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ARTICLE ABSTRACT

MSC: We propose a matrix-free parallel two-level deflation method combined with the Complex

68Q25 Shifted Laplacian Preconditioner (CSLP) for two-dimensional heterogeneous Helmholtz problems

68R10 encountered in seismic exploration, antennas, and medical imaging. These problems pose

68U05 . i s . .
challenges in terms of accuracy and convergence due to scalability issues with numerical solvers.

X s Motivated by the limitations imposed by excessive computational time and memory constraints

eywords:

Parallel computing
Matrix-free

when employing a sequential solver with constructed matrices, we parallelize the two-level
deflation method without constructing any matrices. Our approach utilizes preconditioned Krylov
subspace methods and approximates the CSLP preconditioner with a parallel geometric multigrid

CSLP
Deflation V-cycle. For the two-level deflation, standard inter-grid deflation vectors and further high-
Scalable order deflation vectors are considered. As another main contribution, the matrix-free Galerkin

Helmholtz equation

coarsening approach and a novel re-discretization scheme as well as high-order finite-difference

schemes on the coarse grid are studied to obtain wavenumber-independent convergence.
The optimal settings for an efficient coarse-grid problem solver are investigated. Numerical
experiments of model problems show that the wavenumber independence has been obtained for
medium wavenumbers. The matrix-free parallel framework shows satisfactory weak and strong
parallel scalability.

1. Introduction

The Helmholtz equation, describing the phenomena of time-harmonic wave scattering in the frequency domain, finds applications
in many scientific fields, such as seismic problems, advanced sonar devices, medical imaging, and many more. To solve the Helmholtz
equation numerically, we discretize it and obtain a linear system Ax = b. The matrix of the linear system is sparse, symmetric,
complex-valued, non-Hermitian, and indefinite. Instead of a direct solver, iterative methods and parallel computing are commonly
considered for a large-scale linear system resulting from a practical problem. However, the indefiniteness of the linear system brings
a great challenge to the numerical solution method, especially for large wavenumbers. The convergence rate of many iterative
solvers is affected significantly by increasing wavenumber. An increase in the wavenumber leads to a dramatic increase in iterations.
Moreover, the general remedy for minimizing the so-called pollution error, driven by numerical dispersion errors due to discrepancies
between the exact and numerical wavenumber, is to refine the grid such that the condition k3h? < 1 is satisfied [1], where k is the
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wavenumber and 4 is the mesh size. Therefore, the research problem of how to solve the systems efficiently and economically while
at the same time maintaining a high accuracy by minimizing pollution error arises in this field. A parallel scalable iterative method
with wavenumber-independent convergence could significantly enhance the corresponding research in electromagnetics, seismology,
and acoustics.

Many efforts have been made to solve the problem in terms of accuracy and scalable convergence behavior. One of the main
concerns is the spectrum and eigenvectors of the preconditioned system matrix, which are closely related to the convergence of
Krylov subspace methods. When dealing with indefinite problems solved with the GMRES method, the convergence rate is influenced
not only by the distribution of the eigenvalues but also by the eigenvectors of the preconditioned matrix, although the eigenvalues
are usually more important [2]. The preferable idea is to preprocess the system with a preconditioner. By applying a preconditioner
to the linear system, the solution remains the same, but the coefficient matrix has a more favorable distribution of eigenvalues.
Many preconditioners have been proposed for the Helmholtz problem so far, such as incomplete Cholesky (IC)/incomplete LU (ILU)
factorization, shifted Laplacian preconditioners [3,4], and so on. The Complex Shifted Laplace Preconditioner (CSLP) [4,5] does
show good properties for medium wavenumbers. Nevertheless, the eigenvalues of the preconditioned system shift toward the origin
as the wavenumber increases. The convergence speed of Krylov-based iterative solvers is adversely affected by the presence of near-
zero eigenvalues. Although spectral analysis for a nonnormal matrix becomes less meaningful in assessing convergence properties,
numerical experiments show that this notion is also true [6].

The deflation method was developed to eliminate unfavorable eigenvalues by projecting them to zero. Initially proposed inde-
pendently by Nicolaides [7] and Dostal [8] as a means to accelerate the standard conjugate gradient method for symmetric positive
definite (SPD) systems, the deflation method has been further investigated by [9-12]. The deflation preconditioner is sensitive to
approximations of the coarse-grid system, but obtaining the exact inverse of the coarse-grid matrix for large-scale problems is not
always feasible. In the absence of an accurate approximation, the projection step can introduce numerous new eigenvalues close to
zero, leading to adverse effects. To address this limitation, Erlangga et al. [13] extended the method to handle systems with nonsym-
metric matrices. Instead of projecting the small eigenvalues to zero, they deflated the smallest eigenvalues to match the maximum
eigenvalue. Erlangga et al. demonstrated that their modified projection method was less sensitive to approximations of the coarse-grid
system, allowing for the utilization of multilevel projected Krylov subspace iterations. In a recent development, Dwarka and Vuik
[6] introduced higher-order approximation schemes to construct deflation vectors. Due to the alignment of the near-zero eigenval-
ues of A, and A,,, this advanced two-level deflation method exhibits convergence that is nearly independent of the wavenumber.
The authors further extend the two-level deflation method to a multilevel deflation method [14]. By using higher-order deflation
vectors, they show that up to the level where the coarse-grid linear systems remain indefinite, the near-zero eigenvalues of these
coarse-grid operators remain aligned with the near-zero eigenvalues of the fine-grid operator. Combining this with the well-known
CSLP preconditioner, they obtain a scalable solver for highly indefinite linear systems.

The development of scalable parallel Helmholtz solvers is also ongoing. One approach is to parallelize existing advanced algo-
rithms. Kononov and Riyanti [15,16] first developed a parallel version of multigrid-based CSLP. Gordon and Gordon [17] parallelized
their so-called CARP-CG algorithm (Conjugate Gradient acceleration of Component-Averaged Row Projections) blockwise. The block-
parallel CARP-CG algorithm shows improved scalability as the wavenumber increases. Calandra et al. [18,19] proposed a geometric
two-grid preconditioner for 3D Helmholtz problems, which shows the strong scaling property in a massively parallel setup.

Another approach is the Domain Decomposition Method (DDM) [20], which originates from the early Schwarz methods. DDM
has been widely used to develop efficient preconditioners and parallel solution methods for Helmholtz problems. For comprehensive
surveys, we refer the reader to [21-25] and references therein.

Based on the parallel framework of the CSLP-preconditioned Krylov subspace methods [26], this paper proposes a matrix-free
parallel implementation of the two-level-deflation preconditioner for the two-dimensional Helmholtz problems. Besides matrix-free
parallelization of each component of the deflation technique, as one of our main contributions, we extensively studied and compared
several matrix-free implementations of coarse-grid operators. To compare the scalability of our matrix-free parallel solver with the
benchmark results in [6], which used an exact solver on the coarse-grid system, we first solve the coarse-grid system close to machine
precision using a default tolerance of 10~'2. This allows us to study the impact of the coarse-grid operators on the convergence of
the two-level deflation preconditioner while minimizing the potential influence of an inexact coarse-system solver. Upon establishing
the convergence behavior, we then focus on finding an efficient and practical setting for the coarse-system solver to optimize the
performance of the proposed method. We show that the coarse-grid re-discretization schemes derived from the Galerkin coarsening
approach yield convergence properties that are nearly independent of the wavenumber. Furthermore, we investigate the weak and
strong scaling properties of the present parallel solution method in a massively parallel setting.

It is important to note that the present study focuses on the Helmholtz equation discretized on regular 2D finite difference grids in
quadrilateral domains. The extension of the method to more complex geometries and unstructured grids requires further investigation.
However, the 2D method presented in this paper serves as a foundation and proof of concept for the proposed parallel matrix-
free implementation of the two-level deflation preconditioner. In principle, the key ideas and techniques can be generalized to 3D
problems, although such extensions are non-trivial and require significant additional work. The development of a parallel matrix-free
deflation preconditioner for 3D Helmholtz problems is an ongoing research effort and will be the subject of future publications.

The paper is organized as follows. The mathematical models and numerical methods are in section 2 and section 3. Section 4
introduces the parallel framework and matrix-free operators in detail. The experimental results will be discussed in section 5, and
the conclusions follow in section 6.
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2. Mathematical models

In this paper, we mainly consider the following Helmholtz equation. Suppose that the domain Q is rectangular with boundary
I' = 0Q. The Helmholtz equation reads

—Au-—k(x,y)*’u=b, on Q

supplied with one of the following boundary conditions:

Dirichlet: u=g, on 0Q
first-order Sommerfeld: % —ik(x,y)u=0, on 0Q
n
where i is the imaginary unit. # and g represent the outward normal and the given data of the boundary, respectively. b is the source
function. k(x,y) is the wavenumber on Q. Suppose the frequency is f, the speed of propagation is c(x, y), they are related by

2r f

MoV =50

2.1. Discretization

Structural vertex-centered grids are used to discretize the computational domain. Suppose the mesh width in x and y direction
are both h. A second-order finite difference scheme for a 2D Laplace operator has the following stencil

0 -1 0

-1 4 -1
0 -1 0

1

[-a,] = e

The discrete Helmholtz operator A, can be obtained by subtracting the diagonal matrix I (kl.zj)h to the Laplacian operator —A,, i.e.

A, =—A, -1 (kﬁj)h

Therefore, the stencil of the discrete Helmholtz operator is

| 0 -1 0

_ _ kR —

[Ah]_ﬁ 14—k h 1 1)
0 -1 0

In case the Sommerfeld radiation boundary condition is used, the discrete schemes for the boundary points need to be defined.
Ghost points located outside the boundary points can be introduced. For instance, suppose u ; is a ghost point on the left of u; ;, the
normal derivative can be approximated by

—Uy

ou . U, X .
E—lk(x,y)w%—lkuuu:o )

We can rewrite it as

Uy =ty + 2hik1,ju1,j

With the elimination of the ghost point, the stencil for the boundary points u, ; becomes

Lo -1 0
- 0 4—kj n*=2ik,;h =2 3)
0 -1 0

For corner points, we can do the above step in both x- and y- directions. The resulting stencil is

Lo -2 0
W 0 4—kj h*—dik th -2 4)
K 0 0

Discretization of the partial differential equation on the finite-difference grids results in a system of linear equations

Ahuh = bh

With first-order Sommerfeld radiation boundary conditions, the resulting matrix is sparse, symmetric, complex-valued, indefinite,
and non-Hermitian.
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Note that kA is an important parameter indicating how many grid points per wavelength are needed. The mesh width 4 can be
determined by the guidepost of including at least N ,,,, (e.g. 10 or 30) grid points per wavelength. They have the following relationships

_2h_ 2
A N

kh
pw

For example, if at least 10 grid points per wavelength are required, we can maintain ki = 0.625. In cases of heterogeneous media,
where the wavenumber & is not constant throughout the computational domain, kh is computed based on the maximum wavenumber
present. In this paper, we mainly employ the standard second-order finite difference discretization on the fine grid. Our matrix-free
parallel framework is designed to solve the Helmholtz problem by utilizing a sufficiently fine grid to obtain pollution-free solutions.
Thus, we will mainly use 10 or more grid points per wavelength. While investigating the performance of the proposed method with
a lower number of grid points per wavelength is a valuable research direction [27], it is beyond the scope of the current study.

2.2. Model problem - constant wavenumber

We first consider a 2D problem with constant wavenumber in a rectangular homogeneous domain = [0, 1]. A point source is
given by

b(x,y)=6(x—x0,y—y0), Q=1[0,1]

where 6 (x, y) is a Dirac delta function in the following form

_f 40 x=0,y=0
5(x,y>_{0 $20. 920

which satisfies

//52(x,y)dxdy=l

In this problem, the point source is imposed at the center (x,, ) = (0.5,0.5). The wave propagates outward from the center of
the domain. The Dirichlet boundary conditions (denoted as MP-1a) or the first-order Sommerfeld radiation conditions (denoted as
MP-1b) are imposed, respectively.

2.3. Model problem - Wedge problem

Most physical problems of geophysical seismic imaging describe a heterogeneous medium. The so-called Wedge problem [28] is a
typical problem with a simple heterogeneity. It mimics three layers with different velocities hence different wavenumbers. As shown
in Fig. 1, the rectangular domain Q = [0,600] X [—1000, 0] is split into three layers. Suppose the wave velocity ¢ is constant within
each layer but different from each other. A point source is located at (x, y) = (300, 0).

The problem is given by

—Au(x, y) — k(x, y)?u(x,y) = b(x,y), on Q= (0,600)x (~1000,0)
b(x,y)=06(x—300,y) x,yeQ
2rf

c(xy)’
conditions are imposed on all boundaries.

where k(x,y) = The wave velocity c(x, y) is shown in Fig. 1. f is the frequency. The first-order Sommerfeld radiation boundary

2.4. Model problem - Marmousi problem

For industrial applications, the third model problem is the so-called Marmousi problem [29], a well-known benchmark problem.
The geometry of the problem stems from the section of the Kwanza Basin through North Kungra. It contains 158 horizontal layers in
the depth direction, making it highly heterogeneous.

The problem is given by

—Au(x, y) — k(x, y)?u(x, y) = b(x,y), on Q= (0,9200) x (—=3000,0)
b(x,y)=06(x—6000,y) x,y€Q

2nf
PR} . C(X’y) .
conditions are imposed on all boundaries.

where k(x,y) = . The wave velocity c(x, y) over the domain is shown in Fig. 2. The first-order Sommerfeld radiation boundary

3. Numerical methods

The Krylov subspace methods are popular for solving large and sparse linear systems. For non-Hermitian linear systems, it is
beneficial for the coefficient matrix to have a spectrum in a bounded region that excludes the origin in the complex plane, as this can
improve the convergence rate of Krylov subspace methods [30]. We can incorporate preconditioning and deflation to enhance the
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Fig. 1. The velocity distribution of the Wedge problem.
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Fig. 2. The velocity distribution of the Marmousi problem.

convergence of Krylov subspace methods. This section will specify every component of the preconditioned Krylov subspace methods
we used to solve the linear system resulting from the finite-difference discretization. The multigrid-based Complex shifted Laplace
preconditioner (CSLP) combined with two-level deflation will be considered in this work.

3.1. Complex shifted Laplace preconditioner

We focus on the CSLP due to its superior performance and easy setup. The CSLP is defined by

Mh,(ﬂlyﬂz) == - (ﬂl + iﬁz) 1 <k121> ©

wherei= \/_ (1.5,) €10,1], and I(kzj ), represents a diagonal matrix with k2 as its diagonal elements. The parameter f,, known
as the complex shift, is crucial for the effectiveness of the shifted Laplacian precondltloner [31,32]. Standard multigrid methods will
not be effective if the complex shift is too small, and the computational cost of approximating the preconditioner increases significantly
[5,33]. In this paper, we use f; =1 and f, = —0.5. A multigrid V-cycle, consisting of one step of pre-/post-damped Jacobi smoother
with a relaxation parameter of 0.8, full weighting restriction, bilinear interpolation, and a General Minimal RESidual method (GMRES)
[34] for the coarsest-grid problem, is used to approximate the inverse of CSLP. The choice of smoothers and relaxation parameters
can be flexible within a certain range [35,36]. These parameters chosen were found to work well for our test problems [26,37].
However, the optimal relaxation parameter may vary depending on the specific problem and discretization employed.
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3.2. Deflation

Suppose a general linear system Au = b, where A € R"™", and a projection subspace matrix, Z € R™"  with m < n and full rank
are given. Assume that E = ZT AZ is invertible, the projection matrix P can be defined as

P=I-AQ, Q=ZE'7ZT, E=7TAZ

By applying the deflation operator, the linear system to be solved becomes

PAa=Pb (6)

Krylov subspace method can be employed to solve the resulting linear system. Since eq. (6) is singular, to obtain a unique solution,
we need to update u by

u=0b+PTa

3.2.1. Deflation vectors for Helmholtz

The choice of the deflation vectors is one of the base components of the deflation preconditioner. For the Helmholtz problem,
a good and necessarily sparse approximation of the eigenvectors corresponding to the small eigenvalues is ideal. However, it is
computationally expensive. Originating from the observation that the multigrid inter-grid operators highlight the small frequencies
and reserve them on the coarser level, we employ the geometrically constructed multigrid vectors as the deflation vectors. The
standard linear interpolation along one dimension is given by

u.z"2 if i is even
72 = i %)
2h”7i 1 2h 2h ap s
2 <u(i_l)/2 + ”(i+1)/2> if i is odd

fori=1,2,...,n—1 and the restriction operator is

o oh_ L on ho ok
Iiw =5 (g + 20 + 103, ) ®)
fori=1,2,...,n/2. In two-dimension, the so-called full weighting restriction operator has a stencil given by
MRS
UM=—\2 4 2
16
12 1]

and the stencil of the bilinear interpolation operator is given by
h

| 1
h_
[IZh]_ Z i‘

[NUIE S S
_— DN =

2h
If we set the coarse to fine grid interpolation operator as the deflation subspace

_gh
Z=1,,

where h — 2h indicates the standard coarsening method. Then Z7 will be the full-weighting restriction operator. The deflation
preconditioner can be rewritten as
h 4—172h 2h 4 yh
Py=1,- 2,0y, Qnp=1,A0, 1I,", Ay=1"A 1,

Recently, Dwarka and Vuik [6] used higher-order Bézier curves to construct deflation vectors and obtained wavenumber-
independent convergence for very large wavenumbers. The 1D interpolation and restriction operator is given by

% ( 2h + 6u?t +u?h ) if i is even

2 Wi-2)/2 i/2 T Hiv) 2
S Y O if i is odd
2 B2 T Havn2
onoh _ 1 g h h h h
I i = 3 (ug;_ +4uy, | +6uy, oy + “2i+2)
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Fig. 3. The allocation map of interpolation operator.

For two-dimensional cases, as shown in Fig. 3, the higher-order interpolation can be implemented as follows.

h 2h
IZh e

1 (o 2h 2h
& (6u, 36+ 6 L

+u? + 6u?h +u?

i —1/ -1 ieje—1 i +1,/C—1

2h 2h 2h
tou at uic+l,jc+1) ’

(RS

L ( on 2h
— (u". 6ut. +u?h
16( icje—1 + icsje i je+l

+u

+6u +u

io+1j. i +l,j‘+1)
L (o 2h 2h

— (u . +6u u"

16 ( ic=Lje + icsJe + ic+lje

+6u +u

i +l,/c+1>

1/ o 2h 2 2h
1 (uic,jc T ot T, T ) ’

i je+l

where (i, j,) € Q?". The higher-order interpolation can then be represented by the following stencil notation

1 4 6 4 1]
416 24 16 4
hl=a|6 24 36 24 6
4 16 24 16 4
1 4 6 4 1

2h

The higher-order restriction can be implemented in a matrix-free way as follows.

12h gl —12]C—l

61_4 ”gi =32j,+1 +4”gic—2 241 6”21C—1 2jp+1 +4u§ic,2jL+l + ugig+1,2jc+l
+4”2, 35, T 16“21 —2.2j. +24“21 —12j, T 16”21 2, +4”2: +1.2),

+6u21 —32),- +24u 22— +36u 2 —12),— +24u2l 2ju- +6u21 +12j-1
+4”2, 3252 16” =2.2j, 2+24“ “12j,2 16“2: 2j— +4”2: +12j,-2
+ ugip—3,2jc—3 +4u§ic—2,2jc + 6”21 —1.2j,— +4“2; 2j.-3 +“21 +1.2j,-3

where (i, j,) € Q*". The higher-order restriction can then be represented by the following stencil notation
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2h
1 4 6 4 1
4 16 24 16 4
I"l==|6 24 36 24 6
64
4 16 24 16 4
1 4 6 4 1
n
3.2.2. The deflation preconditioner
Firstly, one may want to deflate the CSLP-preconditioned Helmholtz operator, as the eigenvalues of M A, begin to shift to

h.(By.P2)
the origin as the wavenumber increases. These small eigenvalues can be projected to zero by the preconditioner given by

D A A A h 7-1712h i 2h ¥ 1h
Py=1,- 4,0, O,=ILA M, Ay =1"4,1"

where A, = M ;(1 5 ﬁz)A - One can notice that the coarse operator A, needs to be inverted. Since the idea of deflation is to project the
(D1

small eigenvalues to zero, the exact inversion of A, is necessary. As the direct solver is not easy to parallelize and it is impractical
for large problems, one has to turn to approximate solvers. However, an approximation of A,, will lead to a cluster of near-zero
values in the preconditioned spectrum. Therefore, we choose to deflate toward the largest eigenvalues of the preconditioned system
by adding a term. The so-called Two-Level Krylov method (TLKM) preconditioner [38] reads as

Py, =P, +7v0,=(I,— A,0,) +70,
with y =1 in our implementation, as the CSLP preconditioner results in eigenvalues of the preconditioned system being bounded by
1 in modulus. The preconditioned linear system to be solved is

ﬁh,y’&h”h = f)h,th

where b, = M

M ! 5 ﬁz)bh‘ Compared to the original Helmholtz system, the TLKM preconditioner is equivalent to

= -1
Prorikm = PryMy 45 4,

-1

One can observe that TLKM needs an application of M, i)

on the fine grid for every coarse grid iteration. This makes it too
expensive to use.

Alternatively, one can deflate the Helmholtz operator. The preconditioner becomes

Py, =Py+70Q,= (I, - AyQy) +70y

Combined with the standard preconditioner CSLP, which is commonly used in the Helmholtz system, a robust two-level preconditioned
method, Adapted Deflation Variant 1 (A-DEF1) [39] reads as

-1
Ppa-per1 =My 5 5 Pr+On

The preconditioned linear system to be solved becomes

Py a_pEriAntn = Py a—per1ba- (10)

Note that P, 4_pgr; A, is nonsingular, so eq. (10) has a unique solution. When the higher-order deflation vector is employed, it will
be denoted as Adapted Preconditined Deflation (APD) [6].

We use the deflation preconditioner to enhance the convergence of GMRES-type methods. That is to pre-multiply the linear
system with a preconditioning matrix P. It can be proven that there is no essential difference between right- and left-preconditioning
methods with respect to convergence behavior [40]. Besides the full GMRES method, the preconditioned Generalized Conjugate
Residual method (GCR) [41] will also be considered as it allows for variable preconditioning inherently.

4. Parallel matrix-free implementation

To develop a parallel scalable iterative solver for Helmholtz problems, we intend to parallelize the deflated Krylov subspace
methods in a matrix-free framework, which allows us to tackle larger-scale problems.

We employ a parallel framework based on the MPI Cartesian topology, which partitions the computational domain blockwise.
The parallel multigrid iteration is implemented on the global grid, with coarse grid parameters determined by the corresponding
fine grid parameters using the index correspondence between coarse and fine grids. Restriction and interpolation operations are
performed using stencils based on the index correspondence between coarse and fine grids, enabling a matrix-free implementation.
The coarsening process stops when a predefined coarsest grid size is reached, and the coarsest grid problem is solved in parallel
using GMRES. The coarsest grid size is chosen to ensure that each subdomain contains a sufficient number of grid points for efficient
parallel computation. For example, we may set the coarsest grid size such that each subdomain contains at least 2 X 2 grid points.
However, this approach leads to efficiency loss. The communication overhead between subdomains becomes significant.
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4.1. Matrix-free Helmholtz and CSLP operator

In the Krylov subspace methods, one of the main operations is matrix-vector multiplication. They are the Helmholtz operator
y = Ax and the deflation operator y = Px, where y and x are arbitrary vectors. Besides, the inverse of the CSLP preconditioner is
required in APD.

The Helmbholtz operator is implemented using computational stencils on finite-difference grids. The multipliers for grid points are
adjusted accordingly when physical boundary conditions are encountered. The matrix-free matrix-vector multiplication is performed
using Algorithm 1.

The CSLP preconditioner M defined by (5) has a similar computational stencil to the Helmholtz operator. All applications of
CSLP on fine or coarse grids use the matrix-free method proposed in [26]. The CSLP preconditioner is approximately inverted by one
parallel geometric multigrid V-cycle using a re-discretization approach to obtain the coarse-grid operators.

Algorithm 1 Matrix-free Matrix-Vector Multiplication v = Au.

Input: Array u; Output: Results of v = Au;
Initiate a,, a,,, 4., a, and a,;
Exchange interface boundaries data;
for j=2,...,ny—1do
fori=2,..,nx—1do
o(i,j) = ayu(i, j) + au(i+1,j) + a,u(i —1,j) + a,ui,j+ 1) +au(i,j— 1);
end for
end for
for physical boundary grid points do
Reset ap, aw, ae, as or an;
u(i,j)= apu(i,j) +au(i+1,j)+a,u—1,j)+a,u(,j+1)+au(,j—1);
end for
Return v;

4.2. Matrix-free coarse-grid operator

The deflation operator can be applied in a matrix-free manner by leveraging the matrix-free application of its individual compo-
nents, namely the inter-grid transfer operators and the CSLP preconditioner. The main matrix-vector multiplication of the coarse-grid
problem, y = A,,x, where x and y denote arbitrary vectors on the coarse grid, is a key operation in the deflation process. Generally,
the coarse-grid operator A,; can be built by Galerkin coarsening. However, in this way, one needs to construct the matrices and
perform matrix-matrix multiplications, which do not fit our matrix-free framework.

In this section, we discuss various possibilities for implementing the coarse-grid operator in a matrix-free way. As one of the
main contributions of this paper, we propose a novel finite-difference scheme called “Re-discretized scheme from Galerkin coarsen-
ing (ReD-GIk)” for the re-discretization of the coarse-grid problem. The ReD-Glk method approximates the results of the Galerkin
coarsening approach while overcoming its limitations within the matrix-free framework. We also discuss other approaches, including
the straightforward matrix-free Galerkin coarsening operator (str-Glk), the re-discretization approach employing the standard explicit
second-order and fourth-order schemes, and a fourth-order compact finite-difference scheme.

4.2.1. Re-discretized scheme from Galerkin coarsening (ReD-Glk)

Combining the idea of the Galerkin coarsening and re-discretization approach, we propose to use the stencils from the results
of the Galerkin coarsening operator as the finite-difference scheme to perform re-discretization on the coarse grid. In terms of the
interior grid points, since the inter-grid operations and the Helmholtz operator can be represented by the so-called stencil notations,
it is possible to express the result of IihAhlz"h by using a stencil notation.

Remark 1 (Stencil Operations). Suppose A € C"™" is symmetric and can be represented by the stencil

[a, ag a,]

Matrix B € R™" can be represented by the stencil
[6, by b,]
and C = BA. Then the resulting stencil of C can be obtained by the following stencil operation,
[C1=[BIH[A]
=[b, by br]Eﬂ[a, ag ar]
= [a,b, a;by +agb, a;b; + ayby +a.b, agb,+a.by a.b ]

where H is denoted as the stencil operation symbolically.
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Laplace operator If we only consider the internal grid points, using the higher-order deflation vectors 12" and Izhh’ we have

(M BI-A, B, =

1 4 6 4 1" 1 4 6 4 1]
416 24 16 4 0 -1 0] |4 1624 16 4
|6 2436 24 o|lm4|-1 4 -1 |6 24 36 24 6
4 16 24 16 4 0 -1 0] *|4 16 24 16 4
14 6 4 1 146 4 1]
[ 3 _—44 98 —44 -3
L4 -2 se -2 —aa
S0-Ayl=——-=1| -98 56 980 56 98 an
@h? 26| 44 112 56 —112 —44
3 44 98 44 3 |

where [ indicates the operation between stencils. Taylor series expansion analysis shows that the finite difference scheme based on
the stencil eq. (11) is a second-order approximation of 2D Laplacian, that is,

o’u  0%u 130%u 1 o%u 13 0%u 2 4
—-A =4|-=_=_ (=224 + === ) 2h?*| + O
2nt2h [ PSR <48 ot T 2onzay Tag gy ) G| T O

Note that the higher-order deflation vectors enlarge the size of the stencil but maintain the accuracy of finite-difference discretization.

Constant wavenumber For the diagonal wavenumber matrix, a similar derivation can be made

(MBILGS ), B, =

1 4 6 4 1" 1 4 6 4 1]
4 16 24 16 4 0 0 0 4 16 24 16 4
|6 24 36 24 6|mlo kP 0|6 24 36 24 6
4 16 24 16 4 0 0 of %4 16 24 16 4
14 6 4 1] 146 4 1]

where (i, j) € Q". Note that, for non-constant wavenumber, the result will be a 5 x 5 stencil, of which each element contains the
wavenumber on up to 25 fine grid points. This is complicated to implement and leads to extra work.
In order to obtain a simple stencil, suppose the wavenumber is a constant k, we will have

128 70 28 1
2|28 784 1960 784 28
[Z(k*)u]= —| 70 1960 4900 1960 70 (12)
64°1 28 784 1960 784 28

1 28 70 28 1 -

Non-constant wavenumber The stencil of the wavenumber operator needs to be slightly modified for non-constant wavenumber cases.
For each node of the stencil, the wavenumber on the corresponding coarse grid point is used. Then the stencil of the coarse-grid

operator from Galerkin coarsening is obtained by

[Agp] = [=8gp] = [Tk} o]

Since the computational stencil is extended to 5 X 5, it is important to note a drawback of using a wider stencil. The memory
access pattern for wider stencils becomes less efficient compared to 3 X 3 stencils, and additional communication and computation
overhead will be required. While the wider stencils result in some performance decreases, our approach leverages the benefits of the
matrix framework and scalable outer iterations to compensate for these potential drawbacks. The close-to wavenumber independent
convergence presented in our paper demonstrates that the overall performance is not significantly affected by the use of wider stencils,
and the potential improvements in convergence outweigh the additional overhead.

Boundary conditions Since they are 5X5 stencils, two grid points on the boundary should be considered. We can make use of the ghost
grid point. Specifically, we can calculate the value of a ghost point using the method described in eq. (2) for Sommerfeld radiation
boundary conditions. As for Dirichlet boundary conditions, one can approximate the value of the ghost point  ; by the following
relationship

W= upjt+uy

=" 5

10
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Then, the aforementioned 5 X 5 stencils will be applicable on the second grid point of the boundary. It should be noted that one can
set the wavenumber of the ghost point to zero without making any approximation, which is needed by eq. (12). The first point of the
boundary can be discretized using the second-order method mentioned in Section 2.1. However, this simplification on the boundary
may result in an extra number of iterations although it may keep the wavenumber-independent convergence, which will be reflected
in the numerical results in the next section.

4.2.2. Re-discretization using standard finite-difference schemes (ReD)

An alternative is to obtain the operator A,; by re-discretizing the Helmholtz operator on the coarse grid. Although it leads to the
consequence that P, is no longer a projection, this will not break the convergence in practical application. The natural way to re-
discretize is to use the same discretization method as on the fine grid, that is, use the second-order finite difference scheme to discretize
the Laplace operator, and then subtract the diagonal matrix of wavenumbers. In this way, we will get the same computational stencil
as eq. (1) (denoted as ReD-002).

In addition, inspired by high-order deflation vectors [6], one can consider discretizing the Laplace operator using a fourth-order
finite difference scheme (ReD-(94) for the internal grid points (x;,y i), e,

—Ui_p;+ 16“i—1,j - 30”:‘,/‘ + 16'4i+1,j —Uipdj _ @ (xi’yj) +(9(h4)

12h2 0x2
where u; j denotes the value of function u(x, y) on the grid point (x;, yj) (and similar for y-derivative). The complexity of the com-
putational stencils obtained by using the re-discretization approach will be less than that of stencils from Galerkin coarsening. For

example, if a fourth-order finite difference scheme is used, the stencil for the coarse-grid operator becomes

0 0 1 0 0

1 0 0 -16 0 0
Ayl=———| 1 —16 60—k2 (i,,j)2R)? —16 1
[424] o) 2,{105»( ) 11
0 0 1 0 0

2h

where (i, j,) € Q2

As for the boundary, since the stencil is extended to 5 X 5, more boundary grid points need to be considered. In this paper, the
stencils for the boundary grid points will be changed to that of the second-order re-discretization method, for instance, the Sommerfeld
radiation boundary condition eq. (3) and eq. (4).

Additional experiments show that a higher-order re-discretization scheme for the boundaries will not make any improvement in
the convergence compared to the second-order method.

Instead of using the explicit central finite-difference schemes, which do not fully use the entire template and the wavenumber
information of adjacent grid points, one may think of a compact finite-difference approximation of the Helmholtz operator that has
the following 3 x 3 stencil at grid point (i., j.):

aC as aC bC bS bC
[apl=——|a, ay a;|=|b; by b, |k 13)
2h) a, a b, b, b

c s

where the coefficients a and b are non-zeros.
The fourth-order finite difference scheme introduced by Singer and Turkel [42] has a similar form as eq. (13). From [42], we have

10 2 1
a0=?, as——3,

2.7 1 7 Y
by==+—=, by=—7-==, b.=—"—
0737367 T 12 727 ¢ 144
with y an arbitrary constant. Here we will use y = 1. We denote this approach as ReD-cmp(4.
As for the boundary, we can use the fourth-order approximations of the Sommerfeld radiation boundary condition given by [43].

For instance, suppose 4 ; is a ghost point on the left of u; ;, it can be approximated by

242
ug ;= 2ikh (1 - %) upj+uy;

The relationship between numerical dispersion and order of accuracy plays a crucial role in the performance of solvers for the
Helmholtz equation. Turkel et al. [44] proposed a sixth-order compact scheme for a non-constant wavenumber and showed the
connection between the order of accuracy and numerical dispersion. Therefore, higher-order accuracy is advantageous in terms of
efficiency, as it allows for maintaining accuracy with fewer grid points for larger wave numbers. Chen et al. [45] investigated minimal
dispersion when using the CSLP preconditioner and found that, for certain step sizes and large wavenumbers, a second-order scheme
with minimal numerical dispersion may compete with a sixth-order scheme in terms of accuracy. Stolk [27] demonstrated that
matching the phase slowness errors between the fine and coarse grid discretizations is essential for efficient multigrid convergence.
A careful design of the discretization scheme (13) and exploring the impact of matching phase slowness errors between fine and

11
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coarse grids on the overall convergence of our method could provide valuable insights and potentially lead to further improvements
in performance. This avenue of research merits exploration in future studies.

4.2.3. Straightforward Galerkin coarsening operator (str-Glk)
The Galerkin coarsening operation can be computed in a matrix-free manner by performing the interpolation, fine-grid Helmholtz
operation, and restriction sequentially, as shown in (14).

Interpolation: v;; = 1 ;’h v; (14a)
Fine-grid operator: v,y = A, v;; (14b)
Restriction: ; = I Z" Ui (14c)

This approach is essentially equivalent to the matrix-based Galerkin coarsening method presented in [6], but it is implemented here
in a matrix-free framework. However, it should be noted that this method requires the application of the fine-grid Helmholtz operator
A, at every Krylov iteration on the coarse level, which can be computationally expensive.

5. Experimental results

The numerical experiments are conducted on the Linux supercomputer DelftBlue [46]. DelftBlue runs on the Red Hat Enterprise
Linux 8 operating system. Each compute node is equipped with two Intel Xeon E5-6248R processors with 24 cores at 3.0 GHz, 192
GB of RAM, a memory bandwidth of 132 GByte/s per socket, and a 100 Gbit/s InfiniBand card. In our experiments, the solver is
developed in Fortran 90. On DelftBlue, the code is compiled using GNU Fortran 8.5.0 with the compiler options -03 for optimization
purposes. Open MPI library (version 4.1.1) is employed for message passing.

In the numerical experiments, the convergence test is based on the /,-norm of the residual. Unless mentioned, the preconditioned
relative residual is reduced to 107% by the deflated GMRES algorithm. Since it is a two-level method, it may still be expensive to solve
the coarse-grid problem directly. The (CSLP-preconditioned) GMRES is employed for approximating the inverse of the coarse-grid
operator. The (preconditioned) relative residuals on the coarse level are reduced to a certain tolerance. It is important to note that
GMRES has the disadvantage of increasing the cost of each iteration as the algorithm proceeds. This can be a concern when a large
number of iterations is required, as observed in some of our numerical experiments. We have explored the use of alternative solvers,
such as Bi-CGSTAB, for the coarse-grid system. However, our experiments have shown that Bi-CGSTAB often requires significantly
more iterations than GMRES to converge and may even diverge for model problems with large wavenumbers. Thus, a full GMRES
solver is employed for the inner iterations to ensure stability and to enable a fair comparison with the exact coarse-grid solver.
Moreover, to study the convergence properties of the deflation-preconditioned Krylov-subspace method for solving the Helmholtz
problems, we aimed to obtain the approximation of A;}i in the deflation process as accurately as possible. Therefore, we set the
tolerance for the coarse-grid solver to 10~12. Furthermore, we will explore the optimal tolerance for the coarse-grid solver in our
study.

The inverse of the CSLP preconditioner is approximated by a multigrid V-cycle. According to [26], the stopping criterion for the
coarsest grid preconditioner solver should be 2-3 orders of magnitude smaller than the stopping criterion for the outer iteration. Thus,
a distinct full-GMRES is used to reduce the relative residuals to 1078 on the predefined coarsest level of the V-cycle.

This section will mainly illustrate the numerical performance of our solver for the model problems on DelftBlue. The number of
iterations (denoted as #iter) will be the main metric to estimate the convergence. The speedup and parallel efficiency are used to
study the parallel performance. The Wall-clock time for the preconditioned Krylov solver to reach the stopping criterion is denoted
as t,,. The speedup S, is defined by

)
~

w,p

where 7, . is the Wall-clock time for the reference case and 7, , is the Wall-clock time for parallel computation. The parallel efficiency
E, is given by

P

_ S _ Ly " NPy
np/np,  t,,-np

Ep
where np (np,) is the (reference) number of processors.
5.1. Complexity and spectral analysis of the coarse grid operators
Recalling from the previous section, there are the following possible coarse-grid operators in matrix-free:
+ str-Glk: Straightforward Galerkin coarsening approach
+ ReD-(02: Re-discretization using the second-order finite-difference scheme
+ ReD-04: Re-discretization using the fourth-order finite-difference scheme

« ReD-cmp(4: Re-discretization using a scheme derived from the fourth-order compact finite difference of the Helmholtz equation

12
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Table 1
Upper bound to the number of non-zero elements of each relevant matrix and the approximate FLOPs as well
as the elapsed CPU time for performing the coarse grid operator 100 times. The coarse grid size is 7681 X 7681.

Methods str-Glk ReD-02 ReD-O04 ReD-cmpO4 ReD-Glk
Operators IZ*' A, lz"h Ay Ay, Ay Ay
Max. nnz per row 25 5 9 5 9 9 25
FLOPs 50M + 10N + 18N 10M 18M 18M 50M
CPU time 587.95 29.49 42.30 43.62 187.37
Table 2
The index of the near-zero eigenvalues for the fine- and coarse-grid operators. MP-1a with wavenumber k = 50
and kh =0.625.
Ay Asn
Methods FD-02 str-Glk ReD-02 ReD-04 ReD-cmp4 ReD-Glk
Jmin 186, 187 186, 187 206, 207 188,189 184,185 186, 187

+ ReD-Glk: Re-discretization using a scheme derived from the Galerkin coarsening approach (A ghost point is included for the
second boundary grid point and ReD-(O2 is only for the first boundary grid point)

To give a preliminary comparison of the above methods for obtaining coarse grid operators, we conduct a rough complexity
analysis to quantify the FLOPs for performing the coarse grid operator y = A,,x by different methods.

Suppose the number of fine grid points is N and that of the coarse grid is M, if the matrices are constructed explicitly, we
will have A, € RNV A, € RM*M Iﬁh € RMXN and I;‘h € RN*M 1n Table 1, we list the nnz of the relevant matrices and the
approximate FLOPs of A, x for different methods. Since 4M ~ N, the total FLOPs of the straightforward Galerkin coarsening operator
is around 162M. To verify the results of the complexity analysis, we also test the elapsed CPU time for performing the coarse grid
operators derived from the Galerkin coarsening approach. One can find the ratios between the elapsed CPU time are fairly consistent
with the estimated FLOPs. From the complexity analysis of the coarse grid operator, without considering the overall convergence
characteristics, the re-discretization approach seems to be preferable in the frame of matrix-free implementation.

To better understand the behavior of the proposed re-discretization approaches, we have performed a numerical spectral analysis
for the coarse-grid operators obtained by different re-discretization approaches as well as the fine-grid operator. For problem MP-
la with wavenumber k = 50 and ki = 0.625, we numerically solve the eigenvalues of the coarse-grid operators in ascending order
and find the index j,,;,, where the magnitude of eigenvalues | 4/min(A)| is the smallest. As shown in Table 2, one can compare the
index of the near-zero eigenvalues of the coarse-grid operators with the fine-grid operator to investigate their alignment. The results
demonstrate that the proposed coarsening approaches effectively align the near-singular eigenmodes of the fine-grid and coarse-grid
operators. This alignment is crucial for preventing the reappearance of near-zero eigenvalues and ensuring the effectiveness of the
two-level deflation preconditioner.

5.2. Scalable convergence

As we introduced, in the context of solving the Helmholtz problem using iterative solvers, the number of iterations required
increases significantly as the wavenumber increases. A recent study by Dwarka and Vuik [6] has shown promising results in achieving
convergence properties that are independent of the wavenumber using high-order deflation preconditioning methods. In their work,
the Galerkin coarsening approach is employed to derive the coarse-grid operator. In this subsection, we further explore various
scenarios utilizing the re-discretization method for the coarse-grid operator to investigate which approach can achieve wavenumber-
independent convergence. By examining different cases and comparing the outcomes, we aim to provide insights into the effectiveness
of these methods.

5.2.1. Low-order deflation

To observe the possible impact on the convergence behavior of using the re-discretization approach, we first compare the conver-
gence behavior of low-order deflation using the straightforward Galerkin coarsening and second-order re-discretization approaches.
As mentioned, regardless of the computational cost, we can obtain the coarse-grid operator as eq. (14) in the frame of the Galerkin
coarsening approach. Tables 3 and 4 give the number of outer iterations and Wall-clock time required to solve MP-1a using A-DEF1
preconditioned GMRES for different kh. In parentheses is the approximate number of iterations required to solve the coarse-grid
problem (CGP) once by (preconditioned) GMRES. One can find the number of outer iterations is consistent with the results in [47]
when the straightforward Galerkin coarsening approach is used. Since the coarse-grid problem has similar properties to the original
Helmbholtz problem, we would like to solve the coarse-grid problem combined with the CSLP preconditioner. The number of inner
iterations shows that the CSLP preconditioner for the coarse-grid problem solver can accelerate the convergence on the coarse level,
while the outer number of iterations remains the same. The Wall-clock time reflects that for large wavenumber problems, one can
save significant computational cost by employing the CSLP preconditioner to solve the coarse-grid system. The idea of applying a
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Table 3

The number of iterations and Wall-clock time ¢, required to solve MP-1a using low-order A-DEF1 preconditioned
GMRES for different k and kh. The coarse-grid problem (CGP) obtained by the str-Glk approach is solved by full-
GMRES (GMRES) and CSLP preconditioned GMRES (CSLP-GMRES). In parentheses is the number of iterations
required to solve the coarse grid problem once.

(GMRES) (CSLP-GMRES)
Grid size k kh #iter (coarse) t,(s) #iter (coarse) 1,,(8)
33x33 20 0.625 8 (55) 0.03 8 (54) 0.14
65 X 65 40 0.625 16 (257) 1.14 16 (247) 2.09
129 x 129 80 0.625 39 (1058) 187.07 44 (903) 191.16
65 X 65 20 0.3125 6 (131) 0.14 6 (74) 0.24
129 x 129 40 0.3125 9 (527) 11.61 9 (256) 3.54
257 x 257 80 0.3125 18 (2217) 1285.90 19 (918) 325.04

Table 4

The number of iterations and Wall-clock time ¢, required to solve MP-1a using low-order A-DEF1 preconditioned
GMRES for different k and kh. The coarse-grid problem (CGP) obtained by ReD-©2 approach is solved by full-
GMRES (GMRES) and CSLP preconditioned GMRES (CSLP-GMRES). In parentheses is the number of iterations
required to solve the coarse grid problem once.

(GMRES) (CSLP-GMRES)
Grid size k kh #iter (coarse) t,(s) #iter (coarse) 1,,(5)
33x33 20 0.625 21 (82) 0.06 21 (61) 0.33
65 X 65 40 0.625 40 (328) 4.64 41 (251) 5.33
129 x 129 80 0.625 97 (1609) 1343.97 97 (1125) 767.11
65 X 65 20 0.3125 17 (123) 0.32 17 (59) 0.41
129 x 129 40 0.3125 20 (660) 31.37 20 (209) 5.53
257 x 257 80 0.3125 25 (2645) 2037.38 29 (840) 327.73

Table 5

The number of iterations and Wall-clock time ¢, required to solve the 2D Wedge problem using low-order A-
DEF1 preconditioned GMRES for different frequencies f and grid size. The coarse-grid problem (CGP) obtained
by str-Glk or ReD-(O2 approach is solved by CSLP preconditioned GMRES. In parentheses is the number of
iterations required to solve the coarse grid problem once.

str-Glk ReD-02
Grid size f kh #iter (coarse) t,(s) #iter (coarse) 1,(s)
73 x 121 10 0.35 8(112) 291 24 (104) 5.93
145 x 241 20 0.35 9 (278) 19.15 31 (242) 43.88
289 x 481 40 0.35 12 (629) 348.25 34 (547) 642.49
577 x 961 80 0.35 19 (1448) 13079.7 41 (1220) 15674.43
145 x 241 10 0.175 7 (108) 4.57 25 (107) 12.28
289 x 481 20 0.175 7 (257) 54.35 31 (245) 162.96
577 x 961 40 0.175 8 (568) 829.33 33(533) 2307.76

recursive strategy, where another two-level deflation is employed on the coarse level, is highly promising and aligns with our ongo-
ing research. The scope of this paper is limited to the development and benchmarking of the parallel matrix-free two-level deflation
approach, which provides a solid foundation for our future work on multilevel extensions.

As for the second-order re-discretization approach, Table 4 shows that the second-order re-discretized A,;, leads to an increase
in the outer iterations. Table 5 confirms that our matrix-free two-level deflation methods also work for the case with a non-constant
wavenumber and exhibit similar convergence behavior to the constant-wavenumber case.

A noteworthy observation from our results is the relationship between kA and the number of outer iterations when the wavenumber
is fixed. The straightforward Galerkin coarsening approach (str-Glk), which is essentially equivalent to the matrix-based method, aligns
with the established trend of fewer iterations for smaller kA values, as corroborated by [47]. When the second-order re-discretization
approach (ReD-02) is employed, it consistently applies to the constant wavenumber problem, as shown in Table 4. However, for
the Wedge problem with frequency f = 10, 20, 40Hz in Table 5, a smaller kh does not equate to fewer outer iterations. Here we
mainly aim to demonstrate the applicability of our matrix-free method to lower-order deflation and the convergence behavior versus
the wavenumber, exploring the particular effects of ki across a larger variety of heterogeneity to reach a strong conclusion can be a
direction for future research.
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Table 6

The number of iterations required to solve MP-1b using APD-preconditioned GMRES for different k and kh.
The coarse-grid operator is obtained by str-Glk, ReD-2, ReD-(94, ReD-cmp(¥4 and ReD-Glk, respectively. The
coarse-grid problem is solved by CSLP preconditioned GMRES. In parentheses is the number of iterations re-
quired to solve the coarse grid problem once.

Grid size k kh str-Glk ReD-02 ReD-04 ReD-cmp(®4  ReD-Glk
65 X 65 40 0.625 7 (126) 20 (98) 17 (106) 19 (91) 9 (128)
129 x 129 80 0.625 7 (236) 30 (305) 18 (298) 20 (185) 9 (251)
257 x 257 160 0.625 7 (495) 87 (731) 19 (650) 23 (362) 9 (585)
513 x 513 320 0.625 7 (1030)  319(1539) 23(1330) 28 (690) 10(1276)
1025x1025 640 0.625 8(2089) 1099 (3193)  34(2662) 44 (1328) 11 (2590)
2049x2049 1280 0.625 9 (4230) 3417 (6750) 79 (5315) 109 (2660) 13 (5266)
129 x 129 40 0.3125  5(142) 18 (76) 18 (81) 18 (76) 7 (144)
257 x 257 80 0.3125  5(228) 19 (205) 18 (212) 18 (188) 7 (231)
513 x 513 160 0.3125 5 (411) 21 (438) 18 (458) 19 (395) 7 (432)
1025 x 1025 320 0.3125  5(809) 28 (885) 20 (909) 20 (775) 6 (859)
2049 x 2049 640 0.3125 5(1630) 53(1722) 23(1763) 24 (1506) 6 (1690)
Table 7

The number of iterations required to solve the 2D Wedge problem using APD-preconditioned GMRES for differ-
ent frequencies f and grid size. The coarse-grid operator is obtained by str-Glk, ReD-02, ReD-04, ReD-cmp©4
and ReD-GIk, respectively. The coarse-grid problem is solved by CSLP preconditioned GMRES. In parentheses
is the number of iterations required to solve the coarse grid problem once.

Grid size f kh str-Glk ReD-02 ReD-O4 ReD-cmp4 ReD-Glk
73 x 121 10 0.349 7 (145) 22 (104) 22 (108) 22 (99) 9(138)
145 x 241 20 0.349 6 (301) 28 (244) 27 (243) 28 (228) 9 (303)
289 x 481 40 0.349 6 (580) 31 (535) 29 (519) 30 (491) 9 (585)
577 x 961 80 0.349 6 (1206) 37 (1200) 30 (1175) 31 (1069) 9 (1255)
1153 x 1921 160 0.349 6 (2799) 58 (2826) 34 (2721) 35 (2353) 8(3032)

5.2.2. Higher-order deflation

To get scalable convergence with respect to the wavenumber, this section considers using the higher-order deflation vectors, i.e.
APD.

Table 6 shows the number of iterations required to solve the constant wavenumber problem (MP-1b) using APD-preconditioned
GMRES. We found that when the str-Glk approach is used for the coarse grid problem, the number of iterations required shows the
wavenumber independence for the case with the wavenumber up to 103,

When the coarse grid operator is obtained by the ReD-(92, it requires more outer iterations, which increase significantly with the
increase of the wavenumber.

Obtaining the coarse grid operator by ReD-(94 results in a slightly lower number of outer iterations compared to ReD-(2. Never-
theless, it remains dependent on the wavenumber

As ReD-cmp(©4 have the same order of accuracy as ReD-(4, little difference in outer iterations can be observed. The compact
scheme (ReD-cmp(©4) offers advantages over the standard scheme (ReD-(94) in terms of memory access and computational efficiency
due to its compact stencil. The compact scheme significantly reduces the number of iterations required to solve the coarse grid
problem, which is a notable benefit considering that the inner solver accounts for a significant portion of the computational cost.

As for using ReD-Glk, we can obtain considerable wavenumber independence. The number of outer iterations for using ReD-
Glk is slightly more than that of str-Glk. This is due to the simplified treatment for the discretization of the boundary conditions
mentioned in Section 4.2.1 as the operation on the internal grid points will be consistent with the Galerkin coarsening approach for
the constant-wavenumber model.

For the non-constant wavenumber problem, the results for solving the so-called Wedge problem and the heterogeneous Marmousi
problem are given in Table 7 and Table 8, respectively. The convergence behaviors exhibited by using different coarse grid operators
are consistent with solving the constant wavenumber problem. For heterogeneous model problems, one can find that ReD-cmp©®4 and
ReD-(94 exhibit comparable performance. Thus, we will only present the results for ReD-(94 in the subsequent numerical experiments.
It is worth mentioning that the stencil eq. (12) in ReD-Glk is obtained based on the constant wavenumber assumption. But it also
shows wavenumber independence in the non-constant wavenumber problem. This is consistent with the work of Dwarka and Vuik
[6].

In terms of time consumption, see the Wall-clock time required to solve the Marmousi problem in Table 8, we found that ReD-
Glk stands out as the most efficient choice among the re-discretization approaches and is comparable to that of the str-Glk method.
Considering the superior complexity of the ReD-Glk method in terms of performing the coarse-grid operator one time, it will be
cheaper than the str-Glk method when generalized to the potential multilevel deflation method. Thus, we consider ReD-Glk as the
optimal coarse-grid re-discretization scheme. In subsequent numerical experiments, unless otherwise specified, ReD-Glk will be the
default method.
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Table 8

The number of iterations and Wall-clock time required to solve the 2D Marmousi problem using APD-
preconditioned GMRES for different frequencies f and grid size (kh = 0.5236) with 12 processors. The coarse-
grid operator is obtained by str-Glk, ReD-02, ReD-(04, ReD-cmp(®4 and ReD-GlK, respectively. The coarse-grid
problem is solved by CSLP preconditioned GMRES. In parentheses is the number of iterations required to solve
the coarse grid problem once.

Grid size 737 x 241 1473 x 481 2945 % 961
f(Hz) 10 20 40
#iter 7 7 7
str-Glk (coarse) (775) (1858) (5380)
t, (s) 120.67 1039.96 27496.67
#iter 38 71 >200*
ReD-02 (coarse) (748) (1988) (>5700)
t, (s) 615.54 9606.14 >432000
#iter 30 34 50
ReD-04 (coarse) (762) (1947) (5484)
t, (s) 402.79 4386.57 173650.06
#iter 32 37 60
ReD-cmpO4 (coarse) (762) (1947) (5484)
t, (s) 316.53 5128.28 175379.27
#iter 10 10 11
ReD-Glk (coarse) (802) (1923) (5592)
t, (8) 164.79 1376.40 46008.03

a «

>” indicates it does not converge to the specified tolerance within the allowed maximum Wall-clock time.

Table 9
The number of APD-preconditioned GMRES iterations required to solve corresponding model problems when
using different stopping criteria for the coarse-grid iterative solver.

Model Problems 107! 1073 1073 1077 107° 10~
MP-1b, k =320, 513 x 513 14 10 10 10 10 10
MP-1b, k =320, 1025 x 1025 11 7 6 6 6 6
Wedge, f =40Hz, 289 x 481 12 9 9 9 9 9
Marmousi, f =20Hz, 1473 x 481 13 10 10 10 10 10

5.3. Efficient coarse-grid solver

It appears that using the ReD-Glk format for coarse-grid re-discretization leads to near wavenumber-independent convergence.
Despite this, a large number of iterations is still needed for the coarse-grid problem, especially for large wavenumbers. This is partially
due to the fact that we are currently employing a two-level deflation method. Furthermore, as mentioned earlier, a strict tolerance
is used for the convergence test of the coarse-grid solver. Consequently, this section explores the range of possible values for the
tolerance of the coarse-grid solver.

Using higher-order deflation vectors and ReD-Glk for re-discretization of the coarse-grid system, the present APD-preconditioned
GMRES is utilized to solve the linear system (A ,u, = b;,), reducing the preconditioned relative residual to 10~°. The stopping criteria
for the coarse-grid iterative solver (4,,v, = v;) ranged from 10~! to 10713, Table 9 shows that, for various model problems, the
number of outer iterations required remains constant for all convergence criteria smaller than 102 on the coarse level, which is in
line with the results in [12].

For example, in the scenario of the Marmousi problem (f = 20Hz, grid size 1473 x 481), Fig. 4 displays the change in iterations
required to solve a single coarse-grid problem with the CSLP-preconditioned GMRES solver, for various tolerance, along with the
total Wall-clock time and the relative residual of the final solution. Note that the number of iterations for the CSLP-preconditioned
GMRES solver to solve a single coarse-grid problem increases linearly as the size of the tolerance decreases. The Wall-clock time
elapsed increases even faster as the tolerance becomes more stringent. Once the tolerance exceeds 1075, the relative residual of the
final solution increases, while it remains constant for the tolerance less than 107%. This pattern holds for larger grid sizes.

The findings suggest that, when the present APD-preconditioned GMRES is used, maintaining the tolerance of the coarse-grid
solver at the same order of magnitude as that of the outer iterations enables a consistent number of outer iterations and constant
relative residual of the final solution while minimizing the total Wall-clock time. It is worth noting that for the GMRES algorithm,
we employ left preconditioning and use the preconditioned relative residual as the criterion for convergence. Additional numerical
experiments have been conducted to investigate the use of right preconditioning with GMRES, using the unpreconditioned relative
residual as the convergence criterion. The results also demonstrate a consistent number of outer iterations across various tolerances for
the coarse-grid solver, with only one more iteration compared to the results shown in Table 9, which strictly reduces the final relative
residual to below 107°. Nevertheless, we can reach the same conclusion regarding the impact of the coarse-grid solver tolerance
on the outer iterations and the relative residual of the solution. We attribute this to that the standard GMRES algorithm for outer
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Fig. 4. Tolerance of the coarse-grid solver for Marmousi problem with f =20Hz and grid size 1473 x 481. The present APD-preconditioned GMRES is employed for
outer iteration.
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Fig. 5. Tolerance of the coarse-grid solver for Marmousi problem with f =20Hz and grid size 1473 x481. The present APD-preconditioned GCR is employed for outer
iteration.

iteration expects a constant preconditioner. However, if the tolerance of the coarse-grid solver increases beyond a certain threshold,
it leads to variable preconditioning.

The results presented in Fig. 4 indicate that solving the coarse-grid problem for the Marmousi model with grid size 1473 x 481
and frequency f = 20Hz requires over 1000 GMRES iterations to achieve a relative residual of 107°,

To investigate the possibility of using a larger tolerance for the coarse-grid solver and further reduce the solution time, we will
proceed with the outer iteration using the GCR algorithm, which allows for a variable preconditioner. While making this transition,
all other aspects of the deflation method remain unchanged, except for the use of the GCR algorithm with right preconditioning.

For the Marmousi model with grid size 1473 X481 and frequency f =20Hz, the number of outer GCR iterations remains constant
at 11, when varying the tolerances of the coarse-grid solver from 10~2 to 10712, If the tolerance of the coarse-grid solver is set to
10~1, it requires 12 outer iterations. The impact of the coarse-grid solver tolerance on the number of iterations required to solve the
coarse-grid problem, the total Wall-clock time, and the relative residual of the final solution is illustrated in Fig. 5. The variation
in the number of iterations for solving the coarse-grid problem and the total Wall-clock time is similar to that shown in Fig. 4.
Similarly, when the tolerance of the coarse-grid solver is smaller than the tolerance of the outer iterations, the residual of the solution
remains unchanged. However, when the tolerance of the coarse-grid solver exceeds the tolerance of the outer iterations, the residual
of the solution remains within the tolerance instead of increasing, as observed in the standard GMRES method. The same behavior
is observed in the case of the constant wavenumber model problems. Thus, using the GCR algorithm as the outer iteration method
allows us to set the tolerance of the coarse-grid solver to a relatively large value 10~!, while still maintaining the desired accuracy of
the final solution. For the MP-1b model problem, if the APD-preconditioned GMRES is employed and the tolerance for the coarse-grid
solver is set to 1079, the total Wall-clock time is 145.41 s. If the APD-preconditioned GCR is used and the tolerance for the coarse-grid
solver is set to 10~!, although one extra outer iteration is required, the total Wall-clock time is 9.48 s. The total computation time is
reduced by around 95% of the time required when using a tolerance of 107° for the coarse-grid solver.
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Table 10

The number of iterations and Wall-clock time required to solve the 2D Marmousi problem using APD-
preconditioned GCR for different frequencies f and grid size (kh =0.5236) with 12 processors. The coarse-grid
problem is solved by CSLP preconditioned GMRES with a tolerance 10~!. The coarse-grid operator is obtained
by str-Glk, ReD-(92, ReD-(®4 and ReD-GIKk, respectively. In parentheses is the number of iterations required to
solve the coarse grid problem once.

Grid size 737 x 241 1473 x 481 2945 x 961
f(H2) 10 20 40
#iter 8 9 9
str-Glk (coarse) (78) (205) (627)
t, (s) 2.47 14.00 282.82
#iter 40 71 233
ReD-02 (coarse) (34) 171) (373)
t, (s) 10.52 98.45 5359.75
#iter 33 35 41
ReD-04 (coarse) 27) (70) (162)
t, (s) 5.68 28.47 356.37
#iter 11 12 12
ReD-Glk (coarse) (63) (116) (489)
t, (s) 3.25 14.62 255.38

Table 10 presents the number of iterations and wall-clock time required to solve the 2D Marmousi problem using the APD-
preconditioned GCR method with different coarse-grid operators. The coarse-grid problem is solved using the CSLP-preconditioned
GMRES method with a tolerance of 10~!. In comparison to Table 8, there is a notable decrease in the number of iterations required
for the coarse-grid problem and the total computation time when using a tolerance of 10~!. The proposed ReD-Glk remains the top
choice among the re-discretization approaches and now demands a similar Wall-clock time to the str-Glk method.

Additional numerical experiments have provided further evidence that regardless of whether the standard GMRES algorithm is
employed with left or right preconditioning as the outer iteration algorithm, if the tolerance of the coarse-grid solver is set larger than
that of the outer iterations, the residual of the final solution will increase. However, when utilizing the APD-preconditioned Flexible
GMRES algorithm, which also allows for variable preconditioning, similar to the APD-preconditioned GCR approach, even with a
relatively larger tolerance for the coarse-grid solver, the accuracy of the final solution can still be maintained within the specified
tolerance range.

In summary, while solving the coarse-grid problem exactly is expected to provide the best convergence in the deflation method
[48], the modified projection method employed in this study, as proposed by Erlangga and Nabben [13], is less sensitive to approx-
imations of the coarse-grid system. Within a certain range of tolerances, the outer iterations do not change significantly. However,
using a less strict tolerance of 10~ does result in 2-3 extra outer iterations. Despite this, the computational savings achieved by
solving the coarse-grid system with a looser tolerance outweigh the cost of the additional outer iterations. In the subsequent parallel
performance study of the parallel preconditioned GMRES and GCR, we will set the tolerance for the coarse-grid problem solver to
1076 and 107!, respectively.

To further reduce the number of iterations required to solve the coarse-grid problem, different complex shift values (g,) for the
CSLP preconditioner are investigated. Fig. 6 illustrates the impact of the complex shift of the CSLP preconditioner for solving the
coarse-grid system. The results demonstrate that a shift larger than 0.5 is satisfactory, with a larger shift generally leading to a
decrease in the number of iterations required to solve the coarse-grid system. This is because one multigrid V-cycle is employed to
approximate the CSLP preconditioner. This observation aligns with the analysis presented in [5]. It provides a valuable insight that
a shift of 1.0 for the CSLP preconditioner will save some iterations for solving the coarse-grid problem when we use the proposed
matrix-free parallel two-level deflation method to solve more complex problems with larger wavenumber.

5.4. Parallel performance

In this section, we conduct a comprehensive evaluation of the parallel performance of our solver, focusing on weak scaling
and strong scaling. Weak scaling refers to the solver’s performance when the problem size and the number of processing elements
increase proportionally. This allows us to assess our parallel solver’s ability to solve large-scale heterogeneous Helmholtz problems
with minimized pollution error by using smaller step size 4. On the other hand, strong scaling measures the capability of our parallel
solution method to solve a fixed problem size more quickly by adding more resources. Through these scaling assessments, we aim to
understand the effectiveness of our solver in handling various problem sizes and resource allocations, providing crucial insights into
its optimal operational parameters and potential scalability limits.

5.4.1. Weak scaling

Fig. 7 shows the results for the weak scalability test solving the MP-1b model problem with k = 160 from 1, 4, 16, up to 64
processes. The problem size was refined from 1025 x 1025, 2049 x 2049, 4097 x 4097, up to 8193 x 8193, ensuring that each process
handled a grid size of approximately 1024 X 1024. One can find that, for the same problem and with the same number of processes,
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Fig. 7. Weak scaling for MP-1b with k = 160 and a grid size of 1024 x 1024 per process.

the APD-preconditioned GCR method with a coarse-grid solver tolerance of 10~! exhibits a significantly reduced computational time
compared to the APD-preconditioned GMRES method with a coarse-grid solver tolerance of 107°.

In Fig. 7, it appears that as the grid size and the processes increase proportionally, the required Wall-clock time does not remain
perfectly constant but tends to increase slightly. This behavior may be attributed to the additional communication time required for
larger problems and more processes. Additionally, the limited bandwidth also contributes to some increase in the Wall-clock time as
the problem size grows larger. The same trend holds for model problems with non-constant wavenumbers, as shown in Table 11. The
present weak scalability meets our requirements for minimizing pollution error by grid refinement within a certain range.

5.4.2. Strong scaling

We are also interested in the strong scalability properties of the present parallel deflation method for the Helmholtz problems.
First of all, numerical experiments show that the number of external iterations required is found to be independent of the number of
processes, which is a favorable property of our solution method.

We consider the MP-1b problem with a wavenumber of k = 100 and k = 200 on a growing number of processes and grid size.
Fig. 8 presents the Wall-clock time versus the number of processes. The numerical experiment conducted on close to 48 processes
exhibits a moderate decrease in terms of parallel efficiency. This can be partly attributed to the increased amount of communication,
resulting in a significant decrease in the computation/communication ratio. If we increase the grid size, an improvement in parallel
efficiency can be observed. This is because the number of ghost-grid layers used for communication remains constant, the amount
of data to be communicated doubles when the number of grid points doubles in each direction. In contrast, the total number of grid
points increases fourfold, resulting in a larger ratio of computational and communication time. For larger problems, a slight decrease
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Table 11
Weak scaling for model problems with non-constant wavenumber. The present APD-preconditioned GM-
RES/GCR is employed for outer iteration.

GMRES GCR
grid size np #iter t, (s) #iter t, (s)
Wedge, f =40Hz
577 X 961 6 9 (251) 53.41 10 (46) 4.86
1153 x 1921 24 10 (259) 68.59 10 (43) 5.75
Marmousi, f = 10Hz
737 x 241 3 10 (414) 103.92 11 (63) 10.55
1473 x 481 12 9 (378) 111.20 10 (58) 12.08
2945 x 961 48 9 (383) 156.45 10 (58) 17.72
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Fig. 8. Strong scaling of APD-preconditioned GCR for MP-1b with various grid sizes.

in parallel efficiency when approaching 48 processes can be explained by the limited memory access bandwidth of a single compute
node.

Furthermore, we also observe that the computational time increases nearly proportionally to the grid size, approximately by a
factor of 4-5. However, the additional computational time required for data communication becomes increasingly evident. From
Fig. 8, one can find that similar strong scalability holds for a larger wavenumber.

The strong scalability property of the present solver on multiple compute nodes is also investigated. Fig. 9 illustrates the time
required to solve the Wedge model problem with a frequency of f =40Hz on at most 6 compute nodes (a total of 384 processes). For
a grid size of 2305 x 3841, the numerical experiment performed on more than 96 processes exhibits a decrease in parallel efficiency.
However, as the grid size increases to 4609 X 7681 and 9217 x 15361, which consequently increases the computation/communication
ratio, the parallel efficiency significantly improves, with speedup even surpassing the ideal case, i.e., superlinear speedup. When
parallel computing tasks can fully utilize the caches on multiple compute nodes, data access speeds are faster, thus enhancing com-
putational efficiency. For solving the Wedge problem with a higher frequency of f = 100 Hz, as depicted in Fig. 9, we observe similar
patterns to f = 40Hz. Despite the constant number of outer iterations, the number of iterations required to solve the coarse-grid
problem increases from around 45 to around 110. Consequently, the computation time also increases by a factor of 2-3. In terms of
parallel efficiency, we observe similar behavior.

6. Conclusions

We propose a matrix-free parallel two-level deflation preconditioner for solving two-dimensional Helmholtz problems in both
homogeneous and heterogeneous media.

By leveraging the matrix-free parallel framework and geometric multigrid-based CSLP [26], we provide a matrix-free paral-
lelization method for the general two-level deflation preconditioner for the Helmholtz equation discretized with finite differences.
Numerical experiments demonstrate that, compared with the Galerkin coarsening approach, the method of using re-discretization to
obtain the coarse grid operator of deflation will slow down convergence to some extent.

To enhance the convergence properties, the higher-order approximation scheme proposed by Dwarka and Vuik [6] is employed
to construct the deflation vectors. The study presents higher-order deflation vectors in two dimensions and their matrix-free parallel
implementation. Various methods for implementing matrix-free coarse-grid operators are proposed and compared. The numerical
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experiments demonstrate the effectiveness of the proposed coarse-grid re-discretization scheme based on the Galerkin coarsening
approach, which achieves wavenumber-independent convergence for both constant and non-constant wave number model problems.

Furthermore, we have studied in detail the tolerance setting of the coarse grid solver when the deflation preconditioned GMRES
type methods are employed to solve the Helmholtz problems. An optimal tolerance for the coarse grid solver can effectively reduce
the solution time.

Finally, the performance of the present parallel GCR solver preconditioned by higher-order deflation is studied, including both
weak and strong scalability. Using a matrix-free approach to reduce memory requirements and weak scalability allows us to minimize
pollution errors by refining the grid. Strong scalability allows us to solve high-frequency heterogeneous Helmholtz problems faster
and more effectively in parallel. The presented two-level preconditioner serves as a benchmark for potential future developments of
matrix-free parallel (multilevel) deflation preconditioners.
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