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1. Introduction

High frequency wave propagation and diffraction in heterogeneous media is a problem of great interest, especially in the
field of electromagnetics. The modeling of complex metamaterials and coated scattering objects for high frequencies is in
high demand in the electromagnetics community. Solving the forward problem of electromagnetic radiation is also a key
part in the inversion methods of biomedical and radar imaging. As a result, fast and accurate numerical solutions to Max-
well’s equations have become a top priority.

In the frequency domain, the most widely-used numerical technique for solving the heterogeneous medium problem of
Maxwell’s equations is the finite element method [14,16]. The reasons for its popularity are clear: it allows the modeling of
structures with complex geometry quite naturally, and the stiffness matrix resulting from discretization is sparse, allowing
the use of direct solvers such as the multifrontal method. Despite these advantages, however, solving Maxwell’s equations in
the high frequency regime remains a very difficult task for a few reasons. First, to retain a certain level of accuracy in the
solution, each wavelength must be resolved with a reasonable number of elements. In fact, the pollution effect [2] forces
the number of elements per wavelength to be increased if the same level of accuracy is desired at a higher frequency. If
the domain is K wavelengths wide in each dimension, the number of degrees of freedom N is at least of order O(K?), where
the dimension is d = 2, 3; for high frequencies, this number becomes extremely large. Second, the oscillatory nature of the
dyadic Green’s function for Maxwell’s equations causes the stiffness matrix to be highly indefinite and ill-conditioned.
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Direct methods work well in 2D (with complexity O(N*/?)) but become too expensive for 3D problems (with complexity
O(N?)). As a result, iterative methods appear as the common choice in 3D. There has been extensive work done on the pre-
conditioning and iterative solution of time-harmonic wave equations; the majority of the literature is focused on finite dif-
ference methods for the Helmholtz equation, which can be reviewed in [10]. For most iterative methods, the number of
iterations necessary for convergence increases significantly with the wavenumber. For example, a preconditioner that has
garnered much attention recently is the shifted Laplacian [3,11]. The main goal of the method is to “shift” the eigenvalues
of the Helmholtz operator away from the origin and into the positive half of the complex plane; in doing so, the condition
number is improved and the problem becomes less indefinite. For 1 = v—1 and wavenumber k, discretizing the complex-
perturbed operator A + (1 +18)x? for >0 and applying the inverse approximately can act as an effective preconditioner.
The inversion can be achieved by either multigrid or incomplete LU decomposition; a comparison of the two methods is done
in [12]. Unfortunately, convergence of the iterative solver still deteriorates as frequency increases.

Domain decomposition methods for the Helmholtz equation have also been developed by several research groups, follow-
ing the early work of [15]. In these methods, for example in [5,7,13], the number of subdomains typically remains constant in
order to maintain an iteration number that is essentially independent of the frequency. On the other hand, it has been ob-
served in [5] that when the number of subdomains is increased, the convergence behavior of the iterative method deterio-
rates. As a result, these methods are mostly suitable for medium frequency problems in order to ensure that the solution of
the subdomain problems remains manageable.

Recently, a new family of preconditioners for time-harmonic wave equations, called the sweeping preconditioners, was
introduced in [8,9]. Developed for Cartesian finite difference grids of the Helmholtz equation, the initial step is to order
the degrees of freedom layer by layer, starting from an absorbing side. The algorithm then continues by constructing a block
LDL" factorization, with each block corresponding to the degrees of freedom in a single layer. The main observation is that the
inverse of each Schur complement block of the LDL! factorization is the Green’s function of the Dirichlet half-space problem,
restricted to a line. As a result, it can be represented efficiently using the hierarchical matrix algebra [8] or by truncating the
half-space problem further by moving the perfectly matched layer [9]. The approximate inverse of the LDL" decomposition
can be applied with O(N) complexity in 2D and O(N log N) complexity in 3D. As a preconditioner, the number of GMRES iter-
ations necessary for convergence is drastically lower compared to other preconditioning techniques, and is essentially inde-
pendent of frequency.

The main contribution of this paper is two-fold: first, to generalize the sweeping preconditioner to Maxwell’s equations,
and second, to present the preconditioner for unstructured finite element meshes. Because the perfectly matched layer
(PML) is ubiquitous in computational electromagnetics and is easy to work with in the finite element setting, we choose
to adapt the moving-PML method in [9]. We will show that the preconditioner setup time scales as O(N) in 2D and O(N*
3)in 3D, while the application time for each iteration is O(N) in 2D and O(N log N) in 3D. In addition, we will give evidence
that the rate of convergence of the Krylov iterative solver behaves just as it did in the Helmholtz case; that is, essentially
independent of wavenumber and mesh size.

The rest of the paper is as follows: in Section 2, we review the standard Galerkin method for Maxwell’s equations, along
with the PML formulation and choice of basis functions. In Section 3, we present the sweeping preconditioner for the finite
element method. Numerical results for 2D are given in Section 4, while numerical results for 3D are given in Section 5. Fi-
nally, we conclude with some remarks and potential for future work in Section 6.

2. Finite element methods for Maxwell’s equations

To avoid redundancies in the formulation, we proceed with the three-dimensional case; for 2D, we consider the trans-
verse electric (TE) mode, where the fields take the form E = (E,,E,,0) and H = (0,0, H,). It is easy to obtain the 2D case by elim-
inating partial derivatives with respect to the z variable and setting the PML stretching variable in the z-direction, s,, to be 1.
We will remark on the 2D formulation when clarification is necessary.

2.1. Perfectly matched layers

Consider the infinite-domain electromagnetic radiation problem in R* for electric field E = (E,,E,,E,), magnetic field
H = (H\,H,,H,) and current source J = (Jx.J,.J;). Maxwell’s equations in the frequency domain are

V x E = —1op,puH
V x H=1w¢&¢&E +]

V. (e&E)=p
V- (ot H) = 0 (2.1)
‘llim Hxr—1rlE)=0

\l|im (Exr+|rH) =0,
r|—oo
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where r = (X,y,z) and the last two conditions are the Silver-Miiller radiation conditions; they are required to ensure that the
solution radiates away from the source and dissipates to 0 as |r| — co. Here, 1 = v/—1, w is the angular frequency, ] is the im-
pressed current distribution, p is the charge distribution satisfying the continuity equation V - J = —1wp, & is the permittiv-
ity of free space, and (1 is the permeability of free space. The material parameters ¢, and y, are the relative permittivity and
permeability tensors with entries

8)()( Sxy 8)(Z M XX H Xy M Xz
= 8nx &y &z |, M= FHx Ky Hy
8ZX 8Zy 8ZZ H ZX H zy l/t zz

In general, these tensors are functions in R*. Due to computational constraints, it is impossible to solve the full radiation
problem; since we are usually concerned with the fields inside a compact subset of R*, we truncate the problem by intro-
ducing a condition at the boundary of the domain of interest that will emulate the Silver-Miiller radiation conditions in (2.1).
Here, the subset we consider will be the box € = (—1,1). Absorbing boundary conditions have been well investigated for this
truncation. In this paper, however, we opt for the perfectly matched layer approach [4,6].

Denote the thickness of the PML as /; this corresponds to a physical domain [—1+¢,1 — ¢]. Let us define the complex
stretching functions s;: for ¢=x, y, z as

s:(&) =1+10(8),
with ¢ > 0 in the PML region and 0 everywhere else. We normally choose ¢ to be the ramp-like function
0=, ce[-1,-1+(
a(&) =10, fel-1+61-1,
0(=)°, cel-11]

where 0 is a constant determined by the mesh size and frequency. Given these functions, the resulting PML tensors &, and ji
take the form

5952 SySz

Exx Tsx ExySz ExzSy Hix sy :uxySZ HyrSy

P xS, ~ xS,
& = SyXSz Syy ;_yz Sysz ) ,ur = /'tyxsZ ‘uyy # :uyzsx
S S  5xS SxS)
ExSy  EySx  Euy HuSy  MySx Myg”

Note that within the physical domain, the PML tensors reduce to the original material, i.e. & =¢ and fi, =y, in

[=1+¢,1 — ¢]°. On the outside of the PML, we artificially place a perfectly conducting surface to close the system. This is

a widely accepted practice, as the reflections off the PEC are very small because of the exponential decay inside the PML.
In the 2D TE mode case, Maxwell’s curl equations are reduced to

OE, OE
07):/ - = 710):“01“221—12

oy —
OH.
8yz = 1080 (ewEx + &xEy) + 1,

OH,
X

Defining the partial derivatives in stretched coordinates exactly the same way as in the 3D case, we can follow the same pro-
cess for deriving the material parameters. The resulting material properties are

N Ewd Gy _
&r = e P Hr = SxSy ;-
oy Ly,

2.2. Variational formulation

= 1W&(&yxEx + &yyEy) + ],

The truncated PML problem of Maxwell’s equations is

V x E = —1owp,itH
V x H = 1w&p&E +]

~ (2.2)
V- (&&E)=p
V- (4o H) =0 in @,
nxE=0 2.3)

nxH=0 ondQ,
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where 11 is the unit normal vector on 9 Q2. We can eliminate the magnetic field variable H and use the second-order equation

V x 1'V xE - k*&E = —10y,] in Q, (2.4)
AxE=0 ondQ, (2.5)

where K :=w/fl;8 =22 is the wavenumber in free space. For a testing function ¢ € Hp(curl,Q), where
Hy(curl, Q) = {¢ € H(curl, Q) : it x ¢(r) = 0,Vr € 9Q}, the weak form of the equation is

(‘a;]v x E, V x ¢)Q - Kz(érEv ¢)Q = —lw,uo(j, ¢)Q’ (26)

with the inner product (u,v), = [,u-vdQ. Under certain conditions [16], there exists a unique solution to (2.6) in
Ho(curl, Q).

2.3. Vector finite elements

To discretize the variational formulation, we represent the domain with a triangular mesh in 2D and a tetrahedral mesh in
3D. Each mesh is constructed so that the element-to-wavelength ratio is kept constant over all frequencies; for a wavelength
4, we choose the mesh size h so that h ~ 1/10. To avoid the possible spurious solutions given by nodal basis functions, we
employ the linear curl-conforming edge functions made famous by Nédélec [17]. These basis functions are divergence-free
and have a constant tangential component along the edge on which they are defined.

Given a quasi-uniform tetrahedral mesh of Q with N interior edges (i.e. edges with at most one vertex lying on 8Q) and
edge length bounded by h, we have the finite element approximation

N
Eh = Z Ci'/’iv
i=1

where y; is the edge function defined on edge i and ¢; € C are the undetermined coefficients. The standard Galerkin formu-
lation yields the sparse linear system

Au=>b, (2.7)
with the matrix and vector entries

Aj = (I <, V ), — K2 (85, W),

llj ES C]',

bi = —10,(J,¥7) -

3. Preconditioner for FEM

The linear system of equations in (2.7) is highly indefinite and ill-conditioned for high frequency problems. As mentioned
earlier, the iterative solution of such a system is difficult with current preconditioning techniques. In this section, we detail
the sweeping preconditioner for the finite element method, which will allow convergence of a Krylov subspace iterative sol-
ver in a small number of iterations.

3.1. Mesh partitioning

The first step to setting up the preconditioner is to divide the mesh into layers or slabs. Consider the problem for a par-
ticular wavenumber « such that the number K := £ = ©¥fo% i an integer; here, K is the width of the domain in wavelengths.
Let us also assume for the sake of simplicity that the PML width is ¢ = .. We can then divide the domain into the subdomains
Q;,i=1,...,Kas

Q=[-1,1""x[-1+(i—-1)i,-1+ii)
Q = [—1,1]”H x -1+ (K -1)41].

for i=1,...,K-1

The partition occurs in the y-direction for 2D problems and in the z-direction for 3D problems. Clearly, we have Q = <, Q;
and ;N Qj=® lfl7é]

For a tetrahedral mesh 7 = {t, ..., ty, } with edges denoted by e;,j = 1,...,N, we define v;, fork=0,...,d to be the vertices
of tetrahedron ¢; in d dimensions and denote the centroid of t; with ¢; = dlﬁzﬁzovjk. Next, we define 7; as the union of tet-
rahedra whose centroids are in €;, i.e.,

Ti=J{ti: e} (3.1)
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Clearly, Q = Uf: ;7. Fig. 1 shows an unstructured triangular mesh and tetrahedral mesh partitioned into eight layers, with a
different color for each layer; in general, the boundary of each layer is not a smooth surface. (See Fig. 2)

Once the task of partitioning the mesh is completed, we can construct integer sets &;, which will point to which degrees
of freedom are associated with layer ;. This organizational structure is necessary to obtain the block LDL' factorization in
the next section. At first, this may seem trivially similar to the algorithms in [8,9], but a conflict occurs at the boundary
between two layers; specifically, when a simplex in 7; and a simplex in 7;_; share an edge. This can be avoided by always
choosing to associate boundary edges with the upper layer. If we have §7; as the boundary and 7™ as the interior of the
domain defined by elements in 7, such that 7; = §7; U7™, we can categorize the edges e, j=1,...,N in the following
manner:

& ={j : ¢ is an interior edge of T;}
& ={j: e is an interior edge of T; or ej € 9T; N7, 1} fori=2,... K.

3.2. Sweeping factorization

With the degrees of freedom in each layer defined by the integer sets &; fori=1,...,K, we can rewrite the linear system in
(2.7) in block tridiagonal form. Using MATLAB-style notation for indexing matrices and vectors, we can reorder the system

A&, &1) A6, &) u(&;) b(&1)
A(52751) A(52752) U(52) = b(EZ) ) (32)
A(Ek-1,&k) : :
AEx,Ex1) Al &) ] \U(Ex) b(€x)

where u(&;) are the unknown coefficients associated with edges in layer i, b(&;) is the right hand side computed from basis
functions defined on edges in layer i, and A(&;, §;) are the blocks of the stiffness matrix corresponding to the degrees of free-
dom in layer i and layer j. This permits the block LDL factorization

S
Ly...Lgs . A (3.3)

SI(

where the Schur complement matrices take the form S; = A(£1,&1),Si = A(&i, &) — A, Ei-1)S 4 A(E1, &) for i=2,.. . K. De-
fine the index sets P; fori=1,...,K as

i-1 i
Pi = ZNS+17"~7ZN5 5
s=1 s=1
where N; = |&| is the cardinality of set &;. The block lower triangular matrices L; are then

Li(Pi1, Pi) = A1, &S, Li(Pi,Pi) =1(1 <i<K), and zero otherwise.

Explicitly inverting the factorization yields the solution
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Fig. 1. Left: triangular mesh partitioned into eight layers. Right: tetrahedral mesh partitioned into eight layers.
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e v bienbie:)
=) (L) t Ly :
u(&x) . S, bEw)

We can summarize the factorization and inversion process in the following algorithms.

Algorithm 3.1. Construct the sweeping factorization of A

3775

(3.4)

1
2

3:

: Set $; = A(&1,&;) and compute S7.
:fori=2,... ,Kdo

Set S; = A(&;, &) — A(&1, Ei-1)ST L A(Ei_1, &) and compute S; 1.

4: end for

Algorithm 3.2. Apply the inverse to get u=A"'b

9

1
2
3
4
5:
6
7
8

:Set u(&) =b(&), fori=1,... K
: Compute u(&,) = u(&) — A(E2, £1)ST u(&r).
:fori=2,...,K-1do
Compute u(E;,1) = u(Ei1) — A1, £)S; (&)
end for
: Compute u(&;) = Sy u(&r).
:fori=2,...,Kdo
Compute u(&;) = Si’]u(&v).
: end for

10: fori=K—-1,...,2do

1

1:  Compute u(&) = u(&;) — Sy A&, £ )U(Eirr).

12:end for
13:Compute u(&;) = u(&;) — Sy A(E1, E)U(E).

The main computational cost comes from inverting the Schur complement blocks S;; note that fori=2,...,K, these matri-
ces are dense, since each S; is dependent on the inversion of S;_;. For Cartesian finite difference grids, the cost of computing
the inversion of the above factorization has been shown to be O(N?) in 2D and O(N”/*) in 3D [8]. We can make a similar argu-
ment for finite element meshes, as the number of edges varies approximately linearly with the number of simplex elements.

Our

3.3

aim is to reduce this computational time to linear or almost linear complexity.

Moving PML method

An important physical observation can be made about each matrix S;. Specifically, let us restrict the full problem to the

first m layers, for m < K; that is, instead of the whole system in (3.2), consider the smaller system of equations

s &) A, &) u(é) b(&)

A(&2,&1) A(E2,&) u(&) B b(&,)
A(Em-1,Em) ~ :

Além,Emno1)  AEm, Em) U(Em) b(&m)

This system corresponds to the discretization of the semi-infinite half-space Maxwell problem with a PEC boundary condi-

tion

on the boundary of ", 7, i.e.
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m
V x 'V xE - k*&E = —10p] in int(UT,-),

i=1

m (3.5)
AxE=0 mO(UTJ.
i=1
If we invert the upper m blocks, we obtain
u(&) St b(&1)
o= ) » Lot | (3.6)
u(Em) S b(&m)

However, due to the structure of L; for i =1,...,m, it is noticed that the S,! is unaffected by the left and right operators in
(3.6), i.e. the (m,m)-th block in the right hand side is exactly 5;11. Based on this fact, we can conclude that S,‘n1 is the discrete
Green’s function for degrees of freedom in the m-th layer for (3.5); solving the half-space problem above implicitly con-
structs an operator for S,'. In [8], a proof was given that this matrix is low rank in the 2D case, and that hierarchical matrices
are efficient in representing S;'. In [9], a different approach called the moving PML method was introduced as an alternative to
approximate S.! efficiently. In this paper, we choose the moving PML approach, as it can be readily applied to general finite
element discretizations.

The central idea behind the moving PML method is to take advantage of the radiation boundary condition. Because each
Sm is a Schur complement for the degrees of freedom in layer m, its inverse only acts on quantities defined in this layer.
Therefore, as an operator, S,;l only needs to be accurate in this region. Recalling that the PML boundary condition is used
to emulate the Silver-Miiller radiation conditions, the half-space problem in (3.5) can be truncated even further by pushing
the PML up to the domain of interest; that is, instead of solving a problem with layers 1,...,m, we can solve an approximate
problem with layers m — 1 and m by placing the PML in layer m — 1. As we will see in the numerical results, solving this
subproblem will serve as a good approximation to the operator S,’nl.

When compared to direct inversion to get Si’], the moving PML method has a huge computational advantage. Recall that
N; = |&] is the number of degrees of freedom in layer i. Inverting each N; x N; matrix S; would take O N? steps because S; is
dense fori=2,...,K. On the other hand, the truncated half-space problem is a sparse system roughly of size 2N; x 2N;. In 2D,
this corresponds to a quasi-1D problem which can be factorized efficiently using an O(N;)LU decomposition that orders the
short dimension first. In 3D, it corresponds to a quasi-2D problem that can be factorized in O(N?/zg time using the multi-
frontal method with nested dissection.

To make things more precise, the process of approximating S,T' fori=2,...,Kin operator form is as follows. Consider the
shifted stretching function for subdomain €;,

Sei(€) = 1+10i(8),

where ¢; is the ramp-like function

N2 . .
%iﬂ;&%, cel-1+(1-2)0-1+(i-1)
(&) =10, fel-1+(-1r1-4
0(=1), cell-41]
The truncated half-space problem for layer i is then

V x 1}V x E — K*&E = —10] inint(T;_; UT;)

X (3.7)
nxE=0 ond(7;1UT;),
where the material parameters in 2D are
S,
~ Exx SLXI ‘gxy ~
Eri = e P Sy 5 ,urj = sxsy.i,uzp
e Gy
and the tensors in 3D are
SyS,i Sy,
Exx ysxzI ExySzi ExzSy :uxx% :uxySZi Uy, Sy
~ SxSi ~ SxSzi
Ei=| enSzi Gyt &Sk |, M= | MuSzio My HySe | (3.8)
Sx S Sx S
EZXS)/ 82}’ Sx &2z % nuzxsy nuzySX nuzz %

Clearly, subproblem (3.7) requires only the first two layers of the shifted PML function. Denote the stiffness matrix resulting
from the discretization of (3.7) as H;; it is crucial that the degrees of freedom in the local subproblem maintain the same
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order as in (3.2). Using the multifrontal method with nested dissection, we can construct the optimal sparse LU factorization
of H; and are able to apply the inverse operator H; ! efficiently. Now consider the vector v € C", where N; is the number of
degrees of freedom in layer i. If we concatenate a vector of zeros 0 € C"* with » and apply H; ', the result is

i (9)- ()
v Wy
for vectors wy € CVi', w, e CM, We can then extract the vector w, from the right hand side of (3.9) to obtain the approxima-
tion of 5,-’1 v; we define the operator which performs this concatenation/extraction process to be §;1 :CN— M,

We are now ready to present the setup and application algorithms of the sweeping preconditioner with the moving PML
method; we modify Algorithms 3.1 and 3.2 appropriately with the new operator S;!.

Algorithm 3.3. Setup the sweeping preconditioner of A

1: Let H; = A(&1,&71); construct the sparse LU factorization of H;.
2:fori=2,...,Kdo

3: Let H; be the stiffness matrix of (3.7). Construct the optimal sparse LU factorization of H; using the multifrontal
method with nested dissection.
4:end for

The setup of the preconditioner requires the solution of each subproblem in (3.7). In the 2D case, each subproblem has
O(VN) degrees of freedom. The multifrontal method constructs the solution of the quasi-1D problem with linear complexity,
so each subproblem can be solved in O(v/N) time. Since there are O(v/N) subproblems to be solved, the total setup time in 2D
is O(N). In the 3D case, the estimate is slightly worse. Each subproblem in 3D contains O(N'??) x O(N'/3) = O(N*/*) degrees of
freedom; consequently, the multifrontal method can solve the quasi-2D problem in O((N*/*)*/2) = O(N) time. Since there are
O(N'3) layers, the total complexity to setup the 3D preconditioner is O(N*3).

Algorithm 3.4. Apply the approximate inverse to b to get u ~A~'b

1: Set u(&;) = b(&;), fori=1,... K.

2: Compute u(&;) = u(&s) —A(£2,51)H1’1u(£1).
3:fori=2,....K—1do

4 Compute u(€; 1) = u(&iyq) —A(€i+1,5i)§;1u(€i), where the operator §;1 is described above.
5: end for

6: Compute u(&1) = Hy'u(&y).

7:fori=2,...,Kdo

8:  Compute u(&) = S; 'u(&).

9: end for

10: fori=K-1,...,2 do

11:  Compute u(&;) = u(&) — Sy A(E;, Ei1)U(Ei1)-
12: end for

13: Compute u(&;) = u(&;) — Hy 'A(E1, £2)u(&).

The main cost in Algorithm 3.4 is the application of §;1. In 2D, the cost of applying the inverse of the sparse LU factor-
ization is linear; for each layer, this amounts to O(v/N) time. The computation is done O(v/N) times, which results in a total
complexity of O(N). In 3D, applying each inverse can be done in logarithmic linear time, i.e. O(N**log N*/3). With O(N'/?) lay-
ers, this results in a total complexity of O(N log N).

Algorithms 3.3 and 3.4 define an inverse operator M~!, which is an approximation of A~!. For stability reasons, it is more
prudent to construct the approximate sweeping factorization for the equation

V x 1V x E — (i + 10)°&,E = —1004,), (3.10)
where « is a positive damping constant of O(1). This approach is different from the shifted Laplacian preconditioner, in which
the damping constant is proportional to frequency. With M, being the approximate inverse operator for the discretization

of (3.10), we can solve the preconditioned linear system

M,'Au=M,'b.
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using a Krylov subspace iterative solver. As we will show in the numerical results, the rate of convergence of the iterative
solver will be either independent or logarithmically dependent on frequency, with a low number of iterations.

A few remarks must be made about practical issues with the algorithm. First, we have presented the moving PML method
in the z-direction for 3D; this choice is arbitrary, as we can also partition the mesh into slabs orthogonal to the x or y axes. For
these cases, the appropriate PML functions must be shifted for the material tensors in (3.8). Second, we have defined each
subdomain to have the same thickness as the PML; this is not a restriction, as one could configure the subdomains so that
each slab is of a different thickness. This is particularly useful when computing on adaptive or locally refined meshes. In
addition, the PML used to back each slab does not need to coincide with the adjacent slab; we choose this simplification
for ease of implementation. Finally, we would like to note that other absorbing boundary conditions (ABC) can be utilized
in place of the PML. The use of an ABC would reduce the memory and computational time, as each subproblem would
not need an extra buffer layer.

4. Numerical results in 2D

In the 2D case, we present several numerical results to support our claims for the accuracy and linear complexity of the
sweeping preconditioner. All of the 2D algorithms are implemented in sequential C++ code on a server equipped with Intel
Xeon E7420 2.13 GHz processors. For the multifrontal method used to solve each subproblem, we employed the sequential
version of MUMPS [1]. For the iterative solver, we have chosen GMRES iteration with a residual tolerance set to 107>,

4.1. Cartesian PML

For Cartesian PMLs, we have chosen a few examples of heterogeneous media which are of importance to the optics and
photonics community:

1. A converging lens profile. Here, we consider the isotropic, heterogeneous material

& = <1 + e*30<><2+y2>> ((1) ?), uo=(1+ e*30(x2+y2>).

At the center of the lens, the wavespeed is 1c, where c =
2. A periodic medium. We use the 2D function

fx, y)71+1 cos (20<7+7>>+1cos (20(%—\%)) 4.1)

to form the isotropic material

1
VHoéo

= (g

10
>$ = f(X,y) (42)

In these examples, the current J is a solenoidal vector field in the x-y plane derived from a Gaussian point source oriented in
the z-direction, i.e.

Jx,y) =V x (ze0so-097), (4.3)

The preconditioner is constructed with o =1 and PML width ¢= 2. For each experiment, we fix the domain [—1,1]?
while simultaneously increasing the wavenumber k, keeping the same resolution for elements per wavelength; we list
the width of the problem in wavelengths K := £ = @ the number of degrees of freedom N, the preconditioner setup
time Tseryp in seconds, the iterative solver time Toe in seconds, and the number of iterations necessary for convergence
Niter.

From the table in Fig. 3, it is observed that when K doubles, the number of degrees of freedom increases by a factor of 4. At
the same time, Tserp also increases approximately by a factor of 4, which shows the linear complexity of Algorithm 3.3. The
time per iteration % also grows roughly by a factor of 4; thus, we can infer that the application Algorithm 3.4 is also O(N).
As the number of iterations either remains constant or grows very weakly with frequency, the entire solver has O(N) com-
plexity. The complexity graphs in Fig. 4 support these claims.

4.2. Cylindrical PML

The sweeping preconditioner can also be used with a cylindrical PML; in this case, the computational domain is a circle of
radius 1. Instead of partitioning the domain into equally sized horizontal or vertical layers, a series of concentric shells are
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Fig. 2. Material ¢, and p, for the 2D converging lens (left) and periodic medium (right).
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Fig. 3. Real part of the magnetic field H, at K = 64 with computational results for the converging lens (left) and periodic medium (right).
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Fig. 4. The complexity graphs for setup time of the preconditioner (left) and time per iteration of the iterative method (right) in the 2D case.
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Fig. 5. Layers of the circular domain for the cylindrical PML.
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Fig. 6. Real part of the scattered field H, at K = 64 for the PEC cylinder (left) and real part of the total field E, at K = 64 for the transformation optics cloak

(right), with computational results.

introduced. This organization is natural because the cylindrical PML is a shell surrounding the domain; the sweeping direc-
tion is oriented along the radial direction, towards the center. Fig. 5 illustrates the layer structure for the circle mesh. (See

Fig. 6 and 7)

The following are standard examples in the high-frequency scattering and metamaterial communities:

1. A cylindrical PEC scatterer. Here, we have a PEC cylinder embedded in free space with a radius of 0.25.

2. A transformation optics cloaking device. We consider the cylindrical cloak derived from coordinate transformations [18]
with singular parameters near the inner radius of the cloak; inside the cloak lies a PEC. The material is characterized by
the relative parameters in cylindrical coordinates (p, 6,z):

—a
PP::upp:pp
899_#96_p€
_y _Pma( by
= p \b-a
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where a and b are the inner and outer radii of the cloak, respectively. For our experiments, we choose a =0.25 and b =0.5.
This example is particularly interesting for a few reasons: the medium is discontinuous over the boundary of the cloaking
shell, and its material tensor in Cartesian coordinates is anisotropic with off-diagonal entries.

Instead of a current source, we choose a plane wave as the incident field. This requires us to use the scattered field for-
mulation; although the right hand side is altered slightly, this does not change the construction of the stiffness matrices or
preconditioner. Here, the plane wave is

Einc = ye '™ (44)

The results for the cylindrical PML examples also show the linear complexity of the 2D algorithm. In this instance, every time
the frequency is doubled, the radius of the domain in terms of wavelength is multiplied by a factor of 2; this yields an in-
crease in the degrees of freedom by a factor of 4. For the PEC scatterer, we see that the setup time grows roughly by a factor
of 4, and the application time also increases by a factor of 4, which is consistent with the O(N) complexity estimate. For the
cloaking device, however, we observe that the setup and solve times increase by a factor of 4.2 instead, implying an O(N log
N) complexity. The reason this example has a less optimal complexity result is because of the dense mesh used to discretize
the cloaking layer. Because the cloaking device relies on transformation optics, the oscillations are condensed inside the out-
er shell; thus, the mesh must be refined to keep the same dispersion relationship. Each subproblem on the cloaking shell
results in a thicker 2D problem instead of a quasi-1D strip, resulting in the increase in computational time. The added DOFs
also increase the memory requirements for each problem, limiting the largest domain to K= 128.

5. Numerical results in 3D

In the 3D case, we present a few examples to show the O(N*) complexity of the sweeping preconditioner. The 3D code is
implemented in sequential C++ on a server equipped with 2.2 GHz AMD Opteron 6174 processors. Once again, we choose the
sequential version of MUMPS for the multifrontal method and GMRES iteration with a residual tolerance set to 103, We test
the sweeping preconditioner on the following 3D media:

1. A converging lens profile. Here, we consider the isotropic, heterogeneous material

-1 -1
& = % <1 7 %efs(xhyz#rzz)) I W= % <1 o %efs(xhyz#rzz)) I

where I is the 3 x 3 identity matrix.
2. A periodic medium. Using the 2D function

f(xy)fH—1 cos (20(7_+7>>+1c05 (20(7—7» (5.1)

we can form the oscillatory medium

&= f(xvy)lv = f(Xy)l (5.2)

Note that the function is invariant in the z direction; we should see caustics similar to the 2D case.
The current source in these examples is a Gaussian point source oriented in the z-direction, i.e.

J(x,y,2) = 2o 009, (43)

Here, the preconditioner is constructed with =1 and PML width ¢~ /. In contrast to the 2D case, where ¢=2/, we
decrease the thickness of each layer to make the 3D algorithm as efficient as possible. Although having thinner slabs
increases the number of iterations, we observe that the GMRES convergence does not deteriorate significantly for the
problems tested.

The complexity of the 3D algorithm is illustrated in Fig. 8. Keeping the element-to-wavelength ratio constant while dou-
bling the frequency forces the total degrees of freedom to increase by a factor of 8. At the same time, the O(N*?) complexity
estimate implies that the setup time should increase by a factor of 84 = 16. However, we observe an increase in setup time
by a factor of 11 or 13. The cause of this improvement is clear; in practice, the number of subdomains is closer to O(N'/>)
rather than O(N'/3). Thus, we observe complexity that grows as O(N®/) instead. For the application of the preconditioner,
the O(N log N) estimate implies that the solve time should increase roughly by a factor of 10 given the same number of iter-
ations. Fig. 9 supports our claims.

We finish the numerical results section with a few remarks. When comparing the preconditioner of [9] to this paper, there
are two main challenges that need to be addressed. First, the vector nature of Maxwell’s equations makes it more difficult to
reproduce the Green’s function in each half-space. This is evident through observing the free space dyadic Green’s function,
which contains the Hessian of the Helmholtz Green’s function. Second, the boundaries between two layers are not flat
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Fig. 7. Slice plots of ¢, and p, for the 3D converging lens (left) and periodic medium (right).
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Fig. 8. Real part of the field E, in the x-y plane at K =20 with computational results for the converging lens (left) and the periodic medium (right).
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Fig. 9. The complexity graphs for setup time of the preconditioner and time per iteration of the iterative method in the 3D case.
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planes. The half-space approximation still applies because the algebraic structure of the LDL factorization remains the same;
however, the convergence is not as fast as on the uniform grid because the half-space Green’s function for a rough surface is
harder to compute accurately. To combat these difficulties, we have decreased the damping parameter o and have refined
the mesh slightly.

6. Conclusions and future work

The sweeping preconditioner with moving PMLs originally developed by Engquist and Ying in [8,9] has been presented for
finite elements on unstructured meshes, in the context of the time-harmonic Maxwell’s equations. The algorithm has been
tested on a variety of problems, including a cloaking example with anisotropic and discontinuous material parameters. It has
been shown that the preconditioner is essentially unaffected by frequency, requiring only a small number of GMRES itera-
tions which remains almost constant as wavenumber increases. This produces a linear complexity solver in 2D and an almost
linear complexity solver in 3D.

A few questions still remain to be answered. First, we have considered low-order finite elements that are standard in
computational electromagnetics. In many applications, however, higher-order basis functions are desirable to minimize
the dispersion error and drastically reduce the number of degrees of freedom. It would be interesting to see the performance
of the algorithm in these situations. Second, there are other physical applications in which frequency domain wave equations
on unbounded regions arise, most notably in linear elasticity. In seismic imaging, many researchers resort to solving the sca-
lar Helmholtz equation; due to computational constraints, they are unable to solve the full elastic wave equation. We believe
that the sweeping preconditioner would allow the efficient solution of such problems. Finally, improvements can be made
for the algorithm in 3D. Instead of using the multifrontal method for each subproblem, one can reuse the sweeping precon-
ditioner within each layer recursively; this would reduce the complexity estimate from O(N*?3) to O(N log N), producing a
logarithmic linear complexity solver in 3D. It would be important to compare the accuracy and complexity tradeoff between
the sparse direct solver and the recursive sweeping preconditioner.
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