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Study and use of spectral symbol properties for isogeometric matrices on
trimmed geometries
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%Department of Mathematics, University of Rome Tor Vergata, Via della Ricerca Scientifica 1, 00133, Rome, Italy
bDepartment of Information Engineering and Mathematical Sciences, University of Siena, Via Roma 56, 58100, Siena, Italy

Abstract

We study the spectral behavior of (sequences of) matrices resulting from immersed isogeometric discretizations on
trimmed geometries. They enjoy an asymptotic spectral distribution, described by a (spectral) symbol, and we
discuss some properties of this symbol. In particular, we show that the structure and properties of the symbol
are completely analogous to the untrimmed case when a suitable natural restriction of the parametric domain is
considered. This spectral knowledge can be exploited to identify potentially fast preconditioners for the considered
immersed discretization matrices and we propose a specific CG preconditioner based on the symbol. We also provide
numerical experiments that support the correctness of the theoretical results and illustrate the performance of the
proposed preconditioner.
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1. Introduction

An important step for the development of mathematical models governing physical phenomena and the reliability
and efficiency of their numerical treatment is a proper representation of the physical domains of interest at different
levels of refinement. In computer-aided design (CAD) models, a physical domain is usually represented by one or
more boundary surfaces, described by suitable geometry maps over a parametric domain. Trimming is a popular
procedure in CAD: it is used to define visible areas over surfaces independent of the underlying parametric space
and consequently it allows for a simple representation of surfaces with non-rectangular structure.

Dealing with trimmed geometries is one of the current challenges both in CAD and isogeometric analysis (IgA), a
powerful paradigm that aims to close the gap between design and analysis by performing numerical simulations based
on CAD technologies [6, 24]. Borrowing the CAD philosophy, in the classical IgA approach the physical domain
is described by a geometry map defined over a parametric domain (usually possessing an elementary rectangular
structure) and most often expressed in terms of polynomial B-splines or their rational extensions called NURBS.
The unknown fields are then approximated by means of the same primitives (composed with the inverse of the
geometry map); see [6]. When dealing with trimmed geometries, the trimmed part of the parametric domain has
to be taken into account. In this perspective, coupling the isogeometric paradigm with the framework of so-called
immersed boundary methods — also known as immersed interface, fictitious domain, or embedded domain methods
[21, 27] — emerges as a natural choice. According to the philosophy of immersed boundary methods, the trimmed
parametric domain is embedded in a tensor-product mesh and simple, mesh-aligned numerical schemes can be
applied. Clearly, immersed methods need to treat the mesh elements that are cut by the trimming curves with
some special, and often ad-hoc, techniques to achieve acceptably accurate results.

The efficiency and accuracy of a numerical simulation process are the result of a synergistic interaction between
different players. Among the others, fast and robust (iterative) solvers for the resulting linear systems are of
importance. In this perspective, knowledge about the spectral behavior of the involved discretization matrices is
very helpful. Such knowledge for matrices arising from various IgA discretizations with boundary conditions in
strong form was investigated in a sequence of papers; we refer the reader to [13] and references therein.
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The spectral behavior of matrices resulting from immersed isogeometric methods based on spline spaces of
maximal smoothness, with Dirichlet boundary conditions imposed in a weak form [1, 25], was recently analyzed
in [10] for general variable-coefficient Poisson problems. In particular, by exploiting the theory of reduced gener-
alized locally Toeplitz (GLT) sequences [2, 26], it was shown that immersed B-spline discretization matrices enjoy
an asymptotic spectral distribution when the matrix size tends to infinity. This asymptotic distribution can be
compactly described by a function called (spectral) symbol. The symbol does not depend on the method used to
impose the boundary conditions but it incorporates the discretization technique and the diffusion coefficients of the
differential problem.

In this paper, we deepen the spectral analysis for immersed isogeometric methods presented in [10] focusing
on domains obtained by a trimmed geometry map. More specifically, we study the corresponding spectral symbol
and we prove that its structure and properties are completely analogous to the untrimmed case: we only need to
replace the standard full parametric domain [0, 1]¢ by G_l(Q)7 where G is the trimmed geometry map and 2 the
physical domain; see Theorem 4.4. We also illustrate how this knowledge can be exploited to identify potentially
fast preconditioners for the linear systems arising from the considered immersed isogeometric discretizations. Based
on the symbol, we propose a specific CG preconditioner and we test its performance.

The paper is organized as follows. Section 2 summarizes some notation and basic definitions that will be used
in the paper. In Section 3 we describe our model problem and the considered Galerkin discretization with the
adopted weak imposition of boundary conditions. Moreover, we outline some properties of tensor-product cardinal
B-splines, which are the functions employed in our discretization, and we briefly discuss the strategy we apply to
modify the basis functions that have tiny overlaps with the trimmed domain in order to improve the conditioning.
In Section 4 we show that the resulting discretization matrices enjoy an asymptotic spectral distribution described
by a symbol and we study the properties of this symbol. We also propose a specific CG preconditioner based on the
symbol. Section 5 presents some numerical experiments to validate the obtained theoretical results and to illustrate
the performance of the proposed preconditioner. Finally, in Section 6 we end with some concluding remarks.

2. Preliminaries

In this section we collect some preliminaries on multi-index notation and spectral analysis tools.

2.1. Multi-index notation

A multi-index ¢ of size d, also called a d-index, is a (row) vector in 7%; its components are denoted by i1,. .., iq4.

We indicate by 0 and 1 the vectors of all zeros and all ones, respectively (their size will be clear from the context).

For any h € R?, we set N(h) = H?:l h;. If h,k € RY an inequality such as h < k means that h; < k; for all

j=1,...,d. If h,k are d-indices such that h < k, the d-index range {h,...,k} is the set {i € Z¢ : h < i < k}.
We assume for this set the standard lexicographic ordering:

{ [ [ Gitseevia) iy i ]

For instance, in the case d = 2 the ordering is

(h1,h2), (hl,hg + 1), ceey (hl,kg), (hl + l,hg), (hl +1,hs + 1), R (h1 + 1,]€2),
......... , (kl,hg), (kl,h2+1), ey (kl,kg).

td—1=hd—1,.-. ka—1 i1=h1,....k1

When a d-index 4 varies in a finite set Z C Z? (this is simply written as ¢ € T), it is understood that 4 follows the
lexicographic ordering. Operations involving d-indices (or general vectors with d components) that have no meaning
in the vector space R? must always be interpreted in the componentwise sense. For instance, nx = (ny1, ..., nqzq),
v = (Vi,...,v3), ai/j = (ai1/ji1,...,aiq/jq) for all @ € R, etc. If a,b € R? with a < b, we denote by
(a,b) and [a,b] the open d-dimensional rectangle (a1,b1) X -+ x (aq,bq) and the closed d-dimensional rectangle
[a1,b1] X - -+ X [aqg, bg], respectively.

2.2. Singular value and spectral distribution of a sequence of matrices
A sequence of matrices is a sequence of the form {A,},, where n varies in some infinite subset of N and A4,, is
a square matrix of size m,, such that m,, — oo as n — co. Let C.(R) (resp., C.(C)) be the space of continuous

complex-valued functions with bounded support defined on R (resp., C). If A € C™*™ then the singular values
and eigenvalues of A are denoted by o1(A),...,0m(A4) and A\ (A),..., An(4).



Definition 2.1. Let {A,},, be a sequence of matrices, with A,, of size m,,, and let f : D C RF — C be a measurable
function defined on a set D with 0 < p(D) < 0.

o We say that {A,}, has a spectral (or eigenvalue) distribution described by f, and we write {A,}, ~» f, if

1

. 1 mn B
Jim P > F(hi(An) = (D)

i=1

/DF(f(:c))da; VF € C,(C). (2.1)

In this case, f is called the spectral (or eigenvalue) symbol of {4, },.
e We say that {A,}, has a singular value distribution described by f, and we write {A,}, ~o f, if

Mn 1

1 B
i o 2 FleitAn) = s

| F@hiz,  vrecm, (2:2)

In this case, f is called the singular value symbol of {A,},,.

Remark 2.1. The informal meaning behind the spectral distribution (2.1) is the following: assuming that f is
continuous almost everywhere, the eigenvalues of A,,, except possibly for o(m,) outliers, are approximately equal
to the samples of f over a uniform grid in the domain D (for n large enough). A completely analogous meaning
can be given for the singular value distribution (2.2).

3. Immersed B-spline discretization of diffusion problems

Consider the d-dimensional diffusion problem

-V -AVu=1, inQ,
(3.1)

u=g, onl,

where € is an open Lipschitz domain in R?, T' = 9Q, A = [aag}iﬁ:l is a symmetric positive definite matrix of
(variable) diffusion coefficients, and f,g are given functions. In this section we expound the immersed Galerkin
method from [10] to discretize (3.1), which makes use of tensor-product (cardinal) B-splines.

3.1. Weak boundary discretization

Suppose the domain €2 is covered by a (mapped) finite element mesh. Let €2, be the union of the closed elements
contained in €2 and r the union of the closed elements intersecting both I' and 2. We define Qr i, = Qr N €2 so
that Q = Q;, UQr ;. Following the approach in [10], we introduce an additional unknown flux o and problem (3.1)
can be translated into the following weak form: find u € H*(Q) and o € (L*(Qr in))? such that

1
(AVu,Vv)g — (o -np,v)r + ;(0’ — AVu, Vo)a,,, = (f,v)q, Yov e Hl(Q)7
1
_H(Aila. - VU7T)QF,in - <U7T : nF>F = _<ga T TL1">1", VT e (LQ(QFViH))d’

where 7 is a free a priori fixed parameter, nr is the outward unit normal to I', and the symbols (-,-)g and (-, )g
denote the L? inner products for scalar and vector functions over E, respectively:

<a76>E = Laﬂa O‘aﬂ S LQ(E)a
(. 8)5 = /E a8, aBe (B

We choose two finite dimensional vector spaces V.C H(Q2) and W C (L?(Qr in))9, and we look for an approximation
wy of u by solving the following discrete problem: find uy € V and ow € W such that

1
(AVUV, V’Uv)g — <0’W -nr, Uv>r‘ + E(UW — AVuy, V’Uv)gr’m = <f, Uv>Q, Yoy €V,
1 (3.2)
—;(A_law — Vuy, Tw)or ;. — (uv, Tw - nr)r = —(g, Tw - 7)1, V1w € W.



Table 3.1: Schematic representation of the blocks involved in the linear systems (3.3) and (3.4).

N
(AVuy, Voy)o s KWy s Kw [(Av%,v%) }

i,j=1
LAV, Voo, — K@U —  Km = -1[(AV;, Voo, ]
_%(Ailo-W;TW)Qr,in — K% — K7 = _%[(A 1¢sv¢ QF 1nj|

(UW7 va)QF,in — K*% — K" = % [(wsa v@i)ﬂr,in} i=1 N

.....

s=1,...,L

3=

%(VU\UTW)QF,;H — KU — Ko = %[(V@jaw )QF m} r=1,...,.L
j=1,...,N

7<UW -nr, ’[}V>F — GY % — G4 = |:7<11bs “nr, SO’L>F:| i=1,...,N
s=1,...,L

—(uy, Tw - mr)r — G*U — G"= {*<¢ja¢r -nr>r] r=1,...L
=1, N

N
<f7UV>Q — f — f= [<f790i>QL:1

L

—(g, Tw - nr)r — g — g= [—<g7¢7- "nr>r]r:1

In the case where A = kI, with & > 0 and I being the d x d identity matrix, it was proved in [1] that the discrete
problem (3.2) is stable for 7 > 1 and the model is not sensitive to the choice of 7. For that reason, the model is
essentially free of user-defined parameters. In the numerical experiments the value is fixed to n = 2 for all the tests.

If U and X are, respectively, the coefficient vectors of uy and ow with respect to a fixed basis {¢1,...,on} in
V and a fixed basis {t,...,%} in W, then solving (3.2) is equivalent to solving the linear system

g-[)

where the meaning of the different blocks is summarized in Table 3.1. When writing the flux ¥ = (K°7)~!(— (K" +
G7)U + g), the problem can be formulated in terms of the original unknown U only:

KO"LL + GO"LL KO'O'

[Kuu Kuu o (Kua + Gua)(Kaa)fl(Kau 4 Gau)]U —_ f o (Kua + Gua)(Kaa)flg. (34)

m

Remark 3.1. Since the matrix A is supposed to be symmetric, it is easy to see that K** = (K"*)T K¢ = (Kp)T)

m m

Ko7 = (K°°)T Ko = (K“)T and G°* = (G*?)T. Tt follows that the matrices in (3.3) and (3.4) are symmetric.

3.2. Immersed B-spline discretization

We now briefly review the basics of the theory of tensor-product cardinal B-splines, which play a central role in
our discretizations of (3.1). Let M, : R — R be the cardinal B-spline of degree p > 0, defined recursively over the
uniform knot sequence {0,1,...,p+ 1} as follows [5, 22]:

Mo(e) = {1, if 2 €[0,1),

0, otherwise,

T p+1—=x

M,(z) = ’ —1(z) + ’ My_1(z - 1), p>1.



Given a d-index p > 0, the tensor-product cardinal B-spline My, : R? — R is defined by

d

My(z) = H My, ().

i=1

The next proposition collects a few properties of tensor-product cardinal B-splines that follow from analogous
properties of (univariate) cardinal B-splines [5, 22]. Throughout this paper, we denote by A, the tensor-product
mesh in R? formed by the closed d-dimensional squares of side 1 with vertices taken from the integer lattice Z<.
Each of the d-dimensional squares is referred to as an element of Ag.

Proposition 3.1. Tensor-product cardinal B-splines have the following properties.

e Smoothness: M, € C™nP)=1(R%),

o Piecewise polynomial structure: My is a d-variate piecewise polynomial of total degree ijl p; over the tensor-
product mesh Ag.

o Positivity and support: My > 0 over (0,p + 1) and supp(M,) = [0,p + 1].

o Symmetry: Mp(% +x) = Mp(ﬂ —x) for x € R,

o L2 inner product of derivatives: for p,q>1 and o, =1,...,d,

aM, OM, 02 My i1 0 My gin .
d [ r 1 = - 1 — R .
rd OTq z) Oz (z+y)dz 0r,0xp (p+1+y) 0x,0xp (q+ Y, ye

e Partition of unity: ;.50 Mp(x —i) =1 for x € R™.
o Local linear independence: the functions Mp(- — 1), 1 € Z4 are locally linearly independent.

Given a d-index m > 1, the corresponding scaled integer translates of tensor-product cardinal B-splines are
defined by
Mppi(x) = Mp(nz —13), i€z’

These functions are d-variate piecewise polynomials over the scaled mesh %Ad consisting of the scaled elements
LE={tx:xc E}, where E is an element of Ag.

We are now ready to detail the spaces V and W based on mapped tensor-product cardinal B-splines. Given an
invertible geometry map G from a subset ) of [0,1]¢ to Q, we define the mapped basis functions MSE_.:Q — R,

n,p,i °

ME, (@) = My pi(G M (@), eI’ (3.5)

n,p,i

The spaces V and W are defined as follows:

V= (MG, i€Lnp), Tnp = {1 €Z%: supp(Mnp:) NG Q) # 0},
W=(MgS,;: i€, ), I ,={i€Z: supp(Mpps) NG (Qrm) # 0},

where we assume that the domain of each M, Gp is restricted to {2 in the definition of V and to Qr ;, in the definition
of W. The bases for V and W to be used in the construction of the matrices in Table 3.1 can be taken as

{o1. . ont={MS, ;i €Tnp}, N = Npp=#Tnp, (3.6)
_ G . T _ _ r T
{wl,...,z/;L}_{( L0,ME,.,0,...,0): i€ Th o _1,...,d}, L=dNL, =d#I5,).  (3.7)

a—1 d—a

Remark 3.2. Standard immersed methods might suffer from ill-conditionings due to the boundary cut of the
tensor-product mesh leading to tiny overlaps of some basis functions in the domain. This can be overcome by the
use of so-called extended B-splines [20]. To improve the conditioning of the basis, the boundary B-splines with
tiny overlap (i.e., less than one mesh element) are adjoined suitably to the surrounding B-splines with substantial
overlap. The corresponding slightly smaller subspace meets all the usual requirements for standard approximations,
and in particular it retains the optimal approximation order. In a nutshell, the extended B-splines are constructed

as follows. We split the index set Z,, , = T p U In p» Where Ifm, contains the indices of the problematic boundary



B-splines with tiny overlap and Iﬁb,p contains all the other indices (called inner indices). For each j € I . we

. : n,p>
choose I'(j) = {¢,...,£ + p} C I, , to be a subset of inner indices closest to j for some £. Moreover, we set
d Pa .
Ja — ga - ﬁ . Q.
€5 = e L i€ 1'(g).
2¥] H H ia _ ga _ B (.])
a=1 =0
taFla+pB

These correspond to the values of the tensor-product Lagrange polynomials at j associated with Z%(j). Then, we
define the extended B-splines as

G,ex . 7
My (@) = Mg, () + E eig MG, (), i€ I}, (3.8)
JET(4)

where J(i) = {j € I}, , : i € T'(j)}. For more details, we refer the reader to [19, 20].

4. Spectral analysis of immersed B-spline discretization matrices

In this section we describe the spectral symbol of the immersed discretization matrices based on mapped tensor-
product B-spline basis functions and we study some of its properties. Afterwards, we exploit this spectral knowledge
to design a specific CG preconditioner for the considered immersed discretization matrices. In what follows, we use
the abbreviation SPD for symmetric positive definite and SPSD for symmetric positive semi-definite. If X, Y are
two symmetric matrices of the same size, the notation X > Y (resp., X > Y) means that X —Y is SPD (resp.,
SPSD).

4.1. Definition of the spectral symbol

Let Q‘j_ be the set of vectors in Q¢ with positive components. Consider the matrices K**, K K°° K% K%,
G"?, G7" resulting from the choice of the bases (3.6)—(3.7). It is understood that these matrices depend on the mesh
fineness parameter n, and hence each of them gives rise to a sequence of matrices for n = vn = (1n,...,v4n),
where v € Q¢ and n varies in the infinite subset of N such that m = vn € N%. It was shown in [10] that the
corresponding sequences of matrices in (3.3) and (3.4), after suitable normalization, enjoy the same asymptotic
spectral distribution as the sequence of matrices K"*, and we recall the associated spectral symbol below. To this

end, for every p > 1, we define Hy, : [, 7|9 — C?*4 by

Hp(0) = [Hp’aﬁ(e)]iﬁ:p (4.1)
32M2p+1 ik-0
Hpop(0) = —m(p+1+k)e . a,f=1,...,d (4.2)
kezd «

Note that the series in (4.2) is actually a finite sum due to the compact support of Mypy1. For a sufficiently regular
geometry map G, let
Ag = (Jo) T AG)(Je) T,
where Jg is the Jacobian matrix of G. Then, for every p > 1 and v € Q% , we define Jép: G Q) x[-m,7]¢ = C
by
v a v(|det(Jg(&))|Ac() o H,(0))vT
Fip(6,0) - AT A (E) 0 0N, (43)

where o is the componentwise (Hadamard) product of matrices. The next theorem follows from [10, Theorem 4.1
and Remark 4.7].

Theorem 4.1. Let p > 1 and let n = vn, where v € Q‘j_ and n varies in the infinite subset of N such that
n = vn € N, Suppose that G is a sufficiently reqular geometry map and suppose that the matriz A = [aag]iﬁ:l

is symmetric and each component ang belongs to L*(Q). Then, for the matriz K*“ and the matrices in (3.3) and
(3.4) resulting from the choice of the bases (3.6)—(3.7) we have

{nd72Kuu}n ~oA fé,pﬂ (44)
s Kuv K:;lu Kuo o Que fy (4 5)
n ~Ng s .
Kou + Gov Koo . A Ja,p
{nd—Q[Kuu + Kllilu _ (Kuo 4 Guo’)(KUJ)—l(Kou + Go’u)]}n ~oA fé,p7 (46)



where fé& , is defined in (4.3).

Remark 4.1. The symbol in (4.3) is essentially the same as the symbol in the untrimmed case when a suitable
natural restriction of the parametric domain is considered; see, e.g., [11, 12]. Moreover, as explained in [10,
Remark 4.3] and [11, Section 4.6], there is a structural connection between the expression of the symbol and the
expression of the differential operator.

Remark 4.2. It was pointed out in [10, Remark 4.6] that the result in Theorem 4.1 remains valid when considering
the extended B-splines (3.8) instead of the standard B-splines (3.5).

4.2. Properties of the spectral symbol

In order to study the properties of the spectral symbol f¢ , in (4.3), let us first recall from [10, Remark 4.4]
that the matrix Hp(0) = [Hp,ag(e)]iﬁ:l in (4.1)—(4.2) can be written as

d
Fra(0a) TT v, (60), ifa=p,
rZa
Hp,aﬁ(e) = d
gpa gma 9,3 H 7" 9 lfO[?éﬂ,
ronp
where the functions hy, gp, fp : [-7, 7] = R are given by
. P
hp(0) = Mapia(p+ 1+ k)™ = Myp 1 (p+1) + 2 Mapya(p+ 1 — k) cos(kb), p>0, (4.7)
kEZ k=1
_ P
9p(0) = Z Mg, (p+1+ k)el? = =2 Z Mj,. 1 (p+ 1 — k) sin(k0), p>1, (4.8)
kez k=1
fo0) => My, (p+1+k)e* =My (p+1) —22Mp+1p+1—k)cos(k9), p>1. (4.9)
kezZ k=1

We remark that H, coincides with the matrix defined in [11, Eq. (4.1)] and hy, g, fp coincide with the functions
defined in [11, Egs. (4.2)—(4.4)]. The properties of Hy, and hy, gy, f, were investigated in [7, 8, 9, 11, 12]. More
specifically, the main results were obtained in [7, Section 3|, [8, Theorem 3.4 and Lemma A.2], [9, Lemmas 6-7],
and [12, Theorem 2.2]; we collect them in Theorems 4.2 and 4.3 for the reader’s convenience.

Theorem 4.2. For every d > 1 and every p > 1, the d x d matriz Hyp(0) defined in (4.1)—(4.2) is SPSD for all
0 € [—m, 7% and it is SPD for all 0 € [—7, «]¢ with Hle 0; #0.

To simplify the statement of Theorem 4.3, for every p > 0 we define the functions L,,U, : [-7, 7] — R as
follows:

_ p+1
2 2cost9> ’ (4.10)

L0 = (253

2~ 2cosf\ P 2 2 2cosf\"!

Note that the function L, is even and strictly decreasing on [0, 7] with L,(0) = 1 and L,(7) = 4/7%.
Theorem 4.3. For every p >0, let L,, U, : [-m, 7] — R be defined as in (4.10)—(4.11).

1. For every p > 0, the function hy, : [—m, 7] = R in (4.7) satisfies the following properties.

e For every 0 € [—m, 7],
1

hp(e) (2_2(?089 p+IZW.
keZ



o L,(0) < hy(9) <min(1,U,(9)) for every € [—m,x].

o hy, is even and strictly decreasing on [0, 7] with , I[nax ]h »(0) =h,(0) =1 and
c|l—m,m

4\ Pt ) 1 hy ()
(7)< mio) =i < g5 = e

2. For every p > 1, the function g, : [—m, 7] — R in (4.8) satisfies the following properties.

e For every 0 € [—m, 7],
1

+1
gp(e) (272(30891) Zm
kEZ
e For every 0 € [—m, 7],
(2 —2cos@)Ptt (2 —2cosh)PT! )| < (2 — 2cos )Tt
‘0‘2]04-1 - 7_‘_2;04_1 = |gp( )| = |0‘2p+1

o g, is odd and its zeros are given by g,(—m) = g,(0) = g,(7) = 0.
3. For every p > 1, the function f, : [—m, 7] = R in (4.9) satisfies the following properties.

o [For every 0 € [—m, 7],

,(0) = @—QmeHE:?I%H?;:@—QmWM%ﬂ@.

kEZ

o (2—2cos0)L,_1(0) < fp(8) < (2—2cos@) min(1, Up_1(0)) for every 8 € [—m,7].

o f, is even with
8 m 4\"
0) = M; <min(4, —— + (= —4)(=
ol 1©) f"_mm( ’p+1+<12 >(7T2>>

and , r[mn ]f( ) = f(0) =0. Moreover, § = 0 is the unique zero of f, over [—m, 7| and
e|l—m,T

f(m) _ fylm) A

My, — fo(7/2) oo

We are now ready to address the symbol fé,p in (4.3) and derive a result that is a generalization of [11
Theorem 5.4] to the case where the parametric domain [0, 1]¢ is replaced by G~*(Q). Note that the variables (&, 8)
in (4.3) vary in G~1(Q) x [, 7]¢ for the given open Lipschitz domain @ ¢ R? and not in [0,1]¢ x [—7, 7]? as in
[11, Theorem 5.4]. In view of what follows, we observe that [& p 1s independent of the & variables in the case where

Q= (0,1)%, G is the identity map, and A = I, is the identity matrix. It is natural to consider its restriction to the
domain [—m, ]9, i.e., the function Iy [-7, 7] — R,

d

u (Id o H, (0))
r;éa
By Theorem 4.3, we have
d d
cp7,,2(272(:0s0 ) < fp(0 Z (2 —2cosb,) (4.13)
a=1 a=1
where
B i P1+...+pd+d—1min(y2) o B max(uQ)
Py =\ 72 Nw) ' PY T TN ()

Since the ratio Cp . /cp, increases with max(v)/ min(v), the best relative bounds in (4.13) with respect to v are
obtained when all entries of v are equal, i.e., when the scaled tensor-product mesh %Ad is formed by squares.



Theorem 4.4. Let p,v, G, A be defined as in Theorem 4.1. Then, the spectral symbol f& ,, : G Q) x[-m 7]* - R
in (4.3) satisfies the following properties.

1. For every (&,0) € G1(Q) x [, 7], we have

f6.p(@,0) 2 Anin(Ac(@))|det (Ja(2))[ £, (6),

) . A (4.14)
[6p(@,0) < Amax(Ag(®))|det(Ja ()15 (6).

As a consequence, if

cly < AG( )|det(Jg( ))| < Cly (415)
for every & € G_l(Q) and some positive constants ¢ and C, then
cfy(0) < f&p(®,0) < Cfr(6)
for every (&,0) € G™H(Q) x [, 7%
2. If A is SPSD on Q, then f& , is non-negative on G Q) x [—m, 7).
Proof. 1. Tt is clear that
mln(AG’( ))Id < AG( ) < )\max ( ))Id

(A
for all # € G~'(). In particular, the matrices Ag(&) — Amin(Ae(2)) 1y and Apax(Ag (@) 14 — Ag( ) are SPSD
for all & € G~*(Q). Moreover, we know from Theorem 4.2 that H,(0) is SPSD for all 8 € [, 7]¢. Thus, for all
(x,0) € G~H(Q) x [-m, 7],

v(|det(Jg (2))|(Aa(®) — Amin(Aa())14) o Hp(0))v" _

16.p(#,0) = Amin(Ja(2))|det(Ja(2))| 5 (8) = N >0,

where the last inequality follows from the fact that X oY is SPSD whenever X and Y are SPSD, because X oY is
a principal submatrix of the Kronecker tensor product X ® Y, which is SPSD whenever X and Y are SPSD; see,
e.g., [18, Example 2.13].

2. Suppose that A is SPSD on Q. Then, Ag = (Ja) *A(G)(Jg)~T is SPSD on G (). In particular, we
have Amin(Ag(2)) > 0 for all & € G~1(Q). Since fp(8) >0 for all 0 € [, 7]? by (4.13), we infer from (4.14) that
f&,>00n G Q) x [-m, 7] O

Remark 4.3. Two positive constants ¢ and C' satisfying (4.15) exist if and only if

co=  inf  Auin(Ag(®))|det(Je(@)| >0,  Ci= sup IAma(Ag(®))|det(Ja(®)| <oco.  (4.16)
2eG~1(Q) &2€G~ (D)

In this case, ¢, and C, are also the best constants for which (4.15) holds. Note that, for the conditions (4.16) to be
satisfied, it is necessary that the map G is sufficiently regular. In particular, there must be no singularity points
& € G71(Q) such that det(Jg(&)) = 0.

4.8. Preconditioning of immersed B-spline discretization matrices

Here we illustrate how Theorems 4.1 and 4.4 could be used to identify potentially fast preconditioners for the
linear system (3.4), i.e., for the matrix

Kuu + KI’L;,IU _ (KUU + GuU)(KO’O’)—l(KO’u + Gau). (4.17)

Suppose that the assumptions of Theorem 4.1 are satisfied. From (4.4) and (4.6) we know that the asymptotic
spectral distributions of the sequence of matrices n?~2 K** and the sequence of matrices (4.17) multiplied by n?—2
can be described by the same symbol f& ,,. This suggests that K** might be suited as a candidate preconditioner
for (4.17). However, this (naive) choice can be ruled out in practice because it can be verified that K** is a singular
matrix.

To identify a potentially fast and non-singular preconditioner, we proceed as follows. Suppose that the assump-
tions of Theorem 4.1 are satisfied and

clg < Ag(z)|det(Ja(2))| < Cla



for every & € G™*(Q) and some constants ¢,C > 0 (see also Remark 4.3). We recall from [10, Remark 4.7] that
K" is explicitly given by

KYY — / Ag Vanp,j . an,p,i |det(JG)‘
G~ 1(Q)

©,J€In,p

Let
I?uu _ |: VMn,p,j . an,p,i:| . (418)
Rd

©,J€In,p

Using arguments from the theory of reduced GLT sequences as in the proof of (4.4), it can be shown that
{nd72kuu}n ~oA f;

Moreover, the matrix Kuu is non-singular. Indeed, this can be seen by the fact that nd—2Kut is a principal
submatrix of a so-called d-level Toeplitz matrix 7" generated by the symbol f7'. Since fp is non-negative by (4.13),
the theory of multilevel Toeplitz matrices [15, Chapter 3] and Cauchy’s interlacing theorem [4, Corollary II1.1.5]
imply that both T and nd—2 K% are SPD, with the minimum (resp., maximum) eigenvalue of nd—2 guu larger
(resp., smaller) than the minimum (resp., maximum) eigenvalue of T'.

By Theorem 4.4 and (4.13), we have

¢ < (f5(0))7 f& p(2.0) < C (4.19)

for every (&,0) € G~ () x [—n, 7]¢ with @ # 0. Therefore, again relying on the theory of reduced GLT sequences,
we expect that the sequence of preconditioned matrices

(Euu)fl [Kuu + K#,u _ (Kua +Gu0’)(KO’U)71(KUU + Gau)] (420)

has an asymptotic spectral distribution described by the preconditioned symbol (f; )1 fé’;’p, whose essential range
is contained in the interval [¢, C] by (4.19). This implies that the eigenvalues of the sequence of matrices (4.20)
are weakly clustered at [c, C]; see [14, Theorem 3.1]. Consequently, in view of the convergence properties of the
CG and GMRES methods [3, Section 2.2], we may predict that the preconditioned CG (PCG) and preconditioned
GMRES (PGMRES) methods with preconditioner K** for solving a linear system with coefficient matrix (4.17)
have a good convergence rate and the number of iterations for reaching a preassigned accuracy ¢ is independent of
(or only weakly dependent on) the matrix size.

Remark 4.4. When considering the extended B-splines (3.8) instead of the standard B-splines (3.5), the proposed

preconditioner K s still given by (4.18), with the only difference that ¢ and j do not vary in the set Z,, , but in
the set Z}, ,, defined in Remark 3.2.

5. Numerical experiments

In this section we numerically illustrate the spectral distribution result in (4.6) by comparing the spectrum of
the matrix in the left-hand side with uniform samples of the spectral symbol f¢ ; see Remark 2.1. Moreover, we
check the validity of the lower and upper bounds for the spectral symbol f&p given in (4.14). Finally, we compare
the number of CG and PCG iterations for solving the linear system (3.4) up to a precision of 107, where the
preconditioner for the PCG method is the matrix K** defined in (4.18).

In all the examples, we take d =2, p = (p,p), n = (n,n) and n = 2. In this case, (4.6) reads

{K" 4+ K& — (K" 4+ G )(K77) " K" + G7)}y ~on 1(|det(Ja(d1, £2))|Ag(d1, £2) 0 Hpp)(01,602))17, (5.1)

with
fp(01)hp(02)  9,(01)g,(02)

Hp,p) (61, 02) = 9p(01)9p(02)  hy(01) fp(62)

10



(a) © (grey) (b) ©2 (grey) (¢) Qin (magenta) and Qr i, (blue)

Figure 5.1: Example 5.1: The parametric domain Q, the physical domain €2, and a possible mesh.

and hy, gp, fp defined as in (4.7)—(4.9); and the bounds in (4.14) read

].(|C1€1](J(;({)A3‘17 jg

Z Amin(AG
. (5.2)
o H(Pvp) (91, 92))1

1(|det(Jg(i’1, fg))|Ag(i'1, S%Q
) Ja (21, 22))[(fp(01)hp(02) + hp(61) fp(62)),

S >\Inax (AG (:il ) i:Q

for every (&1, 29,01,02) € G~1(Q) x [—m,7]?. The values of p and n, the parametric domain ), the geometry map
G : Q — Q, the matrix of diffusion coefficients A, and the data f and g in (3.1) to construct the linear system
(3.4) are specified in each example. The definition of the physical domain Q follows immediately from Q) and G.
We only focus on the use of the extended B-spline basis (see Remarks 3.2, 4.2, and 4.4), because it is preferred
over the standard B-spline basis for immersed methods in a practical context [20, 23]. The corresponding matrix
in the left-hand side of (5.1) will be denoted by Lﬁ’;’“. For convenience of computation, we replace the symbol
in (5.1) with its monotone rearrangement on the interval [0, 1]; see [16, Remark A.1]. When comparing with the
eigenvalues, we assume that the latter are sorted in non-decreasing order and positioned at g, i=1,...,s, where
5 = N(nn),(p,p) 15 the matrix size.

Example 5.1. Let  be the L-shaped domain with vertices (0,1), (0,0), (1,0), (1, %), (%, %), (%, 1), and

. o . (&1,22) € Q,
Lo — 2%951(;51 - 1)(22; - 1)

G(&1,32) = lj1 - z%i?(fz —1)(229 — 1)‘| | A

1 0
Az, @) = I = [0 J . (w1, m2) €Q,

f(x1,22) = 5cos(xy + 222), (x1,22) € Q,
g(x1,x9) = cos(xy + 222), (x1,22) € T = N

The domains Q and Q are illustrated in Figure 5.1. Note that in this case the extended B-splines defined in (3.8)
are actually all standard (mapped) cardinal B-splines as defined in (3.5) for even n. The comparison between the
eigenvalues of the matrix Lfi *¢ and the monotone rearrangement of the symbol 1(|det(Ja (&1, #2))|Ag(Z1,22) o
H, ) (61,62))17 is shown in Figure 5.2 for different values of p and even n. Some large eigenvalues (outliers) have
been cut from the figures in order to allow for a better visualization of the matching between the other eigenvalues
and the monotone rearrangement of the symbol. The comparison between the number of CG and PCG iterations
for solving the linear system (3.4) up to a precision of 107% is shown in Table 5.1 for p = 1,2 and different even
values of n. We see that the number of PCG iterations is considerably lower than the number of CG iterations for
p =1,2 and large n. For p > 2, we numerically checked that the number of PCG iterations remains averagely lower
than the number of CG iterations, but the difference is not as significant as in the case p = 1,2, showing that the
preconditioner K** is more effective for low degrees than for high degrees.
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ey

----- eigenvalues (extended) Y. ==*='gigenvalues (extended) /
t|I—rearranged symbol - t|I—rearranged symbol = |
L 7
0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8

(a)p=1, n=280 (b)) p=1, n =160

----- eigenvalues (extended) ===uigigenvalues (extended)
t|I—rearranged symbol : t|I—rearranged symbol :
| ““,4'
0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8

(c)p=2, n=80 (d) p=2, n =160

----- eigenvalues (extended) ===uigigenvalues (extended)

I|—rearranged symbol —rearranged symbol :
y;
0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8

() p=3, n=280

----- eigenvalues (extended)
t|—rearranged symbol

0 0.2 0.4

0.6

0.8

(f) p=3, n =160

----- eigenvalues (extended)

t|—rearranged symbol

0.2 0.4

0.6

0.8

(&) p=4, n=280 (h) p=4, n =160

Figure 5.2: Example 5.1: Comparison between the eigenvalues of the matrix Lgf“ (extended B-spline basis) and the monotone

rearrangement of the symbol 1(|det(Jg(21,%2))|Ag (21, #2) 0 H(p p) (01, 02))17T for p = 1,2,3,4 and n = 80, 160.
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Table 5.1: Example 5.1: Number of CG and PCG iterations for solving the linear system (3.4) in the case of the extended B-spline
basis up to a precision of 10~6 for p = 1,2 and n = 20, 40, 80, 160.

(a)p=1 (b)yp=2
n CG iterations PCG iterations n CG iterations PCG iterations
20 43 22 20 84 83
40 84 23 40 95 97
80 164 23 80 183 105
160 323 23 160 360 109

Table 5.2: Example 5.2: Number of CG and PCG iterations for solving the linear system (3.4) in the case of the extended B-spline
basis up to a precision of 1076 for p = 1,2 and n = 20, 40, 80, 160.

(a)p=1 (b)p=2
n CG iterations PCG iterations n CG iterations PCG iterations
20 45 24 20 93 103
40 89 25 40 113 112
80 174 27 80 193 124
160 341 28 160 373 133

Example 5.2. Let © be the same L-shaped domain and G the same geometry map as in Example 5.1, and

(2+ coszy)(1+ x2) cos(z1 + x2) sin(zy + 2)

A(.’L'l,f,rQ) = ) (xla‘r2) € Q7

cos(z1 + x2) sin(zy + x2) (2+sinxo)(1 4+ 21)
f(x1,29) = =V - A(x1,22)Vu(z1,22), (21,22) € Q,
g(xy,x2) = cos(x1 + 2x2), (x1,22) € T =09,

where u(x1,x2) = cos(zy + 222). We point again to Figure 5.1 for an illustration of the domains Q) and 9.
The comparison between the eigenvalues of the matrix Lfi}f” and the monotone rearrangement of the symbol
1(|det(Jg (&1, 22))|Ag(&1,22) © Hpp)(61,62))17 is shown in Figure 5.3 for different values of p and even n. Some
large eigenvalues (outliers) have been cut from the figures in order to allow for a better visualization of the matching
between the other eigenvalues and the monotone rearrangement of the symbol. In Figure 5.4, we check the validity of
the lower and upper bounds in (5.2) by showing the evaluations of both the symbol and its bounds on an equispaced
grid in G™(Q) x [, 7] for different values of p. The comparison between the number of CG and PCG iterations
for solving the linear system (3.4) up to a precision of 107 is shown in Table 5.2 for p = 1,2 and different even
values of n. We see that the number of PCG iterations is considerably lower than the number of CG iterations for
p=1,2 and large n.

Example 5.3. Let Q be the pentagon with vertices (0, 0), (1,0), (1,3), (1,1), (0,1), and

1 (1 —21)(1 — &1 + 22) R
G(i'lvi?) = — — N N N ) (i‘17§:2) S Q7
(1—21)2+ 22 To(1 — &1 + 29)
A(thz) - T1X2 eac1+x2 ’ (.%'1,.%‘2) € Q’
2

f(x1,22) = =V - A(z1,22)Vu(zy, z2), (z1,22) € Q,
g(x1,x9) = sin(2mxy) cos(maa), (x1,22) € T =09,

where u(z1, ) = sin(2rz1) cos(mzs). The domains 2 and  are illustrated in Figure 5.5. The comparison between
the eigenvalues of the matrix Lgf"t and the monotone rearrangement of the symbol 1(|det(Jg (%1, 32))|Ag(E1,32)0

H, »(01,602))17 is shown in Figure 5.6 for different values of p and even n. Some large eigenvalues (outliers) have
been cut from the figures in order to allow for a better visualization of the matching between the other eigenvalues

13



20 : : = 20 : : 7
----- eigenvalues (extended) /’ ==*='gigenvalues (extended) /
—rearranged symbol —rearranged symbol

15 9ecsy o 15 9ecsy =

10 10

5 5
0 L L L L 0 L L L L
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
(a) p=1, n=280 (b)) p=1, n=160

20 ‘ ‘ - 20 ‘ ‘ .
----- eigenvalues (extended) : ===uigigenvalues (extended) :
—rearranged symbol : —rearranged symbol :

15 H 15 B

10 10

/I
5 5
0 L L 0 L L L L
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
(c)p=2, n=280 (d) p=2, n=160

20 " " H 20 " " .
----- eigenvalues (extended) : ===uigigenvalues (extended) H
—rearranged symbol : —rearranged symbol :

15 HE 15 :

10 : 10

5 5 >
0 L L 0 L L L L
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

20 w w 20 w w =
----- eigenvalues (extended) ===uigigenvalues (extended) :
—rearranged symbol —rearranged symbol :

15 15 B

10 10

5 5
0 0

() p=3, n=280

0.2 0.4 0.6 0.8 1

() p=4, n=280

(f) p=3, n =160

0.2 0.4 0.6

(h) p=4, n =160

0.8 1

Figure 5.3: Example 5.2: Comparison between the eigenvalues of the matrix L,Ci’;Xt (extended B-spline basis) and the monotone
rearrangement of the symbol 1(|det(Jg (21, %2))[AG (21, #2) 0 H(p,p) (01, 02))17T for p = 1,2,3,4 and n = 80, 160.

and the monotone rearrangement of the symbol. In Figure 5.7, we check the validity of the lower and upper bounds
in (5.2) by showing the evaluations of both the symbol and its bounds on an equispaced grid in G~} (Q) x [—, 7|2
for different values of p. The comparison between the number of CG and PCG iterations for solving the linear
system (3.4) up to a precision of 10~° is shown in Table 5.3 for p = 1,2 and different even values of n. We see that
the number of PCG iterations is considerably lower than the number of CG iterations for p = 1,2 and large n.
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20 E— w i 20 , .
——rearranged symbol \/\I ——rearranged symbol
——lower bound 15 ——lower bound

——upper bound

——upper bound

10
5 |
0 L L L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(@) p=1 (b) p=2
20 i i 20 i i
——rearranged symbol ——rearranged symbol
——lower bound ——lower bound
157 ——upper bound ] 157 ——upper bound
10
5 |
0 P T c H 0 il L L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
() p= (d)yp=4

Figure 5.4: Example 5.2: Comparison between equispaced samples of the symbol 1(|det(Jg(£1,22))|Ag(£1,22) 0 H(p p) (01, 62))1T and
its bounds in (5.2) for p = 1,2, 3,4.

(a) € (grey) (b) Q (grey) (c) Qin (magenta) and Qr in (blue)
Figure 5.5: Example 5.3: The parametric domain fl, the physical domain 2, and a possible mesh.

Table 5.3: Example 5.3: Number of CG and PCG iterations for solving the linear system (3.4) in the case of the extended B-spline
basis up to a precision of 1076 for p = 1,2 and n = 20, 40, 80, 160.

(a)p=1 (b)yp=2
n CG iterations PCG iterations n CG iterations PCG iterations
20 70 35 20 113 114
40 145 41 40 156 148
80 296 46 80 315 170
160 592 50 160 638 194

6. Conclusions

We have considered immersed isogeometric discretizations for general Poisson problems with variable coefficients,
where the physical domain €2 is described in terms of a trimmed geometry map G, and we have analyzed the spectral
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eigenvalues (extended)

30 ‘ ‘ : 30
----- eigenvalues (extended) .
—rearranged symbol i —rearranged symbol

20} / 20}
101 101
0 : : : : 0 : : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(a)p=1, n=280 (b)) p=1, n =160
30 30 : :
----- eigenvalues (extended) ===uigigenvalues (extended)
—rearranged symbol —rearranged symbol E
20+ 20+ F
10} 10} /
0 : : : : 0 : : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
(c)p=2, n=280 (d) p=2, n=160
30 ‘ ‘ H 30 ‘ ‘
----- eigenvalues (extended) : ===uigigenvalues (extended)
—rearranged symbol —rearranged symbol :
20| : 20| H
10 i 10
O 1 1 0 T 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
() p=3, n=280 (f) p=3, n =160
30 ‘ ‘ . 30 ‘ ‘ 3
----- eigenvalues (extended) H ===uigigenvalues (extended) :
—rearranged symbol H —rearranged symbol
20| i 20|
10} ;
0 n. 1 1
0 0.2 0.4 0.6 0.8 1
(h) p=4, n =160

0.4 0.6

,ext
P

0
0 0.2
(8) p=4, n =280

Figure 5.6: Example 5.3: Comparison between the eigenvalues of the matrix Lg
rearrangement of the symbol 1(|det(Jg(21,%2))|Ag (21, #2) 0 H(p p) (01, 02))17T for p = 1,2,3,4 and n = 80, 160.

1
(extended B-spline basis) and the monotone

properties of the resulting (sequences of) matrices when the fineness of the discretization approaches zero, i.e., the

In a complete analogy with the untrimmed case, the considered sequences of matrices enjoy an asymptotic

16

size of the matrices goes to infinity.
spectral distribution described by a function called (spectral) symbol. This symbol does not depend on the boundary
conditions but it incorporates the discretization technique, the geometry map, and the diffusion coefficients of the



30 w w 30 ‘ :
——rearranged symbol ——rearranged symbol
——lower bound ——lower bound
20 ——upper bound 20 ——upper bound
10} " ey 107 j
MA TV |
p Aot A UL e N |\ Al
X M A A AN
N N&J‘\‘ LA | . ‘ 2 WM%MV/ \
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1
(a)p=1 () p=2
30 w 30 w

——rearranged symbol
——lower bound
——upper bound

20

0 0.2 0.4

(e)p=3

0.6

20

——rearranged symbol
——lower bound
——upper bound

(d)yp=4

Figure 5.7: Example 5.3: Comparison between equispaced samples of the symbol 1(|det(Jg(21,22))|Ag(£1,22) 0 H(p p) (01, 62))17 and
its bounds in (5.2) for p =1,2,3,4.

differential problem. Moreover, its structure and properties are completely analogous to the untrimmed case. The
knowledge of the symbol and its properties allows us to identify potentially fast preconditioners for the considered
matrices and we have proposed a specific CG preconditioner.

We have also presented a variety of numerical experiments illustrating both the performance of the proposed
preconditioner and the fact that uniform samples of the (rearranged) symbol provide a good description of the exact
eigenvalues of the considered matrices up to a small set of outliers, which are due to the low rank perturbation
corresponding to the boundary conditions. The proposed preconditioner is particularly effective for low degrees.
However, further investigation is advised for high degrees, which might require a deeper understanding of the
behavior of the outliers.

As future work, a similar spectral analysis of immersed isogeometric discretizations could be carried out for
other types of differential problems, e.g., the linear elasticity problem in [17]. It would also be interesting to apply
the provided immersed framework to more complex geometries, e.g., the tunnel cross passage example in [23].
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