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Abstract

Finding fast yet accurate numerical solutions to the Helmholtz equation remains a challenging task. The pollution error (i.e.
the discrepancy between the numerical and analytical wave number k) requires the mesh resolution to be kept fine enough
to obtain accurate solutions. A recent study showed that the use of Isogeometric Analysis (IgA) for the spatial discretization
significantly reduces the pollution error. However, solving the resulting linear systems by means of a direct solver remains
computationally expensive when large wave numbers or multiple dimensions are considered. An alternative lies in the use of
(preconditioned) Krylov subspace methods. Recently, the use of the exact Complex Shifted Laplacian Preconditioner (CSLP)
with a small complex shift has shown to lead to wave number independent convergence while obtaining more accurate numerical
solutions using IgA.

In this paper, we propose the use of deflation techniques combined with an approximated inverse of the CSLP using a
geometric multigrid method. Numerical results obtained for one- and two-dimensional model problems, including constant and
non-constant wave numbers, show scalable convergence with respect to the wave number and approximation order p of the
spatial discretization. Furthermore, when kh is kept constant, the proposed approach leads to a significant reduction of the
computational time compared to the use of the multigrid-approximated or exact inverse of the CSLP with a small shift, in
particular for three-dimensional model problems.

(© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Helmholtz equation has been widely studied in various fields of physics ranging from biomedical physics
to geo- and nuclear physics. The electromagnetic scattering problem thus finds many applications in engineering
practices. Many efforts have been made to find fast yet accurate numerical solutions to the Helmholtz problem. The
latter remains a challenging topic in research due to the pollution error and the resulting linear system having
undesirable properties. In particular, the pollution error results from a discrepancy between the analytical and
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numerical wave number [1-3]. Consequently, the mesh resolution has to be kept fine enough to obtain accurate
numerical solutions. If we let k denote the wave number, Nyo¢ the number of degrees of freedom in one dimension
and p the order of a finite difference or standard finite element scheme, then
Neat = kU,

where C is a constant that only depends on the accuracy achieved [4]. In practice, this has led to the rule of thumb
kh ~ %, where 10 denotes the number of degrees of freedom per wavelength and % the mesh width. However, the
resulting numerical solution still suffers from pollution, unless the resolution is kept at C(k?*'h”?) < 1, for a general
p-th order scheme. While this minimizes the pollution error, the resulting linear systems are too large for direct
solution methods. This exacerbates in higher-dimensions, which opens the door to the use of iterative solution
methods. Due to the resulting linear systems being indefinite and non-Hermitian, Krylov subspace methods are
necessary. In fact, even using standard multigrid as a stand-alone solver diverges for the Helmholtz equation [5,6].
Moreover, for Krylov subspace methods, the number of iterations until convergence grows with the wave number k.
Thus, the difficulty in solving Helmholtz-type problems can be reduced to optimizing the trade-off between having
accurate numerical solutions, while using a scalable solver.

One potential way to mitigate this problem is to adopt Isogeometric Analysis (IgA) [7] as a discretization
technique. IgA can be considered as the natural extension of the finite element method (FEM) to higher-order
B-splines and has become widely accepted as a viable alternative to standard FEM. The use of high-order B-splines
or Non-Uniform Rational B-splines (NURBS) enables a highly accurate representation of complex geometries and
bridges the gap between computer-aided design (CAD) and computer-aided engineering (CAE) tools. Furthermore, a
higher accuracy per degree of freedom can be achieved compared to standard FEM [8]. A new branch of studies has
demonstrated that IgA furthermore helps to control the pollution error while keeping the size of the resulting linear
system moderate [9—13]. In [14], the authors investigated the obtained accuracy for several Helmholtz-type problems
using a non-constant wave number and documented increased accuracy. Thus, while the use of IgA for Helmholtz-
type problems becomes more established, the process of solving the underlying discretized systems remained fairly
untouched. Until recently, a study by Diwan et al. [15] covered this for the Helmholtz equation and researched the
use of IgA together with an iterative solver. There, the resulting linear systems are solved using the Generalized
Minimum Residual Krylov method (GMRES) preconditioned with the Complex Shifted Laplacian Preconditioner
(CSLP) using a small complex shift. The results show wave number independent convergence of the iterative solver
and, at the same time, higher accuracy of the numerical solution.

The well-known CSLP has been the industry standard for many years [16]. While this has accelerated the
convergence dramatically, the number of iterations increases with the wave number k, which is why in order to
obtain wave number independent convergence, the complex shift has to be kept at O(k~') [17]. One drawback
of keeping the shift very small is that the resulting preconditioner starts resembling the original matrix and exact
inversion puts a heavy tax on the computational resources. Therefore, a few multigrid cycles are often used to
approximate the inverse of the CSLP, which amounts to O(N) FLOPs [16]. However, in order to prevent multigrid
from diverging, the complex shift has to be kept as large as possible O(1) [18].

As a consequence, recent developments have led to a broad range of preconditioners such as domain de-
composition based preconditioners [19-25], sweeping preconditioners [26—30] and (multilevel) deflation based
preconditioners [31-33]. One of these new preconditioners is the Adapted Deflation Preconditioner (ADP) [33],
which uses quadratic Bézier curves to construct the deflation space. There, second order finite differences was used
to construct the linear systems on the fine-level. The construction of Z should balance the computational cost of
the coarse-grid solve and the k-independent convergence. Although cubic and higher-order schemes are expected to
result in more accuracy on the coarse-level, the associated computational costs might outweigh the benefits of using
such schemes. For finite difference discretizations, the two-level deflation preconditioner has shown to be simple yet
competitive to the small-shift and exact inversion of CSLP in terms of wave number independent convergence and
computational complexity for large wave numbers k. In essence, the deflation preconditioner projects the near-zero
eigenvalues of the CSLP-preconditioned system onto zero. These near-zero eigenvalues are known to interfere with
fast convergence of the Krylov subspace solver.

Consequently, our aim in this paper is to extend the research direction set out in [14,15], by combining state-
of-the-art iterative solvers with IgA to obtain both accurate and computationally efficient numerical solutions. In
particular, we propose the use of deflation techniques combined with an approximated inverse of the CSLP using
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multigrid to obtain scalable and faster convergence with respect to the wave number k and the order p. We study
one-, two- and three-dimensional model problems containing both a constant wave number k and a variable wave
number k(x, y). In the latter case, we focus on the performance of the solver in the presence of sharp discontinuities
in the wave number and the underlying solution. For the two-dimensional model problems, we report the number
of iterations and the CPU-timings to show that the use of deflation combined with a multigrid-approximated CSLP
allows for tremendous gain in computational efficiency while keeping scalable convergence in terms of the number
of iterations. The method outperforms the exact inversion of the CSLP with a small complex shift in terms of
number of iterations and CPU-timings when a large constant or non-constant wave number is used. For the three-
dimensional model problems, the combined use of deflation and multigrid-approximated CSLP leads to a significant
speedup compared to the use of both a multigrid-approximated and exact inversion of the CSLP. In case of a curved
geometry, the use of deflation (without CSLP) as a preconditioner further decreases the CPU-timings.

The paper is organized as follows. We start with the variational formulation and spatial discretization of the
Helmbholtz equation in Section 2. In Section 3 we discuss the deflation preconditioning technique for the Krylov
subspace method. Here we introduce the use of higher-order Bézier curves as a basis for the deflation space. We
then proceed by performing a spectral analysis of the preconditioned systems and various numerical experiments
in Section 4 in order to determine the convergence behavior. We provide CPU-timings in order to assess the
computational time complexity. We conclude our results in Section 5.

2. Problem definition

We start by presenting the variational formulation and B-spline discretization of the two-dimensional inhomoge-
neous Helmholtz equation. In Section 4 instances of this general problem will be considered to assess the quality
of our proposed solution method.

2.1. Variational formulation

To illustrate the variational formulation, we consider the inhomogeneous Helmholtz equation in two dimensions
adopting inhomogeneous Robin boundary conditions:

— Au(x,y) — k*(x, yu(x, y) = f(x,y), (x,y) € 2CR?, (1)
0
(a—n — ik(x, y)) u(x,y) = gx,y),  (x,y) €. )

Here, (2 is a connected Lipschitz domain, f € L*(0), g€ L?(842) and k(x, y) a non-constant wave number. Let
us define V as the first order Sobolev space H 1(£2). The variational formulation of (1) is obtained by multiplication
with a test function v € V and application of integration by parts: Find u € V such that

a(u,v) = (f,v), Yv eV, 3)

where
a(u,v):/ Vu-V_de—/ kzuﬁd()—i/ kuv dI’ (f,v):/ fﬁd(2+/ gvdrl. 4
Q 2 Xes Q AN

A geometry function F is then defined to parameterize the physical domain {2 by describing an invertible mapping
to connect the parameter domain () = (0, 1)> with the physical domain 2.

F=10)— 2, FEn=(x,y). )

The considered geometries throughout this paper can be described by a single geometry function F, that is, the
physical domain {2 is topologically equivalent to the unit square. In case of more complex geometries, a family of
functions F (m =1, ..., K) is defined and we refer to 2 as a multipatch geometry consisting of m patches. For
a more detailed description of multipatch constructions, the authors refer to chapter 2 of [34].

2.1.1. B-spline basis functions
To discretize Eq. (1), univariate B-spline basis functions are defined on the parameter domain (2, by an underlying
knot vector = = {£1,&,...,En4p, Enyp+1). Here, N denotes the number and p the order of the B-spline basis
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Fig. 1. Linear and quadratic B-spline basis functions based on the knot vectors =} = {0,0,1,2,3,3} and = = {0,0,0,1,2,3,3,3},

respectively. For interpretation of the color references in this and upcoming figures, the reader is referred to the web version of this article.

functions. Based on this knot vector, the basis functions are defined recursively by the Cox-de Boor formula [35],
starting from the constant ones

1 if §j <& < &4,
. = 6
¢506) 0 otherwise. ©
Higher-order B-spline basis functions of order p > 0 are then defined recursively
£ 5§ §j —§
$p(E) = ¢ 1 () + L0111 (6). @
Ejvp —§j §jrpr1 —&jn

The resulting B-spline basis functions ¢; , are non-zero on the interval [&;, &;4,41) and possess the partition
of unity property. Furthermore, the basis functions are C”~"/-continuous, where m; denotes the multiplicity of
knot &;. Throughout this paper, we consider a uniform knot vector with knot span size i, where the first and last
knot are repeated p + 1 times. As a consequence, the resulting B-spline basis functions are C”~! continuous and
interpolatory at both end points. Fig. 1 illustrates both linear and quadratic B-spline basis functions based on such
a knot vector.

For the multi-dimensional case, the tensor product of univariate B-spline basis functions is adopted for the spatial
discretization. Let Ngor denote the total number of multivariate basis functions @; ,. The spline space V; , can then
be written as follows

Vip =span{®; , o F 1} ,_1 .. (8

The Galerkin formulation of (3) now becomes: Find u;, , € V; , such that

a(un,p, Vip) = (fr,p> Vn.p)s YUnp € Vi p. ©
The discretized problem in (9) can be written as a linear system
(Sh.p —Mip — iNip) Wi p = 1. (10)
Here, (Sh’l’)i,j = [, VP, -V, df is the stiffness matrix, (M"»P)i,j = [, k*®;,P; , d2 the mass matrix
and (N.h,p)i’j = [,ok®i ,®;, dI" the boundary mass matrix. Next, by defining A; , = S; , — M, , — iN, , we
can write

Ah,puh,p = fh,p- (11)

For the ease of notation, we will proceed with the notation Au = f, and drop the subscript (4, p).

3. Preconditioned Krylov subspace methods

For Helmholtz-type problems, the number of degrees of freedom grows with the wave number k. Consequently,
for larger values of k the linear systems become very large, especially in two and three dimensions. As a result, direct
solvers become unattractive and computationally expensive due to fill-in. Thus, in order to solve the model problems,
an iterative method is considered. For normal matrices (i.e. AA* = A*A), the convergence of Krylov subspace
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methods is closely related to the underlying distribution of the eigenvalues. The more clustered the eigenvalues, the
better and faster the method converges. For MP 1-B, we can easily deduce the analytical eigenvalues which are
given by A; = j*m? —k>. It is easy to see that the resulting systems will have both positive and negative eigenvalues,
rendering it indefinite. This limits our choice of Krylov subspace methods, where often GMRES is chosen as the
underlying iterative solver. Throughout the years, the performance of GMRES for the Helmholtz equation has been
studied widely, with an extensive overview given in [5,29,36]. One of these preconditioners is the CSLP, which is
defined by taking the original coefficient matrix A and adding a complex shift. Thus, in the one-dimensional case,
CSLP B is given by

B = A + Bik*1, (12)
and the resulting preconditioned system becomes
B 'Au=B7f. (13)

Here, I denotes the identity matrix and S € R the shift. In practice, the CSLP is often included by applying a fixed
number of V-cycles of a (geometric) multigrid method to approximate B~!. As a smoother within the multigrid
method, we adopt damped Jacobi (with damping parameter « = 0.6). Note that the use of standard smoothers
(i.e. Jacobi or Gauss—Seidel) within a multigrid solver [37] in IgA results in p-dependent convergence. This has led
to the development of non-standard smoothers to obtain p-independent convergence rates [38—43]. Their application
within a multigrid method to approximate B~! is, however, out of the scope of this paper. In order for B~! to remain
a good preconditioner, the shift 8 should not be too small as otherwise multigrid will diverge [5,20]. On the other
hand, the preconditioner should still remain close enough to the original coefficient matrix A, which is also why 8
should not be too large.

While the complex shift transfers part of the unwanted spectrum onto the complex axis, unless the shift is kept
very small, near-zero eigenvalues start appearing around the origin as the wave number increases [31,44,45]. This
effect accumulates in higher-dimensions. Especially the real part of these near-zero eigenvalues is known to have
a detrimental effect on the convergence behavior of the Krylov solver. One simple yet effective way to get rid of
these unwanted near-zero eigenvalues is to use deflation. By using an orthogonal projection, the deflation operator,
which we will denote by P projects these unwanted eigenvalues onto zero. Thus, for a general symmetric linear
system, we can define the projection matrix P and its complementary projection P as

P = AQ where Q = ZE'ZT and E = ZTAZ, (14)
A e Rnxn’ 7 € Rnxm’
P =1-AQ.

Here the matrix Z is the deflation matrix whose columns consist of the deflation vectors and E denotes the coarse-
grid variant of the original coefficient matrix A. The performance of the deflation preconditioner depends on the
choice of Z. In principle, the deflation matrix is defined as the prolongation and restriction matrix from a multigrid
setting using a first-order linear interpolation scheme [31,46-50]. While this improves the convergence significantly,
the near-zero eigenvalues start reappearing for very large wave numbers k. Consequently, it has been shown recently
that the use of a quadratic interpolation scheme results in close to wave number independent convergence for the
two-level deflation preconditioner [33]. In fact, the use of these higher-order deflation vectors results in a smaller
projection error compared to the case where a linear interpolation scheme is used. To construct the stencil for the
deflation matrix Z, we start by introducing the rational Bézier curve.

Definition 1 (Bézier Curve). A Bézier curve of degree n is a parametric curve defined by

B(t):ij,n(t)P-, 0<t<I, (15)
j=0

where the polynomials
bja(t) = (”.)ﬂ'(l -0, j=0,1,...,n, (16)
J

are known as the Bernstein basis polynomials of order n. The points P; are called control points for the Bézier
curve.
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Definition 2 (Rational Bézier Curve). A rational Bézier curve of degree n with control points Py, Py, ..., P, and
scalar weights wg, wy, ..., w, € R is defined as

Yo wibin(P;
Yicowibja(t)
The motivation for using the rational Bézier curve is that the latter formulation allows for the weights to be
adjusted in order to account for the higher requested accuracy at the even degrees of freedom. To see why this
is necessary, note that for large £ the solutions become very oscillatory and the use of linear basis functions to
construct the deflation vectors is not sufficiently accurate to map the underlying eigenvectors to its coarse-grid
counterpart. In particular, when using a linear scheme to construct the grid-transfer operators, the even degrees of
freedom j are copied onto the alternate grid and the value at the odd degrees of freedom j are determined by taking

a weighted value of its neighbors. In particular for the one-dimensional case, if we define the coarse grid function
with respect to the degree of freedom j by [u2;];, then the linear scheme is given by

C(t) = (17)

Definition 3 (Linear Interpolation). Let [uz,]j—1)2 and [u2;](j+1y/2, be the neighboring degrees of freedom of
[u2;,];. Then the prolongation scheme for the even nodes can be characterized by a Rational Bézier curve of
degree 1 with polynomials

bo(t)=1-—1,

b1 1(t) =1,

whenever j is odd by taking the weights wy = w; =1 and ¢t = % Note that in case wg = w; and non-rational we
obtain the original Bézier curve.

1 Sluandg-ne + 0 = Plualne
C(=) = 2 [0} )/1 % (G+D/ ’ (18)
2 3 + - 7)
1
=3 (Luznlij—ny2 + luznlij+n2) - (19)

When j is even, we take the middle component [u5;];/2, which itself gets mapped onto the fine grid.

We thus consider a quadratic rational Bézier curve as this allows us to replace the even component by a weighted
average as well. The main difference is that the stencil to construct the grid-transfer operators now has a larger
support and can thus provide more accuracy, as an increase in the number of iterations can be attributed to a loss
of accuracy on the coarse-level. The quadratic scheme is given by

Definition 4 (Quadratic Approximation). Let [uz](j—2),2 and [u24](j42)/2, be the neighboring degrees of freedom of
[421];. Then the prolongation operator can be characterized by a Rational Bézier curve of degree 2 with polynomials

bo(t) = (1 — )%,
bia(t) = 2t(1 — 1),
byo(t) =12,

and [uz;];2, whenever j is even. Because we wish to add more weight whenever j is even, we take weights
3

w():wzz%, w; =3 andt:%toobtain
%(1 — ) uanlj—1 + %Zt(l — Dluonl; + %(f)z[uzh]jﬂ
A =02+ 320 -0+ 3@
51— $P[uan) i1 + 33U — Plual; + 5(3)u2nl
31 =32+ 30 = )+ 5(3)
é[uzh]j—l + %[’42}1]]‘ + %[Mzh]jﬂ
1

1
=3 (lunlj—1 + 6luan); + [uanlj41) -

C@t) =
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When j is odd, [u2,](j—1y/2 and [uzp](j+1y2 are associated to an even degree of freedom and the resulting stencil
leads to the standard linear interpolation scheme.

Thus, with respect to the coarse-grid function u;, at degree of freedom j, we can define the stencil for the
prolongation and restriction operator as

(Zur] = {% ([u2nl(j—2y2 + 6 [2nl(jy 2 + [U2n(j12)2) if j.i.S CVGIL} ’ (20)
! 3 (w2l =12 + lu2nlj41y2) if j is odd
for j =1,..., Ngor and
1
[ZTuh]j =3 (lunlj—2) + 4 Tunl@jsry + 6 lunlaj) + 4 lunlejvy + unlojr) - (21)
for j =1,..., Ng"f. Additionally, a weight-parameter ¢ can be included to further increase the accuracy of the

prolongation and restriction operator [33]. In this case, the stencil for the prolongation and restriction operator is
given by

[(Zuay); = { § ([2n) (22 + (6 = &) [uanljyyo + [uan)(j12)2) if j s eVen’} (22)
J 2 (luanl(j—ny2 + [2n] 12 if jisodd |’
fOl‘jZ ],...,Ndof and
1
[ZTuh]j =3 ([Mh](zj—z) + 4 unlpjsy + (6 — &) [unloj) + 4 unlojry + [Mh](2j+2)) ) (23)
for j = 1,..., % The value of ¢ is constant with respect to k and kh and is chosen such that the

projection error is minimized. In [33] this value has been determined analytically for the one-dimensional case (see
Equation 5.13) and is adopted throughout this paper unless stated otherwise. Similarly, a cubic rational Bézier
curve can be constructed in an analogous way, which for the coarse-grid function u,, at degree of freedom j leads
to the stencil

(Zur] = { | 35 (61u2n](j—2)2 + 20 [uanljy 2 + 6 [anl j12)2) if j is even,} ’ 24)
! 35 ([u2nl(j—3)2 + 15 [wan)j—1y2 + 15 [wanl(j—1y 2 + anlj43)2)  if j is odd
for j =1,..., Ngor and

1
[ZTuhL =3 (lunlj—3) + 6 lunlj—2) + 15 [unl@j+1) + 20 [unljy + 15 [unl@jr1) + 6 lunlejr2) + Wnlojts) -

(25)
Nof

for j = 1,..., o In Section 4.6.1, we will also use the cubic scheme in the one-dimensional numerical
experiments to explore the performance of both schemes with respect to the number of iterations to reach
convergence. As the use of cubic and higher-order schemes is currently an active topic of research, no analytical
weight-parameter ¢ has been constructed yet.

The aforementioned construction of Z using higher-order rational Bézier curves naturally extends to higher-
dimensions by taking the Kronecker product of Z with itself to construct the 2- and 3D-variants respectively. This
approach is widely used in the multigrid context [51].

Now that we have a stencil to construct Z, we can use Eq. (14) to construct the deflation preconditioner. The
resulting linear system to be solved becomes

PTAu = P'f. (26)

Often, the deflation preconditioner P is combined with the CSLP B to accelerate convergence. The motivation for
combining these methods comes from the observation that the eigenvalues of the CSLP preconditioned system
move to zero, leading to an increase in the number of iterations as the wavenumber grows [52]. Thus, by first
preconditioning and then deflating, the deflation preconditioner is applied to the preconditioned coefficient matrix
B'A. Given that the CSLP and the coefficient matrix A share the same eigenvectors, rigorous Fourier analysis
(RFA) has been used to analytically determine the spectrum of the preconditioned operator [33,50]. Combined with
CSLP, the preconditioned system appears to have better clustering properties. Thus, combining the deflation operator
P with the CSLP B leads to the following linear system which needs to be solved

P'B'Au=(1-AQ)"B'Au = I1- AQ)"B'f, 27)
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where, as mentioned previously, B! is generally approximated using a multigrid method. Note that the operator
PT is never formed explicitly but is constructed through matrix vector products with Z and A. Moreover, we will
refer to P based on the higher-order quadratic approximation as the ’Adapted Deflation Preconditioner’ (ADP) to
distinguish between the standard deflation preconditioner using linear interpolation and the higher-order deflation
scheme.

4. Numerical results

To assess the quality of the proposed iterative solver, this section starts with defining a variety of one-, two-
and three-dimensional model problems based on the general problem described in Section 2.1. Then, we study
the pollution error for our one-dimensional model problem when adopting high-order B-spline basis functions for
the spatial discretization. In [15], a detailed first application of IgA for Helmholtz problems has been given. We
therefore only show the pollution reduction for the model problem MP 1-A in this paper. We proceed by conducting
a spectral analysis in one dimension (MP 1-B) to investigate the effect of the proposed preconditioning techniques
on the spectrum of the preconditioned operator. Finally, the convergence of the iterative solver is studied in terms
of both iteration numbers and CPU timings. These are obtained for the proposed deflation based preconditioner and
compared to the use of the (exactly inverted) CSLP.

4.1. One-dimensional model problems
In this subsection, we present the considered one dimensional model problems. These model problems will be

adopted in the remainder of this section to investigate the pollution error and the number of iterations needed to
reach convergence with the proposed solution strategy.

4.1.1. MP 1-A
The first one-dimensional model problem, MP 1-A, is given below
d2
) 2 =0, xe =01, (28)
dx?

ux) =1, x=0,
u'(x) —iku(x) =0, x=1.
Here, homogeneous Dirichlet and Sommerfeld boundary conditions are applied on the left and right boundary,

respectively. The exact solution for MP1-A is given by u(x) = ¢’**. Model problem MP 1-A will be adopted to
investigate the pollution error for various values of the approximation order p of the B-spline basis functions.

4.1.2. MP I-B
Model problem MP1-B involves an inhomogeneous source term. Furthermore, Dirichlet boundary conditions are
applied on both boundaries, resulting in the following model problem

d?u(x) 5 _ 1 _
-3 K u(x) = 8(x — 5)’ xe2=(0,1), (29)
u(x) =0, x =0,
u(x) = 0, x=1.

Here, § denotes the Dirac delta function. The analytic solution of MP1-B is based on the Green’s function of this
model problem and is given by

_5 >, sin (jx) sin (j3) o1
u('x) - Z ]27_[2 _ k2 ’ X € - [ ’ ]7
j=1

kK> £ jn? j=1,2,3,....

Note that, for k> = j?m?, the eigenfunction expansion would become defective as this would imply resonance and
unbounded oscillations in the absence of dissipation. Therefore, we explicitly impose the extra condition k* # j2m?
asserting that our Green’s function exists.
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By imposing Dirichlet boundary conditions, the resulting system matrix exhibits the most unfavorable distribution
of the eigenvalues [45]. Note that the inclusion of Sommerfeld radiation conditions instead would slightly shift the
eigenvalues away from the origin due to the natural occurring damping.

4.2. Two-dimensional model problems

Both two-dimensional model problems will be presented in this subsection. In particular, we consider model
problems involving a constant and non-constant wave number.

4.2.1. MP 2-A
In two dimensions, we consider as MP 2-A the natural extension of MP 1-B to two dimensions:
1 1
— Au(x, y) — Ku(x, y) = 8(x — FY=3h @ye 2 =(0,1)? (30)
u(x,y) =0, (x,y) €082,
Again, the analytic solution is given by the Green’s function:
>\ = sin (imx) sin (i 1) sin (jry) sin (j7 1)
_ 2 2 _ 2
u(x,y) =4y > e . () e =017 31)

i=1 j=I1
kK> £ i’n? 4+ j*n%i,j=1,2,3,....

4.2.2. MP 2-B
As model problem MP 2-B, we consider a non-constant wave number k = k(x, y), an inhomogeneous source
function and Dirichlet boundary conditions on the entire boundary 9 2.

1 1
_A”(X,Y)_kz(xyy)u(x,)’)z5()(_5:}’_5)7 (X»Y)GQZ(O»I)Z, (32)

u(x,y) =0, (x,y) € d12.

Here, k(x, y) is chosen to be a two-dimensional step function consisting of 16 different values. For a fixed value
of k, the values vary between %k and %k. Fig. 2 shows the considered field k(x, y) for k = 100. This model
problem uses various horizontal layers in order to test the performance of the solver when a variable wave number
k(x,y) is used. This is particularly important to investigate as in certain cases for Helmholtz-type problems the
underlying solver might diverge. This has been reported for domain decomposition based preconditioners using
inexact factorizations [29].

Wavenumber profile k(x,y)

120

115
130 -

110

105

y-direction 0 0 x-direction

Fig. 2. Wave number distribution for k(x, y). k has been set to have a base value of 100. The figure shows the step-function to illustrate
the variation profile of the wave number with respect to the x- and y-direction.
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4.3. Three-dimensional model problems

Finally, two three-dimensional model problems are considered, involving a non-curved and curved geometry. The
resulting linear systems for these model problems have been obtained using the open source package GeoPDEs [53].

4.3.1. MP 3-A
We consider MP 3-A the natural extension of MP 2-A to three dimensions:
1 1 1
—AML%D—WML%@=5@—?y—5z—?,(L%©€Q=®Jﬁ (33)
u(x,y,2) =0, (x,y,2) €842,

Again, the analytic solution is given by the Green’s function:

WCry.2) = 4 i i i sin (imrx) sin (i 3) sin (jwy) sin (j 1) sin (I7r2) sin (lrr%)

i?n2 + j2r? 4 PPr? — k2

3

i=1 j=1 I=1
(x.y.2) € 2=0,17, (34)
K2 £ i2nt+ Pt Pn? 0 0=1,2,3,....

4.3.2. MP 3-B
As a final model problem, we consider a constant wave number on a curved (single patch) geometry
1 1 1
— Au(x,y, 2) — Ku(x,y,z) = 8(x — 3Y=3i75) (e, (35)
u(x,y,z) =0, (x,y,2) €342,

Here, {2 is a quarter annulus in three dimensions. Fig. 3 shows the considered geometry and the obtained solution
for MP 3-B.

Fig. 3. Illustration of the considered geometry (left) and solution (right) for MP 3-B.

4.4. Pollution error

In this section we will briefly discuss the effects of using IgA on the pollution error for the Helmholtz equation.
As mentioned previously, the A-version of the error studies have shown that as the wave number k increases,
the numerical solution suffers from dispersion errors [54,55]. While in 1D, one can define an exact modified
wavenumber which is able to minimize and bound the pollution error, this is not possible in 2D and 3D as this
relies on the direction of the waves [54,55]. Thus, instead of resorting to very fine meshes, it has been shown
that higher-order methods suffer from less dispersion error and provide a viable alternative to obtaining accurate
solutions while keeping the problem size economical [56,57]. In particular, Corollary 4.6 of [56] provides us with
the following h-error estimate (given ||u| ;2 ~ 1)

lttex — upll2 < C (h? + &k~ (kh)?) b (1 + k(kh)? ™). (36)
10
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Fig. 4. L>-error under h-refinement for MP 1-A using p = 1 (left) and p = 2 (right) for different wave numbers.

Note that for p > 1, the error decreases asymptotically faster compared to p = 1 where the error scales at best
with k. In order to illustrate these properties, we plot the L’-error under mesh refinement for our one-dimensional
MP 1-A. Fig. 4 shows the L?-error under mesh refinement for different values of k obtained for p = 1 (left) and
p = 2 (right). Note that, the k-dependence for p = 1 significantly differs from p = 2, as predicted in Corollary 4.6
in [56]. In fact, the numerical results presented in [56] (see Figure 2), showing the relative L?*-error under mesh
refinement, are in agreement with the results presented in Fig. 4.

_1 7\ TTT T T T T 1717 T ]

1070 | 1|—e—p=1-e-p=1
I ®&------ - ¢—— 00— 0 —0—"—C |

I 1 p=2 p=2

1072 E p=3 p=3

B 1|-e—p=4-e-p=4

L 103} | —eo—p=5-e-p=5
= ; g
) L ]
Q107 E
107 ¢ E
1076 E
Bl [ Lol B

102 10° 104
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Fig. 5. L2-error for MP 1-A using p =1 to p = 5 for various wave numbers k. The solid line uses 10 degrees of freedom per wavelength

(kh = 0.625) and the dashed line uses 7.5 degrees of freedom per wavelength (ki = 0.825).

While the use of IgA significantly reduces the pollution error, they do not remain pollution-free as the
wavenumber becomes very large [57]. We illustrate this using the ’rule of thumb’, where the waves are resolved
using 10 degrees of freedom per wavelength. Note that this has been used widely in practice and lies within the
pre-asymptotic range for p = 1. In Fig. 5 we observe that, using kh = 0.625 for p =2 to p = 5, the L?-error with
respect to the analytical solution decreases. While this leads to significant more accurate solutions, we do observe
that as the wave number increases, the L>-error increases accordingly. Moreover, as k increases the advantage
of using p = 5 over p = 4 decreases as both lead to similar accuracy. For standard FEM, this was already
observed [58]. Furthermore, decreasing the number of degrees of freedom per wavelength from 10 (solid line) to

11
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7.5 (dashed line) already results in lower accuracy. In fact, the achieved accuracy for p = 4 and p = 5 with 7.5
degrees of freedom per wavelength is similar to the obtained accuracy for p = 3 when 10 degrees of freedom per
wavelength are used. In this work, we will proceed by keeping kh = 0.625 and increasing the order p as we want
to examine the extent of the iterative solver within this pre-asymptotic range. However, note that for engineering
practices, the error can be bounded in the 0.1 to 1% range, where IgA can provide more accurate solutions using
smaller linear systems [57].

4.5. Spectral analysis

We now proceed by analyzing the spectrum of the preconditioned system of MP 1-B. By using Dirichlet boundary
conditions, we have the most unfavorable distribution of eigenvalues, allowing us to fully examine the potency
of the preconditioner. It is widely known that the near-zero eigenvalue distribution strongly affects the resulting
convergence factor of Krylov subspace methods. In general, these eigenvalues close to the origin hamper the
convergence of such methods. It should be noted, however, that results for MP 1-A, involving both Dirichlet and
Sommerfeld boundary conditions, do not significantly differ from the ones presented in this section. With respect to
CSLP, many studies have confirmed that unless the complex shift is kept very small and the inversion is performed
exactly, the eigenvalues cluster near the origin [17,20,45]. In this work, we are not inverting the CSLP exactly and
we thus need to derive a proxy of the multigrid iteration used to approximate the inverse. This can be done by
using the two-grid iteration matrix from a multigrid setting [59]. This leads to the following approximation for B

B~ ~ (I- (wD)'B)" (1-ZB,'Z") (I- (wD)"'B)",

where B, denotes the coarse-grid variant of the CSLP, D the diagonal of B and v denotes the smoothing
steps. Additionally, we use damped Jacobi as a smoother with damping parameter @ = 0.6. Note that for the
multigrid cycle, Z is now the standard geometric multigrid prolongation and restriction operator based on the linear
interpolation scheme. Using this approximation for B~!, we study the eigenvalues of the linear system PTB~'A,
where P denotes the adapted deflation preconditioner based on the quadratic Bézier scheme.

Fig. 6 shows the spectra of the preconditioned linear system for k = 50 (left) and k& = 500 (right) for different
values of p. The complex shift has been set to B = 1 and one pre- and post-smoothing step has been used. Note
that half of the eigenvalues of the preconditioned system will be projected onto the origin. The other half of the
eigenvalues will therefore be non-zero. For k = 50 (left), all eigenvalues for a fixed value of p have a spiral shape,
apart for the case p = 1. Furthermore, the angle between the eigenvalues and the real-axis in Quadrant 2 becomes
smaller for higher values of p. Therefore, we can expect a p-dependency for small values of k for p > 2. For
k = 500 this becomes even more obvious visually, as the higher number of degrees of freedom leads to more
eigenvalues. As the preconditioned operator becomes too large to determine all eigenvalues, it remains unsure how
the spectra will further develop for large values of k.

- k=50 - k=500
x  p=1 X x  p=1
p=2 B 75 < p=2
10 x  p=3 x x  p=3
x  p=4 x  p=4
< p=5 %k x 50 % p=5
5 DOl S _
< b I %1 < =
zEn 0 . : gﬁ -E 0
a i N " a
=< \ )ﬁ%x = 25 x
= 1 \* 2 y = -
_5 X e N ;xf‘ -
£ T IR _50 5
) IS E— "‘“’www
-10 -
-75 x X%
-15 -100
=15 -10 =5 0 5 10 15 -100 -75 =50 =25 0 25 50 75 100
R(A(PB1A)) R(A(PB1A))

Fig. 6. Spectrum of the preconditioned operator PB~'A for different values of p, where kK = 50 (left) and k = 500 (right) for MP 1-B.



V. Dwarka, R. Tielen, M. Moller et al. Computer Methods in Applied Mechanics and Engineering 377 (2021) 113694

Next, in Fig. 7, we fix p = 2 (left) and p = 5 (right) and let k increase from k = 50 to k = 250. Here we can
clearly observe that for p = 2, the eigenvalues remain fairly clustered in a semi-circular shape. Increasing k leads
to a larger radius of this semi-circle and therefore a larger spread of the eigenvalues. If we focus on the small box
containing a detailed illustration of what is occurring near the origin, we observe that for larger kK more and more
eigenvalues are starting to move closer towards the origin. Closest to the origin we can clearly see the eigenvalues

for k = 250 (purple) and k = 200 (red) appearing. Although the eigenvalues seem less clustered for p = 5, the same
general behavior can be observed. Classically, deflation based preconditioners are combined with the CSLP in order

p=2 p=5
20 x k=50 2005
k=100 f x,ow;(;;; X
% k=150 10 7 Xwé’fr
20 x k=200 g ¥ @5‘
|
k=250 ¥ % ;
_ S X% oo
< < %% % E
- 10 7 X% &} * x
0 1] x %
= & -10 %%
= =< X %
a0 [l o
) -20 e j x k=50
x N
3 s, ; (=100
-10 - X K k=150
¥ . _30 % : x k=200
SSonsasarpertt® k=250
-30 -20 -10 0 10 20 -40 -20 0 20 40 60

RA(PB~A)) R(A(PB~A))

Fig. 7. Spectrum of the preconditioned operator PB~'A for different values of k, where p = 2 (left) and p = 5 (right) for MP 1-A. No
weight-parameter has been included.

to obtain faster GMRES-convergence. Note that the projection matrix P projects a certain part of the spectrum of the
coefficient matrix A onto zero. The addition of the CSLP ensures that the remaining non-zero eigenvalues are shifted
towards the complex axis, which gives it the typical circular spectrum in the complex plane. However, for finite
differences discretizations, the use of the CSLP combined with higher-order deflation is often redundant as wave
number independent convergence can already be attained by using deflation without the CSLP [33]. An interesting
point of investigation would be to study the spectrum of the preconditioned system PA. In Fig. 8, we study the
spectrum of PA where we use the weight-parameter ¢ in order to construct accurate higher-order deflation vectors.
We indeed observe that half of the eigenvalues are mapped onto zero and the remaining part of the eigenvalues
remains clustered. The eigenvalues no longer cross the negative real axis, which results in the preconditioned system
PA being positive semi-definite. Apart from a scaling factor, the spectrum of k = 50 looks similar to the spectrum
of k = 250 and illustrative of the k-independent convergence. However if we compare p = 2 (left) to p = 5 (right),
we observe that for p = 5 the eigenvalues of PA are closer to zero and have a larger spread between the smallest
and largest eigenvalue. For example for k = 250, the eigenvalues for p = 2 lie in the ballpark of 450 to 550,
whereas for p = 5 the eigenvalues lie between 50 and 250.

For illustration purposes, we study the effect of interpolating and restricting the fine-grid systems with low
accuracy. In Fig. 9, we have plotted the spectrum of PA, where we deliberately set the weight-parameter to a
value which lowers the accuracy of the interpolation scheme to construct the deflation matrix Z. It immediately
becomes apparent that the resulting preconditioned system is again indefinite as some eigenvalues are still negative.
Moreover, if we compare p = 2 (left) to p = 5 (right), we observe a larger spread for p = 2 compared to p = 5.
This is the opposite of what we observed in Fig. 8. In both cases, the example is illustrative of the fact that having
a low-order interpolation scheme to construct the prolongation and restriction operator, will lead to an ineffective
mapping of the underlying eigenvalues and eigenvectors. As the wave number increases and the solutions become
more oscillatory, the accurate mapping of the fine- and coarse-space becomes of increasing importance. Therefore,
we chose a weight-parameter such that the projection error with respect to the eigenvectors is minimized [33].
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Fig. 8. Real part of the spectrum of the preconditioned operator PA for different values of k, where p = 2 (left) and p = 5 (right) for MP

1-B. No weight-parameter has been included.

300

350

400

50 100 150 200

Index

400

500 p=2 500 =8
x k=250 k=250
k=200 k=200
400 x k=150 400 k=150 x|
x k=100 k=100
x k=50 k=50
300 ’ 300 x
< <
e [
= 200 = 200
S
100 f 100
§ 2
0 0
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Index Index

Fig. 9. Real part of the spectrum of the preconditioned operator PA for different values of k, where p =2 (left) and p =5 (right) for MP
1-B. Here we have used the weight-parameter ¢.

4.6. Numerical experiments

We will now present the convergence results for our model problems using the preconditioners described above.
Unless stated otherwise, we set the grid resolution at kh =~ 0.625, which is equivalent to using 10 degrees of
freedom per wavelength. We use GMRES as the underlying Krylov subspace method and use a stopping criterion
on the relative residual of 10~7. A serial implementation is considered on an Intel(R) i7-8665 CPU @ 1.90 GHz
using 8 GB of RAM.

For the sake of completeness and clarity, we briefly introduce the notation of the preconditioners used in the
experiments.

e D := Adapted Deflation Preconditioner (ADP) + GMRES.

e D, = Adapted Deflation Preconditioner (ADP) + GMRES using the shift-parameter ¢ to construct the
deflation matrix. The value has been taken from [33] and is constant throughout the use of the numerical
experiments.

e C,. = CSLP (exactly inverted) + GMRES.

e DC;,; = ADP preconditioner + GMRES using j number of multigrid V-cycles combined with (damped)
Jacobi smoothing.

o D, C;,,G := AD, P preconditioner + GMRES using j number of multigrid V-cycles combined with (damped)
Jacobi smoothing.
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4.6.1. One-dimensional model problems

We start by numerically solving MP 1-B using the deflation preconditioner together with the multigrid
approximation of the CSLP. We differentiate between deflation with and without the weight-parameter ¢ and we
vary the number of V-cycles between 1 and 10 iterations to obtain a fair approximation of the inverse of the CSLP.
Table 1 shows the number of GMRES iterations for the three different combinations. Starting with DC},; (first
column) we observe that the number of iterations both grow with k and p. These results are in line with the spectral
analysis from Section 4.5, in particular Figs. 6 and 7. There we observed that the angle the eigenvalues make with
the real axis becomes smaller for increasing p, anticipating some p-dependent convergence. Similarly, in Fig. 6,
the radius of the circular shape of the eigenvalues grows with k, leading to the expectation that the number of
iterations could grow with k. However, for very large wave numbers such as k = 10*, we observe that the number
of iterations is inversely related to p. Note that the spectrum of such large wave numbers has not been examined
in this work.

For D, Clll/IG (second column) we solely observe p-dependent and k-independent convergence. In order to obtain
p-independent convergence as well, we allow for more iterations within multigrid in order to construct a more
accurate approximation of the inverse of the CSLP. The results reported in the third column confirm that a better
approximation of the inverse of the CSLP is indeed able to reduce the p-dependent convergence. Once we add
the weight parameter ¢ to the deflation preconditioner we obtain k-independent convergence up to 10°. Finally,
increasing the number of V-cycles to 10 for D,C 111/?0 (third column) leads to p-independent convergence and shows
identical results to inverting CSLP exactly; see Table 3. Note, however, that the application of D.C 1{,?G is more
expensive compared to the application of D,C},. This result is in line with the literature as regards the p-dependent
convergence observed for IgA discretizations combined with multigrid. Generally speaking, more smoothing steps
and/or intricate smoothers are needed in order to counteract the increasing number of iterations for higher-order
IgA schemes.

Table 1
Number of (preconditioned) GMRES iterations to reach convergence for MP 1-B. Here we combine the two-level deflation (D) using
quadratic Bézier curves with the CSLP. The shift 8 has been set to 1. CSLP has been inverted using C ,L,G and C};G respectively.

k=10? k=10 k= 10* k=10° k= 10°

N =161 N = 1601 N = 16001 N = 160001 N = 1600001

DCl; D:Cl D:CY. DCL. D.Cl,. D:CY. DCY. D.Ci,c D:CY. DCL; D:Chs D:CY. DCl D:Clys DCY
p=17 7 5 7 7 5 13 7 5 50 7 5 10 5
p=25 5 5 6 5 5 10 5 5 28 5 5 5 5
p=36 6 5 6 6 5 8 6 5 22 6 5 * 6 5
p=49 9 5 9 9 5 10 10 5 19 9 5 74 5
p=516 16 5 16 16 5 13 15 5 21 15 5 46 15 5

Alternatively, cubic Bézier curves can be adopted as well to construct the deflation matrix Z; see Table 2. For
DC}, ., the use of cubic Bézier curves leads to a lower number of iterations when higher values of k are considered
compared to the use of quadratic Bézier curves. Compared to D.C;,; and D,C 1{20 (using quadratic interpolation),
the number of iterations is similar for most values of k. Note that the use of cubic Bézier curves, even when
combined with CSLP and multiple V-cycles, does not lead to k- and p-independent convergence. Moreover, for
k = 109, the use of DC }‘?G leads a significant higher number of iterations. It should be noted that an optimal weight
parameter has only been determined analytically in literature for the quadratic case. The use of cubic (and higher-
order interpolation schemes) is currently an active topic of research. Considering the computational costs associated
with a higher-order interpolation scheme, we will adopt quadratic Bézier curves throughout the remainder of this
paper.

As mentioned previously, for a finite difference scheme, it has been shown that the deflation preconditioner
without CSLP could also lead to close to wave number independent convergence. Thus, analogously, we perform
a similar test to examine how well the deflation preconditioner performs with no other preconditioner. We will
distinguish two cases; ADP without weight parameter D and ADP with weight parameter D,. Results are reported
in Table 3, where we compare the number of iterations to the number of iterations obtained by using the (exactly
inverted) CSLP with shift k=! (C,,). Note that, the exactly inverted CSLP leads to iteration numbers independent

15
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Table 2
Number of (preconditioned) GMRES iterations to reach convergence for MP 1-B. Here we combine the two-level deflation (D) using cubic
Bézier curves with the CSLP. The shift  has been set to 1. CSLP has been inverted using C}WG and C,},?G respectively.

k=10% k=10 k=10* k=10° k=100

N =161 N = 1601 N =16001 N = 160001 N = 1600001

DCjg DChg DCig DCig DChg DCig DChyg DCig DCig DCyg DChg DCilg DChyg DChg DCiig
p=171 5 5 7 5 5 7 5 5 8 7 7 16 16 16
p=25 5 5 5 5 5 5 5 5 6 6 6 11 11 11
p=36 5 5 6 5 5 6 5 5 6 5 5 11 9 6
p=4 10 5 5 10 5 5 10 5 5 10 5 5 12 8 8
p=5 18 6 5 17 5 5 17 5 5 15 6 5 16 6 6

of both k and p. In absence of the weight parameter, the number of GMRES iterations preconditioned with D
increases with k and p for wave numbers k < 10°. These results are similar to the ones reported in Table 1, where
we observed a similar effect for DC},;. The observed number of iterations is also in agreement with the spectral
analysis from Fig. 9 in Section 4.5. It has been shown that as the accuracy of ADP decreases, the projection error
increases, and the eigenvalues are not accurately projected onto the origin. As a result, the number of iterations is
expected to increase with k. However, we did observe that this effect is less pronounced for larger values of p,
which is why we obtain better convergence for larger values of k when p > 4.

Adding the weight parameter significantly improves the convergence of the GMRES method with respect to
k-dependent convergence. In particular, wave number independent convergence is observed for values of k up to
10°. This is in line with the spectral analysis from Fig. 8 in Section 4.5. There, we observed that an accurate
interpolation scheme ensures that half of the eigenvalues are mapped onto the origin and the spectrum remains as
clustered as possible. However, for p = 5 we observed that the smallest and largest eigenvalue lie further away,
which could explain the p-dependent convergence, and in particular the higher number of iterations observed for
p = 5. Thus, similar to multigrid solvers, deflation based solvers are also subjected to p-dependent convergence.
The effect can be circumvented by combining both methods and increasing the number of V-cycles.

Table 3

Number of (preconditioned) GMRES iterations to reach convergence for MP 1-B. Here we use GMRES with either two-level deflation (D
and D,) using quadratic Bézier curves or exact inverse of CSLP C,, using g = k~!'. * indicates that the number of max iterations (100)
has been reached without convergence.

k=102 k=103 k= 10* k=10 k= 10°

N = 161 N = 1601 N = 16001 N = 160001 N = 1600001

D DS CL’X D DS C(’X D DS CL’X D DS CGX D DS Cex
p=1 9 9 5 8 9 5 13 9 5 49 9 5 11 5
p=2 7 5 5 6 5 5 10 5 5 28 5 5 5 5
p=3 8 8 5 8 8 5 10 8 5 20 8 5 * 8 5
p=4 13 13 5 13 13 5 13 13 5 20 11 5 68 13 5
p=5 19 20 5 9 20 5 6 20 5 25 19 5 48 20 5

4.6.2. Two-dimensional model problems

In the previous subsection, it was observed that combining the deflation preconditioner D, with the approximated
CSLP Cj,; yields the best results in terms of iteration numbers. In this subsection, we apply this preconditioner to
MP 2-A, the natural extension of MP 1-B to two dimensions. In particular, CPU timings are determined to obtain
a fair comparison in terms of computational costs.

Table 4 compares DC}WG and D, C,‘V?G with the exactly inverted CSLP C,,. For D.C }WZG, we obtain close to k- and
p- independent convergence. Only for p = 5, the number of iterations increases. Here, 3 pre- and post-smoothing
steps and a shift of B = 4.2 are adopted. It has been shown that, when CSLP is combined with deflation, the shift
B can be as large as 10 without negatively affecting the number of iterations [60]. In our experiments, we have
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found B = 4.2 to be the optimal value, leading to the least number of iterations. However, letting § vary does not
impact the number of iterations significantly [60].

For the C,, preconditioner, a shift of (3k)~! has been adopted. Both the shift k~! as well the shift 8 = (3k)~!
does not lead to wave number independent convergence. In fact, C,, uses more iterations for p < 5 in most cases.
This can be explained by the fact that we are using Dirichlet boundary conditions, which are known to cause
a less favorable distribution of the eigenvalues compared to the use of Sommerfeld radiation conditions [45]. In
particular, keeping the shift k=2 results in wave number independent convergence but leads to very uneconomical
systems, which are close to the original coefficient matrix.

Table 4

Number of (preconditioned) GMRES iterations to reach convergence for MP 2-A. Here we combine the two-level deflation (D) using
quadratic Bézier curves with CSLP. CSLP has been inverted using CII\/IG and C 1{,120 respectively where the shift has been set to =1 and
B = 4.2 respectively. When using C,,, the shift has been set to g = 3k~!.

k=50 k = 100 k =150 k =200 k =250

N = 6241 N =25281 N =57121 N = 101761 N = 159201

DCl; D.Ci}; Co. DCl; D:Cl2; Cox DCl; D.Ci2; Cee DCh; D.Cll; Coo DCl; DeCi2p Cex
p=17 7 7 8 7 38 12 12 10 38 8 9 12 9 10
p=2 10 7 710 7 8 10 7 8 11 8 1112 8 10
p=3 18 6 6 20 9 8 18 7 720 7 119 7 10
p=4 36 7 6 36 7 8 36 7 736 7 1 37 7 10
p=5 8 20 786 21 8 87 21 786 21 121 21 10

Fig. 10 shows the corresponding CPU times to reach convergence with the GMRES method when applying
DEC]'WZG and C,., as a preconditioner. The CPU-timings have been obtained using the Matlab 2019b ’tic toc’
command and include the computations needed to build and apply the different preconditioners as well as the
GMRES iterations. For k = 50, inverting the CSLP preconditioner exactly leads to the lowest CPU times for all
values of p considered. However, from & = 150 already, the opposite holds: DSC}WZG is computationally more
efficient compared to the exact CSLP preconditioner. This effect becomes more pronounced as k increases. Thus,
the larger k, the larger the computational speedup of the deflated preconditioned solver relative to the solver using
the exact inversion of the CSLP combined with a small complex shift.

| | | |
108 - lp=2,DCclp=2C g i
- |lp=3,pclp=3,C . B
- |0p=4,DClp=4,C & 53 ]
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Fig. 10. CPU-time in seconds (s) for p =2 to p =5 for MP 2-A. The plot contains the timings for £ = 50, 100, 150, 200 and k = 250.
DC stands for DSC}WZG and C stands for C,y using § = Gl L

Next, we consider model problem MP 2-B, where the wave number is non-constant and given by a two-
dimensional step function. This is an important benchmark as some solvers only perform successfully when a
constant wave number is used. Moreover, it allows for testing whether the numerical solver can deal with sharp
disruptions in the underlying velocity, which is the main focus of this section. In Fig. 11 we have plotted the constant
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(left) and variable (right) solution for MP 2-A and MP 2-B respectively using kK = 100 as a base wave number. The
step-function used to vary k throughout the numerical domain is observed to disrupt the symmetric pattern observed
for k = 100 (right).

2D solution MP 2-A 5 2D solution MP 2-B
— — 0.6 1
0.9 go 05 0.9 0.8
"
0. | - 04 0.8 0.6
M c© g 03 o ot
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0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

x-direction x-direction

Fig. 11. Real part of the two-dimensional numerical solution for the constant (left) and non-constant (right) wave number k(x,y) where
k = 100.

Table 5 shows the number of GMRES iterations needed to reach convergence when DC I{}G and C,, are applied as
a preconditioner. With respect to p-dependent convergence, the number of iterations slightly varies with p for both
preconditioned systems. In contrast to MP 2-A, however, we also observe a small increase in the number of iterations
as k increases for both preconditioned systems. However, in terms of iterations, the deflated preconditioned system
needs less iterations compared to the system using the exact inversion of the CSLP and a very small complex
shift. Unlike the results from the constant wave number model problem, we therefore report weakly dependent
convergence on k. However, note that for p = 5, the convergence appears to resemble wave number independent
convergence. We do note that using the deflation preconditioner combined with the multigrid approximation of the
CSLP, the number of iterations could be improved by using more V-cycles. These are relatively cheap in terms of
computational costs as they are of order O(Ngor) FLOPs and given that the diagonal scaled Jacobi smoother is used.

Table 5

Number of (preconditioned) GMRES iterations to reach convergence for MP 2-B. Here we combine two-level deflation using quadratic
Bézier curves with CSLP (DC}WZG). For p < 5 we use 3 pre- and post smoothing steps, whereas for p = 5 we use 2 pre- and post
smoothing steps. CSLP has been inverted using C}WZG where the shift has been set to § = 4.2. When using C,,, the shift has been set to
B = (3k)~! and CSLP is inverted exactly.

k=50 k = 100 k=150 k =200 k =250

N = 6241 N =25281 N =57121 N = 101761 N = 159201

DC}Z, Cox DCZ, Cox DC}Z, Cox DC}Z, Cox DCZ, Cox
p=1 13 12 16 19 22 24 25 27 29 28
p=2 13 13 16 20 20 24 25 29 32 36
p=3 10 13 11 16 14 23 15 28 20 39
p=4 10 13 13 20 12 22 13 26 19 38
p=>5 18 13 19 16 17 23 21 29 20 39

The corresponding CPU timings are provided in Fig. 12. The combination of deflation and the approximated
deflation preconditioner (DC}WZG) is cheaper for all values of p and k. Hence, already for moderate values of
k, applying the CSLP preconditioner exactly is more expensive. Note that, for higher values of k, the difference
between both approaches also becomes more visible in terms of CPU timings. This effect will only be magnified
in 3D-applications.
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Fig. 12. CPU-time in seconds (s) for p =2 to p =5 for MP 2-B. The plot contains the timings for £ = 50, 100, 150,200 and k = 250.
DC stands for DSC}WZG and C stands for C,yx using g = Bk)~L.

4.6.3. Three-dimensional model problems

Finally, we consider model problems MP 3-A and MP 3-B to investigate the performance of our solution strategy
in three dimensions on a curved and non-curved geometry. Fig. 13 shows the number of (preconditioned) GMRES
iterations and CPU times to reach convergence for both MP 3-A and MP 3-B for k = 10, where for p = 5
the coefficient matrix has size 9261 x 9621. For MP 3-A, the number of iterations needed with DC}7 is higher
compared to the use of C,,. Despite needing more iterations as p increases, the CPU times are significantly lower
when adopting both deflation and the approximated CSLP, with the exception of p = 5. Note that, the higher
number of iterations needed for p = 5 to reach convergence has also been observed for the two-dimensional model
problems.

As approximating the CSLP is known to reduce the computational costs compared to an exact inversion (in
particular in higher dimensions and for larger values of k), results with an approximated CSLP have been added as
well. Here, the CSLP is approximated with a single multigrid cycle, using 8 = 1 and applying 25 smoothing steps.
Both the value of B and the number of smoothing steps have been determined such that the computational costs
are minimized. For all values of p, combining two-level deflation with CSLP leads to lower iteration numbers and
CPU times.

For MP 3-B, the use of the approximated or exact CLSP as a preconditioner leads to a substantially higher
number of iterations for all values of p compared to DC}WZG. Hence, the CSLP is less effective for the model
problem involving a curved geometry, leading to significantly higher CPU times.

As the results for MP 3-A and MP 3-B indicate that CSLP is less efficient when applied on a curved geometry,
the use of two-level deflation using quadratic Bézier curves as a preconditioner has been investigated as well.
Fig. 14 shows the number of GMRES iterations and CPU times needed for MP 3-B when two-level deflation D,
is applied as a preconditioner for different values of k. For k = 10, the number of iterations to reach convergence
lies (roughly) between the number of iterations needed with C}wc and C,,. In terms of CPU times, however, the
use of two-level deflation as preconditioner significantly improves the results. In fact, on the curved geometry for
example, we obtain a speedup factor of more than 100x when using two-level deflation without CSLP compared
the exact inverted CSLP for k = 10 and p = 5.
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Fig. 13. Number of (preconditioned) GMRES iterations and CPU times to reach convergence for MP 3-A and MP 3-B, where k = 10. Here
we combine two-level deflation using quadratic Bézier curves with CSLP (DC}WZG). For p <5 we use 3 pre- and post smoothing steps,
whereas for p =5 we use 2 pre- and post smoothing steps. CSLP has been inverted using C 11\/120 where the shift has been set to 8 = 4.2.
When using C}V,G and C,y, the shift has been set to 8 =1 and B = (k)~!, respectively, and CSLP is inverted using a single multigrid cycle
(adopting 25 smoothing steps) or exactly.
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Fig. 14. Number of (preconditioned) GMRES iterations and CPU times to reach convergence for MP 3-B. Here we apply two-level deflation
using quadratic Bézier curves (D) as a preconditioner.

5. Conclusion

In this work, we focus on the combination of IgA discretized linear systems with a state-of-the-art iterative solver
using deflation and a geometric multigrid method. In particular, we extend the line of research set out by [15], where
it was shown that the use of IgA reduces the pollution error significantly compared to p-order FEM. The authors
have shown that the use of the exact inverse of the CSLP preconditioner with a small complex shift, yields wave
number independent convergence for moderate values of k. Instead of inverting the CSLP exactly and using a small
complex shift, we use a standard multigrid method to approximate its inverse and combine it with a two-level
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deflation preconditioner to accelerate the convergence of GMRES. We use a large complex shift in order to ensure
that the multigrid algorithm does not diverge.

The use of deflation techniques is motivated by studying the spectrum of the preconditioned systems. Deflation
projects the unwanted negative and near-zero eigenvalues corresponding to the smooth eigenmodes onto zero,
thereby accelerating the convergence of GMRES. Our spectral analysis shows that for increasing k and p, the
spectrum remains well-clustered. This is supported by the numerical results in 1D as the number of iterations
remains k- and p-independent for kh constant. If we exclude the CSLP, we obtain k independent convergence and
the number of iterations increases slightly with p.

When deflation is combined with CSLP, the number of iterations weakly depends on k and p for kh constant in
the 2D case. Starting from k = 150, the deflation based preconditioner combined with the approximate inverse of
the CSLP outperforms the exact inversion of the CSLP with shift 8 = (3k)~! in terms of CPU-timings. The obtained
speed-up becomes more significant as the wave number k increases. Results for the highly varying non-constant
wave number model show a slight dependence on k but an inversely related dependence on p as the wave number
increases. Even for this model problem, the proposed solver outperforms in terms of number of iterations and
CPU-timings, when compared to the use of the exact inversion of the CSLP with a small complex shift.

For the three-dimensional model problems, the deflation based preconditioner combined with the approximate
inverse of the CSLP outperforms the exact inversion of the CSLP with shift 8 = (k)~! in terms of CPU-timings
already for k = 10. Interestingly, the CSLP applied on the curved geometry performs worse compared to the use
of two-level deflation in terms of CPU times. On this geometry, we obtain a speedup factor of more than 100 when
using two-level deflation without CSLP compared to the exact CSLP. Future research will focus on further analyzing
this behavior in more detail.

Although the considered model problems in this paper all involve single patch geometries, our solution strategy
can (in principle) also be applied to multipatch geometries. Here, the resulting system matrix has a block
structure, as is the case with Domain-Decomposition methods. As practical applications often involve multiple
patches, future research will focus on exploring the use of the approximate inverse of the CSLP and/or deflation
to solve the Helmholtz equation on multipatch geometries, possibly adopting strategies as often employed in
Domain-Decomposition methods.
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