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ABSTRACT

"This note develops the basic B-spline theory without using divided differences. In-
stead, the starting point is the definition of B-splines via recurrence relations. This ap-
proach yields very simple derivations of basic properties of spline functions and algorithms.,(
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SIGNIFICANCE AND EXPLANATION

The standard definition of the univariate B-spline involves the divided difference and
the calculus of divided differences has been heavily used in developing the univariate spline

theory.
In this report we discuss an alternative approach. We choose the recurrence relations

for B-splines as the basic concept. This leads to very simple derivations of the main
properties of spline functions as well as of the basic algorithms.
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B-SPLINES WITHOUT DIVIDED DIFFERENCES

Carl de Boor'!' and Klaus Hollig'' "

1. Basic Properties

Let t ;oo ---. t_y. t.. t,.--- be a nondecreasing. biinfinite sequence of real numbers
with lim, .. !, - :>. The B-splines corresponding to the “knot sequence” t are
defined by the recurrence relation

Bz.k w‘t.kaik 1 - (l - “"Iﬂl.k)Bl*],k—l (la)
with
1. iff,‘ t <t
t) := -
B.a(t) { 0. otherwise (16)
. Lt . ]ft, <2 tl—vk-—l
okt o= f B )
0. otherwise
This gives B, x in the form
x»lf 1
B!.k = 1\_‘ b],kB].l~ (2)
7=t

with each b, , a polynomial of degree - k since it is the sum of products of k -~ 1 linear
polynomials. From this we read off that B, is a piecewise polynomial of degree < k
which vanishes outside the interval t,.t,., and has possible breakpoints f,.---,t, . In
particular. B, x is just the zero function in case t, - {,.x. Also. by induction, B, is
positive on the open interval (t,.t,.%). since both w, x and 1 «,. & are positive there.
But it is a bit of a miracle that the recurrence relations produce smooth functions. We
discuss this question in Theorem 2 below.

A spline of order & with knot sequence t is. by definition. a lincar combination
of the B-splines B, x associated with that knot sequence. Let

Ske: | : a, B, : a,- R} {(3)

]
denote the collection of all such splines. We now explore this space.

(1) Sponsored by the United States Army under Contract No. DAAG29-80-C-0041.
(2) supported by International Business Machines Corporation and National Science
Foundation Grant No. DMS-83511K7.




We deduce from the recurrence relation that
X(l,l';,_/,; }: (., -y 1 k) )Bik 1.
On the other hand. argmng a< in 2 . jor the special sequence
a, vkl oy Ttk o T)
{with 7 - R). we find for B, | = O.ie. fort, - t, 4. that
are a1 k) vk (0 (k- ek = (6 7)1 = k)
vk ()0 7)

since f{t, i 1)~k - (81 - «, k) is the straight line which agrees with f at t,,,_; and
t.. This shows that

Y vkl ) Bk (7)Y vk a(7) B,

hience, by induction. that

Ty,

Xl‘x.k(T)Bt.k S e Z"“‘"(T)B""

This proves the following identity due to Marsden.

Theorem 1. For any 7+ R.

- R e Y e B (5)

: “i”l ('A’-‘\'('_): ('l'] ")"'('l-k 1~ T)'
Since 7 in (5} is arbitrary, 1t follows that S, ¢ contains all polynomials of degree < k.
F More than that. we can even give an explicit expression for the required coefficients. as
‘ foltows.

By differentiating (3) with respect to 7. we obtain the identities

R B /L LR Y
l‘! a— (/\' l)'

1

”,‘z_-. v~ k. (6)

with [2f the derivative of the function [ On using this identity in the Tavlor formula

’ 1 ( .).
) \‘_‘ 1) pii) I,'l *
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for a polyvnomial p of degree < k. we conclude that any such polvnomial can be written in
the form
p= L A kP B, . (7)

with A, given by the rule

k-1 ,
iy i D k-1-v " 7 ) ]
Avkf o 2_‘ (—*“)‘(;c"_‘ '1; - (7) DY /(7). (%)

Here are two special cases of particular interest. For p = 1. we get

1= ZBt.k (9)

! since D=1y, 4 = (~1)*"'(k - 1)!, and this shows that the B, form a partition of
unity. Further, since D*~ 2y, , is a linear polvnomial which vanishes at t= (g~ s

.

: tz—kvl) (k_ l)'

€= Z €(t;)B, x for every linear polynomial £. {10)

1

The identity (5) also gives us various piecewise polvnomials contained in Sx¢: If
7 = t,, then v, k(r) vanishes fori = j— k- 1,---,j - 1. Since B,(t) = 0fori < j- k~1
and t < t,, it follows that

(--t) Zuuk (t;) B (11)

with a. := max{a.0} the positive part of the number a. The same observation applied
to (6) shows that

(= 1,)57# € Ska for 1< pu< #2, = ={t,:t, = t,}. (12)

Theorem 2. If t, < t,4k. then the B-splines B, ; are linearly independent and
the space S ¢ coincides with the space S of all piecewise polynomials of degree < k with
breakpoints 1, which are k — 1 - #t; times continuously differentiable at ¢,.

Proof. It is sufficient to prove that. for any finite interval / := a.b . the restriction
s ; of the space S to the interval I coincides with the restriction of Sk, to that interval.
The latter space is spanned by all the B-splines having some support in [. ie.. all B, &
with (t,.t,.x) "1 # 0. The space S;; has a basis consisting of the functions

(- a)f " vk (- —t) v =1 st for a< t, - b (13

This follows from the observation that a piecewise polvnomial function f with a breakpoim
at t, which is & 1 - #t, times continuously differentiable there can be written uniguel

as
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with p a suitable polynomial of degree - k and suitable coefficients a, . Since each of the
- functions in (13) lies in Sk . by (6) and (12). we conclude that

R A
R

‘ St Sk (14)

gl
L{: On the other hand. the dimension of 5 ;. i.e.. the number of functions in (13). equals the ;.\
;:- number of B-splines with some support in [ (since it equals k - N, #1,). hence is an ;-:::-:,\
G upper bound on the dimension of (Sk,) ;. This implies that equality must hold in (14}, i,‘:::
. and that the set of B-splines having some support in / must be linearly independent over i

1.

Corollary 1. All B-splines having some support on a given interval are linearly
: independent over that interval.

E Corollary 2. If t is a refinement of the knot sequence t. then Sk ¢ C Ski-

Corollary 3. Ift, < t,.4_;. then the derivative of a spline in Sk, is a spline of
degree < k - 1 with respect to the same knot sequence. i.e.. DSk ¢ = Sk_14.

The identity [7) can be extended 10 all spline functions. For this, we agree, consistent
with (1b). that all derivatives in (8) are to be taken as limits from the right in case 7
coincides with a knot.

Theorem 3. If 7 in definition (8) of A, x is chosen in the interval ,.¢,. ). then
Ma(DoaBix) = a (13)
7

It is remarkable that 7 can be chosen arbitrarily in the interval t,.t,. ). The reason
behind this is that A, «f does not depend on 7 at all if f is a polynomial of degree less
than k.

Proof. Assume that 7 - t;.t;.y) ~ t,.t,.x) and let p, be the polynomial which

agrees with B, , on (f;.t;.,). Then
Ar,kBJ.k - Az,kp]'
Y On the other hand.
: 1
p; - L Al.k‘p.) P
1ol-1-k
since this holds by (7) on ¢,.t;.,). while. by Corollary 1 or directly from (7). pr.y &.-- . p :
[ ) are linearly independent. Therefore necessarily A, xp, equals 1 if 1 - j and 0 otherwise. T
.
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2. Algorithmns NN
In this section. the basic algorithms for computing with the B-spline representation .
are derived. Unless otherwise stated. all algorithins refer to the spline function
s Lu,h,,k. (16) o
1 _~
In the following, the subscript k is omitted whenever possible. e.g. B, :~ B, . 1y 1= v k. =
etc.
The spline s can be evaluated using the recurrence relation. By (4). . _'._
=~ R
ZarBt.k? Z(wl.kat“ (1 ‘W‘x.k)az—l)Bt,k 1 ::La,Bt.k~l-
1 1 1 o
Iterating this identity one finally arrives at -
" k-1 Lo
s = La' Bl‘] toe s
) . .
and. by the definition of B, ;. the right hand side equals af' ' on t;.t;.1). This yields R
Algorithm 1 . On the interval t,.t,. ). s - (1;" ', with the polynomials al com- j:‘.'f"_?"’:
puted as follows:
a,:= a, .
r-1 r - PP b
a, W k@ (] - *'1.k—r)axr-l' Jok-r- 1<) '.!~ i

For the relevant range of indices. «, x »(f) € ‘0.1 so that s(f) is computed by repeat-
edly forming convex combinations of the B-spline coefficients.

It follows from Theorem 2 that the derivative of s is a spline of degree < k - 1 with
respect to the same knot sequence. i.e.

D.s;:Za:B,_k 1. (17)

By Theorem 3,
7T Ak a(Ds) (18)

a,

if 7 is chosen in the interval (t,.t,.x_,). To relate a’ 10 a. we express A, ¢ 1D as a linear
combination of the functionals A, . making use of the fact that A, depends linearly
on v, x and that

(Ixok—l ' tx)L'x.k ] Lk Uy ke (]())

From the definition (8).

! A‘Lil» LYy ],L)('-)

ko1 (D)
CH R (IS PR D)

¢




: and
- k2 k 2 ko1 k- 1-u,. -
- ‘( D) < Uk l( ) .} D) Lz.k--l(‘) u
e A o Dfe) DY \ L e S DR ()
d EVY(CED SR - T 1(7)
a o ' b
[ the last equality by setting u : - v - 1 and using the fact that D% Y,k 1 - 0. Comparison
'.;:.. of these two lines shows with the aid of (19) that
N P
o Mik D - == A Ai-1k)-
t.k 1 fook _,,( 1.k 1 Ik)
Assuming that B, ; = 0. ie.. that {, < t,.x-1. we can choose 7 ¢ (titisok—1) =

(t, 1.t,.x.1) (t,.t,.%). By Theorem 3. this vields
Algorithm 2. Compute the coefticients for Y a!B, k. := DY a,B, « by

o AL < ko

By Corollary 3, S¢ . S; for any refinement t of the knot sequence t. and therefore
any spline s - Sy can be written as a linear combination }_ &, B, of the B-splines B, which
correspond 1o the refined knot sequence. The computation of the new coefficients a, from
the a, constitutes the knot insertion or subdivision algorithm used in CAGD '14.
For this. we need to express a, in terms of the a,. By Theorem 3. this is equivalent to
comparing the corresponding X, with A,. Since A, depends linearly on v,, this requires
nothing more than to express

-

LS (t‘H»l - ) "'({'“"k_l - )

as a linear combination of the v,.
This is particularly easy when t is obtained from t by adding just one knot, say the
point .1, ) so that

‘ ’t, ifi <
f,= {t fi=7~1;
i 1[,,.]. Ifl>]*-1

Then

- v, reg- k-2
v, - .
(A T R

hence there is some actual computmg necessary only for j - k - 2 < ¢ < j. For this case.
observe that f, f 1,y f-k 1. hence

avy, - Sy, oo )tk = ) altiae |- 0) - 3t - )




provided a(t,-k-1 ) = 3(t, =) = (i - ). i.e..

e = (f)and 3= (1 - (D).

Sincef,., (- t-j - {,. k. wecan choose 7 in the definition (®) in the interval (fotyok) =
{t, 1.4 1) {ti.t.- k). This proves

Algorithm 3. If the knot sequence t is obtained from the knot sequence t by

addition of the point t - t,.1,-1). then the coeflicients a, for the spline s with respect to
the refined knot sequence are given by

a,. fi- j- k-2
éz = ‘-A-"z([) a, — (l - "“'l(t’))alAJ' lf J - k - 2 f‘ t. < ]: (20)
lal 1- if 1 > ]

Observe that w(f) < 0,1, for the relevant range of indices and thus the coefficients a
are convex combinations of the coefficients a.

If r := i < k - 1, then, after just (k — 1 — r)-fold insertion of {. we obtain a knot
sequence t in which the number ¢ occurs exactly k — 1 times. This means that there is
exactly one B-spline for that knot sequence which is not zero at {. Hence it must equal 1
at { and its coefficient must provide the value of s at f. This makes it less surprising that
the calculations in Algorithms 1 and 3 are identical.
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