ﬂ ’
(/ SMAI

o
o,

()
¢

%o
‘0.0,
%

g SMAI-JCM
SMAI JOURNAL OF
COMPUTATIONAL MATHEMATICS

[sogeometric analysis with C'1
functions on planar, unstructured
quadrilateral meshes

MARIO KAPL, GIANCARLO SANGALLI & THOMAS TAKACS
Volume S5 (2019), p. 67-86.

<http://smai-jcm.centre-mersenne.org/item?id=SMAI-JCM_2019__S5__67_0>
© Société de Mathématiques Appliquées et Industrielles, 2019
Certains droits réservés.

<
>
CENTRE
MERSENNE

Publication membre du
Centre Mersenne pour I’édition scientifique ouverte
http://www.centre-mersenne.org/

Sousmission sur https://smai-jcm.math.cnrs.fr/index.php/SMAI-JCM

creative
commons



http://smai-jcm.centre-mersenne.org/item?id=SMAI-JCM_2019__S5__67_0
http://www.centre-mersenne.org/
http://www.centre-mersenne.org/
https://smai-jcm.math.cnrs.fr/index.php/SMAI-JCM

~ (’-
‘ SMAI SMAI Journal of Computational Mathematics
Vol. S5, 67-86 (2019)

Isogeometric analysis with C'! functions
on planar, unstructured quadrilateral meshes

Mario KaprL !
GIANCARLO SANGALLI 2
THOMAS TAKACS 3

1 Johann Radon Institute for Computational and Applied Mathematics, Austrian Academy of
Sciences, Austria

E-mail address: mario.kapl@ricam.oeaw.ac.at

2 Dipartimento di Matematica “F. Casorati”, Universita degli Studi di Pavia, and
IMATI-CNR, Pavia, Italy

E-mail address: giancarlo.sangalli@unipv.it

3 Institute of Applied Geometry, Johannes Kepler University Linz, Austria

E-mail address: thomas.takacs@jku.at.

Abstract. In the context of isogeometric analysis, globally C'' isogeometric spaces over unstructured quadrilateral
meshes allow the direct solution of fourth order partial differential equations on complex geometries via their
Galerkin discretization. The design of such smooth spaces has been intensively studied in the last five years, in
particular for the case of planar domains, and is still task of current research. In this paper, we first give a short
survey of the developed methods and especially focus on the approach [28]. There, the construction of a specific C'*
isogeometric spline space for the class of so-called analysis-suitable G' multi-patch parametrizations is presented.
This particular class of parameterizations comprises exactly those multi-patch geometries, which ensure the design
of C' spaces with optimal approximation properties, and allows the representation of complex planar multi-patch
domains. We present known results in a coherent framework, and also extend the construction to parametrizations
that are not analysis-suitable G' by allowing higher-degree splines in the neighborhood of the extraordinary vertices
and edges. Finally, we present numerical tests that illustrate the behavior of the proposed method on representative
examples.
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1. Introduction

Isogeometric analysis (IgA) is a framework for numerically solving partial differential equations (PDEs)
whose basic idea is to bridge the gap between geometric modeling (that is, Computer-Aided Design)
and numerical analysis (that is, Finite Element Analysis) by using the same (rational) spline function
space for representing the geometry of the computational domain and for describing the solution of
the PDE (cf. [5, 16, 23]). In contrast to finite elements, IgA allows a simple integration of smooth
discretization spaces for the numerical simulation. While the design of such smooth spaces is trivial
for single patch geometries, it is a challenging task for the case of multi-patch or manifold geometries.

The scope of this paper is to give a survey of the different existing methods for the construction of
strongly enforced C'! isogeometric spline spaces over planar, unstructured quadrilateral meshes (that is,
planar multi-patch geometries composed of quadrilateral patches with possibly extraordinary vertices),
see Section 2, with a special focus on the approach [28], see Section 4. We consider unstructured
quadrilateral meshes allowing regular as well as extraordinary vertices and do not allow T-junctions
in the mesh. Note that such a configuration can always be interpreted as a multi-patch geometry. The
common goal of the developed techniques is to generate isogeometric spline spaces, which are not only
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exactly C''-smooth within the single patches but also across the patch interfaces. The design of the C*
isogeometric spaces is mainly based on the observation that an isogeometric function is C'-smooth if
and only if the associated graph surface is G'-smooth (that is, geometric continuous of order 1), cf. [21].
The resulting global C''-smoothness of the spaces then enables the solution of fourth order PDEs just
via its weak form using a standard Galerkin discretization, see for example [4, 15, 25, 29, 44, 54] for
the biharmonic equation, [3, 6, 34, 35, 36] for the Kirchhoff-Love shell formulation, [18, 19, 38| for the
Cahn-Hilliard equation and [17, 46] for plane problems of first strain gradient elasticity.

A further possible strategy to impose C'-smoothness across the interfaces of general multi-patch
geometries is the use of subdivision surfaces (e.g., [11, 13, 14, 24, 43, 53, 58]). The surfaces are recur-
sively generated via refinement schemes, and are described in the limit as the collection of infinitely
many polynomial patches, e.g., in the case of Catmull-Clark subdivision of bicubic patches. We refer
to [50] for further reading. Challenges of dealing with subdivision surfaces in IgA include the need for
special techniques for the numerical integration [24] and the often reduced approximation power in
the neighborhood of extraordinary vertices [43].

Instead of enforcing the C'-continuity across the patch interfaces in a strong sense, the C''-smooth-
ness could also be achieved by coupling the neighboring patches in a weak sense. We do not cover
this approach here, which is typically based on adding penalty terms to the weak formulation of the
PDE [1, 22], or using Lagrange multipliers [1, 7]. These techniques are applicable to quite general
multi-patch geometries with even non-matching meshes, but at the cost of obtaining an approximate
C' solution. Moreover, the formulation of the problem, and as a result the system matrix, have to be
adapted accordingly.

The outline of this paper is as follows. Section 2 describes the state of the art of such construc-
tions over planar multi-patch domains. Section 3 further discusses the case of multi-patch parame-
terizations which are regular (that is, non-singular) and C° at the patch interfaces, and specifically
describes so-called analysis-suitable G' parametrizations. In this setting we review the construction of
C' isogeometric spaces, and their properties, in Section 4. Section 5 extends the construction beyond
analysis-suitable G parametrizations, by allowing higher-order splines around the extraordinary ver-
tices. Numerical evidence of the optimal order of convergence of the proposed method is reported in
Section 6.

2. The design of C'! isogeometric spaces

We give an overview of existing strategies for the design of strongly enforced C' isogeometric spline
spaces over unstructured quadrilateral meshes on planar domains. Such quadrilateral meshes can be
understood in the context of multi-patch domains or spline manifolds. In the language of manifolds,
we have given local charts, which usually overlap. The global smoothness is then determined by the
smoothness within every chart. In the multi-patch framework, the patches do not overlap but share
common interfaces. Hence, the smoothness is determined by the smoothness within the patches as well
as the smoothness across interfaces. Since most CAD systems are built upon multi-patch structures
we focus on this point of view.

The different techniques can be roughly classified into three approaches depending on the smooth-
ness of the underlying parameterization F for the multi-patch domain 2 across its interfaces. Note
that the smoothness of the isogeometric space depends on the smoothness of the underlying param-
eterization as well as on additional smoothness constraints in physical space. In the first case, these
additional constraints need to be satisfied only at the extraordinary vertices, in the second case in
a neighborhood of the vertices; and in the third case globally along the interfaces. Finally, for polar
configurations the additional constraints need to be satisfied at the pole.
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Multi-patch parameterizations which are C'-smooth everywhere: In this setting, the pa-
rameterization of the multi-patch domain is assumed to be C'-smooth everywhere. This immediately
leads to a singularity appearing at every extraordinary vertex (EV). This was first studied in [48].
Consequently, the isogeometric functions are then C! everywhere away from the EV and possibly
only CY at the EV, due to the singularity. To circumvent this issue, one has to enforce additional
G' constraints at the EVs. This technique is based on the use of specific degenerate patches (e.g. D-
patches [52]) in the neighborhood of an extraordinary vertex. These patches are obtained by collapsing
some control points into one point and by a special configuration of some of the remaining control
points which guarantee that the surface is G'-smooth at the EV despite having a singularity there. The
same approach allows to construct isogeometric functions that are C'' everywhere on the multi-patch
domain. Examples of this method are [45, 56, 57]. While the constructions [45, 57] are restricted to
bicubic splines, the methodology [56] can be applied to bivariate splines of arbitrary bidegree (p,p)
with p > 3. All three techniques can be used to construct sequences of nested isogeometric splines
spaces.

A similar approach is to use subdivision surfaces to represent the isogeometric spaces. In subdivi-
sions, the surface around an EV is composed of an infinite sequence of spline rings, where every ring
is (at least) C'' smooth. The shape of the surface at the EVs is guided by the refinement rules of the
control mesh. For example, for Catmull-Clark subdivision this procedure generates a surface that is
C? smooth everywhere and G at the EVs. However, the approach suffers from a lack of approximation
power near the EV. See [11, 43, 53, 58], where subdivision based isogeometric analysis was studied.

Multi-patch parameterizations which are C'-smooth except in the vicinity of an extraor-
dinary vertex: The core idea is to construct a parameterization of the multi-patch domain which is
C'-smooth in the regular regions of the mesh and only C%smooth in a neighborhood of the extraor-
dinary vertices (see e.g. [10]). To obtain a globally C! isogeometric space, a G surface construction is
employed in the neighborhood of the EV. The same construction is used to generate the C'! isogeomet-
ric functions over the multi-patch domain. This construction leads in general to a multi-patch surface
which is even CP~l-smooth away from an extraordinary vertex. One possibility is to use so-called
G-splines, see [51]. To obtain surfaces of good shape also in the vicinity of an extraordinary vertex,
the G'-smoothness is obtained by using a suitable surface cap, which requires a slightly higher degree
than the surrounding C! spline surface. The resulting smooth surfaces are then used to construct C*
isogeometric splines spaces, but which are in general not nested, see e.g. [30, 44]. The method [44]
employs the surface construction [31], which is based on a biquadratic C! spline surface and on a
bicubic or biquartic G' surface cap depending on the valency of the corresponding extraordinary ver-
tex. The paper [30] presents a new surface construction, where bicubic splines are complemented by
biquartic splines in the neighborhood of extraordinary vertices. The methodology [33] can be seen
as an extension of the above two techniques, and allows the construction of nested C' isogeometric
spline spaces for a finite number of refinement steps. Another method which allows the construction
of nested C'! isogeometric spline spaces is [32]. Instead of further refining a G surface of already good
quality, the C! isogometric spline space over the surface is refined to obtain nested C'' spaces but at
the expense of keeping the higher degree in the entire initial neighborhood of an EV.

Multi-patch parameterizations which are (in general) just C’-smooth at all interfaces:
The main idea is to consider multi-patch parametrizations that are everywhere regular (non-singular)
but only C° at the patch interfaces, and then construct C'! isogeometric spaces over them. Again, the
key issue for application to isogeometric analysis is to guarantee good approximation properties of these
spaces. In [9, 40] the authors gave dimension formulas for meshes of arbitrary topology, consisting of
quadrilateral polynomial patches and specific macro-elements. The techniques in [9, 40] work for splines
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of general bidegree (p,p) for some large enough p, and generate the C! basis functions by analyzing
the module of syzygies of specific polynomial/spline functions. Extending from polynomials to general
spline patches, dimensions were given and basis functions were constructed for bilinear two-patch
domains in [29]. In [15] the reproduction properties of the C'l-smooth subspaces along an interface
were studied for arbitrary B-spline patches. From the presented results, bounds for the dimension of the
C'-smooth subspaces of arbitrary geometries can be derived. Moreover, the specific class of analysis-
suitable G' parametrizations was identified. In the last few years, a number of methods were developed
which follow this approach, and which allow in most cases the design of nested C'!' isogeometric spline
spaces. These techniques use particular classes of C° regular multi-patch parameterizations to obtain
C! isogeometric spaces with good/optimal approximation properties:

e (Mapped) bilinear multi-patch parameterizations (e.g. [8, 25, 29, 39]): The aim is to explore
C' isogeometric spaces over bilinear or mapped bilinear multi-patch geometries. The meth-
ods [8, 39] study the spaces of biquintic and for some specific cases also biquartic C'! isoge-
ometric Bézier functions, and generate basis functions which are implicitly given by minimal
determining sets (cf. [37]) for the involved Bézier coefficients. In contrast to the other tech-
niques using C° regular multi-patch parameterizations, the resulting spaces are not nested.
In [25, 29], the case of bicubic and biquartic C! spline elements is considered. The result-
ing basis functions are explicitly given by simple formulae and possess a small local support.
While the paper [29] deals with the case of two patches, the work in [25] is an extension to the
multi-patch case.

o General analysis-suitable parameterizations (e.g. [15, 26, 28] ): The previous strategy was based
on simple geometries such as bilinear parameterizations. The following approach uses a more
general class of geometries, called analysis-suitable G' parameterizations, cf. [15] and Sec-
tion 3.2, which includes the previous types of geometries. The class of analysis-suitable G*
parameterizations contains exactly those geometries which allow the design of C'! isogeometric
spline spaces with optimal approximation properties. In [26], the space of C! isogeometric
spline functions over analysis-suitable G' two-patch geometries was analyzed. The developed
method is applicable to splines of general bidegree (p,p) with p > 3 and patch regularity
1 <r < p—2, and constructs simple, explicitly given basis functions with a small local sup-
port. The work [28] extends the construction [26] to the case of analysis-suitable G multi-patch
parameterizations and will be discussed in detail in Section 4

e Non-analysis-suitable parametrizations (e.g. [12]): Instead of using a particular class of multi-
patch parameterizations for the multi-patch domain, the method [12] increases locally along
the patch interfaces the bidegree of the C'! isogeometric spline functions to get spaces with good
approximation properties. The constructed C! basis functions are implicitly given by means
of minimal determining sets for the spline coefficients and possess in general large supports
over one or more entire patch interfaces. This approach is a direct consequence of the results
presented in [15] and extends the ideas of Theorems 1 and 3 therein. We will present further
theoretical foundations in this paper.

Polar configurations: This approach is outside of the framework of unstructured multi-patch do-
mains, as it can be interpreted as a regular mesh in polar coordinates. However, many ideas to study
and construct smooth polar configurations can be carried over to extraordinary vertices. The approach
is based on the use of polar splines to model the domains and to construct C' isogeometric spline
spaces over these domains, see e.g. [42, 43, 55]. The method [43] employs the polar surface construction
of [41], which generates a bicubic C! polar spline surface. In [55], a polar spline technology for splines
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of arbitrary bidegree (p,p) is presented. It can be used to generate polar spline surfaces which are
C*-smooth (s > 0) everywhere except at the polar point where the resulting surface is discontinu-
ous. Furthermore, it was shown that this surface construction can be used to generate globally C*
isogeometric function spaces.

3. Multi-patch geometries and their analysis-suitable G' parameterization

We now focus on multi-patch parameterizations which are regular and C? at all interfaces. After some
preliminaries and notation on multi-patch geometries, we will consider one specific class of geometries,
called analysis-suitable G''-multi-patch parameterizations (cf. [15]), which will be used throughout the
paper. Furthermore, we will use in the following a slightly adapted notation and definitions mainly
based on our work developed in [28] and [27].

3.1. Multi-patch domain

Let p>3,1<r <p-—2andn > 1 We denote by S}"" the univariate spline space of degree p and
continuity C" on the parameter domain [0, 1] possessing the uniform open knot vector

(0,...,0, . L 2 2 o onl o oomclog 1)
, n n n n n n ,
(p+1)—times (p—r)—times (p—r)—times (p—r)—times  (p+1)—times
with the mesh size h = %, and by SP" with p = (p,p) and r = (r,7) the corresponding bivariate tensor-

product spline space 87" ® S&"" on the parameter domain [0, 1]%. In addition, let b;, 5 =0,..., N —1,
with N =p+ (n—1)(p —r) + 1, be the B-splines of S?"", and let b;, j = (j1,j2) € {0,...,N — 1}?, be
the tensor-product B-splines of S,E”r, that is,

b(j17j2) (&1,&2) = bj, (fl)bj2 (&2).

Consider an open domain Q C R?, which is given as the union of quadrilateral patches Q)| i € Zg,
interfaces £, j € 7y, and inner vertices x(, je 7y, that is,

oo (U Qm) U<U zm) y (U Xm).
1€ i€z, i€Ty

We assume that all patches are mutually disjoint and that no hanging nodes exist. The boundary I" of
Q, that is, I' = 99, is given as the collection of boundary edges X, i € Ig, and boundary vertices x(),
1€ I;, that is,

= U »@ |y U x(®
i€l i€It
In addition, we assume that Zg N 7L = () and Z2 N ZL = (), and denote by Zs and Z, the index sets
Q:@ogmmgzqugmmmmm
Each quadrilateral patch Q) is the open image of a bijective and regular geometry mapping

FO : [0,1]*> > Q0 c R?,

with FO) ¢ SPT x SP". We denote by F the resulting multi-patch geometry of Q consisting of the
single geometry mappings F®), i € T,.
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3.2. Analysis-suitable G' parameterization: definition

Consider an interface £, i € Z5. Let QU1 and Q02) 4y, 4y € T, be the two neighboring patches with
2@ ¢ Q1) N Ql2). The two associated geometry mappings F(1) and F(2) can be always reparame-
terized (if necessary) into standard form (cf. [28]), which just means that the common interface (%)
is given by

F)(0,¢) = F2)(¢,0), € € (0,1), (3.1)

e

FIGURE 3.1. Representation in standard form (cf. [28]) of two patches Q(1) and Q(?2)
with the common interface () (left) and of the patches Q(%2) QU4 Q(2v) possessing
the common vertex x(*) (right).

see Fig. 3.1 (left).

There exist uniquely determined functions a(%) : [0,1] — R, a(#2) : [0,1] — R and 8@ : [0,1] = R
up to a common function v (with 4 (¢) # 0), which are given by

al1)(6) =710 (€) det | HF(0,) FM(0,6) |
ali2)(e) =/ D(¢)det [ BF)(€,0) ,F)(¢,0) |, (3:2)
BO(E) = 7D(¢) det | BF(€,0) AF(0,¢) |,
and satisfy for all £ € [0, 1]

alt(€)al() > 0 (3:3)
Qi (€)0,F2)(€,0) + ) (AT (0,€) + 5O F (0, €) = 0. (34

In addition, there exists non-unique functions ) : [0,1] — R and £%) : [0,1] — R such that
B = a4 (€) + aH ()5 (¢), (3.5)

see e.g. [15, 49]. The functions albi)  qlihi2) - gl angd Bi2) are called the gluing datal for the
interface (@,

In the remainder of the paper, we will restrict ourselves to a specific class of multi-patch geometries,
called analysis-suitable G' multi-patch parameterizations, which are needed to generate C' isogeo-
metric spaces with optimal approximation properties, cf. [15].

'In the context of CAGD, these functions have been also called e.g. “shape parameters” [20] or “weight functions” [47].
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Definition 3.1 (Analysis-suitable G' multi-patch parameterization, cf. [15, 28]). A multi-patch ge-
ometry F is called analysis-suitable G' (in short, AS-G1), if for every interface »@ e 73 there
exist linear polynomials a(#1), o(i2)  3(1) and BU2) with o(#1) and a(+2) relatively prime, such
that (3.3), (3.4) and (3.5) hold.

Furthermore, for each interface () i € 73, the linear gluing data altin) | qlii2) gl and gliiz) jg
selected by minimizing the terms
(3,21)

et - 1HL2( 0,1) T la72) — 1”%2([0,1])

and
1812, g0,y + 1812, 0.

see [28], which implies in case of parametric continuity (that is, () = 0 and a(#11) = o(#32)) gli) =
Bli2) = 0 and alt11) = olii2) =1,

Remark 3.2. Given a C! isogeometric function space (as defined in Section 4.1) over a regular C°
multi-patch parametrization. Then, analysis-suitable G! multi-patch parameterizations are the only
configurations that allow optimal approximation properties under h-refinement with respect to the
underlying norm of the considered problem. Note that optimal approximation is only possible under
the additional condition that the spline space has reduced continuity r < p — 2.

The reason for this is, that when the degree of the gluing data is assumed to be larger than one,
there exist configurations such that the approximation order of function values and/or gradients along
the interface is reduced. This is a direct consequence of Theorem 3 in [15].

Piecewise bilinear multi-patch parameterizations are one simple example of AS-G' multi-patch
geometries (cf. [25, 29]), but the class of AS-G! multi-patch parameterizations is much wider, see
e.g. [27]. It is interesting to note that similar linear gluing data also appear in the context of triangular
meshes, see e.g. [47]. In Section 3.3, we will present two possible strategies to construct from given
non-AS-G'! multi-patch geometries parameterizations which are AS-G'-continuous.

3.3. Analysis-suitable G' parameterization: construction

We describe the two approaches [27, 29] to generate from a given initial non-AS-G' multi-patch

geometry F an AS-G! multi-patch geometry F. We assume that the associated parameterizations F(),
- ~ 2

i € T, of the non-AS-G' geometry F belong to the space (SE ’r> and are regularly parameterized.

The goal is to construct a multi-patch geometry F consisting of parameterizations F() ¢ (S,I; ’r)2,

i € I, with SP* D Sp’ , possessing B-spline representations of the form
~1N-1
517€2 Z Z 7,177,2 (J1,42) 51152) (51752) € [07 1]21
J1=0 j2=0

(@)

11,12
as possible. Below, we assume that for each edge ¥V, i € Ty, and for each vertex x(, i € Zy,

with control points c;”’. € R2, such that F is AS-G!'-continuous and that F approximates F as good

the associated geometry mappings F(#) are always given in standard form as shown in Fig. 3.1 and
formally defined in (3.1) and (4.6). This is valid as well for the corresponding parameterizations F(x)
of F.
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3.3.1. The piecewise bilinear fitting approach [29]

Given a non-AS-G' multi-patch geometry F with the associated parameterizations F( )i € Iq, we
first choose a multi-patch geometry F consisting of bilinear parameterizations F(’) 1 € I, which
roughly describes the initial geometry F.T hen, following [29], we look for a suitable approximation F
of F, of the foorm F = uo f‘, where u is a C'1 isogeometric vector field representing a mapping of
the bilinear geometry into the final one. By the construction of Section 4, an explicit basis for u is
available. Since F is AS-G', and F has the same gluing data by construction, F is AS-G' as required.
An example of a mapped piecewise bilinear multi-patch parameterization is given in [25, Example 6]
or in [15, Appendix A}, where the resulting domain is a multi-patch NURBS.

A drawback of the method is the limitation to multi-patch geometries which have to allow a rough
estimation by a piecewise bilinear multi-patch parameterization. Furthermore, the approach cannot
be used to generate AS-G' multi-patch geometries determining multi-patch domains with a smooth
boundary. A more advanced technique, which provides amongst others the design of such multi-patch
geometries, cf. [27, Example 3], is described in the following subsection.

3.3.2. The AS-G* fitting approach [27]

This method allows the construction of an AS-G' multi-patch geometry F, which interpolates the
boundary, the vertices and the first derivatives at the vertices of the initial non-AS- G' multi-patch
geometry F and which is as close as possible to F. The construction of F is divided into the following
steps:

Step 1: For each interface (), i e 7, of the desired multi-patch geometry F, we precompute the
gluing data of F at the interface (9, that is, albi) - qii2) - gliin) and B42) by linearizing
the corresponding non-linear gluing data of F. Let atti) gli) and B be the gluing func-
tions (3.2) for the parameterizations F(1) and F(2) for () (¢) = 1. Then, the linear functions
al1) and a(2) are obtained by

aB ) (6) = alb ) (0) (1-¢) +a™ (1) ¢, k=1,2,
and the linear functions
BEW(g) = by ™ (1= &) + b ™e, b b e R, k=1,2,

are computed by minimizing the term

Jo 159 = (@050 4 ) 50) |2qg

30

s (Jo 1B EDIPAE + 5 18952)[2d€) = min i) iy o

with respect to the linear constraints
B(0) = 59(0) and (1) = S (1),

using a non-negative weight Ag.

Step 2: We determine for the spline coefficients cg-?yj2

types of linear constraints, denoted by L3, EE and £, which will be used in Step 3 to construct
the AS-G' multi-patch geometry F. The constraints £3 are called AS-G' constraints and
will ensure that the resulting multi-patch geometry F will be AS-G'-continuous. For each
interface (), we require that the geometry mappings F(il) and F(i2) have to satisfy the
condition (3.4) for the precomputed gluing data a(#1), o(#2) (i) and gGi2) from Step 1.

of the multi-patch geometry F three different
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The so-called boundary constraints Eg will guarantee that the multi-patch geometry F will
coincide with F on each boundary edge (4, i € Ig. Finally, the so-called vertex constraints £,

will ensure that F will interpolate the vertices and the first derivatives of F at each vertex x (@)
i € Z,,. All these constraints are linear, and are compatible with each other.

Step 3: Let ¢ be the vector of all control points c§ 9 o of the multi-patch geometry F. Then, the AS-G!
multi-patch geometry F is finally constructed by minimizing the objective function

.FQ(C) + )\L}—L(C) + /\U.FU(C) — Incln

with respect to the linear constraints £3, £% and L, using non-negative weights Az, and Ay.
While the quadratic functional Fy given by

Z /0 —FO)2dg ds,

will ensure that the resulting geometry F approximates 1~7‘, the so-called parametric length
functional F and the so-called uniformity functional Fi; given by

= 3 [, (F O 0O s de

and
=5 [ (190 + 21000, 4 35O i des
1€Zq

respectively, will be needed to construct parameterizations of good quality.

In case that the quality of the resulting AS-G' multi-patch geometry F is not good enough, and some
of the single parameterizations F(), i € Zq, are even singular, the use of a sufficiently refined spline
space Sp™" solves this issue. In practice, the necessary refinement level of the spline space depends on
the desired quality criteria specified by the user, hence it also depends on the choice of the parameters
Az, and A\y. Two instances of constructed AS-G! multi-patch geometries using this approach are given
in Fig. 6.1.

4. An isogeometric C' space

We first introduce the concept of C! isogeometric spline spaces over (general) multi-patch geometries,
and then present the construction [28] to generate a particular C! isogeometric spline space over a
given AS-G' multi-patch geometry.

4.1. Space of C! isogeometric functions

The space of C! isogeometric functions with respect to the multi-patch geometry F is defined as
Vi ={p, e Q)| forallic To, f;” = pn o FD e SPT}. (4.1)

This space can be characterized by the equivalence of the C'-smoothness of an isogeometric function
and the G'-smoothness of its associated graph, or more precisely, ¢p, € V! if and only if the graph of
@y, is G'-smooth at all interfaces 2@ e Ty, cf. [15, 21, 29]. Note that for an isogeometric function ¢y,
its graph ® C 2 x R is the collection of the single graph surface patches
4 F@)
o . 0,1)% = 00 x R, o (51752) [ f(‘ (€1,&2)
h

i € 1,
z)(£1,§2> ], 1€ Lq,
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with f,gl) = ¢, o FO_ Then, an isogeometric function ¢, belongs to the space V!, if and only if for
each interface (), i € 13, assuming that the two associated neighboring geometry mappings F()
and F(2) are given in standard form (3.1), there exist gluing data satisfying (3.3) and (3.5) such that
conditions (3.1) and (3.4) are satisfied not only for the parametrizations F(1) F(2) hut also for the
graph surfaces ®(11), §i2)

Since the two geometry mappings F(1) and F(2) already uniquely determine (up to a common
function 'y(i)) the functions a(®), a(#2) and () compare Section 3.2, we obtain that ¢, € V! if and
only if the last component of the graph surfaces satisfies the equations (3.1) and (3.4), that is, for
€ €10,1]

£0(0,60) = £2(€,0) = (pnlg) o F®
and
B ()3 £ (£,0) + a2 (€)1 £7(0,€) + 8D (€)da £ (0,6) = 0, (4.2)
or equivalently to (4.2)

DL (0,€) + B0V (0,6)  BafiP (€, 0) + BP0 £ (€,0)

o (E) ol ¢)

= (Ven, - d|sy)) o B0

(4.3)
where d is a suitable vector that is not tangential to the interface, see e.g. [15, 26]. These C'*-conditions
were used to generate C' isogeometric spline spaces over general analysis-suitable G!' multi-patch
geometries, see [26] for the case of two-patches and [28] for the multi-patch case. In the following
subsection, we will summarize the construction [28].

4.2. The Argyris isogeometric space

We give a survey of the method [28] for the design of a specific C! isogeometric spline space over
a given AS-G! multi-patch geometry F. The proposed C' space A is called Argyris (quadrilateral)
isogeometric space, since it possesses similar degrees-of-freedom as the classical Argyris finite element
space [2]. The Argyris triangular element enforces C? at all vertices and C*' across edges. Hence, for
degree five the degrees-of-freedom are six per vertex and one per edge. For higher degrees, there are
more degrees-of-freedom per edge and some related to the triangle (interior) as well. This setting carries
over to tensor-product spline patches as described in more detail in [28]. The space A is a subspace of
the entire C'!' isogeometric space V! maintaining the optimal order of approximation of the space V*
for the traces and normal derivatives along the interfaces, and is much easier to investigate and to
construct than the space V!. E.g., the dimension of A does not depend on the geometry, which is in

contrast to the dimension of the space V!, cf. [26] for the two-patch case. For the construction of A,
p—r—1

4—r -
The C! isogeometric space A is constructed as the direct sum of subspaces referring to the single

patch-interior, edge and vertex components, that is,

A= (@ A;’w)) T (EB A;(i)) T (@ Ax(i>> :
i€Zq i€ls i€y

The spaces ASOW) , A%w and A, ;) are called patch-interior, edge and vertex function space, respectively.
The patch-interior functions are completely supported within one patch, the edge functions have
support along the edge and are restricted to two patches, whereas the vertex functions have support
in a neighborhood of the vertex. The different types of functions are defined as follows:

we need a minimal resolution within the patches given by h <
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Patch-interior function space A2 Let © € Zg. The space A/, is given as

Q)
Adiy = span{BjZ cjef2,...,N-3}}

with A _
B (x) = (bjo(F@W) 1) (x) if x € QW)
J 0 otherwise.
The patch-interior functions BJ@, j€{2,...,N —3}2 are the “standard” isogeometric function with

a support entirely contained in Q) and have vanishing function values and vanishing gradients at the
patch boundary dQ(). This directly implies that BJ@ € () for j € {2,...,N — 3}2. The dimension
of the space A2 ., i € Iq, is given by

dim(A8q) = ((p—r)(n—1) +p —3)%.

Q)

Edge function space A2 We consider first the case of an interface ©(*), which means that i € s,

ON
and assume without loss of generality that the two associated neighboring geometry mappings F(1) and
F(2) are given in standard form (3.1). Let bj', j=0,...,No—1, with No=p+(n—1)(p—r—1)+1,
be the B-splines of the univariate spline space S,IZ’TH, and let bj_, 7 =0,....,N; — 1, with N} =

p+(n—1)(p—r—1), be the B-splines of the univariate spline space S,’; ". The space A° 2o is defined
as
Ay = SPan{EE})l,h) 1 =0,...,N;,— 1, jo=0,1}

with . L
Bl (%) = {(ful,jz)o(F(k))‘l) (x) if xe Q(k), k =iy, i,
0 otherwise,
where .
T (€1, €2) = bF (€2) (bo(€r) + bi(6r)) — ﬁ“v“(&)(b;)’(&);bl (€1),
B (4.4)
7;% (&1,&2) = bj, (€1)(bo(&2) + br(&2)) — ﬁ(“”)(&)(bﬁ)’(&)zbl (&2),
and "
T (€1, 6) = ol &)y, (€2)b1 (61), (4.5)

T2 (61.60) = a9 ()05 (€1)bi (&2).

In case of a boundary edge (), i € IE, the space A2,y can be defined in a similar way. Assume that

> ()
the associated geometry mapping is F(1) and is parameterized as in (3.1) for the case of two patches.
The gluing data (%) and 3*1) can be simplified to a(>")(¢) = 1 and F+1)(€) = 0, which leads to

functions ! i
B, (%) = {(fgf,ljl)o(F(“))_l) (x) if x€ Q(il)’
| 0 otherwise,
with
Floriy (€1, €2) = b7, (€2) (bol&) + b (1)),
and

T (1,6) = by, (E)bi(&1).
The edge functions Eg?l?]é), J1=0,...,Nj, — 1,72 = 0,1, are constructed in such a way that they are

C'-smooth across the interface (9, and that they span function values and cross derivative values
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along the edge, see [28] for details. In addition, the edge functions Eg)l jz) Possess a support, which is

entirely contained in Q1) U Q(i2) (Q@1) if £ is a boundary edge) in an h-dependent neighborhood

of ¥ and have vanishing derivatives up to second order at the endpoints (vertices) of the edge. This
implies that EE?M-Q) €CH),j1=0,... ; Nj, —1,j2 = 0,1. The dimension of the space AY,, i € Iy,
is given by

dim(A%q) =2(p—r—1)(n—1) +p—9.

Vertex function space A, ). We consider a vertex x() e Z,, and denote by v the patch valence
of the vertex x(. Let (1) Qli2) »0s) Qlizv) 5(2v41)  he the sequence of interfaces and patches
around the vertex x() in counterclockwise order, assuming in case of an inner vertex x(, i € Iy, that
»(1) = »2v+1) | The associated geometry mappings F(2), F(4)  F(2) containing the vertex x(?)
can be always reparameterized (if necessary) into standard form (cf. [28]), just meaning that we have

Fl2)(0,) = F2+2)(6,0), € € [0,1), (4.6)
for k € {1,...,v — 1}, and additionally
F2)(0,6) = FU2)(£,0), £ € 0,1],
in case of an inner vertex x(¥, see Fig. 3.1 (right). This implies that
x® = F)(0,0) = Fi4)(0,0) = ... = F)(0,0).

Considering a boundary vertex x| i e I}; , we assume that the edges () and Z(»+1) are the two
boundary edges, for which the gluing data a(12), qli2v+1i20) and Flini2) | glizvi1i2e) can be simplified
to a@2)(€) = alrn)(¢) = 1 and fi12)(¢) = fmiiz) (€) = 0,

Before defining the space A, (), ¢ € Z,, we need further tools and definitions. We consider the basis
transformations {bg, b1} to {co,c1}, {bg, b7, b3} to {cd,ci,c3} and from {by,b7} to {cy,cy }, with

0lei(0)=6! for j=0,1, 0lcf(0)=0! forj=0,...,2, and dlc;(0)=4! forj=0,1,

where 5{ is the Kronecker delta. For each edge 2R ke {1,3,...,2v + 1}, we use the abbreviated
notations

() — azF(ik—l)(O’é') — alF(ik+1)(£’ 0)
and

d(ik)(é) — M (alF(ikfl)(O’é') + ﬁ(ik,ikfl)(é) 32F(ik,1)(0’§)>
:‘aw@;n@(%F““Nam+5%%HN@&F@HN&m)

The vector d(*) plays the role of the transversal vector d in (4.3). Note that in case of a boundary
edge in each case one term does not exist. Given the vector ® = (¢0,0, $1,0, ¢0.1, 92,0, P1,1, ¢0,2), which
describes the C? interpolation data of an isogeometric function ¢ at the vertex x(*) determined by the
function value ¢(x(?)) = ¢0,0, the gradient V¢ = (¢1,0, ¢p0,1) and the Hessian

o= (0.
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we define for each patch Q%) k € {2,4...,2v}, the functions

FoE ey, 6) = Zd’“”’“( (€2)c0(€1) = B+ (&) (] ) (E2)er (&)

n Zd @k+1,zk zk+177:k)(52)0;(52)01(61)5

2

fEr (6, 6) = Z Zk v ( (&1)co(&2) — B 1’ik)(51)(cj)/(51)01(52))

1

= S dl R gl i) () e (6)en (€2),
=0
and

1 1
Fi (g, &) = Z Z () ¢ (€ (&),
with
6™ = go0, dyy™ = Ve t0D(0), di's™ = (£09(0))T He t0(0) + Vo (£09)(0),

dig™ = o d(0), di'y™ = (609(0))" Ho d)(0) + Vg (A (0),
forﬁzk—l,k+1, and

00 —¢00; 10 —V(bt(”c 1) (0), dé’;’i) :V¢t(ik+1)(0)

i) = (t-0(0))T He £+ (0) + V¢ 8,8,F)(0,0).
Let
®(0.0) = (1,0,0,0,0,0), ¥ ) = (0,1,0,0,0,0), 11y = (0,0,1,0,0,0),
and
P20) = (0,0,0,1,0,0), Q1) = (0,0,0,0,1,0), Q0,2 = (0,0,0,0,0,1),
then the space A, ) is defined as

Agy =span{B[) 1 0<j1,j> <2, j1+j> < 2}
with
i (7)
B(j17j2)(x)
J1+7 *(ikfl’ik) *(ik+17ik) o *(Zk) (Z ) -1 . — -
= o ((f(b(jl,jg) * fq)(h»jz) f(I’(jlan)) O(F ’ ) ) (X) if x € Q(Zk)7 k=24,...,2v,
0 otherwise,

where the factor )
h & - a
— - F(ZQZ)
(pyznv <o,o>|>

is used to uniformly scale the functions with respect to the L°°-norm. The vertex functions BE 9 Lj2)? 0<

j1, 42 < 2, j1 + jo, are constructed in such a way that they are C''-smooth across all interfaces E(’Q’f“),
k =0,...,v, and that they span the function value and all derivatives up to second order at the

(1)

vertex x| see [28] for details. Furthermore, the support of an vertex function B(j1 i) is entirely

contained in Uy_,Q%k in an h-dependent neighborhood of the vertex x("). Therefore, we obtain that
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€ CY(Q) and B

i (1)
B (lejQ)

“(.d2)
1 € I, is equal to

€ C%*(x%) for 0 < j1,j2 < 2, j1 + jo. The dimension of the space A ),

dim(A,u)) = 6.
As already mentioned above, the dimension of the entire space A does not depend on the geometry
and is finally given by the sum of dimensions of all subspaces Aq), Ay and A, ), that is,

dim(A) = |Za| - ((p = 7)(n = 1) +p =3)* +|Zs| - 2(p —r = 1)(n = 1) +p — 9) + I - 6.
(4)

Moreover, all constructed patch-interior functions B(jl ) edge functions EE;)I ia) and vertex functions

1*38)1 i) from above form a basis of the space A. This is a direct consequence of the definition of the

single functions and their supports.

5. Beyond analysis-suitable G'! parameterizations

It is possible to extend the C' basis construction to domains that are not analysis-suitable G'. This
is done by locally increasing the degree. This approach was employed for interfaces in the multi-patch
framework in [12], based on the findings in [15]. More extensive research was done in [30, 31, 33, 44] for
unstructured quadrilateral meshes, where higher degree elements where used in local regions around
extraordinary vertices.

The mixed degree construction is based on the following observation. The definitions of the edge
basis functions in (4.4) and (4.5) are not confined to the gluing data being linear functions. However,
we have the following lemma.

Lemma 5.1. Given an interface £ between patches Q) and QU2). Let o(bi) i) ¢ Sﬁ*’r* and

by, b} be the first two basis functions in S,];Jr’r_, where pt = max(p,p + p* — 1) and r~ = min(r, r*).
Then the edge functions

(1,71 * * X ’ h *
Pl (€-€2) = B E)03(€) +bi(6) — A (€) () (€) i)

and o -
T €,62) = a0 (@)b; (€05 ()
satisfy

*(i,z’ ) *(i,i ) "",r_
Fiiop fGinesy ™

with pt = (pT,pt) and v~ = (r~,77). Analogously, we have the same for the patch Q(2),

A simple consequence is, that if there exists quadratic gluing data, then all edge functions are in
the space S} LT This significantly increases the flexibility of the multi-patch geometry. Note that
the biquadratic G-splines defined in [51] possess quadratic gluing data. Configurations of suitable
spline-like patches of mixed degree are given in Figure 5.1. The blue dots signify Bézier coefficients
of degree 3, whereas the red dots correspond to Bézier coefficients of degree 4. The blue line are
mesh lines where parametric continuity of order C' or C? is described whereas the green edges at
the boundary are of G! smoothness across patches and the black edges are either boundary edges, or
edges where the patch can be extended with parametric continuity (at least C'!). Note that one may
prescribe different continuity for different regions of the patch, e.g., only C! close to the interfaces and
C? in the interior.

In this configuration of mixed degree 3 and 4, the coefficients corresponding to the inner elements
(not neighboring the interfaces) do not influence the function value or value of first derivatives at the
interfaces. Hence, the edge and vertex functions are completely determined by the Bézier elements of
degree 4.
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(A) Onme interface without (B) Two interfaces; coupled (¢) Four interfaces; coupled
special vertex construction. at the top-left vertex. at all vertices.

FIGURE 5.1. Spline-like patches of mixed degree (coefficients for p = 4 in red, for p = 3
in blue). The G* interfaces are depicted in green.

Considering a configuration as in Figure 5.1a containing only one interface, the edge basis as pre-
sented in Lemma 5.1 together with the patch interior basis obtained by resolving the C* conditions
in the interior give a complete basis of the C! smooth isogeometric function space.

When given configurations as in Figures 5.1b or 5.1c additional vertex functions can be defined by
interpolation of C? data. The procedure is similar to the construction presented in Subsection 4.2. In
all configurations, the patch interior basis is a tensor-product of suitable univariate basis functions.

The type of patches depicted in Figure 5.1b can be used to construct C!' smooth isogeometric
functions around extraordinary vertices. See Figure 5.2 for a possible construction. We refer to [30,

FIGURE 5.2. A possible construction for an extraordinary vertex of valency 5.

31, 33, 44], where such constructions were employed.

Another difficulty arises when refining the space. When performing a standard refinement step, the
region where the degree is higher remains the same. Therefore the number of elements of higher degree
scales with O((%)z) This can be circumvented by locally reducing the degree again, which leads to the
number of higher degree elements scaling as O( %) The process is sketched in Figure 5.3. Note that in
this setting, the final (refined and reduced) space is not a superspace of the initial space. Hence, the
spaces are not nested.

The constructions extend to higher degree as well as to more complex meshes. Many questions arise,
that are worth to study in more detail; such as the definition of a basis forming a partition of unity,
how to obtain nested spaces or how to efficiently construct domains and discretization spaces suitable
for isogeometric analysis.
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,,,,, refine
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Ry

FIGURE 5.3. A mixed degree patch (left), its refinement (middle) and a patch of re-
duced degree (right).
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FIGURE 6.1. Two AS-G' multi-patch geometries constructed my means of AS-G' fit-
ting approach [27], cf. Section 3.3.2.

6. Numerical examples

We consider the two multi-patch domains € shown in Fig. 6.1, which are described by AS-G' multi-
. 2
patch geometries F consisting of parameterizations F() e (SS’;’)’(I’I)) . The two AS-G! multi-patch

geometries F have been constructed from initial multi-patch geometries F composed of bicubic Bézier
patches F@ by using the AS-G! fitting approach [27], cf. Section 3.3.2. While the AS-G'! three-patch
geometry (left) has been used in [28, Section 5], too, the AS-G* five-patch parameterization (right) is
newly generated for this work. For both multi-patch parameterizations F we generate a sequence of

1 1

C! Argyris spaces Ap, h = i, %, 167 33, for p = (p,p) = (3,3),(4,4) and r = (r,7) = (1,1).
We employ the space family A, to solve the biharmonic equation

Au(x) =g(x) x€Q
u(x) =g1(x) x €00 (6.1)

g—ﬁ(x) = g2(x) x €00

by a standard Galerkin discretization. The functions g, g1 and go are selected to obtain the exact

u(x) = u(x1,x2) = —4cos (%) sin (%)
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Relative errors for p = 3 Relative errors for p = 4

Exact solution
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Example: AS-G" five-patch geometry

FIGURE 6.2. Solving the biharmonic equation (6.1) over the two AS-G' multi-patch
geometries from Fig. 6.1: Exact solutions (first column) and the resulting relative L2
H! and H? errors for p = 3 (second column) and p = 4 (third column).

on both domains. In particular, the boundary Dirichlet data g; and go are L? projected and imposed
strongly to the numerical solution wuy,. The resulting relative L?, H' and H? errors with their estimated
convergence rates are presented in Fig. 6.2 (second and third column), and indicate rates of optimal

order of O(hP*1), O(hP) and O(hP~1), respectively.

7. Conclusion

In this paper we have listed and classified known methods to construct C'-smooth isogeometric spaces
over unstructured multi-patch domains. This is a research field that is attracting growing interest, at
the confluence of geometric design and numerical analysis of partial differential equations. We have
discussed, with more details, the case of multi-patch parametrizations that are regular and only C°
at the patch interfaces, reviewing in a coherent framework some of the recent results that are more

closely related to our research activity.
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