5" f(jm/100)],
<<

By = max |f(jm/100) — Q5 f(jx/100)].

0<5<100

Write a computer program to compute numerically the values of E7} and Eg” for
m =0,1,2,3,4,5, and the ratios E'/Ey'™" and Eg/Eg " for 1 <m < 5. What
can you deduce about the approximation order of the two methods?

Make plots of Vi f, Q5* f, f — V3" f, and f — Q3 f for some values of m.
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9.3 Suppose we have m > 3 data points (xi,f(:ri)):.il sampled from a function f,
where the abscissas = (z;)%, satisfy 1 < --- < zp,. In this exercise we want to
derive a local quasi-interpolation scheme which only uses the data values at the x;’s
and which has O(h3) order of accuracy if the y-values are sampled from a smooth
function f. The method requires m to be odd.

From & we form a 3-regular knot vector by using every second data point as a knot

T = (T]);‘LS = (T1,21, 21, T3, L5, - -+, Tm—2, Ty Ty T )s (9.37)

where n = (m+3)/2. In the quadratic spline space Sz » we can then construct the

spline
Qof =) Ni(£)Bja, (938)
j=1
where the B-spline coefficients A;(f)}_; are defined by the rule
1 _ _
M) = 5 (=0 oaga) 4 6704 62 (o 2) = 6,5 (o) ). 939
forj=1,...,n. Here 1 =0, =1 and

€X25j—-2 — I25-3
6. = J J

T2j—1 — T2j—2
forj=2,...,n—1.

a) Show that Qo simplifies to Q2 given by (9.6) when the data abscissas are
uniformly spaced.

b) Show that Q29 = g for all g € Iy and that because of the multiple abscissas
at the ends we have \i(f) = f(x1), A\n(f) = f(xm), so only the original data
are used to define Qo f. (Hint: Use the formula in Exercise 1.

¢) Show that for j =1,...,n and f € Calx1,zp]

‘)\](f)‘ < (29 + 1)HfHoo,[Tj+17Tj+2}’
where
f = max {0;1, 6;}.

1<j<n

d) Show that for [ =3,...,n, f € Calz1,2n], and x € [7, Tj41]
‘QQ(f)(-f)‘ < (29 + 1)”f”oo,[n,1,n+2]'
e) Show that for [ =3,...,n and f € Ca[z1, zp]

If — QZfHOOa[Tlﬂ'Hﬂ < (20 +2) diSt[Tzf17Tl+2](f’ ).
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f) Show that for f € C3[z1, 2] we have the O(h?) estimate

Hf - QQfHoo,[:Jcl,:Jcm] < K(a)‘A'T|3HD3f||HHoo,[acl,:zcm}’

where
|Az| = max|zj1 — ]

and the constant K () only depends on 6.
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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 4.22. Theorem 4.24 is not a completely
satisfactory generalisation of Theorem 4.22 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;jBjp in Sy is said to be connected if for each x
in (t1,tnyp+1) there is some j such that t; < < tj;pt1 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 z is not a knot. If ¢, < x < t 41, then t; < o < tjp
for j = u—p, ..., u (assuming the knot vector is long enough) so we must have
Cu—p = -+ = ¢, = 0. In other words f must be identically zero on (t,,t,+1). In
this case f splits into two spline functions f; and fo with knot vectors ¢' = (tj)gzl

203
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and t2 = (t;)"*7T]. We clearly have

J=p+1-
p—p—1 n
Y ¢Bip,  fo= Y. ¢Bjy
Jj=1 J=p+1
(ii) The splitting point x is a knot of multiplicity m, say
by <x=typ1 = = lyrm <lufm1-
In this case we have t; <z < tji14p for j =p+m—p, ..., p. We must therefore
have ¢yym—p = -+ = ¢, = 0. (Note that if m = p + 1, then no coefficients need

to be zero). This means that all the B-splines that “cross” = do not contribute to
f(z). Tt therefore splits into two parts fi and f2, but now the two pieces are not
separated by an interval, but only by the single point . The knot vector of f; is
th = (t])ﬁ'{n while the knot vector of fy is t? = (t])?iﬁﬁ The two spline functions
are given by

p+m—p—1 n
fi= > ¢Bjp, fa= > ¢Bjp
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,
ti <z=tit1 =" =titm < titm+1

for some i. Let f = Zj ¢;jBj, be a spline in Sy ¢. Then

;Z 1Dk, (2) DR £ (2) (10.1)
k=0

for all j such that t; < z < tjypy1, where pjp(y) = (y —tjs1) - (y — tjqp).

Proof. Recall from Theorem 8.5 that the B-spline coefficients of f can be written as
¢ =Aif = P Z DFDP " pj(y) D* £ (y),

where y is a number such that Bj,(y) > 0. In particular, we may choose y = z for
j=it+m-—p,..., 150
P
cj=Af = Z )k DP- kpj,p(Z)Dkf(Z)a (10.2)
" k=0
for these values of j. But in this case p;,(y) contains the factor (y—tit1) - (y —tizm) =
(y — 2)™ so Dp_kpjp(z) =0fork>p—mandj=i+m—p, ..., 1, ie., for all values
of j such that t; < z < tj1py1. The formula (10.1) therefore follows from (10.2). =
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In the situation of Lemma 10.2, we know from Lemma 2.6 that DFf is continuous
at z for kK = 0, ..., p —m, but DPT'=™f may be discontinuous. Equation (10.1)
therefore shows that the B-spline coeflicients 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,4p4+1) there is
then a nonnegative integer r such that D" f is continuous at x and D" f(z) # 0.

Proof. The claim is clearly true if x 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 DP~™*!f, so if the claim
is not true, we must have D*f(z) = 0 for k = 0, ..., p — m. But then we see from
Lemma 10.2 that ¢; = A\;f = 0 for all [ such that ¢; < x < t;4,41. 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) =--- =
D1 f(2) = 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) = Z(q5)(f)-
Recall from Definition 4.20 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.

Z(x) =1, S™(z) =1, Z(z(1-2)%) =3, S7(z(1—2)?) =1,
Z(z*) =2, S7(z?) =0, Z(2°(1 - 2)%) =5, ST (a*(1-2)%) =1,
Z(z") =1, S (z") =1, Z(—1—2® + cosz) = 2, S~ (=1 —a® +cosz) = 0.

We are now ready to prove a generalization of Theorem 4.22 that allows zeros to be
counted with multiplicities.

Theorem 10.5. Let f = Z?Zl cjBjp be a spline in S, ¢ that is connected. Then

Z(tl’tn+p+l)(f) <SS (e) <n-—1.

Proof. Let z; < 23 < --- < % be the zeros of f in the interval (¢1,%,4p+1), each of
multiplicity r;; Lemma 10.2 shows that z; occurs at most p — r; times in ¢t. For if z;
occured m > p—r; times in ¢ then p—m < r;, and hence all the derivatives of f involved
in (10.1) would be zero for all j such that t; < z < tj1,41. 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 p—r; times and the numbers
z; — h and z; + h occur p + 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 [2; — h, z; + h] for
1 < i< Let & be the B-spline coefficients of f relative to . By Lemma 4.23 we then
have S7(¢) < 57 (c) so it suffices to prove that Z, 4., ,)(f) < S7(¢). But since

0
Z(t1,tn+p+1)(f) = Z Z(zi—h,zi-i—h) (f)7
=1
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it suffices to establish the theorem in the following situation: The knot vector is given
by

p+1 p+1

p—r
—_—
t=(z—h,...,2—h,%,....2,z+h,...,z+ h)

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

— .
¢ = W(—l)pﬂﬂh’“D’“f(z), j=p+l-r.. . p+l, (10.3)
as this means that the r + 1 coefficients (cj)§:;+1_r alternate in sign and S~ (¢) > r =

Z(o—hz+h)(f)- Fix j in the range p+ 1 —7 < j < p+ 1. By equation (10.1) we have

%= ;Z(—l)kDkajm(Z)Dkf(Z) = (_pl')Dprpj,p(Z)Drf(z%
" k=0 ’

since D/ f(z) =0 for j =0 ..., r — 1. With our special choice of knot vector we have
pinle) = (y = =+ WP (y = 2P (y = 2 — By,
Taking p — r derivatives we therefore obtain
DT psp() = (p = IR (SR = (= )1y
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 p + 1-regular on the
interval [0,2], with additional knots at = = 1. In Figure 10.1 (a) there is one knot at
x = 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 (z—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 # = 1 in this case. Figure 10.1 (c) shows the polynomial (z — 1)® 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 (x — 1)® represented as a spline of
degree 9 with one knot at = 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
interpolation derivatives.
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(a) Cubic, 2 zeros, simple knot. (b) Cubic, multiplicity 3, simple knot.
1 1
05 0.8
0.6
/‘\
. 1 15 2 04
-05 0.2
-1 Vo5 N 1 N/ 15, 2
(c) 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 z = 1.

10.2.1 Lagrange Interpolation

In Chapter 8 we studied spline interpolation. With a spline space S, of dimension n
and data (y;)/~, given at n distinct points x; < z3 < -+ < @, the aim is to determine
aspline g =Y | ¢;iB;p in Sp¢ such that

9(xi) = i, fori=1,..., n. (10.4)

This leads to the linear system of equations

Ac=y,
where
Bip(z1) Bap(r1) ... Bnp(z1) c1 Y1
Bip(z2) Bap(ra) ... Bup(zo) ca Y2
= . . _ . , e=| |, y=|"
BLp(xn) BQ,p(wn) e Bn,p(xn) Cn Yn

The matrix A is often referred to as the B-spline collocation matriz. Since B;,(x) is
nonzero only if t; < x < t;yp+1 (we may allow ¢; = z if t; = t;4p < tizp41), the matrix A
will in general be sparse. The following theorem tells us exactly when A is nonsingular.
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Theorem 10.6. Let S, be a given spline space, and let v1 < z2 < --- < =, ben
distinct numbers. The collocation matrix A with entries (Bj(;)) is nonsingular if

n
ij=1
and only if its diagonal is positive, i.e.,

B y(x;) >0 fori=1,..., n. (10.5)

Proof. We start by showing that A is singular if a diagonal entry is zero. Suppose that
xq < tq (strict inequality if ¢4 = tg4p < tg4p+1) for some ¢ so that By ,(x4) = 0. By the
support properties of B-splines we must have a; j =0fori=1,...,gand j =g¢q, ..., 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 > €44 pt1.

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;p denote the spline with B-spline
coefficients c. We clearly have f(xz,) =0 for ¢ =1, ..., n. Let G denote the set

G = Ui{(tistirp+1) | ¢ # 0}

Since each z in G must be in (¢;, t;4p+1) for some i with ¢; # 0, we note that G contains no
splitting points of f. Note that if x; = t; = t;1, < ti;p41 occurs at a knot of multiplicity
p+ 1, then 0 = f(z;) = ¢;- To complete the proof, suppose first that G is an open
interval. Since z; 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 S7(c) < ¢ < Zg(f), we
have a contradiction to Theorem 10.5. In general G 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 ¢; < z; < t;4p41 for
i=1,..., n (note again that if t; = t;1) < ti}p+1, then z; = ¢; is allowed).

10.2.2 Hermite Interpolation

In earlier chapters, particularly in Chapter 8, we made use of polynomial interpolation
with Hermite data—pata 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 = x2 = x3 = x, we take x1 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
Aa(i) = max{y | zij = i}

and assume that the interpolation points are given in nondecreasing order as x1 < x9 <
-+ < xp, then the interpolation conditions are

DX=Wg(;) = D) f () (10.6)
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where f is a given function and g is the spline to be determined. Since we are dealing
with splines of degree p we cannot interpolate derivatives of higher order than p; we
therefore assume that x; < x;4py1 for i =1, ..., n —p —1. At a point of discontinuity
(10.6) is to be interpreted according to our usual convention of taking limits from the
right. The (4, j)-entry of the collocation matrix A is now given by

ai; = D*WB; (x)),

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 nonsin-
gular if and only if ¢; < ; < t;4p41, where equality is allowed in the first inequality only
if DX B, (x;) # 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, p,...,Bj,p} 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 S,; be a spline space and let {Bj, ,,...,Bj,,} be a subsequence of
its B-splines. Let x1 < --- < @y be a sequence of interpolation points with x; < x;4py1
fori=1,..., ¢ —p—1. Then the ¢ x { matrix A(j) with entries given by

aiq = DB, (x;)
fori=1,..., 0 and q=1, ..., { is nonsingular if and only if
ti, < < tjigprt, fori=1,...,¢, (10.7)
where equality is allowed in the first inequality if D= (i)thp(:L‘i) #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, p denote the spline with ¢ as its B-spline
coefficients, and let G denote the set

G = U {(tj, tj4p+1) | ci # 0}

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

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

tu <x;= tu—l—l == tu—l—m < tu—l—m—‘rl
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for some integer p, and in addition j; = p + k for some integer k with 1 <k < m. Note
that f satisfies

f(zi) = Df(zi) = --- = D" f(xi) = 0.
(Remember that if a derivative is discontinuous at x; we take limits from the right.)

Recall from Lemma 2.6 that all B-splines have continuous derivatives up to order p — m
at x;. Since D"Bj, clearly is discontinuous at x;, it must be true that r > p —m. We

therefore have f(x;) = Df(x;) = --- = DP™™ f(x;) = 0 and hence ¢ypm—p =+ = ¢, =
0 by Lemma 10.2. The remaining interpolation conditions at z; are DP~" 1 f(z;) =
DP~mH2f(z;) = ... = D"f(x;) = 0. Let us consider each of these in turn. By the

continuity properties of B-splines we have DP~" 1B, ., (x;) # 0 and DP"™'B,,, =0
for v > 1. This means that

0= D" f(2;) = cu1 DP"" By (1)

and ¢, 1 = 0. Similarly, we also have
0= DP"" 2 f(2;) = cupaDP "2 By po(mi),

and hence ¢, 42 = 0 since DP"™ 2B, 5(x;) # 0. Continuing this process we find
0= D"f(x:) = cptr+m—pD" Butrim—p(Ti),

SO Cptrtm—p = 0 since D" By 1m—p(x;) # 0. This argument also shows that j; cannot
be chosen independently of r; we must have j; = u+r +m — p.

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 z; = ¢;,, 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. 1

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 © = (iy,i9,...,1;) and
Jj = (j1,72,---,Je) be two integer sequences such that
1<y <o < <1p <m, (10.8)
1<y <o < - <1y <mn, (10.9)

and let A(i,j) denote the submatrix of A with entries (aimq)fo 1- Then A is totally

7q:
positive if det A(¢,7) > 0 for all sequences @ and j on the form (10.8) and (10.9), for all
¢ with 1 < ¢ < min{m,n}.
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We first show that knot insertion matrices are totally positive.

Theorem 10.9. Let 7 and t be two knot vectors with 7 C t. Then the knot insertion
matrix from S, » to S, ¢ 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 £ = 0, then A = I, the identity matrix, while if K = 1, then
A is a bi-piagonal matrix with one more rows than columns. Let us denote the entries

of A by (a; (z))?;;lln (if k = 0 the range of 7 is 1, ..., n). In either case all the entries
are nonnegative and (i) = 0 for j <i—1 and j > i. Consider now the determinant of
A(g, ). If jg > iy then j, > ig for ¢ =1, ..., £ —1s0 aj,(ig) = 0 for ¢ < ¢. This means

that only the last entry of the last column of A(%,7) is nonzero. The other possibility
is that jo < iy — 1 so that j, < ig — 1 for ¢ < £. Then «j, (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(¢,7) = «j,(i¢) det A(4', j') where
¢ = (i1,...,4p—1) and 3" = (j1,...,Je—1). Continuing this process we find that

det A(i,5) = aj, (i1)ay, (i2) - - o, (ir)

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 = Ap_q--- A1 is the knot
insertion matrix for inserting £ — 1 of the knots. By the induction hypothesis we know
that both Ay 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 (aj(z)):r;;nfl denote the entries of
Ay. From (10.10) we have 7

a; = Oéi_l(i)bi_l + Oél(l)bl for ¢ = 1, ce., M,

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

a;,(J) = ai,—1(iq)bi,—1(3) + i, (iq)bi, (7).
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Using the linearity of the determinant in row ¢ we therefore have
a;, (3) ai, (5)

det aiq:(j) = det aiq—l(iq)biq—l(j:) + i, (iq)bi, (7)

ai, (j) a;, (j)
a;, (3) a;, (3)

= aj,—1(ig) det | by,—1(3) | + s, (ig) det | by ()

a;, (§) ai, ()

By expanding the other rows similarly we find that det A(%, ) 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. NI

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.

Theorem 10.10. Let S, - be a spline space and let {Bj, p,...,Bj,»} be a subsequence
of its B-splines. Let x1 < --- < xy be a sequence of interpolation points with x; < Tj1p+1
fori=1,...,£—p—1, and denote by A(j) the ¢ x ¢ matrix with entries given by

Qig = DAm(i)ijp(xi)
fori=1,...,0andgq=1, ..., {. Then
det A(5) > 0.

Proof. We first prove the claim in the case 1 < 9 < --- < xy. By inserting knots
of multiplicity p + 1 at each of (x;)/_; we obtain a knot vector t that contains T as a
subsequence. If t;_1 < t; = t;1p < tizp+1 we know from Lemma 2.6 that Bj, (t;) =
a;p(7). 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 < --- < y; and let A(7,y) denote the corresponding collocation matrix. Set

A = \z(i) and let p; denote the linear functional given by

pif = Ny xiseoyilf (10.11)
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fori=1,..., ¢. Here [-,...,-]f is the divided difference of f. By standard properties of
divided differences we have

i
piBip= > VisBjp(ys)
s=i—\!

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

det D =11y edet A(g,y).

If we now let y tend to & we know from properties of the divided difference functional
that p; B; tends to D/\lB]- in the limit. Hence D tends to A(j) so det A(j) > 0. 1
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Appendix

Some Linear Algebra

A.1 Matrices

The collection of m,n matrices
a1, .- H01n
A=
Am,1s -+ >0mmn
with real elements a; ; is denoted by R™". If n = 1 then A is called a column vector.

Similarly, if m = 1 then A is a row vector. We let R™ denote the collection of all column
or row vectors with m real components.

A.1.1 Nonsingular matrices, and inverses.

Definition A.1. A collection of vectors ai,...,a, € R™ ig linearly independent if
riai+ - -+ xpa, = 0 for some real numbers 1, ..., T,, implies that x1 = --- = x,, = 0.

Suppose ai, ..., a, are the columns of a matrix A € R™". For a vector = (z1, ...,
r,)T € R" we have Az = Z?Zl xja;. It follows that the collection a, ..., a, is linearly
independent if and only if Az = 0 implies = 0.

Definition A.2. A square matrix A such that Ax = 0 implies * = 0 is said to be
nonsingular.

Definition A.3. A square matrix A € R™" is said to be invertible if for some B € R™"
BA=AB-=1,

where I € R™" is the identity matrix.

An invertible matrix A has a unique inverse B = A™'. If A, B, and C are square
matrices, and A = BC, then A is invertible if and only if both B and C' are also
invertible. Moreover, the inverse of A is the product of the inverses of B and C in
reverse order, A~! = C~'B~L.
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A.1.2 Determinants.

The determinant of a square matrix A will be denoted det(A) or

a1, --- 501n

anl, .- ,0npn

Recall that the determinant of a 2 x 2 matrix is

ail 612

=a1,1022 — a1,2021.
a1 Q22

A.1.3 Criteria for nonsingularity and singularity.

We state without proof the following criteria for nonsingularity.

Theorem A.4. The following is equivalent for a square matrix A € R™".

1.

NS vk N

A is nonsingular.

A is invertible.

Ax = b has a unique solution © = A~'b for any b € R".
A has linearly independent columns.

AT is nonsingular.

A has linearly independent rows.

det(A) # 0.

We also have a number of criteria for a matrix to be singular.

Theorem A.5. The following is equivalent for a square matrix A € R™".

1.

S vk N

7.

There is a nonzero x € R" so that Az = 0.

A has no inverse.

Ax = b has either no solution or an infinite number of solutions.
A has linearly dependent columns.

There is a nonzero x so that €7 A = 0.

A has linearly dependent rows.

det(A) = 0.

Corollary A.6. A matrix with more columns than rows has linearly dependent columns.

Proof. Suppose A € R™" with n > m. By adding n—m rows of zeros to A we obtain a
square matrix B € R™". This matrix has linearly dependent rows. By Theorem A .4 the
matrix B has linearly dependent columns. But then the columns of A are also linearly
dependent. N
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A.2 Vector Norms

Formally, a vector norm || || = ||z||, is a function || || : R" — [0,00) that satisfies for
x,y, € R" and « € R the following properties

1. |lz||=0 implies « =0.
2. ||az|| = |a||z]|. (A1)
3. |l +yll <llzfl + [lyll.

Property 3 is known as the Triangle Inequality. For us the most useful class of norms are
the g or ¢4 norms. They are defined for ¢ > 1 and x = (21, 22,...,2,)" € R” by

l2llg = (Je1]?+ 2]+ - 4 [2a] )19,
(A.2)
[2lloc = max; .
Since
[2]oo < [l@]lg < 0" |2, g >1 (A.3)
and lim,_,o, n'/9 = 1 for any n € N we see that lim, o ||2||; = |||
The 1,2, and oo norms are the most important. We have
lz|f =22+ + 22 =ala (A.4)
Lemma A.7 (The Hélder inequality). We have for 1 < g < oo and xz,y € R
_ 11
> leiil < llallllylly, where 4 5 =1 (A.5)

=1

Proof. We base the proof on properties of the exponential function. Recall that the
exponential function is convex, i.e. with f(z) = e” we have the inequality

fAz+ 1 =Ny) SAf(x) + (1 =) [f(y) (A.6)

for every A € [0,1] and z,y € R.

If = 0 or y = 0, there is nothing to prove. Suppose z,y # 0. Define u = xz/||x||,
and v = y/||yl|lq- Then ||u|l; = ||v||¢ = 1. If we can prove that ), |u;v;| < 1, we are
done because then Y, [z3:] = [[2]lqllylly S, il < [lellgllylly- Since fuvi] = fuillvi,
we can assume that u; > 0 and v; > 0. Moreover, we can assume that u; > 0 and v; > 0
because a zero term contributes no more to the left hand side than to the right hand
side of (A.5). Let s;, t; be such that u; = €%/, v; = €!/9". Taking f(z) = *,\ = 1/q,
1-A=1/¢,z=s; and y =t; in (A.6) we find

eSi/atti/d < 1651: + l/eti'

q q
But then

Z|uzvl| :Zesi/‘”ti/ql < ;Zes"—l—ql/z:eti = ;Zug—&—ql/z:vf/ zcll—i—ql/: 1.

This completes the proof of (A.5). 1
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When ¢ = 2 then ¢ = 2 and the Holder inequality is associated with the names
Buniakowski-Cauchy-Schwarz.

Lemma A.8 (The Minkowski inequality). We have for 1 < ¢ < oo and &,y € R

|z +yllg < llllg + [lyllq- (A7)

Proof. Let w = (uy,...,u,) with u; = |2; + ;|7 . Since ¢’(¢—1) = q and ¢/¢ = ¢—1,
we find

lully = Qs+ wil 7NV = O fas + wil )V = |2+ gl = |z + ylld7

(2 K3

Using this and the Hélder inequality we obtain
e +ylld = > o+ wil? < D luallesl + Y uallyil < (Il2llq + [l [ully
< (Ifellq + [1yllg)lx + yllz~".

Dividing by || + y||2™" proves Minkowski. ®

Using the Minkowski inequality it follows that the p norms satisfies the axioms for a
vector norm.
In (A.3) we established the inequality

[lloo < llzllg < n'9)|2]los, g2 1.

More generally, we say that two vector norms || || and || || are equivalent if there exists
positive constants u and M such that

pllzl| < ||l < M|lz]] (A.8)

for all & € R"™.

Theorem A.9. All vector norms on R" are equivalent.

Proof. It is enough to show that a vector norm || || is equivalent to the I, norm, || ||co-
Let x € R" and let €;,7 = 1,...,n be the unit vectors in R”. Writing x = z1e1+- - -+z,€,
we have

lell <D lzillled] < llellwd, M= |lesll-
% %

To find p > 0 such that ||z|| > pl|z||w for all & € R™ is less elementary. Consider
the function f given by f(x) = ||x|| defined on the I “unit ball”

S={xeR":||z|le = 1}.
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S is a closed and bounded set. From the inverse triangle inequality
el = [lyl[| < lle—yll, = yeR"

it follows that f is continuous on S. But then f attains its maximum and minimum on
S, i.e. there is a point &* € S such that

[|l"|| = min [[z]].
xS
Moreover, since x* is nonzero we have p := ||z*|| > 0. If € R" is nonzero then
x=a/||z|l € 5. Thus
T 1
p<|lzll =l | = |||
lzlloo ™ [®loo ™

and this establishes the lower inequality. N
It can be shown that for the ¢ norms we have for any r with 1 <r < ¢ < o0

lelly < ll2llr < o'V jaly, @R (A.9)

A.3 Vector spaces of functions

In R™ we have the operations « + y and ax of vector addition and multiplication by
a scalar ¢ € R. Such operations can also be defined for functions. As an example, if
f(z) ==z, g(x) =1, and a,b are real numbers then af(z) + bg(x) = ax + b. In general,
if f and g are two functions defined on the same set I and a € R, then the sum f+ g
and the product af are functions defined on I by

(f +9)(@) = f(z) + g(2),
(af (z) = af(z).
Two functions f and g defined on I are equal if f(z) = g(x) for all x € I. We say that
f is the zero function, i.e. f =0, if f(x) =0 for all x € I.

Definition A.10. Suppose S is a collection of real valued or vector valued functions, all
defined on the same set I. The collection S is called a vector space if af +bg € S for all
f,g € S and all a,b € R. A subset T of S is called a subspace of S if T itself is a vector
space.

Example A.11. Vector spaces

e All polynomials I, of degree at most p.
e All polynomials of all degrees.
o All trigonometric polynomials ao + Y 7 _; (ax cos kx + b, sin kx of degree at most p.

e The set C(I) of all continuous real valued functions defined on I.
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e The set C"(I) of all real valued functions defined on I with continuous j'th derivative for j =
0,1,...,r.

Definition A.12. A vector space S is said to be finite dimensional if
n
S =span(¢1, ..., ¢n) ={)_c;¢; : c; ER},
j=1

for a finite number of functions ¢1,...,¢, in S. The functions ¢1,..., ¢, are said to
span or generate S.

Of the examples above the space II,, = span(1, z, x?,...2P) generated by the mono-
mials 1,2, 22,...2P is finite dimensional. Also the trigonometric polynomials are finite
dimensional. The space of all polynomials of all degrees is not finite dimensional. To
see this we observe that any finite set cannot generate the monomial zP*! where p is the
maximal degree of the elements in the spanning set. Finally we observe that C'(I) and
C"(I) contain the space of polynomials of all degrees as a subspace. Hence they are not
finite dimensional,

If f €S =span(¢1,...,6,) then f = 370 c;¢; for some ¢ = (c1,...,¢,). With
¢ = (¢1,...,0n)" we will often use the vector notation

f(@) = ¢la)"c (A.10)
for f.

A.3.1 Linear independence and bases
All vector spaces in this section will be finite dimensional.

Definition A.13. A set of functions ¢ = (¢1,...,¢,)T in a vector space S is said to be
linearly independent on a subset J of I if ¢p(x)Tc = c1¢1(x) + -+ + cndp(z) = 0 for all
x € J implies that ¢ = 0. If J = I then we simply say that ¢ is linearly independent.
If ¢ is linearly independent then the representation in (A.10) is unique. For if f =
¢Tc = ¢Tb for some ¢, b € R” then f = ¢’ (c — b) = 0. Since ¢ is linearly independent
we have c—b =0, or c =b.
Definition A.14. A set of functions ¢* = (¢1,...,¢,) in a vector space S is a basis for
S if the following two conditions hold

1. ¢ is linearly independent.
2. S = span(¢).

Theorem A.15. The monomials 1,z, 2%, ... 2P are linearly independent on any set J C

R containing at least p+ 1 distinct points. In particular these functions form as basis for
IT,,.
P

Proof. Let zy,...,z, be p+1 distinct points in J, and let g(x) = co+c1z+- - -+cpzP =0
for all z € J. Then g(x;) =0, for i = 0,1,...,p. Since a nonzero polynomial of degree
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p can have at most p zeros we conclude that g must be the zero polynomial. But then
e, = g™ (0)/k! =0 for k = 0,1,...,p. Tt follows that the monomial is a basis for TI,
since they span II, by definition. R

To prove some basic results about bases in a vector space of functions it is convenient
to introduce a matrix transforming one basis into another.

Lemma A.16. Suppose S and T are finite dimensional vector spaces with S C T, and
let ¢ = (¢1,...,6,)T be a basis for S and 1 = (1, ...,%n)T a basis for T. Then

o= A"y, (A.11)
for some matrix A € R™". If f = ¢*c € S is given then f = T b with
b= Ac. (A.12)
Moreover A has linearly independent columns.

Proof. Since ¢; € T there are real numbers a; ; such that
m
¢; = Zaz‘,jwz‘, for j=1,...,n,
i=1

This equation is simply the component version of (A.11). If f € S then f € T and
f = ¥'b for some b. By (A.11) we have ¢ = 9T A and f = ¢Tc = T Ac or
PT'b = yT Ac. Since 1 is linearly independent we get (A.12). Finally, to show that A
has linearly independent columns suppose Ac = 0. Define f € S by f = ¢’ c. By (A.11)
we have f = 9T Ac = 0. But then f = ¢’c = 0. Since ¢ is linearly independent we
conclude that e=0. &

The matrix A in Lemma A.16 is called a change of basis matriz.
A hasis for a vector space generated by n functions can have at most n elements.

Lemma A.17. If ¢p = (¢1...,¢%)" is a linearly independent set in a vector space
S = span(¢q,...,¢y), then k < n.

Proof. With ¢ = (¢1,...,¢,)" we have
W =AT¢p, forsome AecR™.

If £ > n then A is a rectangular matrix with more columns than rows. From Corollary A.6
we know that the columns of such a matrix must be linearly dependent; L.e. there is some
nonzero ¢ € R¥ such that Ac = 0. But then 9T¢ = ¢ Ae = 0, for some nonzero c.
This implies that 1) is linearly dependent, a contradiction. We conclude that £ <n. 1

Lemma A.18. Every basis for a vector space must have the same number of elements.
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Proof. Suppose ¢ = (¢1,...,¢,)" and ¥ = (¢1,...,1%m)T are two bases for the vector
space. We need to show that m = n. Now

¢ = AT, for some A e R™"

¢ =BT¢, forsome B eR™™.

By Lemma A.16 we know that both A and B have linearly independent columns. But
then by Corollary A.6 we see that m =n. 1

Definition A.19. The number of elements in a basis in a vector space S is called the
dimension of S, and is denoted by dim(5).

The following lemma shows that every set of linearly independent functions in a vector
space S can be extended to a basis for S. In particular every finite dimensional vector
space has a basis.

Lemma A.20. A set ¢ = (¢1,...,¢;) of linearly independent elements in a finite
dimensional vector space S, can be extended to a basis ¥ = ({1,...,1y,) for S.

Proof. Let S, = span(¢1,...,¢) where ¢; = ¢; for j = 1,...,k. If S = S then
we set m = k and stop. Otherwise there must be an element ;1 € S such that
Y1, ..., k41 are linearly independent. We define a new vector space Sgy1 by Sk+1 =
span (1, ..., Yk41). If Sgyp1 = S then we set m = k41 and stop the process. Otherwise
we continue to generate vector spaces Skya, Spts3, . Since S is finitely generated we
must by Lemma A.17 eventually find some m such that S,, =5. 1

The following simple, but useful lemma, shows that a spanning set must be a basis if
it contains the correct number of elements.

Lemma A.21. Suppose S = span(¢). If ¢ contains dim(S) elements then ¢ is a basis
for S.

Proof. Let n = dim(S) and suppose ¢ = (¢1,...,¢y) is a linearly dependent set. Then
there is one element, say ¢,, which can be written as a linear combination of ¢1, ..., ¢,_1.
But then S = span(¢1,...,¢,—1) and dim(S) < n by Lemma A.17, a contradiction to
the assumption that ¢ is linearly dependent. &

A.4 Normed Vector Spaces

Suppose S is a vector space of functions. A norm || || = ||f]], is a function || || : S —
[0,00) that satisfies for f, g, € S, and a € R the following properties

1. ||fll=0 implies f=0.
2. |leef [l = lal[L1]- (A.13)
3. |If +all < LA+ llgll-

Property 3 is known as the Triangle Inequality. The pair (S,|| ||) is called a normed
vector space (of functions).
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In the rest of this section we assume that the functions in S are continuous, or at
least piecewise continuous on some interval [a, b].

Analogous to the ¢ or ¢? norms for vectors in R" we have the ¢ or L? norms for
functions. They are defined for 1 < ¢ < oo and f € S by

1/
11l = 1A oy = (S 1F@I2dz) ™ a1, (A.14)

1 lloo = [lFllLoofap) = maxa<o<s [ f(2)]-

The 1,2, and co norms are the most important.
We have for 1 < ¢ < oo and f,g € S the Holder inequality

b
1 1
/Wﬂmmmmsummmw where 4 =1 (A.15)
and the Minkowski inequality

1F +gllg < [1f1lg + llgllq- (A.16)

For ¢ =2 (A.15) is known as the Schwarz inequality, the Cauchy-Schwarz inequality, or
the Buniakowski-Cauchy- Schwarz inequality.
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