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Abstract. Solving time-harmonic wave propagation problems by iterative methods is a difficult task,
and over the last two decades an important research effort has gone into developing precon-
ditioners for the simplest representative of such wave propagation problems, the Helmholtz
equation. A specific class of these new preconditioners is considered here. They were de-
veloped by researchers with various backgrounds using formulations and notations that are
very different, and all are among the most promising preconditioners for the Helmholtz
equation.

The goal of the present article is to show that this class of preconditioners is based on
a common mathematical principle, and that they can all be formulated in the context of
domain decomposition methods known as optimized Schwarz methods. This common for-
mulation allows us to explain in detail how and why all these methods work. The domain
decomposition formulation also allows us to avoid technicalities in the implementation de-
scription we give of these recent methods.

The equivalence of these methods with optimized Schwarz methods translates at the
discrete level into equivalence with approximate block LU decomposition preconditioners,
and in each case we give the algebraic version, including a detailed description of the
approximations used. While we choose to use the Helmholtz equation for which these
methods were developed, our notation is completely general and the algorithms we give
are written for an arbitrary second-order elliptic operator. The algebraic versions are even
more general, assuming only a connectivity pattern in the discretization matrix.

All the new methods studied here are based on sequential decomposition of the problem
in space into a sequence of subproblems, and they have in their optimal form the property
to lead to nilpotent iterations, like an exact block LU factorization. Using our domain
decomposition formulation, we finally present an algorithm for two-dimensional decompo-
sitions, i.e., decompositions that contain cross points, which is still nilpotent in its optimal
form. Its approximation is currently an active area of research, and it would have been
difficult to discover such an algorithm without the domain decomposition framework.
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I. Introduction. Solving the Helmholtz equation numerically for moderate to
high wavenumbers is a difficult task, and very different from solving Laplace-like
problems. This is due to three main reasons: First, Helmholtz problems are often
posed on unbounded domains, which have to be artificially truncated to perform
computations on finite computers, or by using Green’s functions; see, e.g., [21, 134].
Second, one needs to have a much higher mesh resolution than what would usually be
required to represent the solution because of the so-called pollution effect [5, 106, 182].
Finally, one must then solve the resulting very large scale system of linear equations,
for which classical iterative methods are not suitable [55, 59]. Our focus here is on
a class of recently developed novel iterative solvers for the Helmholtz equation based
on sequential decompositions in space. Many research groups around the world have
focused on developing such solvers, and for practitioners, and even specialists, it is
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not easy to keep up with these developments and to grasp important novelties in these
methods. The main reason for this is that these new methods are sometimes formu-
lated at the continuous level, sometimes at the discrete level, sometimes using integral
formulations, and sometimes using volume discretizations, and the groups developing
these methods come from different backgrounds and use different motivations, intu-
itions, and notation when formulating their methods. Furthermore, most of these new
methods require absorbing boundary conditions or perfectly matched layers for their
formulation, which are ingredients that are not commonly encountered in classical
iterative methods for Laplace-like problems.

The purpose of this article is to first describe in simple terms the main underlying
fundamental algorithms for the new class of methods based on sequential decompo-
sitions in space. At the continuous level, the underlying algorithms are optimal and
optimized Schwarz methods, and at the discrete level, the underlying algorithms are
exact and approximate block LU factorizations. This first, relatively short part gives
the main insight needed to understand the new Helmholtz solvers in a simplified and
nontechnical setting. In the second, main part, we then rigorously show how members
of this new class of Helmholtz solvers are tightly related. To do so, we introduce a
compact notation that allows us to formulate all these new techniques, and we give
for each one first the original formulation given by the authors, and then equivalent
formulations at the continuous and discrete levels in the form of the fundamental
underlying algorithms, for which we can prove equivalence results. We hope that
our article will help people working in this challenging area of numerical analysis to
rapidly understand this new class of algorithms and their potential.

2. Underlying Fundamental Algorithms. We start by explaining two funda-
mental algorithms which are very much related, one at the discrete level and one at
the continuous level. These algorithms are the key ingredient in all the recent itera-
tive methods proposed for the Helmholtz equation. Even though these algorithms can
be formulated for other partial differential equations (PDEs) and all our equivalence
results still hold, we use first the Helmholtz equation in its simplest form to explain
them, namely,

(1) (A+KHu=f inQ:=(0,1)x(0,1),

with suitable boundary conditions to make the problem well-posed.! Discretizing (1)
using a standard five point finite difference discretization for the Laplacian on an
equidistant grid leads to the linear system of equations

Dy U U fl
L1 Do U, U f2
(2) . . : = |,
Lys Dy Ujy uy_1 fr1
L;.y Dy uy f

IWe use this simplest form of the Helmholtz equation to start with, then treat in the main part
of the article the more complete formulation given in (11).
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where D; = tridiag (45, —% + k2, %),2 L; =U; = diag (%) The block LU factor-
ization of the coefficient matrix in (2) is given by

T L T
L Ty L  T,'U,
3) A= ;
Ly Ty Iy T;MU5
Ly Ty Iy
where the T}’s are the Schur complements? that satisfy the recurrence relation

(4) Th=Dy, Tj=D;— Lj_lTj__llUj_l for j > 2,

as one can see by simply multiplying the two factors in (3) and comparing with the
original matrix in (2). Using this factorization, we can solve (2) by first solving by
forward substitution the block lower triangular system

Ty 0y f1
Ll T2 Do f2
(5) : = S
Ljo Tj4 vy fr1
Ly, Ty vy fo

and then solving by backward substitution the block upper triangular system

I Tl_lUl Uy (o8]

I, T, 'Us Uo 02

(6) : = :
Iy T7MU;5- Uj_1 Dy_1

I uy v

This shows that one forward sweep (forward substitution) and one backward sweep
(backward substitution) are enough to solve the linear system, and this is the funda-
mental underlying idea of the new “sweeping algorithms” for the Helmholtz equation
mentioned in the title. This becomes a preconditioner if the block LU factorization is
approximated by using approximate Schur complement matrices instead of the exact
matrices. If we use the exact matrices, then the iteration converges in one step and
thus the iteration matrix is nilpotent of degree (or index) one. One can, however,
already see another one of the new algorithms here by taking a closer look at the
forward substitution in (5): solving the first equation, and substituting the result into
the second one, and the result obtained into the third one, and so on, we find

Ul = T1_1f17
by =Ty '(fo — L1v1) = Ty ' (fo — LiTy ') = Ty Mo,

7 - -
@) o3 =T5 ' (F3 — Lova) = Ty ' (fs — LoTy o) =: Ty 'fs,

2We assume homogeneous Dirichlet boundary conditions and well-posedness for simplicity to
start with; see section 4 for more information.
3For now, we also assume here for simplicity that the T)’s are invertible.
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Fig. | Domain decompositions of the unit square: without or with overlap, and many subdomains.

where we introduced new source terms fz = fo — Llelfl, fg = f3 — LgT{lfQ, ... to
make the solve for vy, v3,... look like the first solve for v;. These new source terms
contain a transferred source term from the previous line,

Fi=f— LT

which is the feature that led to the so-called source transfer methods mentioned in the
title. Note that v; = uy, so after the forward substitution, the last set of unknowns
is already the exact solution, a property that will be used later by some algorithms.

In the form in which we presented the block LU decomposition, the diagonal
blocks only contained one grid line of unknowns, but one could also collect several
grid lines into one block. This suggests looking at the problem at the continuous level,
where we decompose the domain into subdomains, as illustrated in Figure 1. For the
first decomposition on the left, which would correspond to only two large diagonal
blocks at the discrete level, an optimal parallel Schwarz algorithm is given by the

iterative method (see [53, 133]) for arbitrary initial guess u§, uJ,

(A+ K>y = f in Q4,
®) On, uf + DNy (uf) = O, ub ' + DtNy(uh ") on T,
(A4 kg = f in Qo,

Onyuy + DtNy(u}) = Op,u ! + DtNy(uf ™) on T,

where 0y, denotes the outward normal derivative for subdomain €2;, and DtN; is the
Dirichlet-to-Neumann (DtN) operator taking Dirichlet interface data on the interface
I" and returning the outward normal derivative of the corresponding solution of the
Helmholtz equation on the exterior of the subdomain ;. This algorithm converges
in two iterations, and thus the iteration operator is nilpotent of degree two, as one
can easily understand as follows: Denoting by e} := u — u] the error at iteration
n, this error satisfies by linearity the same equation as u}, but with zero right hand
side (r.h.s.), f = 0. Since, after the first iteration, the error e} satisfies the equation
in subdomain §2;, its normal derivative at the interface will be exactly canceled by
the DtN operator result when evaluating the r.h.s. on the interface I' for the second
iteration.* The error €3 then satisfies the equation in €; with homogeneous data and
thus by uniqueness is zero, and so the algorithm has converged.

4The r.h.s. on the interface is in fact an exact or transparent boundary condition for the neigh-
boring subdomain.
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The optimal parallel Schwarz algorithm in (8) can also be run with overlap, as
indicated in Figure 1 (middle), i.e

(A+E>)up = f in O,
) O, uft + DNy (up) = O, ub ™" 4+ DtNy (u) ™) on I'ya,
(A+EkHuy = f in Qo,

Onyuy + DtNo(uf) = Op,u ' + DtNy(uf 1) on Ty;.

The overlap has no influence on the two-step convergence property of the optimal
parallel Schwarz method.> With J subdomains, as indicated in Figure 1 (right), the
corresponding optimal parallel Schwarz algorithm

(A + kQ)u" =f in ;,
(10) On,u + DtN; (uy) Onyuff iy +DEN; (ufi) on Ty jiq,
On;ul} + DN (ul) = anjuy_—f + DN (u} = 1) on T 4,
converges in J iterations [133], and thus the iteration operator is nilpotent of degree
J. At the discrete level, this result was also presented by F.-X. Roux at the IMACS
conference in 2001. If, however, we organize the solves in sweeps, starting on the
leftmost subdomain and going to the rightmost subdomain and back, i.e., sweeping
once forward and once backward, the algorithm converges in one such double sweep,
independent of the number of subdomains J, and thus the sweeping iteration operator
becomes nilpotent of degree one. This algorithm is in fact the continuous analogue of
the block LU factorization, with just the small modification that the DtN transmission
condition on the right is replaced by the Dirichlet condition, as we will see later in
section 7. Optimized Schwarz methods use approximations of the DtN operator and
thus approximations of the transparent boundary condition, in the same spirit that
approximate block LU factorizations use approximations to the Schur complement
matrices. Well-known approximations of this type are absorbing boundary conditions
(ABCs; cf. [49, 50, 96, 101]) and perfectly matched layers (PMLs; cf. [13, 31, 44, 99]).

3. The Helmholtz Equation. To be able to explain the details of recent itera-
tive solvers for the Helmholtz equation, we need to consider a slightly more general
Helmholtz equation than the simple model problem in (1), namely,

2
(11) Lou:= —VT(aVu)—%u:fin Q, Bu=gon 99,

where w € C, Q@ C R% d = 2,3, is a bounded Lipschitz domain, the coefficient
matrix «, the scalar field k, and the source f are all given complex-valued quantities
varying on €2, and the unknown function v on € is to be sought. In addition to
the truly physical part, the domain €2 may also contain artificial layers, for example,
representing PMLs. The boundary condition Bu = g is piecewise defined on 992 =
TpUT R UTy as follows:®

(12) wu=gp onTp,
(13) n”(aVu)+pou=gr onTg,
(14) nT(aVu) + pou + pin’ (aVsu) — VE (1 Ils(an)u + poaVsu) = gy on Ty,

5This will be different if one uses approximations of the DtN operators, as we will see.
SFor simplicity, we assume either I'yy = @) or T'g = () and that I'y, has no edges and corners.



FACTORIZATIONS, SWEEPING, POTENTIALS, AND SCHWARZ 9

where n is the unit outer normal vector, Vg is the surface gradient, pg, p1,q1,p2 are
complex-valued functions, and IIg is the orthogonal projection onto the tangential
plane of the surface. Besides acoustic waves, the Helmholtz equation (11) is also
used to describe electromagnetics, where it can be derived from Maxwell’s equations;
see [134].

Example 1. In a typical geophysical application, € is a rectangle in R? or a box
in R?, obtained from truncation of the free space problem. The original time domain
equation in free space is given by

1 9%a 1 .

202 PVx (pvxﬁ> =/
where c is the wave speed and p is the mass density, both dependent only on space, @ is
the pressure, and f is the space-time source term with compact support in QP C Q
at all times. QP is the domain in which the solution is of interest. We make the
ansatz that f(x,t) is a superposition of the time-harmonic sources p(x)f(x,w)e <%,
Then, for each w, the corresponding mode u(x,w)e™'“! satisfies

2

RV v/ (1qu> = f.
P

pc?

The time domain solution @(x,t) is the sum of the time-harmonic modes u(z,w)
over all possible values of w. Note that w is the time frequency, k := % is called
the wavenumber, and the wavelength is A = 27” A certain boundary condition along
infinity is imposed to exclude energy incoming from infinity and to allow energy
outgoing to infinity, viewed from QPP An example is the Sommerfeld radiation

condition (cf. [154, p. 189]) in a homogeneous medium,

(15) lim [x|“F (Ququ — iku) = 0.

|x|—00

Since we are interested in only the near-field solution (i.e., in QP"), the free space
model is truncated to QP"¥ by imposing on dQP™ artificial boundary conditions or
artificial layers, which leads to (11).

Example 2. Some models have physical boundaries from special materials, which
leads directly to a boundary condition, e.g., Dirichlet for sound soft and Neumann
for sound hard matter in acoustics. As a simple model, one can consider a parallel
pipe open in one dimension and closed with walls in the other dimensions on which
Dirichlet, Neumann, or artificial boundary conditions (layers) are imposed. We further
truncate the open dimension to obtain (11). The truncated dimension is typically still
much larger than the other dimensions such as for optical waveguides; see [125].

Example 3. An important class of models is that of the so-called scattering prob-
lems which are posed on an unbounded domain exterior to obstacles delimited by phys-
ical boundaries. A given incident wave then hits the obstacles and is scattered. The
sum of the incident wave and the scattered wave gives the total wave field which sat-
isfies homogeneous Dirichlet, Neumann, or impedance boundary conditions as shown
in (12) and (13) on the physical boundaries. The scattered wave field satisfies the
homogeneous Helmholtz equation and some condition along infinity. Usually, this is
the Sommerfeld radiation condition given in (15) based on the assumption that the
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medium is homogeneous outside a bounded region. The unbounded domain is trun-
cated to a bounded region near the obstacles, which results in (11). Once the Dirichlet
and Neumann traces of the solution are known on some surface, the solution in the
far-field, i.e., far away from the obstacles, can be recovered using a representation
formula; see [134].

Remark 4. The algorithms to be discussed in this paper are applicable not only
to the model (11) but also to more complicated cases as long as the PDE and the
boundary conditions are defined locally in space such that they make sense in subsets
of  and 09. For instance, we can supplement (14) with edge and corner conditions
(see [7]) or use high-order absorbing boundary conditions localized with auxiliary
unknowns (see [33, 97]) which can also be viewed as semidiscretized PMLs (see [45,
92]), and solve other PDEs (see, e.g., [130]). This will become clearer in the following
sections.

We will occasionally need the weak formulation of (11) in appropriate function
spaces; see, e.g., Lemma 10. Multiplying both sides of (11) with the complex conjugate
of an arbitrary function v and integrating by parts in ), we find formally

/Q(aVu)TVfD — %QUT) — /aQ nT (aVu)o = /fo/

Substituting the boundary conditions from (12)-(14) into the above equation leads
us to the following weak formulation of (11):

(16) find u — Egp € V, such that a(u,v) + b(u,v) = c(v) Vv eV,

where £gp is an extension of gp and

Vim o e BYQ): v, =0, ey € B ol = ol + By

2
a(u,v) = / (aVu)T'Vi — w—u@,
Q K

b(u,v) := / Poud —l—/ pin? (aVsu)o +/ (11 (amn)u + praVgu)' Vg,
TrUTYy Ty T'v

c() == v{f,0)v + -1 (9r,vlrR) 1 + -1 (9v,vly) 1

The well-posedness of (16) can be ensured by the following simultaneous assumptions:

(i) «, “’72 are uniformly bounded in 2, and so are pg, p1, ¢1, p2 in their domains;

(ii) there exist constants C7,Cs, C3 > 0 independent of u such that

> Clull¥;

/(aVu)TVﬂ —i—/ p2(aVsu)TVgu + Cg/ |u|? 4 C3/ |u|?
Q Ty Q

I'yul'g

(iii) a(u,u)+ b(u,u) =0 and gp = 0 together imply u = 0;

(iv) f €V’ gp € Hjy(Tp), gr € H *(Tr), gv € H *(T'v).
We refer the reader to [164] for the definitions of the function spaces and the well-
posedness, which is based on the Lax—Milgram lemma and the Fredholm alternative.
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4. Direct and Iterative Solvers. After discretization of (11), we obtain the linear
system

(17) Au=f{,

where A is an N-by-N matrix, u is the solution to be sought, and f is given.

Gaussian elimination is probably the oldest” and the most fundamental solver for
linear algebraic systems like (17). Its modern form consists in first computing the LU
factorization A = RPLUQ with R a row scaling diagonal matrix, L (U) being lower
(upper) triangular, and P (Q) being row (column) permutations, and then solving
Lv = P(R7f) and U(Qu) = v. For a dense matrix A, e.g., from boundary element
or spectral discretizations, the factorization requires O(N?) flops and O(N?) storage,
and the triangular solves cost O(N?) flops. For a sparse matrix A, e.g., from a low-
order finite element discretization, one can benefit from the nonzero structure of the
entries of A by ordering the eliminations such that as few nonzeros as possible are gen-
erated in L and U, because the number of nonzeros determines the storage and time
complexities of the triangular solves; see, e.g., [39, 47]. Doing so on two-dimensional
regular meshes, we need O(N %) flops for a sparse factorization, and the L, U factors
one obtains have O(N log N) nonzeros; see [86, 104]. On three-dimensional regular
meshes, we need O(N?) flops and get O(N*/3) nonzeros in L,U; see [39, p. 143].
Significant progress has been made on reducing the actual constants hidden in the
asymptotic complexities which is nowadays coded in widely used software packages
like UMFPACK [38], PARDISO [150], SuperLU [117], and MUMPS [2]. The classical,
factorization-based direct solvers aim at the exact solution and introduce no error in
the algorithms other than round-off errors due to finite precision arithmetic. They
have been proved in practice to be robust for various problems, and they are robust
with respect to problem parameters. Moreover, they are very advantageous for mul-
tiple r.h.s., because the factorization can be reused for different r.h.s. just performing
triangular solves, which is much faster than the factorization stage.

The drawbacks of direct solvers are the superlinear complexities they have in
time and storage requirements, and also the important communication overhead in a
parallel environment in both the factorization and the triangular solution stages.

A recent trend of direct solvers is their introducing low rank truncation of some
off-diagonal dense blocks arising in the process of factorization. This is accomplished
by H-matrix techniques [8, 9, 10, 11, 93, 94] and related approaches [22, 88, 103,
126, 127, 170, 171, 172, 173, 175]. The numerical low rank property depends on the
Green’s function of the underlying PDE. In particular, for the Helmholtz equation,
the numerical rank can be shown to grow in specific geometric conditions in two
dimensions only logarithmically with the wavenumber (see [51, 127]). In general,
however, as indicated in [9, p. 157], the growth seems to be linear in the wavenumber.
In [95], the author says that there are two types of off-diagonal blocks: one type is
small and can be treated easily by H-matrix arithmetic, and the other type is large
and is better treated by a multipole expansion; see [8] for more details. Recently,
[54] gave lower and upper bounds for the separability of Green’s function. Nearly
linear complexities for two-dimensional Helmholtz problems have been presented in,
e.g., [8, 88, 103, 126, 127, 170, 175], with fixed or increasing wavenumbers. For three-
dimensional Helmholtz problems, although considerable improvements over classical
direct solvers have been made using H-matrix techniques, the numerical experiments

7Gaussian elimination can even be found in ancient Chinese scripts [122].
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in [171, 173] show that the time complexity of factorization tends to O(N%/3)~O(N?)
at high wavenumber on proportionally refined meshes.

In contrast to direct solvers which deliver very accurate solutions in a finite num-
ber of operations, iterative solvers start from an initial guess and improve the accu-
racy successively by iteration. Iterative solvers have become a core area of research
in numerical analysis.® The central issue in designing an iterative solver is finding
an approximation of A~! which is called preconditioner. In this sense, the direct
solvers with low rank truncation mentioned in the previous paragraph can be used
as preconditioners; see, e.g., [8, 51, 175]. The simplest way to use a preconditioner
M~1 ~ A~! is iterative refinement, also called Richardson iteration® or deferred
correction: u < u+ M~1(f — Au). More advanced are Krylov subspace methods;
see [91, 145] for general introductions to iterative methods for linear systems. It is
particularly difficult to design a fast iterative solver for the Helmholtz equation; see,
e.g., the review papers [3, 55, 59]. The main challenge is to accomplish O(N) time
complexity for increasing frequency w of (11) on appropriately refined meshes; an
easier goal is the linear complexity under mesh refinement for fixed frequency, be-
cause this does not add more propagating waves to the solution. To tackle the special
difficulties of the Helmholtz equation, many techniques have been developed and inte-
grated into three major frameworks: incomplete factorizations, (algebraic) multigrid,
and domain decomposition. We will now briefly review some of these techniques.

The shifted-Laplace preconditioner M1, proposed in [58, 109], introduces an
imaginary shift € to the frequency w or w? in the continuous problem given in (11),
and M, is obtained from a discretization of the shifted operator. The analyses in
[32, 37, 59, 66, 167] collectively exhibit a gap between the requirements that the
shifted operator is close to the original operator and yet cheap to solve. In practice,
O(w?) imaginary shifts to w? are often used. In this case, it is easy to find an
iterative solver M;l of O(N) complexity for M, for any w; but M, deviates from the
original matrix A more and more as w increases, so that the iteration numbers for the
original system with the preconditioner M ! also grow with w and can be O(w) for
the truncated free space problem or even O(w?) in the case of a waveguide [32]. In
the former case, we observed from numerical experiments in [14, 26, 36, 57, 90] that
for two-dimensional problems with N = O(w?) the overall time complexity becomes
O(N3/2), and in [20, 36, 144] that for three-dimensional problems with N = O(w?)
it seems to be O(N*/3). Even though not optimal, for three-dimensional models and
O(1) r.h.s. these iterative solvers can be faster than a complete factorization.

To accelerate convergence of iterations, an important idea is identifying the slowly
convergent components of the errors and the corresponding residuals, and projecting
them out from the iterates by solving the original problem restricted to the corre-
sponding subspace. This is called coarse correction or deflation. When these slowly
convergent coarse components are, however, based on a grid discretization, then for
the Helmholtz equation the coarse problem for projection needs to be fine enough, typ-
ically of dimension O(w?) in two dimensions and O(w?) in three dimensions, to keep
the convergence independent of w; see, e.g., [19, 116] for convergence theory with such
rich coarse problems. This excessive requirement manifests inadequacy of the basic
iterations presumed in O(N) time for oscillatory waves. Of course, the more time we

8Trefethen [165]: “The name of the new game is iteration with preconditioning. Increasingly
often it is not optimal to try to solve a problem exactly in one pass; instead, solve it approximately,
then iterate.”

9The method Richardson proposed is much more sophisticated, including a relaxation parameter
that changes with each iteration and is chosen to lead to an optimized polynomial [143].
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allocate to the basic underlying iteration, the smaller the coarse problem will be that
we need to compensate for inadequacies of the basic iteration. Another approach is to
try to develop an efficient solver for the coarse problem. For the shifted-Laplace pre-
conditioner, multilevel Krylov with multigrid deflation was studied in [56, 152], and it
was seen that the first coarse level (with mesh size twice as coarse as the finest level)
needs to be solved more and more accurately to keep iteration numbers from growing
as w increases. Another direction is to seek more efficient coarse problems. Those
based on wave-ray or plane waves that originated from [16, 161] in the context of multi-
grid have become popular in algebraic multigrid methods (see, e.g., [136, 168]) and in
domain decomposition methods (see, e.g., [40, 61, 81, 105]). Some recent developments
include the bootstrap trick [123] to discover the slowly convergent subspace, the local
eigenspaces [35] for heterogeneous media, and improvement in stability of the coarse
problems [24, 159]. Complex-symmetric least squares formulations [89, 123, 136],
numerical-asymptotic hybridization [138], and block Krylov methods for multiple
r.h.s. [114] have also given further insight in the search for a scalable Helmholtz solver.

When applying domain decomposition methods (see, e.g., [42, 63, 115, 141, 153,
164]) to the Helmholtz equation, an immediate obstacle is the use of the usual Dirichlet
or Neumann boundary conditions on subdomain interfaces. In particular, taking a
diagonal block of A, one cannot ensure that it is nonsingular. For example, in the unit
square (0,1)? with homogeneous Dirichlet boundary conditions, the negative Laplace
operator —A = —0,, — 0y, has eigenvalues (n? + m?)r? (n,m = 1,2,...), so the
Helmholtz operator —A — k? is singular if k2 is equal to one of these eigenvalues. This
will not happen if a subdomain is sufficiently small, because the minimal eigenvalue
will then be larger than the given k% € R: for example, in the square (0, H)?, the
minimal eigenvalue is 272/ H?, which can be made bigger than any given real number
k? when H is sufficiently small. This strategy was adopted in [19, 61, 116], but
the coarse problems then become very large to maintain scalability with so many
subdomains. Another natural treatment is regularization of subdomain problems
with ABCs (or layers), which helps verify assumption (iii) in section 3. For example,
letting Au+k*u = 0in Q (k € R) and dqu-+pu = 0 on 98, we have [, [Vu|>—k?|u|?+
Joq plul®> = 0; if Imp # 0, we obtain dqu = u = 0 on 9Q which implies u = 0 in Q by
the unique continuation property (see [174]). The well-posedness of high-order ABCs
can be found in, e.g., [166]. Regularization with a zeroth-order absorbing condition
was first used by B. Després in his thesis [41] and later in, e.g., [17, 40, 62]. See [128]
for a parallel numerical study with application to scattering problems. Actually, one
gets even more from this choice: compared to the classical Schwarz method that
uses Dirichlet transmission conditions, faster convergence was observed. This can be
understood in the ideal case with transparent transmission conditions as we have seen
in section 2 for the optimal Schwarz method [53, 133] motivated by the numerical
study in [98]. Based on this principle, optimized Schwarz methods (see, e.g., [64]
for an introduction, [67, 124, 140] for analyses, and [79, 80] for geometry-dependent
optimization) leverage various approximations, i.e., absorbing transmission conditions
or PMLs for fast convergence. For Helmholtz problems, the second-order Taylor
expansion was used in [43], square-root based nonlocal conditions were studied in
[34, 87], best approximations of zero and second order were sought in [30, 69, 76, 83, 84,
160], Padé approximants with complex-shifted wavenumbers were used in [15], PMLs
were first employed in [148, 163], and recently some rational interpolants were tested
in [110] for waveguide problems. For a numerical comparison of low-order and high-
order transmission conditions for the overlapping Schwarz methods, we refer to [84].
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Parallel to the development of optimized Schwarz methods, absorbing transmis-
sion conditions have also found use in the analytic incomplete LU (AILU) precondi-
tioner; see [77, 78]. The idea is based on the identification of the DtN-based transpar-
ent transmission condition with the Schur complements arising in the block LU factor-
ization we saw in section 2. An important improvement to the AILU preconditioner
was made by the independent development in [52] using PML instead of the second-
order approximation used in [78]. This triggered more studies on exploiting PML for
the iterative solution of the Helmholtz equation in a forward and backward sweeping
fashion; see, e.g., [28, 29, 60, 111, 139, 157, 169, 179, 180]. A recursive version that
solves the two-dimensional subproblems in a three-dimensional domain recursively by
decomposing them into one-dimensional lines and sweeping can be found in [120]; see
also [178] for a similar idea. A recursive sweeping algorithm with low-order ABCs
was proposed earlier [1]. Another double sweep process that extends the Dirichlet—
Neumann alternating method [141] to many subdomains is proposed in [25]. In all
these sweeping methods, there is little parallelism across the block solves, since the
blocks (or subdomains) are passed through one by one, but in return an expensive
coarse problem for connecting the blocks is avoided. Hence, the parallelism and the
complexity within each block become crucial. In [139] for three-dimensional models,
each block is kept quasi-two-dimensional with fixed thickness, and a tailored parallel
direct solver for the quasi-two-dimensional problems is used. The sequential complex-
ity was shown to be O(§62N*/3) for the setup and O(JN log N) for the solve, where
d = 0(k) is the thickness of the discrete PML on one side of each block. Instead
of PML, hierarchical matrix approximations can also be used; see [6, 51]. More re-
cently, in an effort to parallelize the sweeping preconditioner, the authors of [119]
proposed decomposing the source term into subdomains and then simulating its in-
fluence on the other subdomains by sweeping from that subdomain toward the first
and the last subdomains. The final approximation is then obtained by adding the
solutions corresponding to the different subdomain sources. The sweeping methods
have also been combined with a two-level method in [158], and with the sparsifying
preconditioner [176] for a volume integral reformulation of the Helmholtz equation
in [121, 181].

The methods above based on approximation of transparent boundary conditions
are currently among the most promising iterative methods for the Helmholtz equa-
tion and more general wave propagation phenomena. In the following sections, we
will explain how these methods were invented while following various paths from very
different starting points, and we give a formulation of each method in a common no-
tation that allows us to prove that each of these methods is in fact a special optimized
Schwarz method distinct only in transmission conditions, overlaps, and/or implemen-
tation. A first such relation between the source transfer method and an optimized
Schwarz method was discovered in the proceedings paper [27], and further relations
were pointed out in [82].

5. Notation. To make the analogy we have seen between the block LU factoriza-
tion and the optimal Schwarz algorithm mathematically rigorous, and then to show
precisely how all the new Helmholtz solvers are related to one another, requires a
common notation that works for all formulations. This formulation must permit the
simultaneous use of overlapping and nonoverlapping blocks or subdomains, Green’s
function formulations and volume discretizations, and very general transmission con-
ditions including ABCs and PMLs, and all this for both continuous and discrete
formulations. We introduce the reader to this notation in this section, as we intro-
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Fig. 2 Nonowverlapping and overlapping domain decomposition, @ € O, 0 € Ox, 0 € ['y 4.

duce the fundamental concepts common to all algorithms step by step. The first steps
in learning the notation will be hard, but it will be rewarding to be able to understand
the details of all these new Helmholtz solvers and their tight relationships.

5.1. Domain Decomposition. As we have seen, the algorithms are based on a
decomposition, and we introduce this decomposition for the original domain € on
which (11) is posed. We decompose § into serially connected subdomains Q;,j =
1,...,J, such that
(18) Q=U/_,Q;, 4nQ=0if|j—1>1
To simplify the notation for the algorithms, we also introduce at each end an empty
subdomain, Qy = Qy11 = 0. We denote the overlap between the subdomains by
O; =N, 7 =1,...,J — 1, the interfaces by I'; j+1 = 0Q; N O(Qj+1 — Q5),
j,jE1e{l,...,J}, and the nonoverlapping region within each subdomain by ©, :=
Q; — (Q;-1UQ 41), 5 =1,...,J, as indicated in Figure 2. Note that this partition
can be considered either for the continuous domain or for the discretized domain. At
the discrete level, the domain decomposition is a partition of the d.o.f. u of (17).
Corresponding to that partition, we introduce the notion of index sets as shown in
Table 1, which we chose to make it easier to remember them: for example, in the non-
overlapping case, we have for subdomain (2; on the left boundary u; = u;; = u;g,
and similarly on the right boundary u;, = u;; = u;), and the unknowns interior to
subdomain ); are u;g = u;g, where a dot always means only the interior unknowns,
and we have equality because the overlap is empty. As another example, if ©; # ()
in the overlapping case, we have u;o = [uje;uj];ujﬂ;uj[;uﬁ].w We denote by 17
the 0-1 restriction or extension matrix from the set of d.o.f. indicated by # to the

10We use MATLAB notation for concatenating column vectors vertically to avoid having to use
the transpose symbol 7.
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Table | Meaning of the subscripted vector v.

Subscript x| Meaning of the vector v

JjQ orj ﬁj: all the d.o.f. on the jth subdomain ﬁj

4¢ left interface of €2;: restriction of v; to the interface I'j ; 1
7 right interface of 2;: restriction of v; to the interface I'; ;11
7 left overlap of Q; : restriction of v; to the overlap ﬁj 053;1
Jb right overlap of €2;: restriction of v; to the overlap ﬁj N §j+1
7] end of left overlap in ;: restriction of v; to I';_1 ;
Jl end of right overlap in €;: restriction of v; to I'j11,;
J) or je |interior unknowns of Q;: after removing v, and v;y from v,
74 interior of left overlap of £2;: after removing v;( and v from v,
ip interior of right overlap of §2;: after removing v;[ and v;) from v;p
7R interior without overlaps of ;: after removing vj(] and viD from vj
~j everything to the left of Qj, i.e., all the d.o.f. in (U _ 1 Qm) —
g~ everything to the right of Q;, i.e., all the d.o.f. in (U _ ]+1Q ) - Q;

set indicated by *. For example, I]].'(l is the restriction from ﬁj,l to I'; j—1. For the
identity matrix I * we simply write I,. A common restriction operator we will often
use is R, := I+7. Note that by v; and v; we do not mean in general the restriction
= Ryvand v; = Rjvof a common Vv, but that the componentb of v; correspond
to the d.o.f. on Q;. Hence, I’ pVi can be different from 177 +1GV]+1 Only for the
exact solution u and the r.h.s. f of (17) do we use u; and f; for R;u and R;f. For
submatrices of A, we also use the subscripts j[ mterchangeably Wlth Jj+ 1 because
they refer to the same index set in the global case, and similarly for j] and j — 1).
If ©; # 0 for j=1,...,J, we assume that (17) has block tridiagonal structure'*

when the vector of unknowns is partitioned as u = [U1H§U1[)§ - uj,l[);uJH], ie.,
Aig A g
Al[)lH Al[) Al[)QH uj)
(19) : . - : =f
AJ—IDJ—IH AJ—lD AJ—lDJH ujy—_1p
Aggr-1) Ay u g

For overlapping decompositions (i.e., O; # (), we can also partition the overlap,
u;, = [uj[;ujb;uﬁ}, and similar to the block tridiagonal assumption, we assume
that there are no direct interactions between d.o.f. across the interfaces, e.g.,

Ajpig =0, Ajjg=0, Ajpig=0, Ajpjr1g=0.

In the nonoverlapping case we also use j) for j]), since the index sets ) and [) coincide
in that case, and the same holds for ( and (.

HThis holds naturally for classical finite difference and finite element discretizations which ap-
proximate derivatives by only looking at neighboring nodes.
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Remark 5. When ©,,0; # 0, ©; = 0 for j = 2,...,J — 1, and O; # 0 for
j=1,...,J —1, we assume (17) is block tridiagonal under the partition

u = [ugg; u[; Uyp; Ugy; Ugp; Ugys - - -3 Uy_1y; Uygl.

Then all our subsequent discussions on (19) can be adapted to this case without
essential difference. This case corresponds to what is called generous overlap in domain
decomposition, i.e., almost every subdomain consists of overlaps with neighbors: Q; =
O;1Ul';_1 ;U0 and I'j11 j =11 for j =2,...,J — 1. For convenience, we will
also denote Og := ©1 and Oy := O for later use in subsection 8.1.

Remark 6. The algorithms we will discuss below also permit Ay # 0 for [j—1| =
1, which can happen, for example, for spectral element discretizations with only one
spectral element over the entire subdomain width. However, we exclude this situation
for simplicity in what follows.

Remark 7. The block tridiagonal form we assumed in (19) is natural if the d.o.f.
in the overlap 6j including its boundaries are the same and shared by €; and Q;,
i.e., the problem stems from a globally assembled problem. In domain decomposition,
however, nonmatching grids are also common, and we may have two sets of d.o.f. in
6j, one set u; for {2; and another set u; 14 for ;1. In this case, when O; # 0 we
may assume (17) has the form of the augmented system

A1H AlHlD uig

A A A y
Axqrp Az Azq2 Uy

AJ(]Jle AJ(] AJ(]JH uq

AJHJ(] AJH uyg

which would be block tridiagonal if we removed the boxed blocks. This form also arises
naturally from nonconforming discretizations in the overlaps and on the interfaces,
e.g., from certain discontinuous Galerkin methods (see, e.g., [4]). It is possible to
generalize our discussions to this case, but we would not gain more insight and will
thus not do so here to avoid further complications in the notation.

5.2. Transmission Conditions. We now present the three fundamental types of
transmission conditions used by the algorithms: Dirichlet, Neumann, and generalized
Robin conditions. For the Dirichlet condition, based on the assumptions in subsec-
tion 5.1, if we take the rows for uj, from (17), we find Ajeuje = fjo — Aje;uj —
Ajejyujy. We rewrite this as a linear system for u; with the interface data u; and
u;) provided by the neighboring subdomains,

I u;( u;
(20) Ajoj( Aje Ajejy we | = | f
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At the continuous level, this corresponds to (11) localized to €; with Dirichlet trans-
mission conditions on the interfaces,

LUj:f in Qj,
Buj=g on 0§25 N 012,

21
( ) Uj =Uj—1 on Fj,jfl,
uj=ujtr  on L,
where u; := ulg, (I = j,j £1). As mentioned before, the subdomain problem in

(21) might not be well-posed if we replace u; by v; and then try to solve (21) for v;.
Similarly, the matrix in (20) might not be invertible.

For the Neumann condition, we split the diagonal block of A corresponding to
the interface I'; j_; into two parts as would arise naturally from the splitting of the
bilinear forms in (16) in a conforming finite element method: A; = A;< + A]<, (» where
A; ( is the contribution from the left side of I'; j_; and A; ( is the contribution from
the right side of I'; j_1. The reader might wonder why we use the superscript ) here
(\rangle!) for the contribution from the left and the superscript ( for the contribution
from the right. The reason is that the contribution from the right will be used on the
left of the corresponding subdomain that uses it, and vice versa, and based on the
assumptions in subsection 5.1, the rows from (17) for u; can then be written similar
to the Dirichlet case in the form

( )
Al Ajge u;( £ = Aj—1guj—1g — Aju;-q
(22) Ajej( Aje Aj;j> e | = £ < :
Ajyje Al u;) fjy = Ajyj+1puja1g — Ay ;)

and now the superscript looks very natural and easy to remember. Equation (22)
corresponds to (11) localized to €2; with Neumann transmission conditions on the
interfaces,

Buj=g on 0 N 09,
n?(aVu;)=n?(aVu;_1) onTj; 1,

n; (aVu;)=n; (aVuji1) on Dy g,

(23)

In particular, we note that the discretization of —n]T(aVuj) on I'; ;1 gives f;< —
A§<uj< — Aj(jelje and the discretization of nJT(aVuj_l) onI'; ;1 gives f;.< —A;<uj_1[
—Ajj—18 wj_1g, where f; = fj>-< + f;< is again the splitting of the contribution from
the two sides of I'; ;_1. Note that as in the case of Dirichlet conditions, if we replace
u;j by v; in (23), the resulting subdomain problem might not be well-posed, and the
matrix in (22) might not be invertible.

By generalized Robin transmission conditions, we mean the generalized linear

combination of Dirichlet and Neumann conditions, i.e.,
(24) Q (nJT(aVuj)) + Pu; = Q (nJT(aVul)) + Puy on Ty,

where Q and P are linear, possibly nonlocal operators along I';;, [ = j & 1. At the
discrete level, this corresponds to a generalized linear combination of the interface
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rows of (20) and (22), while the interior rows are unchanged, i.e.,

(XS ( (
QA+ B Qi Ajge ;i
jej( Aje AJ‘J) Uje

Q;‘>Aj>j- Q>‘ A +PJ>> uj)

7)
o (f< Aj(j-1895-1 )+ (Pf o A§<) ;1)
£

Qi» (fj> - Aj>j+18uj+13) ( Q]> i )uj+1]

It Q§ (= I and Q% = Iy, we can also rewrite (25) without the explicit splitting of

AJ< and AJ>,

&l
Sj Ajije ujiq £j¢ = Aj-1g9j-15 + (5 — 4 ) w1
(26) AJ°J< Aje AJ)‘J Uje | = fje o
Ajyje Shy | |y £y — Ajyjrgvig + (Sj> - Aj)) u;iiq]
where §;< = A§,< + Pj<< and §3> = A;> + PJ?>. If we first specify §J<< and 5’;>7 then it is

not necessary to introduce a splitting of A, and Ajy to use (26).

We now consider a special case of (11): we assume that the data f and g are
supported only on €2; and vanish elsewhere. Suppose we are interested in the solution
of (11) in ©; only. Then it would be desirable to have a problem equivalent to the
original problem in (11) but defined just on the truncated domain ;. This can be done
by setting a transparent boundary condition on the truncation boundary 0€; — 0f2
and solving

Eu]' = f in Qj,
(27) Buj=g ondQ;NoQ,
n! (aVu;) + DtNju; =0 on 99; — 99,

where DtN; is a linear operator defined as follows.
DEFINITION 8. The Dirichlet-to-Neumann (DtN) operator exterior to €; C § for
(11) s
DtN; : d = —n] (aVv), s.t. Lv=0 in Q— 8y,
on 092 — 09,
=d on 0Q; — 09,

(28)

m
\ \
o

where n; is the unit outward normal vector of ;.

Remark 9. The DtN operator is an example of a Poincaré-Steklov operator re-
ferring to maps between different boundary data. According to [108, p. VI], this class
of operators was first studied by V. A. Steklov [156] and H. Poincaré [137]. They are
also related to the Calderon projectors; see, e.g., [134].

LEMMA 10. Assume that f and g in (11) vanish outside Q;. If (28) has a unique
solution v € HY(Q — Q;) for d € HY?2(9Q; — 0Q) and (11) has a unique solution
u € HY(Q), then (27) also has a unique solution u;j € H* (), and u; = ulq, .
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Proof. In Definition 8, we substitute u;|gq; aq for d and combine it with (27) to
find

£Uj:f in Qj, Ly=0 inQ—Qj,
(29) Buj=g on 0§; N 09, Buv=0  on 09Q — 09,
an(aVuj) = an(aVv) on 0§); — 012, v=wu; on 0Q; — K.

This coupled system for (u;, v) has at least one solution (u|q;, u|q—gq,). For uniqueness,
we set f:= 0 and g := 0 and show that u; = 0 if u; € H'(£;): similar to (16), we
test the PDE satisfied by u; and v separately with arbitrary w € V,

a;(uj, w)+b;(uj, w) = /()Q . an(onuj)w,
-
aj(v,w) + b;(v,w) = / —n;‘r(c)ch)"zI)7
99, —09

where the bilinear forms a; and b; correspond to a and b in (16) with the integration

domains restricted to €, and similarly for aj and b with the corresponding restriction

to Q — ;. Adding the two equations above and using the Neumann transmission
condition from (29), the integral terms cancel and we obtain

a;j(u;,w) + a;f(uw) +bj(uj,w) + bj(v,w) =0.

Now we need to recombine these bilinear forms into the entire forms defined on the
original function space on Q. Given u; € H'(Q;) and u;lan,—sa € H'Y2 we have
v e HY(Q — Q) by assumption. If we define @ := u; in Q; and @ := v in Q — Q;, we
know that @ € H'(£2) because u; = v on 9Q; — 9Q from (29). Hence, we have found
a4 € HY(Q) satisfying a(@,w) + b(@, w) = 0. By uniqueness of the solution of (11),
we then conclude that @ = 0. 0

The matrix analogue of the exact truncation is simply Gaussian elimination: if
we consider (19) with f nonzero only in f;, then we can rewrite (19) as

Ay A U 0

Aji~i A Ajge u;( £

(30) Ajoj( Aje Ajej) ue [ =| f
qje  Ap Ajy~ u;) f;)

i~y Aie L wge 0

To obtain the truncated model for u; only, we eliminate u~; and uj~ and find

S5 Ajge u;( fj(
(31) Ajoj( Aje Aj;j) we | = £ |,
Ajyje  S) u;) | f;)

¢ _ -1 ) _ -1
where S]< = Aj< — A]<’NJANJANJJ< and S]> = Aj> — AJ>JNAJ~AJN’]
Schur complements, which are usually dense matrices. Similar to Lemma 10, we have
the following lemma.

LEMMA 11. If in (30) the coefficient matriz and the diagonal blocks A~;, Aj~
are invertible, then (31) is uniquely solvable and its solution is part of the solution of
(30).

) are known as
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Remark 12. If j = 1, then there is no u;(, and similarly if j = J, then there is
no ujy, so the corresponding rows and columns in (30) and (31) should be deleted. In
this case, Lemma 11 still holds. From now on, we will treat j = 1 and j = J like the
other j’s and just assume that the nonexistent blocks are deleted.

Recalling the splitting A; = A;< + Aj<.<, we can interpret (31) as containing
generalized Robin boundary conditions similar to (25) by writing S;. (= A; (t Pj<< and
) A ) i
S’j> = Aj> + Pj, with

= A

(g
(32) Pl =A &

-1 )
i( o Aj<,~jA~jA~j7j<» P;

—1
) = Ajy i Aj A gy

Comparing (27) and (31), both for the exact truncation, we find Pj<< should be the
analogue of the Dirichlet-to-Neumann operator DtN; restricted to its input argument
onT'; ;1. We can also observe directly from (32) that Pj<< acts on Dirichlet data v
by —A~; ;¢ (negative sign for moving to the r.h.s.), solves for v~; in the exterior by
A:} and then evaluates the Neumann data by A;.<Vj< + Aj(~j Vs

Remark 13. PML is a popular technique to approximate the transparent bound-
ary condition, and it is appropriate to make a connection here between the practical
implementation of PML and our present discussion. The PML technique replaces the
original problem exterior to €2; by a modified one on another exterior domain ngz
surrounding 2; along the truncation boundary 0€}; — 0§2. A DtN operator for the
modified problem in Q?ml can be defined as'?

DtN?ml : (dl, dg) — 711?(5[V’U) on (Fj,j—ly Fj,j+1)7

s.t. Lv=0 in Q?ml,
(33) Bv=0 on 002 — 0Q,
v=d on Tjj-1 C (9Q™ N 0%y),
v = do on Fj7j+1 C (8Q§ml n an),
where £ := —VTaV — w? /K. Then an approximate transparent boundary condition

can be used in the case stated in Lemma 10 to obtain @; ~ u;:

L ﬁj = f in Qj,
(34) Bu;=g ondQ;NoQ,
n? (aViy) + DINY™i; =0 on 0Q; — 9.
To actually solve (34), as we did in the proof of Lemma 10, we substitute with (33)

= —  —pml
and compose a problem defined on €}, := ; U ng ,

where £ = £ in Q;, B=Bon 08); N 0N, and f, g are the zero extensions of f, g.

12Tn our setting, except for j = 1,J, szjml has two disconnected parts, one on the left side of
I';,j—1 and one on the right side of I'j j11. So DtNE™ s block diagonal in the sense that nf(dVv)
on I'; ;1 depends only on d1, and on I'; ;11 it depends only on d>.
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Remark 14. At the matrix level, the PML technique corresponds to replacing
(30) with

Ay Ay Unj 0
Aji~g A Ajge u;( ¢
(35) Ajoji Aje Ajepy we | =1 £ |,
Apje  Ap Apu~ || W £5)
Ajm gy Ajn 0 0

where the entries with tildes (except flj< and flj>) are typically of much smaller
dimension than the original ones. The Schur complemented system of (35), intended
to approximate (31), is

5j<'< Ajje u;( £
(36) Ajoj Aje Ag;j) e | = | £ |,
Ajyje  S) u;) f;)

& i i i-17 3 . i i i1}
where Sj< = Aj< — Aj<’j~Aj~Aj~’j< and Sj> = Aj> — Aj>,j~Aj~Aj~’j>. As before,
we see that Pj<< = SJ<.< - Aé( is the matrix version of the PML-DtN operator Dthml
restricted to its input argument on I'; ;_;. For implementation, one usually does not

solve (36) directly, but instead solves (35).

5.3. Green’s Function. So far we have prepared the reader for the new Helmholtz
solvers based only on the concepts of domain decomposition and transmission con-
ditions. However, there are also formulations of these new Helmholtz solvers based
on Green’s functions, which we introduce next. By definition, a fundamental solution
G(x,y) of the partial differential operator M is a solution of the PDE in a domain Y’
without consideration of boundary conditions,

MyG(x,y)=0(y —x) VxeXCY,

where M, is the operator M acting on the y variable and §(y — x) is the Dirac
delta function representing a point source and satisfying fY 0y — x)v(y) dy = v(x).
Let u be a solution of Lu = f in Y (see (11) without boundary condition), and
M= -V ("'V)— ‘*’72 Using integration by parts, we have formally for x € X —9Y

(37) u(x)= /Y G(xy)f(y)dy+ /d Ynz (aVu(y))G(xy)—ng (o' VyG(xy))u(y)do(y),

which is a representation formula for the solution, and the three summands are called
volume potential, single layer potential, and double layer potential; see [134]. A
justification of (37) involves existence, regularity, and singularity of the fundamental
solution and the solution, which can be found in the literature if «, s, f, and 0X are
bounded and smooth; see, e.g., [142, 147]. We note that the r.h.s. of (37) uses both
Neumann and Dirichlet traces of u, while a well-posed boundary condition usually
only tells us one of them or a generalized linear combination of them. For example,
let w =0 on Y. To obtain a usable representation, we can require G to also satisfy
G(x,y) =0 for yedY, x€ X. Then the single layer and the double layer potentials
in (37) vanish, and we obtain the simple representation formula

(33) u(x) = /Y Glx,y)f(y) dy.
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We call a fundamental solution satisfying a homogeneous boundary condition Green’s
function. However, the two terms are sometimes used in an exchangeable way.

Remark 15. If u satisfies an inhomogeneous boundary condition Bulgy = g, we
can lift (extend) the boundary data into Y, i.e., find a function v on Y such that
Bvlgy = g, and subtract it from wu so that the boundary condition becomes homoge-
neous for the new unknown @ := u — v. (We will see that this trick is useful also for
the implementation of the transmission condition in (24).) For the Green’s function
G, we impose B; G(x,y) = 0, where BT corresponds to B but with « replaced by ol

Remark 16. Another convention is to define the Green’s function G(x,y) through
LxG(x,y) = §(x—y) equipped with homogeneous boundary conditions as for . Then
(38) can be obtained by the superposition principle. Similarly, we may define H(x,y)
through £, H(x,y) = d(y — x). We then have H(y,x) = G(x,y). Furthermore, if
a=al, we have G(x,y) = G(y, x).

We now point out an analogy between (38) and the solution u = A~'f of (17).
For a particular value of x, u(x) in (38) corresponds to a particular (say, the mth)
entry of u, and G(x,y) then also corresponds to the mth row of A=, and the integral
in (38) becomes the inner product of the row of A~! with f. Similarly, for a particular
y, G(x,y) corresponds to a particular column of A=!. We now take a closer look at
the Schur complement S; ( in (31), which is essentially derived from the 2-by-2 block
matrix by Gaussian elimination,

R el D | Rl &
Aji~i Aj A~ A T Sj
Taking the inverse of both sides, we find
—1 —1
A~ Anjig | A~ ANZ’“ I~
= -1
Aji~i Aj Si —Aj~ AL I
Inj  —AZjA~ ¢ AZ; I~j o
— ( -1 —1 = -1 ’
I 85 A sy T S

where we omit the terms marked by *. Recalling the analogy between the matrix
-1
inverse and the Green’s function, we can identify S;. ( asa diagonal part of the

Green’s function G(x,y). Here, G satisfies for x,y € Qt?

MyG(Xa y) = 5(y - X) in Qt?7

BLG(x,y)=0 on 99N oL,
G(x,y)=0 on F;r’;il,

where Qi’-‘ is the domain covering the left part of 2 — Q. but with one grid layer
y g P j g y

-1
further into €;, and T'/”_| is the interface of " in ;. We see that S;. ( corresponds

to G(x,y) with x,y both restricted to I'; ;_1. This identification was first given in
[51, 52].
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6. Optimized Schwarz Methods. If we have u; = ulq;, j = 1,...,J, with u
the solution of (11), we must have consistency: (a) u; and u; matching'® on Q; N Qy,
and (b) the original equations are satisfied in neighborhoods of interfaces 9Q; N Q
for all j # 1, 4,0 € {1,...,J}. Conversely, if u;, j = 1,...,J, solves (11) restricted
to €, then (a) and (b) together imply u; = u|q,. For second-order elliptic PDEs
like (11), (b) is equivalent to saying the Neumann traces n” aVu;, n” aVu; match'
on 9Q; N for all j,1 € {1,...,J}. Hence, when {Qj}jzl are nonoverlapping, (a)
and (b) reduce to both Dirichlet and Neumann (or any other equivalent pair of)
traces to match on every interface. If the subdomains {€; }‘jI:1 overlap, (a) and (b)
as a whole can be further condensed as (a’) one transmission condition (matching
one of Dirichlet/Neumann/generalized Robin traces) on every interface, and (b’) the
transmission conditions ensure u; = u; on ﬁj NnQ, if u; and wu; both solve the original
equations restricted to overlaps. Therefore, no matter whether the decomposition
is overlapping or nonoverlapping, the original problem can be rewritten as a system
of subdomain problems coupled through transmission conditions on interfaces; cf.
[141].

Schwarz methods split the coupling between subdomains by taking the interface
data from the already available iterates and solving subdomain problems to obtain
the new iterate.!® Historically, the first Schwarz method was the alternating Schwarz
method introduced by Schwarz himself [151], where one subdomain is solved at a
time and then the newest data is passed on to the neighboring subdomains. This is
analogous to the Gauss—Seidel iteration in linear algebra. More than a century later,
Lions introduced the so-called parallel Schwarz method [118], where each subdomain
solves its local problem at the same time and data is only exchanged afterward. This
is analogous to the Jacobi iteration in linear algebra. In the alternating Schwarz
method in the presence of many subdomains, one also needs to specify an ordering,
and for the Helmholtz solvers we are interested in here with the decomposition into a
one-dimensional sequence of subdomains, the particular ordering of sweeping from the
first subdomain to the last one and then back, like in the symmetrized Gauss—Seidel
iteration in linear algebra, is important, and we call these “double sweep” methods.

One also has to decide upon which unknowns are used to write the iteration: one
can choose subdomain approximations (for the equivalent coupled system), global
approximations (for the original problem), interface data, and residuals. We explain
now in detail these formulations and their relations.

6.1. Subdomain Transmission Form of Schwarz Methods. In this formulation,
the iterates represent approximate solutions on the subdomains. The corresponding
double sweep optimized Schwarz method (DOSM) was first proposed in [129, 130].
Based on the decomposition defined in (18), we state the DOSM in Algorithm 1 at
the PDE level for (11) and in Algorithm 2 at the matrix level for (19). Note that the
transmission conditions on the interfaces can be changed in the process, e.g., from
the forward sweep to the backward sweep or from one iteration to the next. Note

13Usually, “match” means “coincide.” But there are exceptions; e.g., the original problem can
enforce a jump of the solution across a surface, or at the discrete level nonconforming discretization
is used in overlaps and interfaces.

14We assume all surface/line/point sources on the interface have been split and incorporated into
subdomain problems.

150ur description is also applicable to single-trace methods such as BDD, FETI, and FETI-H,
which are based on nonoverlapping decompositions and use the same data for neighboring subdomains
on each interface. In contrast, for Schwarz methods each subdomain is equipped with its own interface
data which is provided by (but not used by) the other subdomains.
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Algorithm 1. DOSM in the subdomain transmission form at the PDE level.

Given the last iterate {ug.n*l) inQ;, j=1,...

1,...,J—1,
l: ("72)7f
Bu(nii) g
3 n— n n—41
Q§- n; aVu 2) +73§u( —Q<- (n?avu<',12>>+73;u;712)
Q; nlava]" " 4—7’> (n 2)7Q> (n aVu(" 1))4—7’]) ;:1)
where Q and Q

s }, solve successively for j

in Qj,
on 092 N 09,

on I'jj-1,

on I'j 41,

{ are some possibly nonlocal operators on the interfaces I'; ;1

and F“_H, and n; is the unit outward normal vector of §2;. We call this process the

forward sweep.

Then the backward sweep consists in solving successively for j =
Lu(n) f
B u("> =g
Q§ (n avu(")) + Pju§"> = Q§- (n?avui _,_p( (n b
Q) (navul™) + Phul” = @) (nfavul?)) + Pguﬁ)l

Joo 1,

in Qj,
on 00 N 09y,

on ' 1,

on I'j jy1.

Algorithm 2. DOSM in the subdomain transmission form at the matrix level.

1)

Given the last iterate {ugn_ ,j=1,...,J}, solve successively for j =1,...,J — 1,
M of At ( ( (n=3)
QAP @idive 1.
Ajej( Aje Ajej) u{. :
L Q) Aie Q;>A>'> + P) u;
Q' (£, — A, u" 3) Q( N
G\l J—18Y5 1 U, q
= f s
) (n—1) XS (n—1)
L @5 (fj> —Ajisgt g+1H) ( — @54, ) Y]
which constitutes the forward sweep.
Then perform the backward sweep: solve successively for j = J, ..., 1,
[ H{ 4f ( ( u'™
QA t P QiAite (ﬁ)
7o e e o
I QjAinge @pdj + P u;)
Q' (£ — A, a2 4 (P< —ot A )uw—%)
¢\ ¢ 31851 i () T
= fj.
) (n) ) ) Al (n)
Qj) (fj> - Aj)j+1Huj+1H) + (Pj> - Qj>Ay>) )

It Q§.< =TI and Q;> = I, one can rewrite the subproblems as in (26).




26 MARTIN J. GANDER AND HUI ZHANG

also that in the double sweep, the subproblem on the last subdomain ; is solved
only once. If the transmission conditions on I'j o are the same in the forward and the
backward sweeps, we find the same problem on §2; is solved in the backward sweep of
the current iteration and in the forward sweep of the next iteration, so one can also
solve it only once.

For the parallel optimized Schwarz method (POSM), where all subdomains are
solved simultaneously and data is exchanged afterward, it was shown in [133] that if
optimal transmission conditions based on the DtN operators are used, then the algo-
rithm converges in a finite number of steps, equal to the number of subdomains, and
thus the iteration operator is nilpotent of degree equal to the number of subdomains.
We present now an optimal choice for the DOSM, where the operators Q; and 73; can
still be arbitrary, as long as the subdomain problems are well-posed.

THEOREM 17. If in the forward and the backward sweeps Q§ is the identity, ’Pj =

DtN; := DtNylr, ,_, is well-defined for j = 2,...,J as in Definition 8, and the
original problem in (11) and the subdomain problems in Algorithm 1 are uniquely
solvable, then Algorithm 1 converges in one double sweep for an arbitrary initial guess,

and ugl) = ulg,, j = 1,...,J, with u the solution of (11). This means that the

iteration operator of the DOSM is nilpotent of degree one.

Proof. We note that the subdomain problems in Algorithm 1 are satisfied by the

solution u. By linearity, it is thus sufficient to prove ugl) =0 when f =0 and g = 0.

1
We first consider u;Z), which satisfies the transmission condition

1 1 1 1
(40) nQTaVué2) + DtNéuéz) = n2Tonu§2) + DtNéuiQ) onI'y ;.

1 1
Since ,Cqu) =0in Q5 D Q~s and Bugz) =0 on (0QNON) D (02N N~s), from
I 1
Definition 8 we have DtNéugz) = —n2TaVu§2). Substituting this into (40) we obtain
1 1
nzTaVu;2) + DtNéu;Z) =0onTIy;.
Now assuming that

1 1
(41) nfaVug-z) + DtN§-u§-2) =0only; 1,

we will show that this also holds for j+ 1 instead of j. In fact, by the assumption that
DtN§ 41 is well-defined, we have a unique solution v~;1 of the problem

,CUNJ'_H =0 in Q~j+1,
B’U~j+1 =0 on 90N 8Q~j+1,
(3)
Vnjt1 = uj2 on ].—‘j+1’j.

By Lemma 10, we have from (41) that UE%) = VUnjy1 in 5 N Qn~jpr. Therefore,

-
~—

1 1
DtN;»HuE?) =-n] 0V~ = —nJT+1aVu§.2 on I'j41 ;. Substituting this into the
(3)

transmission condition for u;iy we find

T (3) (3
n; aVu;i, + DN uiy =0on Ty ;.
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By induction, (41) holds for all j =2,...,J — 1 and also j = J except that we write

1
uf,l) instead of ugz). By Lemma 10, and recalling that f = 0 and g = 0, we obtain

uf,l) = u|n, = 0. Now assuming that

(42) ul)) = 0in Quy,

we have to show that u; = 0 in ;. This follows directly from (42) and (41), which

imply that all the data in the problem for ugl) vanish, and from the assumption that
the subdomain problem is uniquely solvable. O

We also have the equivalent result of convergence in one step for the discrete case.

THEOREM 18. If in the forward and the backward sweeps Q§< =1, j<< = A; (—
Ajy, NjA:}ANj)ﬂ is well-defined for j = 2,...,J, and the original problem in (19)
and the subdomain problems in Algorithm 2 are uniquely solvable, then Algorithm 2
converges in one step and u;-l) = Rju with u the solution of (19). This means the
iteration matriz of the DOSM is nilpotent of degree one.

Proof. First, the subdomain problems are consistent, i.e., neglecting the iteration
numbers and substituting u; = R;u, we find the equations are satisfied by u. Hence,

by considering the errors, we only need to show that ugl) = 0if f = 0. In the problem

1
for ugz), the r.h.s. corresponding to I'; ; becomes

() — (¥ (1) B (1)
—Aagwyf’ — Aspg Ay Argacuyf = —Aaqg (ulﬁ — Aj Avgaquyf ) =0,

1 1 1
since u§2) satisfies AlHugﬁ) + A132<u§[2) = 0. In other words, we have for j = 2,

(43) st + 45507 =0,

J

Assuming (43) holds for one j in {2,...,J — 1}, we will show it will also hold for
j + 1 instead of j. In the theorem we are proving, we have assumed that A~;;q is

invertible, so we can introduce v~;i1 := [V~j; V;_1); V;g] as the solution of
Ay Anjion Ve 0
Aj_ip~g Ajorp Ajapgg Vi | = 0 .
Ajgi-1p  Ajg Vig —Ajggruyf

By Gaussian elimination, we have

Sj<‘—1[) Aj_1pjg

Vi-1p |
ViR

which is also satisfied by the restriction of uié) because of (43), f = 0, and Algo-

rithm 2. By Lemma 11, we have that v; ;) = ug.%) and v,y = ugﬁ). In Algorithm 2,

0
@ >
Ajgi-1p Ajp A~j+1vj+1<“j[2]
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()

the r.h.s. for u’ then becomes
J+1(

J+1G A58 JHLG 1A 1 AL+ (U
(3)
= —AjGRng T Ajri Vg
(3)
= = AR + AjrGVis
= —Ajrgang tAigpyg =0
Now we know that (43) holds for j = 2,...,J — 1 and j = J, except that we write
1
ugl) instead of u(f), and we see that the r.h.s. for uf,l) vanishes, so ugl) = 0. In the
1
backward sweep, the r.h.s. on I'; ;_; for u§1) is by Algorithm 2, as it is for u§2),
hence is zero by (43), and the r.h.s. on I'; 11 vanishes, given uﬁzl = (. By induction,
we thus conclude that ugl) =0,7=1,...,J. ]

and

Algorithms 1 and 2 use the subdomain approximations as iterates. If we want to
have a global approximation for the original problem as a final result, we can just glue
together subdomain approximations after stopping the iteration. This can be done
by setting u(™ := Z'j]:l Ej(qﬁjugn)) at the PDE level and u™ = Z'j]:l Rfqugn)
at the matrix level, where &; is the extension by zero from Q; to 2 and ¢; is a
weighting function and, correspondingly, ®; a diagonal matrix. For consistency,

(n)

when u;’ = ulo, with u the solution of the original problem, we want u™ =y,

or Z}]=1 Ei(gjula,;) = ijl(é'jqﬁj)u = u. To ensure this for arbitrary data of (11),
we must have Z}]=1 E;¢; = 1. At the matrix level, we must have Z'jjzl RJTq)jRj =1
In particular, for a nonoverlapping decomposition, we must have ¢; = 1 in Q;.

6.2. Global Deferred Correction Form of Schwarz Methods. If we want to use
global approximations as iterates, i.e., input the last iterate u(™ =1 to the DOSM and
get u(™ as output, we need to be very careful with the weighting functions introduced
in the last paragraph. This is because Algorithm 1 relies essentially on the interface

data, and when inputting ("~ instead of {ugnfl)}, we must ensure that the values

of {uén_l)} necessary for the evaluation of the interface data in Algorithm 1 can still

(n=1) We thus need a variant of Algorithm 1 that generates the iterate

u(™ without storing ug»n_l) (just storing u(®~1), and satisfying u(") = ijl €j¢jugn),
given that this relation holds for n = 0. The result of this algorithm should be
identical to the glued result from the iterates {ugn)} generated by Algorithm 1. The
equivalence of the new variant to Algorithm 1, and Algorithm 2 at the discrete level,
is important, because then Theorem 17, and Theorem 18 at the discrete level, will
also hold for the variant. We present the DOSM version with global approximations
as iterates in Algorithm 3 at the continuous level and in Algorithm 4 for the discrete
case. For the parallel form of the algorithms, i.e., the POSM, the situation is even
more delicate and has been studied at length in [48, 155]. For example, the well-
known preconditioner [46], called the additive Schwarz method (AS), is designed to
be symmetric but then loses any equivalence to the POSM. The AS also cannot be
used as a standalone iterative method, since it is not convergent; for a discussion,
see [48, 65].

Remark 19. Algorithms 3 and 4 require the weighting functions to take values
either 0 or 1, and to constitute a partition of unity. The resulting way of gluing sub-

be found in u
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Algorithm 3. DOSM in the global deferred correction form at the PDE level.

Given the last iterate u("~1 solve successively for j =1,...,J — 1,

_1 ji—1
Lo = f o LaTHEED in

ol
Bo" P =g on 90 N 99,
0! (nTavy" 2 (,(n—3) _ -
) njaij +73j1)j =0 onlj 1,
_1 _1
Q) nJTaVv](.n > *Pj‘va('n =0 on I'j i1,

with each solve followed by um e g (g Sj(¢jv§n_%)) with &9,
forTing a nonoverlapping partition of ur}ity of Q, i.e., ¢; =1 in its support contained
in Q;, (€5¢;)(&dr) =0for j #land 3 5_, E¢; =11in Q.

Then in the backward sweep solve successively for j = J,...,1,
2J—5—1
Lo\ =f—Lu"THTEE) iy,
Bv" =g on 99 N 9y,
o (nfave(™) + Pl =0 on T -1,
Y (T (n) ) oy(n)
Q: (nj aVu; ™) +Piv;” =0 onI'jy1,

2J

T 4 (00",

with each solve followed by u(TIHEED g (nm1

Algorithm 4. DOSM in the global deferred correction form at the matrix level.

Given the last iterate u(®=1 solve successively for j = 1,...,J — 1 (note that v;
changes with n),
(44)
(»¢ ( ( (
QjAj+Pic Qi Ajge Vi @j¢ (et 2L
Ajcj( >Aj- > A>j.j) ) Vie | = I]-), R; (f — Au'" 3J—1 ) ,
Qi Apje Qpdy + Vi) Qj)

with each solve followed by
(45) w1 ) u( D 4 RTGy;

with the following constraints: ®; is a diagonal matrix with its diagonal contain-
ing ones on ©; UI'j41 ; and zeros on I'j ;_1, (Rjréj)Rj(RlTCI)l) =0as j # [, and
> RI®R; =1 .

Then solve successively for j = J,..., 1,
(4« ( ( (
QJ'<AJ'(+Pj< Qj<Aj<j' Vi Qi( 14 2d=i—1
Ajej( Aje Ajej) Vie | = | Lis | R; (f — A" ) ;
) )
Q) Anse QAL+ P | [ vy Q)

with each solve followed by e (e 4 RI®;v;. This time the
diagonal matrix ®; has as its diagonal values ones on ©,;UI';_; ; and zeros on I'; 11,
and the last two constraints are the same as before.
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domain approximations into a global approximation was introduced in [18] under the
name restricted additive Schwarz method (RAS), and this made the method equivalent
to the underlying parallel Schwarz method, but at the price of sacrificing symmetry.
The restricted weighting never adds two subdomain approximations at the same lo-
cation so that the current subdomain approximation can be subtracted and updated
through a correction. One can then use a global deferred correction at every substep.
One could also evaluate the global residual at the beginning of the nth iteration and
do the gluing and the global correction at the end of the nth iteration, while carrying
out the intermediate substeps in the subdomain transmission form or a local deferred
correction form (see subsection 8.1). Then, weighting functions from the backward
sweep of Algorithm 4 without the restricted constraint (R] ®;)R;(R] ®;) = 0 could
be used for gluing the global correction.

Remark 20. Algorithm 3 (Algorithm 4) uses a restricted extension &;¢; (R} ®;)
of the local approximations, but a full restriction -|o, (R;) of the global residuals.
A variant of each algorithm can be obtained by using a restricted restriction -|q;¢;
(®,R;) of the global residuals but a full extension &; (R]T) of the local approximations.
For example, in Algorithm 4, ®; could be moved from the right of RJT in (45) to the
left of R; in (44). This idea was first introduced in [18] to transform RAS into
the additive Schwarz method with harmonic extension (ASH), and later adopted and
studied in [113] for optimized Schwarz methods with overlap. In [113], a close relation
was proved between the iterates of the optimized ASH and the POSM. Moreover, the
harmonic extension variant of Algorithms 3 and 4 can be shown to converge in one
step under the assumptions of Theorems 17 and 18. When the coefficient matrices
of the original problem and the subproblems are complex symmetric (i.e., AT = A),
then the RAS and the ASH lead to preconditioned systems that are the transpose of
each other, and hence they have the same spectra.

THEOREM 21. Suppose the subproblems in Algorithm 3 are well-posed. For an
overlapping decomposition, if ¢; of Algorithm 3 also satisfies nj aVe¢; =0 on Tjiy j,
j=1,...,J, then Algorithm 3 is equivalent to Algorithm 1. That is, given u(®) =

ijl é}(quug-o)), the iterates generated by the two algorithms satisfy for all n that
u™ = 37, &™),
Proof. Suppose u(9) = Z‘j]:l Ej(d)jugo)) and the sequence u® is generated by

()

i1 . J
w1+ 3=T) = Z{;ll €l(¢luln_%)) + Z}I:j Sl(qﬁlul(n_l)), we will show that the same

i— 1
relation also holds for j 4+ 1 instead of j. First, we have w1 u(ﬁl?) on

I'jj—1 because ¢;_1 = 1 in ©;_1 and ¢; is compactly supported in €2;. Second, we

Algorithm 3, and the sequence u; ’ is generated by Algorithm 1. Assuming that

have n]Tonu("_H%) = anaVuy:%) on I'; ;1 because ¢;_1 = 1in ©;_1, ¢; is
compactly supported in €, ¢;_; is smooth, and n}“quSjA =0onl;;_;. Combining
the two traces, we have that the transmission condition on I'; ;_; in Algorithm 1 is
equivalent to

J J

Qé (anonu(nfé)) + Pj{u§n7%) = 9! (n]TaVu("_H%U + P]{u("_l"’;?;—ll).

By the same argument, the other transmission condition in the forward sweep can
. . _ j—1 . - _1 _ j—1
also be rewritten using v~ '*37=1), We introduce 0y = uin 2) _yn 1+2J*1)‘Qj and

we find from Algorithm 1 that 9; solves the forward sweeping problem of Algorithm 3.
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(n—%) _ ~ _  (n—3%)
Hence, v =0 = Uy

our assumptions, we obtain

— u("_1+2];1111)\gj. By this equation, Algorithm 3, and

1

u(m I arET) = (=) +&j(opjv nii))
= (1—&¢;)u (n—1+55714) + 5j(¢jujn7%))

J
_ZS¢S Z‘Sl ¢lu(n 2 +Z€z(¢zul(n71)) +5j(¢ju§"_§))

S;ﬁj
= Z&(d’lul( ) Z & ¢zu(n .
=1 I=j+1
By induction, we know this holds for all j =1,...,J — 1. Similarly, we can prove for

the backward sweep
) Jj— J
’U,(n_H_%) = ZE[((blul(n_%)) + Zgl((blul(n)) forall j=J,...,1.

In particular, u(®) = Zlle Sl(qblul(n)), and the result follows by induction. 0

Remark 22. The assumption that n?aV% = 0 on I'j41,; was first introduced
in [28]. We think this assumption can be removed from Theorem 21. In the matrix
version (see Theorem 23) we find no counterpart of this assumption. For the same rea-
son, we think that Theorem 21 also holds for nonoverlapping decompositions. There
are, however, some difficulties for the justification at the PDE level: as noted in [157],
“u(*) is generally discontinuous at the interface I'; j—1, which results in a most sin-
gular residual, and the restriction of the residual to the subdomain €2; is not well
defined.”

THEOREM 23. If the subproblems in Algorithm 4 are well-posed, Algorithm 4 is
equivalent to Algorithm 2. That is, gwen ul® = E 1 RT‘I) u(O

ated by the two algorithms satisfy u(™ = lel RlT<I>l l") for all n.

the iterates gener-

Proof. Suppose ul® = ijl RJ»TCI)juEO) and the iterates u® are generated by
Algorithm 4, and the iterates uj, j =1,...,.J, by Algorithm 2. Assuming that

o j—1 . J
(46) a1 — ZRlT(I)lul(nfg) n ZRzT‘I)lul(nfl),
=1 =5

we will show that the same relation also holds for j + 1 instead of j. By (46) and the
constraints on ®;, we have

Rj<u(n71+%) _ ll;-n_l[%)v Rj—lHu(n 1+2J 1) e u§”—1H )7
. ne1 n— J— n—1
R >u( 1+2J 1) _u§+1])7 RJ+1Hu( 1+2J—1) _u;+1H)

1
Substituting these into the forward sweep problem in Algorithm 2, we find u;" *
_1

R; u("1+37=1) golves the forward sweep problem of Algorithm 4, i.e., v; = u,

Rju(” 3=, Substituting this into the update relation of Algorithm 4 and using
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the constraints on ®;, we obtain
) = (1= BT Ry)u" D) 4 BT @)
j—1
=Y RI®.R, ]Z RZT<I>lul(”*%) + i RIou" Y | + RJ,Tcpjug,"*%)
s#jJ =1 1=j

J . J
=Y Rfem" ) + Y Rl ou(".
=1 I=j+1

By induction, we know this holds for all j = 1,...,J — 1. Similarly, the backward
sweep gives

. j—1 1 J
a M = N RT3 R o™ W=t
=1 l=j

In particular, we have u(™® = Zlle RlTélul("), and the result follows by induction. O

Remark 24. The DOSM can be used also as a preconditioner for the original prob-
lem. The DOSM preconditioner as a linear operator acts on a given r.h.s. and outputs
an approximate solution by one or multiple steps of the DOSM iteration with zero ini-
tial guess. As we showed above, choosing an appropriate gluing scheme is very impor-
tant for the preconditioned Richardson iteration u = u=" 4+ M~1(f — Aul~Y) to
be equivalent to the DOSM in the subdomain transmission form. If we use the precon-
ditioner with a Krylov method, e.g., GMRES, the convergence cannot be slower than
the Richardson iteration. Hence, the equivalence tells us that if the optimal DOSM
from Theorem 18 is used as a preconditioner for a Krylov method, the latter also con-
verges in one step. This is not the case for the gluing scheme of the AS, which uses for
the weights all ones on each subdomain. Another advantage of using the DOSM as
a preconditioner is that even if one uses inexact subdomain solves, i.e., Mt~ M1,
the global consistency is retained, i.e., the converged iterate is always the solution of
the original problem, while the plain DOSM iterates have a consistency error.

Remark 25. From the subdomain transmission form (Algorithm 1 or 2) to the
deferred correction form (Algorithm 3 or Algorithm 4), we see that the interface
conditions become homogeneous and the evaluation of the r.h.s. becomes unrelated to
the transmission operators P, Q or P, (). This can be an advantage when the action of
those operators is expensive. For example, the PML technique (see Remark 13) leads
to the choice Q@ =T, P = DtN?ml on I'j j11. In this case, the action of P involves
solving a problem in Q2™ which one might want to avoid. In the deferred correction
form, the action of P is not required for the evaluation of the r.h.s., but P still appears
as acting on the unknown function in the interface condition

nJTaij + DtN?mlvj =0 onTy i,

where we have omitted the superscripts for simplicity. For the implementation, one
usually unfolds the PML-DtN operator and composes a bigger problem defined in
Q; UQﬁ’mz, as explained in Remark 13. The first use of PML in a Schwarz method is due
to Toselli (see [163]), who seemed to use the full extension including the PML regions
for updating the global iterates, so that his algorithm deviates from the optimized
Schwarz method and may be interpreted as an overlapping Schwarz method with the
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PML equations used in the overlap. This resembles in the overlap the shifted-Laplace
based Schwarz method recently proposed and studied in [90].

Remark 26. There are many other ways of implementing the PML transmission
conditions. One was proposed in [148, 149]. First, we rewrite the condition as

T ] pml . _ T . .
n; aVu; + DtNY (uj —uj—1) =njaVuj_; onTy; i

Then, we unfold DtN?ml and compose a coupled problem in Q; U Q?ml as follows:

Luj=f in €,
Buj =g on 0€2; N 012,
nl aVu; —nfaVo=n]aVu;_; on dQ; — 09,
Lv=0 in Q7™
Bv=0 on 9™ — 0y,
V— U = —Ujq on 6Q§ml — 00N.

A straightforward discretization requires two sets of d.o.f. on the interfaces I'; j11,
one for u; and the other for v. In this way, we need only to solve one coupled problem
in Q; U Q?ml and we avoid solving an extra problem in Q¥™ . We can further remove
the Dirichlet jump from the coupled problem by extending (lifting) w;_; from the

interfaces into ngz. Let the extended function be ﬂ;ﬂnl. We change the unknown in

the PML to v :=v + ﬂg’i"lnl so that the coupled problem for (u;,?) enforces no jump
of Dirichlet traces across the interfaces.

6.3. Substructured Form of Schwarz Methods. The substructured form of the
optimized Schwarz method consists in taking interface data as iterates (unknowns).'6
These iterates are substantially smaller than the volume iterates and thus can save
memory and flops for Krylov subspace methods. This form was first introduced in
[132] for one-way domain decompositions like in Figure 2. In particular, for Helmholtz
problems, it was used in [30, 76]. Later, the substructured form was generalized to
the case of domain decompositions with cross points (points shared by three or more
subdomains); see, e.g., [12, 62, 73, 81, 124] for various approaches (some are called
FETI-2LM). Here, we consider only the sequential one-way domain decomposition
from Figure 2. The substructured form of the DOSM is given in Algorithm 5 at the
PDE level and in Algorithm 6 at the matrix level. Theorems 27 and 28 give the
equivalence of the substructured formulations to the formulations with subdomain
iterates. Their proofs are simple and we thus omit them here.

THEOREM 27. Algorithm 5 is equivalent to Algorithm 1. That is, given )\5.?) =

(anaVug-O)) + ’P;-ug-o), the iterates generated by the two algorithms satisfy )\%l) =
(o) + Pl

9

9
THEOREM 28. Algorithm 6 is equivalent to Algorithm 2. That is, given /\5.(;) =

(Q;.>A§.> —|—P}>)u§€) +Q;)Aj>j.u§(z) —Q;>fj>,>, the iterates generated by the two algorithms

satisfy X)) = (Q) Ay + Phull’ + Q) Ajjeuil) — Q).

mact subdomain solvers are used, the glued global approximation has compact residual for

the original problem near interfaces. Making use of this property leads to yet another substructured
form; see Algorithm 12 in subsection 8.2.
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Algorithm 5. DOSM in the substructured form at the PDE level.

Given the last iterate )\gn_l) = {/\ET;_I) onljit1, j=1,...,J— 1}7 solve succes-
sively for j =1,...,J — 1,

L ("7%)_ : .
u; =f in Qj,
n_1
Bu{""? =g on 90N AL,
of (T (n—3%) (, (=3 _ ()
5\ nj aVu, + Pjuy = )\j< onl 1,
ol nol _
Qi n;fOéVu; 2> + 'P;’u; 2) = )\;;L D on Fj,j+1,

with each solve followed by A, Q{,; (0T, aVul" ") + P, uf"" %)

Then solve successively for j = J,..., 1,

Lul” =f in Q;,

Bug.n) =g on 9Q N 9Q,
Q§ anonu§-") + P]{u§’b) = /\;?) on Ty, 1,
Q; anaVuyL) + 733. u;") = /\57;) on I'j 41,

with each solve followed by )\yi)l) — Q;A (an_laVu§-n)) + P;71u§n).
We obtain /\gn) — {/\J(.?) onlj41, 5=1,...,J - 1}.

To explain how to use Krylov acceleration for the substructured formulations,
we denote /\En) = {)\g?), j = 2,...,J}. The forward and backward sweeps of
Algorithm 5 define a linear forward map F and a backward map JFy such that

)\E") = .7-"<()\§n_1), f,g) and )\gn) = .}")()\En)7 f»g). The corresponding fixed point equa-

tion Ay = F,(F((Ny, f,9), f,g) can be rewritten as a linear system
(I - f>(f<(,0,0),0,0)) )‘> = ‘/_'.)(]:((Omfag)a fag)a

which can now be solved by polynomial methods, e.g., Chebyshev iterations and/or
Krylov methods.

Remark 29. If we look at each solve and the following update, we have a linear

map Fj;q( such that )‘;Z)l( = j+1<()\§.?),)\§7;_1),f, g) and F;_yy such that )\;TL)U =
fj_1>()\§.7<1), )\§7;)7 f,g). Considering the converged solution (i.e., removing the super-
scripts), we find the linear system

o b 1T Ao oo
—0ay 1 *bg A3( 93¢
—ay 1 —b, A 9.

—b; 1 —af Ay [T ey |

A
—b; 1 2) 92)
_a‘J]F72 : :
L —b5_, P I VAT | 971 |
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Algorithm 6. DOSM in the substructured form at the matrix level.

Given the last iterate A(" D= {)\(" Dii=1,. - 1}, solve successively for j =
1., J—1,
( (n=3) CES Al
Q]( 3 +P QJ'<Aj<j' el 1 QJ(fJ<
Ajei( Aje Ajej) 11;7:75) = Jje s
)AL Y ) (n—1%) ) (n 1
QjyAiie  @5Aj + I u,? Q)5 + A

with each solve followed by

1

(n) ( ) (n—3) ( ( ) (n—3)
>‘g+1 = Qj+1( (fj+1< - Aj+1(jHujH ’ ) + (Pj+1< - Qj+1(Aj+1<) Wy e

Note that it does not matter which splits f; = fj>.< + fj<< and f;) = f;> + f;> are used,
the only difference will be the definition of the interface data. For example, one can
use the simple splits f; (= 0 and fj% =0.

Then solve successively for j = J,..., 1,
QAL+ P QA uly QS £ + Al
VISR IS 3¢ g(“rilie {72) 3¢ J<
jei( >Aa‘- : A)j-j> > we | = . f- S
QjyAige @55 + 5 ;) Qj> T A
with each solve followed by
(") _ (n) ) N ( (n)
A Q) ( Ajnpuy ) + (ijw Qj_1yA;- >> u;”
: (n) _ (n)
We obtain A)" = {AJ> ,i=1,. - 1}.
where 1’s are the identity operators, a; := i+2((+,0,0,0), by = 5+1¢(0,-,0,0),
= F;(0,-,0,0), b := F;)(-,0,0,0), and g, = F.(0,0, f,g). If we regard the

above system as a 2-by- 2 block bystem, the block Gauss—Seidel method (see Remark 39
for block Jacobi) leads to Algorithm 5 with each block solved exactly by forward or
backward substitution. The operators a; and b; can also be represented using Green’s
functions based on (37), which we will see in more detail in section 8.

7. AILU and Sweeping Preconditioners. We now explain the AILU and sweep-

ing preconditioners. To do so, we denote in (19) u; := wyg, f1 := fig, D1 := Ay,
Ly := [Ayp1g; 0], Ur = [Aggyy, 0], and, for j > 2, u; := [u;_qp;uggl, f5 = [§_1p; £5]
Ai_ A1, 0 A, 0 0
D: — J=1D J 1013}7 L-:[ JD]H:|’ U-:{ ]
! Ajgi-1p Asg ’ 0 0 ! Ajgip O

With this notation, (19) becomes (2). Then, based on the factorization given in
(3), we can solve (5) and (6) by forward and backward substitution, which leads to
Algorithm 7.

THEOREM 30. If T, j = 1,...,J, are invertible, then Algorithm 7 is equivalent

to Algorithm 2 with a nonoverlapping decomposition, zero initial guess, and Q§.< = I,
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Algorithm 7. Block LU solve for the block tridiagonal system in (2).

Compute T;’s according to (4).
Forward sweep: solve successively the subproblems

Tiv1 =1,
Tjo;=f; — Lj—105-1, j=2,...,J.

Backward sweep: let u; < v;; solve successively the subproblems

Tjuj :ijj—U]‘uj+1, j=J—-1,...,1.

Pj<< = Az.( — Aj<,~jA:;ANj’j<, Q% =0, P;> = Ijy. That is, the iterates generated by

(3, , ~ @@
i ugg ] and ;= [ulsupg].

Proof. We first show that the T)’s defined by (4) satisfy for j > 2,

the two algorithms satisfy v; = [u

(47) T;=D; — L; 1AZiU; 4,

where L, := Ly, U; = Uy, [~/j_1 :=[0,L;_1], and ﬁj_l :=[0;U;_q] for j > 3. The
case of j = 2 follows directly by definition. Assuming (47) holds for one j, we now
show that it also holds for j 4 1 instead of j. First, by Gaussian elimination we have
from (47) that

~ -1
A_1‘+1 = { A~ Uia ] = [ * *_1 ]
! Lj-v D * T
where * represents terms not interesting to us. Therefore,

Dja LJA~j+1UJ =Djpn [ 0 L; ] [ " ijl } [ U; } =Tjs1,

which is (47) with j replaced by j + 1. By induction, (47) holds for all j > 2. Note
that we are considering a nonoverlapping decomposition so we can write

. A . A o
Lj1= [ o } v Upa=[Avy 0], Dj= [ Aji;‘( j;j } ~
Substituting the above equations into (47), we obtain for j > 2,

Aji = Aj AT AviiC Ajte } _
Ajej( Aje

(45) 7|

Let the initial guess of Algorithm 2 be uéo) =0,75=1,...,J. Substituting this
and the specified matrices P and @ into Algorithm 2, we find

1

ug.i) flo
1 =

ugf) 0

By definition, we know 71 = D1 = A;g = Ay, and f; = fi,. Hence, from (49), we have

Ale Alol}

(49)
0 I

1
T1u§f) = f1, which is satisfied also by v; of Algorithm 7. Since T3 is invertible and
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1 1
from the fact that the decomposition is nonoverlapping, we have vy = ugi) = ugﬁ).

(3) _

From (49) and again using the fact that the decomposition is nonoverlapping, we have
(
w,i =y

1
)2) = 0. Now assume that!”

(50) bj_1 = [uf_)u; ul?)

with v;_; obtained by Algorithm 7 and ug%_)l obtained by Algorithm 2. In the next
substep of Algorithm 2, we substitute the specified matrices P and @, and the second
equation of (50), to find

-1 (3) €2
Aj¢ = Aj(nj A Ang i Ajie| O u,{ £i¢ = Aj-189;7 5y
0 o | 1 u'?) 0

By (48), we know that the upper-left 2-by-2 block matrix in (51) equals T;. From
the first equation of (50), we see that the first two rows of the r.h.s. of (51) equal
fo — Ly1v1. Given that T} is invertible and that the decomposition is nonoverlapping,
we have from (51) and Algorithm 7 that

)

Nl

=0.

3. (%) (
(52) v; = [uj<2 Jug } ;ouy

Thus, by induction, (52) holds for all j =1,...,J — 1 and

uy=>uvy; = {uf]1<), u(JlH):| .
In Algorithm 7 we substitute T;b; from the forward sweep into the backward sweep
and obtain the equivalent backward solve

Tju; =F; — Lj—19j-1 — Ujtjt1.

First, we note that the coefficient matrix T is the same as in the forward solve. Sec-
ond, compared to the forward solve, the present r.h.s. has an extra term —Uju 4
which corresponds to using the new Dirichlet data taken from the neighboring sub-
domain on the right. So Algorithm 7 and the specified case of Algorithm 2 remain
equivalent in their backward solves, and we have for j = .J,...,1'®

1 1
U = [“§<);“§'H)] :

Thus, the equivalence of the two algorithms is proved. ]

Based on Theorem 30, the PDE analogue of Algorithm 7 can be stated as Al-
gorithm 1 with a nonoverlapping decomposition, zero initial guess, and Q]<. (= 7z,
’P]<.< = DtN§7 Q;.> =0, P;.) = 7. Next, we revisit the AILU and the sweeping precon-
ditioners. Based on Theorem 30, it is straightforward to get the following corollaries.

17"When j = 2, we need to remove the nonexistent block.
18When j = 1, we need to remove the nonexistent block.
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& & D 4 N

—- - Q- ----- P - - ®----- P - & ----- Y ----9---

- Q------ B Y- - - - - p------- Q@----- o----P----

B S Q------ p------ Q- ---- - Q----- o ----P----
< < < /7 A\ < <

Lo Ty

Fig. 3 Nonowverlapping domain decomposition with empty interior, o € I'y 4.

COROLLARY 31. The AILU preconditioner in [78] is equivalent to one step of the
DOSM with a nonoverlapping decomposition such that the subdomain interiors are
empty (i.e., ©; = 0; see Figure 3), zero initial guess, and second-order absorbing
transmission conditions on the left interfaces and Dirichlet transmission conditions
on the right interfaces of subdomains.

COROLLARY 32. The sweeping preconditioners in [51, 52] are equivalent to one
step of the DOSM with a nonoverlapping decomposition such that the subdomain inte-
riors are empty (i.e., ©; = (; see Figure 3), zero initial guess, and PML or H-matriz
transmission conditions on the left interfaces and Dirichlet transmission conditions
on the right interfaces of subdomains.

Here we finish our discussions of the algorithms. First we point out an analogy
between the LU factorization of the matrix from the discretization of 9., + 9y + k?
and the formal analytic factorization of the differential operator,

(53) Opw + Oyy + k2 = (0, — i1/ 0yy + k2) (0 +11/0yy + k2).

This analogy was first drawn in [77]. The factorization in (53) represents a refor-
mulation of the two-way wave (Helmholtz) equation as two one-way wave equations.
Hence, the original boundary value problem (BVP) given by the Helmholtz equation
(11) can be solved in terms of certain initial value problems (IVPs) of the one-way
wave equations. The forward substitution of the lower triangular system and the back-
ward solution of the upper triangular system at the matrix level are related to solving
these IVPs. Such analytic factorizations have been studied by many researchers; see,
e.g., [100, 125]. Next, we give a derivation of the factorization based on a family of
DtN operators and explain its relation to Algorithm 1. We will do so for the more
general case with curved domains and curved interfaces.
We assume that the domain €2 can be described by the curvilinear coordinates,

Q:{XERd ‘ X:(xl);i:hxl:xl(glw"afd)afle(avb)CRv (§2v~~'7§d)€YCRd_1}7

with (%) nonsingular and x; sufficiently smooth in §. We may view (2 as a topological
cylinder with the axial variable &;. For s € [a, b], we denote

Q= {XGQ ‘ Zy :xl(é-lv"'agd)vgl S (a,8)7(§2,...,fd) EY}v
I ={xeQz=a(s&,....8), (L,....,&) €Y}.
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Let d = 2 for simplicity. In the curvilinear coordinates, the operator £ of (11) becomes

o 6&1 0 662 0 661 0 652 0 w2
ﬁv__ (31‘18§1+3$16§2> (ﬁlﬁfl B28§2> (61‘2851—’_8%2862) <ﬂ18€1+626§2> ?’U,

; d . : : : . .
where 3/ = Y0 _ ad, 835’ and (af) is the coefficient matrix o in Cartesian coordi-

nates. We assume that £ can be rewritten in the form

0 ov
Lo =13 {85 (%851 +’Y2 96, +'YO'U> - ﬁw} ;

with v; = 7v;(61,62), j = 1,2, 3, 3 and y; nowhere zero, and Lo a partial differential
operator w.r.t. & only. This assumption can be verified if 31, 57 are sufficiently
smooth or if & = 11, & = z2 and oF is sufficiently smooth. We define the operator-
valued function P(s) for s € [a,b] as the s-dependent generalized DtN operator (we
assume the problem below is well-posed):

ov .
P(s): d— (’yla§ +’}/26§ —|—'yOv> Ips, s.t. Lu=0 in Q°,
Bv=0 on 09° N 0N,
v=d on I'*.

Let us consider how P(s) changes with s. Let v be the solution in the definition of
P(s). We have for As <0,

n %(8’52) +72§%(87£2)+70’U(87£2) = ,P(S)'U(S’gQ), 52 EK

(5+A8,62) +72 0 (54 As,E2) +700(s+A8,62) = P(s+As)u(s+As,6), E2€Y.

’7185 o6,

Subtracting the two equations and dividing by As, we get

1/As - {(71010 4+ 72020 + Yv) (s + As, &) — (71010 + Y2020 + ov) (8, &2)}
=1/As-{P(s+ As) — P(s)}v(s + As, &) + P(s){v(s + As, &) — v(s, &)}/ As.

We assume that the difference quotients above converge as As — 0, and we find

(54) a( & e +%U) (5,62) = P'()u(s, &) + Pls) e (s,€2).

o6, \"'og, " *og, o€,

Using Lv = 0 and 3 # 0, we find that L£o(s,&2)v(s, &) is equal to the Lh.s. of (54)
and thus to the r.h.s. too. We further replace g—g’l(s, &) with the definition of P(s) to
obtain

La(s,)o(s, ) = P'(s)o(s,) + P(s) {71 (5,7) (P(s) = 72(s, )02 — 70(s, ) v(s, )} -

Removing v(s, ) from the above equation, we obtain the differential Riccati equation

(55) () {71 " (5,7) (=P(s) +72(s,)02 + 70(s, ) } + La(s, ).

As mentioned in [102], (55) can also be obtained from (4) when the width of the
subdomain is equal to the mesh size and goes to zero. The initial value P(a) for (55)
can be obtained from the boundary condition Bv = 0 on I'® if the condition is not of
Dirichlet type (we assume this in the following derivation; otherwise, we should not
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use the DtN operator but the NtD operator for P). In particular, if a = —oco and
there exists a’ € R such that the problem in the definition of P(s) is independent of
s < d’, then by letting P’(s) = 0 we obtain from the differential Riccati equation the
algebraic Riccati equation

$) {97 (5, ) (=P (5) + 725, )2 + Y0(s,))} + La(s,) =0 Vs < d'.

The solution of the algebraic Riccati equation at s = a’ gives us an initial value
P(a’) for the differential Riccati equation. In what follows, we assume P has been
precomputed on [a, b].

We introduce w := (71% +'ygg—§“2 +’you) —Pu with u the solution of (11). Again,
by the definition of P, the initial value w(a,-) can be acquired from Bu = g on I'*.
For example, if B = :Vla%l + Y2 agz + 90 and v is from the definition of P(a), i.e

v(a,-) = u(a,-), we have B(u —v) =% (g v — g on I'® and
O(u— O(u— I —
wia,) =1 20 22D 0 +anfu o)) =n G ) =i

We calculate the partial derivative of w,

ow a< auﬂzauﬂou)ﬂup@u

o6 og \Mag T ?og, o€,
o
:73 f+£2U7ZP/U*’P87;
—1 au
=75 [+ P{y (Pu—v200u — you)} — 7’(%
(56) =73 f = Py ' w},

where we have successively used the PDE satisfied by w, the differential Riccati equa-
tion of P, and the definition of w. Thus, we have obtained an IVP for w which is the
analogue of the “L” system of the LU factorization. The analytic analogue of the “U”
system from which to recover w is simply the definition of w,

ou ou
MNas =W —Y2573

&1 &
The initial value for this system is set on I'* and can be sought again from the boundary

condition Bu = g and the one-way wave equation itself at £, = b. We thus have as
the analytic analogue of the LU factorization

0 0 0 0
%(7185 +728§2+70)—£2=(85 +P{ " }> (718g +72 s +70—7)),

which can be verified for an arbitrary function v(£;,&2) as follows:
0 0
(5 +P0) (g ”265 “n=P)s

0
(85 +P{n }> (’718g +72 96, +70U—73v>

0 0 ov 0
=8€1<“/16£}1+72 9, +70v> 651(PU)+P¥ +P{n! (728€ + v — Po)}

(2
96, ’Ylag 7285

(57) — You + Pu.

+ fyofu> — Lov,
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where to obtain the last identity we substituted the differential Riccati equation (55).
Note that all of the derivation above needs to be justified in appropriate function
spaces, for which we refer to, e.g., [102].

Solving the IVP in (56) is not the only way to get w. We can also solve the original
problem (11) restricted to Q%' (s; < b) complemented with an arbitrary boundary
condition on I'** that guarantees well-posedness, which results in %. From the proof
of Theorem 17, we have w = (718% + 72% + 'yoﬂ) — Pt on Tt for all t € (a,s1].
Supposing w is known in Q%! to obtain w in Q%2 — Q% for s; > s1, we only have
to solve the original problem restricted to €2°2 — %1, where 4 satisfies the boundary
condition (’yl g—g + 2 g—g —l—’yoﬂ) —Pu = won I'** and an arbitrary boundary condition
for well-posedness on I'*2; then, we have w = (718% + ’72% + 'yoﬂ) — Pi on Tt for
all t € (a, s2]. This process continues forward until I'> whereupon w is obtained in Q.
Then we solve (11) restricted to Q° — Q%/-1 for u with w providing interface data on
I's7-1. To find u further backward in Q°/-1 — Q%/-2 we again use w as interface data
on I'*7-2_ while an arbitrary boundary condition on I'*/-1, as long as the resulting
problem is well-posed, can be extracted from already-known u in QY — Q%/-1. This
process continues backward until I'*. The forward plus backward processes constitute
exactly Algorithm 1. In other words, we may view Algorithm 1 as a way of solving
the IVPs for w and u in (56) and (57).

8. Methods Motivated by Physics. We now present several algorithms moti-
vated by various intuitions from physics and developed using Green’s function tech-
niques. We start with the special case considered in section 5, where the source term
vanished outside a subdomain €2, in which we showed how to truncate the original
problem to €); to avoid discretizing the big domain €2. To be able to use this as a
building block for a more general solver, we need two further ingredients: first, since
we are now not only interested in the near-field solution u in £2;, but also the far-field
u in €2 — ), we need to be able to map the near-field waves to the far-field. This is a
classical engineering problem; see, e.g., [162, pp. 329-352]. Second, we may also have
sources outside €2; which stimulate waves that come into ;. The question is then
how to incorporate the influence of these exterior sources on the local solution on the
subdomain £2;.

In the rest of this section we assume that g = 0 in (11) to simplify our presentation.
From the solution formula in (38), namely,

u(x) = /Q G(x,y)(y) dy,

we see that if we restrict to x,y € €;, then the corresponding diagonal part of
G(x,y) can be well approximated by a good truncation of the corresponding BVP to
;. The second point raised in the last paragraph actually asks how to approximate
the off-diagonal parts of G(x,y) when x,y are in different subdomains. This is a core
problem studied in H-matrix and similar techniques (see the references mentioned in
section 4), but a direct approximation of the off-diagonal parts of the Green’s function
is difficult for waves traveling long-distance in heterogeneous media. As an alternative,
one can first solve for the diagonal parts, i.e., the near-field waves stimulated by the
sources within each subdomain, and then propagate the waves gradually subdomain
by subdomain from near to far. This is possible because of the so-called equivalence
theorem in engineering, which states that if we enclose a source by a surface, referred
to as a Huygens surface, then the stimulated waves in the exterior can be determined
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from the waves on the Huygens surface, thought of as new equivalent sources that
are called currents in engineering. For example, once we have ui 1 = u 1|, with
uq(x) = le G(x,y)f(y)dy, x € 2, we should also be able to find ug 1 = u1]|q,. In
fact, u; solves the BVP

Lu;=f1inQ, Bu;=0on0dQ,

where f1 := &1(fl|q,); so we deduce that ug,; can be obtained from

ACUQJ =0 in 92;
Bus 1 =0 on 9 N 0N,
(58) oo B
BQ’LLQJ = 82’11,171 on ].—‘271,
nQTaVuQ,l + DtNgUg}l =0 on 1—‘273,

where Bé is an arbitrary boundary operator so that the problem is well-posed, and we
assume DtNs is well-defined. We see that the influence of f; on the waves in ()5 has
been transformed to an equivalent surface current Béum. In summary, the near-field
waves u1,; generate a surface current Béum from which one can recover the far-field
waves Uz 1, as the equivalence theorem says.

Since in Qy we also want uz2(x) = [, G(x,y)f(y)dy, x € Qq, it is convenient
to add the source f2 directly in (58) and to solve for (ug,1 + ug2)(X) = ug 1.2(X) =
f91U92 G(x,y)f(y)dy, x € Qq, at once from

Lug 1.2 = fa in Q,
(59) BUQJ;Q =0 on 9 N 0N,
ngO{VU271;2 + DtNoug 1.0 = nzTaVul,l + DtNoui,;  onI'gg,
ngOéVUQ71;2 + DtNQUgJ;Q =0 on F2,3,

where we specified Bé of (58) as the transparent boundary operator to simulate the
waves generated by fo without spurious reflections. Using (37), the solution of (59)
can be represented as

uz,1:2(x) = A G(x,y)f(y)dy + . G(x,y)Ay((y)do(y), x€ Qo

where )\2< = Béum = nQTonuLl +DtNouy ;. Now that ug 1.0 contains the influence of
both f; and fo, this influence can be passed on to 23 through a transmission condition
on I's o, and using a transparent transmission condition also then permits us to include
the influence of f3 locally in €25. This process continues until we obtain 1.7, which
is the exact solution of (11) restricted to Q, ie., us1.7(x) = [, G(x,y)f(y)dy,
x € ;. Now that we have w;i.;, j = 1,...,J, and the interface data \; , =

Bé-ﬂuj’l;j = nJTHaVujJJ + DtNj1uj15, j = 1,...,J — 1, we want to add the
waves u; j+1.7, stimulated by the sources on the right of £2;, to u;1.; to get u; 1.5 =
Uj1:j + Uj+1.7, the solution of the original BVP in (11) restricted to ;. We note

that B§+1Uj,1;J = B§+1Uj)1;j = Ajy1( because B§+1Uj)j+1;J = 0 by Lemma 10. That

is, the waves from ;.7 pass through I';; ; transparently. For w;_1 1.7, the other

interface data B?,iluJ,Ll:J on I'y_; ; is available from the known solution wj1.s.
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Therefore, uy_1,1.5 satisfies the BVP

Lvj_1=fr in Q;_1,
(60) Bvy_1=0 on INNIONy_1,
n’_ aVuy_1 +DtN;_quy_1 =Xy onl'y 15 2,

) )
B _jvj1=B)_jusi.; onlj_yi;j,

where all the data is known, 83,71 is arbitrary as long as (60) is well-posed, and
the first two equations are just taken from (11). In other words, (60) is set up
according to what the solution u of (11) satisfies, and the unique solvability of (60)
justifies that its solution can only be vy_1 = uj_11.; = ulg, ,. Having obtained
ujs_1,1:7, the exact information can be passed backward further through I'y_5 ;1.
This process continues until we obtain the exact solution in all the subdomains. We
can also formulate this process using the representation formula in (37). For example,
ifAy_qy = 8?171UJ,1;] = n?flaVuJ,LJ+DtNJ,1uJ,1:J, then solving (60) is equivalent
to computing for x € Q;_1,

uy-1,1:0(x)= | Gxy)f(y)dy+[| Gy _1(y)do(y)+ [ Gxy)A—1y(y)do(y).

Q1 Ty_1,0-2 Ty_1,0

We have now presented the basic ideas digested from [28, 157, 179, 180], and have
again derived Algorithm 1. To propagate the waves based on physical insight, we
were forced here to use absorbing transmission conditions on I'; ;11 in the forward
sweep. In the next subsections, we will explain in detail the different paths that led
to the invention of the new methods in [28, 157, 179, 180]. We will see that these new
methods were derived in quite different forms, but it will become clear how closely
they are related to the algorithms discussed in sections 6 and 7.

8.1. The Source Transfer Method Using Equivalent Volume Sources. The
source transfer method from [28] is based on a decomposition of 2 into nonoverlapping
and serially connected layers O;, j = 0,...,J, which are combined into subdomains
Qj = Oj—l U Fj U Oj with Fj = an—l n 80] for j = 1,...,J. We saw this
decomposition in Remark 5, and we also assume here that the resulting system is
block tridiagonal, as in Remark 5. The key idea of the source transfer method is
the physical intuition that it is possible to transfer the sources before O; into O;_1
without changing the wave field in O;. This is done layer by layer. First, the source
in Oy is transferred to O; without changing the wave field to the right of Oy, i.e., in
Oj, j =2,...,J. In terms of the Green’s function, we need to find a map ¥, that
transfers fle = flo, to the source \P1(f1€) defined in O; such that

/G<x7y>f1@<y>dy:/ Gl y) U (Fig)(y)dy Vx€OL, 1=2,....1
Og O1

Then we define f~2€ = flo, +\I!1(f1@). Forj=1,...,J—2, we try to find a map ¥,
that transfers fjH@ to the source \Iljﬂ(fjﬂﬂ) in Oj41 such that for il =j542,...,J,

©) [ ceninmay = [ GryEalfagmdy xe o
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and define fj+2@ = flo, ., + \I'j+1(fj+1@). Eventually, we get fJe and the wave field
in Oy of the original problem in (11) is given by

i) = [ Gy + [ Gty e oy

J—1

Once u sy is known, it leaves a Dirichlet trace on I'; which, together with the trans-

ferred source f:;,le and the source in O;_1, results in the wave field in Oy_1,

w1y (x) = /O s (x,¥) fr_1p (y) dy + /O Gror (%) Fr14(¥) dy

+ / 0707y Gy (x,y)] usg(y) do(y) Vx e Oyi,
Iy

where G j_; is the Green’s function in 2 ;_; satisfying a transparent boundary condi-
tion on I' y_5 and a homogeneous Dirichlet condition on I' ;. This amounts to solving
a BVP in Q;_; with Dirichlet boundary condition u;_1 = uy on I'; and the trans-
parent boundary condition on I' j_5. Afterwards, the wave field in O ;_; can be again
extended backward to O;_s. This process continues until we have obtained the wave
field in all the layers.

The authors of [28] emphasize that “the key step in the method is the source
transfer algorithm,” which results in (61). So how can one obtain the source transfer
functions ¥,,17 While the source transfer appeared very naturally in the block LU
factorization in (7), it is a bit more involved to find ¥, in the present setting: the
authors substitute the source fj+1€ in O; with the generated wave field v;11 in ;11
by using the PDE Lvj4q = fjH in Q41 (let fjﬂ be the zero extension of fj_H@ to

Q41). Substituting this and f“’;G(x,y) = VI(a"VyG(x,y)) at x # y into the
Lh.s. of (61), they obtain forx € Oy, | =75+4+2,...,J,

| Gxy)fsyy
O;

= /O [V (aVv1(y))] Gx,y) + [Vi (@ VyG(x,y))] viri(y) dy.

3
Integrating by parts and substituting the boundary conditions (transparent on I';
relative to O, for both v;11 and G(x,-) with x to the right of O;41) leads to

/O G(x, Y)fjJrlG(Y) dy
(62) ’
= / — [n] aVui(y)] G(x,y) + [n] 0" VyG(x,y)] vj41(y) do(y).

Tyt

The idea for transferring the source in O; to O;41 consists in a secondary integration
by parts but from I'j;1 to Oj4;. This will involve another surface integral,

(63) /F - [oVeia ()] G y) = 070" Vy G y)] v (v) do(y).

Since I'j4 2 is not a transparent boundary for G(x,y), y € Oj41,x € O; (I > j+1), the
above surface integral in general does not vanish. Note that, however, the information
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Fig. 4 Owverlapping domain decomposition with contacting overlaps, o € Ox, © € I'y 4.

to be transferred is all from I';;;, which is provided by the Dirichlet and Neumann
traces of v;y1; see (62). So v;jy1 can be modified in O;41 without changing this
information while letting the Dirichlet and Neumann traces on I'; 4 vanish to get rid
of (63). The authors use a function f;41 for this purpose, which smoothly damps
vj41 from I'j 14 to I'j4 o such that
(64)
ﬂj+1 = ]., (aTnj)TV5j+1 =0 on PjJrl, BjJrl = 0, (O[Tnj)TVﬁj+1 =0 on Fj+2,
B(Bj+1vj+1) =0on 30j+1 N onN.

Otherwise, the precise shape of the function 8;41 has no influence on the algorithm.
Substituting £;41vj41 for vj41 in the r.h.s. of (62) and (63) and summing, we find

/ G(x,¥)f414(y) dy
O;

N /ao. (07 aV(Bj110541)(y)] G(x,y) — [n"a” VyG(x,¥)] (Bj+10541)(y) do(y).

Integrating by parts for the r.h.s. and using M, G(x,y) = 0 in O;4; for x &€ Oj41
yields the identity

/ G(X»Y)fjJrle(Y)dy:/ G(X»Y){VT [av(ﬂj+1vj+1)(yn+w5j+1vj+1(y)}dY~
0; Oj41 K

The sum inside the above curly braces is thus the source transfer function ¥ ;1 ( f"j+1€)
we were looking for; see (61). We can now define the source transfer method; see
Algorithm 8 at the PDE level and Algorithm 9 at the matrix level. Despite the quite
different motivating ideas, these algorithms look very similar to Algorithms 3 and 4.
There is one difference though: in the forward sweep, the source transfer methods
do not use the source in the right overlap O; for the subproblem in €2;. One can,
however, regard O;_; as the physical subdomain and consider O; to already belong
to the PML region so that O; U Q?ml becomes the PML region for O;_;. Then the
source transfer methods can also be derived directly as DOSMs in the local deferred
correction form, and we obtain the following equivalence results.

THEOREM 33. Suppose the subproblems of the source transfer Algorithm 8 are
well-posed. Then Algorithm 8 is equivalent to the DOSM preconditioner shown in
Algorithm 1 in the specific case where each subdomain consists of two contacting
overlaps (see Figure 4), and using PML transmission conditions on the interfaces in
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Algorithm 8. Source transfer preconditioner at the PDE level ([28, Algorithm
3.1-3.2)).

Input the source f and g. Let fl — fin Oy and fl < 0, otherwise. Solve successively
forj=1,...,J—1,

L V= f] in Qj,
Bvj=g  on 902N oYy,
n] aVu; +DIN"™p; =0 on Ij;_1,
n] aVo; + DtN?ml'U]‘ =0 onTDjjy1,

where DtN?ml is defined by the PML along I'; j_; and T ;11 (see Remark 13 for
practical implementation), and after each solve we let fjﬂ — f—L(B;vj) in O;, and
fit1 < 0 otherwise, and ; satisfies (64).
Let fj be unchanged in O;_; but fj < fin O;. Solve in order of j = J,...,1 the
problem
Li;=f in Q;j,
Bij=g on 02 N 09,
n] aVi; + DtN?i; =0 on Ty, 1,
Uj =uj41  on Iy 1.

Output the global approximation % <+ @; in O;, j =1,...,J, and @ <+ @; in Oy.

Algorithm 9. Source transfer preconditioner at the matrix level.

Input the r.h.s. f. Let fl@ < f1g. Solve successively for j =1,...,J =1,

S Ao Vi 0

Aj_1pi Ajp Ajipiti Vi £i4
Aitig-p Ajraq Ajiagp Vil = | £ |

Ajpi Aip Ay Vib 0

Aj)ip Sj') Vi) 0

where S’J( ( and gj)) are defined by the PML (see Remark 14 for practical implementa-
tion), and after each solve we let f‘j+1€ — £ — AJBIjB (Djv;) — Aj9j+1<lj+1<(Djvj),
where D; satisfies

Solve in order of j = J,...,1 the following problem:
~( .
S Aji-1p Wi 0
Ajopic Ajme Ajoapiyg Uy f4
A A A W= B
A A Agpy) b fi
0 1; u;) Uj41)

Output the global approximation @ < u; in O;, j =1,...,.J, and @ < 1 in Oy.
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the forward sweep and Dirichlet instead of PML on the right interfaces in the backward
sweep; moreover, in the forward sweep the source terms in the right overlap of each
subdomain are put to zero, which turns the right overlap effectively into part of the
PML on the right of the subdomain.

Proof. We will prove several identities between the iterates generated by the two
algorithms. Since we are considering the algorithms as preconditioners, we use a zero
initial guess for Algorithm 1. We start from the iterate of Algorithm 1 for the specific
case stated in the theorem:

[.:U(lé) = fl in Ql,
Bugi) =g ondNNIN,
n{aVul + DtNE™y ( '=0 on I'io,

where fj = fin O;_1, and fj = 0 otherwise, for j = 1,...,J—1. This is exactly what
1
we solve for vy in Algorithm 8. By uniqueness of the solution, we see that uiZ) =v.

Assuming now that u§ 2) = v;_1 in O;_1, we will show that this relation also holds

for j replacing j — 1. In the jth forward substep of Algorithm 1, we solve

Eu( ) fj in Q;,
Bu =g on 0§2 N 08,
(66) () e pml, (3)
n; aVu + DtN; ™ u,®" = nj aVu] 1+DtN u;2y  onlyjq,
Ilj OZVU§ ) + DtN?mz § ) = O on Fj,j+1-

1 1 1
We extend ﬂj_luéz_)l by zero into O; and substitute the correction u§2) — ﬁj_lugz_)l

for ug-%) into (66). Using (64), we find that the BVP satisfied by the correction term
is

L (ug%) Bi— 1u )—fj L(B;- 1“5 )1) in £,
B(ugé) B, 1% )1) —g on 90 N 99,
(anon + DtN’;ml) (ugé) Bj- 1uﬁ1) = on L'jj1,
(n;fraV + DtNg-)ml) (ugé) Bj— 1Uﬁ)1) = on I'j 1.
(3) _

Since we assumed that ;2] = v;_1 in O;_1 = Q; N Q;_;, the above BVP is exactly
the same as the BVP for v; in Algorlthm 8. By uniqueness of the solution, we thus

Lv

deduce that v; = ug 2) - Bj-1 ug ) in ); and, in partlcular v; = u§ 2) in 0;. By

induction, this last relation then holds for allj =1,...,J—1. In the backward sweep
of Algorithm 1, we solve the subdomain problem

Lugl) =f in Q;,
Bul) =g on 992N 09,
n; aVu Rt Dthml (1) =n; aVu + DtN’v’mlu;%_)1 only, 1,
u§-1) = uglﬁl onI'; 1.
By the same argument as before, we can show that @; = u inQj forj=4J,...,1

and 41 = u1 in Oy. 0
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THEOREM 34. Assume that the subproblems of the discrete source transfer Algo-
rithm 9 are well-posed. Then Algorithm 9 is equivalent to the discrete DOSM precon-
ditioner shown in Algorithm 2, in the specific case at the discrete level corresponding
to the case stated in Theorem 33 at the continuous level.

Proof. In the specific case, and with zero initial guess for its use as a precondi-
tioner, Algorithm 2 first solves

N

Ay Augy u% fig

Agg Az Asp ug[%) _ £
Ao Ay Apy u%) o |7

Ay 8, ul?) 0

1
which is exactly the same problem for v; in Algorithm 9; so u§2) = v; by uniqueness
of the solution. Now assuming that

(67) u(%) =V, u(%) =V
j—1p = Vi—1ps Wil = Vi1

we will show these relations also hold for j 4+ 1 replacing j. In the specific version of
(3)

Algorithm 2, u;*” solves
[ S5 Ay T @2_ _fj<+(5§<ﬂ4j<)u§11r1‘1j<j—zau§),1€_
Ajipic Ao Ajoapieg 522-1 f;4
Ajpig-p A Ajpage ;12[) = £
Ao A Ay |02 0
L A S L 5; L 0 .

We can further rewrite the above system into the equivalent system

- g( A 1T u(%) _I] I(D u(%))
i i(i-1p (a'l<) g VI j(,l)
2) _ -1
Ajipic Ajmp Ajoapieg Wy 191(D9 19;73)
(z)
Ajrig-p A Ajnage uj[j
(%)
Ajpire A Aspy) u g
) (3)
i Ape S5 u; |
0
£ Ay P (D)) = Ay DDl
j—1p T “i—1p j—1u;- %) — i—1psdj¢ (Dj- ;- 1)
- £ ’
0
0
. 1 X
where for the first row we have used Ij_l(Dj_ (2)) = ug )1[, Aji- 1913_119(131 1
(3) 3) (3) (3) 3)
ujil) = Aj;- 19u] 1 from (65), and A;;_ QBUJ 14 + Aju 2 + Aji—1p uJ 1h =
( from the system for u§ )1 By (67) this is exactly the same problem for v; in

Algorlthm 9. By induction, we have u(§ = v;p and uj{) =vjforallj=1,...,J-1
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By similar arguments, we can also show that in the backward sweep, uV = q p and
i J

u;%) =uy forall j=J,...,2, and ugl)

=u. d

8.2. The Method Using Single Layer Potentials. Stolk summarizes in [157] the
main ideas for the method based on single layer potentials as follows: “A new do-
main decomposition method is introduced for the heterogeneous 2-D and 3-D Helmholtz
equations. Transmission conditions based on the perfectly matched layer (PML) are
derived that avoid artificial reflections and match incoming and outgoing waves at the
subdomain interfaces.”

To motivate the method based on single layer potentials, we consider the free
space problem in a homogeneous medium. In this case, the source in each subdo-
main generates waves biased in two directions, forward and backward, which both
are outgoing relative to the subdomain. In each subdomain, we are interested in the
sum of the waves stimulated by all the sources, including the sources from the other
subdomains. We must thus account for the waves incoming from all the other subdo-
mains in each subdomain. The idea of the algorithm based on single layer potentials
is forward propagation and accumulation of the waves from the first subdomain to
the last one so that the waves in Q;, 1 < j < J, have accounted for all the forward
going waves generated from the sources in §2; for all [ < j. Then, a similar procedure
can be carried out backward so that the waves in {2; also contain the backward going
waves generated from the sources in €2, for all m > j. The actual backward sweep
in [157], however, solves for the correction from the residual.

To transfer the waves, the author in [157] states, “We have constructed new
transmission conditions ... These are designed to ensure that:

(i) the boundary conditions at the subdomain interfaces are non-reflecting;

(ii) if Q-1 and Q; are neighboring subdomains, then the outgoing wave field
from ;1 equals the incoming wave field in ; at the joint boundary and
vice versa.

This is achieved in a simple and accurate way using a PML boundary layer added to
the subdomains and single layer potentials.” As noted in [157], a related approach has
been studied in [148] that is also motivated by matching the incoming and outgoing
waves. There is, however, a difference in the concrete forms used to achieve the
matching; see Remark 26 for a brief review of the form used in [148].

The representation of incoming waves is a well-studied topic in computational
electromagnetics; see [162, pp. 185-220]. The common idea is to represent the incom-
ing wave v;_1 from §;_; to §}; as an equivalent source term on the surface I'; j_1.
In [157], the proposed equivalent source is 2(5(3j,1)an04ij,1; here s;_1 is a local
coordinate normal to I'; ;_1 and s;_y = 0 corresponds to I'; ;_1, and §(sj,1) here
represents a surface delta function. The author in [157] states:”

a short intuitive explanation goes as follows. The term v;_1|r; ;_, exclu-
sively contains forward going waves because of the presence of a PML non-
reflecting layer immediately to its right.?* The term 2§(s;—1)n] aVv,_1 is
meant to cause the same forward going wave field in the field v; as in the
field vj_1. ... the source generates waves propagating both forwardly and
backwardly in a symmetric fashion. The factor 2 is introduced so that the
forward propagating part equals vj_1 on I'; ;1. The backward propagat-
ing part is absorbed in the neighboring PML layer [along I'; j—1 for ;].

19We replaced the original notation in the quote by the notation used in this article.
20T fact, the PML is placed on the right of Tj_1,j for Q;_1.
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Let us take a closer look at the reasoning above: we want to extend the waves
vj_1 from Q;_1 to Q;. By (37), we have for x € Q;,

(68) wvj—1(x)= / (njaVe;_1)(y)G(xy)—nj (v) (e (y)VyG(xy))vj—1(y)do(y).
Ljj-1

The Green’s function G(x,y) represents the wave field at y € I'; ;_1 stimulated by

a point source at x € 2;. For the free space problem in a homogeneous medium, if

two point sources at x and x” are symmetric w.r.t. I'; ;_1, then the stimulated waves

generated by the individual point sources are also symmetric w.r.t. I'; j_1.%! Hence,

Vx € Q;, x' and x symmetric w.r.t. T ;_q, Vy € T ;1 :

G(x,y) = G(x',y), n] (¥) (" (y)Vy(G(x,y) + G(x',y))) = 0.

Since both v;_; and G(x’,-) satisfy homogeneous Helmholtz equations in 2; and
represent outgoing waves to the right of I'; j 1, by using Green’s identity we obtain

(69)

/F nT(y)(a (¥) Vy G y) oj-1(¥ o (y)= / nT(y)(aVvj—1(y))C(x' ¥ )do ().

da—1 Ty

Substituting this and (69) into (68), we find the single layer potential representation

bl = [ 207 0)aVe ()G y) doly). x €9,

J.i—1

which is equivalent to being stimulated by the surface source

vj-1(x) = /Q 26(s;-1(y))nj (¥)(aVv;-1(y))G(x,y) dy, x € Q;.

J

This, under the symmetry assumption (69), justifies the equivalent source proposed
in [157]. One can also calculate the representation in closed form; cf. [112].

The forward sweep in the method based on single layer potentials is performed up
to the last subdomain €2;. Then, a global approximation is defined by setting v := v;
in Q;, j=1,...,J (the subdomains are nonoverlapping), and a deferred correction
problem will then be solved in the backward sweep. Note that v has in general jumps
across interfaces between subdomains, and the residual f := f — Lu involves a very
singular distribution—the derivative of the surface delta function, ¢’(s;—1). To avoid
the potential obscurity of deciding to which subdomain such a singular distribution
on an interface belongs, it is suggested in [157] to use for the backward sweep another
set of nonoverlapping subdomains that contains these distribution residuals in the
interior of the subdomains. These residuals are then taken as new sources which
stimulate the correction wave field. A procedure similar to the forward sweep but
from the last subdomain to the first one is carried out to find an approximation
of the correction. Adding the correction to the wave field previously obtained with
the forward sweep gives a global approximate solution of the original problem, which
finalizes the definition of the preconditioner based on single layer potentials. Using two
sets of subdomains could potentially double the cost of factorization. This situation
can be avoided by the following trick from [157]: for the first set of subdomains the
PML along I'; j+1 begins with using the original operator near I'; ; 1, and only after

21This is like in the method of images for solving PDEs in a half space; cf. [177].



FACTORIZATIONS, SWEEPING, POTENTIALS, AND SCHWARZ 51

a certain distance, say, one mesh cell, does it change to the PML modified operator.
The second set of subdomains is defined by moving I'; ;1 forward by one mesh cell,

but keeping the PML augmented region €2; UQ?ml the same as before (i.e., just moving

outward the interfaces that separate ; and Q?ml so that Q; gets bigger and Q?ml
gets smaller). In this way, every subdomain matrix is unchanged from the forward
sweep to the backward sweep and the same factorization can be used.

We summarize the preconditioner based on single layer potentials in Algorithm 10
at the PDE level and in Algorithm 11 at the matrix level. For the matrix version, we
give two variants: the first one, originally presented in [157], is especially designed for
the five point (or seven point in three dimensions) finite difference scheme with  dis-
cretized at integer grid points and the continuous interfaces located at half grid points.
The second form is motivated by finite element methods with the discrete interfaces
superposed on the continuous interfaces. While the first matrix form can be explained
as a special discretization of the PDE Algorithm 10, the second matrix form is equiva-
lent (under some assumptions) to the first matrix form, and unlike the PDE form the
second matrix form uses the same partition for the forward and the backward sweeps.
Both matrix forms do the extension and restriction like ASH does; see Remark 20.

Algorithm 10. Single layer potential preconditioner at the PDE level.

Input the source terms f and g. Suppose the decomposition is nonoverlapping.
Solve successively for j =1,...,J,

Lv; :f—|—25(sj,1)anaij,1 in Qj,

Bvj=g on 092 N 0,
n] aVu; + Dthmlvj =0 onTj, 1,
n] aVu; + DtN?mlU]’ =0 on T i1,

where DtNgmz is the PML-DtN operator along I'; ;1 and I'; ;41 (see Remark 13 for
practical implementation), s;_1 is a local coordinate normal to I'; ;_; and s;_1; =0
corresponds to I'; j_1, and (s;_1) here represents a surface delta function. The PML
for 2, along I'; j41 has a small starting zone between I'; j 11, and F?jo where the
original operator L is used. ~

Let v <= v; in Q;, j =1,...,J, and compute the residual f + f — Lv in Q.

Denote by Qj the resulting subdomain by moving forward the boundaries I'; ;11 to
F%H and I'; ;1 to F;‘L,j—l' In order of j =J —1,...,1, solve the problem

l:’ll)j = f + 2§(sj)n]Tanj+1 in Qj,

Bwj=g on QN 89,
n; aVuw; + DtN;’mzwj =0 onT}, 1,
n; aVuw; + DtN‘;mzwj =0 on T/, ,
where the DtNg-’ml on I, (T, ;) uses the PML as the subset (superset) of the

PML for v; on I'; j41 (I'j j—1) that starts later (earlier using the original operator).
Output @ <~ v+ w; in Q;,7=1,...,J =1, and @ < v in Q.

THEOREM 35. Suppose the subproblems of Algorithm 10 are well-posed. If the
PML-DtN operators on the two sides of each interface are equal, i.e., DtN?ml =

DtN?Tf on I'j 41 and on I‘%H, then the single layer potential preconditioner as
shown in Algorithm 10 is equivalent to one iteration of Algorithm 1 with zero initial
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Algorithm 11. Single layer potential preconditioner at the matrix level.

Input the r.h.s. f. Suppose the €);’s are nonoverlapping. Choose one of the following
two forms (see Theorem 36 for their equivalence under certain conditions).

Form 1. Extend the nonoverlapping subdomains one layer beyond each interface.
We indicate the extra d.o.f. beyond the left interfaces of the jth subdomain by the
subscripts j(( or j — 1[[, and similarly for j)) or j + 1]].

Solve successively for j =1,...,J,
§J<'<< A Vi Vil A vi-al
AjGu AC Aje Vi £ = AjGuvi-ar — Vi-ar
Ajej Aje Ajejy Ve = f; ,
Ajpje Ay Ay Vi) 0
Aj)ys y>'>> Vi) 0

where 5‘; ( and 5';.» are the Schur complements from the PML (see Remark 14 for
practical implementation).
Let v + ijl RJT(I;<I;< +I7°I],)v; and compute f«f— Av. Let wy < 0.

In order of j = J —1,...,1, solve the correction problem
S A Wi 0
Ajge A Ajge Wi 0
Ajeji Aje Ajej) Wie | = f;
J)je Aj> Ajﬁ)) W) ?j> — Aj>j>>wj+1]] — Wjt1]
Ay Sy Wi Wit1)) + Aj)) gy W)

Compute the output @ « v + Z;j:_ll Rf(I;.I;. + I;:)Ij))wy"

Form 2. Solve successively for j =1,...,J,
5§< Ajje Vi £ =24, -10Vj—10 — Ajvj_1
Ajoji Aje Ag;j) Vie | = £ ;
Ajyje S, Vi) 0

where 5‘; ( and 5'j>> are the Schur complements from the PML (see Remark 14 for
practical implementation).
Let v « E;’Zl RjT(I]J-<IJ7< + I7°I},)v; and compute f«f— Av. Let wy < 0.

In order of j = J —1,...,1, solve the correction problem
S;'< Ao Wi 0
Ajej Aje Ag‘;]’) wie | = | _ fj
Ajyje S W) £y —24;)11eWjt1e — Ajy W]

Compute the output @ « v + Zj:_ll RI(I° D, + I;>Ij>)wj-

(_ ( _ pml ) ) pml
guess, Q; =TI, P; = DtNJ |F;_L$j71, Q; =1, P; = DtN} |F;;)j+1
nonoverlapping partitions as in Algorithm 10, one partition for the forward sweep and
the other for the backward sweep.

, and using the two

Proof. By the zero initial guess and the specific conditions for Algorithm 1 in the
theorem, the (j — 1)st subproblem of Algorithm 1 imposes the following condition on
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I'j_1,; =T -1, since the partition is nonoverlapping:
n;_ 104ij 1+ Dthmlv],l =0.

Note that n; = —n;_; on I'; ;_;. Substituting these conditions and the assumption

DtN?ml = DtN?Tll into the transmission condition on I'; ;_1 of the jth subproblem,
we find

n! aVv; + DtN?mlvj =2n] aVu;_y,

which imposes a Neumann jump between 2; and the PML on the other side of I'; ;1.
We recover the forward sweep of Algorithm 10 by moving the Neumann jump to the
r.h.s. of the PDE as a surface source. Between the forward and the backward sweeps,
Algorithm 10 takes the residual f and introduces overlaps of the old subdomains used
in the forward sweep and the new subdomains used in the backward sweep. This
gives the deferred correction form as in Algorithm 3 but mixed with the single layer
potential on F?’j 11 too. Then we can conclude by adapting the proof of Theorem 21
and the same arguments as in the forward sweep. ]

THEOREM 36. Let Algorithm 4 use Q§.< = I, Q;> =1y, P;, = S §<,
P?> =9 —A , and let the initial guess be zero. The following statements about
Algorithm 11 then hold:

1° Suppose the subproblems of the first form of Algorzthm 11 are well-posed

and S< (« >.>> are invertible. Let S A]<J(<(S<<<)7 A and
§ )71 L)
Sl = Ay = Ay (S))) Ay ff Ij = fj< = —Ajie S5 = Sjoyy

Jorj=2,....J, Iy = Ij>:—Aj>j>>,SJ>.>>:5']<,+1< forj=1,...,J -1, and
Ajj—1e = [O,Aﬂ]( |, then the first form of Algorithm 11 is equivalent to the
harmonic extension variant of Algorithm 4; see Remark 20.

2° Suppose the subproblems of the second form of Algorithm 11 are well-posed.
If§]<.< :5'3._” forjg=2,...,J andgj).> :5'5.4_1( forg=1,....J—1, then the
second form of Algorithm 11 is equivalent to the harmonic extension variant
of Algorithm 4; see Remark 20.

Proof. We first prove claim 1°. We eliminate the first and the last rows of the
jth forward subproblem and substitute with the assumptions of 1° to obtain

5]<-< Ajie Vi £5-A56vi- 1[F"( —A;)v;- lﬁ‘( ) J-1Vi-1]
(70) | Ajej¢ Aje Ag;ﬂ Vie |= fie
Ajyje Si LV 0

It can be shown that the underlined expression on the right above vanishes: in fact,
the above subproblem is also used with j — 1 replacing j. In particular, the last row
of the (j — 1)st subproblem reads

(71) Aj—l)j—l.vj—lo + S;_1>Vj_1> =0.
Recalling that j — 1) and j( correspond to the same d.o.f., because the decomposition

is nonoverlapping, and the assumptions that A;;_14 = [0, A0, Aji = =L
and §]).71> = 5‘;“, we obtain from (71) that S'J(.«Vj_l[ = v;_1([- This shows that
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the underlined expression in (70) is zero. Similar to (26), (70) is almost the same
subproblem used in Algorithm 1 but (70) puts zero on the last row of the r.h.s., which
is a trait of the harmonic extension variant. By reusing some arguments from the
proof of Theorem 23, we can show the equivalence to Algorithm 4 and conclude with
claim 1°.

To prove claim 2°, the key is to show that the r.h.s. from the second form of
Algorithm 11 is the same as the r.h.s. from Algorithm 2 except that the former puts
zeros on the right interfaces in the forward sweep, and on the left interfaces in the
backward sweep. Similar to (26), we may write the first row of the r.h.s. from the
forward sweep of Algorithm 2 as

& e
fj( - Aj<j—1'uj2—10 + (Sj<< - Aj()ujil[-

Using the assumption that 5’;( = S;_D and the last row (with zeroed r.h.s.) of the
(j — 1)st subproblem similar to (71), we see that the above expression is equal to

(3)

(4)
/ =10

fj( = 24;(-10u;210 — Aj(u
This is exactly the same as in the forward sweep of Algorithm 11. The remaining part

of the proof of claim 2° can now be completed as in the proof of Theorem 23. 0

There is a final ingredient used in [157] based on the idea of right preconditioning.
A preconditioner M ! such as the one defined by Algorithm 11 can be used on either
the left or the right of the original operator A. For right preconditioning of (17),
one first uses an iterative method like Krylov or Richardson to solve AM ~'r = f
for r, and then obtains the solution u of (17) by computing u = M ~'r. Let ()
for n > 0 be the iterates for r. Denote v("*1) .= M ~1r(®) Tt can be shown that if
r® =f — Au©® and r and u(™ are generated by the Richardson iterations

(D =) g AN @D — g A — Au™),

then we have the relation u® = v(® + (I — M~14)"'u® for n > 1. There is
also a relation between the GMRES iterates for the left and the right preconditioned
systems; see [146].

If one solves the restricted version of the original problem exactly in the interior
of the subdomains using a direct solver, and then glues the resulting local approxima-
tions into a global approximation, then the global approximation mostly has a zero
residual, except where the residual is influenced by values of the global approximation
from different subdomains; see, e.g., [71]. This is why in Algorithm 10, the interme-
diate residual f is concentrated in the neighborhood of the interfaces I'; j_1, j > 2,
and the output u leaves the residual f — L4 concentrated in the neighborhood of the
shifted interfaces F?A’jfl, j > 2. In Algorithm 11, a component of f is nonzero only if
the corresponding row in the matrix A has at least one nonzero entry belonging to a
column associated with an interface d.o.f., and the residual left by the output u also
has a similar sparsity. The sparsity of the residuals can be leveraged in the right pre-
conditioned system because the essential unknowns become the nonzero components
of the residual. This was studied in detail in [107] and was also suggested by Stolk
in [157] for the preconditioner based on single layer potentials. We summarize the
sparse residual algorithm in Algorithm 12 and justify it in Theorem 37. Note that this
substructured form can be adapted to all the preconditioners resulting in sparse resid-
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uals, e.g., Algorithm 4. Compared to Algorithm 6, the reduced system in Algorithm 12
is typically of twice the size but free of the need to apply the PML-DtN operators.

Algorithm 12. Residual substructuring when most rows of I — AM ! vanish.
Construct the 0-1 matrix R, such that (I — RIR,)(I — AM~') =0 and R.RY =1I,.
Set an initial guess u(®) such that (I — R'R,)(f — Au®) =0, e.g., ul® « M~If.
Let h, < R, (f — Au(®). Solve (approximately) the substructured system for r,.:

72 R,AM™'RT)r, = h,..
(72) ( -

Let u + M~'RTr, + ul®, which is (approximately) the solution of (17).

THEOREM 37. If A and M~' are invertible, then the substructured system in
(72) is well-posed, and if, in addition, (72) is solved ezxactly, then the output u from
Algorithm 12 is indeed the solution of (17).

Proof. We first assume that (72) has at least one solution. Hence,
RT'R,AM*RTr, = R'h, = RTR,.(f — Au”) = f — Au®),

where the last equality follows from the assumption on u®). By the assumptions on
R,., we also have

(I - RTR,)AM'Rr, = (I - R*R,)R'r, = 0.
Summing the two identities above, we obtain
AM™'RTr, = f — Au®,

or Au = A(M~'RTr, +u®) = f; that is, the output of Algorithm 12 is indeed the
solution of (17). Now if h,. = 0, then by the assumption on u(®) we have AM ' R'r, =
f — Au(® =0, which, since A and M ~! are invertible, implies R'r, = 0 and further
r. = 0 using R,.RT = I,. Hence, (72) is well-posed. d

8.3. Method of Polarized Traces Using Single and Double Layer Potentials.
We have already seen that (68) can be used to propagate the wave field in Q;_;
to ©;. The only data we take from the previous subdomain are the Neumann and
Dirichlet traces on the interface I'; j_;. The method of polarized traces introduced
in [180] iterates the Neumann and Dirichlet traces from neighboring subdomains in
the substeps of the forward and backward sweeps, and upon completion of a double
sweep, a global approximation is constructed using the representation formula (37) in
subdomains where the volume potentials have been precomputed before the sweeps.?2
We summarize the polarized traces preconditioner in Algorithm 13 at the PDE level.
The relation to Algorithm 1 is shown in Theorem 38.

THEOREM 38. Suppose the subproblems used for the v? in Algorithm 13 are well-

posed. Let {u§%)}j;11 and {u;l) szl be generated by Algorithm 1 with zero initial

1
guess, with Q being the identity and P equal to the PML-DtN operators. Let ugz) =0

221n the full paper [179] that followed [180], a substructured system for the traces is first solved
instead of the original system. For brevity, we will describe only the global form preconditioner, from
which the corresponding substructured system is easy to derive.
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Algorithm 13. Polarized traces preconditioner at the PDE level [180, Algo-
rithm 1].

Input the source term f and assume for simplicity ¢ =0 in (11).

Suppose 2 is decomposed into nonoverlapping subdomains.

Independently for j =1,...,J solve
EU? = fj in Qj,
Buv)=g  on 00N oy,
n! aVv] + DENZ™y 0 =0 onTj,_1,
n; OZV’UJ +Dthml 0 =0 on Fj7j+1,

where f; := flqo,; see Remark 13 for a practical implementation of the PML-DtN
operators Denote by G; (x y) the Green’s function for the subproblem above. We
have vf( fQ )f(y)dy for x € Q;.

Let /\D — 0 /\N — O Succebsively for j=2,...,J compute for all x € T'; j_1,

]</\] 10() = (DA (%) + 051 (%),

Jé = WiAT1)(x) + (0] aVvj_y)(x),

(%) (D* A1) ()

where the four surface potentials vanish for j = 2 and are given for 5 > 3 by

(S5 w)(x) == / w(y)Gj—1(x, y)do(y),

(Dyw)(x) = / w(y)m?_1a7)(¥)Vy Gy 1 (x,y) do(y),
(73) Ti-tj-2
Hw)( :/F )(n] a)(x)VxGj-1(x,y) do(y),
Ny = [ )l )T {107 0TG- 3)} do).

Let )\% «~ 0, )\J}g < 0. Successively for j = J —1,...,1 compute for all x € I'; j 11,

)‘jD)(x) A (8]>)\]+1>)(x) -

(Dj))‘jD-H))(X) + v?+1(x),
AR (%) — (DHAT) (%) —

(N ATi1)) (%) + (nF a Vg ) (%),

where the four surface potentials vanish for j = J — 1 and are given for j < J — 2 by

—

(Sﬂ’ll))(X) = - ‘ w(y)Gj+1(X1 Y)da(y)7

o) = [ w)a]a") @)V G y) doty).
)M ) VG y) do(),
w(y) (0] 0) () Vs { (0]110T) () V3 Gi1(x,y) | do(y).

Tjt1,j+2

Recover independently the subdomain solutions for x € Q;, j =1,...,J, by

05(%)  o2(x)+ / AN (9)G5 (%, y)do(y) — / XB (y) (0L a?)(y) Vy G (x, y)do(y)
(75) Tjj—1 F7 -1
+ / N )6 ey daty) = [ AR @)l )0)VyG(xy) doly).

Output the global approximation % - v; in Q;, j=1,...,J.
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be defined on ;. We have for Algorithm 13 )\D = § )1, )\N = n; aVu( ) on L1,

1 (3 1 (3)
and )\3 = U§-21 —u;ih +v?+1, /\;'\)[ = nJTon( 5_31 —u;ih +vj+1) on I jy1. Therefore,
vj = ug.l) in €.

Proof. For simplicity, we consider only the case ¢ = 0 in (11). According to

Algorithms 1 and 13, ugé) =Y in ©; and so
(76) /\2% = ugé), )\é\z = ngaVugé) onTs;.

From the algorithms, we also have for any fixed x € Q;, 7 =2,...,J,

—
-

(nTaV + DENE™) (u;
(n7aV + DENE™

J

B _yle) )= (n] o’V + DtN?ml*)Gj(x, J)=0onTj,_1,
) ( j OéTV —+ DtN?ml*)Gj (X7 ) = O on Fj,j-‘rla

(
{
3

where DtN?ml* is similar to DtN?ml but using o’ instead of . By the representation

formula in (37) on Q; U ﬁf;nl, where Qé.’)ml is the PML region along I'; ; 11, we have

% /f (x,y dy+/F],jilanaVu;%)(y)Gj(x, y) - n7a"V,G;(x.y)u'? (v) do(y)
(M) =R+ / oY+ DN ()6 e y) doy)
) =t [ (0o + DNl ()6 . v) do ()
(79 =)+ / Gi(x,yntaval® () - ul®) (y)nl a” vV, G5 (x,y) do(y),

J.i—1

where no integrals show up on the other boundaries of ﬁj Uﬁf;ﬂ ! because the boundary
conditions there are homogeneous. Equation (77) is obtained by substituting the PML
condition for G,(x,-) and using the following identity for any fixed x € ; and any
trace v(y) (which can be proved by the definition of DtN¥ ml)

(y)DINF™ G (x, ) do(y) = /F G (%, y)DENT ™ u(y) do(y).

Tjj-1 Jii—1

Equation (78) follows from the transmission conditions, and (79) is obtained by ap-
plying (80) and again substituting the PML condition for G,(x,-). Assuming that

1 1
(81) A =dl?, AN =nTaval?) on Ty, 4,

1

we substitute them into (79) and taking Dirichlet and Neumann traces of uf) on

x € T'j41,5, we find (81) holds for j + 1 replacing j. By induction based on (76), we
conclude that (81) holds for all j = 2,...,J. Inserting (81) into (77) yields (for j = J

change the Lh.s. to u(Jl))

(82)  ulP(x) =00 + / G (%, Y)Y (y) — AB(y)nTaT ¥y G, (x,y) do(y).

J,3—1

In particular, we have uf,l) = vy with vy from Algorithm 13.
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1
In the backward sweep of Algorithm 1, we denote w; := ult — u§-2) + UJQ, j =

J
J—1,...,1, and wy := ufjl). We find w; satisfies the PML conditions, homogeneous

on I'; ;_1 but inhomogeneous on I'; j;1. By arguments similar to the last paragraph,
we can show for all j =J —1,...,1 that

D N T
)\j> = Wj41, )\J> = Ilj Oéij+1 on Fj,j+1;

and further

83 w0 =60+ [ GixyE) - AF el VG (xy) day).

Combining (82) and (83), we conclude that u§-1) = v; with v; from Algorithm 13. O

Remark 39. Algorithm 13 includes a new technique not present in Algorithm 1.
First, note that the local solutions of the original problem can be represented as
sums of the left-going and right-going waves. Furthermore, the two parts can be
simulated independently of each other; that is, the backward sweep of Algorithm 13
can be performed in parallel with the forward sweep, whereas the backward sweep of
Algorithm 1 aims to simulate the total waves and thus needs to wait for the forward
sweep to finish. Algorithm 1 can be modified in the same spirit: just use the data from
the original problem for an initial solve on the subdomains, zero the left interface data
in the backward sweep, add the approximations from the forward/backward sweep,
and subtract that from the initial solve to find the total waves. Alternatively, for the
block 2-by-2 interface system in Remark 29 use block Jacobi instead of Gauss—Seidel.
Similar techniques were proposed in [139, 158]. For Algorithm 13, the waves from the
forward /backward sweep have different polarized directions and they are propagated
through their Dirichlet and Neumann traces, which gives the name of the method.

Remark 40. In the preceding sections, we did not discuss in detail solvers for
the subproblems. Typically, LU factorizations are precomputed before the iteration
starts, and they are then reused for the different r.h.s. in the iterative procedure.
Even for the substructured forms, the typical way is not to precompute the interface
operators explicitly (see Remark 29), but only to implement them as matrix actions
through the subdomain LU solves. The reason is two-fold: first, to build an interface
operator in a naive way, we need to solve the subdomain problem as many times as
the number of d.o.f. on the interface; second, the resulting matrix is dense and a naive
multiplication with a vector is not cheap. However, developments of low rank formats
of matrices such as H-matrices have greatly improved the situation. For example, for
the Laplace equation, the method in [88] reduces the building cost to O(N?~(2/d)
and the application cost to O(N'/2) in two dimensions and O(N) in three dimensions,
and some tests for the Helmholtz equation are also performed. In [179, 180], low rank
techniques are used for building and applying the surface potentials in (73)—(75) for
Algorithm 13.

To bring Algorithm 13 to the matrix level, we first translate the representation
formula from (37) into matrix language. Suppose G is the matrix analogue of the
Green’s function, i.e.,

Ge Geb Gei Ae Aeb Ie
(84) Gre Gb G, Ave Ay Ay | = I ’
Gie Gib Gi Aib Ai Iz
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where the rows and columns with the subscripts containing e may all be empty. Let
u satisfy

Ay Ay w | B+
(85) { A A } { u; ] B { f; '
Then we have the following representation formula for u;.

PROPOSITION 41. If (84) holds, then (85) implies
(86) u; = Gif; + Gpfy + Gi;))\év — {GibAl()i) + GiAib}ub7

where )\év = Aéi)ub + Apiu; — £, and Al(f) is an arbitrary matriz of appropriate size.
Proof. Inserting the definition of A;' and the last row of (85) into the r.h.s. of
(86) we obtain
r.hs. of (86) = (G;A; + GipApi)w;

On the other hand, from Equation (84) we have G; A; + G Ap; = I;, which turns the
above equation into (86). 0

From (86), we can recognize [G;, G, G, and GibAZ()i) + G;A;, as the volume,
single layer, and double layer potentials. We now give the matrix analogue®?® of
Algorithm 13 in Algorithm 14 and prove its equivalence to Algorithm 2 in Theorem 42.

THEOREM 42. Suppose the subproblems for the VQ in Algorithm 14 are well-posed.
Let {u(.%)}J__ and {u( )} J_ be generated by Algorithm 2 with zero initial guess, with
Q equal to the identity and with P equal to the PML DtN operators. Let u( ). =0.
We have for Algomthm 14 /\D = u /\N ~Au () Aj<j,1.u;-7)1., and /\3 =

3(M-1]
1) (3) _ (1) ( ) 1) (3)
Yt~ uy+1] + Vj-'rl]’ i) _A' ( Wit — Wik + Vj-‘,-l]) Aj>j+1-(uj+1o —Ujihe t+
j+1.) Therefore, we have Ve = ugi).
Proof. From the algorithms, we have ugé) =vY and so
1 1 1
(87) A =l AN = — (Al + Ayl

Since GY) is the inverse of the coefficient matrix of the jth subproblem of Algorithm 2,
the solution can be represented as

& (3) (3)
ll(-%) G(J) G(]) Gl J) fj( + (S;( - Aj()ujz_l[ - Aj(jfloujih
T Bl I R ‘
(3) (]) (J) (J) Jje
w) Gt Giie Gi) f))

231n the full paper [179] that appeared after [180], the matrix form of Algorithm 13 is derived by
a first-order finite difference discretization of the Neumann derivatives. Aﬁ is not introduced but is
replaced with the d.o.f. immediately next to )\ﬁ in ©;. Since this difference is only minor, we will

not study this variant further here. A referee pointed out to us that our presentation here is closer
to [178, Appendix C].
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Algorithm 14. Polarized traces preconditioner at the matrix level.

Input the r.h.s. f. Suppose the decomposition is nonoverlapping.

Independently for j =1,...,J solve
S;'( Aj<j- V§< fj<
Ajej Aje Ag)-j> Vie | = | Be |
Ajyje S \2)) £

where S’j( ( and S’j)) are defined by the Schur complements of the PML exterior to €;

(see Remark 14 for practical implementation). Denote by GU) the inverse of the above
coefficient matrix and let it be partitioned in the same way as the above coefficient

matrix, e.g., G§J.)] = I;_G(j)lj<. We can represent v§ = GDE;: fjas ]
Let )\1< < 0 and )\1< < 0. Compute successively for j =2,...,J,
D
AJ< — S ] 10— DJ<A <+Vj >1[,
N *
Ajt Dj(AJ'*1< = NiAT 1 = (A5v) g+ Ajg1avaa)s

where the matrix potentials vanish for j = 2 and are given for j > 3 by

(J 1 _ G- 4« (] 1) * ) E-=1) (G-1)
Sj(=G;j jg—1e Dic= Gj(j—1<A +G 3= 1- —1e5-1¢ Dj¢ —*A1<Gj<j—1<’AJ<1—1°G]‘—1-1'—1<’
Ny = —AL (G AL+ GY —10) = Ajo1a( GV A+ 6V —1()

(= GO\ —1( (j— 1. 7 lej—1( J(i—1e\M j_1ej—1(*1j—1( j— 1- J lej—1()-
Let )\% + 0 and )\% < 0. Compute successively for j =J —1,...,1,

D N
AR SNl -
N *

Dy ATy + Vi

D
= N ATary = (A5 V) + Ajpyaieviia),

where the matrix potentials vanish for j = J — 1 and are given for j < J — 2 by

_ (1) _ ~(+1) (G+1 L ( ~(+1) (G+1)
S Gm+1>’ G]>J+1>AJ+1 +G J+1°Aj+1°j+1>’ Djy = _Aj>Gj>j+1> — 4 J+1'G1+1-J+1>
L ( j+1) (4 (3+1) (4 +1
Njy = =AL (G AL + GO Ajieiin) = Ajine(GER )y ALy + G A5 e0).

Recover the subdomain solutions independently for j =1,...,J,

J) \N
— GJ.M)\J

+ G(]) )\N

jej)

(G(J) A +G(J>AJ.J ))\ﬁ

Ve

Output @ + Y°7_, RT(II'AD + I1*v,4).

(G AL+ G Ajui))AR + Via

We claim that the following identity holds:

G(J) G(J G(]) fj<

(3 j
Yie | jagt s e | g || e N E))
[u(;) L&y, 6 o ? | At Ajg-ien
®9) =7 ol T T e 1T
J J J
J J J J =10
G Gije G 0

(3)
jl.)
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In fact, the difference in the r.h.s. between (88) and (89) is

O oW -
{ Cloic G s, }u(;)l
Giic Giie Ajej( o

and the matrix in the braces vanishes because G is the inverse of the coefficient
matrix of the subproblem for V? of Algorithm 14. Assuming that

D (3) N _ ) (3) (3)
(90) Ag( uj 1p AJ<——AJ<u]il[—AJ<J 1.1].] le?

we substitute (90) into (89), take the Dirichlet and Neumann traces on I'j;4 ;, and
compare the results with the updating rules in Algorithm 14 to see that (90) also
holds for j + 1 replacing j. By induction based on (87), we conclude that (90) holds
for all j = 2,...,J. Substituting (90) and V? into (89) yields (for j = J change the

Lh.s. to u(Jl))

(91) ( ) _ V L+ G ) AN (G(‘) <A + G(J Ago; ) }\D<

Uje jej (7N ( jej

In particular, we have uf,l.) = v e with v from Algorithm 14.

1
In the backward sweep of Algorithm 2, we denote w; := u(l) (5)

J—1,...,1,and w; := uf] ) By arguments similar to the last paragraph we can show

forallj—.]—l , 1 that

+V]aj -

D N
A = Wi A= AW = AW,

and further

(92) Wie = V0u + G AN — (GO A+ G5 A, ) AD.

Jjej) Jjej)

Combining (91) and (92), we conclude that ug-l.) = Vje. 0

Remark 43. In Algorithm 14, the global approximatlon 1 is different from u(®

of Algorithm 4. In Algorithm 14, Rju = u(é) with u( ) from Algorithm 2, while

Algorithm 4 takes R; >u(1) = u(l) ] with u(le from Algorithm 2.

9. Optimal Parallel Schwarz Methods for Arbitrary Decompositions. All the
methods discussed so far only apply for a domain decomposition into a sequence of
subdomains, and the information is passed gradually from one subdomain to its neigh-
bor through the linear adjacency of the decomposition. The methods converge after
one double sweep if the appropriate DtN operators are used in the transmission con-
ditions between the subdomains. If the subdomain solves are performed in parallel,
then the methods converge in a number of iterations that equals the number of subdo-
mains, as was first pointed out in [133] (see also [131]), and this result was generalized
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Fig. 5 Two subdomains in an arbitrary decomposition.

in [135] to domain decompositions whose connectivity graph has no cycles. Whether
an optimal Schwarz method exists for an arbitrary decomposition was a question un-
til the method was first created in [72]. The method converges in two iterations and
thus the iteration matrix is nilpotent of degree two; each iteration exposes parallelism
between the subdomains in solving the subproblems and after the first iteration an
all-to-all communication is invoked to transmit the interface data between every pair
of subdomains (even if they are not adjacent). Note that the communication hap-
pens on the whole interfaces of the subdomains, e.g., €; will map the data on the
entirety of 9€); N Q) to the data on the entirety of 92 N Q and send them to £);; see
Figure 5.

The optimal algorithm in [72] was derived at the discrete level using linear algebra
techniques, and is thus valid for various types of discretized PDEs. We give here an
equivalent formulation at the continuous level, to complete the pair of discrete and
continuous algorithms as was done for all the other methods in this review. In the
optimal algorithm from [72], Q; needs to take into account all the exterior sources as
well as the interior source. Taking into account the interior source requires putting
a transparent boundary condition on 9€; N 2, while the exterior sources have to be
taken into account with the data A := >, A ; in the transmission condition on
0 NQ. Here, \; ; and A; ; are certain types of traces on 9§2; N and 9€Q; N2 of the
wave field generated by the source in £2;. The map that turns A; ; into A;; is

]:l,j : )\j’j — )\l,j = (Bﬂ))‘agmg, s.t. Lv=0 in Q— Qj7
(93) Bv=0 on 0 — 09,
ij = /\j)j on 897 neQ,

where C; is the trace operator corresponding to A;;, and B; is the trace operator
corresponding to A; ;. For convenience, we can take B; := 7;, where 7; is a transparent
boundary operator for the truncation of 2 to £2;, which allows us to simulate the waves
generated by A; and the interior source together by the subproblem in €;. We may
use some approximation F; ; of the operator in (93) to define a preconditioner, which
leads to the algorithm given in Algorithm 15.

THEOREM 44. If in Algorithm 15 J‘El,j = Fi,; is uniquely defined as in (93) and
B; is an exact transparent boundary operator, then the preconditioner given by Algo-
rithm 15 is exact, i.e., the output @ is the solution of (11). This means the iteration
operator is nilpotent of degree two.

Proof. The proof is straightforward by well-posedness and linearity. ]
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Algorithm 15. Optimized Schwarz preconditioner using global transmission con-
ditions at the PDE level.

Input the source terms f and g.

Suppose the decomposition is arbitrary such that U;-’zlﬁj =

Solve the following subproblems independently for j =1,...,J:

(%) .
Lv;*"=f inQy,
Bv? =g ond0no0,,
Biw(? =0 on 99, — 09,
where B; is an approximation of a transparent boundary operator for truncation of

2 to §2;. Take the trace A;; ij](é) on 0€); — 00 and map it to A ; ]T'l’j)\j,j on
O — 0 for all | # j. Here, F; ; is an approximation of F; ; in (93).
Solve the following subproblems independently for j =1,..., J:

LoV =f in Q;,

Bo\Y =g on QN A%Y;,

B =3 \a on 99; — 09

Output 4 <« Z'jjzl &; (¢jv§1)) with &; the extension by zero to €, and Z‘jjzl Ejp; = 1.

As seen from Theorem 44, approximating (93) is crucial for Algorithm 15. Es-
sentially, this consists in approximating the off-diagonal part of the Green’s function
corresponding to the two interfaces. However, at the time of writing this article, no
effort has been made toward a practical realization of Algorithm 15.

10. Numerical Experiments. The main goal of our article is both theoreti-
cal and formal, namely, to show that there is a common principle behind the new
Helmholtz preconditioners based on sequential domain decomposition. Numerically,
impressive results have been shown for these algorithms in the literature; see, for ex-
ample, [29, 52, 111, 139, 157, 179]. Nevertheless, it is interesting and right that the
readers of this review should also see when these new algorithms get into difficulty,
which motivated us to add this section. Some of the results here have appeared in [85].

We consider the Helmholtz equation on the unit square

(94) (A+k(x)*)u=f inQ:=(0,1)%

with suitable boundary conditions for well-posedness. We discretize (94) by the clas-
sical five point finite difference method. We split the square sequentially in the x
direction into p = 4, 8,16 equal strips representing the subdomains with vertical in-

terfaces. Each subdomain has its own constant wavenumber. For the case of four
subdomains, we use the wavenumbers

(95) k = [20 20 20 20] + [0 20 10 — 10],

where « is a contrast parameter, and for larger p we just repeat this structure. The
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Fig. 6 Guided waves from a point source near the left boundary (first row) or near the center (second
row), with homogeneous Dirichlet conditions on the top and bottom and Robin conditions
(first column) or PMLs (second column) on the left and right boundaries. The media have
four layers separated by vertical interfaces as in (95) with a = 1.

mesh resolution we choose guarantees at least ten points per wavelength for this ex-
periment. We start with the case of a wave guide in the x direction, where we use
Robin or PML radiation conditions on the left and right, and homogeneous Dirichlet
conditions on top and bottom. We show in Figure 6 the real part of the solution®* we
obtain in the four-layered medium with o = 1 stimulated by a point source at x = 2h,
Yy = % in the top row, and for the point source at x = %, y = % in the bottom
row.

We are going to test the two fundamental algorithms mentioned in section 2: one
based on the factorization and the other based on the nonoverlapping Schwarz method.
As stated in Theorem 30, the factorization method has (approximate) DtN or Schur
complement derived transmission conditions on the left interfaces of subdomains, and
Dirichlet conditions on the right. For the nonoverlapping DOSM (see Algorithms 3
and 4), we use the version with (approximate) DtN derived transmission conditions
on both interfaces of each subdomain. For the case of a constant medium, i.e., = 0 in

24The Dirichlet boundary points are not plotted, but the PMLs are plotted.
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Table 2 LU iteration numbers in the wave guide setting.

p=4 p=2~8 p=16

a Iterative GMRES Iterative GMRES Iterative GMRES

0 i1 1{1 1 1|1 1 1|1 1 11 1 1)1 1 1
00014 3 3|3 3 3|5 3 3|4 3 3|6 3 3|4 3 3
0005|6 4 4|5 3 41|12 5 5|7 4 4|13 5 4|8 5 5
001 |8 5 4|5 4 4|16 6 5|8 5 5|38 7 7|11 6 6
005 |- 8 6|8 6 5 17 12116 7 8| - 12 26(22 9 10
0.1 32 10 11|10 7 6 - - - 118 11 11| - - - 126 14 15
1 - - -1]120 19 19| - - - |45 38 38| - - - |8 63 62

0 i1 1|1 1 11 1 1|1 1 1|1 1 11 1 1
00014 2 3|3 3 3|5 3 3|4 3 3|7 4 4|6 4 4
0005|7 3 3|5 3 3|- 5 4|- 4 4|30 6 6|12 6 5
001 |11 4 4|6 4 4|- 6 5|11 5 5 |- 10 10|19 7 6
0.05 - - - 113 7 6 - - 123 12 11| - - - 147 17 16
0.1 - 22 31|14 9 9 - - - 123 12 11| - - - |50 24 23
1 - - 36 21 19| - - 70 64 64| - - - | - 95 90

(95), we use the exact DtN for (94). That is, we calculate the exact Schur complement
for the discretized problem. For o > 0, we approximate the DtN for (94) by the exact
DtN for the Helmholtz equation in a modified medium: when calculating the exterior
DtN on the left interface of a subdomain, all the medium to the left of the subdomain
is assumed to be the identity extension of the medium in the left neighborhood of the
subdomain.?® On the right interface of a subdomain we do the same. Of course, this
approximation has errors for heterogeneous media, and we will see that these errors
have a dramatic impact on the convergence of the algorithms, something which is not
yet well documented in the literature on these methods.

We test the two algorithms both as iterative solvers and as preconditioners for
GMRES for varying contrast parameter o and subdomain numbers. We do this for
mesh size h = 1/64 and the contrast profile in (95), and on a refined mesh with
h =1/128, but also for a profile with twice the size for the wavenumber, i.e.,

(96) ke = [40 40 40 40] + [0 40 20 — 20],

so that we still have at least ten points per wavelength resolution. We show in Tables 2
and 3 the number of iterations the methods took, where we stopped the iterative
version of the algorithms and GMRES when the residual was reduced by le — 6, and
we started with a zero initial guess of the solution u for a random source term f in
the physical domain 2 of (94). In the PMLs outside {2, both the initial guess and the
source term are set to zero. The three columns within each “Iterative” or “GMRES”
column correspond to Robin conditions, PMLs of thickness five times the mesh size,
and PMLs of thickness ten times the mesh size on the left and right of the original
domain. The top parts are for the smaller wavenumber experiment in (95), and the
bottom parts are for the larger wavenumber experiment in (96). We first see that
for a = 0, i.e., in the constant wavenumber case, the factorization is exact, and both
the iterative version and GMRES converge in one iteration step. As soon as we have
a nonconstant wavenumber, however, already for o = 0.001, the factorization is not
exact any more. Nevertheless the algorithms still converge well, up to o = 0.01 in the

25This is a common assumption upon which most of the ABC and PML techniques are based.
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Table 3 Schwarz iteration numbers in the wave guide setting.

p=4 p=2~8 p=16

a Iterative GMRES Iterative GMRES Iterative GMRES

0 i1 1{1 1 1|1 1 1|1 1 11 1 1)1 1 1
0.001 | 3 2 2 3 2 2 3 2 2 3 2 2 3 2 2 3 2 2
00065 3 3|4 3 3|5 3 3|4 3 3|5 3 3|4 3 3
001 |7 4 3|4 3 3|7 4 4|5 3 3|7 4 4|5 4 3
005 |42 12 7|7 5 4| - 16 12|19 5 5 |- 21 17|13 7 6
0.1 - - - 9 7 6 - - - 114 12 11| - - - 120 17 17
1 - - -126 23 24| - - - |48 47 47| - - - |59 68 65

0 T 1 1|1 1 11 1 1|1 1 1|1 1 11 1 1
00013 2 3|3 2 23 2 3|3 2 2|3 2 3|3 2 2
0005|5 3 4|14 3 3|6 3 4|5 3 3|7 3 4|5 4 3
001 |8 4 6|5 4 4]12 4 6|6 4 4|30 5 6|7 5 4
0.05 - - - 110 7 6 - - - 116 11 10| - - - 122 16 16
0.1 - - - 113 11 9 - - - 119 14 13| - - - 132 22 22
1 - - - 143 40 38| - - 79 T 77 - - - -

smaller wavenumber case in the top parts of the tables, i.e., a one percent variation in
the wavenumber k. For larger contrast, the iterative version of the algorithms cannot
be used any more, and GMRES now deteriorates rapidly, for example, if the contrast
is at a factor of two, i.e., « = 1, GMRES iteration numbers double when p goes from
4 to 8, and the two algorithms are not robust any more. In the higher wavenumber
case in the bottom parts of the tables, they deteriorate even more rapidly for higher
contrast. We can also see by comparing the last lines in the top and bottom parts of
the tables that doubling the wavenumber leads to a remarkable growth of the iteration
numbers with GMRES as soon as the contrast is large enough, and that GMRES fails
to converge in less than hundred iterations at the bottom right.

We next perform the same set of experiments, but now using Robin or PML
conditions all around the original domain; see Figure 7, Table 4, and Table 5. We
see that the outer radiation conditions are better than the wave guide setting for the
two algorithms, and they now work in the iterative version up to about a 10 percent
variation of the wavenumber in this specific experiment. As soon as there is a variation
as large as a factor of two, however, the algorithms are not effective solvers any more,
the iterative versions diverge, and GMRES iteration numbers deteriorate when the
number of subdomains increases and also when the wavenumber is doubled. One thus
has to be careful when claiming optimality of algorithms in this class of Helmholtz
preconditioners.

Il. Conclusions. We have seen that for a large class of new Helmholtz solvers the
underlying mathematical technique is the same: the solvers are based on a nilpotent
iteration given by a double sweep in a sequential domain decomposition that uses the
exact Dirichlet-to-Neumann operators for transmission conditions at the interfaces.
At the linear algebra level, the corresponding algorithm is based on an exact block
LU factorization of the matrix. From domain decomposition, it is known that when
the solves are performed in parallel, instead of in a sweeping fashion, the method
is still nilpotent, but convergence is then achieved in a number of iterations corre-
sponding to the number of subdomains [131, 133]. If the domain decomposition is
more general, such that the connectivity graph includes cycles and thus cross points
between subdomains are present, we have given an algorithm at the continuous level
based on the discrete algorithm in [72] that is still nilpotent. This algorithm requires
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Fig. 7 Scattered waves from a point source near the left boundary (first row) or near the center
(second row), with Robin conditions (first column) or PMLs (second column, bigger since
the plot includes the PML region) all around the square domain. The media have four layers
separated by vertical interfaces as in (95) with a = 1.

communication of each subdomain with every other one, and convergence is achieved
in two iterations. While there is currently no practical realization of this algorithm,
the fact that the algorithm converges in two iterations, independent of the number
of subdomains, suggests that a coarse space component is active in this optimal al-
gorithm. Coarse spaces leading to nilpotent iterations were first described in the
lecture notes [68], and then in [70, 71], with successful approximations in [74, 75].
The property that domain decomposition methods in general are nilpotent has only
very recently been investigated in more detail; see [23]. None of the Helmholtz solvers
we described in this article use coarse space techniques at the time of writing, which
leads us to expect that this area of research will remain very active over the coming
years.
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Table 4 LU iteration numbers for a domain with Robin or PMLs all around.

p=4 p=2_8 p=16

«@ Iterative GMRES Iterative GMRES Iterative GMRES

0 i1 11 1 1|1 1 11 1 1|1 1 1|1 1 1
goo1|2 2 22 2 2|3 3 2|3 2 2|3 3 3[3 3 3
0005(/3 3 3|3 3 3|4 3 3|4 3 3|4 3 3[4 3 3
0013 3 3|3 3 3|4 434 3 3|5 4 4|5 4 3
0055 5 5|5 4 4|7 5 5|6 5 5|8 6 5|8 5 5
0.1 7 6 5 6 5 5 9 6 6| 8 6 6 (12 7 7|10 7 6
1 - 31 27|15 12 12| - - -132 25 22| - - -|5B8 34 29

0 11 1}(1 1 11 1 1|1 1 1|1 1 11 1 1
o013 2 23 2 2|3 2 2|3 2 2|3 3 3[3 3 3
0005(/3 3 3|3 3 3|4 3 3|4 3 3|5 3 3|5 3 3
0014 3 3|4 3 3|5 3 3|5 3 3|6 446 4 4
005 |6 4 4|6 4 4|10 5 5|8 5 5|14 6 6|11 6 6
0.1 8 5 5 7 5 513 6 6|10 6 6 |14 8 7|12 8 7
1 - - 52123 13 12| - - -139 24 22| - - -199 61 48

Table 5 Schwarz iteration numbers for a domain with Robin conditions or PMLs all around.

(4]

(5]

(6]

p=4 p=2~8 p =16

@ Tterative GMRES Iterative GMRES Iterative GMRES

0 1 1 1 1 1 1 1 1 1)1 1 1 1 1 1|1 1 1
0.001 |3 2 2 2 2 2 2 2 2|2 2 2 2 2 2|2 2 2
00053 3 3|3 3 33 33/3 3 3|3 3 3|3 3 3
0.01 {3 3 3 3 3 3 3 3 3|3 3 3 3 3 3|3 3 3
0055 4 4|4 4 4 5 5 4|14 4 415 5 4|4 4 4
0.1 6 5 5 5 5 4 6 6 5|5 5 5 7 6 5|6 5 5
1 - - - 123 33 37| - - -|35 44 44| - - - |41 43 48

0 1 1 1 1 1 1 1 1 1)1 1 1 1 1 1)1 1 1
0.001 |3 2 2 2 2 2 3 3 2|2 2 2 3 3 2|2 2 2
0oo5({3 3 3|3 3 3/3 33/3 3 3|3 3 3|3 3 3
0.01 |4 3 3 3 3 3 3 3 3|3 3 3 3 3 3|3 3 3
0055 5 5|5 4 4|5 5 5|5 4 4|5 5 5|5 5 4
01 |7 7 6|6 6 5|9 7 6|7 6 5|9 7T 7|7 6 6
1 - - - |32 43 45| - - -[49 54 61| - - -|T79 94 75
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