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Chapter 1

Introduction

Spline functions are piecewise polynomials, a popular tool for representation of
more general functions in many applications. The spline function is uniquely
determined by a set of knots, between which the function is polynomial, the
degree of the polynomial, and a set of coefficients determining its values.

The name spline was originally applied to an instrument which helped dra-
ughtsmen and designers to draw smooth interpolating curves by hand. Splines
can be made to fit a wide variety of properties.

Splines may be created to approximate of functions and data sets, or as part
of design of a model of some physical or engineering phenomenon.

The approximating properties of splines are already well-studied in the lit-
erature, with methods including, but not limited to: direct interpolation, i.e.
forcing the spline to agree at certain interpolation points, variation-diminishing
spline approximation, which uses the values of the function to be approximated
as the coefficients of the new spline, or least squares approximation, which at-
tempts to minimise the distance between the spline and the function at some
given data points.

All these approximation methods attempt to impose conditions on the spline
function itself. However, there exists a piecewise linear function related to the
spline, known as the control polygon, which converges to the spline as the knots
are refined. Thus, we can attempt to enforce the interpolation conditions on this
control polygon, giving rise to a whole new family of approximation problems.

It is of interest to measure some properties of these approximation problems,
for example the speed of convergence to the function, and how these compare
with the more well-studied spline approximation methods. This will be the main
aim of the following thesis.



Chapter 2

Spline functions

In the introduction, we introduced a number of terms relating to spline func-
tions, which we will now define more precisely. The spline functions are defined
by the degree of the piecewise polynomial pieces, p, as well as the intersections
of the polynomials, known as knots, and usually defined as a vector t. These
all specify a space of functions called a spline space, with order p and an
associated knot vector t.

The spline space is spanned by a vector basis of functions. One such basis
is known as the B-spline basis. This basis spans the space of polynomials of
degree p, and it is relatively easy to construct algorithms evaluating the splines
and to construct spline operators which either interpolate or approximate other
non-polynomial functions. Also, because these operators are relatively simple,
it is possible to prove certain properties of stability and accuracy.

2.1 The basis functions, spline formulation

Definition 1. Representation of a spline. A spline g is represented as a linear
combination of B-splines Bj p(x) such that g(x) = 2?21 ¢;Bjp(x).

The B-splines Bj; ,(x) can be calculated and defined recursively, as shown
by de Boor in [3] and others. He described these as normalized B-splines, using
the notation N; ;(t) for what we will annotate B; ,(x).

Given a knot vector 7 = [T, T2, ..., Tnyp+1] which is nondecreasing, then
define
1, 7 <z<T1ip
Bjo(z) = o (2.1)
0, otherwise.

Now for any p € N, B, ,(z) is given by the recurrence relation

T —Tj Tjtldp — X
Bjy(x) = ——=Bjp1(2) + ——L——B; 1, 1(2). (2.2)
Tj+p — T Tj+14p — Tj+1



The knot vector of the spline thus defines the boundaries of the subintervals of
the piecewise polynomials. FEach B-spline B;, is only non-zero on the interval
[7j, Tj+p+1], and on any interval [7,, 7,,41] there are only p+1 non-zero B-splines,
{Bjxp}?:ll,—p [3]

The c¢;s in the definition of a spline function are called the function’s coeffici-
ents. As we now have a basis for the spline space, by varying ¢; in R, we can
make the following definition:

Definition 2. The spline space. The spline space S, . is defined to contain
functions defined as follows:

Spr = chBj7p|cj ERforl<j<n,. (2.3)
j=1

From [6] we cite some definitions about knot vectors, which will be important
when describing knot vectors for our interpolation problems later.

Definition 3. Properties of the knot vector. A knot vector is said to be p + 1-
extended if

1. n>p+1.
2. tp+1 < tp+2 and tn < tn+1.
3. t; <tjip+1 forj=1,2,... n.

A p + l-extended knot vector for which t1 = tp41 and tpy1 = tnyps1 @5 called
p + 1-regular.

Finally, from [5] we note a couple of important facts; this basis spans the
space of polynomials of degree p and the basis functions B}, are linearly inde-
pendent on [7,41, T+1) for a p + 1-extended knot vector. Therefore, that if we
are to solve an interpolation problem with a unique function from a spline space
on [a, b], then we need to choose a knot vector such that [a,b] C [Tpt+1, Tnt1]-

2.2 Algorithm for calculating splines

If we wish to calculate the value of a spline function at = € [a, b], we must first
determine its location in the knot vector - thus we must find an integer p such
that 7, < < 7,41. Then, as stated in section 2.1, only the p + 1 B-splines

{Bjp ‘j‘:/kp are non-zero, so the sum in definition 1 simplifies to

14
> ¢Bj ().
Jj=n—p

The recursive formula defining the B-splines suggests a recursive algorithm for
calculating exactly these p + 1 B-splines. This recursion can be represented as



a succession of matrix multiplications, which is very convenient for computer
calculations. We now describe the algorithm following the arguments in [6].

Assume you have a spline space S, ; and let p be the integer such that
Ty <2 < Typ1 and p+ 1 < p < n. For each positive integer & < p, define the
matrix Ry (z) by

Tp+1—% T—Tu+l—k 0 .. O
Tu+1—Tut+l—k Tu+1—Tu+l—k
0 Tp+2—% T—Tu4+2—k . 0
Tu+2—Tu+2—k Tu+2—Tu+2—k
Ry(z) = . ,
0 0 . Tutk—T T—T,

Tut+k—Tu Tut+k—Tu

Then the p+ 1 non-zero B-splines at =, By, ,(x) := [Bp,u—p, Bp,u—p+1s - - - » Bp.u
are given by
Bypu(z) = Ri(z)Ra () - - - Ry(). (2.4)

The algorithm to calculate a vector of length p + 1 containing these B-splines
now follows almost directly from (2.4); starting with the R;-matrix, we multiply
from the right with Rs(x) to produce By ,(z), then R3(z) to produce Bs ()
etc. up to Bp ,(z). Multiplying this by the coefficient vector [c,—p,c,] then
given the spline value f(x).

2.3 The control polygon

The main attempt to approximate a function by imposing conditions on the
function known as the control polygon of the spline. We must therefore define
exactly how to calculate this function.

The control polygon is a piecewise function, linear between the knot aver-
ages of the spline’s knot vector.

Definition 4. The knot averages. Given a spline space S, with degree p and
knot vectort = [t1,ta, ..., tntpt1 such thatt; < t;11], the vector of knot averages
t* are defined as

tiy1+- -+ tigp

p

1y =
Note that for a p 4+ 1-regular knot vector, t} =¢; and t} = ¢,11. Let us now
define how to calculate the control polygon I'y ;.

Definition 5. The control polygon. Assume we have a spline f with coefficients

¢, degree p and knot vector t. Let x € [17,7)], and let i be the integer in [1,n]

such that x € [}, 77 1]. Then

L)) = (F 0 et (2 e (25)

* * *
ti-{—l - t: ti-{—l - ti



This function is piecewise linear, and is linear on the intervals [7}, 7/, ,].
From [6] we have the following theorem about the control polygon.

Theorem 1. Let f be a spline and I', ¢ its control polygon as defined in def-
inition 5. Also, assume that t is a p + 1-regular knot vector, and define h =
max; t;11 — t; as the mazimum distance between two knots in the knot vector.
Then there exists some constant K € R such that

Ipe(f)(@) = f2)] < Kh?*  max  [D*f(y)| (2.6)

YE[T1, Tntpt1]
for all x € [, 7}].

As the spline f is piecewise continuous, we know that |D?f(y)| < C, and
the control polygon converges to the spline as h goes to 0. This suggests that
interpolating via the control polygon may give an accurate interpolation method.

2.4 Knot insertion

We saw in the previous section that by inserting knots into the knot vector T
and producing a knot vector with smaller h, the control polygon will converge
towards the spline function. We will now outline the calculations required to
convert one set of coeflicients ¢ valid on a knot vector 7 to a new set of coef-
ficients d associated with a new knot vector ¢ O 7. This new knot vector is
associated with an m-dimensional spline space Sy, ;.

This can be done by exploiting the triangular formulations of the B-splines.
In [6] the authors show how to produce a knot insertion matrix A7 of dimension
m x n and with entries «; ; such that d; = Z?:l o jcj, which converts the
coeflicients ¢ to the higher-dimension coefficients d.

This matrix is built up by using the Rjy-matrices of section 2.2 on the knot
vector T, evaluated in the knot vector values ¢;11,...,¢i4p. If oy ; is the ith row
and jth column of Ay, and p is the integer such that 7, <#; < 7,41, then the
ith row of A7 is the transpose of the following vector:

(Qip—py s i) = (Ra(tivn) - Rp(tigp))- (2.7)

The algorithm for calculating knot insertion thus involves going systematically
through the t vector to calculate the m rows. There exist simpler algorithms
for the insertion of few knots, however.



Chapter 3

Existing approximation
methods

There already exists literature on a number of spline approximation methods,
attempting to form hypotheses and prove certain properties of the methods.
Error measures and shape-preserving properties have been particular fields of
interest. In order to compare the method of approximation by the control
polygon to the already existing methods, we shall now outline some well-known
methods described in [6] and some of the knowledge that has been obtained
about these methods.

3.1 Variation-diminishing spline approximation

The variation-diminishing spline approximation was introduced by Schoenberg
in [1] and also studied in [2, 4] among others.

Definition 6. The variation-diminishing spline approzximation. Assume we
have a spline space S, + with associated B-spline basis Bj . Let T* be the knot
averages as defined in section 2.3. Let © € [Tpt1,Tnt1]. Then the variation-
diminishing spline approzimation f(z) of a function g is given such that

f(x):= Z 9(77) Bjp(T).

Thus, the coefficients c; are set equal to g(77).

The term variation-diminishing has a specific meaning in the literature,
relating to the shape of the approximation. Following [7], we define the var-
iation-diminishing property by first introducing a notation for the number of
sign changes, letting S™(f, X) be defined as the number of sign changes as f
traverses a subset X of the real line. Zeros of f(x) are not counted as changes
in sign.



We define a variation-diminishing transformation 7" on a family of func-
tions F defined on X into a family of functions G defined on X; to be such
that

S7(Tf,X1) < S~(f, X)

It can be proved that the method defined in 6 is variation-diminishing on an
interval X. From [6] we know that

ST(f, X) <57 (o),

where ¢ is the coefficient vector of the spline. Since ¢; = g(77), if ¢;—1 and ¢;
have different signs, then there is at least one sign change in g between 7;_; and
77 by the intermediate value theorem. Therefore

S7(e) <57 (g, X),
and hence
ST(f, X) < 57 (g, X).
In [6], the authors describe a number of other well-known properties of this

approximation, which we will quickly outline.

Proposition 1. Preservation of bounds. Let g be a function from [a,b] € R to
R such that

Gmin < g(x) < Ymax fOT' all x € [a, b]

Let V g be the variation-diminishing spline approximation of f in the spline space
Sp,t. Then Vg obeys

Jmin < Vg(ﬂf) < 9max fOT all x € [Cl, b]

The value of the spline is bounded by its coefficients, and as the coefficients
are direct evaluations of the function at the knot averages, this means the value
of the spline is bounded by the maximum value of the function.

Proposition 2. Preservation of monotonicity. Let g be a function from [a,b] €
R to R such that if xg < x1 then g(xo) < g(z1). The function g is then called an
increasing function. Let Vg be the variation-diminishing spline approximation
of f in the spline space S, with t a p + 1-extended knot vector. Then Vg is
also an increasing function, and

Vg(zo) < Vg(x1)

Also, if g is a function such that f xg < x1 then g(xo) > g(x1) for all xg,x1 €
[a,b]. g is then called a decreasing function. If Vg is defined as above, then
Vg is a decreasing function.

Again, the direct control on the coefficients is the main property required to
prove this, as a spline is increasing if the coefficients are increasing.



Proposition 3. Preservation of convexity. Let g be a function from [a,b] € R
to R such that

FUL =N zo+ Az1) < (1= A)f(x0) + Af(21)

for all zg, 1 € [a,b] and for all X € [0,1]. The function g is then called a convex
function on [a,b] Now, let Vg be the variation-diminishing spline approzimation
of f in the spline space S, with t a p + 1-extended knot vector. Then Vg is
also a convex function on [a,b].

We see that the variation-diminishing spline approximation has some very
nice shape-preserving properties, and that these can be proved directly because
the coefficients are determined by direct evaluation. This may be useful to
remember as we now attempt to describe interpolation by imposing conditions
on the control polygon; we now no longer determine the coefficients directly,
but by linear interpolations between data points.

3.2 Spline interpolation

Spline interpolation approximation methods are a class of methods where the
data set {z;,g(x;)} with ¢ € [1,n] NN is directly interpolated. The general
problem formulation is, given a degree p and a set of knots 7, find an f € S, -,
such that is, f(x;) = g(x;) for all ¢ in the data set.

Note that this description is invariant of degree and knot vector. The clas-
sic implementation of spline interpolation, with origins in mechanical models,
requires cubic polynomial pieces and interpolation at the knots themselves. As
the spline is only defined for [Tp41,Tp4n], this gives only n conditions on the
spline, while n 4+ p — 1 conditions are required to determine the spline uniquely.
Thus, constraints on the derivative at the end points are usually added.

In [6], two such methods are introduced and described: the cubic Hermite
spline interpolation method, with Hermite boundary conditions

fl(x) =g (1) f'(an) =g'(xn)

and a method with the natural boundary conditions

f'(@) =0 f"(zn) =0.

These have some remarkable properties, as they are functions which minimize,
in some sense, the integral of the second derivative. The Hermite interpolation
method is a minimizer among all functions in C?[a,b] which interpolate the
original function g at the points x;and obey the Hermite boundary conditions
at z; and x,, while the natural boundary condition minimizes among all C?
functions which interpolates g at the data points.



3.2.1 Error bounds

For any approximation method S, the error |S¢(z) — g(z)| is a natural quantity
to measure. If we now let g be a continuous function from [a,b] into R with n
continuous derivatives - that is, ¢ is a member of the continuity class C"([a, b])
- we can cite from the existing literature some theorems about whether

max max |Sg(z) — g(x 31
96@"([(l7b])m€[a,b]| 9(@) —g(z)| (3.1)

is bounded by some expression.(3.1) will be referred to in the following as ||Sg—
9lloo, the supremum norm of Sg — g. Hall & Meyer showed in [8] that for
g € C*([a, b)), cubic Hermite spline interpolation obeys the following inequality

1S9 = glloo < Cllg™loch?,
and more generally that for »r =0,1,2,3
159 = 9)]loe < C[lg"V oo™

where the C is not dependent on f or h. Hall & Meyer also found exact numerical
values for these C's, and showed that these also held if the boundary conditions
were taken to be f”(a) = ¢”(a) and f”(b) = ¢"”(b). The bound on ||Sg — ¢||
depends on h*, and one may therefore expect that when one halves the maximum
mesh size, one should expect an approximation error % the size of the error in
the old approximation.

This also suggests a way to estimate the error bound of other approximation
methods by numerical analysis. If we are approximating a known function g(x),
we can produce approximations with varying h, and then measure the error
| f(z) —g(z)| and find whether it is proportional to h? where ¢ is some exponent
to be determined in the numerical experiments.

However, despite the improvement in error bounds, the shape properties of
the variation-diminishing spline approximation rarely hold when a function is
approximated by spline interpolation. There is an example in [6] of a Hermite
spline interpolation which is negative for some values in [a, b], even though f is
nonnegative in the entire interval, so the preservation of bounds does not hold.

10



Chapter 4

Control polygon
approximation

In this chapter, we will describe and specify the equations involved in the prob-
lem of creating a control polygon which interpolates a given data set {x;,vy;}
of size n, in order to produce a spline approximation. As this determines an
n-dimensional spline space, the knot vector 7 will be of size n + p + 1.

Also, we will look at what equations arise when inserting more knots in the
knot vector; as described in section 2.3 this will mean the control polygon will
be closer to the spline. Even when the knot vector is expanded for the control
polygon calculation, we will have to restrict ourselves to the subspace of splines
valid on the original knot vector 7 in order to find a unique solution to the
interpolation problem.

4.1 Formulation of the interpolation problem

Assume we have an interpolation problem with n known data points g(z;) = y;.
We wish to interpolate this data set with a spline f in a spline space S, » of
dimension n, degree p, and knot vector 7. We have a number of interpolation
choices, but the following discussion will concern a method of interpolation by
the control polygon I') +(f), where t is a knot vector that includes, but is not
limited to, the knots in 7, and ', +(f) is as defined in section 2.3.

If we insert more knots and produce a new knot vector ¢ O 7, we find that f
is also a member of the higher-dimensional space S, ¢ with the control polygon
['p.t(f). Now let ¢/ be a sequence of knot vectors such that t/** > ¢/ and ¢! O T,
and let f; be a sequence of functions in S, » such that I', 4 (f;)(z:) := y;. In
theorem 1, we cited that as the distance between knots of a spline is reduced,
the control polygon will converge to the spline. As j — oo, the distance hmax :=
max; t: 11— t] will converge to 0, and f; will therefore converge towards a spline

function f such that f () := ys.

11



4.2 The linear equation system

Let us now see how we can find an f with conditions on the control polygon in
Sp.¢+ as discussed in the previous section, that is

Lpe(f)(@i) = vi- (4.1)

We must first express the value of the control polygon at any x € [t}, t*,] in terms

of the coefficients of f in S, +. Let these coeflicients be known as d = {d;}, with
i=1,...,m. Let v € [1,m] such that « € [t}, ¢} ], then there exists a A € [0, 1]
such that =t} + A (¢, — t*). Then, as the control polygon is defined to be
linear between (t},d,) and (¢}, ,,d,+1), we get the following expression for the

value of the control polygon at x:

Lpe(f)(@) = (1= N)dy + A1

Now, let v; be such that z; € [t;i’t:i+1]' There then exists an associated A; :=
=t . . .

H’ and we can rewrite the interpolation problem (4.1) as

i1y

(1 - Al)dla + /\idw+1 = Yi-
This can be written in matrix form as
Ld=y (4.2)

with the entries of the matrix L set to be L; ,, =1— A; and L; ;41 = A;. The
L matrix is an n X m-matrix, and thus this is an overdetermined system if we
were to solve it on the entire spline space spanned by ¢.

However, we also wish to restrict ourselves to the spline space S, ,, where
the spline f is expressed as follows:

f=BLe

where BZ is the B-spline matrix of multiplied R-matrices and c are the coefli-
cients. We must now convert this expression for f into the higher-dimensional
spline space with knot vector ¢.

We refer back to 2.4 and the knot insertion matrix Af from 7 to ¢, which
has the property that AJc = d.

We thus have in the higher spline space that

f=BlA]c

with A7c=d.

As we found in (4.2), the interpolation problem can be expressed as Ld = y,
and we can now bring these problems together, forming the following linear
problem for the coefficients ¢ in the n-dimensional spline space S, :

LAjc=y. (4.3)

As LA] is an n X n-matrix, we are left with a linear problem which has exactly
one solution if LA7 is nonsingular, and otherwise no solutions (apart from the
trivial y = 0).

12



Chapter 5

Numerical analysis of specific
approximation problems

In this chapter, we will describe more specific implementations of the interpo-
lation problems described in chapter 4, and describe some properties of these
implementions, including accuracy, convergence speed, and shape preservation.
We will describe both quadratic and cubic spline approximations.

5.1 Norms and error measures

First, we need to define what we mean by the error in an approximation method.
The simplest measure is to look at | f(z) — g(z)| at points « € [Tp+1, Tnt1], which
is the interval on which the spline f is defined. We thus get a maximum metric

d(f,9) = sup{|f(z) — g(2)| : & € [Tp41, Tntal}-

A good estimate of this metric, assuming the function g is sufficiently continuous,
can be found numerically by sampling f and g at a number of points z; in the
interval [Tp41,Tnt1]. Let e := maxxj41 — xj, then |d(f,g) — (max; f(z;) —
9(x5))] < maxge(r,.y 7y |/ ()]e. Now, if f is a C?-continuous function, then
there exists some C' € R such that C' > |f'(z)| for all  in [7p41,7n+1] and
hence | f’(z)|e converges to 0 as e converges to 0. Thus, |d(f, g) — (max; f(z;) —
g(x;))| also converges to 0, and max; |f(x;) — g(z;)| should be a sufficiently
good estimate of d(f, g).
In the remaining sections of this chapter, the measure of the quantity

max | f(z;) — g(x;)|

at 1,000 different points z; will be taken to be our estimate of the error of the
approximation method to a specific function g.

13



5.2 Quadratic splines

First, we shall examine the case of p = 2 and approximate some common poly-
nomial and trigonometric functions with a number of conceivable methods.

5.2.1 The simplest method

The naive interpolation method would be to simply let 7 = t and force the
interpolation conditions on the control polygon I'p ~(f). This means that the
knot insertion matrix A is simply the identity matrix. We also need to choose
our interpolation points x; ; given that the control polygon is piecewise linear
between the knot averages, it seems natural to interpolate at these knot averages.
Thus, any linear polynomial will be interpolated exactly, up to the machine’s
numerical precision.

We recall that in the variation-diminishing spline approximation, which we
described in section 3.1, the coefficients c; are set equal to g(7;). The definition
of the control polygon now gives that I', ~(f)(7}) = g(77), which is exactly
the interpolation problem defined in section 4.1 with ¢ = 7 and interpolation
points x; = 77. This means that this simple method will be identical to the
variation-diminishing spline approximation method.

The linear polynomials are interpolated exactly, as the control polygon of a
linear spline is exactly the linear spline. However, there are small errors in the
interpolation of quadratic polynomials. An approximation of g(z) = 2% +2z +1
on a 3-regular knot vector with 11 internal knots uniformly spaced in the interval
[0, 1], gives an error which is plotted in figure 5.1.

5.2.1.1 Approximation of polynomials

We will try to systematically analyse the error ||f — g|| in this approximation on
a number of polynomial functions. The numerical estimate max; | f(x;) — g(z;)|
as outlined in section 5.1 with the x;s uniformly distributed [7p41, Tn41] will be
the measure of the error; we also define jy.x to be the integer value such that
L (2 mar) = 9(Fjuna )| = max; [f(z5) — g(2;)], and Trmax 1= T, -

To estimate what kind of error bound we will be expecting to find, we will
cite a theorem from [6]. Let g € CPT1[a,b] and assume we have a spline space
Sp,+. There is a there exists an f € S, » such that

d(f,9) < Dph?H||DP*glloc, a0 (5.1)

where D, is a constant depending only on p.

As we are only looking at a subspace of functions in S, ., and that we
found in figure 5.1 that only linear polynomials are reproduced faithfully by
this method, it seems that the error is not bounded by ||D3g||s. We thus first
attempt to determine whether there is a linear relationship between ||g” || and
[|f — gl in this error bound.

The results of these experiments and other information about the polyno-
mials are shown in table 5.1.

14
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Figure 5.1: Measuring the error f —g(x) when approximating g(r) = 2+ 2z +1
with the simplest approximation method, with « € [0, 1].

g g“ ||f _g” Lmax

2242z +1 2 25%x 1073 | 0.88

222 4+ 22+ 1 4 5.0x 1073 | 0.84

322 +x+1 6 75x 1073 | 0.88

322 + 6z + 2 6 7.5x 1073 | 0.68

23 + Tx? — 4o — 2 12z + 14 3.1x1072 | 0.90
323 + T2? — 4z — 2 182 + 14 3.8x1072 | 0.90
83 +4x? +4x+1 —48z + 8 44 %1072 | 0.90
20t +62° —3x2+4x+1 | —24224+36x—6 | 9.3 x 1073 0.75
2t + 223 — 622 4+ 100 —4 | 1222+ 122 —12 | 1.3x 1072 | 0.10
3xt — 43 + 722 —3x—1 | 3622 —24zx+14 | 2.7x 1072 | 0.90

Table 5.1: Error measures for certain polynomial functions with their deriva-
tives.
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g Il | 19" @max)] | 11— gl
2 2 25x%x 1073
4 4 5.0 x 1073
6 6 7.5x 1073
6 6 7.5x 1073
26 25 3.1x 1072
32 30 3.8 x 1072
40 35 4.4 %1072
7.5 7.5 9.3x 1073
12 11 1.3 x 1072
26 22 2.7x 1072

Table 5.2: Measuring the numerical values of the errors and certain second
derivatives.

The hypothesis of a linear relationship between ||g”|| and |f — g| is tested
in table 5.2 and the error is plotted against ||g” || in figure 5.2. We see that the
relationship is not exactly linear; for example the errors obtained for 23 4 722 —
4x — 2 and 3x* — 423 + Tx? — 3z — 1 are different, though both have the same
norm for the 2nd derivative. However, if we plot the error against |g" (Zmax)]
as shown in figure 5.3, the relationship seems to be linear (ignoring rounding
errors arising from measurements taken to 2 significant figures).

Given that the location of the maximum error can not be known with cer-
tainty before doing the calculation, it is natural to use ||g” || as a proxy; we know
that |g" (#max)| < ||lg”|| by definition. However, when analysing the numerical
data, it seems useful to be aware of the difference.

5.2.1.2 Estimating the effect of mesh size

Having first examined the effects of the ||[D7g|| (4,5 condition on the error
bound, it seems natural to investigate the effect of changing h = max; 7,41 — 7;.
We do this by defining a sequence hi,--- ,hg where h; = %0 and h; = %
Then, if ||f — g|| < C|h|9, where C is dependent on other factors kept constant

in the experiment, we should see that

\.fi — gill _( |hi )q
fici —giz1ll  \Jhizal ) (52)

As (%) = % for all elements in the sequence, we can solve for ¢ if this

brings a similar result for all elements of the sequence. Using the polynomial
224 +623—3x2+4x+1, and otherwise keeping the experiment as in section 5.2.1.1
we obtain the data shown in table 5.3. The observed values of %
very close to i, which implies that ¢ = 2 in this case. We can thus hypothesise
that the error bounds for these methods will be on the form

1f = gll < DR||D? ] oo fa,)- (5.3)

are
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Figure 5.2: Plotting the error ||f — g|| against ||g” |

0.045

0.04 J

0.035 J

0.03 ]

0.025 J

[It-gll

0.02 J

0.015F ]

0.011 J

0.005 b

0 I I I I I I
0 5 10 15 20 25 30 35

IF (X, 0!

Figure 5.3: Plotting the error ||f — g|| against |g" (Zmax)|
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[l fi—gill
[[fi—1—gi—1]
2.51 x 10~ 1
2.50 x 1071
2.50 x 1071
2.50 x 1071
2.50 x 101

O UL W N =

Table 5.3: Observations of % for varying items of the sequence h; =
hi_1

—5+. All simulations were performed with uniform knot vectors.

5.2.2 Changing interpolation points

Instead of interpolation at the knot averages, which for a uniform knot vector are

not uniformly spaced in most cases, we can attempt to change the z; in [t], t%]

to obtain better interpolations. The method described in 5.2.1 was accurate at
the edges of the interval, but the error in the main part of the interpolation
interval changed, see figure 5.1.

-0.005
-0.01
-0.015
-0.02

-0.025

-0.03

-0.035 1 1 1 1 1 1 1 I I ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 5.4: Measuring the error f — g(z) when approximating g(z) = 223 +
72% — 4x — 2 with the simplest approximation method, with x € [0, 1].

Local characteristics of the function g may change this; consider figure 5.4
where the error in the approximation of g(z) = 223 + 72? — 42 — 2 is plotted.
g"(z) has a local maximum at 1, and ¢"/(z) is always positive, and hence the
error grows towards 1 - though it shrinks to 0 near the end points.

The set of knot averages of the regular knot vector with 11 internal knots in
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[0,1] is
oo L 35 7T 9 113151719,
- 1720720720207 207207207 207 20" 20°
while the uniform interpolation points will be

1 2 3 4 5 6 7 8 9 10
117117117117 117 117117 117 117 11 !
Changing the interpolation point vector reduces the maximum distance between
any x € [0, 1] and the closest interpolation point z; from % to % As illustrated
in figure 5.5 this reduced the maximum error from 3.10 x 1072 to 2.04 x 1072,
and in more than half of the interval the error is smaller than 10~2.

0.0051

e Tupea®9)
oF - S 00 |

-0.005

-0.01

-0.015

-0.02

-0.025

-0.03

-0.035 L L L L )
0 . .

Figure 5.5: Comparing f — g(x) when approximating g(x) = 223 + 72% — 42 —
2 with the variation-diminishing approximation method (solid line) and the
method utilising uniform interpolation points (dashed line) for x € [0, 1].

5.2.3 Spline interpolation

Now, let us consider an expanded knot vector ¢ # 7, that is, augmenting T with
extra knots to approach f closer. It is possible to produce another well-studied
algorithm by this method, namely direct spline interpolation. We shall describe
this method for general p, and then implement it for p = 2.
Consider a knot with multiplicity at least p, that is, t; = t;41 = = tj;p_1.
Then
Bi_1(t;) =1 (5.4)
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and Bj(t7) =0 for aH] 74 1 — 1. AISO7 t:—l = t7 AISO7 if Fp'r(f)(tv) = g(tz),
then
g(ti) = Cj—1- (55)

Thus from (5.4) and (5.5), combined with the definition of splines in definition
1 we have that

f(ti) = cio1 =Tp - (f)(t:). (5.6)

Thus, the spline and the control polygon agree at knots with multiplicity p.

If we have a knot vector 7 and wish to interpolate at the knot averages 7*,
we must make sure that the knot averages repeat at least p times in the new
knot vector t. Assume our knot vector 7 is uniform, such that =41 = 7 + h for
all internal knots, then

v TitTith+7+2h+...+7+ph

p
o pln) o+ (S ih
' P
o _ plm) + 2+ P
3 p k)
which leads to the following expression for the knot averages in a uniform knot
vector: .
=T+ 2+ (p; L. (5.7)

In the quadratic case, then, 7 = 7; + (2 + %h), and so these knot averages do
not intersect - except for possibly at the end points, but as the knot vector is
3-regular, we already know the spline will interpolate the function at the end
points.

Let us now attempt to approximate the cubic polynomial g(z) = 223 +
7x? — 4z — 2 with this spline interpolation method. By decreasing h as in
section 5.2.1.2, we obtain table 5.4. In the table, we have divided the errors by
the errors in the previous element in the sequence, as done in section 5.2.1.2;
% are very close to %, and so the
error bound converges as h3, one order better than the VDSA algorithm in
section 5.2.1.2. This cubic relationship of the error against h is shown in the
plot in figure 5.6.

This characteristic seems to be specific for the spline interpolation method.
We can test this by inserting random knots in ¢. We start with a uniform knot
vector T with A = 10! and interpolate in the knot averages. If we now generate
a random set of new knots using MATLAB’s random number generator - call
them # - we obtain a new knot vector t = [, .

To measure the effect of halving h, we can keep our old random 1knotls,

o e

but add new in the middle of each knot interval - such that t5; = 4 Fin

2
Now we are unlikely to have repeating knots, and only the control polygon will
interpolate, not the spline.

we see that the observed values of
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[Ifi—gill

h i —gill | Il ge=arism
le—1 9.62 x 10~°
5e — 2 1.20 x 1075 0.125
25e—2 | 1.50 x 10~ 0.125
1.25e —2 | 1.88 x 1077 0.125
6.25¢ —3 | 2.35 x 1078 0.125
3.125¢ —3 | 2.94 x 107 0.125

Table 5.4: Observations of ||f — g|| for varying h using spline interpolation. All

simulations were performed with uniform knot vectors.

no | =l | | el
0 [212x1073

11 | 6.25 x 1074 3.0x 1071
22 | 1.93 x10~* 3.1x 101!
44 | 4.30 x 1075 2.2%x 1071
88 | 1.21 x 1075 2.8 x 1071
176 | 3.44 x 1076 2.8 x 1071

Table 5.5: Observations of ||f — g|| for inserting n random knots into the new
knot vector.

The results are shown in table 5.5. We do not get as clean a rate of conver-
gence as in the spline interpolation case - probably due to the random spacing
of the knots - but the error bound for this method seems to be of order h2, as
in the variation diminishing method.

5.2.4 Intermediate methods

A method that now suggests itself is to augment T with exactly 1 knot at
each knot average point 7, which should then be an intermediate method be-
tween the variation-diminishing spline approximation algorithm and the spline
interpolation algorithm. We still let p = 2, which means the knot averages for a

h Wi =gl | Il =l

le —2 9.62 x 10~°
5e — 3 1.20 x 10~° 0.125
2.5e—3 | 1.50 x 106 0.125
1.25e —3 | 1.88 x 10”7 0.125
6.25¢e —4 | 2.35 x 1078 0.125
3.125e —4 | 2.94 x 1079 0.125

Table 5.6: Observations of || f — g|| for varying h using the intermediate method.

All simulations were performed with uniform knot vectors.
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x10™*
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0.41

0.3F
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0 0.02 0.04 0.06 0.08 0.1

Figure 5.6: Measuring | f; — g;(x)| when approximating g(z) = 223+ 722 — 42 —2
with a spline approximation method for different values h € [1 x 1075, 1 x 1071].

uniform knot vector 7, as shown in the discussion in 5.2.3, are exactly 7,42+ %h;
this means the augmented knot vector ¢ will be uniform with spacing %

Performing the same experiment and approximating g(z) = 223+ 72° —4x—2
hi_1

with uniform, 3-regular knots with varying spacing h; such that h; = 3

find the error bounds shown in table 5.6.

Interestingly, however, with uniform knots, this intermediate method also
ends up with reproducing almost exactly the same spline coefficients ¢; the
difference between the coefficients of this spline interpolation method and this
method is of size around 107!3, and the two methods have almost exactly the
same error measures, as can be seen by comparing tables 5.4 and 5.6. It seems
as though obtaining a spline which interpolates at the knot averages 7*, we
only need to include 1 repetition of the knot averages, and not 2 as theoretically
suggested at the start of section 3.2.

, We
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5.3 Cubic splines

Many of the experiments in section 5.2 have a natural analogue in the spline
space Sz of cubic splines. We will now show the results of error measurements
with uniform knot vectors, but with cubic splines.

5.3.1 Variation-diminishing approximation

We start by attempting to measure the errors of the variation-diminishing
method, where the value of the knot averages 7* are slightly different - they are
now the averages of 7;,...,7;y3 rather than 7;,...,7;,42. We again use a p + 1-
regular and uniform knot vector, with spacing h between the internal knots, so
this time the end points a and b are repeated p+1 = 4 times at each point, and
we vary h from % to 3—§0 by halving h.

0.1

0.09 ]

0.08 ]

0.07 i

0.06 |- ]

0.051 J

0.04 J

0.03 J

0.02 J

0.011 J

0 0.02 0.04 0.06 0.08 0.1

Figure 5.7: Measuring | f; — g;(x)| when approximating g(x) = 4x%+ 223 + 722 +
4x — 2 with the variation -diminishing spline approximation method for different
values h € [1 x 1074,1 x 10~1].

Despite increasing the degree of the spline, there is no corresponding increase
in the degree of |h| in the error bound of this method. The results of an exper-
iment of interpolating the quartic polynomial g(z) = 42* + 223 + 72? + 42 — 2
are shown in figure 5.7. We see that if h is halved, the error is roughly i of the
previous level, and we can hypothesise that the error bound is of the form

Ilf = gl| < DE?||D? f|oo,ab] (5.8)

which is the same as that we observed with quadratic splines.
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hi Ifi = gill | 72
le—1 9.58 x 102
5e — 2 2.71 x 1072 | 0.28

25e—2 | 7.21x107% | 0.27
1.25¢e—2 | 1.86 x 1072 | 0.26
6.25¢ —3 | 4.73x107* | 0.25
3.125¢—3 | 1.19 x 107* | 0.25

Table 5.7: Observations of ||f — g|| for varying h using variation-diminishing
approximation for g(z) = 4z* + 223 + 72? + 42 — 2. All simulations were
performed with uniform knot vectors.

hi Wfi—aill | 7%
le—1 3.00 x 10~°
5e — 2 1.88 x 1076 | 0.0625

2.5¢ — 2 1.17 x 1077 | 0.0625
1.25e —2 | 7.33x107° | 0.0625
6.25¢ —3 | 4.58 x 10719 | 0.0625
3.125e — 3 | 2.86 x 10~!* | 0.0625

Table 5.8: Observations of ||f — g|| for varying h using spline approximation for
g(z) = 42* 4 222 + T2% + 42 — 2. All simulations were performed with uniform
knot vectors.

3.5

251 1

15 1

0 0.02 0.04 0.06 0.08 0.1

Figure 5.8: Measuring | f; — g;(z)| when approximating g(z) = 4a*+ 223 + 722 +
4z —2 with the spline interpolation method for different values h € [1x 1074, 1 x
1071
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h; [lfi — gill Ifi — aill
le—1 9.58 x 1072 | 8.29 x 102
5e — 2 2.71 x 1072 | 2.52 x 1072

25e—2 | 7.21 x1073 | 6.96 x 1073
1.25e —2 | 1.86 x 1073 | 1.83 x 1073
6.25¢ —3 | 4.73 x 107% | 4.69 x 104
3.125¢e —3 | 1.19x 1074 | 1.19 x 10~4

Table 5.9: Observations of ||f — g|| for varying h using variation-diminishing
approximation (column 2) and an intermediate method with two extra knots
(column 3) for g(z) = 4a* 4 223 + 722 + 42 — 2. All simulations were performed
with uniform knot vectors.

5.3.2 Spline interpolation

Now, let us look at spline interpolation in the knot averages. We have from (5.7)
in section 5.2.3 that 7 = 7, + (2 + (p—;l)h) for the internal knots of a uniform
knot vector. As p = 3 is odd, this works out to be Tifay on) -

Therefore, we now only need to insert p — 1 of the knot averages, as they
already occur once in the knot vector - except near the end points, where the
assumption in section 5.2.3 that 7,11 = 73 + h is not correct. So to obtain a knot
vector with 3 repetitions of the knot averages, our new augmented knot vector
becomes t = [7, 7, 7,73, Tx_4].

We again use the quartic polynomial g(x) = 42*+2x3+72%+4x—2. Plotting
the error against the mesh size h, as shown in figure 5.8, we see that this is not
a quadratic relationship; the data of errors are shown in table 5.8. Repeated
halving of h now gives a reduction of <= in the error, and this method thus

16
seems to have an error bound of the form

IIf = gll < DR*|D* fll (a4

and that spline interpolation methods in general have an error bound on the
form

(5.9)

1f = gll < DRPTHIDP* | 0 - (5.10)

5.3.3 Intermediate methods

As in the case of quadratic splines, intermediate methods with 1 repetition
(adding the two missing knot averages near the end points) or 2 repetitions of
the knot averages can also be determined. As we have now created methods
with error bounds less than h* and h2 respectively, it may be possible through
such a method to create an error bound dependent on h3.

However, as in the quadratic case, the method which repeats the knot av-
erages exactly 2 - or p — 1 - times reproduced the spline interpolation exactly,
while inserting the two knots 73 and 7;_; merely improved the error bound for
large h. For small h such as h = 3.125e¢ — 3, there is very little difference, see
table 5.9.
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Coefficients of the Coefficients of the Coefficients of the
t7 | variation-diminishing | . . spline interpolation

method intermediate method method
0 0 0 0
% 0.03333 0.03333 0.03333
% 0.09983 0.09994 0.09999
1 0.19867 0.19867 0.19900
10 0.29552 0.29552 0.29601
=S 0.38942 0.38942 0.39007
% 0.47943 0.47943 0.48023
= 0.56464 0.56464 0.56558
g 0.64422 0.64422 0.64529
1 0.71736 0.71736 0.71855
15 0.78333 0.78405 0.78463
%0 0.82300 0.82333 0.82346
1 0.84147 0.84147 0.84147

Table 5.10: Observations of ¢; and the knot averages for various approximations
of g(x) = sin(x).

5.4 Shape-preserving properties

Let us also look briefly at the values of the spline coefficients, this time using
the non-polynomial function sin(x). We saw in chapter 3 that having control of
the coefficients led to some shape-preserving properties. Therefore, their exact
value may be of interest when attempting to draw conclusions about the ap-
proximation method. This also allows us to look at how well the approximation
method performs when applied to non-polynomial functions.

Let us, as in most of the previous examples, take a 4-regular knot vec-
tor 7 with internal knots uniformly spaced between 0 and 1. To produce
an approximation with observable errors, we will let h = 0.1. We will com-
pare the three methods described in the previous sections of this chapter, the
variation-diminishing method with 7 = ¢, the spline interpolation method with
t=[r,7,7,75,7;_1], and the intermediate method of inserting 73 and 77_; to
repeat all knot averages exactly once in the control polygon.

The coefficients found in this experiment are shown in table 5.10 and the
difference between the methods are shown graphically in figure 5.9. We see
that the method of inserting knots at 75 and 7,;_; only improves the accuracy
around that point; unlike spline interpolation which improves the accuracy for
the entire interval - likely a function of the spline interpolation being a method
where knots are inserted into t throughout the interval.

We can also conclude from table 5.10, however, that the spline coefficients
co and ¢, _1 of the intermediate method are larger than those of the variation-
diminishing method. This indicates that the shape-preserving properties of
chapter 3 do not hold for this intermediate method.
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Figure 5.9: The difference between the coefficients of two spline approximations
of sin(x), plotted against the knot averages t¥. Here ¢; are the coeflicients
of the variation diminishing method. the solid line plots |¢&; — ¢;| for é being
the coefficients of the spline interpolation method, and the difference between
the variation diminishing method and the spline interpolation method, and the
dashed line plots |¢; — ¢;| for € being the coefficients of the intermediate method
with interpolation at each knot average.
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Chapter 6

Conclusion

Unfortunately, the numerical experiments in chapter 5 suggest that the new
methods do not have significant advantages over the well-known existing meth-
ods. The method intended to be an intermediate method between the variation-
diminishing method and spline approximation had the same relatively poor con-
vergence rate of the variation-diminishing method, both in the quadratic and
cubic case, but lost the shape-preserving properties of this method.

From the experiments in section 5.4 it seems likely that this method, even
for higher degrees, will have incremental benefits where the knots are inserted,
but will do little to improve the exponent ¢ in the error bound. However, in
the cubic case, it was not possible to create a method where the augmented
knot vector ¢t included at least 1 repetition of the knot averages that were not
in the original knot vector 7, without producing a spline which interpolated the
function g exactly. This may be possible in a higher degree setting, which may
also allow for a method which has a convergence exponent between ¢ = 2 of the
variation-diminishing method and ¢ = p+ 1 of the spline interpolation method.

In the quadratic case, we also looked at the choice of interpolation points in
the control polygon and that it improved the accuracy of the method; however,
the exponent ¢ in the error bound remained the same, so it was merely an
incremental improvement, and may be specific to the polynomial functions we
examined. Also, it may not always be possible to pick and choose interpolation
points in order to minimise the error, and so this may not be a very practical
exercise.

Further research could be done to determine the number of calculation op-
erations required to find the control polygon implementation of spline interpo-
lation, compared to solving over the entire spline space. Another research point
into these methods could be how to choose knots 7 and ¢, with knot insertion
matrix A and interpolation condition matrix L as described in section 4.2 such
that the linear system LAc = y has a solution.
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