Dual Compatible Splines on Nontensor
Product Meshes
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Abstract In this paper we introduce the concept of dual compatible (DC) splines
on nontensor product meshes, study the properties of this class, and discuss their
possible use within the isogeometric framework. We show that DC splines are linear
independent and that they also enjoy good approximation properties.
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1 Introduction

Tensor product multivariate spline spaces are easy to construct and their mathematical
properties directly extend from the univariate case. However, the tensor product
construction restricts the possibility of local refinement which is a severe limitation
for their use within the isogeometric framework, i.e., as discretization spaces for
the numerical solution of partial differential equations. This is particularly true in
problems that exhibit solutions with layers or singularities. In this paper, we discuss an
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extension of splines spaces that go beyond the tensor product structure, and therefore
allow local mesh refinement.

Three approaches have emerged in the isogeometric community: T-splines,
Locally refinable (LR) splines, and hierarchical splines. T-splines have been proposed
in [1] for applications to CAGD and have been adopted for isogeometric methods
since [2]. Nowadays, they are likely the most popular approach among engineers:
for example, they have been used for shell problems [3], fluid—structure interaction
problems [4], and contact mechanics simulation [5]. The algorithm for local refine-
ment has evolved since its introduction (in [6]) and while the first approach was
not efficient in isogeometric methods (see for example [7]) the more recent devel-
opments (e.g., [8]) overcome the initial limitations. The mathematical literature on
T-splines is very recent and mainly restricted to the two-dimensional case. It is based
on the notion of Analysis-Suitable (AS) T-splines: these are a subset of T-splines,
introduced in [9] and extended to arbitrary degree in [10], for which fundamental
properties hold. LR-splines [11] and Hierarchical splines [12] have been proposed
more recently in the isogeometric literature and represent a valid alternative to T-
splines. However, for reasons of space and because of our expertise, we restrict the
presentation to T-splines.

This paper is organized as follows. First, we set up our main notation of Sect. 2.
Then, we introduce the notion of Dual-Compatible (DC) set of B-splines. This is a
set of multivariate B-splines without a global tensor product structure but endowed
with a weaker structure that still guarantees some key properties. The main one is that
their linear combination spans a space (named DC space) that can be associated with
a dual space by a construction of a dual basis. The existence of a “good” dual space
implies other mathematical properties that are needed in isogeometric methods: for
example, (local) linear independence and partition of unity of the DC set of B-spline
functions, and optimal approximation properties of the DC space. The framework
we propose here is an extension of the one introduced in [10], and covers arbitrary
space dimension.

2 Preliminaries

Given two positive integers p and n, we say that & := {&, ..., &,4 41} is a p-open
knot vector if

El= =61 <Epp < <& <& = =& pr1,

where repeated knots are allowed. Without loss of generality, we assume in the
following that &y = 0 and &,y 41 = 1.

We introduce also the vector Z = {1, ..., ¢y} of knots without repetitions, also
called breakpoints, and denote by m ;, the multiplicity of the breakpoint ¢, such that

E={Cly.--,CI,Q,---»@2,-~,§N’~-~,CN}, (1)
—_— — —_—

m times mo times my times
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with ZlN:] m; =n+p+1. Weassumem; < p+ 1, for all internal knots. Note that
the points in Z form a partition of the unit interval I = (0, 1), i.e., a mesh, and
the local mesh size of the element I; = (&, ¢i4+1) is called h; = &i41 — ¢, for
i=1,...,N—1.

From the knot vector E, B-spline functions of degree p are defined following
the well-known Cox-DeBoor recursive formula; we start with piecewise constants
(p=0):

= U ifE <¢ <&,
Bio(8) = HO otherwise, 2)
and for p > 1 the B-spline functions are defined by the recursion
= —& = §itpt1 — & =
By == B+ B 0. 6
Sivp — & Eitpr1 —&it1

where it is here formally assumed that 0/0 = 0.
This gives a set of n B-splines that, among many other properties, are non-negative
and form a partition of unity. They also form a basis of the space of splines, that is,

piecewise polynomials of degree p with k; := p — m; continuous derivatives at
the points ¢;, for j = 1,..., N. Therefore, —1 < k; < p — 1, and the maximum
multiplicity allowed, m; = p + 1, gives k; = —1 which stands for a discontinuity
at g;.

We denote the univariate spline space spanned by the B-splines by
Sy(8) =span{B; p, i=1,...,n}. )

Note that the definition of each B-spline E, p depends only on p + 2 knots, which
are collected in the local knot vector

EBipi=1H&, ..., &i1py1)
When needed, we will stress this fact by adopting the notation
B; »(¢) = BIEi p)(©). (5)

Similarly, the support of each basis function is exactly supp(l/?\i, p) =&, &ivprl
Moreover, given aninterval I; = (¢}, ¢;41) of the partition, which can also be written
as (&;, &41) for a certain (unique) 7, we associate the support extension I; defined as

[ = Ei—p, Eitpt1), (6)

that is the interior of the union of the supports of basis functions whose support
intersects /;.
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We concentrate now on the construction of interpolation and projection operators
onto the space of splines §,(8). There are several ways to define projections for
splines, and here we only describe the one that will be used in this paper.

We will often make use of the following local quasi-uniformity condition on
the knot vector, which is a classical assumption in the mathematical isogeometric
literature.

Assumption 1 The partition defined by the knots ¢1, {2, ..., ¢y is locally quasi-
uniform, that is, there exists a constant 6 > 1 such that the mesh sizes h; = 41— &
satisfy the relation o1 < hi/hiy <6,fori=1,...,N —2.

Since splines are not in general interpolatory, a common way to define projections
is by giving a dual basis, i.e.,
n
Mpz:C®(0.1]) — Sp(B),  Mpa(f) =D rjp(HBjp. (D
j=1
where A ; , are a set of dual functionals verifying

A p(Br.p) = 8k, (8)

djk being the standard Kronecker symbol. It is trivial to prove that, thanks to this
property, the quasi-interpolant IT, g preserves splines, that is,

My e(f)=f, VfeSy(&). )
Here, we adopt the dual basis defined in [13, Sect. 4.6]

Ejtp+1
Aop(f) = / F$)DPH5(s) ds, (10)
&j

where ¥ (¢) = G (§)¢;(¢), with
& —=&i41) - —&j1p)

¢i(¢) = p
and 5
G ) =g( ¢ —&; —E]+p+1)7
Ejtp+r1 — &

where g is the transition function defined in [13, Theorem 4.37]. In the same
reference, it is proved that the functionals A; ,(-) are dual to B-splines in the sense
of (8) and stable (see [13, Theorem 4.41]), that is
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%0 (D] < CEjapt —ED 21 2, i) (11)

where the constant C grows exponentially with respect to the polynomial degree p
with the upperbound
C = (2p+3)97, 12)

slightly improved in the literature after the results reported in [13]. Note that these
dual functionals are locally defined and only depend on the corresponding local knot
vector, that is, adopting a notation as in (5), we can write, when needed:

Aip(f) = ALEipl(f). 13)

The reasons for this choice of the dual basis are mainly historical (in the first
paper on the numerical analysis of isogeometric methods [14] the authors used this
projection), but also because it verifies the following important stability property:

Proposition 1 For any non-empty knot span I; = (¢;, {i+1) it holds that
M. ez = CIF N2 (14)

where the constant C depends only on the degree p, and I; is the support extension
defined in (6). Moreover, if Assumption 1 holds, we also have

Iy 2(Olaray < Clf g (15)

with the constant C depending only on p and 0, and where H' denotes the Sobolev
space of order one, endowed with the standard norm and seminorm.

Proof We first show (14). There exists a unique index j such that I; = (¢;, {i41) =
(§j,&j+1), and using the definition of B-splines at the beginning of Sect.2, and in
particular their support, it immediately follows that

{tel,2,...on) :suppBep) NI £ 0} ={j—p.j—p+1....j) (16

Let h; denotes the length of I; and Z,- indicates the length of fl First by definition
(7), then recalling that the B-spline basis is positive and a partition of unity, we get

J
IMp2Dllzay = | X *ep(HBey

J
= max fap (DI X Bey
P

- L2(I;) — j-pst<j - L2(I;)
l=j—p l=j—
1/2
=n? max_|ie, ().
Jj—p=t=j

We now apply bound (11) and obtain
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12 —12
Iy, 2Oz = Ch; j_r,?é‘?fj@”’”‘ &)V 1226 g pin)

1/2 _eN—12 B
= Chl jir;lg?sj(éf+p+1 &) ||f||L2(I,-)’

that yields (14) since clearly h; < (§¢4p+1 — &), forall£in{j — p,..., j}.
We now show (15). For any real constant c, since the operator I, z preserves
constant functions and using a standard inverse estimate for polynomials on /;, we get

M2 (Dl = Mp.z() = el = Mpa(f — gy
< Ch[llll'lp,s(f = Oll2-

We now apply (14) and a standard approximation estimate for constant functions,
yielding

M 2Ol < Ch7 I =cllaggy < Ch il Fly gy

Using Assumption 1, it is immediate to check that Z,- < Ch; with C = C(p, 0) so
that (15) follows.

The operator IT), g can be modified in order to match boundary conditions. We can

define, for all f € C*°([0, 1]):

Mpa(f) =D %jp(f)Bj, with (17)

J=1

()= O, A p(f) =), Ajp(f) =hjp(f)s j=2,...,n—1.

3 Dual Compatible B-Splines

Consider a set of multivariate B-splines
{Bap, AcA}, (18)

where A is a set of indices. This is a generalization of the tensor product set of
multivariate splines where the functions in (18) have the structure

Bap(¢) = BIEa1p1(¢1) - - BIEA.d. p,1(La) (19)

and have in general uncorrelated local knot vectors, that is, two different local knot
vectors Ear ¢, p, and Epr ¢, 5, in the £-direction are not in general sub-vectors of a
global knot vector. This is equivalent to the definition of point-based splines in [1].
We assume that there is a one-to-one correspondence between A € A and I/B\A,p.
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Fig. 1 Overlapping (left) and il 41 # ;1 21
. A 12 1 iy g
nonoverlapping (right) local 00 = O—0)
knot vectors in one dimension
o O O 0
i i3 2 i i2
i} i i i il
o0 o O—
a! O—= O =
i i3 i i
We say that the two p-degree local knot vectors &' = {£], ..., 51/7+2} and B =
g/, ..., El’; 4o} overlap if they are subvectors of the same knot vector (that depends
on B’ and E”), that is there is a knot vector & = {&1, ..., &} and k’ and k" such that
Vi=1,..., 2, & =¢&
p+ El ik (20)

Vi=1,...,p+2, & =&,

see Fig. 1.
We now define for multivariate B-splines, the notions of overlap and partial
overlap are as follows.

Definition 1 Two B-splines §A/,p EA/LP in (18) overlap if the local knot vectors in
each direction overlap. Two B-splines Bas , Ba~ p in (18) partially overlap if, when
A’ # A", there exists a direction £ such that the local knot vectors Ea' ¢, and
EA7.¢,p, are different and overlap.

From the previous Definition, overlap implies partial overlap. Examples of
B-splines overlapping, only partially overlapping, and not partially overlapping are
depicted in Fig. 2.

Definition 2 The set (18) is a DC set of B-splines if each pair of B-splines in it
partially overlaps. Its span

Sp(A) = span {§A,p, Ae A}, 1)

is denoted as DC spline space.

Note that the partially overlapping condition in Definition 2 needs to be checked
only for those B-spline pairs that have nondisjoint support. Indeed, by Definition 1,
any two B-splines with disjoint supports are clearly partially overlapping.

A tensor product space is clearly a DC spline space, since every pair of its
multivariate B-splines always overlaps by construction. The next proposition shows
how the notion of partial overlap is related with the construction of dual basis.



22 L. B. da Veiga et al.

Fig. 2 Example of
overlapping, partially
overlapping, and not partially
overlapping B-splines; knot
lines are drawn in blue a
Overlapping

B-splines, b partially
overlapping B-splines, ¢
not partially overlapping
B-splines

Proposition 2 Assume that (18) is a DC set where each Ba p is defined as in (19),
i.e., on the local knot vectors Ba 1 p,, ..., BA,d,p,- Consider an associated set of

functionals
{rap. AcA}, (22)

where each A p is
Ap =ALBA1Lp 1 ® - @ ALEA 4, pyls (23)
and A EA ¢, p,] denotes a univariate functional defined in (10). Then (22) is a dual

basis for (18).

Remark 1 The set of dual functionals (10) can be replaced by other choices, see,
e.g., [15].

Proof Consider any EA/,p and Ao» p, with A’, A” € A. We then need to show that

1 ifA"=A,

Aar p(Barp) = lo otherwise. 9

Clearly, if A’ = A”, then we have A Au,p(EA/’p) = 1 from the definition of dual basis.
If A’ # A”, thanks to the partial overlap assumption, there is a direction £ such that
the local knot vectors Eas ¢, », and Er ¢ p, differ and overlap, and then

MEar..p,)(BIEa 1., ]) = 0,
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and from (23),

d

arp(Barp) = [ [ MEare.p J(BIEa e, p,]) = 0.
=1

The existence of dual functionals implies important properties for a DC set (18)
and the related space Sp(A) in (21). We list such properties in the following propo-
sitions and remarks.

The first result is the linear independence of set (18), therefore forming a basis;
they are also a partition of unity.

Proposition 3 The B-splines in a DC set (18) are linearly independent. Moreover,
if the constant function belongs to Sy(A), they form a partition of unity.

Proof Assume

Z CAEA,p =0
AcA

for some coefficients Ca. Then for any A" € A, applying Aa’ p to the sum, using
linearity and (24), we get

CA/ = )\,A/’p(z CAEA,,p) = 0
AcA

Similarly, let

Z CAgAyp =1

AecA

for some coefficients C. For any A" € A, applying Aa , as above, we get

Cy = )”A”P(Z CAB\A,p) =1.

AcA

To a B-spline set (18), we can associate a parametric domain

Q2= U SUPP(§A,p)
AeA

Moreover, we give the following extension of the notion of Bézier mesh.

Definition 3 A parametric Bézier mesh in the parametric domain, denoted by . M,
is the collection of the the maximal open sets Q C 2 such that for all A € A, BA P
is a polynomial in Q; these Q are denoted (Bézier) elements.
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Proposition 4 In a DC set (18) there are at most (p1 + 1) - -+ (pa + 1) B-splines
that are non-null in each element Q € M.

Proof Given any point & = ({1, ...,8q) € 22, denote by A(¢) the subset of A € A
such that EA,I,(;) > 0. It can be easily checked that A(¢) only depends on Q, for all
¢ € Q. Recalling (19) and introducing the notation Ea ¢, p, = {&¢,1, ..., 8¢ po12}s
to each A € A(¢) we can associate a multi-index (ia.1, ..., iA.q4) such that

Ve=1,....d, 1<ixn¢=<pe+land&,, <l <&uiy,+1- (25)

From the DC assumption, any two EA/,p and §Au,p with A’ #£ A" partially overlap,
that is, there are different and overlapping Ea ¢, 5, and Ear ¢, p,; then the indices in
(25) fulfill

VA A" € A(Z), A #A” = 3¢ suchthatiy g # irry. (26)

The conclusion follows from (26), since by (25) there are atmost (p1+1) - - - (pg+1)

distinct multi-indices (iA 1, ..., iA.d)-

Assume that each A4 p is defined on LZ(.Q) An important consequence of
Proposition 2 is that we can build a projection operator IT, : L2(2) —> Sp(A) by

Mp(/)@) =D rap(f)Bap) VfeLl’@2), ¥ el @7

AeA

This allows us to prove the approximation propertles of Sp(A). The following result

will make use of the notion of support extension Q associated to an element Q C 2
(or a generic open subset Q C .Q) and to the B-spline set (18):

0= |J  supp(Bap).
AcA
supp(BA p)NQ#0

Furtherrr~10re, we will denote by Q the smallest d-dimensional rectangle in Q con-
taining Q. Then the following result holds.

Proposition 5 Let (18) be a DC set of B-splines, then the projection operator Ty
in (27) is (locally) h-uniformly L*-continuous, that is, there exists a constant C only
dependent on p such that

ITp(Hllz2e0) < Cllfll 2@ YO C 2, Vf e LX().
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Proof Let Q be an element in the parametric domain. Since Proposition 4 and since
each Bp p < 1 we have that, for any § € Q,

> [Bas)| =c.
AcA

Therefore, given any point { € Q, denote by A(¢) the subset of A € A such that
BA ,p(&) > 0, and denote by Q4 the common support of BA ,pand Aa p, by [Q4l its
d-dimensional measure, using (11) it follows that

M@ =] X rapHBap@)] =€ Jmax (D)’
AcA(¢)

< C max -1 2 28
= AE.A({)lQAl ||f||L2(QA) ( )
< CIOIIIAIIZx 5):

where we have used in the last step that YA € A(¢), O C Qa (and therefore
|Q| < |QAl) and that QAo C Q. Since the bound above holds for any ¢ € Q,
integrating over Q and applying (28) yields

ITTp(NII72g) = ClIf 125

The continuity of I}, implies the following approximation result in the L%-norm:

Proposition 6 Assume that the space of global polynomials of degree p = minj <¢<q
{pe} is included into the space Sy(A) and that Q= [0, 119. Then there exists a
constant C only dependent on p such that for0 <s < p+1

1f = Tp(Pllr2cg) < Chp) | flysg) YO C 2, Vf € H (),

where h { represents the diameter of Q.
Proof Let w be any p-degree polynomial. Since 7 € Sp(.A) and ITj, is a projection

operator, using Proposition 5 it follows that

1f = Hp(Ollr2oy = If =7 + Hp(r = Hllr2o)
<IIf = 7l + T — Pllz2c)
<Q +C)||f_77||L2(Q) <{A+O0lf —7T||L2(Q).

The result finally follows by a standard polynomial approximation result.

We conclude this section with a final observation: the notion and construction
of Greville sites are easily extended to DC sets of B-splines, and the following
representation formula holds:



26

L. B. da Veiga et al.

Proposition 7 Assume that the linear polynomials belong to the space Sp(A). Then
we have that

to= > v[EacplBap), Ve, 1<t<d, (29)
AeA

where y[EA ¢, p, ] denotes the average of the py internal knots of Ea ¢, p,.

Proof The identity (29) easily follows from the expansion of IT,(&¢) and the
definition of dual functionals which is the same as in the tensor product case, yielding

*ap(Ce) = Y[EA e p ]
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