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B-SPLINE BASES AND OSCULATING FLATS:
ONE RESULT OF H.-P. SEIDEL REVISITED

MARIE-LAURENCE MAZURE!

Abstract. Along with the classical requirements on B-splines bases (minimal support, positivity,
normalization) we show that it is natural to introduce an additional “end point property”. When
dealing with multiple knots, this additional property is exactly the appropriate requirement to obtain
the poles of nondegenerate splines as intersections of osculating flats at consecutive knots.

Mathematics Subject Classification. 65D17.

Received: May 13, 2002.

1. INTRODUCTION

In any spline space, the expression “B-spline basis” commonly denotes a normalized basis consisting of
minimally supported functions which are positive on the interior of their supports. Such bases are of crucial
importance in geometric design for, their properties ensure spline curves to be located in the convex hull of
their control points, the influence of each control point being as local as possible.

In [2], Goodman established the existence of such bases in polynomial spline spaces of arbitrary degree with
regular one-banded lower triangular totally positive connection matrices. The result was generalized to arbitrary
regular lower triangular totally positive connection matrices by Dyn and Micchelli [1]. In [7,8] Seidel used the
latter existence to prove the existence of blossoms [6] for geometrically continuous polynomial splines. The
values of the blossoms were defined by means of intersections of osculating flats. His paper was a fundamental
one, for the idea of using intersections of osculating flats originated the extension of the blossoming theory
outside the polynomial framework, in particular by Pottmann [5] (see also [3]).

However, we recently noticed that, unless we limit ourselves to the case of simple knots, the proof of existence
of blossoms given in [8] is not complete. This is due to the three classical axioms of B-spline bases (minimal
support, positivity, normalization) being insufficient to achieve the result in the case of multiple knots: indeed,
they do not guarantee the poles of nondegenerate splines to be obtained as intersections of osculating flats. Note
that in the case of multiple knots, they do not guarantee unicity of such a basis either. These few remarks led
us to wonder about the exact axioms to require on B-spline bases, and this is the object of the present paper.

The second section investigates the most general context of splines with sections in arbitrary spaces, and with
connections defined by arbitrary lower triangular matrices, with positive diagonal elements. It contains various
observations about minimally supported splines which justify the introduction of an additional requirement on
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B-spline bases to make the difference between two consecutive B-splines the supports of which have the same
left or right end point. A similar condition was actually used by Dyn and Micchelli to exhibit a B-spline basis
in the polynomial case. In Section 3, we show that the additional axiom is exactly what is needed to enable us
to define poles as intersections of a number of osculating flats at some knots. In particular, it is the finishing
touch to complete the proof of Seidel’s result.

2. B-SPLINE BASES

In order to guarantee the nice behaviour of a spline space for geometric design purposes, it is essential to have
at our disposal a B-spline basis. However, what exactly do we mean by a B-spline basis? This is the question
we shall address in the present section.

2.1. Basic requirements on B-spline bases

[m] will stand for

Throughout the paper, given a real number x and a nonnegative integer m, the notation x
x repeated m times.

Consider a sequence of knots 7 = (t¢)eez, with t, < tg41 and limyy - 4 oo |te] = +o0. To each knot tg, let
us allocate a multiplicity my € {0,...,n}. We suppose that the corresponding knot vector K := (te[m[])eez is
infinite, i.e. that infinitely many multiplicities are not equal to zero. When necessary we shall rewrite the knot
vector as K = (gj)jeZ’ with & < &y

For each ¢ € Z, we denote by & an (n + 1)-dimensional linear subspace of C"([t,ts+1]) containing the
constants, and by My a lower triangular matrix of order n — m, with positive diagonal. Associated with these
data, we define the spline space S as the space of all continuous functions S : R — R the restrictions of which
to [te, tes1] belong to & for any ¢ € Z, and which satisfy the connection conditions

(S (te), ., SO ()T = My (S (), .., ST (), ez (2.1)

In this most general context, a B-spline basis is commonly meant as a sequence of functions Ny, £ € Z, meeting
the following classical requirements:

(BSB); support condition: for all £ € Z the support of Ny is equal to &7, Eptnt1],
(BSB)2 decomposition condition: for any S € S, d > 1, there exists a sequence (Ty)sez of points of R? such
that:

S(t)=>_ Ne(t) T, teR. (2.2)

LEL

(BSB)3 positivity condition: for all £ € Z, N is positive on the interior of its support,
(BSB)4 normalisation condition: ), , Ne(t) =1 for all t € R.

The knot vector K being infinite, for any k¥ € Z, we can consider the greatest integer ¢ such that &, < .
Throughout the paper, we shall denote it by j(k). It is thus the only integer such that &) < tr, &)1 > trr1,
and, clearly, for all ¢ > 0, j(k +q) = j(k) + Zf:lgﬂ m;.

Let us first state a few elementary consequences of the classical properties (BSB),.

Proposition 2.1. Assume the sequence Ny, £ € Z, to satisfy the two conditions (BSB); and (BSB)a. Then,
each function Ny belongs to the space S, and for any spline function S : R — R?, the decomposition (2.2) is
unique.
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Proof. Given two integers k, s, with s > 0, denote by Sj s the restriction of S to [tx, tk+st1]. Each space &
being (n + 1)-dimensional, due to the connection conditions (2.1), the space Sk s is of dimension at least

k+s k+s
n+1)(s+1)— Z(n—mi—l—l):n—i—l—i— Zmi.
i=k+1 i=k+1

On account of the support condition (BSB);, for ¢ € [tg,tgts+1], the sum in (2.2) reduces to the indices ¢

such that j(k) —n < € < j(k) + Zf:ksﬂ m;. We can thus conclude that the space Sy s is of exact dimension

n+1+ Zf:ksﬂ m;, and that the restrictions of the functions Ny, j(k) —n < ¢ < j(k) + Zf:,:ﬂ m;, form a

basis of Sk s. This observation readily proves the unicity of any decomposition (2.2).

On the other hand, for a given ¢ € Z, we can choose k, s so that t;, < & and tgys+1 > &rpnt1. We know that,
restricted to [tx, tgts+1], the function Ay belongs to the space Sk . Its support being contained in [ty, tgtsi1],
the function Ny is thus an element of the space S. O

As a consequence, as long as the two conditions (BSB); and (BSB)2 hold, conversely, any sequence Ty, ¢ € Z,
of points in R?, provides an element S € S¢, defined by means of equality (2.2). We shall call the points T} the
poles of S.

Given S € 8%, for any £ € Z, the affine flat spanned by the set {S(z) , = € [t;,ts+1]} is of dimension at most
n since & is (n+ 1)-dimensional. We say that the spline S is nondegenerate when this affine flat is of dimension
n whatever the integer £. Nondegenerate splines can be recognized from their poles as stated in the following
result.

Proposition 2.2. Assume the sequence Ny, £ € Z, to satisfy the three conditions (BSB)1, (BSB)s and (BSB)4.
Then, the spline S provided by equality (2.2) is nondegenerate iff, for all integer k € Z, the (n + 1) points
Ti(ky=ns - - -» Ty are affinely independent.

Proof. On account of the three conditions (BSB);, (BSB); and (BSB)4, we can write:

(k) (k)
S(x) = Z Ne(z) T, Ne(z) =1, @ € [tg, tpt]- (2.3)
t=j(k)—n £=j(k)—n
Therefore,
{S(x), © € [tg,trt1]} C aff (Tj(k),n, e aTj(k)) . (2.4)

If S is nondegenerate, then the left-hand side of (2.4) spans an n-dimensional affine space and the inclusion (2.4)
is thus an equality, which proves the affine independence of the n + 1 points Tj)—p,- -, Tjx)- The converse
part follows from the fact that the functions Ny, j(k) —n < £ < j(k), form a basis of the space Sk 1 (see
the proof of Prop. 2.1). Indeed, this enables us to find n + 1 points zg,..., T, € [tk,tr+1] so that the matrix
(Afj(k)—i(xq))ogi,qgn is regular. Due to the affine independence of the points T)jxy_p, - - ., Tj(x), the correspond-
ing points S(xg),...,S(zy,) are then affinely independent, which proves the affine space spanned by the set
{S(z), x € [tk,tk+1]} to be n-dimensional. O

2.2. Nondegenerate splines and osculating flats

The restriction of a spline S € S to any interval [t,t,41] being C™, we can consider its osculating flat
of order i < n at any point € R, namely the affine flat Osc;S(x), passing through the point S(z) and the
direction of which is spanned by the first ¢ derivatives of S at x. At a knot ¢y, clearly we have to consider
both the left and right osculating flats Osc;S(t, ) and Osc;S(t)) defined using the left and right derivatives
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respectively. However, for i < n — my, the connection condition (2.1) and our requirement on the matrix M,
guarantee that Osc;S(t, ) = Osc;S(¢; ), and we shall simply denote it by Osc;S(t).

Once and for all, we select a nondegenerate spline S € S?. For any x € R and any k < n, the dimension
of the (possibly left or right) osculating flat OscgS(z) does not depend on S. Indeed, if S denotes another
nondegenerate spline, then Osckg (x) is the image of OscyS(x) under an injective affine map. Hence, in particular
the following two properties:

(H) for all ¢ € Z, the osculating flat Osc,,—m,S(t¢) is of dimension (n — my),
(H) for all £ € Z, such that m, # 0, the osculating flat Osc,—m,S(t¢) is of dimension (n —my),

are independent of the chosen nondegenerate spline S. Note that (H) is satisfied as soon as each & is what we
call a W-space on [tg, tey1], that is, if the Wronskian of a basis of & does not vanish on [ts, tg+1]. As a particular
example, it holds when each & is the restriction to [t¢, ts+1] of the polynomial space P,, of degree n. As for the
weaker condition (H)', it is satisfied in particular when each & is a what we call a quasi W-space on [t¢, t1]:
this means that, at any point « € [ts, te41], the determinant obtained by replacing, in the Wronskian of a basis,
all nth derivatives by the derivatives of some order r(z) is not equal to zero (see [4]).

Proposition 2.3. Assume the sequence Ny, £ € Z, to satisfy the three conditions (BSB)1, (BSB)s and (BSB)y,
and denote by Ty, £ € Z, the poles of the nondegenerate spline S. Let us consider integers ¢ € Z, s € N, such
that p :=mn — Zfi;_l m; > 0. If condition (H) is satisfied, then we have:

l+s
ﬂ OSCn_m%S(ti) = aff (Tj(l),p, e ,Tj(@)) . (25)
i=0+1

Proof. Suppose that my # 0. Since & = ¢ iff j(k) — my + 1 < £ < j(k), exactly my, functions A have ¢ as
the left end point of their support, namely those for which j(k) —my +1 < £ < j(k). Equality (2.3) thus gives:

J(k)—my J(k)—my
Stt)= Y Nelte) T, Y. Nelt) =1. (2.6)
t=j(k)—n t=j(k)—n

According to Proposition 2.1, the my, functions Ny, j(k) —mg +1 < £ < j(k), belong to S. Consequently, they
all vanish at least n — my, + 1 times at the point ;. From (2.3) we can thus derive:

J(k)—my J(k)—my
SO = S NOEH T, Y MO =0, 1<i<n—my (2.7)
t=j(k)—n t=j(k)—n

Note that relations (2.6) and (2.7) still hold if mj = 0. From (2.6) and (2.7) we can deduce that:
OSCn_mkS(tk) = OSCn_mkS(tg) C aff (Tj(k)fna ce aTj(k)fmk) . (28)

The assumption (H) allows us to conclude that Oscp_,, S(t;) = aff (Tj(k)_n, e ,Tj(k)_mk). Since, for all k € Z,
Jj(k) — mg = j(k — 1), this is nothing but equality (2.5) corresponding to s = 1. Given s > 1, suppose that
pi=n-— Zf:gﬂ m; > myysi1, and that equality (2.5) is satisfied. We can then write:

L4+s+1
() Oscn—m,S(t:) = aff (Tjeyps--- Tjey) N Al (Tjgersysmesais—no-- s Ticers))
i=L+1

= aff (Tjers)-ns - Ti) O aff (Tigers)-ntmesains - Tiers)) -
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The spline S being nondegenerate, the (n+ 1) points Tj(g4s)—n, - - - » Tj(e+s) are affinely independent. Hence, the
latter equality gives:

l+s+1

m OSCn_m%S(ti) = aff (Tj(4+5)*n+me+s+17 ce aTj(l)) s
=041
which is the equality (2.5) obtained when replacing s by s + 1. O

With the same kind of arguments, we can also state the following result.

Proposition 2.3bis. With the same assumptions as in Proposition 2.3, if condition (H)' is satisfied, then

l+s
m OSCn,miS(ti) = aff (Tj(é)—p; cee ,Tj(g)) . (29)

1=0+1
m;#£0

Let us mention the following interesting particular case of the previous results.

Corollary 2.4. Under the same assumptions as in Proposition 2.3, for any integers £ € Z, s € N, such that
Zf:jﬂ m; = n, if (H) is satisfied, we have:

l+s
{Tiw} = () Oscu—m,S(ti), (2.10)

i=0+1
m; #0

and the condition m; # 0 can be omitted in (2.10) under assumption (H).

Remark 2.5. If all knots are simple, that is if my, = 1 for all £ € Z, the previous result states that, under
assumption (H), all poles of a nondegenerate spline are obtained by intersecting osculating hyperplanes at n
consecutive knots. Indeed, taking & := ¢, for all £, (2.10) yields:

l4+n
(T} = () Oscn1S(t:), (€. (2.11)
i=0+1

In contrast, if any multiplicities are allowed, the equality:

(Egt1y-- - &qin) = (te_i_l[meﬂ], . ’t€+s[ml+s]) (2.12)

is reached only by exception. Therefore the classical properties of B-splines are not sufficient to ensure that
all poles are obtained as intersections of a number of osculating flats at consecutive knots. This suggests the
necessity of introducing additional axioms for B-splines to guarantee such a result.

Still, our arguments to prove (2.10) are similar to those used by Seidel in [8] to deduce from the existence of
B-spline bases in geometrically continuous polynomial spline spaces (proved in [1] by Dyn and Micchelli) that in
such spline spaces all poles could be constructed by intersecting osculating flats. Unfortunately, for his proof to
be valid, he did need the equality (2.12) to be satisfied, and he probably did not notice the exceptional feature
of such an equality.

2.3. What is a B-spline basis?

With the same assumptions as in Proposition 2.1, suppose that all multiplicities are equal to 1. Consider a
spline S € 8%, given by (2.2), the support of which is contained in the interval [tg,ts41]. From arguments
similar to those used in the proof of Proposition 2.1, we can deduce that T; = 0 for all ¢ < k — 1 and for all : >
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k+s-+1—n. In particular, applying this with s = n proves that, up to a multiplicative constant, the function N}, is
the only function in S the support of which is equal [t, tg+nt1]. Therefore there exists at most one normalized
sequence of functions satisfying (BSB); and (BSB);. On the opposite, if any multiplicities are allowed, the
support condition Supp(Ny) = [&k, Ek+n+1] Do longer characterizes the function A up to a multiplicative
constant since it may even happen that [€x, &kint1] = [Ekr, &' tnt1] for k& # k'. Another observation of the
same nature: if the sequence Ny, £ € Z, satisfies the support, decomposition, and normalization conditions
(BSB)1, (BSB)2, and (BSB)4 respectively, and if {; = &,41, it is possible to replace the two functions Ny, Ngi1
respectively by aN; and (1 — )N + Nyy1, where a €]0, 1[, without altering any of the three properties above.
This does not alter the positivity condition either. Hence, as soon as there exists at least one multiple knot,
the existence of a sequence Ny, £ € Z, satisfying (BSB);, 1 < ¢ < 4, there actually exist infinitely many such
sequences. This confirms the relevance of introducing additional axioms on the functions N so as to make up
for this inconvenience.

Consider once more the case of simple knots. The support condition then makes it obvious that, for any ¢, as
x grows from —oo to +oo, the quantity Ny(z) leaves the z-axis “quicker” than the quantity Mpi1(x) and also
returns to it “quicker”. We can formulate this as follows:

Nesa (@) Ne-1(2)

lim Sy A\ g e
mﬂtz» N’l(x) r—t, N’Z(I’)

L+4+n+1
In the general case, we shall still require each A, to leave the z-axis “quicker” than AMpy; and to return to it
“quicker” too, in the sense that:

Definition 2.6. We say that a sequence Ny, £ € Z, is a B-spline basis if it satisfies the four properties (BSB);,
1 <i <4, along with the following one:

(BSB)s end point condition: for all ¢ € Z,
Neya ()

lim ———— =0, lim

e—gf Ni(z)

Ne—1(z)

N 0. (2.13)

e R
This additional end point property enables us to make the difference between two consecutive B-splines and it
guarantees the unicity of a possible B-spline basis.

Proposition 2.7. There exists at most one B-spline basis in the spline space S.

Proof. Assume that the two sequences Ny, Ly, ¢ € Z satisfy the properties (BSB);, (BSB)2, and (BSB);. For
all ¢ let us write £, as

Lo(z) = Zaf; Ny(z), z€R.

qEL

Let k be an integer such that my, # 0. The support of £, is contained in [t, +oo[iff ¢ > j(k)—my+1. Considering
the restriction of £y to any interval [t,,t,11], with r < k, it follows that af; =0 for all £ > j(k) — my + 1 and
all ¢ < j(k) — myg. For j(k) —my +1 < ¢ < j(k), we thus have:

J(k)
Low)= > ai Ny(x), @€ [trtral. (2.14)

q=j(k)—my+1
From (BSB)s we can deduce that

Ni(z)

lim ————— = lim Le@)

=0, £>j(k)—my+1 2.15
oty Nij)—me+1(®) ot Li)—mp+1(x) (k) (2.15)
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On the other hand, for © € [tg,tr+1], and j(k) —my +2 < £ < j(k), (2.14) yields:

(k)
3 M

Y
ab +
j(k)—mp+1 q -/\[j(k)fkarl(x)

Lo(x) B q=j(k)—mp+2

L m - j(k)

J(k) k+1($) aj(k)_mk+1+ ]Z: @ (R)—mi+1 M
3 (k) —mi+1 a Nk —my+1(®)

q=j(k)—my+2
Taking (2.15) into account, the latter equality yields:
@y i1 =05 G(k) —mp +2 < €< (k).

Considering successively lim, .+ Le(x)/Ljk)y—my+2(x) for j(k) —my +2 < £ < j(k), then for j(k) —my +3 <
¢ < j(k), im,_,
¢ < j(k). Hence, we have proved that af; =0 for all ¢,¢ € Z, g < £. Similarly, using the right part of (2.13) it
will be possible to prove that af; =0forall gl € Z, ¢ > ¢. Hence L, = ag./\/'g. If the two sequences also satisfy
(BSB)4, the unicity of the decomposition of the constant function T proves that ag =1forall £ € Z. O

+ Lo(x)/Ljk)—my+3(x), and so forth, we eventually obtain that af; =0forjk)—mp+1<g<

3. OBTAINING POLES AS INTERSECTIONS OF OSCULATING FLATS

In this section we shall prove that the additional end point property is exactly what is needed to obtain all
poles of a nondegenerate spline as intersections of osculating flats at convenient knots.

Any n-tuple (€441, - .., &+n) composed of consecutive elements of the knot vector K can always be written
as follows:

(qurh L 7fq+n) _ (tl[a],tl+1[m”1], o 7t€+s[m[+sl;tl+s+1[m) , (3.1)

with my £ 0, mygrs41 0,0 < a<my, 0< 8 < mpyst1.
Theorem 3.1. Let Ny, £ € Z, be a sequence of functions satisfying the conditions (BSB);, 1 < i < 4, and let
S € 8% be a nondegenerate spline, with poles Ty, £ € 7. Then the following four properties are equivalent:

(i) All poles of the spline S are obtained as intersections of osculating flats, as follows: if the n-tuple
(€g415 -+, &q+n) 18 given by (3.1), then the corresponding pole T, satisfies:

l+s
{T,} = Oscn_aS(tZ) N ﬂ Oscp—m; S(t;) N Oscn_gs(te_JrHl). (3.2)
i=0+1
(ii) For any L € Z, and any o, 0 < a < my,

Oscn—aS(ty) = aff (Tj(o—1)—n+tar---» Tje-1)), (3.3)
OSCn,aS(tZ) = aﬁ(Tj(g)_n, cee 7Tj(€)—a)-

(i) Condition (H) of Section 2 is satisfied, and, given £ € Z, if & = tx, and Eppnt1 = txr, the function Ny
vanishes exactlyn —mp +p+ 1 at t; and exactly n —my +p' + 1 at t,,, where

p=t{g<l|&=t}, P =t{g>l+n+1]=1tp}- (3.5)

(iv) For all ¢ € Z, the left and right osculating flats Osc,S(t; ) and Osc,S(t]) are n-dimensional, and the
sequence Ny, q € Z, satisfies the end point condition (BSB)s, i.e. it is a B-spline basis.
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Proof.
(i) = (ii). By Proposition 2.2, we know that, for all £ € Z, the n + 1 points Tjs)_p, ..., ;) are affinely
independent.

According to (3.2), for any integer ¢ such that j(¢) —n < ¢ < j(¢) — me (that is, for any ¢ such that the
n-tuple (441, ..., &g+n) contains telmel), the point T, belongs to Oscp—m,S(t¢). From the linear independence
of the (n —my + 1) points Tg)—p., - - -, Tj(ry—m,, We can thus conclude that

OSCn_méS(tg) = aff(Tj(z),n, ce ,Tj(l),m[).

Now, (3.2) also implies that T} € Oscn_aS(tZ) and Tj(—1)—nta € Oscn_aS(t, ) for 0 < o < my. Hence, for
0 < a < my, Oscn,aS(tzr) contains OS¢y, S(t¢) and the points Tjp)—m,41,-- - Lj)—a, While Osc,_oS(t,)
contains Osc,—m,S(t¢) and the points Tjp—1)—ntas - - Lje—1)—n+ms—1 = Lje)—n—1. Again the affine indepen-

dence of the points Tj)_p, ..., Ty on the one hand, and of the points Tj_1)—n, ..., Tje—1) = Tje)—m, ON

the other hand lead to (3.4) and (3.3).
o(ii) = (iii). For any ¢ € Z, the equality Osc,_m,S(t;) = aff(Tj(g)_n, ceey Tj(@)_mz) and the linear independence
of the points Tjgy_, ..., T} proves that Osc,_m,S(t¢) is of dimension (n — my). Hence condition (H) of
Section 2 is satisfied.

Consider an integer k such that my # 0. As already observed, the my, functions N, j(k) —my+1 < £ < j(k),
have t;, as the left end point of their support. Similarly, exactly m;, functions A, have t; as the right end point
of their support, namely those for which j(k) —n —my < ¢ < j(k) —n — 1. In order to prove (iii) we thus have
to show that the following equalities hold:

N in ) =0, 0< i <m—my =1, N M () £0, 1< <y, (3.6)
MMQWAQ):QOgign—mwﬂu%waﬁ;THNg)#Q1§r§nm. (3.7)

Taking into account the affine independence of the points T)j(x)—p, ..., Tjx), equality (3.4) implies that, for
1 < r < my, the two osculating flats Oscn,mHTS(tg) and Oscn,karr,lS(tg) are not equal. Therefore, the
point S(ty) + S~ ) (¢}) belongs to aff (Tj(k)—n» -+ Tj(k)—my+r), DUt it does not belong to aff (T, . -,
T (k)y—my+r—1)- Now, equality (2.6) is still valid, and by differentiation of (2.3) at tg up to the order n —my +r,
1 <r < my, we obtain:

J(k) J(k)
S(nfkarr)(tg) _ Z '/\/'e(nfkarr)(tZ-) Ty, Z 'N'e(nfkarT)(tg) =0.
t=j(k)—n t=ik)=n

Therefore, due to the affine independence of the points Tj(x)—p, - - ., Tj(x), the fact that S(tx) + S(n—my+r) (t;‘)
belongs to aff (T —rn, - - s Tk —mp+r) \ A (Tjy—ns -+ Tj(k)y—my+r—1) implies that:

NGO =0, jk) —mi+r+ 1< g <G(k), Nigy—mad" ™) #0,

which is nothing but (3.6). Taking into account the affine independence of the points T)(x)—m,—n» - - - » Tj(k)—my.
conditions (3.7) follow in a similar way from (2.6), and from the equality

i) = 3 =,
S(nfkarr) (t;) _ Z Nq(nfkarr)(t;) Tk; Z Nq(nfkarr) (t;) - 0.
q=j(k)—my—n q=j(k)—mi—n
o(iii) = (ii). From (iii) it is easy to derive that the n right derivatives S’(t[),...,S™(¢;) are linearly inde-

pendent. Hence, for 0 < a < my, the osculating flat Oscy,—q.S (tzr) is of dimension n — «. Taking into account
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the fact that, for j(¢) —m¢+ 1 < ¢ < j(¢) all functions N vanish n —my + 1 times at the knot t,, we can
also deduce from (iii) the inclusion Oscn,aS(tzr) C aff(Tj(g)_n, e ,Tj(g)_a), which is thus an equality. Similar
arguments work for Oscp,—oS(t, ).

o(iii) = (iv). As seen in the proof of (iii) = (ii), (iii) implies that the osculating flat Osc,,S(¢;") is n-dimensional.
Moreover condition (iii) also clearly implies (2.13) by using Taylor expansions at the knot ¢, of consecutive
functions N, having this knot as the left or right end point of their support.

o(iv) = (iii). The space & is composed of C™ functions on [t¢,ts41], and we know that Nj(g)_s,,+1 vanishes at
least n — my + 1 times at t,. By induction, the left part of (2.12) implies that, for 1 < r < my, the function
Nji(¢)—m,+r vanishes at least n —my + r times at ¢,. Taking additionally into account the linear independence
of the first n derivatives at tz proves that it cannot vanish more than n — my + r times at ¢,. Using the right
equality in (2.12), similar arguments can be used to prove (3.7).

o(ii) = (i). From (3.3) or (3.4) applied with @ = my, we can derive in particular that condition (H) of the
previous section is satisfied. Therefore, since n — Zf:; 1M = a+ (3, the corresponding equality (2.5) can be
written as follows:

l+s
() Oscnm,S(t:) = aff(Ty_s, ..., Tyta)- (3.8)
=041
On the other hand, here equality (3.4) gives:
Oscr—aS(t) = aff (Tjp)—p, - .-, Tg) = aff (Ty—ntasr-- .. Ty)- (3.9)

The points Tjp)_p,- .., Tj) are affinely independent. The indices of all points T’ involved in the right-hand
sides of (3.8) and (3.9) satisfy j(¢) —n <r < ¢+ a = j(£). We thus have:

l+s
Oscn—aS(t) N [ Oscnm,S(t:) = aff(Ty_p,...,Ty). (3.10)
=041
Similarly, from (3.3) we obtain:
OscnpS(ty, o) = aff(Ty, ..., Tyyn—p)- (3.11)

The affine independence of the points T)jp45)—n, - - -, Tj(s+s) and the fact that the indices of all points T’ involved
in the right-hand sides of (3.10) and (3.11) satisfy j({ +s) —n=q¢—B<r <jl +s) = g+ n — [, eventually
lead to (3.2). O

Note that we can also express the condition on the zeros of each Ny stated in (iii) by saying that A} is
exactly O™+ 1P at & and exactly Cr—mw 0’ gt &r4n+1- On the other hand, observe that we did not make
any use of the positivity condition (BSB)3 in the proof of Theorem 3.1. This condition allows us to make the
statements (3.6) and (3.7) more precise. For all integer &k such that my, # 0, we actually have:

— +7r _ — + —
'/V;(k)(ilm:zrkr 7>(t;) >0, (=" mk”-/\/;(k)(fnzk g (ty) >0, 1<r<my. (3.12)
When writing the n-tuple (441, ..,&g+n) as in (3.1), among the knots ¢,y1,. .., tets, those which have a zero
multiplicity do not appear in the sequence 441, ...,{g+n. Hence it can be considered artificial to take them into
account in the equality (3.2). This observation is also valid for tol) when o = 0, and for t,4 1% when g = 0.
For this very reason, we shall still write (£441,...,&g+n) as in (3.1), but we shall now assume that 1 < o < my,

1 < B < myqsy1. This is always possible provided that we allow the integer s to be greater than or equal to —1.
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By slightly adapting the arguments used in the previous proof, and in particular by using Proposition 2.3bis
instead of Proposition 2.3, one can obtain the following result.

Theorem 3.1bis. Let Ny, £ € Z, be a sequence of functions satisfying the conditions (BSB);, 1 < i < 4, and
let S € 8¢ be a nondegenerate spline, with poles Ty, £ € Z. Then the following four properties are equivalent:

(i) All poles of the spline S are obtained as intersections of osculating flats, as follows: if (3.1) is satisfied,
with 1 <o <my, 1 < B <myisq1, and s > —1, then the pole T, satisfies:

l+s
{T,} = Osc,—aS(t,) N ﬂ OsCp—m, S(ti) N Oscn—pS (tr, 1) - (3.13)
mido
(ii) For any L € Z, and any a, 1 < av < my,
Oscn—aS(t;) = aff (Tj—1)—nta»- - Lje-1)) (3.14)
Oscn—aS(ty) = aff (Tjy—ns- - Tj0)-a)- (3.15)

(iii) Condition (H) of Section 2 is satisfied, and, if & =t and Erpnt1 = trr, and if p and p’ are defined as
in (3.5), then the function Ny vanishes exactly (resp. at least) n —mp+p+1 at t if p < my — 1 (resp.
if p=my — 1), and it vanishes exactly (resp. at least) n —my +p' + 1 at ti if p' < myr — 1 (resp. if
p=mp —1),

(iv) For any integer € € Z such that my # 0, the right and left osculating flats Osc,,—1S(t, ) and Oscn,lS(tj)
are (n — 1)-dimensional, and the sequence Ny, q € Z, satisfies the end point condition (BSB)s, i.e. it is a
B-spline basis.

In [1], Dyn and Micchelli considered the case of polynomial splines with connection matrices on a closed
bounded interval. When all connection matrices are totally positive (i.e. all their minors are nonnegative),
they constructed a basis which satisfied the support, positivity, and normalization conditions [1] (Th. 4.6),
and this is the result used by Seidel in [7,8] to prove that all poles of what he called a universal spline (a
particular nondegenerate spline) were obtained as intersections of osculating flats as in (3.2). Actually, in order
to construct their basis, in their proof, the authors of [1] did require it to satisfy the conditions on zeros stated
in (iii) of our Theorem 3.1. According to the latter proposition, this validates Seidel’s result.

More generally, if for any ¢ € Z, the space & is a W-space on [tg, tg+1] (see Sect. 2.1), existence of a B-spline
basis in the space & automatically implies that all poles of a nondegenerate spline are given by (3.2). Using
Theorem 3.1, existence of B-spline bases in a given W-spline space & and also in any spline space obtained
from S by knot insertion, implies existence of blossoms in the space S, and in particular it therefore implies
that each & is an extended Chebyshev space on [tg, tsy1]. Actually, we shall prove in another paper that the
converse property holds too, which will mean that existence of blossoms and existence of B-spline bases are
equivalent in the context of W-splines. Using Theorem 3.1bis instead of Theorem 3.1 the result can be extended
to the more general context of quasi-W-splines (see [4]).

REFERENCES
[1] N. Dyn and C.A. Micchelli, Piecewise polynomial spaces and geometric continuity of curves. Numer. Math. 54 (1988) 319-337.
[2] T.N.T. Goodman, Properties of 3-splines. J. Approx. Theory 44 (1985) 132-153.
[3] M.-L. Mazure, Blossoming: a geometrical approach. Constr. Approz. 15 (1999) 33-68.
4]

4] M.-L. Mazure, Quasi-Chebyshev splines with connexion matrices. Application to variable degree polynomial splines. Comput.
Aided Geom. Design 18 (2001) 287-298.

[5] H. Pottmann, The geometry of Tchebycheffian splines. Comput. Aided Geom. Design 10 (1993) 181-210.

[6] L. Ramshaw, Blossoms are polar forms. Comput. Aided Geom. Design 6 (1989) 323-358.

[7] H.-P. Seidel, New algorithms and techniques for computing with geometrically continuous spline curves of arbitrary degree.
RAIRO Modél. Math. Anal. Numér. 26 (1992) 149-176.

[8] H.-P. Seidel, Polar forms for geometrically continuous spline curves of arbitrary degree. ACM Trans. Graphics 12 (1993) 1-34.



