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A MINIMAL STABILIZATION PROCEDURE FOR ISOGEOMETRIC
METHODS ON TRIMMED GEOMETRIES*

A. BUFFA t, R. PUPPI i, AND R. VAZQUEZ it

Abstract. Trimming is a common operation in CAD, and, in its simplest formulation, consists
in removing superfluous parts from a geometric entity described via splines (a spline patch). After
trimming the geometric description of the patch remains unchanged, but the underlying mesh is
unfitted with the physical object. We discuss the main problems arising when solving elliptic PDEs
on a trimmed domain. First we prove that, even when Dirichlet boundary conditions are weakly
enforced using Nitsche’s method, the resulting method suffers lack of stability. Then, we develop
novel stabilization techniques based on a modification of the variational formulation, which allow us
to recover well-posedness and guarantee accuracy. Optimal a priori error estimates are proven, and
numerical examples confirming the theoretical results are provided.

Key words. isogeometric analysis, trimming, unfitted finite element, finite element methods,
stabilized methods
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1. Introduction. Complex models are processed within Computer Aided De-
sign (CAD) tools where several geometric manipulations are possible. Geometries
are described as collection of their boundary surfaces, often defined as tensor-product
splines or NURBS, and during the design process these surfaces can be joined, inter-
sected or simply superflous parts can be cut away. All these Boolean operations act
on the original surfaces through a common procedure of trimming. When the super-
fluous surface areas are cut away, the visualization of the resulting surface changes,
while its mathematical description does not. This description of the geometry is called
“boundary representation” (B-rep) (see, e.g., [38, 45], or the recent review [31] and
references therein) and is clearly not well suited for the simulation of PDEs.

Several efforts have been undertaken in the last years to improve the usability of
CAD geometries in the solution of PDEs, especially thanks to the advent of Isogeo-
metric Analysis (IGA) [15, 27] and its tremendous success (see, e.g., [1, 4, 6, 26, 42]).
The geometric modelling community has also provided important inputs to this sci-
entific challenge [41], and, in this respect, volumetric representations (V-rep) are a
major contribution [33]. On the other hand, trimming remains a main tool for the
design of complex models via Boolean operations, and basically all developments of
IGA described above rely on strong requirements on the underlying geometric models
and, in general, do not support trimmed geometric entities. The aim of this paper is
to contribute to the design of isogeometric methods that robustly support trimming
in the geometric description of the computational domain, and do not require the
construction of a global re-parametrization (meshing).

Two main issues arising when dealing with trimmed geometries are the presence
of elements unfitted with the boundary, making the research for efficient quadrature
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rules and the stable imposition of boundary conditions a challenge, and the existence
of basis functions whose support has been cut, affecting the conditioning of the related
linear system. Let us briefly review some of the most successful methods which have
been proposed so far in this regard.

In connection with the construction of quadrature rules on trimmed elements let
us mention, from the engineering side, the pioneering works [35, 48], the shell analysis
on geometric models with B-reps [8, 37], and the finite cell method combined with
IGA [17, 40, 43, 49].

Concerning the lack of stability and the ill-conditioning of the stiffness matrix
we should mention stabilization based on polynomial extrapolation in the parametric
domain [30, 32] and the so-called Cut-IGA method proposed in [20, 28]. The former
traces its roots back to the groundbreaking work [25] where the authors, by mod-
ifying the discrete functional space, tackle both the stability and the conditioning
issues. The theory was proved in [25] for finite elements with (extended) B-splines,
which corresponds to consider below the map F equal to the identity (i.e. without the
isogeometric map), and the polynomial extrapolation may lead to sub-optimal con-
vergence properties, as it will be discussed in Section 6. The latter is a generalization
of the Cut-FEM method [11, 12, 13, 14, 23] born in the framework of fictitious domain
methods for finite elements. It is based on a modification of the weak formulation
of the problem by the addition a penalisation term on the boundary. This technique
aims to deal at the same time with the ill-conditioning and the lack of stability of
the bilinear form. Note that the penalisation term acts on the jumps of the normal
derivatives of all orders over cut elements’ boundaries, which can be very demanding if
high-order B-splines are employed for the analysis (which is usually the case in IGA).

We now describe our simplified mathematical setting. Let Qo C R? (here d = 2, 3)
be a domain described by a bijective spline map F : (0,1)? — Qq, i.e. a patch in the
isogeometric terminology, and let Q1, ..., Qx be bounded domains of R?. We assume
that vazl Q; are to be cut away from Q, i.e.

N
(1.1) 0=\,

=1

and we assume that the computational domain € is Lipschitz. After trimming the
mathematical description of the domain remains unchanged, that is, the elements
and basis functions fit the boundary of g instead of that of Q. In this paper, we
focus on a simple Poisson problem, with weakly imposed boundary conditions, in
the domain 2 described above. First of all, we discuss the difference between bad
matrix conditioning and lack of stability. The former can be improved by modifying
the chosen basis (preconditioning), while the latter needs to act on the bilinear form
directly.

Regarding the lack of stability, we propose a stabilization technique, inspired by
[24], that acts only on those cut elements that affect stability. For example, in the case
of a Neumann condition on the trimmed boundary, no stabilization is needed. The
stabilization is “minimal” in the sense that no additional parameters are introduced,
in contrast with the CutFEM [13] and Finite Cell methods [17] for instance. Our
stabilization is parameter free and its computation requires only local projections at
the element level, and only for “bad” cut elements. We follow a “local approach” [31],
i.e. we modify the analysis, rather than the geometry, in order to be able to face
the challenges arising from trimming. Moreover, we remain faithful to the so-called
isogeometric paradigm, in the sense that we just locally modify the weak formulation,
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while keeping the discrete functional space unaffected.

We present two different versions of the stabilization. The first one is based
on polynomial extrapolation in the parametric domain, that is easier to implement
from the numerical point of view, but suboptimal in some cases. The second one
is a projection-based stabilization performed directly on the physical domain, which
allows us to recover optimal a priori error estimates.

Concerning the conditioning issue, we do not have a sound solution to the problem,
but we constructed tests to check the behaviour of the condition number of the stiffness
matrix. Numerical evidences show that a rescaling of the stiffness matrix, coupled
with our stabilization, greatly reduces the condition number, although it does not
solve the conditioning issue in all configurations (see Section 8.4). A clear theoretical
understanding of this issue is beyond the scope of this paper and, in this regard,
the interested reader is referred to [34] where a LP-stable basis is constructed in the
context of B-splines and to [18, 19].

The document is organized as follows. Section 2 presents an overview of isoge-
ometric analysis in trimmed domains. In Section 3 we set the model problem, and
explain the main challenges we need to face, namely integration, conditioning and
numerical stability of the associated linear system. After having explained in detail
in Section 4 the causes for the lack of stability of the simple Nitsche’s formulation, in
Section 5 we present our new stabilization technique. Two possible constructions of
the stabilization operator are suggested and analysed in Section 6, and error estimates
are provided in Section 7. Finally, we conclude by showing some numerical examples,
obtained using the MATLAB library GeoPDEs [47], confirming the theoretical results.

2. Isogeometric analysis on trimmed domains.

2.1. The univariate case. For a more detailed introduction to isogeometric
analysis, we refer the interested reader to the review article [4]. Given two positive
integers p and n, we say that Z := {&1,...,&4p+1} IS a p-open knot vector if

§1= =61 <&l L6 <Snp1 = = Engpit

We assume & = 0 and 4,41 = 1. We also introduce Z := {(1,. .., m}, the set of
breakpoints, or knots without repetitions, which forms a partition of the unit interval

- M
(0,1). Note that Z = {(1,...,(1,C25- -5 G2y, Cary - - -, Cr }, Where Y .7 my = nd-p+
———— —— —_———
mq times mo times mps times
1. Moreover, we assume m; < p for every internal knot and we denote I; := (;, (i+1)
and its measure h; := (41 — G, e=1,..., M — 1.

We denote as B; ,, : [0, 1] — R the i-th B-spline, 1 < i < n, obtained using the Cox-
de Boor formula, see for instance [4]. Moreover, let S,(E) = Span{ﬁiyp 11 <i<n}
the vector space of univariate splines of degree p. S,(E) can also be characterized as
the space of piecewise polynomials of degree p with k; := p—m,; continuous derivatives
at the breakpoints ¢;, 1 < j < M (Curry-Schoenberg theorem).

Moreover, given an interval I; = (¢;,(j+1) = (&, &i+1), we define its support

extension I; as

fj '= int U{SuPp(ék,p) : Supp(gk,p) NI #0,1<k<n}=(Ep&itpt1)-

2.2. The multivariate case. Let d be the space dimension. Assume that

Mg,ng S N, p € N, E@ = {5471,...,£g7n[+p+1} and Zg = {C@,la-"aCZ,Mz} are given
for every 1 < ¢ < d. We set the degree p := (p,...,p) and E := Z; X -+ X Zy.
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With no risk of ambiguity we will write p in place of p. Note that the breakpoints
of Z, form a Cartesian grid in the parametric domain Qo = (0,1)%. We define the
parametric Bézier mesh

Mo ={Q; = T4, X+ x1aj,: Loj, = (CjprCojor) 1 1< Jo < My — 1},

where each Qj is called Bézier element, with hq, := diam (Q;). Let h := max{hq :

Qe M\o}, hence we denote /T/l\oyh = M\o.

Throughout the manuscript we are going to rely on the following shape-regularity
hypothesis, which allows us to assign hg as the unique size of the element, without
the necessity of dealing with the length of its edges separately. This hypothesis is
implicitly used throughout the paper in any result involving the mesh size h.

ASSUMPTION 2.1. The family of meshes {/T/l\07h}h is assumed to be shape-regular,

that is, the ratio between the smallest edge of QQ € /T/l\oyh and its diameter hg 1is
uniformly bounded with respect to Q and h.

Remark 2.2. The shape-regularity hypothesis implies that the mesh is locally-
quasi uniform, i.e. the ratio of the sizes of two neighboring elements is uniformly
bounded (see [3]).

Let I := {i = (i1,...,44) : 1 < ip < ng} be a set of multi-indices. For each
i=(i1,...,1q4), we define the set of multivariate B-splines
{E,p(i) = §i1,p(§1) e Eimp(i’\d) :i € I}. Moreover, for an arbitrary Bézier element
Qj € /\/ZO,h, we define its support extension @j = fl,jl X oo X fd,jd, where fl,j@ is the
univariate support extension of the univariate case defined above.

The multivariate spline space in € is defined as S,(2) = span{B; ,(X) : i € I},
which can also be seen as the space of piecewise multivariate polynomials of coor-
dinate degree p and with regularity across the Bézier elements given by the knots
multiplicities. Note that S,(E) = ®Z:1 Sp(Ze).

Remark 2.3. What has been said so far can be easily generalized to the case of
Non-Uniform Rational B-Splines (NURBS) basis functions. See for instance [15].

Remark 2.4. The previous construction as well as what follows could be done
in a more general setting considering different, but fixed, degrees in each Cartesian
direction. In this case all the inequality constants appearing in the theoretical results
would depend on the difference between the degrees, and would possibly explode if
this difference is not kept bounded. Further generalizations to the anisotropic setting,
either in terms of the mesh or in terms of the degree, would rely on the approximation
theory in anisotropic Sobolev spaces (see, for instance, [5, 16]), These extensions are
far from trivial, and out of the scope of this work.

2.3. Parametrization, mesh and approximation space for trimming do-

mains. Let Qy C R? be the original domain before trimming. We assume that there
exists a map F € (S0 (EO))d such that Qy = F(Qg), for given degree p° and knot
vector 2. We define the (physical) Bézier mesh as the image of the elements in Mo 5,

through F':
Mo ={K CQ: K =F(Q),Q € Mo}.

We denote hg = diam (K) for each K € My ;. To prevent the existence of singular-
ities in the parametrization we make the following assumption.
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ASSUMPTION 2.5. The parametrization F : SA)O — Qg is bi-Lipschitz. Moreover,

F|§ € C°°(Q) for every Q € Mo, and F’1|? € C®(K) for every K € Mop.
Some consequences of Assumption 2.5 are the following.

1. hg = hg,ie. 3 C; > 0,02 > 0 such that C1hg < hg < Cohg;

2. 3 C > 0 such that, ¥ Q € My, such that F(Q) = K, it holds

IDF|[poc(qy < C and [[DFH]| . ) < C;

3. 3C; >0,Cy > 0such that €y < |det(DF(X))| < Cs, for all X € Q.

Let V, = S,(E) be a refinement of Sy (E°) and define

Vi, = span{B; ,(x) := ’BSi)p oF l(x):ieT},

where {Ei’p :i € I} is a basis for Vi Note that throughout this document C' will
denote generic constants that may change at each occurrence, but that are always
independent of the local mesh size.

Let us clarify the interpolation strategy we are going to rely upon in the rest of
this manuscript. Given a function u € H*(Q2), s > 1, we extend it using the Sobolev-
Stein extension operator (see, for instance, Section 3.2 of [36]) E : H*(Q) — H*(R?)
and denote its restriction to the un-trimmed domain as u := E(u) ’Qo’ for u € H*(Q).
The spline quasi-interpolant operator ([10]) associated to the uncut mesh M, is
Iy : H*(Q0) — Vi, Hence, we are allowed to write [|[Ilo(u)|| - (o) < [Ho(@)|| 7+ ()
Clltl e,y < Cllullgs(q) and, similarly, for every 0 < ¢ <'s, [lu — Ilo(u)| :(q)
[t —To (@) e () < Ch*" [l o) < CR* 7" |t e -

<
<

3. The isogeometric formulation. At this point we suppose to trim g as
explained in (1.1), for simplicity, with N = 1 , i.e. the new domain is Q = Qg \ Q;.
We denote the trimming curve as 'y = 0Q N 0. Let us consider the Poisson
equation as model problem. Given f € L*(Q), gp € H>(Tp) and gy € H™3(Ty),
find u : Q@ — R such that

—Au=f inQ,

(3.1) U =gp on'p,
1o}
= gy only,
on

where I'pUT'y =T =: 90 and f‘Dﬂf‘N = (), and a—z := Vu-n is the normal derivative,
with n the outward unit normal to I'. Observe that, in general, Ty, N Tp # 0.

Let us now develop and extend the notation introduced in Section 2, to adapt it
to trimmed domains. B

The approximation space on the trimmed domain Q is V}, := span{Bi)p‘Q (i€
I}. The new parametric Bézier mesh is M, = {Q € M\O,h L QNO # (0}, where
Q) = F~1(Q). The physical mesh is M, = {F(Q) : Q € M},}. and the set of Bézier
elements cut by the trimming curve is denoted as G, = {K € My, : K N Tpip # 0}.

For every K € My, let hg := diam(K), Amax = maxgem, hx and Amin =
mingem, hx. We define h : Q — R to be the piecewise constant mesh-size function
of My, given by h|K = hg.

First of all, we make an assumption on how the mesh is cut by the boundary.

AssuMPTION 3.1. There exists C > 0 such that, V h > 0, ¥V K € My, it holds
|FK| < Ch}i(_l, where 'y :=T'p NK 7£ 0.
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We denote as fD :=F 1 (I'p) and as n its outward unit normal.

Since the point is to avoid a reparametrization and a remeshing of the trimmed
domain, it is natural to see the analogy with fictitious domain methods, where the
physical domain, with a possibly complicated topology, is immersed into a simpler,
but unfitted, background mesh. Similarly to fictitious domain methods, we need to
be able to impose essential boundary conditions when the mesh is not fitted with
boundary. Following [21, 44], we decide to employ Nitsche’s method, which in its
symmetric form reads as follows.

Find uj € Vj, such that

ou v
Vuy, - Vo, — —hvh — / th + 6 h_luhvh
Q rp On rp, On T'p
(32) symmetry stability
vy, -1
Z/fvh+/ gNUh—/ gDai‘i‘ﬁ h™ gpvn,
Q Tn T'p n I'p
consistency

where § > 0 is a penalization parameter.
We define

ou ov
ap(un,vy) = / Vuy, - Vo, — L, —/ uha—h +8 h~Yuy,vp.
Q I'p I'p n I'p

Our main goal is to provide a minimal stabilization to make formulation (3.2)
uniformly well-posed with respect to the mesh-size.

4. Stability. Firstly, we need to clarify what we actually mean by “stability” of
the discrete variational problem (3.2). We introduce the following mesh-dependent
scalar product

(uhvvh)l,h.ﬂ IZ/Vuh~Vvh+/ h~Lupon,
’ Q T'p

which induces the discrete norm

2
2 2 -3
(41) P N AT [t

DEFINITION 4.1. Problem (3.2) is stable if there exist > 0 and o > 0 such that
for every B > B, for every h > 0 it holds that

o ”uh”ih,(l < ap(un,un) YV oup € ‘N/h,
and for every fired B > B there exists v > 0 such that for every h > 0 it holds that
an(un,vp) <7 ||Uh||1,h,9 ||UhH1,h,sz Y un, vn € ‘7h-
Remark 4.2. The main point of Definition 4.1 is to find 3, a and v that do not

depend on the trimming configuration. In the following lines we will show with a
numerical example that the formulation (3.2) is not stable.
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Remark 4.3. In Definition 4.1 we have followed [44]. Note that the coercivity
constant only depends on 3, while the continuity constant depends on the penalization
parameter §, and in particular it grows with 8. This dependence of the constant on
[ also occurs in Theorem 7.1 and in Proposition 7.4. In practice, 8 has to be chosen
large enough (i.e. larger than 3), but as close as possible to 3, to avoid that the
continuity constant deteriorates.

PROPOSITION 4.4. If for all K € Gy, we have Tk = (), then problem (3.2) is stable.
Proof. We refer the reader to [44]. d

The following numerical experience shows that there exists a trimming configuration
for which the formulation (3.2) is not stable according to Definition 4.1. In particular
we show that for every fixed S the continuity constant v may be arbitrarily large, for
a given h > 0. First, we notice that if v is the continuity constant corresponding to
B, then vg > v for every § > 1. So, we fix # = 1 and show that ; can be arbitrarily
large. _

Let us consider the following eigenvalue problem. Find up € V3, \ {0} and A\p, € R
such that
(4.2)

Ju v ~
/ Vup,-Vup — J'Uh_/ UhJ+/ h™Yupon = An(un, vn)1na YV on € Vi
Q I'p an I'p I'p

As the problem is symmetric, the continuity constant 7; equals the maximum eigen-
value of (4.2). Let us consider Qy = (0,1)? and as trimmed domain Q = (0,1) x
(0,0.757). We fix h = 275 as mesh size and p = 3 as degree. We construct a sequence

of discrete spaces (Vh,s) of degree p and of class C? at the internal knots, starting
€

from the uniform knot vectors Z;, 5, and substituting in the latter the knot 0.75 with
& = 0.757 — ¢, see Figure la. Basically, the horizontal knot line {(x,y) : y = 0.75} is
replaced by {(z,y) : y = £}, which is such that the smaller £ > 0 is, the closer to the
trimming curve it becomes.

In Figure 1b we can see the dependence of the spectrum of (4.2) on the magnitude
of €. In particular, the magnitude of the largest generalized eigenvalue goes to infinity
as ¢ goes to 0, implying that the discrete formulation (3.2) is not stable, as the
continuity constant can be made arbitrarily large by reducing €. Going through the
proof of stability, we clearly miss a discrete trace inequality which is uniform with
respect to any mesh-trimming curve configuration, namely:

|

where C' does not depend neither on K nor on K N €.

At this point, in order to be able to deal with a well-posed, hence stable, problem
we want to find a way to improve this discrete trace inequality, where the constant
does not depend on how the trimmed boundary intersects the mesh.

% 8’Uh

h o

< ClIVonll 2 (ke -
L?(I'k)

5. A new stabilization technique. The goal of this section is to present a
new stabilization technique for the problem (3.2). Our construction is inspired by the
work of J. Haslinger and Y. Renard in [24].

Let us partition the elements of the Bézier mesh into two disjoint sub-families.
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Tl Sk i Akl
------------------------------ <
=
g
@) 2
A4 ¢

10710 5107109 107 107 107
(a) Sketch of the setting with (b) Maximum generalized eigenvalue
amplified distances. We plot Vs €.

Q = (0,1) x (0,0.757) (in red),
{(z,y) : y = &} (in solid blue),
{(z,y) : y = 0.75} (in dotted

gray).

Fig. 1: Testing the lack of stability of formulation (5.2) with respect to trimming.

DEFINITION 5.1. Let § € (0,1] and Q € M\h. We say that @ is a good element if

oo,

(5.1) 0]

Otherwise, @ is a bad element. Thanks to the reqularity Assumption 2.5 on F,
this classification on the parametric elements induces naturally a classification on the
physical elements. M; stands for the collection of the good physical Bézier elements
and MY for the one of the bad physical elements. Note that My \ G, € M$ and
M?b C Gy. We denote the set of neighbors of K as:

N(K) :={K' € My, : dist (K, K') < Ch| .} \ {K},

where C' does not depend on the mesh size.

The following assumption is not restrictive since it holds true if the mesh is sufficiently
refined.

ASSUMPTION 5.2. We assume that for any K € M%, N(K) N MY # 0.

In what follows, we will use Assumption 5.2 to construct a stable representation
of the normal flux of discrete functions. Let us assume that there exists an operator

Ry, : ‘7}1 — LQ(FD)

which approximates the normal derivative on I'p in a sense that will be specified. We
propose the following stabilized formulation of problem (3.2).
Find uy, € ‘7h such that
(5.2)
@p(un,vp) = / fon +/ INh —/ gpRi(vn)+B | h7lgpon  Vup €V,
Q 'n I'p

I'p
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where

Eh(uh,vh) = / Vuy, - Vo, — Rh(uh)vh — / uth(vh) + ﬂ h_luhvh.
Q r'p r

D I'p

THEOREM 5.3. Suppose the following stability property is satisfied: there exists
a uniform C' > 0 such that for every K € Gy

5.3 thR H
(5.3) 2 Ry (vn) et

where K' = K if K € MJ,, otherwise K' € N(K)NM§. Then problem (5.2) is stable
in the sense of Definition 4.1 (modified accordingly).

<CVonloonkn Y on € Vi,

Proof. For the continuity, let uy, vy € ‘N/h and estimate

h%Rh(uh)H

_1
’h 21}h‘

[@n(un,vn)| < IV unll sy I 90nl oy + |

L2(Tp) L2(Tp)

+ Hh%Rh(vh)]

_1
h2v‘

_1 1
Ll R
L*(I'p) L2?(Tp) L*(I'p) L*(Tp)

<llunlly pg lvnllipe + C VUl L2 1orlly pa + C VORI L2) lunlly 0

+ 8 ||Uh||1,h,9 ||vh||1,h7Q <C ||uh||1,h,Q [[vn| 1,h,Q

where we employed first Cauchy-Schwarz inequality, the definition of the norm (4.1)
and the stability property (5.3). Take uj, € V},. Using Young inequality, with 6 > 0,
and, again, the stability property (5.3), we obtain:

2

2 1,2 2 _1
SRR KPR . %
_1 2 C 2 _1 |2
+5Hh zuh”L2<rD) - <1 B 6> IVerlizz e +(5=0) Hh 2“"’ 12(0p)’
from which we deduce the coercivity, provided C < § < 3. O

Remark 5.4. In order for the solution of (5.2) to be a good approximation of w,
it is clear that we will also need to quantify the error between Rp(up) and %. This
fact will be addressed in the next section.

6. Construction of the stabilization operator. The definition of the oper-
ator Ry, is not unique. As already observed, we seek for a stable approximation of
the normal derivative on the trimmed part of the boundary, namely on I'i for every
K € Gy. Here, we propose two different constructions of such an operator.

e a stabilization in the parametric domain: for each K € MY we take the
(unique) polynomial extension of the pull-back of the functions of Vi, from
Q' =F 1K') to @ =F 1(K), where K’ is a good neighbor;

e a stabilization in the physical domain: for each K € M?L, we first L2-project
the spline functions restricted to the good neighbor K’ onto the polynomial
space Q,(K'), then we take their (unique) polynomial extension up to K.

DEFINITION 6.1 (Stabilization in the parametric domain). We define the opera-

tor Ry, locally as Rh(vh)‘K =R (vp) VK €Gy, Vo, € ‘7’” where
o if K € M,

8vh‘K.

RK(Uh) = an 3
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o if Ke My, K' e N(K)N M},
Q')OF%)

Ry (vp) := i (6 (@L o ;

where € : Q,(Q") — Q,(Q" U Q) is the polynomial natural extension.

DEFINITION 6.2 (Stabilization in the physical domain). An alternative stabiliza-
tion operator can be defined by using the L?-projection in the physical domain. We
define the operator Ry, locally as Rh(vh)‘K ‘= Ri(vp) V K € Gy, Vo, € Vp:

o if K € M,

8vh‘K.

RK(Uh) = an )

o if K=F(Q) e M), K' € N(K)N M,

Ry (vp,) := 0 (5 (P(;Zh}K'))) )

where P : L* (K') — Q, (K') is the L?-orthogonal projection and
€ :Qu(K'") = Qu(K'UK) is the polynomial natural extension.

Remark 6.3. Note that in the trivial case where F = Id, the L?-projection P,
restricted to V4, reduces to the identity operator and the two stabilizations coincide.

6.1. Properties of the stabilization in the parametric domain. We are
now up to verify if our choice of Ry verifies the stability property (5.3). Its proof
relies on a series of quite technical results that are reported in the Appendix.

THEOREM 6.4. The stability property (5.3) holds for Ry defined as in Definition
6.1, i.e., there exists C' > 0 such that for every K € Gy,
h Ry, (v,
n(on)]|, (

| o
where K' = K if K € MY, otherwise K' € N (K) N Mj.
Proof. Fixed K € Gy, it is enough to prove

‘ L%(Tk)

for vy € Vi, such that o) == € (ﬁh Q,) o F1, where € : Q,(Q) — Q,(Q' UQ)

and K = F(Q), K' = F(Q') € N(K) N Mj. We can restrict ourselves to the case
K € M? with good neighbor K’. It holds:

< ClVurll 2ok Y op € Vi,

1_
hQUh‘

< Cllvallpzonir »

||@h||iz(rk) :/ |5h|2d52/ [On|? |det (DF)| || DF 14| dS
(6 1) FK Ffl(l—‘K)

~ 2.8 Ik
<C )|Uh| dS = Clonllz2c,ne) -

F_l(FK

where we have used F~1(Pg) = F~1(I'p) NF~1(K) = ['p N Q, because F preserves
boundaries (as homeomorphisms do). We then have:

1 1
~ = 2 A~ = 2~
Inll gy < [F0 N Q| I8l e@png) < [Fo N Q| 17l mq)
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In the first inequality we have used Holder inequality. Now, we employ Lemma A.3
and Assumption 3.1:

1
~ 112 fa 2 |~
5l @ oy < C[Fp 0 Q| I8l @) < CHF [l -

. . . QNK’ . .
At this point, notice that we can use Lemma A.4 because lonx] > 0 implies

[K']
a
i ‘g? | > COnin, where C' depends just on F, thanks to Assumption 2.5.

Let us continue with the inequalities:

~ 1 _1
(6.2) th”p(fDmQ) <Ch™= th”m(ﬁm@) <Ch™z ||”h||L2(Qme)~
Gathering together (6.1) and (6.2), we conclude the proof. d

In what follows, we analyse the approximation properties of the operator Ry, and
provide estimates that will be used in Section 7 to deduce a complete error estimate.

PROPOSITION 6.5. Let % < k < p. There exists C' > 0 such that for every K € Gy
e ifl<k<p—1, foreveryve H1(Q),:

where K' = K if K € M{, otherwise K' € N (K) N M;

e if p— % < k < p and each internal knot line is not repeated, for every

UGH’““( ), for alle >0,
1 ~ v
v (= (maon - 52

where K' = K if K € M{,, otherwise K' € N (K) N Mj.

Proof. First of all, let v € H*1(Q), with % < k < p. We take K € Gj. Let us
distinguish two cases: either K € MY or K € M}.
If K € M9. We use Lemma A.l and standard approximation results:

Jné (7 o) - 57 2 nt (o SZ)

L2rk) ‘
<C(IV11o(@) = Vll3a(sc) + IN(VTo(@) = Vo) 311 )
<C (108 s ey + 108 o)) < 20hbas 13m0 ) -

If K=F(Q) e M and K/ = F(Q') € N(K) N M be its good neighbor. We

easily obtain:
(6.3)

< Chk oy H5||Hk+1(f<uf(/) ,

vt (R (M) - 57 )

L2(Tk)

< ORBoad ™ 8ll s (7
> max Hk+1(KUK’) 9

L2(Tk)

L2(T'k)

’ h? (Rh (Io(v)) — gZ) L) <C||h? (c’fng (HO ®) Q,) - gi) L2(TpnQ)
st g (5 (M@ e Flg) - M@ o) L2(FpnQ)
10 ~ b
+ ’ h on (HO (@) oF - U) L2(TpnQ) )
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The second term converges as expected because of the properties of spline quasi-
interpolants [10]. We focus on the first one. Let § = o F € Q,(R?) be a global

polynomial. Note that, trivially, £(q] Q') =q o By triangular inequality:
(6.4)
10 ~ ~
’ h on (5 (HO @) o F Q') ~ Mo (@) e F) ’ L2(TpNQ)
1 0 _ R 10 . -
<|Int 2 (10 () o F , ~ ) +|[h? == (@ Ty () o F) :
on L2(TpnQ) on L2(TpNQ)

Using Corollary A.2, we can bound the last term of (6.4) as follows:

65 b g @@ er-

~ <C|(o (0) o F = @)l 41(g) -
L2(TpNQ))

The first term of (6.4) can be bounded using the stability property of Ry, given in
Theorem 6.4:

10 - 2 ~ ~
(6.6) |hi € (T () o F|o, —7) ptney SC IV @@ o F =Dz gy
Thus, combining (6.4), (6.5) and (6.6), we obtain:
;. ~ ~
‘ h - (5 (Ho (7)o F Q,) T (3) o F) ‘ I
6.7 < ) 7 _q
(6.7) <C[[(Mo@oFly =) 11 000

<C (I (@) = ) © Fllys gugry + 100 F =Dl m1quar ):

Again, the first term converges as expected by standard approximation results.
Concerning the other term, there are some issues, related to the regularity of the
parametrization. By the theory of bent Sobolev spaces (see [3]), we have v € H¥1(Qy),
but, in general, v o F‘QUQ, ¢ H*1(QuUQ'), since it is bent by F, a spline of degree p
and regularity p — 1 (under the assumption that internal knot lines are not repeated).
It holds, indeed, that 0o F|, o, € H™(QUQ’), where r+1 := min{k+1,p+3 —¢},

hence 0 <r<kand 0<r <p-— % — . So, the following inequality follows:

||5O F — /\HHI(QuQ/) < Ch;ax ”50 FHHH'I(éUQ') ’

where 0 <r<kand0<r<p-— % —¢, for any € > 0. Hence, pushing forward to the
physical domain:

(6.8) o — QHHl(KUKf) < Chinax ||5||Hr+1(f<uf(/) :

Hence, from (6.7) and (6.8), we deduce:

N - ov
‘ h2 (Rh (HQ(U)) - aﬂ)
(6.9) 1o
Sc(hfnax ||:5HH"+1(I?UI?’) + h;qax ||:EHHT+1(I?UI?’) )

We want to rewrite inequality (6.9) by distinguishing two cases.
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e 1 <k<p—1. Inthis case,

(6.10) ‘ < Ol [l s (R07)

L2(Tk)

(6.11)

S Chfnax H5||Hk+l(l?ul?’) .

L?(T'k)

o If p— 1 <k <p, then
&@mwm—%)

for any € > 0. ]

(6.12) ‘

1.
< Chmai HUHHHI(I?UI?’) )
L2(Tg)

Remark 6.6. Note that if % <k<p- %, the estimate is optimal. In the case
p— % < k < p the estimate is sub-optimal, instead. As already mentioned during
the proof, this is due to the fact that u € H**'(K U K’) does not imply uo F €
H*1(Q U Q"): if the knot line between K and K’ is not repeated, namely F €
CP~1(QUQ’), then it holds uoF € H™ " (QUQ') with r +1 := min{k+1,p+ 1 —¢}.
Moreover, if the parametrization is less regular than requested in the hypotheses
of Proposition 6.5, then the sub-optimality may be even worse. More precisely, if
F € C°(QUQ’), which is the case if the knot line is repeated p — s times, then we
have r + 1 := min{k + 1,s + % —¢}. We will see an example of this sub-optimal
behaviour in the worst case scenario of s = 0 in Section 8.3.

Remark 6.7. Any method based on polynomial extrapolation of the B-splines
in the parametric domain may also suffer of this sub-optimality depending on the
regularity of the isogeometric map F, because the theory of bent Sobolev spaces
from [3] cannot be applied. In particular the method of extended B-splines which
works very well in the parametric domain [25], may suffer a lack of accuracy in the
isogeometric setting [30, 32].

6.2. Properties of the stabilization in the physical domain.

THEOREM 6.8. The stability property (5.3) holds for Ry, defined as in Definition
6.2, i.e., there exists C > 0 such that for every K € Gy,

| -
where K' = K if K € MY, otherwise K € N(K) N M9.
Proof. Let us start applying Holder inequality and Lemma A.3:

0 0
1Bn (i)l 2y = Han“: (P(vn| ) e < VIlk| ”ant‘f (P(vn| ) e

<VIT'k| va (P(vh’K’))HLOO(K) SIGVIINY HV‘P(U}L‘K')HLW(K’)'

We finish with Lemma A.4, Assumption 3.1 and the stability of the L?-orthogonal
projection P, see for instance [7],

d
<Ch~%y/|0 ‘
‘ )= VIl L2(QNK")
<C|[VPn)llp20nrny < ClIVOll2nk) -

h%Rh(vh)HLz( < CIVorlleanry ¥ o € Vi,

h2VP(unl,.,)

h%Rh(Uh)HLQ

(T'x
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We conclude by summing over K € Gj,. |
PROPOSITION 6.9. Let % < k < p. There exists C' > 0 such that for every K € Gy

where K' = K if K € Mj, otherwise K' € N(K) N Mj.

Proof. We can focus on the case K € M?. Let K’ € N(K)NM{ and q € Q, (K).
(6.13)

vt (R (o(@) - 51 )

< CWM ol oo (Rorry Vv € HMHQ),
L2(Ts)

. 6T ) N N
Jnt (a0 @) - 22) o 0 2 (€ (P (00 )] 0)) - ) .
<’h%a(5(P(no(a)|K,))—q) + héﬂ(q—a) .
on L2(Tx) on L2(Tk)

Let us focus on the first term. After having observed that P(q) = ¢, we apply the

stability property proved in Theorem 6.8 and, again, triangular inequality

9
n

hs 2= (€ (P (o ()] ) — )

< C|VIo (0) = )l 200k

(6.14) ‘ 12(Tk)

<C(I¥ (@ = D)l z@nicry + IV @ = o @) 2 0 )

We choose ¢ = P (v). Note that the second term of (6.13) converges as expected by
the approximation properties of the L?-projection. Plugging (6.14) into (6.13):

h% <Rh (o (7)) — gz)

<Ch* (||5||Hk+1(;{,) + II5HHH1(;~<))

(6.15) L2(Tk)

<Ch 101l s (U -
We conclude by summing over K € Gy,. ]
7. A priori error estimate. The preparatory results of Propositions 6.5 and
6.9 were needed in order to prove the following convergence theorem.
THEOREM 7.1. Let % < k < p. There exists 3 > 0 such that, for every B > 3, if
u € H*1(Q) is the solution to (3.1) and uj, € Vj, solution to (5.2), then

(7.) = unly 0 < (B Tl sy + A7 [l e s,y

where Sy, is the strip of width ch, ¢ > 1, such that S, D UKGM% (Kuf(’); and

K' e M} NN(K). Moreover, (7.1) holds for every r such that:
e 0<r<p-— % with the stabilization in the parametric domain of Definition
6.1;
o 0 <r < p with the stabilization in the physical domain of Definition 6.2.

Proof. From Theorems 5.3, 6.4 and 6.8 we know that a(-,-) is coercive w.r.t.
I[l; . o i-e. there exists o > 0 such that for every uj, € Vj,

an(un, wp)

7.2 « su
(7.2) D Tun

Wh 6‘7)1,
wh,¢0

> ||Uh||1,h,fz~

1,h,Q
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Let vy, € V. Using the triangular inequality and coercivity, we get:

lw = unlly o <llw=vnllypo+ llon = unlly g

(7.3) <u—vnlly o+ sup an(vn — un, wn)
” wp€Vh, ||wh||1,h,Q
Wh

Then, recalling that uy solves (5.2), we get
an (v — wp, wn) =@ (vn, wn) — @n(un, wn) = an(vn, wn) — Fp(wn)

:/ Vv - Vwy, — / Rh(vh)wh — / ’U}LR}L(wh) + 8 hflvhwh
Q FD FD 1—‘D

— | fwn +/ gpRp(wr) — B h~'gpwy.
Q FD 1_‘D

Since u solves (3.1): [, fwn = [ Vu - Vwy, — fFD g—th and u|FD = gp, hence:

0
ah(’Uh — Up, wh) :/ V(Uh — ’LL) - Vwy, 7/ (Rh(vh) — al)wh
9 T'p n
I II
[ e Ruwn) 45 [ 0o - uun,
FD l—‘D
II7 v

Let us now estimate the four terms separately. We will leave IT for last since its
analysis depends on the choice of the stabilization. Clearly

(7.4) I+1V < Cllu—=wally 0 llwally p -

where C' > 0 linearly depends on 8. Note that this will not compromise the uniformity

of the resulting constant, provided that 8 is chosen as close as possible to 8 (see
the discussion in Remark 4.3). Using the stability property (5.3) and taking K’ €
N(K)NMj (if K itself is a good element, then take K’ = K), we get:

2.

2

1 2
1112 th—% (u—vh)‘ thh(wh)H

L2(p) ;£= L?(Tk)
g
(7.5) 2 ' 2 2 2
<llu— vhHl,h,Q ¢ Z vah”m(}(lng) < Cllu— Uh||1,h,Q ||wh||1,h,§z .
Kegy

Let us estimate the term /1. By definition of the norm |||, ,
1 ou

hz | R - =
(- 53)

Now, we choose v, = II(u) and distinguish two cases.
o If we use the stabilization in the parametric domain of Definition 6.1, hence

1T < [wnlly nq -

L2(Tp)
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apply Proposition 6.5, we get, for any 0 < r < p — %,

1 ~ au
Z h2 <Rh (o (w)) — 8n> lwnlly pa
Kegy, L*(Tk)
1 — ou
= Z h2 (Rh (o (w)) — 8n> lwrlly po
Kegy, L2(I'x)
< 2 C (Ml uery + 1 1l (zoery) ol
KEQ}L

e Employing the stabilization in the physical domain of Definition 6.2, hence
apply Proposition 6.9, we obtain

N _ ou
Z hz (Rh (Ho (u)) — aﬂ) HwhHl,h,Q
Kegn L*(Tx)
N ~ ou
= Z h2 <Rh (H() (u)) - an) ||wh||1,h,ﬂ
KeGn L2(Tx)
< Z Chk ||’7-Z|‘Hk+1(j?uj?/) ||wh||1,h,Q .
Kegn

Therefore, we have that
11 C (¥l oo gy + B Nl oo s, ) Ionll g

where Sy, is the strip of width ch, ¢ > 1, such that S, D UKeM’h’ (kuf{'), and

K' € M NN(K) and we can choose any r such that:
e 0 < r<p-— % if we use the stabilization in the parametric domain, hence
apply Proposition 6.5;
e 0 <r < pif we use the one in the physical domain and use Proposition 6.9.
As a consequence, we have that

ap (o (@) — up, wp) < [lu = To(@)|l, 4, o llwall; 4.0
(7.6 O (Wl sy 1 [, )

+ Cllu—o(@)lly p, 0 lwnlly ja -

|1,h,Q

where in (7.4), (7.5) we choose again vy, = ITy(u).
We now combine the last inequality (7.6) with (7.2) and (7.3) to obtain

_ G (To () —
Ju—unlly o < llu—To(@)], o +a sup an({lo(u) — un, wn)
wr VR ”wh”Lh,Q
wp #0

<+ a(1+C) fu=To@ly g+ aC (K [l gass gy + B Nlgercs,) )
Using approximation results of quasi-interpolants in spline spaces [10], we conclude

||u — uh”l,h,ﬂ <C (hk Hu||Hk+1(Q) +h" Ha||H7'+1(Sh)> ’

where r is the same as above. O
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Remark 7.2. As already observed in Remark 6.6, when v € H*1(Q) with 1 <
k<p-— %, both stabilizations give rise to optimal a priori error estimates. When
u € H’“H(Q) with p — % <k<pandk > %7 instead, stabilization in Definition
6.1 is sub-optimal. In this case the estimate can be modified and improved using the
following result.

LEMMA 7.3. Let € > 0 and Sy, be defined as in Theorem 7.1. Then, there exists
C > 0 such that

- 1 1
||UHH"'+1(Sh) < Chz™¢ |ul| Yué€ HP-F%—&(Q)7 VOo<r<p-— 3

HP+%*E(Q)

Proof. Using the fact that r < p, we are able to recover an integer order for the

Sobolev norm and so to apply Lemma A.7 with s = 2 —&:

< Ch* == |lul|

~ ~ 1_ ~
[all rrsa(s) < Nl grosrs,y < Ch2 Nl org g ) <

3 .
HPT275(Q)

In the last inequality we used the boundedness of the Sobolev-Stein extension opera-
tor. ]

PROPOSITION 7.4. Let u € HPYH(Q) be the solution to (3.1) and uj, € Vi, solution
to (5.2), obtained using the stabilization in the parametric domain of Definition 6.1.
Then, the following error estimate holds:

[ = unlly o < CAP lull VOo<p <p.

Y T3 ()
Proof. Tt immediately follows combining Theorem 7.1 and Lemma 7.3. ]

Remark 7.5. At the prize of slightly higher regularity request, optimal conver-
gence rate is to be expected also for stabilization in Definition 6.1.

8. Numerical examples.

8.1. Some details about the implementation. For accurate numerical in-
tegration, we decompose the trimmed elements into smaller quadrilateral tiles where
we compute the integrals. These tiles are reparametrized as Bézier surfaces of the
same degree p as the approximation space used to discretize our PDE, see [2] for a
detailed explanation. We remark that this reparametrization is also used to compute
the boundary integrals.

In order to compute the stabilization terms appearing in (5.2), first of all for each
bad trimmed element K we choose K': among all the neighbours of K, we choose
(the) one with the largest relative overlap |K' N €|/ |K’|. Then we need to locally
project functions living in K’ (or in Q') onto the space of polynomials on K’ (or
Q') and extend them up to I'x. For the stabilization in the parametric domain, by
taking as a basis the Bernstein polynomials on @’ the projection can be computed by
knot insertion, while for the stabilization in the physical domain the L?-projection is
needed anyhow.

8.2. Validation of stability. Let us repeat the numerical experiment of Section
4 in order to validate the effectiveness of our stabilization technique. Let us solve the
eigenvalue problem (4.2) with the stabilization in Definition 6.1 (since F = Id, the two
proposed stabilizations techniques are equivalent) in the trimmed domain of Figure
2a for the same values of € used in Section 4. The result is shown in Figure 2b.

This time we observe that the spectrum remains bounded independently of ¢,
confirming our method to be stable.
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B A
____________________ 3.8F f/*
&4 /
.............................. ;% 3.6 4-/ |
O £ 34
Y1
3.2F
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1071\) 107[5 107“ 10*J 10 7 105
(a) Sketch of the setting with (b) Maximum eigenvalue vs ¢.

exaggerated distances. We plot
Q = (0,1) x (0,0.757) (in red),
{(z,y) : y = €} (in solid blue),
{(z,y) : y = 0.75} (in dotted

gray).

Fig. 2: Testing the stability of formulation (5.2) with respect to trimming.

8.3. Validation of the a priori error estimate. In the following we focus on
the Poisson problem (5.2) with the difference that, while we impose Dirichlet boundary
conditions weakly on the trimmed parts of the boundary, on the other parts where
the mesh is fitted with the boundary we impose them in the strong sense.

Test 1. Let Q = Qg \ Q1 be defined as in Figure 3a, where Qy = F((0,1)?)
is a quarter of annulus (F is non linear) constructed with biquadratic NURBS, and
Q; is the image of a ball in the parametric domain through the isogeometric map,
namely Q; = F(B(0,7)), with » = 0.76. We consider as manufactured solution
Uee (T, y) = €” sin(xy). We solve the Poisson problem using the stabilized formulation
(5.2), the stabilization in the parametric domain and the parameters 5 = 1 and
0 = 0.1. The results of convergence for different values of p, that are displayed Figure
3b, show that we obtain the optimal order of convergence.

10% T T

1[)0 ~

el Q g 1072 a
A 5
. =

N > 107 -
' o0
' =
: !

1 T 105 |

1078 i

/128 1/64 1/32  1/16 1/8  1/4  1/2
h
(a) Trimmed domain. (b) Convergence rates.

Fig. 3: Geometry and convergence rates for the quarter of annulus with hole.

Test 2. We now consider the Poisson problem in the L-shaped domain shown in
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Figure 4a, given by = Q\Qy, where Qg = (—=2,1)x(—1,2) and ; = (0,1)x(—1,0).
The exact solution is chosen as the singular function that, in polar coordinates, reads
as u(r,p) = 3 sin (2¢) € H379(Q), for every § > 0. The function has a singularity
at the re-entrant corner in the origin, and the domain is chosen in such a way that
the corner is always located in the interior of an element. We employ the formulation
(5.2) together with the stabilization operator in Definition 6.1, noting that since the
parametrization is a simple scaling, both stabilizations are equivalent. This time we
set the parameters § = 1 and, due to the presence of the singularity, 5 = (p+ 1) - 10.
The numerical results of Figure 4b agree with the theory as the method converges with
order %, and the sub-optimal behaviour is due to the low regularity of the reference
solution.

—A-p=2
H-p=3

100 |-

5
Q g 07 l2/3 7 i/ l
R A
: 102 | | L ‘ ‘
: 1128 1/64 1/32  1/16 1/8 1/4 1/2
H h
(a) Trimmed domain. (b) Convergence rates.

Fig. 4: Geometry description and convergence rates for the L-shaped domain.

Test 3. The goal of this test is to show that, when the regularity of the map-
ping F' is low between trimmed elements and their neighbors, the stabilization in the
physical domain is more effective than the ones based on polynomial extensions in the
parametric domain (as it is the case for our stabilization in the parametric domain,
but also for the method proposed in [30]). Let us consider again as the domain g the
quarter of annulus, this time parametrized with a different map F: starting from the
standard biquadratic NURBS parametrization, we perform knot insertion adding the
knot £ = 0.75, with multiplicity 2, in the direction corresponding to the angular coor-
dinate, that corresponds to the thick black line in Figure 5a. In order to get a geometry
of class C?, we set the second coordinate of one control point, highlighted in Figure 5b,
equal to 0.5 in homogeneous coordinates. Note that the new parametrization is only of
class C? in correspondence of the knot line given by F({(x,y) : z € (0,1), y = 0.75}).
To ensure that this knot line is located between K and K’, we define the trimmed
domain as Q = F((0,1) x (0,0.75 +¢)), with ¢ = 1078, Here we set # = 1 and,
because of the lower regularity of the parametrization, 8 = (p + 1) - 25. We know
from Remarks 6.6 and 6.7 that the convergence rate deriving from the stabilization
in Definition 6.1 (and any stabilization based on polynomial extensions in the para-
metric domain) may suffer of sub-optimality. In particular, from Figure 6a, we see
that the error with the stabilization in the parametric domain is converging just as
h® for any degree p, while in Figure 6b we observe that the desired convergence rates
are reached when using the stabilization in the physical domain.
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(a) Trimming line in red and dashed, C° knot (b) Control points.

line in thick black.

Fig. 5: Lower inter-regularity parametrization of the quarter of annulus.
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h h
(a) Stabilization in Definition 6.1. (b) Stabilization in Definition 6.2.

Fig. 6: Comparison of the two stabilizations when F has lower regularity.

8.4. Conditioning. Even if an exhaustive discussion about the conditioning of
the stiffness matrix in trimmed geometries is beyond the scope of this work (for a
more detailed discussion on the topic see, for instance, [18, 19]), we would like to
present some numerical experiments for the sake of completeness. We focus again on
the formulation (5.2) of the Poisson problem. Again, we impose Dirichlet boundary
conditions weakly on the trimmed parts of the boundary, and strongly on the fitted
parts.

Test 1. Let us come back to the quarter of annulus with a hole and, as above,
we employ B-splines of degree p = 3. In Figure 7a we show that our stabilization
coupled with a simple diagonal scaling, which can be interpreted as a left-right Jacobi
preconditioner, is able to solve the conditioning issue. In Figure 7b we compare the
effectiveness of the diagonal rescaling with and without the stabilization, and we
observe that the effect of the stabilization is marginal with respect to the one of the
diagonal preconditioner. The stabilization used is the one in the parametric domain
with 8 =1 and 8 = 0.1.

Test 2. Let us consider the same configuration as in the test of Figure 1a, for
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T T T T T T T T T T T T T
1039 | —H- no stabilization and no diagonal scaling || no stabilization and diagonal scaling
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Fig. 7: Condition number versus h in quarter of annulus geometry.

which we notice again that the two stabilizations are equivalent. Let us take B-splines
of degree p = 3, as mesh size h = 275, and set the penalization parameter § = 1.
After a simple diagonal rescaling as preconditioner, we compare the condition number
of the stiffness matrix, as a function of €, obtained for the non-stabilized (¢ = 0) and
the stabilized (0 = 1) formulations. Note that as the ratio in Definition 5.1 is the
same for all cut elements, it is sufficient to consider only these two values of 6. The
results in Figure 8a show the diagonal rescaling is acting as a robust preconditioner
with respect to the size of the trimming. Then, we perform uniform dyadic refinement
and we plot the condition number as a function of the mesh-size h, obtaining the plots
in Figures 8b and 8c. The results suggest a better behaviour of the condition number
when a stabilized formulation is employed to solve the problem.

104 — . . . . ; — 10°
. . 103,
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— 6 L
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3 3 10°F
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10 : 102F
TEETEO TR =R EA =T = 1/1281/64 1/32 1/16 1/8 1/4 1/2 1/1281/61 1/32 1/16 1/8 1/4 1/2
€ h
(a) k(A) vs e. (b) K(A) vs h, e = 1073, (c) K(A) vs h, e = 10711,

Fig. 8: Condition number study in the domain of Figure 1a.

Test 3. This test is inspired by [18]. Let us embed © = (0.19,0.78) x (0.22,0.78)
in the untrimmed domain Qo = (0, 1)? with un underlying mesh of size h = 273. We
consider B-splines of degree p = 2. Now, let us rotate {2 around its barycenter for
different angles « (see Figure 9a). For each a = ig55, i =0,...,100 we face a specific
trimming configuration where there may appear B-splines whose support intersects
in a “pathological way” the domain 2. Let us denote the “smallest volume fraction”
7 := mingeg, 2N K|. In Figure 9b we plot the condition number of the stiffness
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matrix against the smallest volume fraction, in order to compare the non stabilized
case with the stabilized (with parameter 8 = 0.5) and diagonally rescaled one. Let us
observe that even if the behaviour of the condition number appears to be much better
after stabilization and diagonal rescaling, it is still strongly affected from the way the
mesh is cut by the trimming boundary. In this regard this is a counter-example to the
fact that diagonal rescaling, together with our stabilization, is a robust preconditioner
with respect to the trimming operation. This will be object of further investigations
by the authors in the future.
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Fig. 9: Condition number the rotating square.

Appendix A. Auxiliary theoretical results.

LEMMA A.1. There exists C > 0 depending on U'p, but independent of the mesh-
boundary intersection, such that for every K € Mg,

+ Hh%Vv’

1 2 2
1oll 2, < C <Hh 21)‘ LQ(K)) Vve HY(K).

L2 (K)

Proof. 1t follows straightforward from Lemma 3 in [23]. O

COROLLARY A.2. There exists C' > 0 depending on I'p, but independent of the
mesh-boundary intersection, such that for every K € Mo

H 8vh

gCHh*%WhH Y op, € V.

L2(Tk) L2(K)

Proof. Let us apply Lemma A.1:

+ Hh%D2’l}h‘

H 61}h

2
< ol (Hh—%whH ]

2 ~
) YV oy € V.
L2(K) L2(K)

L2(Tk
By a standard inverse inequality, see [3], we get

102022y < C 0y ¥ v T

(K)

where C' > 0 depends on the shape regularity constant of the un-trimmed mesh Mg 5.0
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LEMMA A.3. Let Q,Q" € ./(/l\oﬁ be neighbor elements in the sense of Defini-
tion 5.1. There exists C > 0 such that

||pHL°°(Q) <C ||p||L0°(Q’) Vpe Qk(Rd)a
where C' depends on k, on the shape reqularity of the mesh and on the distance between
Q and Q'.
Proof. The proof follows by a standard scaling argument (see [39] for instance).0

The next one says that the L? norm on the cut portion of an element @ controls the
L*> (and hence any other) norm on the whole element with an equivalence constant
depending on the relative measure of the cut portion.

LEMMA A.4. Let 0 € (0,1]. There exists C > 0 such that for every Q € ./T/l\oﬁ
and every S C Q measurable such that |S| > 01Q)|, we have

—d
Ipll e (g) < Ch™E lIpllags) V0 € Qu(RY),

where C' depends only on 6, k and the mesh reqularity.
Proof. See Proposition 1 in [22]. O

LeEMMA A.5 (Hardy’s inequality, [9] ). Let Q C R? be a bounded open set of class
C'. Then there is a constant C > 0 such that

(A1) < OVl 2 Y ou € H(Q),

L2(Q)

Il
where d(z) := dist(z,T).

Remark A.6. Viceversa, it is possible to characterize functions in H}(Q) as func-
tions in H'(Q) such that % € L*(2) ([9]).

LEMMA A.7. Let Q1 C Q with boundary I'y such that Q1 = {x € Q : dist(z,T") >
Ch}, where C > 1 fized and dist(T',T'y) < Ch. It holds that

vl 20,y < CR° ||U||Hf(Q) VoueH (D),

where the interpolation space HE () or (H} (), L? (Q))9 , is isomorphic to H*(Q) for
0<s<3, to HO%O(Q) for s =1 and to H§(Q) for £ < s <1 (see [46]).

Proof. We prove the following (like in [29]):
(A.2) [0l L2\0) < CRIIVY[ L2(q) Vv € Hy(Q).

We define d(x) := dist(x,T) Vo € Q\Q;. By assumption d(z) < Ch, hence 1 < Ch?

TP
/ [of? gc*h?/ lol” ChQ/ i gChz/ Vo2,
o\, o\a, |df o |d]

where we employed Hardy’s inequality from Lemma A.5. Moreover:
(A3) ol L2y < Mvllp2e) Vv € Hy(Q).
At this point, let us interpolate estimates (A.2) and (A.3), getting
(A.4) [oll oy < CP° vllpsy Vv e HY (Q). O
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