Foundations of Spline Theory: B-Splines, Spline
Approximation, and Hierarchical Refinement

Tom Lyche, Carla Manni, and Hendrik Speleers

Abstract This chapter presents an overview of polynomial spline theory, with spe-
cial emphasis on the B-spline representation, spline approximation properties, and
hierarchical spline refinement. We start with the definition of B-splines by means of
a recurrence relation, and derive several of their most important properties. In par-
ticular, we analyze the piecewise polynomial space they span. Then, we present the
construction of a suitable spline quasi-interpolant based on local integrals, in order
to show how well any function and its derivatives can be approximated in a given
spline space. Finally, we provide a unified treatment of recent results on hierarchi-
cal splines. We especially focus on the so-called truncated hierarchical B-splines and
their main properties. Our presentation is mainly confined to the univariate spline
setting, but we also briefly address the multivariate setting via the tensor-product
construction and the multivariate extension of the hierarchical approach.

1 Introduction

Splines, in the broad sense of the term, are functions consisting of pieces of smooth
functions glued together in a certain smooth way. Besides their theoretical inter-
est, they have application in several branches of the sciences including geometric
modeling, signal processing, data analysis, visualization, numerical simulation, and
probability, just to mention a few. There is a large variety of spline species, often re-
ferred to as the zoo of splines. The most popular species is the one where the pieces
are algebraic polynomials and inter-smoothness is imposed by means of equality of
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derivatives up to a given order. This species will be the topic of the chapter. Several
other species can be found in [35, 45] and references therein.

To efficiently deal with splines, one needs a suitable basis for their representa-
tion. B-splines turn out to be the most useful spline basis functions because they
possess several properties that are important from both theoretical and computa-
tional point of view. The construction of B-splines is not confined to the algebraic
polynomial case but can be done for many species in the zoo of splines. As it is
often the case for important tools or concepts, B-splines have a long history in the
sciences. They were already used by Laplace in the early nineteenth century [33],
and many of their relevant properties were derived by Chakalov and Popoviciu in
the 1930’s; see [10] and [37]. However, the modern B-spline theory roots in the
seminal works by Schoenberg; see [41, 42] and [15, 16]. There are several ways to
define B-splines, based on recurrence, differentiation, divided differences, etc. Each
of those definitions has certain advantages according to the problem one has to face.
It is impossible to trace all modern works on B-splines, but we refer the reader to
[45] for an extended bibliography on the topic also beyond the polynomial setting.

This chapter provides an introduction to (polynomial) B-splines, starting from
their definition via a recurrence relation. Furthermore, we establish some spline re-
sults of interest within the isogeometric analysis (IgA) paradigm. More precisely,
the chapter contains

— acomprehensive and self-contained overview of splines and B-splines;
— a constructive exploration of approximation properties of spline spaces;
— adiscussion on adaptive spline representations based on hierarchical refinement.

There exists a huge amount of literature about the first two items including some
well-established books; see, e.g., [6, 26, 45] and references therein. The hierarchical
spline setting received only recently a lot of attention; see, e.g., [22, 51, 53]. The
novelties of the chapter can be essentially summarized as follows.

— OQur introduction to B-splines differs somewhat from the standard presentations
of the topic. It is mainly based on properties of the dual polynomial functions in
the local Marsden identity.

— Our proof of the approximation properties of a given spline space relies on the
explicit construction of a spline quasi-interpolant based on local integrals. For
this quasi-interpolant we show error estimates of optimal order to any smooth
function and its derivatives.

— Our presentation of the hierarchical spline setting provides a rather complete and
unified treatment of the main properties of both the hierarchical and the truncated
hierarchical B-spline basis.

The chapter does not address the geometric modeling aspects of B-splines, explain-
ing why they form the mathematical core of current computer aided design (CAD)
systems. For this we refer the reader to the books [13, 27, 38].

Our presentation is mainly confined to the univariate spline setting. Nevertheless,
this is the building block of the multivariate setting via the tensor-product construc-
tion. Tensor-product B-splines are currently the most common tool in CAD systems



Foundations of Spline Theory 3

and IgA. It is worth mentioning that there are also many other important extensions
of the univariate B-spline concepts to the multivariate setting, not restricted to a
tensor-product grid; see, for example, [31, 35] and references therein.

The remaining part of the chapter is divided into six sections. The next section is
devoted to the definition of B-splines and their main properties, including differenti-
ation and integration formulas, local representation of polynomials, and local linear
independence. In Section 3 we analyze the space spanned by a set of B-splines also
discussing the representation of its elements, knot insertion, and the stability of the
B-spline basis. Cardinal B-splines, i.e., B-splines with uniform knots, are of promi-
nent interest in practical applications. They are addressed in Section 4 where, in
particular, the evaluation of their inner products and uniform knot insertion are dis-
cussed. In Section 5, after a general discussion about quasi-interpolants, we present
the construction of a new spline quasi-interpolant based on local integrals and we
use it to show the approximation properties of the considered spline space. The hi-
erarchical spline approach is the topic of Section 6, which is mainly devoted to the
construction of the truncated hierarchical B-spline basis and the derivation of its
main properties, including the so-called preservation of coefficients and the con-
struction of hierarchical quasi-interpolants. Finally, tensor-product B-splines and
their hierarchical extension are briefly discussed in Section 7.

2 B-Splines

In this section we introduce one of the most powerful tools in computer-aided geo-
metric design and approximation theory: B-spline functions (in short, B-splines) .
They are piecewise polynomials with a certain global smoothness. The positions
where the pieces meet are known as knots.

2.1 Definition and Basic Properties

In order to define B-splines we need the concept of knot sequences.

Definition 1. A knot sequence & is a nondecreasing sequence of real numbers,

E={&Li={&6<&< <8}, meN
The elements &; are called knots.

Provided that m > p +2 we can define B-splines of degree p over the knot-
sequence &.

! The original meaning of the word “spline” is a flexible ruler used to draw curves, mainly in the
aircraft and shipbuilding industries. The “B” in B-splines stands for basis or basic.
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Definition 2. Suppose for a nonnegative integer p and some integer j that &; <
Eiv1 <+ < &jypt1 are p+2 real numbers taken from a knot sequence &. The j-th
B-spline B; , ¢ : R — R of degree p is identically zero if & 1 = §; and otherwise
defined recursively by?

Bj.p,§ (X) = ngrP — ngj,p—l,é (X) + Bj+1,p—1,§ (X), (2.1)

Eirpr1—&jn

starting with

B. (x) o 17 lfxe [éia§i+l)7
106 0, otherwise.
Here we used the convention that fractions with zero denominator have value zero.
We start with some preliminary remarks.

e For degree 0 the B-spline By, , ¢ is simply the characteristic function of the half
open interval [§;,&;1). This implies that a B-spline is continuous except possi-
bly ata knot §. We have B; , ¢(§) = B; , ¢(§+), where

xp:=Ilim¢, x_:=lim¢, xeR.
1—x 1—x
1>x 1<x

Thus a B-spline is right continuous, i.e., the value at a point x is obtained by
taking limits from the right.

e We also use the notation

BlEj,.. . Ejipr1] = Bj,&

showing explicitly on which knots the B-spline depends.

e We say that a knot has multiplicity u if it occurs exactly u times in the knot
sequence. A knot is called simple, double, triple, ...if its multiplicity is equal
to 1,2,3,..., and a multiple knot in general.

Example 3. A B-spline of degree 1 is also called a linear B-spline or a hat function. The recur-
rence relation (2.1) takes the form

I S T SR V2% S 2 S
Bj4,l.§ (x) = §j+l 7§ij,O7§( )+ §j+27éj+lBj+1"0‘§( )7

resulting in

2 The recurrence relation is due to de Boor, Cox and Mansfield [4, 14]. However, it appears already
in works by Popoviciu and Chakalov in the 1930’s; see [8] for an account of the early history of
splines. For the modern theory of splines we refer to the seminal papers by Schoenberg [41, 42, 43]
and Curry/Schoenberg [15, 16]. In their works, B-splines were defined by divided differences of
truncated power functions.
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(@ p=1 () p=2 (©p=3

Fig. 1 Several sets of B-splines of degree p = 1,2,3. The knot positions are visualized by vertical
dotted lines.

x=§; :
—_— ifxe[§;,6j+1),
€j+l 75]_ [5/ 5/-%—1)
) = it2—X .
B/,Lé (X) él+2 , ifxe [§j+1 a€j+2)a 22
Siva =&
0, otherwise.

The linear B-spline is discontinuous at a double knot and continuous at a simple knot.

Example 4. A B-spline of degree 2 is also called a quadratic B-spline. Using the recurrence
relation (2.1), the three pieces of the quadratic B-spline B; , ¢ are given by

(x—&;)?
(Ejs2— &) (&1 - &)’
=8)Eua=x) = E)(§es =)
Bioe(n) =1 (E2=8)(E2—=8m1) (G2 =Eje1)(§ja3 = Ej1)
(&j3—x)?
(€j3 = &j+1)(Eja3 — &)’

0, otherwise.

ifx € [£;,8j41),

ifxe[§j11,6512),

ifxe[Ej12,643),

(2.3)

Example 5. Figure 1 illustrates several sets of B-splines of degree p = 1,2,3. The same knot
sequence is chosen for the different degrees, with only simple knots.

The general explicit expression for a B-spline quickly becomes complicated. Ap-
plying the recurrence relation repeatedly we find

j+p
Bjpgx Z B] » g )Bige(x), p=0, (2.4)

where each B! 1]; £ is a polynomial of degree p, assumed to be zero if & = &; ;. Note

that if &; = §,+1 then B; ) ¢ = 0 and the corresponding polynomial piece is not used.
In particular, for the nontrivial cases we have
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B{J}

7,0.E ()—i B{JJrl}()_ §j+2—x

Eim—¢&' TiLE Ein—Ej

Furthermore, for the nontrivial cases it follows from Definition 2 that the first and
last polynomial pieces in (2.4) are given by

B = =& /TTu-5).

Bj];g}( )= é}+}7+1 /H §]+ﬂ+1 é]ﬂ)

— {}
()_17 leé

2.5)

Using induction on the recurrence relation (2.1), we deduce immediately the fol-
lowing basic properties of a B-spline.

e Local Support. A B-spline is locally supported on the interval given by the ex-
treme knots used in its definition, i.e.,

Bj,e(x) =0, x¢[E;&pt1) (2.6)

e Nonnegativity. A B-spline is nonnegative everywhere, and positive inside its
support, i.e.,

Bj’p)é(x)zo, xeR, and ijé( x) >0, xe(ij,éjﬂ,ﬂ). 2.7
o Piecewise Structure. A B-spline has a piecewise polynomial structure, i.e.,
B eP, i=j...j+p (2.8)
j,p,& Do IR ) .

where [P, denotes the space of algebraic polynomials of degree less than or equal
to p.

e Translation and Scaling Invariance. A B-spline is invariant under a translation
and/or scaling transformation of its knot sequence, i.e.,

Bj,p,aé+ﬁ(ax+ﬁ) :Bj,pf (.X), a7ﬁ €R7 a 7&07 (29)

where o + B := {a& + B}

Further properties will be considered in the next sections.

2.2 Dual Polynomials

To each B-spline B; , ¢ of degree p, there corresponds a polynomial y; , ¢ of degree
p with roots at the 1nter10r knots of the B-spline. We define y; ¢ := 1 and

Vipe()=0=E6+1) - (v=E+p), yeER, peN. (2.10)
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This polynomial is called dual polynomial. Many of the B-spline properties can be
proved in an elegant way by exploiting a recurrence relation for these dual polyno-
mials.

Theorem 6. For p € N, x,y € R and &§j,, > &;, we have the dual recurrence
relation

x—¢&; Sjp—X
W e 0) = Sy () 2y NGt
=¥ p-1£0) Ep—&; Vi) Eip—&; Vi1 pgW) 2.11)

and the dual difference formula

el w0
Vit e T E &

Proof. For fixed y € R let us define the function ¢, : R — R given by £,(x) =y —x.
By linear interpolation, we have

(2.12)

x=§j Sjtp—X
by(x) = 7 b(Ep) + 22 0(&)).
’ Eip—& T T Gy
By multiplying both sides with y/; ,_; ¢ (y) we obtain (2.11). Moreover, (2.12) fol-
lows from (2.11) by differentiating with respect to x. a

Proposition 7. The r-th derivative of the dual polynomial y; , ¢ for 0 <r < p can
be bounded as follows:

D0 < G =607 Gy S @1
Moreover,
|
D0 < G = G Gasys Gy @214

Here we define 0° := 1 if r = p and Sjtp = Gj+1-

Proof. Clearly (2.13) holds for all p € Ny if » = 0. Using induction on r, p and the
product rule for differentiation, we get

D" e ) = D" (W) 1,6 = Ejp)

= (D" p_1 )= Ejsp

< (2 =) g - g

and (2.13) follows. The proof of (2.14) is similar. O

+rD" Ny, g ()]
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2.3 Local Marsden Identity and Linear Independence

In this and the following sections (unless specified otherwise) we will extend the
knots & <--- < &ji 41 of B j,p,& by defining p extra knots at each end, and we will
assume

E={jp= =& << <Epr <Ejipra < S Ejiapia ) (219)

These extra knots can be defined in any way we like. One possibility is

Eip="=E1:=8~1, Epntl=§ip="=Eup1. (2.16)

On such a knot sequence 2p + 1 B-splines B; ,¢ = B[;,...,&iypi1], i = j —
p,-..,j+ p are well defined.

The following identity was first proved by Marsden [36] and simplifies many
dealings with B-splines.

Theorem 8 (Local Marsden Identity). For j <m < j+ p and &, < &1, we have

= Y Wi,eO0Bi,e(x), x€[&méni1), yER (2.17)

i=m—p

IfBi{_";"}5 is the polynomial which is equal to B¢ (x) for x € [&n, Ent1) then
= Y 0B, xyeR. 2.18)
l m— ]7

Proof. Suppose x € [&y, Ent1)- The equality (2.17) can be proved by induction. It is
clearly true for p = 0. Let us now assume it holds for degree p — 1. Then, by means
of the dual recurrence (2.11) and the B-spline recurrence relation we obtain

- =00 =0-0 Y V1B 1)

i=m—p+1
m X g, é,er X )
= i i— ip— X
- ,,,Z,,H<g,+,, gVird D) g T Vining |Bi16()
y X 5’ éz+p+1 )
- B; +7B, A
l;p<§l+l’ & 1£%) Eivpr1—&ipr TP 16 (%) J¥ip g 0)
- Z Vipg()Bip g (x).
i=m—p
Here we used that ﬁB,p 15() Ofori=m—p,m+1. O

The local Marsden identity immediately leads to the following properties, where
we suppose &, < &, for some j <m < j+p.
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¢ Local Representation of Monomials. We have for p > k,

dm B (0D 0B, xE GG 219

i=m—p

Proof. Fix x € [§,,,&,11). Differentiating p — k times with respect to y in (2.18)
results in

-0 _ v (1,
0= L oD Wi 0) ) By (), YER, (2.20)

' i=m—p p:
fork=0,1,...,p. Setting y = 0 in (2.20) results in (2.19). O

o Local Partition of Unity. Taking k = 0 in (2.19) gives

Y Bipe) =1, x€[&n &) (2.21)

i=m—p

e Local Linear Independence. The two sets {B; , ¢}, , and {y; e},
form both a basis for the polynomial space I, on any subset of [&,,, §m+1) con-
taining at least p + 1 distinct points.

Proof. Let A be a subset of [&,,&,,+1) containing at least p + 1 distinct points.
From (2.20) we see that on A every polynomial of degree at most p can be written
as a linear combination of the p + 1 polynomials B{p}g i=m—p,...,m. Since
the dimension of the space P, on A is p + 1, these polynomials must be linearly
independent and a basis. The result for {y; p,é} follows by symmetry. O

i=m—p

2.4 Smoothness, Differentiation and Integration

The derivative of a B-spline can be expressed by means of a simple difference for-
mula.

Theorem 9 (Differentiation). We have

B, i, 1e(
D.B i 180 Biiipore ) >1, 2.22
Bipglx) = p( Eivp—Ej é/‘+p+1 =&+ P= (222)

where fractions with zero denominator have value zero.

Proof. 1If &j 1 = &; then both sides of (2.22) are zero, so we can assume ;41 >
&;. We continue to use the extra knots (2.15). If x < §; or x > &4, then both sides
of (2.22) are zero. Otherwise x € [, 1) for some m with j <m < j+ p and it is
enough to prove (2.22) for such an interval. Differentiating both sides of (2.17) with
respect to x gives



10 T. Lyche, C. Manni, and H. Speleers

—p(y Z DBtp§ Vi, p( ), x€ [‘imagm—kl)' (2.23)

i=m—p

On the other hand, using the local Marsden identity (2.17) for degree p — 1 and the
difference formula for dual polynomials (2.12) results in

—ply—x)P"'=—p i Vip-1(9)Bip-1£(%)

i=m—p+1
\- Vip(Y)  Vicpy(0) o .
i=m§a+1 <5i+p —& Eip—& >Bl»pl,€( )

_ i p(Bi,pl,é(x) _ Bi“v”l’g(x))‘lfi,p()’)'

iy \ Gip =& Cirpr1— Gt

When comparing this with (2.23) and using the linear independence of the dual
polynomials, it follows that (2.22) holds for i = m — p,...,m. In particular, since
m—p < j<m,(2.22) holds for i = j. O

=P

Example 10. The differentiation formula (2.22) for p = 2 together with the expression (2.2) im-
mediately gives the piecewise form of the derivative of the quadratic B-spline B} ; ¢:

2(x—¢)) .
&) &) xelenom)
2(€j+2—x) B 2(x=&j1) i£x € [E01,E00)
DiBj,e(x)= (G2 =) 2= Ejv1)  (§u3—Ej11) (a2 —&j11)’ bR
2(Ej13 —x) .
TG E)Em -5 e e Sira),
0, otherwise.

This is in agreement with taking the derivative of the piecewise expression (2.3) of B;, ¢ given in
Example 4.

Proposition 11. The r-th derivative of the B-spline B; , ¢ for 0 < r < p can be
bounded as follows. For any x € [Ey, Epy1) with j <m < ] —|— p we have

£ 1
8,50 <2 1T g oo
k=p— m.k
where
Am = : h<7 hi =G — G, k:l,..., . 2.25
o mfk{fr»llngligm ik & 5+k gl p ( )

Proof. This holds for r = 0 because of the nonnegativity of B; , ¢ and the partition
of unity property (2.21). By the differentiation formula (2.22) and the local support
property (2.6) we have
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D'Bj g (x)
=D By o1 g () hjs1p, ifm=j+p,
-p DrilB/%p—l,é (xX)/hjp _DrilBj—H,p—l,é (X)/hj1p, fj<m<j+p,
DB, 1 £ (0)/hjp, ifm=j.

It follows that

—1
DB pg ()l <2p  max DB, 1 g()|/An,p,

and by induction on r we obtain (2.24). a

Note that the upper bound in (2.24) is well defined since Ay, x > &1 — &y > 0.
Theorem 12 (Smoothness). If £ is a knot of B ;

j.p.& of multiplicity i < p+1, then
B, &€ CP7H (&), (2.26)
i.e., its derivatives of order 0,1,...,p — Il are continuous at &.

Proof. Suppose & is a knot of B; , ¢ of multiplicity p. We first consider the smooth-
ness property when p = p + 1. For x € [E i,&i+pr1) it follows immediately from
(2.4) and (2.5) that

Bj,e(x)=(x—=8)7/(Cjrpr1 =) &i<&ii==E&p, (2.27)
B; ,e(x) = (§j+pt1 —x)P [ (Ejup1 —E)P, &= =E&jp <Ejrpr1. (228)
These two B-splines are discontinuous with a jump of absolute size one at the mul-

tiple knot showing the smoothness property for 4 = p+ 1.
Let us now consider the case where B; , ¢ has an interior knot of multiplicity

equaltop =p,ie., <& == §j+p <&y pi1.Forxe[E,&1pp1) it follows
from (2.4) and (2.5) that
(x—&j)" (Sitpt1 —x)”
B. TSI g oot =Y g x (2.29)
R T R TR )

The two nontrivial pieces have both value one at the center knot ;1 = &;,, and
B; , ¢ is continuous on R. Moreover, the first derivative has a nonzero jump at the
center knot.

For the remaining cases we use induction on p to show that B; , ¢ € CP7H(&).
The case p = 1 follows from Example 3. Suppose for some p > 2 that B; , ;¢ €
CP~1=K(&) ataknot & of multiplicity pt. For the multiplicity p case £ = §; =--- =
Eivp—1 < &jrp < &jips1 we use the recurrence relation

x—&;

§j+p+1 —X
B —=—B. +
hﬁé( ) é/-&- _5/ J.p— 1§( )

— - — B. _ X).
Eivpr1 — &1 TP 15 ()
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The first term vanishes at x = § = ;. Since B j+1,p—1,¢ has a knot of multiplicity
p—1 at &, it follows from the induction hypothesis that it is continuous there. We
conclude that B; P& is continuous at &. The case where the right end knot of B ip&
has multiplicity p is handled similarly. Finally, if 4 < p — 1 then both terms in the
differentiation formula (2.22) has a knot of multiplicity at most i at & and by the
induction hypothesis we obtain D, B; , ¢ € C? ~1=#(&). Moreover, by the recurrence
relation and the induction hypothesis it follows that B; , ¢ is continuous at &, and so
we also conclude that B; , ¢ € CP#(§) if u < p — 1. This completes the proof. O

The B-spline B; Jon is supported on the interval [;,&; ,41]. Hence, Theorem 12
implies that B; , ¢ is continuous on R whenever &, , > &; and &1 41 > ;1. Simi-
larly, B; , ¢ is C"-continuous on R whenever Eivp—rtri>E&jpiforeachi=0,...,r+1
and —1 <r<p.

Theorem 13 (Integration). We have

Sip Eivpr1 —&;
%%b:é, B, ¢(x)dx= ’;+1’. (2.30)
J

Proof. This time we define p + 1 extra knots at each end, and we assume
E={8jp1==8 1< < <Epn <Ejipra=-=Ejopi}.
On this knot sequence we consider p+ 1 B-splines B; , g, i=j—p—1,...,j—1

of degree p+ 1. From Theorem 12 we know that these B-splines are continuous on
R. Therefore, we getfori=j—p—1,...,j—1,

§i+17+2
0=B,; ,1£(Ci+p+2) = Bipr1£(&) = /.5 DiB;,e(x)dx=E; —Eit1,

where by the local support and the differentiation formula (2.22),

p+] 5i+p+l . . .
Ei:_§++l é/ B ,e(x)dx, i=j—p—1,..,j
Uan 1 i
This means that E; = E; | = --- = E;_,_. Moreover, since §;_,_1 =--- =§;_1,

we obtain from (2.28) that

&; —x)P
B,y =P /, &=0"

&i—=&ji—p-1Je 1 (&= Ejp1)P ’

and the integration formula (2.30) follows. a
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3 Splines

A spline function (in short, spline) is a linear combination of B-splines defined on
a given knot sequence with a fixed degree. In this section we analyze the space of
splines and discuss several of their properties.

3.1 The Spline Space S, ¢ and Some Spline Properties

Suppose for integers n > p > 0 that a knot sequence

E= (&Y =& <& < <Eipn), neN, pelNy,

is given. This knot sequence allows us to define a set of n B-splines of degree p,
namely

{By g+ By pe)- 3.1)

We consider the space
n
Spe = {s: [Epi1,Enr1] > Ris= Z cjBjpe, cj € R}. (3.2)
j=1

This is the space of splines spanned by the B-splines in (3.1) over the interval
[Ep+1,Ent1], which is called the basic interval.

We now introduce some terminology to identify certain properties of knot se-
quences which are crucial in the study of the space (3.2).

e A knot sequence & is called (p+ 1)-regular if §; < &; 4 for j=1,...,n. By
the local support (2.6) such a knot sequence ensures that all the B-splines in (3.1)
are not identically zero.

e Aknot sequence & is called (p+1)-basicifitis (p+1)-regular with &, 1 < &p12
and &, < &,,1. As we will show later, the B-splines in (3.1) defined on a (p+1)-
basic knot sequence are linearly independent on the basic interval [§,11,&x41].

e A knot sequence & is called (p+ 1)-open on an interval [a,b] if it is (p+ 1)-
regular and it has end knots of multiplicity p+ 1, i.e.,

ai=& ==& <Epa< <& <= =E&upr=b (33)

This sequence is often used in practice. In particular, it turns out to be natural
to construct open curves, clamped at two given points. Note that (p + 1)-open
implies (p + 1)-basic.

Some further preliminary remarks are in order here.

e We consider B-splines on a closed basic interval [, 1,&,+1]. In order to avoid
the asymmetry at the right endpoint we define the B-splines to be left continuous
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Fig. 2 The B-spline basis of degree p =3 on a (p + 1)-open knot sequence. The knot positions are
visualized by vertical dotted lines.

at the right endpoint, i.e., its value at &, is obtained by taking limits from the
left:

B = lim B i=1,...,n. (3.4
J.p,€ (énJrl) vy ]pé( ) J
x<&up1
Note that for a (p + 1)-open knot sequence the end condition (3.4) means that
B, £ (&ntp+1) =1 and (2.6) has to be modified for this B-spline.

o We define a multiplicity function pg : R — N given by pg (&) = ;i if § € &
occurs exactly y; > 1 times in &, and pig (x) = 0if x ¢ £. If § and & are two knot
sequences we say that &€ C € if He (x) < Mg (x) for all x € R.

e Without loss of generality, we can always assume that the end knots have multi-
plicity p + 1. If this is not the case, then we can add extra knots at the ends and

assume the extra B-splines to have coefficients zero. This observation simplifies
many proofs.

Example 14. Figure 2 illustrates all the B-splines of degree p =3 on a (p-+ 1)-open knot sequence,
where the interior knots are simple.

From the properties of B-splines, we immediately conclude the following prop-
erties of the spline representation in (3.2).

e Smoothness. If £ is a knot of multiplicity y then s € C"(§) for any s € S, ¢,
where r+ y = p. This follows from the smoothness property of the B-splines
(Theorem 12). The relation between smoothness, multiplicity and degree is as
follows:

“smoothness + multiplicity = degree”. 3.9

e Local Support. The local support (2.6) of the B-splines implies

ch jpg Z C ,/Pé xe[émﬂém"rl)? p+1§m§n7 (3'6)
J=m—p

and if &, < &1 p then
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n m—1
Y ¢Bj,en) =Y c¢iBj,e(6n), p+1<m<n+l. 3.7)
Jj=1 Jj=m—p

e Minimal Support. From the smoothness properties it can be proved that if the
support of s € S, ¢ is a proper subset of [&j,&j4p+1] for some j then s = 0.
Therefore, the B- sphnes have minimal support.

e Coefficient Recurrence. For x € [§,, 1,41, by the recurrence relation (2.1) we

have ;
ZCBmé Z B p1e(x), (3.8)
=2
where . ¢
- X—Gj j+p —X
¢i(x):= cj+ Ci—1, 3.9)
g G
andcvj(x)Bj’p_L;;(x):Oif§j+p:§j.
o Differentiation. By (2.22) we have
n n (1)
D+<chBj’p’§) =Y ¢;'Bip1g, p>1, (3.10)
j=1 j=2
where
1) ._ (CJ Cj— 1)
¢’ i=p (3.11)
J 5/+p 5/

and fractions with zero denominator have value zero.

e Linear Independence. If & is (p + 1)-basic, then the B-splines in (3.1) are lin-
early independent on the basic interval. Thus, the spline space S, ¢ is a vector
space of dimension 7.

Proof. We must show that if s(x) = Y7, ¢;B; , g(x ) =0 for x € [p11,6n+1]
then ¢; = 0 for all j. Let us fix 1 < j < n. Since 5 is (p + 1)-regular, there is an
integer m; with j <m; < j+ p such that ‘Sm,- < ﬁmﬁl . Moreover, the assumptions
Ep+1 < Epra and &, < &1 guarantee that [§,,;, & ;+1) can be chosen in the basic
interval. From the local support property (3.6) we know

mj

Z ¢iBipe(x) =0, x€[Eu; &mit1)-

i=mj—p

The local linear independence property (see Section 2.3) implies ¢yp;—p = - -
Cmj = 0, and in particular ¢; = 0. O
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3.2 The Piecewise Polynomial Space S},(A)

We now prove that the spline space S, ¢ is nothing else than a space of piecewise
polynomials of degree p defined by a given sequence of break points and by some
prescribed smoothness. The set of knots & must be suitably selected according to
the break points and the smoothness conditions. Therefore, the B-splines are a basis
of such a space of piecewise polynomials.

Let A be a sequence of distinct real numbers,

A={no<m< <M1}

The elements in A are called break points. Moreover, let r := (ry, ..., r) be a vector
of integers such that —1 < r; < p for i = 1,...,¢. The space SI’,(A) of piecewise
polynomials of degree p with smoothness r over the partition A is defined by

SH(A) == {s:[nones1] = R: s €Py([Ni,Mig1)), i=0,...,0—1,

, (3.12)
s € Pp([Ne,Me41]), s€C (i), i=1,...,0}.

Suppose that st e IP,, is the polynomial equal to the restriction of a given func-
tion s € S7(A) to the interval [1;,M;+1), i = 0,...,£. Since s € C"I(7;), we have

S{}() Sli- 1} Z C” ni),
Jj=ri+1

for some coefficients ¢; ;. It follows that SI',(A) is spanned by the set of functions

{1,x,.. x—m)t e =) (=)l ), (B3)

where the truncated power function (-)” is defined by

p
p._ )X x>0, 314
()% : {0’ x<0, (3.14)

and the value at zero is defined by taking the right limit.
It is easy to see that the functions in (3.13) are linearly independent. Indeed, let

ZCOJXJ+Z Z Cz] Th +* xE[T]o,WH]-
i=1j=ri+1
On [1o,1M1) we have s(x) = Zf:o coij and it follows that coo = --- = ¢p, = 0.

Suppose for some 1 < k < ¢ that ¢;; = 0 for i < k. Then, on [Nk, Nks1) we have
s(x) = X4, 1 cxj(x—m)/ =0 showing that all ¢t ; = 0.

This implies that the set of functions in (3.13) is a basis for S},(A), the so-called
truncated power basis. As a consequence,
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¢
dim(Sj(4)) =p+1+Y (p—11).
i=1

14

The next theorem shows that the set of B-splines in (3.1) defined over a specific knot
sequence & forms an alternative basis for S, (A). This was first proved by Curry and
Schoenberg in [16].

Theorem 15 (Characterization of Spline Space). The piecewise polynomial space
S,(A) is characterized in terms of B-splines by

S;(A) = Spﬁ ;

where the knot sequence & := {&}Y P with n .= dim(S7,(A)) is constructed such
that

1< <Ei=m0, Mp1 =61 < < &uipit,

and
p—r p—re

L — ——
§p+27...,§n =M, My-- 5 Ney- -, Ne

Proof. From the piecewise polynomial and smoothness properties of B-splines it
follows that the B-spline space S, ¢ is a subspace of S,(A). Moreover, the con-
structed knot sequence & is (p + 1)-basic, so dim(S,, ¢) = n by the linear indepen-
dence property of B-splines. This implies that S|,(A) =S, ¢. O

Example 16. Consider A := {1y < 1M1 < N2 < N3} and the space S§(A) with r = (r1,r2) = (2,1).
It follows from Theorem 15 that S5(A) = S ¢, where

E={&] T === =m<m<m=m<m=m=1=1n}
This knot sequence is 4-open.

Finally, we give a characterization for the space spanned by the r-th derivatives
of B-splines for 0 < r < p, i.e.,

D:LSP@ = {S: [§p+1,§n+1] %RZSZDL(ZICJ'BJ-J,@), Cj ER}.
i=

Theorem 17 (Characterization of Derivative Spline Space). Given a knot se-
quence & := {éi}?if+l, we have for 0 < r < p,

DiSp,é = Sﬁ*hér’

Hptl—
where &, = {&} 0

Proof. The result is obvious for » = 0. Let us now consider the case » = 1, for which
we note that

{Bl,pfl,élv'"aanl,pfl,él} = {BZ,pfl.,éa--an.pfl,é}'
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By the differentiation formula (3.10) it is clear that

n —ciy
D, (Z chj-P»&) p Z (é ": ) jr-1.E €Spo1g,-
=1 itp

On the other hand, suppose s € Spflaél’ represented as s = 27:2 diB; ,_1 ¢ Then,
by using again the differentiation formula, we can write s = D (Z;?:l c;jB “,,é),
where ¢ can be any real number and

Mdj, i=2,...n
p

Cj=Cj-1 +

For r > 1 we use the relation D, = D+Df[1. a

By combining Theorem 15 and Theorem 17 it follows that for 0 < r < p,
SITr(A) = DS,

where r —r := (max(r1 —r,—1),...,max(r; —r, —1)) and the knot sequence € is
constructed as in Theorem 15.

3.3 B-Spline Representation of Polynomials

Polynomials can be represented in terms of B-splines of at least the same degree.
We now derive an explicit expression for their B-spline coefficients by using the
dual polynomials and the (local) Marsden identity.

Theorem 18 (Marsden Identity). We have
n
Z jpé j,p,é(-x)7 X € [§P+la§n+1]7 yERa (3]5)

where W; , £ (y) 1= (y—&j+1) -+ (y—&j+p) is the polynomial of degree p that is dual

0B,

Proof. This follows immediately from the local version (2.17). Indeed, if x €
[Ep+1,Ent1) then x € [y, i 1) for some p+ 1 < m < n, and by the local support
property (3.6) we get

:Z Vipg()B; e (x Zwmé Bj ().

J P

Taking into account the left continuity of B-splines at the endpoint &, 1, see (3.4),
we arrive at the Marsden identity (3.15). a
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Differentiating p — k times with respect to y in (3.15) results in the following
formula.

Corollary 19. Fork=0,1,...,p we have

(y_x)k C 1 p—k
o = 5 (50" g0 B A€ Bl yER GI6)

Corollary 19 immediately leads to the following properties.

¢ Representation of Monomials. For k = 0,1,..., p we have
i = Zé}pé /Pé xe[gp-‘rhé:n-&-l]a (3.17)
where y
*,k
§ng = CD D7 ;6 (0). (3.18)

This follows from (3.16) with y = 0.
e Partition of Unity. Taking k = 0in (3.17) gives

Y Bipe) =1, x€[&pi1, 6. (3.19)
j=1

Since the B-splines are nonnegative it follows that they form a nonnegative par-
tition of unity on [, 1,&,41].

e Greville Points. Taking k = 1 in (3.17) gives for p > 1,
n
x=) ipeBipe(x), x€ 81,6l (3.20)
j=1

where
§]+1 +- §/+ﬂ

p

The number éj*p £ is called Greville point 3. It is also known as knot average or
node. o

é*mé _éjpﬁ a (3.21)

Example 20. For p = 3 the equation (3.17) gives

3 An explicit expression of (3.21) was given by Greville in [24]. According to Schoenberg [43],
Greville reviewed the paper [43] introducing some elegant simplifications.
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1= Z Bj.37€ (X),
Jj=1

= Z it +§j+2+€j+33-3§(x),

752y
j=1 3

L i1 86+ 808
xZ:; j+16) j 3/ j+25) B,z (),

J
=Y &in1&28543B, 3¢ ().
j=1
We finally present an expression for the B-spline coefficients of a general poly-
nomial.

Proposition 21 (Representation of Polynomials). Any polynomial g of degree p
can be represented as

g) =Y A;,e(8)B,e(x), x€[Ep1,Enril, (3.22)
=1
where
1 p —r r —r
Ajpe(8):i= o g(—l)p D'y; ,e(t)) D" "g(7)), 1, €R (3.23)

Proof. The polynomial g can be represented in Taylor form (5.5) as
(x -7 j)p -

)= 3 T e(m), geR

The result follows when we apply (3.16) with k = p —r. ad

Note that, if 7; is a root of y; of multiplicity u; then D"y;(7;) =0, r =
0,1,...,u;—1 and (3.23) becomes

1 & —r —r
Aj,p,§ (g) = E Zu (_1)1? D Wj,p,é (Tj)DP g(TI)v Tj € R. (3.24)
r=H;

Example 22. The polynomial g(x) = ax” 4+ bx + ¢ can be represented in terms of quadratic B-
splines:

n
ax* +bx+c= Z cjBjye(x).
=1

From (3.22)-(3.23) with ;5 ¢ (¥) 1= (y — &j+1) (y — §j+2), we obtain that

—_

(75— &j1)(1j = &jia)2a— (21 — &jiy — &jya) (2aT; + b) +2(at; + bTj + )]

=a&j1Gj2+b Sintbie ; 52 +c.

cj=Ajne (&)= 5
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3.4 B-Spline Representation of Splines

In the previous section we have derived an explicit expression for the B-spline coef-
ficients of polynomials; see (3.22). The next theorem extends this result by providing
an explicit expression for the B-spline coefficients of any spline in S, ¢.

Theorem 23 (Representation of B-Spline Coefficients). Any element s in the
space S & can be represented as*

xX)=Y A, e()B; ,e(x), x€[&pi1,8nr1], (3.25)
j=1

where
rew, (= 1)P Dy e (7)) DY s(1y), i T = 1§,
1
Ajpg(5) 1= 7 Eiey (<17 D (1) DV IS(5), i <1 < i

e (=DPTD ;L e (7)) DY s(Ty), i T = Ep,
(3.26)
and where |1 > 0 is the number of times T; appears in Eji1,...,&jp.

Proof. Suppose §; < 7; < §jipr1 and let Ij := [y, Em 1) be the interval contain-
ing 7;. The restriction of s to /; is a polynomial and so by Proposition 21 we find

m;j p
s(x) = Z (12(—1)” "Dy, , £ (1) DY s(‘L’ﬂ)Bhp’é(x), xelj. (3.27)

|
i=mj—p p: r=0

Note that since §; < 7; < §j4p41 we have j <m; < j+ p which implies m; — p <
J < mj. By taking i = j in (3.27) and using the local linear independence of the
B-splines, we obtain

1
7'

A

p
(s Z )P rDer/pé(TJ) P0s(1)).

Since D"y; , ¢(7;) = 0 for r < p1; we obtain the top term in (3.26). In the middle

term we can replace DY "s(t;) by DP~"s(t;) since s € C~Hi(t;). The proof of the
last term is similar using D_ instead of D . O

Note that the operator A; , ¢ in (3.24) is identical to A;
the spline case we need the restriction 7; € [, &4 p41].

Because the set of B-splines {Bj’p’;; }?:1 is a basis for the space S, ¢, the co-
efficients A; , ¢(s) are uniquely determined for any s € S, ¢. Thus, the right-hand
side in (3.26) does not depend on the choice of 7;. This is an astonishing property

& in (3.26). However, in

4 The number A ; j.p.& (8) is known as the de Boor-Fix functional [7] applied to s.
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considering the complexity of the expression. For example, one could take the Gre-

ville point &J*p £ defined in (3.21) as a valid choice for the point 7;. It is easy to

verif.y that ézp’;e [€j,&j+p+1], and moreover, 5}‘71”5 € (&, &j+p+1) if Bj g is a
continuous function.

Example 24. We consider the quadratic spline
n
s(x) =Y ¢jBjag (),
j=1

and we illustrate that some derivative terms in the expression (3.26) can be canceled by specific
choices of 7;. Assume for simplicity &; < i1 < §j10 < Ejys.

— If 7; is the Greville point 5/*2 £= (&j+1+&j42)/2, then there is no first derivative term. Indeed,
we have 5
* (é j+2 — 5 j+1 ) *
cj= Aj42’§ (S) = S( _/ﬂ2,§) 2 S 3 J Dzs(éjl,é)‘

Moreover, since s € P on [§;1,&;42], we can replace Dzs(éj’f2 5) by a difference quotient

o E. N2
D%(i},z‘g) = (s(§j+2) *25(&}‘12_5) +S(éj+1))/(w) 7

2
to obtain | |
¢j = =55C1) +25(55, ) — 55(8j42)- (3.28)
— If tjisequal to &jy or &jyo, then there is no second derivative term. Indeed, we have
cj=Aje(s)=s(t) + @DS(T]’)’ 7 € {&je1, 842}
A similar property holds for any p: if 7; is chosen as one of the interior knots &j41,...,&j4p,

then there is no p-th derivative term in the expression of A; , £(s).

3.5 Knot Insertion

In this section we are addressing the problem of representing a given spline on
a refined knot sequence. In particular, we focus on the special case where only a
single knot is inserted. Since any refined knot sequence can be reached by repeatedly
inserting one knot at a time, it suffices to deal with this case.

Without loss of generality, we assume that the spline s = Y_, ¢;B; , ¢ is given

on a (p+ 1)-basic knot sequence & := {&}/77 1. We want to insert a knot & in

some subinterval [&,,Eyur1) of [Epy1,En41), resulting in a new (p + 1)-basic knot
sequence & := {&}1"F *2 defined by

g if1<i<m,
E:={¢&  ifi=m+1, (3.29)
&1, ifm+2<i<n+p+2.
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The B-spline form of s on the new knot sequence can be computed with the aid of
the following procedure introduced by Béhm [3].

Theorem 25 (Knot Insertion). Let the (p—+ 1)-basic knot sequence & := T 2

be obtained from the (p + 1)-basic knot sequence & := {é,}f;” 1 by inserting just

one knot &, such that &, < & < &1 as in (3.29). Then,

n n+1
s(x) = Z cjBjpe (x) = EiBi,p‘E (x), x€[&ps1,8nt1)s (3.30)
j=1 i=1 '
where

Ci, lfl S m—p,

N é—i . §i+p7€ . . _ | < 331

Ci &Gl + &, Gl fm—p<is<m, (3.31)
Ci—1, ifi > m.

Proof. From Theorem 15 it follows that S & is a subspace of Sp_ & since we have

reduced the continuity requirement at &, if & = &, or introduced another segment
otherwise. Hence, the B-splines in S & belong to SP g and we can write

n+1
Bj!pvg = Z] (xivjwai,P,&’ J= 17' ., n,
i=

for some real numbers @;,j,,. Suppose s € S, ¢ is given by (3.30). Then,

n n+1 n
Y ciBipe=) ( “f,prC/>Bi,p,E’
=1 i=1 \j=1

By linear independence of the B-splines in Sp g we obtain
n
&G=Y ojpci, i=1,...n+1. (3.32)
j=1

Note that each ¢ ; , is independent of the ¢’s.
Now, consider the function fy(x) = (y —x)? for fixed y € R. By the Marsden
identity (3.15) we have

n n+1

(y_x)P = Zlchj,p,é (x) = ' 1EiB' é(x)v X e [§p+17€n+1]7 ye Ra
J= i=

where
cj=VWpe()=0—&1) - (=Eirp),
and

Ci= ‘I/,-J,g(y) = (y—gi+1)"'(y—§~i+p)~
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Hence, for the function f;(x), the identity (3.32) takes the form

Vi, e0) =Y Gijp¥,e(v), i=1...n+l. (3.33)
, £

From the relation (3.29) between the knot sequences E and &, we deduce that
V. pE = Vipt for i <m—p, and VipE = Vicipt for i > m, and using the dual
recurrence relation (2.11) that for m — p <i<m,

Y, e0) ==&V 1e0) = ;ip_égwpg + g:ﬁ:g Viiipe:

Then, (3.31) follows from (3.32) and (3.33). a

When several knots have to be inserted simultaneously, alternative algorithms
can be used instead of repeating the single knot insertion procedure given in The-
orem 25. In Section 4.3 we provide such a simultaneous knot insertion algorithm
in case of uniform knot sequences. A more general (but also more complex) knot
insertion algorithm is known as the Oslo algorithm [11].

e Convex Combination. From relation (3.31) we see that the coefficients ¢; are
a convex combination of the coefficients c;. In general, the coefficients obtained
after repeated knot insertion are a convex combination of the original coefficients.

o Evaluation. Repeated knot insertion gives rise to an evaluation process for spline
functions in B-spline form. Indeed, the evaluation of a spline s at the point x can
be achieved by the repeated insertion of x as a knot till it has multiplicity p. Then,
assuming that for some m,

5m <x= §m+1 == §m+p < 5m+p+la
we can conclude from (2.29) and (3.19) that

1, ifj=m,

otherwise,

and )
s(x) = Z ;B ,£(x) = cmB,, p g (xX) = cm-
j=1

When comparing (3.31) with (3.9), we observe that single knot insertion is noth-
ing else than applying once the B-spline coefficient recurrence relation. This
evaluation procedure is a fast and numerically stable algorithm introduced by
de Boor [4].
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3.6 Condition Number

A basis {B;} of a normed space is said to be stable with respect to a vector norm if

there are positive constants K;, and Ky such that

Y ciBj
J

K le|| < <Ky|el, (3.34)

for all coefficient vectors ¢ := (c;). For simplicity we use the same symbol || - || for
the norm in the space and the vector norm. The number

K :=inf{K; Ky : K; and Ky satisfy (3.34)} (3.35)

is called the condition number of the basis {B;} with respect to || - ||.

Such condition numbers give an upper bound for how much an error in coeffi-
cients can be magnified in function values and vice versa. Indeed, if f =} ;c;B; # 0
and g =} ;d;B; then it follows immediately from (3.34) that

Lle—dl _lIf =5l _  lle—4d]
< A

where ¢ := (c;) and d := (d;). Many other applications are given in [5] and it is
interesting to have estimates for the size of k.

We consider the L,-norm for functions and the g-norm for vectors with 1 < g <
oo, We focus on a scaled version of the B-spline basis defined on [£;, &4 1],

{Njpagti=1= {y;,ifg Bjpeti-i; (3.36)

where ; , ¢ := (& p+1— )/ (p+1); see also (2.30). The knot sequence & is as-
sumed to be (p + 1)-basic in order to have linearly independent B-splines. This also
ensures that y; , ¢ > 0. The g-norm condition number of the basis in (3.36) will
be denoted by L ie.,

HZ'}:lchf»P’%éHLq<[<:] Entps1)) llellg

K =su .
Pt letly A0 [Zir¢iNipat e 6y

(3.37)
The next theorem shows that the scaled B-spline basis above is stable in any L,-
norm independently on the knot sequence &. It also provides an upper bound for the
g-norm condition number which does not depend on €. To this end, we first state
the Holder inequality for sums:

n
Y iyl < llxllg Iyl (3.38)
Jj=1

where ¢,q’ are integers so that
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1
4 —=1, 1<g<c. (3.39)

In particular, ¢ = ifg=1and ¢ =2 if g =2.

Theorem 26. For any p > O there exists a positive constant K, depending only on

p, such that for any vector ¢ := (cy,...,c,) and for any 1 < g < oo we have
1 n
Ky ellg < || X ciNipas < llelly- (3.40)
Jj=1 Ll/ 517‘5}1+p+1])

Proof. We first prove the upper inequality. By using the nonnegative partition of
unity property of B-splines, the upper bound for ¢ = o is straightforward. For ¢ = 1,
we have

/‘én+p+l

Finally, we consider 1 < g < c. By applying the Holder inequality (3.38) and
again the nonnegative partition of unity property of B-splines, we obtain for x €

[él;én-&—p—&-l]s

§j+p+l

JP§ B/ap,é(x)dx:HcHl-

ZC/ g

iiw £ B @001 B g (0]
n 1/q s n 1-1/q
(Z e 0e) (£

n 1/q
<(Lleimhenoe)

Raising both sides of this inequality to the g-th power and integrating gives the
inequality

/§n+p+l
1

Taking the g-th roots on both sides proves the upper inequality in (3.40).
We now focus on the lower inequality. We extend & to a (p + 1)-open knot se-
quence & by possibly increasing the multiplicity of &; and &, 41 to p+ 1. Clearly,

IN

€j+p+l p
JP§ B; p g (x)dx = [|el[Z.

ZCJ pa g

j:

the set of B-splines on € is a subset of the set of B-splines on &, and any linear com-
bination of the B-splines on £ is a linear combination of the B-splines on é where
the extra B-splines have coefficients zero. Therefore, without loss of generality, we
can assume that the knot sequence is open with the basic interval [§1, &, +1]. The
lower bound then follows from Lemma 46; see Section 5.3.1. O

Finally, we define a condition number that is independent of the knot sequence,
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Fig. 3 The cardinal B-splines M), for p = 1,...,5. The uniform knot positions are visualized by
vertical dotted lines.

Kpg = stgp Kp & (3.41)

Theorem 26 shows that
Kpg < Kp < oo.

It is known that k, , grows like 27 for all 1 < g < oo; see [34, 40] where it is proved

that |
2 SR <2 1<g<e (3.42)

4 Cardinal B-Splines

A particularly interesting case of B-spline functions is obtained when the knot se-
quence is uniformly spaced. Without loss of generality, we can assume that the knot
sequence is given by the set of integers Z. It is natural to index the knots as §; = j,
J € Z. Due to the translation invariance property (2.9) we have

Bjpz(x)=Bopz(x—j), j€Z, xeR. 4.1)

Therefore, all the B-splines on the knot sequence 7Z are integer translates of a single
function. This motivates the following definition.

Definition 27. The function M), := B[0,1,...,p+ 1] is the cardinal B-spline of
degree p.

Example 28. Figure 3 illustrates the cardinal B-splines M), for p=1,...,5.

4.1 Main Properties

Cardinal B-splines possess several interesting features. Of course, they inherit all
the properties of general B-splines, and in particular the following ones.
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e Local Support. From (2.6) it follows that the cardinal B-spline M), is locally
supported on the interval [0, p + 1].

e Nonnegativity, Piecewise Structure and Smoothness. From (2.7), (2.8) and
(2.26) it follows that the cardinal B-spline M), is a nonnegative, piecewise poly-
nomial of degree p belonging to the class C?~!(R).

o Differentiation and Integration. The formulas (2.22) and (2.30) simplify in the
case of cardinal B-splines to

DyMy(x) =Mp_1(x) —Mp_1(x—1), p=1, (4.2)

and
/R M,(x)dx = 1. 4.3)

e Recurrence Relation. From Definition 2 we obtain the following recurrence
relation for cardinal B-splines,

1, ifxel0,1),
M = 4.4
0(x) { 0, otherwise, 4

p+1—x

M, (x) = %Mp_l(x) + M, (x—1), p=>1. 4.5)

The uniformity of the knot sequence endows the cardinal B-splines with several
additional properties. A key feature is based on convolution.

e Convolution. The convolution of two functions f and g is defined by

(£8)():= [ flx=3)g()dy

The cardinal B-spline M), can be characterized using convolution by

1
Mp(0) = My 5 M0)(0) = [ Mpa(e=y)dy p21 (46)
and
p+1
My(x) = (Mo *-- - Mp) (x). 4.7)

Proof. From (4.2) we deduce
"X X x—1
My = [ M1 )= Mps =)y = [ My 0)y— [ Mpi )y

X 1
=/71Mp71(y)dy=/0 Mp_1(x—y)dy.

Applying recursively (4.6) immediately gives (4.7). a
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Fourier Transform. The Fourier transform of a function f € L,(R) is defined
by

70):= [ fweiear,

where i := 1/—1 denotes the imaginary unit. The Fourier transform of the cardi-
nal B-spline M), is given by

e 1—e-if p+l
M,,(G)( iz ) . (4.8)

Proof. From (4.4), a direct computation gives

- l_efie
Mo(8) = —5

An interesting property of the Fourier transform of a convolution is

(F+8)(0) = F(0)2(0), Vf g€ La(R); (4.9)
see, e.g., [39]. Hence, by combining (4.9) with (4.7) we deduce that 1@(6) =
(Mo(6))"*", which implies (4.8). 0

Symmetry. The cardinal B-spline M, is symmetric with respect to the midpoint
of its support, namely (p + 1)/2. More generally,

1 1
DrMp<p_2|_ —l—x) = (_l)rDrMp<p_2|——x>7 r=0,...,p—1, (4.10)

and | |
D’iMp(p;r +x> =(~1)’D"M, (”er—x) (4.11)

Proof. 1t suffices to prove that M, (p + 1 —x) = M),(x). The general result then
follows from repeated differentiations. We proceed by induction. It is easy to
check that it is true for p = 0. Assuming the symmetry property holds for degree
p — 1 and using (4.6), we get

1 1
Mp(P+1—x):/ Mp,l(p—i-l—x—t)dt:/ My_1(x—1+1)dr
0 0

-1 -1
= —./0 M, (x—t)dt = ./0 M,_1(x—1)dt = M(x).

We now focus on the set of integer translates of the cardinal B-spline M), i.e.,

(M,(-—j), jeZ}. (4.12)

They have the following properties.
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e Linear Independence. From (4.1) it follows that the integer translates M, p(- -7,
J € Z, are (locally) linearly independent on R. They span the space of piecewise
polynomials of degree p and smoothness p — 1 with integer break points; see
(3.12).

e Partition of Unity. From (3.19) and (4.1) we get
Y My(x—j)=1, xeR.
jez

Due to the local support of cardinal B-splines, the above series reduces to a finite
sum for any x. More precisely, referring to (2.21), we have

m
Z My(x—j)=1, x€[mm+1).
j=mp

e Greville Points. From (3.21)-(3.20) and (4.1) we have
x:ZC;pMP(x_j)v XGR,
j€z.
with ) )
(I+)+-+p+Jj) _ptl

CJ}P = p 2

+j. (4.13)

4.2 Inner Products

Inner products of cardinal B-splines and their translates can be interpreted as evalu-

ations of higher-degree cardinal B-splines; similar results also hold for their deriva-

tives .

Theorem 29 (Inner Product). Given pi,p; > 0, we have

/]R{MF' )My, (y+x)dy =My, 4 p,1(p1+1+x) =My, pr1(p2+1—x).

Proof. From the symmetry property (4.10)—(4.11) and the convolution relation (4.6)
of cardinal B-splines, we get

3 The inner product formula for cardinal B-splines traces back to [44]. The formula for derivatives
of cardinal B-splines can be found in [21] and a generalization for multivariate box splines in [48].
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/Mm My, (y+x)dy = /Mp1 WM, (p2+1—y—x)dy

= (Mpl *Mpz)(P2+ 1—x)

pi+l patl
= (M()*---*Mo*Mo*---*M()>(p2—‘r1—x)
:Mﬂl+ﬂ2+l(p2+ 1—x).

Finally, again by symmetry of cardinal B-splines, we have

Mp1+pz+1(p1 +1 +x> = Mp1+p2+1(p2 +1 _x)a
which completes the proof. a

Theorem 30 (Inner Product of Derivatives). Given py > r; > 0and p; > r; >0,
we have

/DrlM ) DM, (y+x)dy = (=1)"" D" "My, 1 (p1 + 1 +x)
— (—1)r2DV|+r2Mp1+p2+l(p2+ 1 _x).

Proof. Because of the (anti-)symmetry of higher order derivatives of cardinal B-
splines given in (4.10), we have
(=D DMy gyt (P11 4x)

= (=) (=1)"TDVRMy 1 (p1+p2 2= (pr 14 1))

= (=1)2 D" My, py1(p2+1—x).
So, we only have to show one of both equalities in the theorem. This can be proved
by induction on the order of derivatives. The base case (r; = r, = 0) simply follows
from Theorem 29. We consider two inductive steps: in the first inductive step we

increase the order of derivative of M, by one, i.e., r; — r1 + 1, and in the second
inductive step we increase the order of derivative of M), by one, i.e., 7, — 2 +1.

1. (r; = r1 +1). Using (4.2) and the induction hypothesis, we have
ri+1 7
DMy, (5) DMy () dy
= [ DMy 1 9) = DMy, (= 1)) DM () dy

—/DIM,,, L (9)D2 M, (y+ x) dy — /D My, _1(y— DMy, (y+x)dy
= (=1)" (D" M, py (1 %) = D"V2My 1y (p1 1 4)
= (=)D M (P11 ).

2. (rp — rp+1). This inductive step can be proved in a completely analogous way
as the first inductive step.
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O

Due to the relevance of the set (4.12), the results in Theorem 29 and Theorem 30
are of particular interest when we consider integer shifts, i.e., x € Z. In this case, the
above inner products reduce to evaluations of cardinal B-splines and their deriva-
tives at either integer or half-integer points. Moreover, there is a relation with the
Greville points (4.13). Indeed, if p; = p» = p and x =i in Theorem 29, then

[ Mo COMy (34 ) dx = Mg (p+1+1) = Mapi1 (G 1):

A similar relation holds for the inner products of derivatives in Theorem 30. Thanks
to the recurrence relation for derivatives (4.2), the inner products of derivatives of
cardinal B-splines and its integer translates reduce to evaluations of cardinal B-
splines at either integer or half-integer points.

4.3 Uniform Knot Insertion

In Section 3.5 we have seen how to insert a (single) knot into an existing knot
sequence without changing the shape of a given spline function defined on that
knot sequence. For uniform knot sequences, we can provide a simple alternative
algorithm for inserting simultaneously a knot in each knot interval.

Let us consider the B-splines of degree p over the uniform knot sequence given
by Z/2. In this case, it is natural to index the knots as

k if i =2k
éi: ’ 1 l ’ icZ.
kt1/2, ifi=2k+1,

From the definition we have B; , 7, (x) = M,(2x —1i) for i € Z. Since S;, 7, C S}, 7,5,
the cardinal B-spline M, is a refinable function, i.e., it can be written as a linear
combination of translated and dilated versions of itself:

p+1
Z & p My (2x — ). (4.14)

We are now looking for a relation between the coefficients of a given spline function
corresponding to knots in Z and the coefficients of the same function corresponding
to knots in Z/2. The following simultaneous knot insertion procedure was intro-
duced by Lane and Riesenfeld [32].

Theorem 31 (Uniform Knot Insertion). Consider the uniform knot sequences 7.
and 7./2. Then,

= ¥ eiMy(c—j) = ¥ &My (2x— i), (4.15)

JEZ i€Z
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with ¢; = 51[,1’ | defined recursively by

Ap—1] | ~p—1]
Tt

=G T (4.16)

2
starting from

il

.- e Yi=2) (4.17)
cj, fi=2j+1.

Proof. For p =0 we can directly check that
M()(x) = M0(2x) +M0(2x— 1)7

leading to (4.15) with (4.17). We proceed by induction on p. Assume the relation
(4.15) with (4.16) holds for cardinal B-splines of degree p — 1. Then, by using the
convolution property (4.6) we get

ZcM,,x J) /ch —1(x—y—j)dy= /Z~[p My,_1(2x—2y—i)dy

JEZ JezZ i€Z
1
—Z (/ Mp,l(Zx—Zy—i)dy—i—/ Mp1(2x—2y—i)dy>
€7 1/2
—1] E[-p_l] +E[P_l]
( (2x— i)+ M, (2x—i—1)):Z%Mp(2x—i),

i€z i€Z

which concludes the proof. O

The knot insertion procedure in Theorem 31 can be geometrically described as
follows. First, every coefficient is doubled. Second, a sequence of p sets of coeffi-
cients is constructed by taking averages of the previous set of coefficients.

The coefficients {¢; , } in (4.14) can be directly computed from Theorem 31, and
we obtain the explicit expression

1 1
Oéz',p=<pj,L ), i=0,...,p+1. (4.18)

They are called the subdivision mask of the (uniform) B-spline refinement scheme
of degree p.

5 Spline Approximation

In this section we discuss how well a sufficiently smooth function can be approxi-
mated in the spline space spanned by a given set of B-splines. Exploiting the proper-
ties of the B-spline basis presented in the previous sections, we explicitly construct
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a spline which achieves optimal approximation accuracy for the function and its
derivatives, and we determine the corresponding error estimates. The construction
method we are going to present is local and linear.

5.1 Preliminaries

Let I be a finite interval of the real line. A function f: I — R is a piecewise continu-
ous function on / if it is bounded and continuous except at a finite number of points,
where the value is obtained by taking the limit either from the left or the right. We
denote the space of these functions by C~!(I).

For r € Ng and 1 < g < o the one-dimensional Sobolev spaces are defined by

Wy (I):={f:1-R:D/feLyI), j=0,....r}. (5.1

They are normed spaces with norm

r

A0y = X D7 A1IZ, (5.2)

called Sobolev norm. It can be shown that for r € Nand 1 < g < oo,
C'(I)cwL() C Wq’(l) cWwWi(I)c C’_I(I). (5.3)

The Holder inequality for integrals is given by

[ 17 @s01x < 1yl (54)

where ¢, ¢’ are integers satisfying (3.39).
The Taylor polynomial of degree p at the point a to a function f € W/ + ([a, D))
is defined by
p

and its approximation error can be expressed in integral form for x € [a,b] as

fo a), (5.5)

b
FO) = Topf(x) = ; [ =0 p)a (5.6)

Every polynomial g € P, can be written in Taylor form as g = .7, ,g.

Theorem 32 (Taylor Interpolation Error). Let f € W/ i ([a,b]) with 1 < g < oo,
and let T, , f be the Taylor polynomial of degree p to f at the point a. Then, for any
x€la,bland 0 <r<p,
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(b _ a)erlfrfl/q

ID"(f = Tapf)(x)| < =0

1
IDP Fll, (fat) (5.7)
and
(b 7a)p+17r
(p—r)!

Proof. By differentiating the integral form of the Taylor approximation error (5.6)
and using the Holder inequality (5.4), we obtain

ID"(f = Zap )Ly (ap) < 1D £lz, (fab))- (5.8)

1 b _
D= a0 = o [ ey DY ) ay

1 b (p—n)d e +1
<(p—r)‘[/ (=% dy} 1D fllzy (1ap)

(b—a)p—rt1/d
T (p=r)i(p—r)qd+1)

Since 1/g+1/¢' =1and (p—r)q’ > 0, we obtain (5.7). Finally, taking the L,-norm
shows (5.8). a

77 IDP ! £l (0 -

For the sake of simplicity one can use the following weaker, but simpler upper
bound,

1D"(f = TapH)llya)) < (=)’ IDP £IL, (1a)- (5.9)

5.2 Spline Quasi-Interpolation

In general, a spline approximating a function f can be written in terms of B-splines
as

2f(x) = ila,(f)Bj,p,g ) (5.10)

for suitable coefficients A;(f). The spline in (5.10) will be referred to as a quasi-
interpolant to f whenever it provides a “reasonable” approximation to f.

Both interpolation and least squares are examples of quasi-interpolation methods.
They are global methods since we have to solve an n by n system of linear equations
to find their coefficients A;( f). It follows that the value of the spline (5.10) at a point
depends on all the data.

In this section we focus on local linear methods, i.e., methods where each A i
is a linear functional only depending on the values of f in the support of B; , ¢.
In principle, it suffices to be “near” the support of B; , £, but we want to keep the
presentation as simple as possible. In order to deal with point evaluator functionals
we assume here that f € C~!([a, b]), where [a,b] is a bounded interval. We consider
aspline space S, ¢, where the knot sequence & is (p+ 1)-basic and the basic interval

[Ep+1,8nr1] s equal to [a,b].
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With the aim of constructing a spline quasi-interpolant with optimal accuracy, we
need to introduce some basic approximation properties of quasi-interpolants of the
form (5.10). Since we are interested in local methods, we start with the following
definition.

Definition 33. We say that a linear functional A : C~'([a,b]) — R is supported on
a nonempty set . C [a,b] if 1(f) = 0 for any f € C~'(|a,b]) which vanishes on
.

Note that the set . in this definition is not uniquely defined and is not necessary
minimal.

To construct our quasi-interpolant, we first require linear functionals that are sup-
ported on intervals consisting of a few knot intervals. This will ensure that 2 f only
depends locally on f. To ensure a good approximation power, we also require poly-
nomial reproduction up to a given degree. Finally, to bound the error, a boundedness
assumption on the linear functionals is needed. This leads to the following defini-
tions.

Definition 34. The quasi-interpolant 2 given by (5.10) is called a local quasi-
interpolant if

(i) each Aj is supported on the interval I;, where

I =&, & pr1]Na,b], (5.11)

such that I; has nonempty interior;
(ii) the A;j are chosen so that (5.10) reproduces Py, i.e.,

2g(x) = g(x) forall x € [a,b] and all g € Py, (5.12)

for some I with 0 <1 < p.

Definition 35. A local quasi-interpolant 2 is called bounded in an L,-norm, 1 <
g < oo, if there is a constant Cg such that for each Aj we have

14; ()] < Cgh;:,{g”fHLq(lj) forall f € CT\(I)), (5.13)

where
hj,p,.f o max(j7p+1)121?§min(j+p,n) §k+1 B €k~ (5-14)

Note that /; , ¢ is the largest length of a knot interval in the intersection of the
basic interval with the support of B; , . The requirement (5.11) ensures that the
spline in (5.10) provides a local approximation to f. The polynomial reproduction
as stated in (5.12) coupled with the boundedness of the linear functionals are the
main ingredients to prove the approximation power of any bounded local quasi-
interpolant.

We now give both a local and a global version of the approximation power of
bounded local quasi-interpolants. To turn a local bound into a global bound we first
state the following lemma.
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Lemma 36. Suppose that f € Ly([Ep+1,Ens1]) for some g, 1 < g < oo, and that
mi,,...,mj, are integers with m;, < --- < mj,, &pi1 < ‘g’mil and ém,-2+k < &, for
some positive integer k and integers iy < ip. Then,

i 1/q
1
( )} ||f||zq<[ém,-,ém,-+k1>> <K ANy i1 8001 (5.15)
J=i1 I

Proof. Under the stated assumptions, each knot interval in [§,,1,&,11] is counted
at most k times and moreover all the local intervals [émj,éijrk] are contained in
[Ep+1,En+1]. The definition of the L,-norm gives immediately (5.15). O

Theorem 37 (Quasi-Interpolation Error). Let 2 be a bounded local quasi-
interpolant in an Ly-norm, 1 < g < oo, as in Definitions 34 and 35. Let L, p be integers
with 0 <1 < p. Suppose &,, < &1 for some p+1<m<n, and let f € qu+1(Jm)
with

Im = [Em—p: Smrp1] N [a, b].

Then,

(2p+1)l+l

||f_Qf”Lq([g/m&erl]) S l‘

(1+Ca), 1D fllrygy (5:16)

where h,, g is the largest length of a knot interval in J,,. Moreover, if f € qu+1 ([a,b])
then

(2[7 + 1)l+1+1/q

1f =21y (ap)) < I

(1+Co)h D™ fllLyapys (517

where
hg ;= max ¢ 1 —¢C;.
T gz Si1 7S]

Proof. Note that f is continuous since [ > 0. Suppose x € [£,,Ex+1)- By the local
partition of unity (2.21) and by (5.13) we have

[2f@ < max [N <Co max A F L.

m—p<j<m —p<j<m Ip&
Since &1 — En < miny,—p<j<mh; , g and Sy = Uy p< j<ml; we find

Py (5.18)

12|y ([ i) < C2

From (5.12) we know that 2 reproduces any polynomial g € [P;, and so the triangle
inequality gives

1 =2, (Em&ner) < N =8l (Em i) T 120 = &)Ly (& &ir))-
Since [&y,Ent1] C Jyy and by (5.18) for any g € P;, we have

1f = 2f L, (meni)) < A+ C2)f —8llz,0)- (5.19)



38 T. Lyche, C. Manni, and H. Speleers

Let us now choose g := ¢ ol f, where yémfp,l f is the Taylor polynomial of degree
[ defined in (5.5) with a = &, ,. Then, by (5.8) with r = 0 we have

2p4+1 1+1
1f = 8llzym) < %hﬁnf§||0’“fllwm)- (5.20)

Combining the inequalities (5.19) and (5.20) gives the local bound.
Since each J,, is contained in the basic interval [a,b] the global bound follows
immediately from the local one and Lemma 36. a

Example 38. Let & be a (p+ 1)-open knot sequence for p > 1, and consider the operator
n
P, ef(x) = Zlf(;;il’é)Bj””g(x)’ (5.21)
j=

where é;p‘ £ is the j-th Greville point of degree p; see (3.21). This operator is known as the Schoen-

berg operétor, and was introduced in [43, Section 10]. It is a bounded local quasi-interpolant in

the Lo,-norm with / = 1 and C» = 1. We also know that £* , belongs to [€;41,&;p]. Therefore,
Jp:€ J JTp

Theorem 37 implies for any f € W2([a,b]),
1F =& fllaas)) < 22p+ 1M 1D Fll e (la))- (5.22)

The next proposition can be used to find the degree ! of polynomials reproduced
by a linear quasi-interpolant.

Proposition 39. Let

{(Pj,()a“'a(pj,l}v jil,...,l’l, 0§1§P (523)

be n sets of basis functions for P;, and let
n
i =Y, cjikBrpg (5.24)
k=1

be their B-spline representations. The linear quasi-interpolant (5.10) reproduces P,
provided the corresponding linear functionals satisfy

afj(q)j,i):cj,i,ja j:l7...,l’l, i:07...,l. (525)
Proof. Any g € P, can be written both in terms of the ¢’s and the B-splines, say
l n
g=Y.bji0ji=Y By, Jj=1,....n. (5.26)
i=0 k=1

By (5.24) and (5.26) for j = 1,...,n,

1 n 1 n
= k=1 0 k=1

i=0 k=1 \i=
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By linear independence of the B-splines and choosing j = k we obtain

I
b= Z by iCk,ik- (5.27)

i=0

Similarly, for 2g using (5.26) with j =k,

n n l
Qg = Z /lk(g)Bk_’pyg = Z Ak <Z bk,i(Pkﬁi) By pe-
= k=1 i=0

From the linearity of A; and (5.25), (5.27) and finally (5.26) again we obtain

2g= Zzbkllk (Plekp§ Zzbklckszkpé_Zkakpﬁ

k=1i= =1i=0

O

The next proposition gives a sufficient condition for a quasi-interpolant to repro-
duce the whole spline space.

Proposition 40. The linear quasi-interpolant (5.10) reproduces the whole spline
space, i.e.,

gs(x) = S(X), s € Spéa X € [§p+1a€n+l]v (5.28)

if 2 reproduces P, and each linear functional A; is supported on one knot interval 6
(& & 1) C &5 Ejpst]s with &y < &y (5.29)

In other words, 2 is a projector onto the spline space S, e

Proof. Let j with 1 < j < n be fixed. By the linearity it suffices to prove that

Ai(Bipe) =8 i=1,...,n,

where §; ; stands for the classical Kronecker delta. On the interval | g ,ém 1) the

local support property implies that A;(B; ,¢) = 0 for i & {m; —p,...,m J} This
follows because we use the left limit at éij if necessary. Since B; , ¢ € IP’,, on this
interval, we have

Bi,p,é(x)zc‘@( zp§ Z Ak lpé)ka.’,:() xe[émjvém]’ﬂ)’

kmjp

and by local linear independence of the B-splines we obtain lk(Bi%é) = &, for
k=mj—p,...,mj. In particular, it holds for k = i since the condition (5.29) implies
thatm; —p < j < m;. a

6 This notation means that if A i (f) uses the value of f or one of its derivatives at émj (or ém,»H)
then this value is obtained by taking the one sided limit from the right (or the left). ‘
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Example 41. Let p =2, and let & be a 3-open knot sequence with at most double knots in the
interior. We consider the operator

Dy e f(x) Z arof (§j1) a1 f(&] 5 g) +axaf(§j42)) B (%),

where &F , = (&j+1 + &j42)/2 is the j-th Greville point of degree 2. From Example 24 we know
hi ;25 ; & 2 is the j-th Greville point of degree 2. F Example 24 we k

that if we choose a» o = ax» = —1/2 and ap | = 2 then ,szé reproduces P», i.e., [ = 2. Proposi-
tion 40 says that it is even a projector on the spline space S, g. Moreover,

(§/+1)+2f( ig) f(‘g_HZ) < BNl D)

It follows that 2, ¢ is a bounded local quasi-interpolant in the Le.-norm with / =2 and C = 3. In
this case, Theorem 37 implies for any f € W3([a,b]),

If = 2o fllLa(ap) < 4 h ||D%fHLN [a,5])

showing that the error is O(hé ).

5.3 Approximation Power of Splines

In this section we want to understand how well a function can be approximated
by a spline. In order words, we want to investigate the distance between a gen-
eral function f and the piecewise polynomial space S; (A) defined in (3.12). From
Theorem 15 we know that Sj,(A) =S, ¢ for a suitable choice of the knot sequence

E:={&y7 1. In particular, & can be chosen to be (p -+ 1)-open. Therefore, with-
out loss of generality, we consider the distance between a general function f and the
spline space S, ¢ of degree p over the (p+ 1)-open knot sequence &. For a given
feL ([§p+1,€n+1]) with 1 < g < o0, we define

dist (fa pé) = lnf ”f*sHLq ([Ep+1:8ns1]) (5.30)

We are also interested in estimates for the distance between derivatives of f and
derivative spline spaces. To this end, in this section we use the simplified notation
D’"s := D', s for the derivatives of a spline s € S, ¢ with the usual convention of left
continuity at the right endpoint of the basic interval. Note that with such a nota-
tion we ensure that D"s(x) exists for all x. In the same spirit, we use the notation
D'S, ¢ :=D. S, ¢ for the r-th derivative spline space. We recall from Section 3.2
that this derivative space is a piecewise polynomial space of degree p — r with a
certain smoothness, i.e.,

S, (A)=D'S,e,

where the partition A consists of the distinct break points in the knot sequence &
and the smoothness 7 is related to the multiplicity of the knots, according to the rule
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in (3.5). This leads to the following more general definition of distance. For a given
F €W ([Ept1,8n11]) with 1 < g <eoand 0 < r < p, we define

diStq(Drf,DrSp75) = Seiélfg ||Dr(f - S) ||Lq([‘§p+1~,5n+l])' (5.31)
py

We will derive the following upper bound for dist, (D" f,D'S,, ¢).

Theorem 42 (Distance to a Function). For any 0 < r <[ < p and
F €W ([Eps1,8n11]) with 1 < g < oo we have

disty (D" f,D"S ) < K(hg)"™ D" fllLyg, 0 20110

where hg :=maxp1<j<n(8j+1 — &;) and K is a constant depending only on p.

The distance result will be shown by explicitly constructing a suitable spline
quasi-interpolant which achieves this order of approximation; see Theorem 49. For
sufficiently smooth f, the upper bound behaves like (/¢ Lanas

5.3.1 A Spline Quasi-Interpolant

Given an integer p > 0 and a (p + 1)-open knot sequence &, we define a specific
spline approximant of degree p over & to a given function f. Let [§, ,,&n; ,+1] be
a knot interval of largest length in [§;,&;4,11] for any j=1,...,n and hjpe =
&m; p+1—&m;, > 0. The spline approximant to f is constructed as

D=

2,ef(x) =), 2, e(f)B)pex), (5.32)

Jj=1

where

Snj 1 a X = Gm; i
Zpg(f) = / (Zaj,f( f"ﬂ))f(x)dx, (5.33)

hjﬁa& émj,p i=0 j«paé

and the coefficients a;;, i =0,..., p are such that

x—&n; i .
Zing ((h/p> > =cjij, i=0,...,p, (5.34)

7€

where

x—ém-, i &
<“> - Z Cj»i»kBk,P«,é(x)’ xe[g’"j.p’ém./,p-H)v i=0,...,p.

hjvl’-,‘g k=mj ,—p
(5.35)
In the next lemmas we collect some properties for the spline approximation
(5.32).
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Lemma 43. The above spline approximation is well defined and reproduces poly-
nomials, i.e., for any polynomial g € P, we have

2,58(x) =8(x), x€[Gpr1,Gnral- (5.36)

Moreover, it is a projector onto the spline space Sp.;’:, i.e., for any spline s € Sp’é we
have

e@p,és(x) = s(x), X e [gp+la§n+1]a (5.37)
and, in particular,
S(X): Z%pé( ) Jp,é(x)a RS [§P+l7§n+l]' (538)
j=1

,

Proof. By applying .Z; , ¢ to the polynomials ( o ’5 L ) ,r=0,...,p, the coeffi-
/ Ds

cients a;; are given by the solution of the linear system

H,,Haj =cCy, (539)
where a; = (aj,....a;,) . ¢j:=(cjojs---Cjpj) ,and Hyppisa (p+1) x (p+
1) matrix with elements

1 émj.p-%—l )C*ém» r+i 1
(Hpt1)iv1,011 127/ — ) dx=——, ir=0,...,p.
hj~[7~,§ émj,]) h/'vpsé i+r+1

This is the well-known Hilbert matrix which is nonsingular and it follows that the
spline approximation (5.32) is well defined. From Proposition 39 we deduce that
(5.36) holds.

Since we only integrate over one subinterval when we define . , ¢, we conclude
that it reproduces not only polynomials but also splines, and (5.37) follows from
Proposition 40. O

Lemma 44. For p > 0and 1 < q < oo we have for any f € Ly([Em; ,+Em; ,+1])s

%N < Ch AN g6, & e T = Toeesny (540)

where C is a constant depending only on p.

Proof. By (2.20), (2.10) and (2.13) we have

|C ‘ = it |D” w]ﬂg(émjp)
JibsJ p! hl
J:p,€

< <§j+;l)+l_‘§j> <(p+1), i=0,...,p.
13

7P
Here we used that [§,,; ,,En; ,+1] is a knot interval of largest length in [&;, &4 1]

Since 0 < X Snip <l1forxe &, ,&n +1], we get from (5.33),
Jpé J:p Jsp
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1Z; e () < (p+ l)hfl pelaillell Il g, , & i)

<(p+1h; lg” 1||°°||cj||°°Hf”L]([émj‘p,é )

mj_p+l
o g1 1
This gives |.Z; , ¢ ()| < Ch] D E ”f”Ll([ém,-,pém_,wl])’ where C:=||H, ' [|(p+1)P*
only depends on p. By the Holder inequality (5.4) we arrive at (5.40). a
We now give a bound for the derivative of Qp@ f. To this end, we recall from

(2.25) that

Apr:= min bk hix:=GCix—6i, k=1,...
m.k m—k+1<i<m iks ik §l+k gh ) P

and that A,, , > 0 for all k if &, < &pr.

Lemma 45. Suppose &, < Eni1 for some p+1 < m < n, and let
f€Ly(En—p,&mipr1]) with 1 < g < co. Then, we have for 0 <r < p,

)4
1D (2, )L, (& i) <€ < I1 A >||f||Lq (Enplmiper)s (54D

k=p—r+1

where A, i is defined in (2.25) and C is a constant depending only on p.

Proof. From the quasi-interpolant definition (5.32), the local support property (3.6)
and Lemma 44, we have for x € [£,,,&11),

ID"(2 Péf Z DBJPé()
Jj=m—p
Sm*rl?gj§<m|D B; ,p§ ]:élp ,pg

1/q
= (p+ l)m—rl?gj'(<rn|D ijé(x ‘m r;lg;(<n1h/7/’€||f||Lq([€m7p’§m+p+l]>.

Note that [&, En+1] C [§),8j4p+1] for j=m—p,....m. Since h; , ¢ is the length
of the largest knot interval in [§;, ;4 p41], we have §m+1 En < hj & for j=m—
p,...,m. Replacing |D'B; jop. g (x)| by the upper bound given in Proposition 11 and

taklng the L,-norm result in (5.41). O
The next lemma will complete the proof of Theorem 26 related to the condition
number. Note that [§,41, 1] = [£1, Enrp+1] because the knot sequence & is open.
Lemma 46. For any p > 0, there exists a positive constant K,, depending only on
p, such that for any vector ¢ := (cy,...,c,) and for any 1 < g < oo we have
||c||(] < KP ) (542)
Lo(&p i1 -8n41)

where Nj 4 ¢ = %T;KéqB/’p,é and Y; p & := (Sjpr1 = &)/ (p+1)-
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Proof. Lets:= ;le }/;;/gc iBjpe- Observe that (5.38) and (5.40) imply

-1/q
1l =12 pg O] < Chy SISl en, o, )
Since 7; , ¢ /hj,p,é < 1 we obtain

el < Clislley iz, &n, 1) < Cllslleg 1885111

Raising both sides to the g-th power and summing over j gives

Jj+p+1
wucq z / (e < (DSl e,y

When taking the g-th roots on both sides, we arrive at the inequality in (5.42) with
K, :=(p+1)C > (p+1)"/4C, which only depends on p. O

5.3.2 Distance to a Function

The quasi-interpolant 2, ¢ f described in the previous section can be used to obtain
an upper bound for the distance between a given function f and the spline space
Spe for p>0,n>p+1and & := {&; }"ﬂprl see Theorem 49. We recall that the

knot sequence & is (p+ 1)-open. We start by giving a local and global upper bound
for (the derivatives of) the difference between f and e@p’ ef

Proposition 47. Suppose &, < &,41 for some p+1 < m < n, and let
fe Wé*l([ém_l,,éwpﬂ}) with 0 <[ < pand 1 <q <o If 2,¢f is defined as
in (5.32), then we have for any 0 <r </,

HDr(f "@pgf)”Lq [5/1175m+1] (§m+P+1 ém P)lJrl r||Dl+1f||Lq ém p7§m+p+l]
Here,

p —
Kn:=1+C ][] —émﬂ’zl émiﬂ,
k=p—r+1 .k

A is defined in (2.25) and C is a constant depending only on p.

Proof. From Lemma 43 we know that 2,, ¢ reproduces any polynomial in I, and
so the triangle inequality gives

1D (f = 2, e NLy(1En&nir))
< ID(f = &ey&n&uir) H 10" 2y (f = &) lLy(iEn &)

for any g € ;. Let us now set g := J, ;f, where J¢ ;f is the Taylor polynomial
of degree [ defined in (5.5) with a = &, b = &,,11. Then, Theorem 32 implies

ID"(f = &)y (i) < Gmtr = &) NP FllLy (6]
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On the other hand, since f —g € Ly([En—p, Ensp+1]), it follows from Lemma 45 that
A a 1
1D 2, & (f = &)y (18 uia)) = C<k H+1 A ) 1 = 811y (& &)
=p—r 5

where C is a constant depending only on p. Combining the above three inequalities
gives the result. a

We know that the ratio %ﬁ'"—” is well defined because A,, x > 0. For a uni-

form knot sequence

ém-&-p-kl - ém—p _ 2p+1
Am,k k

For a general knot sequence it is related to the “local mesh ratio”, i.e., the ratio
between the lengths of the largest and smallest knot intervals in a neighborhood of

Sm-
The local error bound in Proposition 47 can be turned into a global one as in the
following proposition.

Proposition 48. Lez f € W)™ ([§,11,6u1]) with0<I<pand 1 <q<oo. If 2, ¢ f
is defined as in (5.32) then, for any 0 <r <,

D" (f = 2y e Ly < Kl D Fly 60180010 (5.43)

where hg == maxp1<j<n(§j+1— &), and

p _
K= (2p—|— 1)l+27r 1+C max M ,
p+l§m§nk:p7r+l Am,k

where A, i is defined in (2.25) and C is a constant depending only on p.

Proof. For g = oo the result follows immediately from Proposition 47 by taking into
account that & is (p + 1)-open. We now assume 1 < g < eo. Since

max (§m+p+l - émfp) < (2P+ 1)h§7

p+1<m<n
the result follows from Lemma 36 and the local error bound in Proposition 47. 0O

The expression K in the upper bound in Proposition 48 depends on the position
of the knots for » > 0. However, for any knot sequence &, it is possible to construct
a coarser knot sequence gli such that the corresponding K only depends on p. This
can be obtained by a clever thinning process. The idea of thinning out a knot se-
quence to get a quasi-uniform sequence is credited to [47]; see [45, Section 6.4] for

details. Since éj is a subsequence of &, we have that Sp g is a subspace of S, ¢. In
particular, for any f € Ly([Ep+1,&y+1]) the spline approximation

Sp = Qplgjf
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as defined in (5.32) belongs to the spline space S, ¢. This spline quasi-interpolant
leads to the following important result.

Theorem 49 (Approximation Error). Let f € Wi ([&,11,&,11]) with 1 < g < oo
and 0 <1 < p. Then, there exists s, €S & such that

ID"(f =o)Ly (&per E0ir)) < Kh?l7’||DZ+]f||Lq([§p+l,§nH]), 0<r<I, (5.44)

where hg := max i i1<j<n(&jp1 —&;) and K is a constant depending only on p.

The constant K in Theorem 49 grows exponentially with p. However, this depen-
dency on p can be removed in some cases; see [1, Theorem 2] and [52, Theorem 7]
for details. Theorem 49 immediately leads to the distance result in Theorem 42.

6 Hierarchical Splines and the Truncation Mechanism

The hierarchical spline model is a simple strategy to mix locally spline spaces of
different resolution (different mesh size and/or different degree). Hierarchical spline
representations are defined in terms of a sequence of nested B-spline bases and a
hierarchy of locally refined domains. In this section we define such hierarchical
splines and focus on a set of basis functions with properties similar to B-splines.

6.1 Hierarchical B-Splines

Let I be a closed interval of the real line, and consider a sequence of strictly nested
spline spaces defined on I, say

Sm,-ﬁl CSpngC---CS 6.1)

6L
We assume that each knot sequence involved in (6.1),
gé‘ = {51_[§§2,1€§"'Sénﬁrpfrl,//f}v KZI,...,L,

is (p + 1)-basic with basic interval /. Nestedness of the spaces is ensured if and
only if

0<pei—pe<pg, (E)—ug, (), E€&NI, (=1,..L-1 (62

Note that (6.2) implies that §, C &, ;. The assumption of dealing with (p+ 1)-basic
knot sequences ensures that the corresponding n, B-splines are linearly independent
on /. We denote the B-spline basis of the space S, £, by

@g = {Bj’[ ::Bj,p(a.,gw j:l,...,ng}. (6.3)
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Next, consider a sequence of nested, closed subsets of I,
1201280, 2---240y, (6.4)

where € is the union of some closed knot intervals related to the knot sequence
&,. Each €y is not necessarily a single interval, but may consist of different discon-
nected intervals. We assume that each disconnected interval of £; has nonempty
interior. The collection of those subsets in (6.4) is denoted by

Q= {Ql,Qz,...,QL}7 (6.5)

and will be simply referred to as the domain hierarchy in /. We also set ;1 :=0.
Finally, for a given function f on I, we define its support on  as

suppg (f) := supp(f) N L.

Given a sequence of spline spaces and bases as in (6.1)—(6.3) and a domain hier-
archy as in (6.4)—(6.5), we construct the corresponding set of hierarchical B-splines
(in short, HB-splines) as follows 7,

Definition 50. Given a domain hierarchy Q, the corresponding set of HB-splines
is denoted by ¢ and defined recursively as follows:

(i) 74 :={Bj1 € P :suppg(Bj1) # 0};
(ii) fort=2,...,L:
A= HE U AT,

where

AL = {Bjx € H_y : suppa(Bjx) L 2},
%”f ={Bj€ By :suppg(Bj) C Q};

(iii) Hp = 4.

To obtain the set of HB-splines, we first take all the B-splines in %, whose
support overlaps ;. Then, we apply a recursive procedure which selects at each
level ¢ all the B-splines obtained in the previous step whose support is not entirely
contained in £ and all the B-splines in %, whose support is entirely contained in
Q.

Example 51. An example of the recursive definition of HB-splines is illustrated in Figure 4. We
consider three nested knot sequences, with knots of multiplicity 4 at the two extrema of the intervals
and single knots elsewhere, as in Figure 4(a). This allows us to construct the three sets of cubic B-
splines shown in Figure 4(c,e,g), whose dimensions are n; = 10, np = 17 and n3 = 31, respectively.
The domain hierarchy is defined by the subsets Q1 = [&4.1,&11.1], 2 = [€32,&162] and Q3 =
[€16.3,&243), and is shown in Figure 4(b). Obviously, % coincides with ;. Furthermore, J“’fZC

7 The HB-splines in Definition 50 were introduced by Kraft [28, 29] and further elaborated in
[53]. However, the concept of hierarchical splines has a long history; for example, it was used in
preconditioning [18, 54], adaptive modeling [19, 20] and adaptive finite elements [25, 30].
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level 3 Q3
level 2 2
Elevel 1 Q

(a) knot sequences

(b) domain hierarchy

(c) % d) 4
(e) % ) 75
(2) % (h) 6 =y

Fig. 4 An example of cubic HB-splines where the domain hierarchy consists of three levels. The
knot positions are visualized by vertical dotted lines in (c)—(h).

is obtained from .4 by removing Bg 1, and %F = {Bgy,...,Bi22}. Hence, 56 = %”ZC Uﬁ”f
consists of 9+ 5 = 14 elements. Finally, jf;c is obtained from % by removing Bj >, and %‘;F =
{Bi63,---,B203}. Hence, /4 = %ﬁc U%@F consists of 13+ 5 = 18 elements. The sets 4, 74
and 73 are shown in Figure 4(d,f,h).

For each ¢ € {1,...,L}, let J; o be the set of indices of the B-splines in %,
belonging to J#q, i.e.,

Joo = {j: Bﬂez%m%g}. (6.6)
From Definition 50 it follows that
Joo =1j: Bji€ Py, suppo(Bje) NI} #0, suppg (B ) € ¢}, (6.7)

where



Foundations of Spline Theory 49

I =\ Q4. (6.8)

Given this index set, we can reconstruct the set of HB-splines as
o Z{Bj,g, jEJ[’_Q, = 1,...,L}. (6.9)

Since the set of HB-splines is a mixture of standard B-splines, we deduce immedi-
ately the following properties.

e Local Support. An HB-spline is locally supported on an interval that only de-
pends on the level it was introduced in the hierarchical construction and not on
the choice of subsets in the domain hierarchy.

e Nonnegativity. An HB-spline is nonnegative everywhere, and positive inside its
support.

e Piecewise Structure. An HB-spline is a piecewise polynomial, whose degree
and smoothness depends on the level it was introduced in the hierarchical con-
struction and the spline space used on that level.

¢ Linear Independence. The HB-splines in #q are linearly independent on £2;.

Proof. We first note that if Jy o is nonempty then I; has nonempty interior for
any /; see (6.7) and (6.8). We must prove that if

L
s(x) = Z cjiBjo(x)=0, xe, (6.10)
V4

=1 jGJ[)_Q

then ¢, = O for all j and £ in (6.10). We know from the local linear independence
property that the B-splines B 1, j € J; o are linearly independent on Ij. More-
over, from (6.7) it follows that only those functions are nonzero on I7. Hence, we
conclude that ¢;; = 0 for j € J; g in (6.10). We can repeat the same argument
for the remaining terms in (6.10) going level by level in the hierarchy. Indeed, for
£=2,...,L, the B-splines B, ¢, j € J;  are linearly independent on I;, and only
those functions are nonzero on I; except for functions already considered before
at previous levels. This implies that ¢;y =0 for j € J; o with£=2,... L. a

The space spanned by the HB-splines in .53 is called the hierarchical spline
space on Q and is denoted by

L
Sq = {SZ.Ql—HRIS:Z Z cjeBj, Cj’(jeR}. (6.11)
l=1je); @

Such hierarchical space has some interesting properties.

e Dimension. By the linear independence of the HB-splines, the space Sg is a
vector space of dimension ¥, el

e Nestedness. Let the domain hierarchy £ be obtained from another domain hier-
archy Q such that Q) = and Q, C  for{=2,...,L. Then, Sq C Sg.
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Proof. We first note that any B-spline B ,_1 € %,_; whose support is entirely
contained in £ can be represented exactly in terms of B-splines B; ; € %, whose
support is also contained in €. Consider the intermediate spaces .#; and 7%
arising in Definition 50. From their construction it directly follows

span(##_;) C span(#;) and span(%_;) C span(4). (6.12)

We now show that speln(jﬁ) C span(.J%) forall £=1,...,L. This clearly holds
for ¢ = 1 since Q2| = Q2 and hence 7] = J7]. We proceed by induction on ¢, and
assume that the statement is true for £ — 1. Then, we have

span(#,C) C span( 1) C span(:#j_1) C span(22),
and ~ ~
span(7") C span(J") C span(A7).
This implies

span(.7;) = span (.7, ) Uspan () C span(J4).
As a consequence, Sq = span(/4) C span(4) =Sg. O

e Polynomial embedding. The space Sq contains (at least) all polynomials of
degree less than or equal to p;.

Proof. Let g be a polynomial in P, . From Section 3.3 we know that g belongs to
the coarsest spline space Spuél in the sequence (6.1). Hence, taking into account
(6.12), we conclude that g € span(#]) C span(7,) = Sgq. O

6.2 Truncated Hierarchical B-Splines

HB-splines do not satisfy the partition of unity property. In addition, the number
of overlapping basis functions associated with different hierarchical levels easily
increases. This motivates the construction of another basis for the hierarchical spline
space. The construction is based on the following truncation mechanism [22].

Definition 52. Given { € {2,...,L}, let s €S, ¢, be represented in the B-spline
basis By, i.e.,

s=Y cjiBjs. (6.13)

j=1

1y
Jj=

The truncation of s at level { is defined as the sum of the terms appearing in (6.13)
related to the B-splines whose support is not a subset of £y, i.e.,

truncy g (s) 1= Z cjiBjy. (6.14)
Jisuppg (Bj )Ly
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By successively truncating the functions constructed in Definition 50, we obtain
the truncated hierarchical B-splines (in short, THB-splines) .

Definition 53. Given a domain hierarchy Q, the corresponding set of THB-splines
is denoted by T and defined recursively as follows:

(i) T :={Bj1 € P :suppg(Bj1) #0};
(ii) for£=2,...,L:
Fi=TCUTF,

where

¢ = {tunc 0 (B q, ) Bia, , € Ti1s suppa(Bjia, ) L 2},
ZF :={Bjo€ By :suppq(Bji) C 2}

(i) To = .

To obtain the THB-splines, we apply a recursive procedure building a set .7; at
level ¢. This set consists of two subsets, the coarse set %C and the fine set ,%F . To
construct the elements B';, o of £, we first express any function By a, , €71
with respect to the B-spline basis %y, and then we apply the truncation as in (6.14)
with s = Btj,/g Q- The fine set ZF consists of all B-splines in %, whose support is
entirely contained in €2/, exactly as in the HB-spline case; see Definition 50.

When comparing Definition 53 with Definition 50, we see that the number of
THB-splines in the set Jg is equal to the number of HB-splines in the set 5.
;n the following, the THB-splines in Jg are denoted by B;Z, o for j€J, 0 and

=1,...,L.

Example 54. When unrolling the recursive definition of THB-splines for L = 3, we get

T .
Biio= truncs g (truncy o(Bj 1)), j€Jia,
T .
Bj, g =trunc o(Bj2), j€ha,
T .
Biso=B8Bj3 Jjcha.

Example 55. Figure 5 illustrates the truncation mechanism applied to the set of HB-splines de-
picted in Figure 4 (Example 51). Obviously, .7 coincides with 4. Furthermore, 7y is obtained
from jfzc by applying the truncation mechanism to its elements; this only results in a modification
of the elements By 1, Bs1, B7 and Bg 1. On the other hand, we have 75 = 7. Finally, ZF is
obtained from %@C by modifying By 1, Bs 1, B7,1, Bg,1 (truncated at level 2) and Bg >, By 2, B2,
Bi2, (truncated at level 3), while ZF = 54 . 1tis clear that 7, = ¢ U Z} and 5 = U A
have the same number of elements for ¢ = 2,3.

The next properties can be easily deduced from the definition of THB-splines.

¢ Relation to HB-Splines. Each THB-spline in Jq, is uniquely related to a single
HB-spline in .7 possibly by successive truncations, i.e.,

8 The truncation approach was introduced in [22] for hierarchical tensor-product splines, but was
already developed before in the context of hierarchical Powell-Sabin splines [50]. A generalization
towards a broad class of hierarchical spaces can be found in [23].
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(@ A ® 7
() 73 (d) 7%
(e) A3 ® 7

Fig. 5 HB-splines and THB-splines with respect to the same domain hierarchy as in Figure 4(b).

B, o =Trunc, (B} ), (6.15)

where for any s € S with{=1,...,.L—1,

pe&y
Truncy g (s) := truncy o (trunc; _; o (--- (trunc, o (s))--+)),

and for any s € SPLvéL’

Trunc;, g (s) :=s.

From (6.15) in combination with (6.13)—(6.14), it is clear that

B, q(x) =Bji(x), xeIl. (6.16)

e Local Support. From (6.15) it follows that a THB-spline has the same or smaller
support than its related HB-spline.

o Nonnegativity. A THB-spline is nonnegative everywhere.

Proof. Fix 1 </ < {5 < L. Because of the nestedness of the spaces in (6.1), we
can write the B-spline B; ¢, € %, in terms of the B-splines in %, , i.e.,

ngz

il
Bjs, =Y ¢l Big, (6.17)
i=1
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From Section 3.5 we know that the coefficients in (6.17) are all nonnegative in
case py, = py,. This property holds in general, also when p;, < py,, and we
refer to [12] for its proof. Then, since each THB-spline B 0.0 can be deduced
from the B-spline B; ¢ poss1b1y by successive truncations, see (6.15), it follows
from (6.13)—(6.14) that BT i0. can be written as a linear combination of B-splines

of the finest level L w1th nonnegative coefficients. This implies that B 10 is
nonnegative.

e Linear Independence. The THB-splines in g, are linearly independent on ;.

Proof. We must prove that if

Mh

Y cjBY,(x)=0, xeQ, (6.18)

=1je)r o

then ¢; = 0 for all j and £ in (6.18). This can be shown using exactly the same
line of arguments as in the case of HB-splines (see (6.10)), taking into account
relation (6.16). O

The next theorem shows that the THB-splines in Jg form an alternative basis
for the hierarchical spline space Sq.

Theorem 56 (Hierarchical Spline Space). The THB-splines in I span the same
space as the HB-splines in g, i.e.,

Sq = span(#gq) = span(TJg). (6.19)

Proof. Consider the intermediate spaces .77 and .7; in Definitions 50 and 53, re-
spectively. From their construction it directly follows

span(7#_1) C span(#7) and span(Zj1) C span(}).

We now show that span(.74;) = span(.7;) for all £ = 1,..., L. This clearly holds for
¢ =1 since 7 = .71. We proceed by induction on ¢, and assume that the statement
is true for ¢ — 1. Then, we have

span( ) C span(#4_1) = span(Zj1) C span(7p),

and
span(.#7") = span(7;") C span(.7}).

This implies
span(.7) = span(.2£,°) Uspan(") C span(.%;).

Finally, since both sets .7 and .7; have the same number of elements and these
elements are all linearly independent, it follows that span(.747) = span(.7;). As a
consequence, span(#g) = span(s#,) = span(J.) = span(Jg). O
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The correspondence in (6.15) between the THB-spline BT 10 and a particular
B-spline B; y € %, has an important consequence, namely the so-called property of
preservation of coefficients [23]. This means that the THB-spline representation
preserves certain coefficients of functions represented with respect to one of the
B-spline bases A"

Theorem 57 (Preservation of Coefficients). Given ¢ € {1,...,L}, let the restric-
tion of s € Sq to I} := Qp\ Q.1 be represented in the bases T and %y, i.e.,

L
=) ) /,kB/,k.Q ch (Biv(x), xelj. (6.20)

k=1 jea

Then,
cly=cip, i€lq. (6.21)

Proof. Since s € Sp and the spline spaces in (6.1) are nested, it is clear that the
restriction of s to I; can be expressed as a linear combination of the B-splines in %,
restricted to I; as in (6.20). Let us focus on the sum

Y Bl o), xeI, (6.22)

J€k 0

and consider three cases.

— If k > ¢, then the sum in (6.22) equals zero. Indeed, Definition 53 and (6.15)
imply that
Suppg (B}:k,ﬂ) Csuppg (Bjx) € &% C Q1

and consequently, we have suppg (B;k o)NI; =0.
— We now consider the case k = ¢. From (6.16) it immediately follows

Z C;gB£é79(x)= Z cngj’g(x), xel;.

J€ro J€lr o

— Finally, let k < £. In view of the truncation mechanism, we prove that THB-
splines introduced at levels less than ¢ in the hierarchy can only contribute in
terms of B-splines B; ¢ with i Z J; o. To this end, let us rewrite the corresponding
THB-splines BIMQ in terms of the B-spline basis %,

jk.Q ZCIZBIZ XEQ
Due to the definition of BJT.J( o and the truncation operation (6.14), we have
j e
C{,Z =0, ifie g

Hence, for k < ¢ we arrive at
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T pT _ T jk
Y ifat= ¥ (T el ). xen
J€ha iZlq N€ha

By combining the above three cases and taking into account the local linear inde-
pendence of B-splines, we obtain the identity (6.20) where

= ¢l ifiel g,
il — -1 T Jk :
Y1 Yicho cjﬁkc{j , otherwise,
which in particular gives (6.21). a

Thanks to Theorem 57, many interesting features of B-spline representations can
be transferred to THB-spline representations.

e Representation of Polynomials. Any polynomial g of degree p; can be repre-
sented as

L
g =Y Y A, @B okx), xe, (6.23)

(=1 jGJAg
where A; , ¢ is defined in (3.23) with p = p; and E=&,.
Proof. Using the nestedness of the spaces (6.1), it is clear that g € Sm,éz for
¢=1,...,L and also that g € Sg. Then, consider its representation with respect
to Jqo and %y for £ = 1,...,L. Theorem 57 in combination with Proposition 21
concludes the proof. O

o Partition of Unity. By (3.19) we have
L
Y Y Blox)=1, xeQ, (6.24)

=1 jeli

Since the THB-splines are nonnegative it follows that they form a nonnegative
partition of unity on Q.

e Greville Points. By (3.20) we have

L

x=Y ) &, Bk, xe, (6.25)

=1 jel o

where é*p &, are the Greville points defined in (3.21) with p = py and & = §,.
Note that the Greville points are not necessarily distinct here.

e Strong Stability. The THB-spline basis is strongly stable with respect to the
supremum norm, under mild assumptions on the underlying knot sequences re-
quired in the hierarchical construction. We refer to [23] for a proof based on the
property of preservation of coefficients. Strong stability in the hierarchical con-
text means that the constants to be considered in the stability relation (3.34) of
the basis do not depend on the number of hierarchical levels.
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Example 58. The polynomial g(x) = ax? + bx + ¢ can be represented in terms of quadratic THB-
splines:
L

ax2+bx+C: Z Z Cj‘fBif,.Q (x).
=1 jel o

From Theorem 57 and Example 22 we obtain that

SRR STy )

cie=Aj0¢,(8) =abj14Ej00+b T +c.

6.3 Quasi-Interpolation in Hierarchical Spaces

The above properties of THB-splines can be exploited to develop a general and very
simple procedure for the construction of quasi-interpolants in hierarchical spline
spaces [51].

Definition 59. Given for each spline space in (6.1) a quasi-interpolant in B-spline
form, i.e.,

y

2uf(x):= Y Aje(f)Bjo(x), xeQi, L=1,...L (6.26)

Jj=1

the corresponding hierarchical quasi-interpolant in Sg is defined by

L
2af(x):=Y Y Auf)Bj olx), xeQi. (6.27)

(=1 je‘/k,_q

According to Definition 59, in order to construct a quasi-interpolant in Sg, it
suffices to consider first a quasi-interpolant in each space associated with a particu-
lar level in the hierarchy. Then, the coefficients of the proposed hierarchical quasi-
interpolant are nothing else than a proper subset of the coefficients of the one-level
quasi-interpolants.

We now show how to build hierarchical quasi-interpolants reproducing polyno-
mials of a certain degree p < p;. As described in Section 5.2, this is a crucial prop-
erty to ensure good approximation properties.

Theorem 60 (Polynomial Reproduction). Let 2y be a given sequence of quasi-
interpolants as in (6.26), let 2¢ be the corresponding hierarchical quasi-interpolant
as in (6.27), and let p < py. If

Zig=g, VgeP, [(=1,...,L, (6.28)

then
208=g8, VgeP,.

Proof. Since the spaces in (6.1) are nested, we have p, > p forall £. Let g € P, C
Pp, CS,, ¢ ,- Then, this polynomial can be uniquely represented as a linear combi-
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nation of the B-splines in %y,

ny
x) = Z cjBj(x)
j=1

and since Zyg = g we have 4;¢(g) = c¢; . On the other hand, g € Sg, so

Mh

T T
Y, ¢jBjral).

=1 ]EJ[ o)
From Theorem 57 it follows

T .
cie=cie=28), Jj€Ja, (=1,..L,
implying that 2o ¢ = g. ad
In the next theorem we present a sufficient condition for constructing quasi-
interpolants that are projectors onto Sg.

Theorem 61 (Spline Reproduction). Let 2, be a given sequence of quasi-interpolants
as in (6.26), and let 2¢ be the corresponding hierarchical quasi-interpolant as in
(6.27). Assume

Ds=s, Vse Smwéz’

and each Aj ¢ used in (6.27) is supported on I} := Q¢ \ 1. Then,

(=1,...,L,

Qgs=s, Vs€Sgq.
Proof. Due to the linearity of the quasi-interpolant, it suffices to prove that
;Lj,f(BZk,ﬂ) = 6i7j6k7g, iEJk’_Q, jEJ&_Q, k,t=1,...,L, (6.29)

where O, stands for the classical Kronecker delta. Let j and £ be fixed. To prove
(6.29) we consider three cases.

— If k> ¢, then BZk_Q(x) = 0 for x € I}; see Definition 53. Since A, is only sup-

ported on I7, it follows from Definition 33 that A; ¢(BY, ) =0.
— We now consider the case k = ¢. Since 2y is a projector onto Sy, we have that
Aj¢(Bi¢) = &, j. From (6.16) and the support restriction of A, ;, we obtain

LBl o) =61, ij€liq.

— Finally, let k < £. Any B £.Q restricted to I; can then be expressed as a linear
combination of the B- sphnes in A, restricted to Iy, i.e.,

I
B, a(x Zc'B ), xel,
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where '

=0, if redq,
as explained in the third case of the proof of Theorem 57. Thus, by the support
restriction of A; ¢, we have for j € J; o,

n

14
T & ik
Aio(Biia) =Y, ;(’ j.0(B Z 8= =cy=0.

r=1
The above three cases complete the proof. a
Some remarks are in order here.

e Constraints on (6.26). The sequence of quasi-interpolants (6.26) considered
in Theorem 61 needs to satisfy constraints more restrictive than those in The-
orem 60: For each level ¢, 2, must be a projector onto Sphé‘g and each lj,é’
J € Jr0, must be supported on I;. The former constraint connects the sequence
of quasi-interpolants 2, ..., 2, with the sequence of spaces Sﬂhél yeen ,SvagL
and has a similar counterpart in Theorem 60. The latter constraint links the same
sequence of quasi-interpolants with the domain hierarchy £2. Nevertheless, once
a sequence of quasi-interpolants as in (6.26) satisfying the hypotheses of Theo-
rem 61 is available, the construction of a hierarchical quasi-interpolant that is a
projector onto S does not require additional efforts compared to a hierarchical
quasi-interpolant that just reproduces polynomials.

e Dual Basis. Let {4/} be a set of linear functionals as in (6.27) that provide a
projector onto Sgq. Then, because of (6.29), it is a dual basis for the THB-spline
basis Jq.

e Approximation Power. Polynomial reproduction is one of the key ingredients
to show the approximation power of spline quasi-interpolants; see Section 5.2.
Boundedness of a hierarchical quasi-interpolation operator and optimal approx-
imation accuracy can be achieved on domain hierarchies that are nicely graded
(i.e., the boundaries of the different £, are sufficiently separated). Local error
estimates for hierarchical quasi-interpolants of the form (6.27) can be found in
[51] with respect to the L.-norm, and in [49] with respect to the general L;-norm,
1 <g< oo

Example 62. Let py =2, and let &, be a 3-open knot sequence with at most double knots in the in-

terior for each £ = 1,..., L. Then, we can choose the quasi-interpolants in (6.26) as in Example 41.
This leads to the hierarchical quasi-interpolant

L
20 f(x) Z Z ]“2(x), xe€Qy,
(=1je) o
where |
Aje(f) = **f(51+1£)+2f( j28,) 5 (G20
From Example 41 and Theorem 60 we deduce that this hierarchical quasi-interpolant reproduces

the polynomial space . If [§;1¢,&j42] C I for each j € J; g, then it actually reproduces the
entire hierarchical spline space Sq, according to Theorem 61.
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Example 63. Consider the quasi-interpolant constructed in Section 5.3.1 for each space S of

level £ =1,...,L. This leads to the hierarchical quasi-interpolant

pe:E o

L
20f(0)=Y, ¥ Zp¢()Bjal), xe,
/:

=1 jEJra

where ,iﬂjyp[‘é[ is defined in (5.33) with p = p; and § = &; it is supported on a single knot inter-
val [émi-m 5 é’”ivm +1,¢]. From Lemma 43 and Theorem 60 we deduce that this hierarchical quasi-
interpolant reproduces the polynomial space Pp,, . Theorem 61 says that if [émj_p{_’g, 5"1/,1:4 1 Ch
for each j € J; g, then the hierarchical quasi-interpolant reproduces the entire hierarchical spline
space Sq.

The hierarchical quasi-interpolant in Definition 59 can be interpreted as a tele-
scopic approximant, where for each level an approximant of the residual is added .
To show this, we define the following set of indices

Kyq:={j:Bjic %, suppu(Bj) C }.

Referring to (6.7), it is easy to see that J, o C K/ g, and moreover J; o =K .

Theorem 64 (Telescopic Representation). Let 2y be a given sequence of quasi-
interpolants as in (6.26), and let 2q be the corresponding hierarchical quasi-
interpolant as in (6.27). Assume

s = s, VSGSPZ_Q, {=1,...,L, (6.30)
then
L y
20f=Y (6.31)
=1
where
fWe= Y 4a(f)Bi,
jeKi o
' (6.32)
=Y Au(f—fV - =)y, £=2,....L
jeki
Proof. Each quasi-interpolant 2, { = 1,...,L, is assumed to be a projector onto
the space Sw,éz’ anc! becaus.e of the nestedness of the spaces Sm@ C Sm%g{“, we
know that every basis function B; ¢ can be represented as
2R
Bjr=Y Awer1(Bje) B, (6.33)
k=1

where Ay ¢11(Bj ) = 0 if the support of By .1 is not contained in the support of B; .
By exploiting the definition of the truncated basis (6.15) and (6.33), we obtain

° The telescopic expression for the hierarchical quasi-interpolant was presented in [51]. A special
telescopic approximation in the hierarchical setting was already considered in [29].
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=Y lj,1(f)B,T,1,_Q+ Y /Ij,l(f)( Y, Aa(Bji) Bz

N———

Jj€1.0 Jj€Ki 0 keks o
Moreover,
A=Y 220082 Y Aa(fV)Bis
jEszﬂ kEsz_Q
= Y Aaf)Bja— ) ( Y /lj,l(f))vk,z(Bj,l)>Bk,z.
Jj€Kr kek; o Nj€K) g
Hence,
fU+f@=Y Ai(NBl o+ Y. Aja(f)Bja (6.34)
SUWe) j€Kr o

We now remark that from the truncation definition (6.14)—(6.15) it follows that
7Lk,3(BJT.717_Q) =0 for any k € K3 g and j € J; g, and so

Y 3Bl o)Biz=0, Vjelia. (6.35)

k€K3,_Q

By using similar arguments as before, we can write (6.34) as

f(l) +f(2> —
Y 4a(NBjia+ Y Aa(fBira+ Y lj,z(f)< ) lk,3(3j,2)3k,3>7
Je.a Jeh.a JeKr o keKs o

and by means of (6.34) and (6.35) we obtain

=Y 4s3(NBja— L MM +5)Bes

JeKs keKs o
= Y Ais(f)Biz— ) < Y /lj,z(f))ka(Bj,z))Bk,%
jEK}ﬁ_Q k€K3‘Q JEK> o

resulting in

O+ D=y Ai()Blia+ Y Ma(NBa+ Y, 4i3(f)Bjs.

j€lh e j€ho JjeK3

By iterating over all levels in the hierarchy and repeating the same arguments, we
get the relation (6.31). O

The telescopic representation in Theorem 64 directly leads to the representation
of the hierarchical quasi-interpolant in terms of the HB-spline basis, instead of in
terms of the THB-spline basis (see Definition 59), under assumption (6.30). Indeed,
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as observed in [51], thanks to property (6.33), one can simply replace the index sets
Ky by Jy o in (6.32) and the relation (6.31) still remains true. This implies that
(6.31) can be rewritten as

L
2af=Y, Y Xif—2i10f)Bjs; (6.36)
[=1]’€J[79

where

Doaf=0, Zaf=Y Y Ax(f—2-1af)Bjix, r>1. (637

k=1je) a

7 Tensor-Product Structures and Adaptive Extensions

The most easy way to extend many of the previous results to the multivariate setting
is to consider a tensor-product structure. For the sake of simplicity, we briefly focus
here on the bivariate setting. The extension to higher dimensions is straightforward;
it only requires a more involved indexing notation.

7.1 Tensor-Product B-Splines

Given two knot sequences

ék = {5l,k§€2,k§ Sgnk+pk+l,k}a k= 172a

we define the basic rectangle as

R:=[Ep 411,80 +11] X [Eprt1.2,Enyt1.2)-

Then, we can simply construct the tensor-product B-splines as the product of uni-
variate B-splines in each variable, i.e.,

le:ijPl:p%éh&z(xl’xz) = B/1=P1,§1 <x1)BJ'2~,P2~,§2(x2)’ (7.1
for jp=1,...,nrand k =1,2.

Example 65. Figure 6 shows a schematic representation of a tensor-product B-spline basis of
bidegree (p1,p2) = (3,3). A (pr + 1)-open knot sequence is chosen in each direction x;, where the
interior knots are all simple, and the corresponding univariate B-splines are depicted. Then, the set
of tensor-product B-splines is obtained by computing the tensor product of the sets of univariate
B-splines in each direction. Contour plots of some bicubic tensor-product B-splines are depicted
in Figure 7.
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%

Fig. 6 Schematic representation of the (bivariate) tensor-product B-spline basis of bidegree
(p1,p2) = (3,3) using a 4-open knot sequence in each direction. The knot lines are visualized
by solid lines in the rectangular domain (this is the basic rectangle), and the sets of univariate
B-splines are depicted for both directions.

=

s
(CE

(2) (jlajZ) = (3a3) () (./'171'2) = (55) © (jl-,jZ) = (779)

Fig.7 Contour plots of some bicubic tensor-product B-splines B, , 33 ¢, ¢, defined on the tensor-
product mesh given in Figure 6. The bounding box of the support of each B-spline is visualized by
solid blue lines.

It is clear that tensor-product B-splines inherit all the nice features of univari-
ate B-splines discussed in Sections 2 and 3. In particular, they enjoy the following
properties.

e Local Support. A tensor-product B-spline is locally supported on the rectangle
given by the extreme knots used in the definition of its univariate B-splines in
each direction, i.e.,

B./'17j2717|-,l72-,§|7§2(x1’xz) =0, (xl,xz) ¢ S, (7.2)
where
S:=1[&j1.1,804p+1.1) X €2, 64 pri12)-

o Nonnegativity. A tensor-product B-spline is nonnegative everywhere, and posi-
tive inside its support, i.e.,
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le 7]‘2,111-,1’2351752(“ ,X2) >0, xi,x€ER, (7.3)

and

leijsPlvPZ#élvéz(xl’xz) >0, (xl,XQ) S §, (7.4)
where

§:= (éi171’€j1+l71+1»1) X (é.i2727§i2+172+1,2)'

e Piecewise Structure. A tensor-product B-spline has a piecewise tensor-product
polynomial structure, i.e.,

le.jz,pl,pz,él,éz ePpy, ([éml-,l ) §m1+1~1)) ®IP)P2([§"2,2; €m2+172))~ (7.5)

e Smoothness. If £ is a knot of Bj p.&, of multiplicity u < py+1 then
B

1. 0.p1.p.E £, Delongs to the class CPx—H across the line x;, = & for k=1,2.

e Linear Independence. If each &, is (py + 1)-basic for k = 1,2, then the tensor-
product B-splines {B; ; ., , e e :jk=1,...,n, k=1,2} are (locally) lin-
early independent on R.

e Partition of Unity. We have

non
,Z] .Z] le«/2¢1717172,51-52 (v1,02) =1, (x1,22) €R. (7.6)
Ni=1n2=

Since the tensor-product B-splines are nonnegative it follows that they form a
nonnegative partition of unity on R.

e Greville Points. We have
ni ny
by L * 4 * 12
= ‘Zl -Zl(gjlaﬁpél) H( jzyﬂzﬁéz) 2Bj|vjz,17|7172-,§|7§2(x1’xz)’ (x1,%2) € R,
h=1j=
(1.7)
for ¢, € {0,1}, and é;ppk £ is the Greville point defined in (3.21) for the knot

sequence &,.

A tensor-product spline function is defined as

n n

s(x1,x2) = Z Z thszj] 7j2:P1,P27517§2(x1’x2)’ Cjr © R. (7.8)
J1=1jp=1

Since the tensor-product B-splines are linearly independent, the space of spline
functions has dimension nin;.

A main advantage of the representation in (7.8) is that its evaluation can be re-
duced to a sequence of evaluations of univariate spline functions:

ny

n
s(x1,%2) = Z djl=x2Bj1,p1,§1(x1)’ dj x, = Z le,szjz,pz,éz (x2), (7.9)
Ji=1 J2=1
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(a) initial mesh (b) marked regions (c) global refinement (d) local refinement

Fig. 8 Given an initial tensor-product representation (a), an error estimator indicates regions of
the mesh which require further refinement (b). The tensor-product structure necessarily implies a
propagation of the refinement (c). Adaptive splines, instead, should provide a proper local control
of the refinement procedure (d).

or, equivalently,

ny ny
s(x1,x2) = Z df2vxlBj2-,P2-§z<x2)’ djpxy = Z leijleyﬁl-ﬁl(xl)' (7.10)
=1 J1=1

Note that (7.9) requires n; univariate spline evaluations of degree p, and one uni-
variate spline evaluation of degree p;. On the other hand, (7.10) requires n;, univari-
ate spline evaluations of degree p; and one univariate spline evaluation of degree
p>. Thus, it is better to choose one of the two forms according to the minimal com-
putational cost.

Other algorithms in the univariate B-spline setting (like knot insertion) can be
extended in a similar way to the tensor-product B-spline setting.

7.2 Local Refinement

Despite their simple and elegant formulation, tensor-product B-spline structures
have a main drawback. Any refinement of a knot sequence in one direction has a
global effect in the other direction, and this prevents doing local refinement as illus-
trated in Figure 8.

The hierarchical spline model provides a natural strategy to guarantee the locality
of the refinement. As explained in Section 6, hierarchical spline spaces are a mixture
of spline spaces of different resolution, localized by the domain hierarchy. Even
though the concept of hierarchical splines was detailed in the univariate setting, it
can be straightforwardly extended towards the bivariate (and multivariate) setting.

When selecting a sequence of nested tensor-product spline spaces on a common
basic rectangle R in place of (6.1) and considering the corresponding tensor-product
B-spline bases in place of (6.3), the definitions of tensor-product HB-splines and
THB-splines follow verbatim Definitions 50 and 53, respectively. The properties
(and their proofs) described in Section 6 also hold in the tensor-product extension.
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=
o

level 3 :H

level 2 +

level 1

(a) global meshes (b) local meshes (c) domain hierarchy

Fig. 9 An example of a two-dimensional domain hierarchy consisting of three levels. The knot
lines are visualized by solid lines in the domain.

We refer to [22, 23] for more details on tensor-product THB-splines and their prop-
erties. A full treatment of the construction of related hierarchical quasi-interpolants
and their approximation properties can be found in [49, 51].

Example 66. An example of a bivariate domain hierarchy together with its knot lines is illustrated
in Figure 9. We consider a nested sequence of three tensor-product spline spaces defined on a
(uniform) knot mesh with open knots along the boundary (Figure 9(a)). Assume the corresponding
basic rectangle is denoted by R. Then, we can select the subsets R =: 2 D 2, D €3 as a union
of mesh elements at each level (Figure 9(b)), and together they form the domain hierarchy Q
(Figure 9(c)). On such domain hierarchy, we can define the corresponding HB-splines and THB-
splines according to Definitions 50 and 53, respectively. Contour plots of some biquadratic tensor-
product THB-splines are depicted in Figure 10. The shape of THB-splines related to coarser levels
adapts nicely to the locally refined regions in Q, as illustrated in Figure 10(a,b). THB-splines
related to the finest level are nothing else than standard tensor-product B-splines, as illustrated in
Figure 10(c).

Finally, we remark that there exist also other adaptive spline models based on
local tensor-product structures, like (analysis-suitable) T-splines [2, 46] and LR-
splines [9, 17].
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0
4

(b) level 2

= =

(c) level 3

Fig. 10 Contour plots of some biquadratic tensor-product THB-splines of different levels defined
on the domain hierarchy given in Figure 9. The bounding box of the support of the untruncated
version of each THB-spline is visualized by solid blue lines.
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