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Geometric construction of generalized cubic splines

PAOLO COSTANTINI - CARLA MANNI

ABSTRACT: We study the Bézier-like, geometric properties of four dimensional
spaces of the form span < uy,P1,vr >, where up and vy are subject to general condi-
tions, and describe the geometric construction of the corresponding spline spaces

1 — Introduction

If we ask a mathematician the definition of a spline we probably have nowa-
days as answer — a piecewise function which has a certain degree of smoothness
at the break points — which is much wider than the original idea contained the
Shoenberg’s pioneering papers (see e.g. [2] and [8]). Indeed, several kinds of
function spaces have substituted polynomials to form the pieces of new classes
of splines: exponential, trigonometric, rational, Tchebycheffian splines are only
some of the most famous names (see, e.g., [5], [4], [6], [9]). As usual, these
researches have been motivated both by theoretical and by practical reasons.
Among the last ones, we want to concentrate on the solicitations induced by their
applications in data interpolation and approximation and in computer aided de-
sign. The limit of polynomial splines in data approximation or interpolation
relies essentially in the lack of reproduction of the shape of the data set. The
consequences of this drawback can be serious and the first attempt to avoid them
led to the so-called tension splines (see, e.g., [4], [5], [10] and references quoted
therein) which can be forced to assume a piecewise linear shape. On the other
hand, the necessity of an easy description and manipulation of real objects by
means of curves and surfaces has led to other extensions of classical splines.
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In our opinion, the trend of the recent researches (especially those motivated
by the two fields of applications described above) seems to indicate that any new
class of spline functions should possess two main properties: to have a geometric
construction and to have an adaptive shape.

One of the main advantages of polynomial splines (see, e.g., [3]) is that the
Bernstein-Bézier control points (which give the representation of the polynomial
pieces in term of the Bernstein basis) can be obtained via convex combinations
of the de Boor control points (which give the representation of the spline in term
of the B-spline basis). In addition, both the Bernstein and the B-spline basis are
totally positive and sum up to one, so that the (difficult) task of controlling the
shape of the polynomials pieces is basically reduced to the (much easier) control
of the shape of the de Boor control polygon (the polygonal line connecting the
de Boor control points).

At the same time, there are several applications in which we wish to model
objects or phenomena with parts of completely different shape; therefore we
would like to incorporate in our CAD or approximation tools different function
spaces — trigonometric, exponential, variable degree polynomials etc. — still
maintaining the simplicity of the original polynomial structure.

With regard to this, several results on splines with segments in particular
function spaces have been established (see e.g. [4], [5], [6], [7]). However, an
unified approach to the geometric construction and analysis of properties of
such spline spaces seems of interest but not yet available.

Recently, as a first step in this direction, in [1] the main properties of n-
degree Bernstein polynomials, which form a basis of the space P,, = span <
(1 =)™, Pp—a,t™ >, have been extended to suitable bases of spaces of the form
span < u(t), P,—a,v(t) >, where the functions u and v are subject to very general
constraints.

The aim of the present paper is to give a further contribution in the same
direction. Given a sequence of knots {xq, ... ,z,}, we study with more details
the geometric properties of cubic-like spaces of the form span < wug,P1,vr >
and provide the geometric construction for the corresponding adaptive shape,
cubic-like splines (uy, and vy can vary in each subinterval).

The content is divided in four sections. In the next one we analyze a gen-
eralized Bézier-Bernstein representation for the elements of the space span <
uy, P1, v, > and in Section 3 we develop the geometric spline construction. Sec-
tion 4 is then dedicated to final examples.

2 — Generalized Bézier representation

Let us consider the space

(1) Puw =span < L,t,u(t);v(t) >, te[0,1]
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where we assume that u,v € C?([0,1]),
(2) dim(Py,») = 4,
and, denoting by 7 any element of P, ,,
(3) if "(t1) =" (t2) =0, t1,t2 € [0,1], t1 # ta, then " (t) =0,t € [0,1].
We notice that, considering (2), (3) is the same as saying that {u”,v"”} is a
Tchebycheff system in [0, 1].

Thanks to (3), in the following we assume, without loss of generality, that
(4) w(l) =4 (1) =u"(1) =0, u(0)=1,
(5) v(0) =2'(0) =2"(0) =0, wv(l)=1.

LEMMA 1. Let u,v be the unique elements in P, satisfying (4) and (5)
respectively. Then

(6) u'(t) < 0,4 (t) >0t € [0,1),0'(t) > 0,0"(t) > 0;t € (0,1].
Moreover,

, , 1 1
(7) u'(0) < =1, o'(1)>1,

IZONERTIOR

PRrROOF. From

(8) 1= /Olu'(s)ds

we have that «/(t) < 0 for some ¢t € (0,1). If there exists ¢; € [0,1) such that
u/(t1) > 0 then «’ has at least one zero in (0, 1). Since w'(1) = 0, we have that u”
has at least one zero in (0,1). That contradicts (3) since «/(0) = 0 and u” # 0.
Thus «/(t) < 0,t € [0,1). Similarly we obtain the remaining inequalities of (6).
Now, from (6), «’ is strictly increasing in (0, 1) so, from (8) we obtain the
first inequality of (7). Similarly we conclude for the second one.
Finally, let us consider the function
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From (4), (5), (6), and the first two inequalities of (7) we have

Q\
—
o
=
Il
=
Q\
—
—
~
I

0,9"(0) >0,¢"(1) <0.

If g(1) < g(0) the previous inequalities imply that ¢” has at least three distinct
zeros in (0,1) and that contradicts (3) since g” # 0. Thus the last inequality in
(7) holds.

Following [1], we have that the space P, has a generalized Bernstein basis
{By, B1, B2, Bs}. The elements of the basis form a partition of unity, are strictly
positive in (0,1) and characterized by the following relations

By(0) =1,  Bo(1) = By(1) = By(1) =0,

By(0) = 0,B1(0) = —u'(0),  Bi(l i
By(0) = By(0) =0, By
B3(0) = B3(0) = B;(0) =0,  Bs(1)=1,

so that
BO = u, B3 =v.

With some computation we obtain the following

THEOREM 1. Let By, By, Bo, By the elements of the generalized Bernstein
basis of Py, constructed according to [1]. Thus

1=0
where
1 1
— = —_—— = ]_ —_ = ].
70:=0, 7T 2 (0) T2 o (1)’ T3
Let
3
1/)(15) = szBz(t)
i=0

be any element of P, ,. We will refer to the coefficients b;, j = 0,1,2,3 as the
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generalized Bézier coefficients of 1) and to the polygonal line having vertices

Tj .
=0,1,2,3
<bj>7 .] ) ) )

as the generalized Bézier control polygon of 1.
For notational convenience let us denote

=, pi=l-m vi=1-f—n.

From Theorem 1 we have 0 < &;v;n < 1. Moreover, with some additional
computations we obtain

COROLLARY 1. Let 9(t) = Z?:o b;Bi(t) be any element of P, expressed
with respect to the generalized Bernstein basis of the space. Then,

P(0) =by (1) =bs,
wwrﬁm—%%,wuwwm—m%,

P"(0)=u"(0)[(b2 — bl)g (b1 —bo)], ¥"(1)=v"(1) [(b3 —b2) — (b2 — bl)g

v

In the remaining part of this section we give a de Casteljau like algorithm.
It is well known that any cubic polynomial p can be evaluated — starting from
its Bézier coefficients by, b1, b2, b3 — using the de Casteljau algorithm, which, in
matrix form, can be expressed as

bo
11—t t 0 0
p(t):(l—tt)(lat lit g) 0 1—-t t 0 Zl
0 0 1—t t b2
3

Similarly, for the elements of the general space P, ,, it is simple to check the
following result.

THEOREM 2. Let 1 € P, with ) = 3°_ b;B;. Then, for any t € [0,1],

bo

1t ¢ 0 my1 mi2 mp3 0 by

© vo=a-w('y" L 0 mee w0 )|
0 m32 m33 m3a

b3
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where
mi1 = u(?) ms.q = @
T a—n2 AT e
B 1 o Y u(t) - -
M2 = 0 (1) — w(0) + v (1) ( O =(1) ((1 )2 1)) !
e 1 o) ()
=~ rowm e rem (O (g 1))+
I PRAUALY
22 24/ (0)v'(1) — u/(0) + /(1)
Ll W@
2370 T 2w (0)v' (1) — w/(0) + /(1)
_ 1 S0 (2 _
ma = g o (VO (1)) Ha

o= =gt w o (YOO (1)) -0,

Note that, because of (4), (5) and (7), the elements m; ; are well defined,
continuous functions of ¢ € [0, 1]. It is easy to check that

4
j=1

but the elements of the matrix are, in general not positive. Now, as it happens in
many interesting examples, assume that the functions v and v smoothly depend
on a parameter a, possibly scaled so that a € [0, 00), that is

u=u(t) = u(t; ), v="uv(t) =v(t;a)

and, in addition to properties (4), (5), (6), assume that they satisfy the following
conditions:

~ 0u(0, ) _ ov(l, )

11 — .
(11) at o @l
(12) li_>m u(t,a) =0,0 < a <t <1 li_>m v(t,a) =0,0<t<b<1;
(13) u(t,0) = (1— 17, o(t,0) =
(14) ou(t, a) <o, ov(t, a) <o0.

da Oa
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Then the elements of the matrix used in algorithm (9) are

(15) S (q(tvf:))T s — v(?2 @)
e ma= 5o (- fg)
(17) mig = ﬁ ((1{(? (;))2 = 1) +t
(18) moo = (1 —1), Moz =

(19) M3 = ﬁ ”(’;a) 1)+ (-1
(20) mas = Z—:; (1 - ”(i’za)) —(1—1)

and we have the following result.

THEOREM 3. Let the functions u = u(t) = u(t,a) and v = v(t) = v(t, @)
satisfy properties (11)-(14) and let the elements m; ; be defined by (15)-(20).
Then m; ; > 0.

ProOOF. Using (11)-(14) we have w > 3 and

—1 t
m172:m172(t70[):w <1_ u(ua)>_t>

w—2 (1-1)2
w—1 u(t; 0)
=) 2 i (1) -
::—:;(1—(1—t))—t:ﬁt20.

Let us now consider mq 3 = my 3(¢; ). From (4), (5), (6) and (12) we have

~Pu(00)  Pu(lia)  dw -0
oda  Otda  da

and mq 3(t;0) = 0. Thus, m4 3(t; ) > 0 since from (14)

omis(tia) dw 1 1 Ou(t;a) -0
da  da(w-22(1-1t)2 Oa T

Similar arguments hold, respectively, for ms 2 and ms 3.
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REMARK 1. Theorem 3 and equality (10) guarantee that the intermediate
control points given at the k-th step (matrix multiplication) of the scheme (9)
are obtained as a convex combination of the intermediate control points of step
k—1.

REMARK 2. Assume that u(t) = v(1 — t) (which implies (11)); then (12),
(13) and (14) describe the usual tension properties that are required for the
construction of cubic-like tension splines.

REMARK 3. For the special case u(t) = (1 —¢)%, v(t) = t* we have the
results stated in Subsection 6.1 of [1].

3 — Generalized cubic B-splines

Let us consider the (extended) sequence of knots
T 3<...<20<...< 2y < ...< Tpys,
and the corresponding grid-spacings
hy = 41 — T, k=-3,... n+2.
For any k= —3,... ,n+ 2 let us consider a pair of functions
ug(t), vi(t), t € [0,1]

and the corresponding spaces Py, o, (see (1)) so that hypotheses (2) and (3)
are satisfied. Let us denote by U(V) the collection of functions uy(vg), k =
—3,...,n+ 2 respectively.

Finally, let us consider the space of functions of class C? in [x_3,7,3]
belonging “piecewise” to Py, ., , that is

Suv = {s € C*[z_3, wpss] 8.t 80y 0p0] (@) = si((@ — 21) /i),
5k € Pupor- b =—3,... ,n+2}.

For each segment [z, xg4+1] we have

3
s(w) = s(t) =Y birBik(t)
=0

where ¢t = (¢ — x)/hi and Bj,j = 0,1,2,3 denote the elements of the gen-
eralized Bernstein basis in P, ,,. Obviously, s is continuous in zj, if and only
if

b3, -1 = box -
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Setting

1 1
&= — M= ———, Vp:=1—& — M,
(1)

u) (0)’ vy,
from Corollary 1 we have that s'(z;, ) = s'(z}) if and only if

1 1
b3 1 —bop_1)— = (b b
(b3 -1 — ba 1>hk7177k71 (b1, — Ok)hkfk

while s”(z; ) = " (z;) if and only if

i1 ( [ Ukl]

b —b b —b =

W2 3,k—1 — ba,e—1) — (b2k—1 — b1k 1)%_1
uz(0)

= h2 |:(b2k—b1k)§—k—(blk_b0k):| .
= Vg

Finally, we set

hi—1 & _ e Me—1

+ o "

= 0)v, = (D),

’yk hk: Vk ( )Vk 7]@ hk:—l Vk—lvk 1( )lyk
Rg—1Mk—1 + hi

o (D hgn—1 + u (0)hg—1&

Vi =

and define the sequence
o) = xk + el — Vi bkt = T — Me—1h—1 + Vg Pk—1Vk—1 -
Note that, since xy + £phg < xp41 — nihi and both 'y,:rhkuk and 7, hgvy are

positive, for all k, o, < or41. We can associate to any element s of the space
Su v a polygonal line (the generalized de Boor control polygon) with vertices

(22) Py = (j;;) |

where Py are real numbers, so that the Bézier coefficients of s can be deduced
from (22) according to the following rules (see also fig. 1)

14y -
bo k-1 = Pk# + P —
) + —+
L+ % L+ %
1+ 74 N
bk = Pk#: + Pk+1j—k+ ;
L4 Yphn + % LY + 0
Ik b hi—1mK-1

b3 k1 =0bgp = b p_ + )
SR T Ok T R e b+ e h1 7 Eh + k11
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The family of functions {B(i),i = —1,...,n + 1} determined by the polygons
with vertices

P, = ("()’“) k=-3,....,n+3, k#i, P; := (Ul’“)

has the usual properties of the family of C? cubic B-splines so they will be
referred to as generalized cubic B-splines. In particular we have

BY(x) 20, « € [w_3,20+5]

BD(z) =0, = & (xi—2,Tisa) ,
n+1

Z B(i)(ac) =1, z € [xg,24].

i=—1

4 — Examples

In this section we present two examples to illustrate the geometric aspects
of the construction of generalized cubic B-splines and the graphical behavior of
the obtained functions. In the first example (see fig. 1) we have considered the
sequence of knots [xg x1 @2 x3 4] := [0 2 3 3.5 5] and we have juxtaposed in
the various subintervals classical cubic polynomials and exponential functions.

More precisely, we have considered the following spaces Py, .,

Puovo = Pus.vs :=span < 1, ¢, (1 — )% 1% >
Puywy = span < 1,t, exp(2t), exp(—2t) >
Pus.vs :=span < 1,t, exp(4t), exp(—4t) > .
Fig. 1 refers to the corresponding function B). On the left we have its general-

ized de Boor control polygon and the geometric construction of the generalized
Bézier control polygon where, for notational convenience we put

= hi&x
© &hik + Mk—1hk—1

The right part of the figure shows the graph of B® with its control polygons.

In the second example (see fig. 2) we have considered again the same se-
quence of knots but a different four dimensional space of functions, verifying (3),
for each subinterval. More precisely,

R,

wo.vo = Span < 1,¢, (cos(3t), sin(3t) >
wywy i=span < 1t (1 — )3, 13 >

us s = Span < 1,t, exp(6t), exp(—6t) >
wgws o= span < 1, (1 — )10 ¢3 >

N9
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Fig. 1: Example 1: geometric construction of a generalized cubic B-spline. Left: gen-
eralized de Boor (dotted line) and Bézier control polygon. Right: control polygons and the
corresponding B-spline.
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Fig. 2: Example 2: generalized (top) and classical (bottom) cubic B-spline and its first
and second derivative.

The first line of fig. 2 shows the corresponding generalized cubic B-spline
B®) and its first and second derivatives. For the sake of comparison the second
line of the figure shows the corresponding graphs for the classical cubic spline
on the same sequence of knots.
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