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Avoiding empty pages ... O

Links were electronic now, not narrative. Until the advent of hyperlinks, only
God had been able to see simultaneously into past, present and future alike; human
beings were imprisoned in the calendar of their days.

S. RushdieFury
“Money don'’t buy happiness [...]" —“l only wanted to rent it for a few weeks”
T. PratchettMaskerade
Nature is not embarrassed by difficulties of analysis.
A. Fresnel

To isolate mathematics from the practical demands of the sciences is to invite the
sterility of a cow shut away from the bulls.

P. Chebyshev
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| disapprove of certainties [ .] They
limit one’s range of vision. Doubt is one
aspect of width.

S. Rushdie, Grimus

Basics

Splines — at least in our context here — are piecewise polynomials used for the description and
manipulation of curves. These curves are usuablygraphs of a function buygarametricones,

i.e., f : [a,b] — R?, where the parameter intenval b] is usually irrelevaritand the dimension

dis 2 or 3. In order to store an manipulate such a curve efficiently on the computer, we require
two fundamental properties:

1. The curve must be represented by a finite numbepefficientst, , . .., d,, € R,

2. The coefficients must reflect geometric properties of the curve.

There are various methods to construct such curves and the discussion of the advantages and
disadvantages of such representations are a topic all by itself. But since we have to make a
choice we simply choose splines here and will not regret it.

1.1 Knots and B—Splines

The basic concept underlying splines is that khat sequencas it defines the regions restricted
to which splines are polynomials.

Definition 1.1 A finite, indexed sef’' = T,,,,, = {t1, ..., tmins1} IS called aknot sequencef
orderm if

1. 2fl S e S t7z+m+1-
2. tj < tj+m+1-

Obviously, the order of the knot sequence is only relevant for the second condition in the above
definition which says that theultiplicity of any knot must not exceed + 1; the multiplicity

we will, however, see examples where this matters, namely, when we want the curve to be arc—length param-
eterized, at least approximately.
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w1 = p; of the knott; is simply the number that says how often this not is repeated within

1 <---<t; 1 < = =tju-1 <ljpu < < mgngl- (1.1)

TV
I

If n; =1,forj =1,...,m+n+ 1, then we say that the knot sequence consistsrple
knots.

Definition 1.2 For k = 0,...,m, theB-splinesNF, j = 1,...,n + m — k, of orderk are
defined as
Njo ( | T) = X[tj,tj+1)7 (12)

s 3 tivjr1 — - B
NEG|T) = t—_”th 1(-\T)—I—%Nfﬂl (-|T). (1.3)
j+k J j+k+1 7+1

Almost directly from this definition, we can conclude some fundamental properties of the B—
Splines.

The B-Splines are
1. nonnegativeN} > 0,
2. compactly supportedyF (z |T) = 0,z & [t;, tj4xs1),

3. piecewise polynomials of degree at mbsti\fﬂ( e 11,.

totert)

It is very easy to prove these properties simultaneously by inductioh: diirst, they are
immediately verified fok = 0 and then the inductive step consists of noting that the recurrence
(1.3) implies that

Nj(z|T)=0, @& ([t tinl Ultjrn, tiswra]) = [t tjns]

and that forz € [t;11,¢,44] all the terms in (1.3) are nonnegative while fore [t;,¢;1] U
[ti+k, ti+k+1] the negative linear term is rendered irrelevant by a zero spline function.

Remark 1.3 While for simple knots the recursion of Definition 1.2 works smoothly and flaw-
less, it has to be implemented with a little bit of care in the case of multiple knots! At some point
of the iteration, at least in the computation Kv@l for somej, we will encounter the case of a
“division by zero”. But in fact, we will not! The associated support interval of the respective

is spline is the empty set and this tells us that we need not take this spline into account in the
recurrence.

The evaluation of a B—Spline at a vectérof points will be done by th®ctave —functior?
BSplEval , so let us use this function to make ourselves acquainted to the system and plot

2The functions are designed in such a way that they should (1) also run Matkb |, but sinceOctave is
Open Source software and thus freely and generally available, we will continue to r€fetatce exclusively.
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some B-splines of orden. A look at Definition 1.2 convinces us that the associated B—splines
areN{",..., N/, so in order to have of them, our knot vector has to hawet m + 1 entries.
OK, let’s try the famougubiccase and let us just use equidistant knots, say

octave> T = (0:10)
T =
o 1 2 3 4 5 6 7 8 9 10
So we haver = 11 — 4 = 7 B—splines which we will evaluate at a fine grid and plot them:

octave> hold on; X = (0:.01:10);
octave> for j=1:7 plot( X,BSplEval( j,3,T,X ) ); end

That was easy. So let us get curious and try a non—equidistant spacing:

octave> T = sqrt(0:10); clearplot; X = (0:.01:max(T));
octave> for j=1:7 plot( X,BSplEval( },3,T,X ) ); end

The results can be seen in Fig. 1.1, but they can only be a motivation to perform “independent”
experiments with B—splines relative to varying knot distributions. But let us stop playing and

- L AN BTN ey
0 2 4 6 8 10 0

Figure 1.1: The B—splines with equidistdfeft) and square rodright) knots.

return to theory.

Definition 1.4 A spline curvein R? is a curve of the form

Smd =Sy, (-|T)d:=> d; NJ"(-|T). (1.4)
j=1
A spline curve is represented by thentrol points d;, j = 1,...,n, and theknot sequence

T, so all manipulations of spline curves have to be performed on either the control points or the
knots or both.



1.2 The de Boor algorithm 5

1.2 The de Boor algorithm

On our way to a better understanding of splines, we next consider a geometric algorithm for the
evaluation of spline curves which is due to de Boor.

Algorithm 1.5 (de Boor)
Input:

e knot sequencg =T, ,,
e control pointsd,, ... ,d, € R,
© € [ty lnt1]
Procedure:
1. Determing € {m + 1,...,n} such that
x € [to, tor).

2. Initialize:

3. Fork=1,....m

(@) Forj=¢—m+k,...,i compute
Litm—k+1 — T
i) Litm—k+1 — T
and
df(x) = a(z) df:ll(x) + (1 — a(zx)) df_l(:z:). (1.5)
Result: S, d(x) = d;"(z).
The correctness of the algorithm is proved rather easily: we just read the recurrence relation
of the B—Splines “backwards”:

Spd(z) = ZdjNJm (2| T)

m— bjtht1 m
_ Zd[ 4 et (g 1) LT e )
itk t litk+1 — i+
- L — m— 1 = JJFk m—1
j=1 J J
S [tin — x —t;
= 2 %djfﬁ—_dj NP @] T).
j=1 t]JFk t] t]+k t

The rest of the proof consists of carefully monitoring the spline’s support regions, thus extract-
ing the proper part from the set of control points.
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eo0—0©—e—C0——C = O —O0eo—e —0—=0 oO—O0@—e—0—0 = e&—O0o—e—0—0
Oe—0o—0—e—0 = OO0 —e6—0—e—0 e—O0eo—O0o—e—0 == O —eo—O0—e—0O

Figure 1.2: The cubicrp = 3) de Boor algorithm for a simpldeft) and a doubldright)
knot.

Remark 1.6 (Further properties)

1. The spline curve according to the de Boor algorithm is a curve frigm,, ¢,,,] — R%.
Consequently, theoundary knotsty, . .., t,,.1 andt, 1, .. ., t,,1nr1 Must play a special
role.

2. This is a little bit strange since the B—Splines are defined everywheke pat just on
[tm+1,tns1]. The algorithm, on the other hand, seems to work only on this interval.

3. In many applications, the boundary knots are takemas 1—fold knots, that is,

tlz"':tm+17 tn+1:"':tn+m+1-

This guarantees that at the boundary the spline passes through the first and last control
points and that its derivatives are given by the differences of boundary control points.

4. Itis usually hard to remember all the index details of the algorithm, but simple to keep in
mind the geometric idea: the ratio in whiehdivides certain knot intervals, first gener-
ated bym + 1, then bym and finally by2 knots, is used to divide appropriate faces of the
control polygon which is the piecewise linear function connecting the control points.

5. The de Boor algorithm usesnvex combinationand therefore the spline curve is always
contained in the convex hull of the control polygon — a property that eases the computation
of intersections.

Let us cast some light on the apparently contradictionary situation that the spline curve is de-
fined globally in terms of the B—splines but only locally in terms of the algorithm. To that end,
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we consider the simple fact that for the “constant curde™= 1, we have that
df(x) = a(z) d?,l(x) + (1 — a(z)) df(a:) =a(z)+1—a(z) =1,
hence

izvf (|T)=1. (1.6)

However, the above identity only holds on the interial, ,, 1], see Fig. 1.3, so that the

08
08

06 4 06 b

04 b 0.4

02
02+

0

L L L L L L L L L
0 1 2 3 4 5 6 7 0 1 2 3 3 5 6 7

Figure 1.3: Plot of the function from (1.6) for the knot sequefied, 2, 3,4, 5,6, 7} (left)
— the identity is indeed valid only on the interal 4] formed by the innermost boundary
knots.

With triple boundary knots there is a non—differentiable “break3 ahd4 while the knot
sequence€3, 3,3, 3,4, 4, 4,4} offers a sharp cut-offight).

answer to the dilemma is in fact a very simple one:

Splines are well-defined everywhere, but they are “nice” curves only on the integval
[m(T> = [tm—l—latn+1]-

This gives a good argument in favor@f 4+ 1-fold boundary knots as in this case

1.3 Curry, Schoenberg and other bases

The most fundamental result of spline theory says that the B—splines are not only special piece-
wise polynomial functions, but that they form a basis of a most peculiar space.

Definition 1.7 (Spline space)Thespline spacef orderm associated to a knot sequerife=
Ton.n, denoted by, (T") consists of all functiong with the following two properties:

1. fis a piecewise polynomial functiom(thtm) e Il,,.
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2. f has a certain global smoothness:

tj,1 < tj = tj+#71 < thrﬂ = f € Cmi‘u (tjfl, thru) . (17)

In other words,

The spline spac8,,(T") consists of all functions that are polynomials when restrictedgo
knot intervals and have continuous — 1)th derivatives at a knot of multiplicity..

Theorem 1.8 (Curry & Schoenberg) The B—splinesV;" (- | T') are abasisof the spline space
Sm(T).

One way to prove this result is to use the derivative formula

d m
— N (z|T) = —— N Y x|T) —
7 @IT) = NP @] 1)

T NN @|T), =1,

(1.8)
which can be verified by straightforward though tedious computations: take derivatives of the
recurrence (1.3), use (1.8) inductively for the lower order splines and recombine terms appropri-
ately. Since the B—splines are piecewise polynomials, (1.8) holds far @R \ 7', i.e., away
from the knots, and another inductive argument can be used to obtain the continuity properties
of the derivatives at knots of some given multiplicity.

But the main consequence of Theorem 1.8 is the following:

titmt1 — i

Any function f € S,,(T") can be uniquely written as
F= > HNP(IT).
j=1

In particular,dim S,,,(T") = n.

There is another basis for tl§g,, namely the one based on ttrancated powerswhich, for
simplicity, we will only consider for simple knots. Here, the basis functions are the monomials
1,z,...,2™ as well as the functions

m (x—t;)™, x>, :
(x —t;) :{ J J j=m-+1,...,n
I+ O, ZL‘Stj,

These are again linearly independent piecewise polynomial functions of global differentiabil-
ity m — 1, hence a basis for the spline space. Again, they are basically defirjed.ont, 1],
but most of this functions have a very large support — quite in contrast to the B—spline.
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1.4 How to represent a spline?

Let us conclude the basics on splines by reviewing how a spline curve is represented on the
computer. The easiest way is to arrange the control pdinisto a matrix:

d171 e dn,l dj71
d=[dy---d))=| : . : |eR™  dj=] :
dl,d e dn,d dj,d
To evaluate a spline at a (finite) point setC R, we then compute the matrix
- o m 7 =1...,n
N (X) =N, (X|T):= |N"(z|T) : e X ,

and the value of the spling,.d at the point seX is
Smd(X) =d N, (X). (2.9)

This simple piece of linear algebra will turn out to be very useful in the sequel. The function
to compute the matrixV,, (X |T), givenm, T and X, is BSplVander and the apparently
strange name will become clear fairly soon.

0.8

06

0.4

0.2 |-

0

L L L L
0 0.2 0.4 0.6 0.8 1

Figure 1.4: A spline curve and its control polygon. It's all quite easy ...

Let us finally show how a spline curve can now be set up and plotted kike in Fig 1.4. First,
we define the knot sequence (with four—fold boundary knots) and the control matrix

octave> T = [ 0,0,0,0,1,2,3,4,4,4,4 1|,
octave>d=[0115001;0.481.8.40]

To evaluate the spline at a fine grid, we simply call

octave> X = (0:.01:4); y = d * BSplvander( 3,T,X );
and plotting means to plat andy:

octave> hold on; plot( d(1,:),d(2,:) ); plot ( y(1,:), y(2,:) );
And that’s it!
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Infinities and indivisibles transcend our
finite understanding, the former on
account of their magnitude, the latter
because of their smallness; Imagine wh
they are when combined.

G. Galilei

Manipulating Splines | 2

In this section we review some of the basic procedures needed in elementary computations of
splines.

2.1 Simple geometric transformations

If one wants to geometrically manipulate a spline curve, this is rather easyt fofR?*?¢ and

y € R4 we just have

ASpd+y=> (Ad;j+y) N'(-|T) =y ) N (-|T)+y,
j=1

j=1

=1

so that any affine transformation is performed by transforming the control polygon. This allows
us to easily rotate and translate curves.

2.2 Differentiation and integration

In many cases it is important to compute derivatives or antiderivatives of spline curves; we will
see applications for this later. To derive a formula, we make use of the derivative formula (1.8)
for the B—splines and get

m
Spd (z) = d; [ N (x| T) - N (x| T)
Z titm =1 tirmrr = tjsr T
n d n+1
= m —Nm1x|T le(g;|T)
;tﬁm tj z; titm — 1
n+1
dj—d;_, . _
= m R N] Yz |T)
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= S,_1d'(z),

where we made use of the permanent conventiondfat d,,.; = 0. Therefore, the coefficient
matrixd' of the “derivative curve’s,, ;d' is obtained as

—1
b1 — 11

d'=mdD, =mdD, A, T (2.1)

tm—i—n—l—l - tn—i—l

where thalifference matrix D is defined as

Dn — . ., c Rnxn+1
1 -1

andA,,T is the diagonal matrix formed by the inverse-differences between the knots:
AT =diag [(tjsm —t) " 1 j=1,...,n+1].
By iteration of (2.1), we can also compute higher order derivatives as
d> = dm(m—-1D,A,TD, A, _T,

! k—1
ol [[DnsirniT = d G
j=0

(m —

d = d
Since for anyr and anyd
dN® () =d" N, (z|T) =dGp Ny, (z|T)
it also follows that the spline vectors satisfy the relationship
N® =Gy Ny (-] T), (2.2)

which allows us to directly connect these column vectors.
However, we missed a little problem at the moment! If we have boundary knots of multi-
plicity m + 1, thent,,,, = t; andt,, ,,+1 = t,41 SO thatA,, T takes the form

- q-1

0
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which, of course, tries the impossible task of inverting a singular matrix. Nevertheless, this is
not really a problem if we take into account that the first B—splivig; * is always supported on
[t1,tm+1] @nd thus cannot contribute to the behavior of the derivative,@fi’) = [t,,11, tymi1]-
The same also holds true for the rightmost boundary knot . ;.

Consequently, as long as we are interested in the behavify, @n) only®, we can simply
ignore the first and the last B—spline and thus get that

Spd = Syo_1d (-17)

whereT = fm,m,l ={ta,...,thrm}and

[
3
sH
)
3
>
3
~)

D, = K e R,
S
1

The respective matrice@;’k € R™"~* can thus be recursively computed as
Go = I, Gr = Gi 4 ﬁn—k—i—lAm—k—i-lfka Ty = {tisrs - tmsng1—k
and by means of
a4 T (k)
d N, (-ka) —dN® (-|T),
we obtain the counterpiece of (2.2):

N (-|T) = Gy N ( !ﬁ:) : (2.3)

Let us summarize.

Depending on which concept of derivatives one wants to consider, there are two yays
of determining the derivative of a spline curve, one that successieetpvesoutmost
boundary knots, one that preserves them. Nevertheless:

1. On the “crucial” interval,,(T") both concepts are equivalent.

2. Boundary knots of multiplicityn 4+ 1 have to use the second concept.

We can also use the derivative formula to compute the integral or antiderivative of a spline
curve as follows:

/ Sond(t) dt = Spord*(z), @ € [tystn], (2.4)

—00

3Which is automatically indicated by giving the boundary knots multipliity- 1!
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where ,
Ittt — b
d: = T "d 1 =0,...,n—1. 2.5
5 kz:% m + 1 ks J 07 , ( )
This formula is easily verified by applying the above derivative formula on (2.4) — this is a nice
and simple exercise.

2.3 Numerical integration of spline functions

Even if the formula (2.4) gives us a convenient way to determine the formal antiderivative of
a spline curve, it is only of limit use in computing spline integrals since mostly we will need
integrals of the form

ANﬁ(ij)Nﬁ(xyT) do

which will appear naturally in the concept of least squares approximations. To that end, we will
make use of composit@auss quadrature formula, cf. [7, 8]. First note that the product of
two splines is again a piecewise polynomial functionfgnust the polynomial degree izn
instead ofm. So it suffices to use a Gaussian quadrature of ardehat is, withm + 1 knots
and weights, on each interval since such a quadrature integrates all polynomials of degree at
most2m + 1 exactly

So, let&, ..., &, € [—1,1] the Gauss nodes of order for ffld:p andwo, ..., w,, the
associated weights which can be found e.g. in [1]. Since

tjt1 2 1 tiq —ts
(x)dx:—/ f<tj+(x+1)%) dx,

t tiv1—t; Jq

so that the associated quadrature takes the form
tit 2 = tivi+t;  tipg —t
flayde = —— 3w g ( SRAINE gk) | (2.6)

t L =t 1= 2

The integral over the “complete” curve can then easily be obtained by summing;frem
m-+1,...,n0rj=1,...,n+ m, respectively.

Again, this can be implemented efficiently in terms of linear algébyadefining the evalu-
ation vector

—_ % t; 1—75- . t: 1_|_t. ]
== [tj—l—%fk : k:zO,...,m}, tj:%, j=m,...,n,
the matrix
. 2 _ — .
F =diag {— ; j:m—i—l,...,n] [f(E) - j=m+1,....,n] (2.7)
tiv1 — 1t

4In Octave as well as inMatlab the users are encouraged to replace any type of loop by vectorization.
However, it would be more honest to state that loops are discouraged!
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and compute the integral as

n

. i+t o
/Im(T)f<x) dr = Z/t f(z)dx =1" Fw

j:m J

wherew = [w; : j =0,...,m|—the Gauss weights guarantee the validity of the equality sign
here.

Of course, (2.7) is only valid for single knots but since knot “intervals” between multiple
knots degenerate to a point and thus are irrelevant for the integration process, there is not much
to take care of.
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God does arithmetic

C. F. Gauss

Interpolation and
minimality

It's common belief that splines are made for interpolation. There are arguments in favor of this
statement and arguments that do not support it. So let us begin with the “positive” side.

3.1 Interpolation at knots and the natural spline

Theinterpolation problem consists of finding, for given points sites X C R and given data
y € R, afunctionf such that

f(X) =y, ie. f(2) = yas z € X. (3.1)

Interpolation from a linear space lik&,,(7') can always be transfered into a linear algebra
problem: if we write a spline in its B—spline representation then the interpolation problem looks

Y diN"(z|T)=y, 2eX
j=1

which can be rewritten into matrix form as
dN,(X)=y.

The matrixIV,,,(X) (or its transpose, depending on the “school”) is caladdermonde ma-
trix of the interpolation problem; this also explains the name of the fun&tgplVVander .

The interpolation problem has a unique solution for all prescribed data if and only ifghe
matrix IV ,,,(X) is nonsingular.

If we want to interpolate with splines, there are some “important” or even natural sites present,
namely, the knot§d". So it is apparently not a bad idea to interpolate atrédevant knots
tm+1,---,tne1. However, these are onby—m-+1 points so that the matriv,,, ({t;41,- -, tnt1})
is not even a square one and thus cannot be invertible — we are facimglardeterminedys-
tem if we consider the interpolation problem

Smd (tm+j) = Y, j=1,...,n—m+1.
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Do we explicitly have to say that this only works for simple knots? I

To make the interpolating spline unique, we will have to add further linear conditions on the
spline, preferably at the end points.7fis an odd number, them — 1 is even and one could
add(m —1)/2 conditionssymmetricallyto both end points of the interval. Some typical choices
would be

Natural conditions: Make derivatives ohigh ordervanish,

1
S®d (t;) =0, l{::mT+1,...,m—1, j=m+1,n+1.

Hermite conditions: Prescribe values for thaerivatives

—1
S®d(t;), k:1,...,mT, j=m+1,n+1

Periodic conditions: “Close” the curve periodically,

Sr(r]f)d(tm-l-l) :S(k)d(tn+1)7 k= 177m_ L.

m

Except the natural conditionghese additional conditions require additional assumptions as
well: in the Hermite case one has to “guess” derivatives at the end points, for example by taking
differences of the data to be interpolated, while the periodic conditions only make sense if the
curve is periodic itself, i.e., iy, = y,,_,,,41-

3.2 Minimality of the natural spline

There is another method to solve underdetermined systems, whichmgbyization Instead
of looking for a solution to (3.1), one minimizes (or maximizes) a certain functional subject
to (3.1). We will return to this issue later in wider generality. Here we simply realize that the
natural spline defined just above is indeed the solution to a minimization problem.

To that end, we define the energy seminorms

- ®) (1) 2
s /W) (f9@)? do

and define thenatural spline interpolant S,, rf of orderm with respect tal” at a function
f € C(R) as the unique natural spline which satisfies

Sm,Tf(tj>:f<tj)7 j:m+1,,n+1
Theorem 3.1 Letm = 2r + 1 be an odd number anfle C""!(R). Then

’Smnylr_kl S |f|r+1 . (32)

5Though it is not clear from this definition what is so “natural” about it.
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In more prosaic words, we can express Theorem 3.1 as

Among all C™+1)/2_solutions of an interpolation problem@t.+, ..., t..1, the natural
spline minimizes the energy functional, , .

This finally explains the name “natural spline”.  Indeed, the mathematical object is named

Figure 3.1: A “real” spline. The weights (and they rightfully carry that name) fix the
flexible ruler at the interpolation points which takes an energy minimal interpolating shape.
Thanks to Dr. Hollenhorst of the University Giessen Computing Center for permitting me
to use the device

after a tool to draw interpolating curves by means of a flexible ruler (Fig 3.1) — which bends
into a shape that minimizes the bending energy of the curve. Now, an approximation, but only
an approximation, of the bending energyf is|, so that the natural cubic spline is indeed an
approximation to the “real” object. Nevertheless,w we have to record that

The cubic natural spline is not a spline! I

Since the proof of Theorem 3.1 is elementary and fairly instructive, let us have a look at it.
Proof of Theorem 3.1: We use the abbreviatiortsf = S,, v f andl = I,,,(7') and begin with

|f = SFl, = / (f”*”(a:) — (Sf)rtY (x))zdx

I

S AGR

1

= P =2 [ (J@) = SNV @) (SH (@) e~ 1SF1, . (3

1

2

~—

— 2SN (@) + (ST (@) d
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Figure 3.2: The natural side conditions of a cubic spline: The free ends outside the bound-
ary assume linear shape.

Forj =m+1,..., n partial integration gives us
tit1

[ (#00@) = 550 (@) 5£40(a) da

tjt1

= () = S/ S - [ (1) - 7O @) S50 a) do

tj

k
_ Z(_l)r—l (f(r—l)(l,) _ Sf(r_l)(w)) Sf(r+l+1)(1’) Z-H

=0
ti+1
(1) / (F9a) = S 79@)) SFF ) de, k=1,
¢ for
J =0 k=r

= (_1)1"—l (f(r—l) (z) — Sf(w—l) (x)) Sf(r+l+1)(x)|tj+l ,

tj
1=0

Summing ovey all the interior term cancel and we get

/ (FOD () — SO () SO (a) da

I
r tn+1

= S () - SO () SV V@) =0,

=0

tm
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If we substitute this into (3.3) we end up with

SPR = 1y = 1 = SFR < 12
with equality iff f — Sf € II,.. O

3.3 Schoenberg, Whitney, Greville

In the preceding section we insisted on interpolation at the “relevant” knots and had to pay a
price for that by being forced to add further conditions that made the interpolation problem
uniquely solvable. However, it is an interesting question haterpolation sites =4, ..., z,
have to be placed such that we can interpolate frormtftBmensional vector spa&g, (7),..,.)-

It is intuitively clear that the interpolation points cannot be chosen arbitrarily: since any
spline is a polynomial of degree at mast when restricted to a (nontrivial) knot interval
[t;,t;+1], such an interval cannot contain more than+ 1 sites as then the associatiedal
interpolation problem would become unsolvable. Hence, there must be a relationship between
the sites and the knots and this relationship is as simple as one may imagine.

Theorem 3.2 (Schoenberg & Whitney)Interpolation at the sites{ = {z; : j=1,...,n},
T < --- < x, has a unique solution i, (T) if and only if

tj <x; < tj+m+17 j=1,...,m. (34)

Geometrically, we can slightly rephrase condition (3.4):

Each site has to be at a position where the B—spline with the same index is positive. I

A complete proof of Theorem 3.2 is beyond our scope hémet it is rather easy and illustrative
to see why this condition is necessary. Suppose, for example, that there is somg sudéx
thatz; <t;, and therefore also; < t;, k£ > j, because the knots are in increasing order. Since
the B—splinesV;* are supported Oft, tj+m+1], it follows that

N (z;1T) =0, k=j,....n.

Now look at the firsty columns of the Vandermonde matiX,,,(X), that is,

[ N1(1'1|,T) N1($j|,T) T [ Nl(l'1|,T) N1($j|7T) T
Njo(z |, T) oo Njoa(z | T) | _ | Njoa(aa |, T) -0 Nja ([, T)
Nj (21],T) N;j (z; ,T) 0 0
No(e |, T) .. Na(lT) | L0 0o |

5To be precise, this only holds when the multiplicity of the knots<isn so that the B—splines are at least
continuous.
"But it is notsooooooodifficult either.
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and these columns are linearly dependent as they consisteaftors which are different from
zero at most in the first — 1 components. Hence, the matrix cannot be invertible. If, on the
other hand, there is somesuch that:; > ¢;,,,4+1 then an analogous reasoning with the fjrst
rows of the matrix leads to the same result.

So, Theorem 3.2 tells precisely where to put the knots in order to achieve unique interpola-
tion. What it does not tell us is how gystematicallychose the sites from the knots. But there
Is a “canonical” choice, called th@reville abscissae

1 .
Ij:aztﬂk’ j=1,...,n. (3.5)
k=1

Note that the two “outmost” knotg; andt,.,,.1 do not enter the definition of the Greville
abscissae. It is easy to see that they are indeed suitable interpolation points since

1
i<t < — (it 4 F Lirm) < bjm < it

with equality in the leftmost inequality if and only i, = --- = t;;,, and equality in the
rightmost inequality if and only it,,; = --- = t,4,,4+1, hence theSchoenberg-Whitney
condition (3.4) can only be violated in the appearance of inner knots of multiplicity 1. But

that is forbidden for interpolation anyway.

At a knot of multiplicitym+1 the spline curve has a discontinuity and thus an interpolatipn
value there cannot be determined — is it the left or the right limit?

Another justification of the Greville abscissae comes from looking abt®enberg operator

Sl =D f () N (|T), (3.6)

j=1

which does not interpolate but uses the valueg af the Greville abscissae as “control points”.
We will return to this operator later.

3.4 Parametric interpolation

In applications, the abscissae of the interpolation are seldom given. The only available informa-
tion are a sequence of pointg,, . . ., y,,, which come, for example from scanning or sampling
a workpiece. Therefore, the sites as well as the knots can, shall and have to be determined from
the data! There are many strategies to find suitable parameter values, some of them listed in [6],
but practically all of them motivated by heuristic considerations.

Intuitively®, the distance between the interpolation siteshould match the distance be-
tween the data points, that is,

1’1:0

8S0 we are at heuristics here as well.



3.4  Parametric interpolation 21

T2 = Hy2_y1||2

k
Ty = xk—l—i_Hyk_yk—l“QZZ”y]_y]—l ) k:27"‘7n'
j=2

Next, we can try to determine the kndtssuch thatc = [z; : j =1,...,n| are the associated
Greville abscissae and, recalling our initial considerations, we can also insist on multiplicity

m + 1 on the boundary, thatis = - -- = t¢,,.1. Then we could solve successively from (3.5):
h="=tpt1 = 1

m—1

linye = MTy— Ztkm
k=t (3.7)
m—1

tm+j = me‘j—Zt]H_j, j:2,...,n
k=1

Note, however, that we have no multiplicity + 1 at the right boundary then! Moreover, (3.7)
is not a good strategy as the following numerical example shows: we sample the circumference

of the circle,

octave> y = [ cos( 2*pi*(0:6)/7 ); sin( 2*pi*(0:6)/7 ) ]
y =

1.00000 0.62349 -0.22252 -0.90097 -0.90097 -0.22252  0.62349
0.00000 0.78183 0.97493  0.43388 -0.43388 -0.97493 -0.78183

and compute the knot sequence

octave> T=GrevilleKnots( 3,y )
ans =

Columns 1 through 8:
0.00000 0.00000 0.00000 0.00000 2.60330 2.60330 2.60330 5.20660
Columns 9 through 11:

5.20660 5.20660 5.20660

which shows that we get a triple knot in the interior. The associated Greville abscissae are

octave> T=GrevilleKnots( 3,y )
ans =

Columns 1 through 8:

0.00000 0.00000 0.00000 0.00000 2.60330 2.60330 2.60330 5.20660
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Columns 9 through 11:
5.20660 5.20660 5.20660

And indeed, the solution is disappointing — though the function in Fig 3.3 interpolates at the
corners of the polygon, it does not really look exciting because of the triple knot. In other

05

04

15 L L L L L 03

Figure 3.3: Interpolant whose knots are computed by the formula (3.7). The triple knot
cause the result to be non—differentiable at the marked knot, see(dgtzti).

words, the naive strategy is not a working one. It even gets worse as there are examples when
the computed knot sequence is not increasing!

In general, any valid knot sequente- [t; : j = 2,...,m + n| must be a solution of
. 1 ... 1 -1 1
— t=: Mt==x, t=D"t>0. (3.8
m
1 ... 1 -1 1

Note that (3.8) is a system of linear inequalities which can be solved together with the mini-
mization of an arbitrary linear functional by means of linear programming, see [5, 16] and also
[9] for the connection to the theory of games. In fact, we could try to maximize the distance
between the knots, i.e., solve the minimization problem

t
. M 0 O x
Igl;gl—s, { DI 1 1 1 s | = [ } , t,s,s >0, (3.9)

which can be solved by means of linear programming. It turns out, however, that for many
configurations of Greville abscissae this optimization problemnesolution, the associated
feasible set is empty.
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Therefore, the “standard” approach is to define knots whose distance coincides witg the
distance between the interpolation points and then use a natural spline interpolant. Rlter-

natively, one could use knots which are spaced according to the distances of the data points
and then use their respective Greville abscissae.
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A mathematician, like a painter or poet,
is a maker of patterns. If his patterns ar
more permanent than theirs, it is becau
they are made with ideas.

G. H. Hardy,A mathematician’s apology|

What is wrong with 4
interpolation?

So, splines can interpolate, either at Greville abscissae or at the knots, but there are some un-
avoidable problems that simply come from interpolating with smooth functions.

4.1 Dependency on the parameterization

The first problem with interpolation is that the outcome depends strongly on the parameteri-
zation of the interpolation sites. Let us illustrate this with the seven points on the circle from
above and cubic splines. Thus we need m + 1 = 7+ 3+ 1 = 11 knots with boundary knots

of multiplicity 4. Let us start equally spaced, that is,

octave> T=[00001234444]
octave> X = Greville( 3,T )
X =

0.00000 0.33333 1.00000 2.00000 3.00000 3.66667 4.00000

where the functiorGreville  clearly computes the Greville abscissae of given order for a
given knot sequence. Next, we set up the Vandermonde matrix and compute the control points
via

octave> V = BSplvander( 3,T,X )5 d = (V \y );

The little bit of transposition is for technical reasons only; and indeed, the result in Fig 4.1.
OK, that is not too bad, but now we increase the distance between the knots and therefore
between the Greville abscissae in a non—proportional fashion:

octave> T=[ 000014 9 16 16 16 16 |;X = Greville( 3,T );

Not surprisingly, the respective interpolant has a larger deviation in the “later” part of the curve
while the interpolant with decreasing differences between the knots, generated by

octave> T=[0000 1317 19222 2 ];X = Greville( 3,T );
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Figure 4.1: The spline interpolant with equidistant knots and associated equidistant Greville
abscissae. It can be seen that the deviation of the spline from the data polygon becomes
larger where the polygon has “short” pieces.

takes its maximal deviation in its “early” stages, see Fig 4.2. This shows that the outcome is
really sensitive to the chosen parameterization of the interpolation sites; unfortunately, as the
example with the Greville abscissae shows, it is not so easy to choose these values appropriately.

Proper parameterization of the interpolating curve is crucial for the quality of the resuI.

4.2 Overshooting — the curse of interpolation

The really nasty side of interpolation by smooth functions becomes apparent when interpolating
on lines that enter corners. Let us, for example, sample the [inés — [1,0] and[1,0] —
[1,1] and put an interpolant through these points. So, let us try four points on each line

[ (0:1/3:1 ); zeros( 1,4 ) |;
[y, [ ones( 1,3 ); ( 1/3:1/3:1 ) ] [

choose the necessary equidistributed knots,
octave> T =100 0 (0:4) 4 4 4],

octave> vy
octave> vy

and compute the coefficients of the interpolant by our “standard” methods:
octave> d = ( BSplvander( 3,T,Greville( 3,T ) )\y’' );

Fig. 4.3 shows the result of this interpolation and it the usually unwanted overshooting. Of
course, the effect becomes smaller if the sampling density is higher, but it still persists.

What is worse than the fact that at the corner there is a large deviation from the “ideal” shape
of the curve is the loss adhape information: the original curve is convex, the interpolant is
not. This, however, is a general principle:
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Figure 4.2: The interpolants with increasi(igft) and decreasingight) differences be-
tween the knots.

Differentiable interpolants cannot preserve convexity of the data to be interpolated. I

The simplest example that shows that convex differentiable interpolation of convex data is
impossible, interpolateg(z) = || at the pointd), +1 and+1. We will show that any convex
C'—interpolant must be linear dr-1, 0] as well as or0, 1] and thus cannot be differentiable at
0.

Denote the interpolant by. Convexity ofg implies that forz € [0, 1] we have

9(x) =g @14+ (1 —-2)0) <(1—-=) g(0) +2g(1) = (1 —x) f(0) + 2 f(1) = f(z),
hencey(z) < f(z), « € [0, 1]. Moreover,

3)

2/ __

h - h =1

as well as (1) (1 h) f(l) f(1 h)
(1) 9(3) 95— 3) — g —h)
g (2) _hliré{r h = h =1,

so thaty’ (3

write x €

%—) = 1. Now suppose that there exists € [0, 1] such thaty (z*) < f(z*) and
* 1
z*, 1] as

1
x:)\x*+(1—)\)§,

s
Then, again by convexity,

o) < Agla)+ -2 (5)
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Figure 4.3: Overshooting of the spline interpolant in corners, with (iedi) and ten(right)
sampling points on the piecewise linear curve.

_ (%) (_ . ) + M (g (") - f (@)

— (g(a") — f (=)

() o(b) = (ot

leading to the contradiction that

g (}) NERRACH e N0 Y

1
2
= T3
2

Hence, forh > 0,

2

In the same way the existencefe [1, 1] with g (z*) < f (2*) would imply thaty’ (1) < 1,
again a contradiction. Consequently, we must haveghatf but theng cannot be differentiable
atz = 0.
To close this section, we show one more picture, Fig. 4.4 which discourages the use of
interpolation.

4.3 Handling corners

But what to do if the data stems from extremely precise measurements so that interpolation
is necessary as deviation from the measurements cannot be tolerated. This situation occurs,
for example in coordinate measurement technology. There is a simple trick to handle such
configurations:
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1.2 T T T T T T

08 .

0.6 .

04t .

0.2 | 4

0.2 1 1 1 1 1 1
-0.2 0 0.2 0.4 0.6 0.8 1 12

Figure 4.4: Running around a square by means of interpolation shows both possible effects:
Overshooting and looping.

Apply edge detection methods and interpolate corners with knots of multipticiythese
knots are always in the set of Greville abscissae.

There remains the question of how the edge detection can be performed. Some possible meth-
ods are

e Use the second (divided) differences of the data points — where these differences are large,
corner can be assumed.

e Use wavelet methods. As illustrated in Fig. 4.5, the wavelet coefficients indicate the
locations of the corners, one can even read information off their amplitude and the way in
which they change signs.

In fact, a combination of the two approaches above has given very good results in a coordi-
nate measurement application, [11]. It is, however, reasonable to do a finer piecewise linear
resampling of the curve in order to get equidistant points on the piecewise linear curve.

4.4 \Why approximation can be better

So, interpolation has its limits and they are due to principal reasons and not to technical lim-
itations. In this respect, the reconstruction of a functfolmtom sampled values by means of
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Figure 4.5: The D3” Daubechies wavelet coefficienfisght) of a function(left). Significant
coefficients “point” to the edges.

interpolation can be tricky and can lead to artifacts. Though this can be overcome to some ex-
tent by edge detection, but even then there are quite a few detail problems that have to be taken
into account.

A completely different approach to threconstruction of functions from sampling values
is the aforementionefichoenberg operator

ymf:Zf(xj)N}"(.’T)’ %‘Zgztﬁk’ j=1,...,n. (4.1)
j=1 k=1

which is a so—callequasi—interpolant at theGreville abscissae The use of Greville abscissae
is no accident here!

Proposition 4.1 The Schoenberg operator hlsear precision that is,.,,¢ = ¢ for ¢ € I,
andm > 1.

Proof: The casen = 1 is obvious, as there the quasi—interpolant is a piecewise linear inter-
polant of a linear function and thus linear again. ko> 2 we have that

Z€< th+k> N™(-|T) = ZZe k) N (| T).

] 1 k=1

By (2.1),

(Fnl) = > PR D Wtk = tjrgw)) NP7HC|T)

(tj) Nm 1( ’T)—f,
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which is a constant. Hence?,,/ is a linear function with the same slope and if at least one
of the end knots has multiplicity. or m + 1 then it interpolates there and the two functions
coincide as claimed. O

The reason for the specific choice of Greville abscissae is the preservation of linear
tions

But why linear precision? The reason is that we can prove a quantitative result for the overall
error of approximation which ensures us that for sufficiently dense sampling (more precisely, for
a sufficiently dense choice of knots) we can approximate any function as good as we want. We
will also look at the proof as it is quite illuminating and serves as a prototype for more general
results orapproximation order of function spaces. For more information see [3, 17, 19]. So,
here is the result.

Theorem 4.2 Suppose thaf € C? [t,,41, tny1], then

If = Tl = max |f(z) = Fnf(@) <m? [ "] b7, (4.2)

re [tm+1 1tn+1

where
h = ) maX+ ’tj+1 — t]‘ (43)

is theknot spacingdistance.

Proof: The proof is surprisingly simple. Consider a nontrivial knot intetkal= [t;, 1),
then

tet1 + -+ L
m

Fufly = 3 1 ) e, (4.9

k=j—m

and choosing* = % (tj—m+1 + tj+m) as the midpoint of the interval spanned by the “relevant”
knots, a Taylor expansion gfaroundt* yields that

__ 4% 2
ey =)+ - P e+ e ce@).
=T f
Hence, forz € I,
—t* L (tjomer + tiem) , 2p2
@) 1)) = D gy < 1t ) iy < T

@5)

and moreover, fok = j —m, ..., j,
- (et ey gy @6

m
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Therefore

m2h?
2

m2h?
2

J
1"l > NP CIT) < 1" o

k=j—m
N Vv

<1

ym(f_Tlf”Ij S

J/

and so
max | f — fl(v) < max|Zy (f = T1f)] (¢) + max |11 f — f] (2)
+max | S (f T f)| ()

~~
=0

< m* B |

but since the right hand side is independenj,ahe estimate holds globally which is nothing
but (4.2). O

So what is the essence of the proof? It is composed of two main ingredients:

Locality: On a given knot interval; only a finite number of splines is “active” and th
part of the Schoenberg interpolant that is affected by the behavipoof/; has size
at mostmh.

Polynomial preservation: The Greville abscissae are chosen such that the linear pafg of
the Taylor polynomial becomes irrelevant in the difference between the functionnd
the spline approximant.

This type of argument that probably dates back even before [18] indeed works in much more
general circumstances, for example also in the analysis of integer translates of compactly sup-
ported functions in the framework of translation invariant spaces and wavelet analysis.

Also note that the above proof can be refined to a more “local” flavor: The approximation
error is bounded by thiecal knot spacing and thiecal maximum of the second derivative so
that a good approximation can still be obtained as long as the product remains small.

To obtain a good approximation, the Schoenberg operator needs a high density of knots
where the function has a large second derivative (“curvature”). Where the second deri
is small, however, the knot spacing can be selected larger.

Finally, it should be mentioned that the Schoenberg operatovaiation diminishing ap-
proximation operator, see [12] which can also be found in [13]. There one also finds the famous
Marsden identity which allows a generalization of evaluation at Greville abscissae to function-
als’ that allow a reproduction of polynomials of degree higher thas well as a quantitative
convergence proof for the Schoenberg operator.

%Involving derivatives of higher order, however.
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In mathematics you don’t understand
things. You just get used to them.

J. von Neumann

Smoothing splines

We have already learned that the natural splines is the solution to a certain minimization prob-
lem. In this chapter we will consider interpolants or approximants which are defined as the
solution of certain minimization problems. Typically, the functional to be minimized will be a
weighted combination of aapproximation functiona(*How far is the spline from the given

data or curve”) and amoothness functionéiHow well-behaved is the spline”) where we can
vary the norms in which these functionals are taken as well as the properties of the spline to be
taken into account.

5.1 Interpolation and minimization

The first idea is to choose, among all interpolants available, the one which minimizes a cer-
tain functional — this concept afptimal interpolation '° has been very popular in statistical
estimation and is famous under the namé&riding , cf [4].

Let us consider two examples in terms of splines. To that end, we use interpolation sites
X =A{z; : j=1,...,n'},n < n, to obtain arunderdeterminedhterpolation problem, and
find a unique solution by minimizing an “additional” functional — in the context of linear models
this is usually a covariance estimate. For example, our minimization problem could take the
form

: " 2 X
ferél,ff(‘n/R @) de,  f(X)=y, yeR". (5.1)

Now, our matrix—vector notations turn out to be quite handy. Writing the splirfe-as,,d =
dN ,,, the minimization problem (5.1) can be written in terms of the coefficient (row) vekttor
as

min / dN" ()N (z)'d dx =: dAd", dN,,(X) =y, (5.2)
R

which is a quadratic optimization problem with linear equality side conditiorak iBy means
of Lagrange multipliers! this is turned into the linear system the minimum is determined by

10seg, for example, the references in [14].
HOptimizers would speak of Kuhn—Tucker conditions
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solving the linear system
24 N,(X)|[d"] [ o
i Y015 63
where, according to (2.2)
A = [/RN?(@//NIT(%)”d:U g k=1,... ,n]
_ / GoN ()N (2)GL dz = G ( / N, (z)N7 (2) dx) GT
R R
is a square positive semidefinite matrix. Moreover, sinceBthgpline Gramian
B,, =B, (T) = / N, (v)NT (z)dx (5.4)
R

is (strictly) positive definite, we havdx = 0 if and only if Gy = 0 which is the case if and

only if  is a segment of a linear sequence. Consequently, the linear system in (5.3) has a unique
solution if and only if the interpolation problem does not have a solution by linear functions,
that is, if the data is not located on a straight line.

This approach of minimal interpolation works in the same way for gugdratic func-

tional to be minimized and always leads to a linear equation. More complicated but smpoth
functionals would result imonlinearequations, but those require more intricate nonlinegr
methods.

Other functionals to be minimized can be obtaineddiscretizingthe energy functional, i.e.,
by computing the vector

f=1"(2)=dN,(2)", ZCR,

and then minimizing a vector norm gf, for example

IFl =D 11" ()1

z2€Z

Suppose thattZ = N, i.e.,Z = {z, ..., zn}, then the minimization problem would be

dT

N NT'(X) 0 0 0 y’
min 17w =" u, NT(zyy 1 -1 0© Yi1=|o |,
d,u,v1,v2>0 - T " U1
=1 ~NTzy 1 0 —I N 0
2

and can be solved again by linear programming. Minimizing with respect té, tmorm is a
common principle in image processing and the associated inverse problems, cf. [10].
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5.2 Minimizing the sup—norm and linear programming

Instead of minimizing “average” properties of a certain derivative, we can also use as criterion
the minimization of theglobal maximum of a certain derivative, that is,

m(}n HSﬁ,’f)de =min max HSﬁ,’f)dH , dN,(X)=1y.

d tG[tm+1,tn+1]
Let us consider this problem first far = m — 1, i.e., the maximal order of differentiatiéh
since then the spline curve
Sm=Ug = d NV = dG,,_ | N, ( yf)

Is apiecewise linear curvewhich takes its maximum at one of the knotsZofand the value
there is the respective control point. As coefficient normRdnwe also choose theo—norm

and define R
<dGm_1>j

v:i= max HS&m_l)dH =  max
t€[tm+1,tnt1] *© j=l..n—m+l

o0

Thus,v is the smallest positive number such that
()
J

—01< (dGpy) <0l o & (dGh) <ol
J J

<wl, j=1...,n—m+1,

that is,

Using theslack variabless; ., s; - € R%, we thus get the identities

i(da’m,l)‘—vl—i—sj,izo, j=1,... . m—m+1, (5.5)
J
which have to be satisfied together withiV,,, (X') = y. With the notation

Sy = [s;t : jzl,...,n—m—i—l},
the equations (5.5) take the matrix form

+dGp 1 —v 1417 482 =0.
——

::1d><n—m+1
Then the solution of the linear program

T dr

NT(X) 0 0 0 Y7

~T
min v, G ~lnmia I O | 2| =0 (5.7)
U, 8 ~T —+

_Gm_1 _1n—m+1><d 0 I 3? 0

gives the control polygon such thgliobally the respective spline curve has minimal norm of
the (m — 1)st derivative. There are however, several remarks to be made.

12Note that form = 3 this problem corresponds to minimizing the largest value $§ad can assume.
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1. Since mostimplementations of the simplex algorithm can only hamdi®r valuedight
hand side in (5.7), the columns of the right—hand side matrix and the respective pieces
of the “big” matrix have to be “stacked” on top of each other. This job is easily done by
using thereshape command.

2. The form (5.7) is usuallyot proper to be entered directly into an implementation of the
simplex algorithm as most of them use the implicit assumption that all variables have to
be positive and there is no justification to assume ¢hiaas this property. However, any
d can obviously be written ad = d, — d_ with d. > 0 so that formally we just have
to introduce a new variable to be “on the safe side”. Nevertheless, this approach is not
recommended.

3. The unfortunate reason for this problem is tias afree variable and is not bounded a
priori, the bound foid just comes from the minimization. This “degeneracy” can cause
trouble in many simple implementations of the simplex method which can be inappropri-
ate for our slightly more sophisticated optimization problem.

4. Also note that (5.7) canot be consideredomponentwisehat is, each row ofl would
be determined by a scalar linear program as in (5.7) — the components are all coupled by
the numbew which is a maximum oveall components.

5. If we limit each component by;, j = 1,...,d, and minimize overp; + - - - + v4, then
this corresponds to using thenorm as coefficient norm dR?.

6. General keep in mind that this approximation problems result in kaege linear pro-
grams that may be hard to store and hard to solve. After allwthrst case complexity
of a linear program with variables isO (2"), though this happens only for very spe-
cial and academic examples, and it is reported that in average and computational practice
[16, 20] the complexity seems to be more on the:)—side. But there is no guarantee . ..

But what to do in the case that< m — 1? Here the maxima are not assumed at the knots,
but nevertheless we can use the idea of (5.7) and just regface by G, there. What we
minimize then is not the norm of the derivative but the norm of the largest coefficient of the
derivative curve. However, since

ISmd(x)ll <) lld;|l Nj* (| T) < max [|d] ZN}” (z|T)

.....

=l
j=1 Jj=1 !

=1

“small” control points also lead to globally “small” splines curves and so the target of mini-
mization still make sense. But more important, this minimization problem can be solved by
readily available efficient algorithms, in this case, the simplex method.
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5.3 Least squares and energy functionals

The minimizing approach from the preceding subsection still insisted on interpolation. Of
course, there are situations where interpolation is a reasonable approach, but in many real world
application at least one of the following two situations occurs:

1. The data can be contaminated by noise, so that interpolation always interpolatdgs the
noise as well, causing, for example, unnecessary oscillation in the spline.

2. Interpolation may not even be necessary and it would be sufficient to reprouce
the data with a certain tolerance. Hence, this tolerance could be used to oftain
“smoother” solutions of the approximation problem.

Thesmoothing spliness defined as the solution of the optimization problem

win S5 @) - wli+ A 15701 5:8)
€x R

FESm(T) 4

for a parameteh > 0 to be chosen appropriately.

The idea in the smoothing spline is to “balance” accuracy to the data against smootigness
(in the “geometric” sense of little oscillation) with the help of the paramster

Of course, there are a lot of things that can be varied in (5.8):

1. One could pick a smoothness measure different frofg, the integral over the second
derivative, for example integrate over higher order derivatives or even linear combinations

of derivatives of different orders.

2. Both norms, the one in the “approximation term” as well as the one in the “smoothness
term”, can also be endowed with weights.

A fairly general form of the smoothing spline problem can be stated wélghts w, > 0,
r € X, and parametetd)\,, ..., \,,_; as

m—1
min wy | f (@) — ya|* + Z Ar / |f(r)(x)|2 dr. (5.9)
r=1 R

FESm(T) reX
To determine the solution of this problem, we first write use the (row) vectors

f(X)=[f(x) : x€ X]=dN,(z) and y=1ly, : € X]

BBWhy at mostn — 1 such terms? They will correspond to derivatives and a spline of azdimn only guarantee
at mostm — 1 continuous derivatives.
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and note that, withW = diag [w, : = € X],

Yowelf@) —glt = (ANu(X) = y) W (dNn(X) —y)"

zeX

= dN,(X)WNZT(X)d" —2dN,,(X)Wy' +y"Wy

as well as, recalling (5.4)
/ fO @) de = dG,B,, .G d".
R

Consequently, the functional to be minimized in terms of the coefficient vedetkes the form

m—1
dy(d) =d <Nm(X)WN,’;Q(X) +> G.B,_,Gf > d’ —2dN,,(X)WyT +y"Wy

r=1

which is a quadratic form with positive semidefifftejuadratic coefficient whose minimum
can be located by solving 4@, (d) = 0, that is,

(Nm(X)WNZn(X) + mz_: .G, B, G ) d" =N, (X)Wy", (5.10)

r=1

As we will see later, these normal equations take a rather nice form for splines — the matrices
appearing on the right hand side are banded ones and permit a solufi¢n)in

Note that for smoothing splines there is no connection needed any more between tile di-
mension of the spline space and the number of “interpolation” conditions:

1. If the dimension of the spline space is too small, however, then this may resugt in
a severe defect in approximation, i.e. the approximation term will always be rager
large and may even dominate the smoothness term.

2. If the dimension of the spline space is large enough or maybe too large, then wegwill
obtain an interpolating or at least “almost interpolating” function for small parange-
ters of\.

It is clear that there is a large number of degrees of freedom, from choosing the dimension of
the spline space, the location of the siféap to the choice of the parametersFor the latter
ones there exists the conceptonbss validationwhich fixes the parameters such that they are
optimal in a certain statistical context.

In fitting problems where a smoothest possible spline is to be found which is “sufficiently
close” to given data, a different strategy can be applied:

14And in most cases strictly positive definite.



38 5 SMOOTHING SPLINES

1. Choose the spline space large enough to enable interpdfation

2. Solve the problem foA = 0, thus computing an interpolant whose coefficients even
satisfy®y(d) = 0.

3. Enlarge\ to improve the smoothness of the function as long as the approximation prop-
erty is still maintained.

This procedure leads to a choice)otvhich gives the “smoothest” approximant within a given
tolerance.

5.4 Efficient implementation of Gramians
Finally, there is the need to compute the B—spline Gramian

B,.(T) = [/RN}”(:E) NP () de - i:g (5.11)

and we better do this in an efficient way. The matrix is obviously symmetric, so it suffices
to compute the entries of the upper triagonal part, i.e.,jfet k. Moreover, sinceV;" is
supported ort;, tjm,+1] and N;* on [ty tirm1], respectively, the integral is nonzero if and
only if ¢, € [t;,t;1n], hence if and only it < j + m. In other words, all we need to compute
for givenj € {1,...,n} are the integrals

Litm
[ap@Ne@ar= [ Np@ N de k=d e

This already gives us an important but not too surprising observation:

The GramianB,,,(T') is a symmetric banded matrix with sub- and superdiagonals.

This method is implemented in the functiB®plGram . To obtain the Gramian of a derivative,
in other words, the matrix

T T T m T m T . - ]'7 A 7n
B! .= /RN&)(:E)N;Q(:JC)TOZ:B = [/RNj ()" N ()" da ‘]Z: L } :
we substitute (2.3) and obtain that

m

_a ( /R N (x@) N (xyfk)T dx) G =G, B, (fk) G,

~ ~ ~\T ~T
B" = /GTNS;) (a;|Tk)N<T> <x|Tk> G, dx
R

which is the most economic way to compute this matrix. Note Bat , (fk> g€ Rn—rxn-r
which nicely explains the loss of rank that occurs when passing to derivatives.

19t is no mistake that the word “unique” is missing here —we do not care for a unique interpolant, any interpolant
will do!
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5.5 An example of smoothing splines

Let us finally consider an example, the “standard” case where smoothness is considered in terms
of second derivatives and we use the Greville abscissae with resgéastapproximation sites.

So, we begin by

octave> T = [ 00 0 ( 0:20 ) 10 10 10 ;X = Greville( 3,T );

and consider smoothing of a randomly perturbed linear function:

octave> y = X * (1 + 4* rand( size(X) ) .- 1) );

The perturbation is a relative error of at most 20%. To solve, for given0, the minimization
problem (with identical weights), we first compute the two matrices

octave> A
octave> B

BSplvander( 3,T,X ); A = A*A’;
BSplGramDer( 3,T,2 );

as well as the right hand side

octave> yy = BSplvVander( 3,T,X ) * vy’

We ploty

octave> clearplot; plot( X,y,"™*" )

define a point set for plotting the splines,

octave> Z = (min(T):.01:max(T));

and compute and plot the smoothing splines are computed by calling

octave>

| d=((A+PFB)\yy);
octave> s

= O'

= d*BSplvVander( 3,T,Z ); plot( Z,s );

The effect of increasing the smoothing parameter can be nicely seen in Fig. 5.1. The deviation
from the data increases, but the smoothness of the spline, in the sense of reduced oscillation, is
increased in exchange. One remarkable property of this process is as follows

The solution for\ = 0 of this optimization problem is the good ofétural cubic spline.
The solution forA = oo, on the other hand, is tHaear regression i.e., the unique line
that has minimal least squares distance from the data.
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10 T T T T

Figure 5.1: The smoothing splines for the parameter values), 0.01,0.1, 1, 10.

5.6 A sup-smoothing spline

We could also combine the idea of the smoothing spline

Balance approximation at the sites with a smoothness term |

with the minimization with respect to theo—norm which wilt® lead once more to a linear
program. So, we now consider the problem
(d@k) | > . (5.12)
J

We already know how to change a minimax problem into a linear program, see (5.7), and the
side conditions coming from the smoothing term are almost like there, except that we drop the
interpolation term:

min (mg} 1Sm(z) —y, |+ max ’

dT
AT
%T 1, 4xa I O UT = {8] (5.13)
_Gk: _]—nkad 0o 1 S1

s

16This is no surprise — at least it should not be!
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To handle the first, the “approximation”, term, we also proceed as above, set
= — = N _
u = max||S,d(z) —y,| = max||d N (2) -y,
hence, with additional slack variablés,

+d N, (X) —ul+t,+ =+ty,, r € X,

giving
dT
N%(X) _1#X><d I 0 u o yT
N IV S B (5.14)
t’

Dropping the subscript of the-matrices’, we thus find that the sup—smoothing spline solving
(5.12) is the solution of the linear program

F T
NI(X) =1 T 0 0 0 0 u T
. N 101 0 00 r YT
min u + Av, éz 0 00 11 0 tv_ = 0 (5.16)
G, 0 00 10 I]||gr 0
ot

In a linear programming environment with a normal form

min ¢’ z, Azr < b,

we can drop the slack variabsg andt.. and just consider

NI'(X) -1 o0 T
T d Yy
-N.(X) -1 0 —yT
. ' <
minu + v, GZ: 0 -1 u | < 0
G, 0 -1 0

Hence, in principle it is possible to solve this problem numerically, however, the remarks
made after (5.7) still haven’t lost any of their validity and it will be necessary to really test the
performance and quality of this method on real-world data. What remains unchanged, however,
is the fact that the problem still contaiaksas afree variable. We compare the behavior of
the smoothing splines with respect to the two different norms in Fig 5.2. Apparently, the sup—
smoothing spline has a much stronger tendency to trade in deviation from the data points against
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Figure 5.2: The smoothing splines fpr= oo (left) andp = 2 (right) and the parameter
valuesA = 0,0.05,0.1,1. The parameter values are not really comparable in these two
situations but it seems that the sup—smoothing spline has a general tendency to emphasize
the smoothness part more strongly.

smoothness of the curve — once more smoothness in the sense of reduced oscillation. Another
example is shown in Fig. 5.3, this time for a sampled absolute value function. Again the effect
of the smoothing parameter can be seen nicely and of course the limit is not the line which
minimizes the maximal distance to the data.

1"They should be clear from the context now!



5.6 A sup—smoothing spline 43
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0 2 4 6 8 10

Figure 5.3: Approximating a sampled absolute value function with the sup—smoothing
spline for the parameter valuas= 0, .5, 1,2, 3,4, 5, 10.




44 6 KNOT INSERTION AND REMOVAL

Although this may seen as a paradox, al
exact science is dominated by the idea
approximation

Bertrand Russell

Knot insertion and removal

The Curry—Schoenberg theorem tells us that a spline is a piecewise polynomial function of a
given order of smoothness at the knots, depending on the multiplicity of the knot. Trivially,
a polynomial is a also a piecewise polynomial — with the little side effect that the connection
between the polynomial pieces in this case s"aor aC one; there is no more distinction
between the two of them for polynomialslih,,. In other words:

If we insert knots into a given knot sequence, then any spline with respect to the c@arse

knot sequence is also a spline with respect to the fine knot sequence.

6.1 Refinement of knot sequences

So what does it mean to refine a knot sequence? Intuitively, there must be two properties:
1. The refined knot sequence must contain any knot of the “original” knot sequence.

2. The multiplicities of each knot in the refined knot sequence must be at least as high as the
multiplicity of the knot in the original knot sequence.

There are two ways to refine a knot sequence:

Insertion of a new knot: replacel” by T* where
T = {tlv . ,tjjt*, tj—i—lv . 7tm+n+1} , tj <t < tj+1.

Increase the multiplicity: replacel’ by T* where

T*:{tl,...,tj,tj,tj+17...,tm+n+1}, by <tjy1.




6.2 Knot insertion 45

We will call T* = T arefinementof T, written asT” C T, if T* is again a valiéf knot
sequence of order and if there exist a strictly increasing function {1,...,n+m+ 1} —
{1,...,n* +m+ 1} such thati(j) =t;,7=1,...,n+m+ 1. Note that this definition is just
a formalization of the intuitive criterion mentioned before.

One might argue whether it makes sense to refine a knot sequence “outside” the boundary
knots. The above definition does not exclude this, but it also does not encourage sjich a
strategy!

Clearly, any piecewise polynomial oh is also a piecewise polynomial af* and since the
multiplicities of knots can only be increased when passing to refined knot sequence, the respec-
tive smoothness conditions become¢éaxed Therefore, we have the following observation:

If T'C T*then alsds,,(T') C S,, (T7).

The B-splines with respect t6* are a basis d§,, (7*), which containsS,, (T'), and so there
must be, for any coefficient vecta, an associated coefficient vectdr such that

SodiN(|T) =Y d Ny (| T)
j=1 j=1
and of course the question is how to compdite

6.2 Knot insertion

We will focus here on the method to insersiagle knot usually referred to as tH&oehm algo-
rithm — in contrast to this one, there also exists @&o algorithm which inserts an arbitrary
number of knotsimultaneously

We consider the following situation:

Insert a knot* between two distinct knotg < ¢;,; such that; < ¢* < ¢;,,. Thatis, we
increase the multiplicity of a knot “from the right”.

Our first observation is that knot insertion is and must lb@cal process, it only affects those
B—splines whose support contains the inteffvalt;, ], and these are precisely the B—Splines
Ni*,.,..., Ni". That also means that only the associated control palnts,, ..., d; will be
relevant for the knot insertion algorithm. Moreover, insertion of a single knot will result in
n* =n + 1, so thatd™ contains exactly one coefficient more thén

Algorithm 6.1 (Knot insertion)
Input:

18This means that there still a no knots whose multiplicity exceeds 1.



46 6 KNOT INSERTION AND REMOVAL

e Knot sequencé’ = T1,, ,,.
e Knotto be inserted; < t* < ;4.
Procedure:

1. Fork=1,...,j —m set

d]::dk
2. Fork=j-—m+1,...,J
(a) Compute
thtm — t*
o = Am o
Uerm — Tk

(b) Set
d; = dk:—l + (1 — Oék;) dk

3. Fork=j5+1,...,n+1set
d, =di_;.

Result: Control pointsd™ such that
Spd* (-] T*) = Spd (-]T).

Once more, we can express this process in terms of linear algebra, namely as a matrix multipli-
cation

1 Q5 _m41
d'=dA ("), A= 1= ajomi c R+

1—Oéj 1

1

Note thatA (t*) is a very sparse, banded matrix. The procedure to compute such a knotinsertion
matrix is namedinsMat , the pairA, T by the functionKinsert . Let us reconsider our
earlier example, namely

octave> T
octave> d

[ 0,0,0012344,44 ],
[0115001;0481.8.40]

and insert the knat* = 2.5. The new control polygon can be determined as

octave> [A,Tt] = Kinsert( 3,T,2.5 ); dd = d * A;
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Figure 6.1: Knot insertion. The two control polygons and the two splines are drawn, but of
course only one spline curve is visible as knot insertion does not change the curve.

The result of single knot insertion is shown in Fig. 6.1. Since knot insertion is againwex
combination process, the new control polygon always lies inside the convex hull of the original
one.

Knot insertion can be repeated. For example, we can insert aktiates and since spline
functions alwaysnterpolate® at knots of multiplicitym, this gives a way t@valuatea spline
function at the newly inserted knot — which happens to be the de Boor algorithm if looked at
carefully.

octave>d =[011.8.2001;0.2.611.6 .20]f]
octave> T = [ 0,0,0,0,1,2,3,4,5,5,5,5 |;
octave> for j=1:.3 [ AT ] = Kinsert( 3,T,2.5 ); d = d*A; end

Then one of the control points is indeed located on the curve. This can be seen in Fig 6.2 where
the outcome of triple knot insertion for a cubic spline is depicted.

There is a nice side effect of our “linear algebra” approach to do knot insertion, it allows us
to dovirtual knot insertion : instead of modifying the control polygon and the knot sequence,
we just store the matrix

Aty ) = A(ly) - A(t)

®We did not mention this property before which follows quite immediately from the de Boor algorithm, because
at knots of multiplicitym one always “sits” on the left boundary of all the intervals to be considered, so that the
coefficientd;_,, is reproduced in all stages of the algorithm.
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0.4

0.2

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Figure 6.2: An example of triple knot insertion with the intermediate control polygons and
the control points of final level. One of them now lies on the curve where the triple knot
has been inserted.

that defines the action of knot insertion; note, however, Ich@tj.) depends on the knot se-

quencel U {t7,... ,tj._l} so that there is no commuting of the knot insertion matrices or
something similar.

6.3 First applications of knot insertion

Knot insertion has more use than just improving the flexibility of a spline curve by adding fur-
ther control points, though of course this has been the main intention in and for the development
of knot insertion algorithms.

We begin by the conversion of a spline curve iptecewise polynomial form often sim-
ply called the PP form of the spline curve. The polynomial pieces could be represented with
respect to the monomial basis, but since that one is not of geometric relevance, we might as
well reference to th&eézier representationof a polynomial curve on the nondegenerate inter-
val [t;,t41]:

plo) = Bud(o) = Y- (V@) (12w A =

tis1 — 15

The Bézier representation of a polynomial fanb] corresponds to a most simple spline function,
namely the one with knots of multiplicity: + 1 ata andb and nowhere else. So, if we want to
compute the restriction of a spline curve to an intefwab], t; < a < b < t;44, then this can
be obtained quite easily:
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The restriction of a spline curve to a given interval whose interior does not contain a fnot
can be obtained by inserting the endpoints of the interval into the knot sequence untilghey
are knots of multiplicitym + 1.

Clearly, the knot insertion only gives the coefficients of tlezigr representation of the polyno-
mial, but these coefficients can be easily converted into coefficients with respeattiocanial
representation There are some advantages of a piecewise polynomial representation:

e NC—milling machines “understand” polynomials, so the coefficients (of degree &jp to
can be fed into an NC machine directly.

e The local polynomial evaluation can be done with a complexity¢fz) while the de
Boor algorithm or also the spline recurrences have the higher complexity or@emof).
Hence, if a spline has to be evaluated at many points, such a conversion could be worth-
while.

Note thatMatlab ’s spline toolbox even has a built—in conversion routine for determining the
piecewise polynomial form, see [2].

The next application is theomparison of spline curves Here, we consider two spline
curves,

=> d;N"(-|T) and  S,d(-|T)= Zd’ N (T,
Let 7" = T U T’ be the union of the two knot sequences, i.e.,damallestknot sequence such
thatT C T* andT” c T*, then we can insert the “missing” knots into both sequences and write
d(-|T) =5SndA (T \T)(-|T7)

as well as
Spd (| T") = Spd A(T*\T") (-] T)
so that the difference between the two splines is estimated by
|dA(T*\T) — d'A(T"\ T')||

where as norms we could either take Brebenius norm

1/2
|dA (T \T) = d' A (T \ T = (ZZ\ (dA(T"\T)),, — (dA(T\T)),, )
e 6.1)
or thevector sup—norm
(dA(T\T)); — (dATN\T)),,].
(6.2)

IdA(T"\T) = d'A(T"\T')||,, = max max
J_ — *
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Therefore, we can approximate a given splihed’ (- | 7”) by a spline of the forn®,,d (- | T)
with a possibly different knot sequert€dy once more solving one of our smoothing problems
like either

m—1
min [|dA (T \ T) — d'A (T \ T2 + ; A / 15Od]? (6.3)
or

min |[dA (T \ 1) ~ d'A (T*\T/)||OO+Z;AT/HdE;T (6.4)

[e.o]

by the smoothing spline methods described in the previous chapters. Again, for sufficiently
small values of\, the approximants will come to the original spline as close as possible while
for larger values of they will put more emphasis on reducing oscillation.

Itis important to emphasize that the minimization is still performed in ternasafly — the
knot insertion process is represented entirely by the matriX™ \ 7'). So this is another
case ofvirtual knot insertion .

6.4 Zeros of spline functions

A somewhat unexpected application of knot insertion is the determination of zeros, or, more
generally, in the curves, the determinationirtersection of a spline curve with a given line.

In fact, this is essentially the problem of finding a zero of a spline curve:al Btc RY the
beginning and end point of the line in question and set

I — lny1 — T =ty b

a +

) j - 17 ctt 7n7
tnt1 — tmta tnt1 — bt

where thez; are once more th&reville abscissagthens,,l is a linear functio”* And thus
the splinesS,.d — S,,l = S,, (d — 1) has a zero precisely at the points wh8ygd intersects the
line.

The standard method to compuaeros of functionsis Newton’s method which determines
a zero off by means of the iteration

xr
xkﬂzxk—%, k=0,1,2,...,

subject to an initial value,. However, Newton’s method has some problems here:

1. The iteration depends on a good initial valugas it is well known to converge only
locally. How to determine this value is usually difficult.

2OFor example, the knots i can be placed with a density according to the curvature of the s§jjg.
2More precisely, it is the Schoenberg operator applied to the linear function connecimip.
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2. To perform the iteration, the derivative of the spline has to be evaluated. This is in fact the
smallest of our problems since the de Boor algorithm can easily be extended to provide
this value too.

3. If we work with splinecurves we deal withvector valuedunctions so that the iteration
above is not even well-defin& The “self—-suggesting” cure is to consider the curve
component by component, but then we have to looksiarultaneous zerosof these
scalar functions, so in most cases a zero in one component may be rendered useless.

These difficulties can be overcome by a knot—insertion based algorithm due to Mgrken and
Reimers [15]. We will just describe the basic idea here, details and, in particular, a pfoof of
convergence can be found in [15]. In fact, the basic idea behind the method is really very
intuitive:

Intersect the control point with the line and insert the abscissa of this intersection int@ the
knot sequence.

In fact, if there isno intersection between the control polygon and the line, then thare is
intersection between the curve and thedfrsince the curve lies in the convex hull of the control
polygon. Generally, theariation diminishing property of the splines, [12, 13] says that any
hyperplane irR¢ has more intersections with the control polygon than with the curve. Hence,
if there is no intersection with the polygon, there is no intersection with the curve and we can
immediately stop the search for zeros.

If, on the other hand, the control polygon intersects or has a zero somewhere, then this
happens between two control points, sByandd;..;, more precisely, at the point

Ad; + (1= X) dji, A€ 0,1].

Motivated by the Schoenberg operator, we interpietl = ., f for some continuous function
f and obtain thatl, = f (x}), so that it is natural to connect the control points to the Greville
abscissae. Therefore, a géoduess for the zero is the point

tr = )\ij + (1 — )\) Tjt+1,

which is precisely the knot to be inserted irffo This leads to a refined control polygon and

the process is repeated until there exists a control which is either sufficiently close to the line or
sufficiently small, depending on the type of problem one considers. In fact, the idea of iterating
zeros of linearized objects appears very similar to Newton’s method where a zero of the tangent
is computed.

2?How to divide a vector by a vector?

Z3Even quadratic

24Ford > 2 one has to be slightly more careful here!
250r, more correctly, sinearized
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An important application of zero finding is the determination of closest points: Given a point
y € R? and a spline curvs,, d, defined in terms of its knot sequence and control polygon, find
the closest point tg on the curve with respect to the euclidian distance, i.e., solve

min||S,d(z) ~ yll,

Squaring the objective function once more we thus get that we can as well minimize

d
ISmd(x) —ylls = Y d;iN,(x)N] (x)d] — 2d; N (x)y; +
j=1

d

d n d n
= > ) dipdp N (@) NP () —2) 0> diy NiMx) + >0,

j=1 k=1 j=1 k=1 j=1

where this timed; denotes thgth row of the matrixd and thus thgth component of the curve.
The function above is a scalar valuggline function of degree at mostm with breakpoints at
the knots of7’, so it belongs t&.,, (7*), where

T = {tla s 7T7 tn+m+17 s 7tn+m+1}7

so that just the coefficients of the boundary points are adapted. Consequently,

1Smd(z) —yl2 =" ¢; N (2| T*) = ¢ N (2| T).

j=1
and to compute we would need two operations:
1. a multiplication formula for splines,
2. adegree raising formula for splines,

but here we restrict ourselves to mentioning that both operations can be performed. To find the
abscissa of the closest point on the curve, we now “only” have to apply our zero search to the
function

d ~ —
— [[Snd(x) = yll} = cG1 Noyos (2] T7)

6.5 Knot removal

Knot removal is the inverse process of knot insertion — instead to passinglfianT™ > T,

we want to pass frori™* to 7. Since we still hav&,, (T') C S,, (T*), we cannot expedtnot
removal to be done exactly, but have to do it in such a way that the “knot removed” spline curve
approximates the original one “as good as possible”. So now we startSyyifi and want to
determined after removingt* from 7*. To determinead, we simply re—insert* and compare

the resulting control polygod A (¢*) with d*, minimizing, for example, the expression

|dA (t*) — d*||; = dAATd" — 2d*ATd" + d* (d)"
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leading once more to th@rmal equations

dAAT = d AT,

This, however, is only one way to determine the control polygon of a knot removed spline.
Based on our knowledge from the smoothing splines, we can immediately come up with gener-
alizations and extensions:

1. use a different norm, in particulddA (t*) — d*|| .. This will lead to another linear
programming problem with all the pleasant things like free variables and so on.

2. minimize also with respect to a weighted norm that contasmaothing termfor S,,.d.
After all, knot removal can be seen as passing from a “complicated” to a “simpler” curve
and it may be beneficial if this curve is also as smooth as possible.

3. remove several knots at once — the ma#iis then a little bit more intricate.
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