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PROPAGATION PROBLEMS USING BOUNDARY OPERATORS*
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Abstract. We propose a boundary method for the numerical simulation of time-dependent
waves in three-dimensional (3D) exterior regions. The order of accuracy can be either second or
fourth in both space and time. The method reduces a given initial boundary value problem for
the wave equation to a set of operator equations at the boundary of the original domain. The
reduction is based on a reformulation of the method of difference potentials. The resulting operator
equations relate the solution and its normal derivative at the boundary. To solve these equations,
one relies on the Huygens’ principle. This yields an algorithm that works on a sliding time window
of a finite nonincreasing duration. As a result, it allows one to avoid the ever increasing backward
dependence of the solution on time. The major advantages of the proposed methodology are its
reduced computational complexity (grid-independent on the boundary and sublinear in the volume),
the capacity to handle curvilinear geometries using Cartesian finite difference time domain (FDTD)
methods, and automatic and exact accounting for the far-field radiation conditions. In addition, the
methodology facilitates solution of multiple similar problems al low individual cost per problem and
guarantees uniform performance over arbitrarily long time intervals.
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1. Introduction. We propose a methodology for computing the propagation
of unsteady waves outside a given three-dimensional (3D) shape. Mathematically,
it is an exterior initial boundary value problem (IBVP) for the hyperbolic PDE (or
system) that governs the propagation, e.g., the wave (d’Alembert) equation or Max-
well’s equations. The relevant physical settings include acoustics, electromagnetism,
and elasticity.

The key challenges associated with these types of problems are their explicit
time dependence, possible complex geometry of the scatterer, and unboundedness of
the domain of propagation. The corresponding numerical methods include the finite
difference time domain method (FDTD), time domain finite elements (TD FEM) that
employ the weak formulation of the problem, the techniques that combine frequency
domain solutions, and boundary methods.

Standard FDTD methods are fairly easy to implement, including their high order
versions that are known to better control the dispersion error. Their main limitation
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is their poor ability to handle curvilinear geometries on regular grids (e.g., Cartesian)
that may lead to reduction in accuracy, and severe stability constraints due to small
cut cells near the boundary [35, 15]. The immersed boundary method [20] may help
attenuate the deterioration of accuracy. Both FDTD and TD FEM require artificial
boundary conditions (ABCs) to truncate the computational domain [36].

Integral transforms can be employed to solve the problem in the dual space and
subsequently reconstruct the solution by returning to the time domain. The trans-
form may be applied after the discretization in time, e.g., the discrete Laplace or
Z-transform [21]. However, the required computational resources grow as the time
elapses, so it is increasingly difficult to compute the solution on longer intervals [33].
In particular, after the Fourier transform in time, one needs to solve a set of in-
dependent equations that correspond to different frequencies. Yet for longer times,
the integrand in the inverse Fourier transform becomes more oscillatory, which re-
quires more sampling points in the frequency domain. Then, the overall cost scales
quadratically with time [29]. A strategy to alleviate this difficulty is presented in [4].

Boundary methods offer the advantage of having to solve the problem only on
the surface of the scatterer and thus reducing the dimension by one. Moreover, they
automatically account for the radiation of waves in the far field. However, their direct
application in the time domain encounters the same difficulty as that of the meth-
ods based on integral transforms—the cost of computing the convolutions grows in
time. Specifically, the retarded potential boundary integral equations (RPBIE) [9]
involve convolutions of the boundary data with the fundamental solution that extend
backward to the initial moment of time. To efficiently compute these convolutions,
a number of time-stepping techniques (convolution quadratures sometimes are pre-
ceded by a Laplace transform) have been proposed [14]. Yet many of these methods
have been reported to generate instabilities in the course of integration; see [14, 10].
Another implementation of RPBIE is based on the full Galerkin discretization in
both space and time so that no finite difference approximation of the temporal con-
volutions is required. The fundamental solution of the 3D d’Alembert equation is
G(z,t) = #leé(t — |z|/c). Then, the integration is performed over the intersection
of the light cone of the past with the space-time boundary. For scatterers of finite size
it has finite duration in time. Thus, the backward dependence on time is truncated,
and the algorithm has only a finite temporal “tail” [14, 33]. In doing so, the matrices
of the resulting linear system contain weakly singular integrals over the aforemen-
tioned intersection of the light cone with the boundary, which may have complicated
geometry. The errors in computing those integrals may degrade the accuracy of the
solution [33]. Recent progress toward alleviating this difficulty is reported in [5].

In [25, 27, 24], we proposed a technique that combines the advantages of boundary
methods and FDTD. It is based on Calderon’s operators and the method of differ-
ence potentials (MDP) [32]. A given IBVP is reduced to the operator equation with
respect to the unknown boundary sources. The radiation of waves at infinity is guar-
anteed automatically. Instead of boundary integrals, the MDP relies on a volumetric
auxiliary problem (AP). The latter is set on a simple computational domain and can
be solved by a standard FDTD scheme. This provides considerable flexibility and
ease, in particular, for high order accuracy, which can be achieved with no additional
overheads typical, for example, of TD FEM. Another important feature of the MDP
is that it employs physical boundary sources (the solution and its normal derivative)
rather than artificial densities, and treats all types of boundary conditions on the
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surface of the scatterer universally, i.e., without having to reformulate the boundary
problem every time a new boundary condition is introduced.

When a given IBVP is reduced from its domain to the boundary, the resulting
Calderon’s boundary equations involve the entire history of the solution in time. To
truncate it, we employ the (strong) Huygens’ principle [12]. The implementation of
this part of the algorithm is fundamentally different from the full Galerkin version
of RPBIE [14, 33]. It relies on lacunae of the solution, i.e., voids behind aft fronts
of the waves [28]. Lacunae allow us to limit the backward dependence of the MDP
algorithm in time and thus solve the AP only over a finite nonincreasing time interval.
The latter depends on the size of the scatterer and speed of propagation, but does
not depend on the frequency/wavelength. In our earlier work [26, 23], lacunae-based
time marching has shown a robust stabilizing effect on the treatment of artificial outer
boundaries for the wave equation and Maxwell’s equations. The use of lacunae for
the design of ABCs was pioneered by Ryaben’kii [31].

Our algorithm consists of two stages. In the premarching stage, we use a second
or fourth order accurate FDTD scheme to solve a series of 3D APs that correspond to
a spectral representation of the unknown boundary sources on a specially chosen finite
time interval of the (24+1)-D space-time boundary. The required number of APs is not
fixed—it depends on the solution that is being computed. For solutions that contain
higher frequencies, this number will be larger. However, all APs are independent of
one another and can be solved in parallel, which can be thought of as parallelization
in time (section 6.4). The resulting solutions of the APs are used to form the matrix
of a discrete Calderon’s projection operator. The inversion of this matrix is another
important component of the premarching stage of the algorithm. It is done in the
weak sense using a QR factorization. Efficient parallel implementation of QR is also
available [16]. Specific details on computational costs and scaling are given in section
6.

At the subsequent time-marching stage, we consecutively update the coefficients
of the boundary spectral expansion on one time interval after another. The cost
of any of these updates does not depend on the dimension of the FDTD grid. As a
result, for a given range of frequencies, the proposed methodology appears superior to
any volumetric time-marching scheme provided that the integration time is sufficiently
long. Indeed, while the premarching cost increases with frequency, for a predetermined
frequency band it becomes fixed. Then, as soon as the integration time exceeds the
number of APs times the AP time interval (plus the cost of QR prorated accordingly),
the boundary time marching becomes more efficient than a volumetric one (sections
6.3 and 6.4). If, in addition, the solution needs to be known in the volume at a
given moment of time, the corresponding cost scales cubically with respect to the grid
dimension in one direction. This is sublinear complexity which surpasses that of a
regular volumetric time marching by means of an explicit FDTD scheme. Moreover,
our algorithm enables a solution of a range of similar problems at low individual cost
per problem (section 6.2) and yields a nondeteriorating performance over arbitrarily
long time intervals (section 6.5).

2. Governing equations. We simulate the scattering of unsteady waves about
a finite obstacle  C R3. The physical quantity of interest v is assumed scalar so
that the propagation is governed by the 3D wave equation. In applications, u may
represent the acoustic pressure or any Cartesian component of the electric or magnetic
field. The scattering problem is formulated as an exterior IBVP on the unbounded
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domain R3\Q:

(1a) O :i@—A =0, (z,t) e R*\Qx[0,T]
Cu _— 02 8t2 u = ) ) 3 3
(1b) ru=¢, (z,t)el=00Qx]0,T],
ou
(1c) uly_q = ot o =0,

where c is the constant speed of light (or sound), and the final time 7' can be chosen
arbitrarily. The operator I and the data ¢ in (1b) account for the specific boundary

condition on the surface of the scatterer 0€2. For example, (1b) can be a Dirichlet
o inc

- gn ’

where u'"¢ is the given incident field. Other, more complex, boundary conditions can

also be considered. The initial conditions (1c¢) are homogeneous, which means that the
simulation starts the moment the incident wave reaches the obstacle (inhomogeneous
compactly supported initial conditions can be incorporated as well). As u represents
only the scattered field, we assume that u is outgoing in the sense of [18]. This means
that w = 0 for all ¢ > 0 and |x| > p + ct, where p is sufficiently large so that the
scatterer (2 belongs to the ball of radius p centered at the origin.

inc
—U

boundary condition u|r = or a Neumann boundary condition g—ﬂp =

inc

3. Discrete equations. To discretize the IBVP (1), we introduce a computa-
tional domain Q' D Q that is bounded in space; see Figure 1(a). For convenience,
and with no loss of generality, we take )’ as a sufficiently large parallelepiped. The
treatment of the outer boundary 99’ will be discussed later. The discrete solution to
system (1) will be defined on Q'\Q2. However, to obtain this solution, we will need
to build a discretization on the full space-time domain €’ x [0, T, which includes the
scatterer Q. Thus, we introduce a uniform Cartesian grid with size h in space on '
The grid is aligned with the shape of €/, but the physical boundary 9Q does not,
generally speaking, have to conform to this grid. To discretize (1a) on this Cartesian
grid, we use equally spaced time levels with step 7 and employ two finite difference
schemes. The first is the standard explicit central difference scheme, which is second
order accurate in space and time. The stencil of this scheme contains nine nodes;
it is schematically shown in Figure 1(b). The other scheme is compact fourth order
accurate in space and time; it is implicit in time with the stencil that contains a total
of 3 x 3 x 3 x 3=81nodes. The fourth order semidiscretization of (1a) in time is as
follows:

n+1 n n—1 1
@)  Att- 9 (Au" - > - (Au”—l - ) - A",

0712c2 012c2 012c2

where 6 = L. The resulting modified Helmholtz equation Au"*! — g2yt = frtl
on the upper time level is subsequently discretized by fourth order compact finite
differences in space; see [34] for further details.

Let N,,, be the stencil of the scheme (either second order central difference scheme
or fourth order compact scheme (2)) centered at the node m. Next, we introduce
various subsets of the space-time Cartesian grid on € x [0, 7] that we will need for
the discretization of problem (1). Denote by M~ and M the subsets of grid nodes
that belong to the domains Q'\Q x [r, T — 7] and Q x [, T — 7], respectively. In other
words, M~ and M™T contain the nodes that lie outside and inside the scatterer € for
all moments of time ¢ € [r,T — 7]; the nodes residing precisely on the boundary 99, if
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(a) Scatterer ©Q and computa- (b) The grid, its subsets, and the sten-
tional domain Q' cil of the scheme

Fic. 1. Computational domain and discretization grid. Panel (b): the sets & and v~ are
shown in red and green, respectively. The stencil Np, is symbolically shown by orange rectangles.
(Figure in color online.)

any, are combined into M*. The center of the stencil N,, is always inside the domains
Y\Q x [0,7] and Q x [0,T] as long as m € M~ and m € M, respectively.

Let v denote the subset of nodes that belong to the stencil N,, with m € M~
and lie inside 2; see Figure 1(b). Likewise, let v~ be the subset of nodes that belong
to the stencil N,,, with m € M™ and lie outside . The nodes v© and v~ form a
thin fringe that straddles the continuous space-time boundary I' of the scatterer. In
addition to the sets M™ and M, we introduce N* = U,,cp+ Ny and N~ = U, eni- Ny
by adding the outermost points of the stencil N,,, while its center sweeps over M+ or
M~. For example, N~ also contains the nodes on the artificial boundary 9, the first
and the last time levels ¢t = {0, T'} inside '\, as well as y©. The sum N° = N*T UN~
is the set of all grid nodes touched by the stencil N,,, when m € M+ UM™.

Let the grid function u be defined on N~ and consider discretized equations (1):

(3a) OMu=0 on M,

(3b) u=w" on A",

(3c) u=0 on N"N{t=0,7},
(3d) 1My =0 on I =09 x[0,T].

In (3a), Dgh) is the 9-point central difference discrete d’Alembert operator or the

compact fourth order accurate discrete d’Alembert operator built in accordance with
(2). Note that, in general, compact schemes involve modifications to the right-hand
side of the equation as well [34]. As, however, (1a) is homogeneous, no modification is
needed. Equation (3d) is the far-field radiation boundary condition that we have to
include because, unlike in (1), the domain Q' where we build the discretization (3) is
finite. The boundary condition (3d) is homogeneous. Its role is to guarantee that the
solution of (3) will be outgoing (see the discussion after (1)), i.e., that there will be no
spurious reflections of waves from the outer boundary 99 back to the computational
domain; see [36].

Condition (3b) is a discrete counterpart of the boundary condition (1b) on the
surface of the scatterer. However, for a nonconforming boundary 90f2, the analytic
boundary data in (1b) and the discrete boundary data in (3b) are specified at different
loci in space. Adjusting the spatial grid near the boundary so that v+ C 9Q x [0, T
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may reduce accuracy and impose constraints on the time step due to cut cells [35, 15].
As an alternative, in section 4 we employ the governing equation (la) to extrapolate
the exact boundary data (1b) from T' to v* and thus obtain w* without modifying
the grid and with no adverse effect on the accuracy.

4. Description of the method.

4.1. Equation-based extension. Let A be a node of yT at a given time level
t=n7: Ae~TN{t=nr}. Consider a local Cartesian coordinate system (x’,y’, z’)
such that the axis 2’ is aligned with the normal n4 to the surface 9 pointing toward
A; see Figure 2. If there are multiple such normals na (e.g., for nonconvex shapes,
see the inset in Figure 2), then the one to be chosen should correspond to the shortest
distance h 4 from 9Q to A. The origin O4 = (0,0,0) of the system (2, 3/, z’) coincides
with the foot of the normal n4, and the point A lies on the axis 2/, i.e., A = (0,0,h4).
For some simple shapes of €2, e.g., spheres or ellipsoids, the local Cartesian system
(z',y',7") at every point of 9 can be taken so as to have its axes aligned with the
coordinate directions of the corresponding curvilinear orthogonal system (spherical
or ellipsoidal). Note, that this local coordinate system does not depend on time and
remains the same for all n.

F1G. 2. Local frame of reference for the equation-based extension. The inset: the normal that
corresponds to the shortest distance from 92 to the node A.

The value of wt at the node A can be approximated by Taylor’s formula:

ou
(4) w+’A:u‘OA+hA$O
A

@ 0%u
2 927

Ox

where u and its derivatives with respect to 2z’ are evaluated at the foot of the normal
O, at t = n7. The specific number of terms to be taken in formula (4) will be
discussed in section 4.3.

We introduce a finite-dimensional basis composed of functions &;(x,t) on I' and
expand the solution u and its normal derivative Ou/dn with respect to this basis:

N
(5a) ulp =) coibi(w,t),
du
on

N

= Zi:l c1,:&i(x, ).

(5b) -
T

In practice, formulae (5) can be thought of as approximations rendered by truncated
expansions that otherwise converge rapidly, e.g., Chebyshev, Legendre, etc. Future
applications of formulae (5) to more complex settings are discussed in section 7.
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Higher order normal derivatives in (4) (beyond 5%

OA) can be obtained using
the governing differential equation (1a). For example,

0%u
- oy?

8%u
/2
530 o)

0%u
12
32 Oa

1 0%y
2 o2 o

(6)

A

Substituting expansion (5a) into the right-hand side of (6) and differentiating it term-
wise, we can express the time derivative and tangential derivatives of u via the coef-
ficients cg ;, because the basis functions & = §;(z,t) are known. To take into account
the next term in expansion (4), one needs the third derivative of u. It can be obtained
by differentiating equation (1a) with respect to z’:

0 Ou
oy'? 02 O

_ 0 Ou
5x'2 82, o)

. Pul 1o
0235, 2 o2,

Then, Ou/dz" is substituted on the right-hand side of (7) in the form (5b). Likewise,
the fourth derivative can be computed by differentiating (7) and then substituting (6).
Altogether, this yields a systematic way of using formula (4) to extend the Cauchy data
(u, %) on the left-hand side of (5) from the continuous boundary T' to the discrete
set of nodes yT. Hereafter, we will refer to it as the equation-based extension. It is
applied individually to each point of space-time boundary v+ (assuming that none of
the derivatives on the right-hand side of formula (4) is singular at O4).

Combining (4), (5), and (6) (expressions for higher order derivatives, such as (7),

may also be needed) and rearranging the terms, we can write

N N

+_ + +

(8a) wr = E Co,iWg ; + E c1,iwy
i=1 i=1

where wg; and wf,; in (8a) represent the contributions from (5a) and (5b) to (4),

respectively. A similar equation-based extension can be developed for w~ on vy~:

N N
(8b) wo = g Co,iWy ; + E C1,iWy -
i=1 i=1

4.2. Expansion of the boundary conditions. Applying expansions (5) to
u|r and Ju/On|p in the boundary condition (1b), we recast it as

9) Bycy + Bicy = ¢,
where By and B; are square matrices, ¢ = (co,1,¢02;---,C0 N)T, c, =
(c11,¢1,2,- - 7cl,N)T, and ¢ is the vector of coefficients obtalned by expanding ¢

of (1b) with respect to the basis {&;}. For a Dirichlet problem, By = I and B; = 0.
For a Neumann problem, By = 0 and By = I. For other boundary conditions (Robin
or more general), neither By nor By vanishes. As, however, u|r and du/On|r may
not be specified at the same time, the coefficients ¢ in (5a) and ¢; in (5b) are not
available simultaneously. Equation (9) alone cannot determine them unambiguously.
Thus, equation-based extension (8a) cannot be used immediately for reconstructing
w™. The remaining coefficients are determined using simultaneous approximation of
the governing equation (1a) and boundary condition (1b) that involves extension (8b).
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4.3. Simultaneous approximation. Let u be a solution to system (3), with
the boundary data w™ in (3b) given by (8a). By linearity, it can be represented as
a superposition of 2N partial solutions ug;, u1,; driven by the boundary data wofi,

wii, respectively,

N N
(10) u = E CO,i“O,i"’E C1,;u1,; ON N™.
=1 =1

The coefficients ¢g; and ¢; ; in (10) are still undetermined. Next, we require that
(11) u=w_ on vy ,

where w™ is given by (8b). Substituting (8b) and (10) into (11), we have

N N N N
(12) E €0,i%0,i + E C1,iU1 = E Co,iWo; + E ciywy,; on v,
i=1 i=1 i=1 i=1

where all g ;, u1,i, wg;, wy; are known.

Condition (11) requires that u of (10) coincide on v~ , with w™ given by (8b). As
both wT and w™ are obtained as equation-based extensions of (u, §%)| ., the resulting
equation (12) yields a relation between u|r and g—:‘l ’F enforced by the governing PDE
(1a) on R3\Q, i.e., by its discrete counterpart (3a) on N~. However, this relation alone
is not sufficient for obtaining the coefficients ¢y and ¢;. It needs to be combined with
the boundary condition (9). Systems (12) and (9) determine the coefficients ¢y and ¢;
unambiguously and thus simultaneously approximate both the governing PDE (1a)
and boundary condition (1b) at the boundary I". Once the coefficients ¢g and ¢; have
been determined by solving (12) and (9), one can obtain the solution on v via (8) and
on the rest of the grid N~ by computing with the scheme (3). The proposed algorithm
does not involve the approximation of the boundary condition (1b) on the grid.

To maintain the overall consistency, the accuracy of (11), or equivalently, that
of the equation-based extension (8), should at least match the accuracy of the finite
difference operator Dgh). The accuracy of the equation-based extension is determined
by the number of terms in the Taylor formula (4). Theoretical estimates obtained for
elliptic PDEs [30] require that this number be no less than the sum of the order of the
differential operator and the order of accuracy of the scheme that renders its discrete
approximation. Our practical experience for both elliptic and hyperbolic equations
shows that taking fewer terms is typically sufficient. When (3a) represents a second
order discretization, one can keep only the first three terms in (4). For a fourth order
scheme (3a), two additional terms are needed in the Taylor formula (4), bringing the
total number of terms to five.

In actual computations, the system of equations (9) and (12) is first solved on
~~ in the sense of least squares for the unknown coefficients ¢y and ¢;. Then, wt is
restored on v by (8a), and the overall finite difference solution is computed on N~
by time marching the discrete equation (3a).

In the rest of this section, we derive an equivalent formulation of the problem
that makes its numerical solution easier. It also appears more amenable to the ap-
plication of lacunae-based time marching (see section 5), which is of key importance
for handling the outer boundary 9’ (see Figure 1(a)), as well as for achieving the
sublinear computational complexity.
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4.4. Making the boundary conditions homogeneous. Consider a grid func-
tion w’ defined on N~ = U, cg- Nyt

wt onn~T,
(13) w' =<{w™ onny,

0 elsewhere on N—,
where w, w™ are given by (8). Introduce another grid function v’ on N~ such that
(14) u=w" -,

where u is the solution to (3) subject to (11). Then, in accordance with (13) and (14),
we have

(15) v =0 on ytU~y".

Moreover, v =0 on N™ Nt = {0,7} and ll(ff)v’ = 0, because v = —u at the boundary
I, and (3d) holds. Substitution of (14) into (3) yields a linear problem for v’:

(16a) OMy = 0Mw on M,
(16b) v =0 on vt

(16¢) v =0 on N"N{t=0,7},
(16d) 1My =0 on I =09 x [0,T].

The requirement (11) translates into
(16e) v =0 on~y .

Equations (16b) and (16e) together are equivalent to (15).

Problem (16) has the exact same structure as problem (3) except that the inho-
mogeneous boundary condition (3b) on v has been replaced with the homogeneous
boundary condition (16b), while instead of the homogeneous governing equation (3a)
we have the inhomogeneous equation (16a). Note that the right-hand side D&h)w' of
(16a) depends on the undetermined coefficients ¢y and ¢;, because w™ and w™ in (13)
are specified via (8). This right-hand side is defined on M, but may differ from zero
only next to the boundary I', because w’ = 0 on most of N7; see (13). The solutions
to (3) and (16) are converted into one another by means of (14).

4.5. Problem formulation on the entire €©’. We introduce the functions w
and v on the entire grid NY:

w' on N7, v\ on N7,
(17)
w = v =
0 on NO\N-, 0 on NO\N™.

Applying the discrete d’Alembert operator Dgh) to v, recalling (16), and taking into

account that v = 0 on NY\N~, we conclude that v solves the following AP on NY:

(18a) OMy = py-0OWw  on M~ UMT,
(18b) v=0 on N°N{t=0,1},
(18¢) My =0 on I'=0Q x [0, 7).
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In (18a), up— is the characteristic function of the set M~. According to (17) and
(15), v = 0 on N*. Hence, the right-hand side of (18a) may indeed differ from zero
only on M~. In addition to the AP (18), formula (16¢e) requires that

(19) v=0 on~y.

Once the right-hand side of (18a) is written via the undetermined coefficients ¢y and
c1, then (19) yields a constraint equivalent to (12); see section 4.6.

Compared to problem (3) or (16), the AP (18) is much easier to solve. Indeed, the
domain €)' is a parallelepiped, and the grid N° is Cartesian. The boundary condition
(3b) or (16b) that follows the geometry of T" is replaced with a source term to equation
(18a). Moreover, problem (18) allows one to apply the lacunae-based time marching
(see section 5), which enables accurate treatment of the artificial outer boundary I
and helps substantially reduce the computational complexity.

4.6. Solution algorithm. Expansion (8) shows that the grid function w’ of
(13) and thus w of (17) can be represented as

N N
(20) w = E Co,iWo,; + E C1,iW1,4-
i=1 i=1

Accordingly, the AP (18) can be partitioned into 2N subproblems that correspond to
the individual terms from the right-hand side of (20) substituted into the right-hand
side of (18a):

(21)
OMvo,i = pna-0%wo; on M- UMY, (0% = -0 wy; on M~ UMT,
vo; =0on NN {t=0,7}, vi;=0o0on NN {t=0,7},
Mg =0o0n IV =09 x (0,7, 1y =00n IV =09 x [0,T).

Constraint (19) then becomes

N N
(22) Z €0,iV0,i Z c1,iv1,; =0 on y_,
i1 i—1

where vg ;, v1,; are solutions of (21). Equation (22) can be recast as

(23) Qoco + Qi1 =0,

where the matrices of the operators Qp and @ are composed of columns vp ; and vy ;
that are traces of the solutions to the respective subproblems (21) on the grid set v~:

(24) QO = [U0,1

Equation (23) is equivalent to (12). The system of equations (23) and (9) deter-
mines the coefficients ¢y and ¢;. The matrices Qp and @, are |y~ | x N, where |y~|
is the number of nodes in v, and N is the dimension of the basis on I'; see (5). For
sufficiently smooth boundaries and data, N can be chosen small so that |y~| > N and
system (23) is overdetermined. We solve it by least squares. However, as long as the
original IBVP (1) has a unique solution, the quadratic cost function at the minimum
will be zero within the accuracy of the discrete approximation.

The overall algorithm can now be summarized as follows:

~— 00,2 7*7---;”0,N|’y*] , Q1= [01,1 ~—5 V1,2 »r,---,v1,N|r] .
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1. Introduce the basis on I'; see formulae (5).

2. Recast the boundary condition (1b) into the form (9) or, in the case of a
Dirichlet or Neumann boundary condition, compute the corresponding vector,
¢y or cy, explicitly.

3. Perform the equation-based extension (8) for each basis function &;.

4. Solve 2N subproblems (21) and form the matrices @y and @y of (24) from
the traces of the respective solutions on vy~.

5. Solve the resulting system (23) and (9) for the undetermined coefficients ¢g
or/and ¢;.

6. Once both ¢y and ¢; are available, compute w™ via (8a), substitute it into
(3b), and time march the finite difference IBVP (3) to obtain the discrete
solution u.

7. Alternatively, one can save the solutions vg 4, v1,; to subproblems (21) at the
space-time locations of interest in N~ and then reconstruct the overall solution
u at these points using the same linear superposition as on the left-hand side
of (22) with a substitution of (17) and (14).

This algorithm is equivalent to the method of difference potentials [32, supplement].

5. Lacunae-based time marching. A key limitation of the proposed method-
ology is that the boundary I' = 9 x [0, T'] extends as T becomes larger. Accordingly,
the vertical dimension of the matrices Qp and @ given by (24) increases linearly
with time, and the solution of the boundary equation (23) becomes computationally
infeasible already at modest T. To address this issue, we employ lacunae-based time
marching. It replaces the solution algorithm described in section 4.6 by its equivalent
version that solves the problem in a sequence of time increments. The equivalence is
enabled by the Huygens’ principle, i.e., the presence of lacunae in the solutions of the
wave equation [28].

We partition the time span T into K subintervals, each of duration

1
(25) Tp > —diam €,
c

so that T' = KTj. Hereafter, T will be considered fixed, while the increase of T" will
be accommodated by increasing K. The grid sets v and v~ can be represented as
sums of “shorter” subsets vi¥ = v+ N [(k — 1)To, kTp):

v =Upt w7 =U o

Let Ty, = ' N [(k — 1)To, kTp), and let {&(x,t)} be the basis on T'y for expanding
u and %Z in the form (5). The basis {{;(x,t)} is assumed to be independent of k.
Applying the equation-based extension to each &;(x,t) for a given I'y, we have (cf.
formulae (8))

N N
k k
(26a) whk) = Z cgvi)wafi + Z cgyi)wfi,
i—1 i—1
N N
(26b) w—k) = Z c(()];-)wa’i + Z c(lkl)wfz
i=1 i=1

The grid functions w(+¥) of (26a) and w(~*) of (26b) are defined on ~;/ and =, ,
respectively. The quantities woiﬂ-, w1i in (26) do not depend on k because they

N
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correspond to the ith basis function & (x,t), and the basis functions are the same for
all k =1,..., K. However, the coefficients cgfi) and cglfi) in (26) may depend on k. We
also extend the functions w(t*) and w(=*) to the entire 4+ and 7~, respectively, so
that w(+F) ’v:’/ =0 and w(—F) |7k_/ for k' # k. Then, the equation-based extension (8)

on v* and 7~ is replaced with the sum of contributions (26):
K K

R SN S
k=1 k=1

where w(**) £ 0 only for t € [(k — 1)Tp, kTp). According to (13), (17), and (20), for
each k we have

N N
(27) w®) = Z c(()i)wo,i + Z cgkgw“
i=1 i=1

Thus, the same partition in time holds for the grid function w = 25:1 w® and
consequently, the AP (18) gets split into a combination of subproblems:

(28a) OMy®) = - OMw®  on M~ UMT,
(28b) v® =0 on N°N{t=0,71},
(28¢) 1My®) =0 on TV =09 x [0,T],

with the overall solution given by v = Zszl v(®) . Bach partial solution v(*) in the
sum has the following properties:
1. v =0 for t < (k — 1)Tp because the right-hand side of (28a) is zero before
t=(k—1)Tp.
2. v®) 0 on N* for ¢ > (k + 1)T, under condition (25).
3. Combining 1 and 2, we conclude that v*) # 0 on Nt only for (k — 1)Tj <
t < (k+1)To.
Property 2 on this list is of key importance. It holds because the discrete system (28)
approximates, in free space, the continuous wave equation with a source term that
is compactly supported in both space and time. Indeed, for the grid function (27)
we have w®) # 0 only for ¢t € [(k — 1)Ty, kTp) in time and at the nodes next to the
boundary 02 in space, the latter due to (13) and (17). A continuous solution to the
3D wave equation with a compactly supported source is known to have a (secondary)
lacuna in the sense of Petrowsky [28]. The lacuna is a manifestation of the Huygens’
principle. It is a region of space-time behind the aft (trailing) fronts of the waves
propagating away from the source; see Figure 3(a). The solution inside the lacuna
is zero. Thus, once the source compactly supported on 2 (including the boundaries)
ceases to operate, the waves will completely leave the domain 2 after the time T}
elapses (provided that (25) holds).

Earlier studies of the phenomenon of lacunae in the discrete context have shown
that lacunae do exist in numerical solutions and can thus be exploited for the develop-
ment of numerical methods. As the solution inside a lacuna is zero, one might expect
that the numerical solution will be zero within the accuracy of the specific discrete
approximation. Remarkably, however, there is superconvergence inside the lacunae
(see [23, sect. 8.4]), so that property 2 in the previous list holds with accuracy higher
than O(h?) for the second order scheme or O(h*) for the fourth order scheme (3a).
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time time
KT, + KT, %t L
0 Iy Iy 0 L Iy el
] | B
lacuna 2 < N 8
(K =T, 2 (K -1T, Lo 2
: | N
r571 K g kv 1K g
K —-2)T, . N s K -2)T, 1 s
rK*Z IﬂK 2 é rK 2 rK*Z é
2 2
- 3 g R - g
) 3
To r, r, To r, r,
I‘1 rl I‘1 rl
Q Q
0 o 3D space 0 o 3D space
(a) Lacuna in the solution. (b) Limited backward dependence

Fic. 3. Partition in time and lacuna of the solution to the wave equation.

The solution v(*) of problem (28) inherits its linear superposition form from (27):
(29) oF) = Z Co 4 )20 0. + Z c(lkz)vl i

It is fully determined by the coefficients c( ) and c(k) The individual solutions vg;
and v1; on the right-hand side of (29) correspond to the extensions wop,; and wy; of
the corresponding basis functions on I'y; see (26) and (27). They are invariant with
respect to the translations in time by increments of Ty because the basis {&;(z,t)} is
the same for each T’y (and, therefore, the index k can be omitted). Properties 1-3 on
the previous page apply to each term in the sum (29). Then, taking into account the
translational invariance in time, for vg; and vy ; on N+t we can write

) 0<t< Ty, W 0t <,
(30) Vo,i = ’U(()Ij) To <t < 2Ty, and U1,i = Ugli) To <t < 2Ty,
0 otherwise 0 otherwise.

n (30), v(()lz and U(I). are solutions to the respective APs (28) on the interval of time

< ) (1 ) are solutions after the sources

where the sources still operate, while v ;" and v,
cease to operate but before the waves completely leave N*. Otherwise, the grid set
N entirely falls into the lacuna, where the solution is zero. Hence, the APs (28)
never need to be integrated beyond the terminal time 27j.

Let us now consider the boundary equation (19) on a given subset 7, , k =

., K, rather than on the entire v~. By causality, we have v|ka = Z:,:l v
because subproblems (28) for k¥’ > k have not been initiated yet. Moreover, the
subproblems with & < k — 1 do not contribute to the sum either because the subset
7 falls into the lacunae of the respective solutions. As a result, only two partial
solutions are nonzero on v, , and instead of (19) we can write

B el = a0 (0 DY | o (o), o)

Yk

Yk
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The grid functions v*~1 and v in (31) are determined by the coefficients cék_l),

cikil) and cék) c%k), respectively. Thus, (31) provides a recurrence relation between
the coeflicients from two consecutive time intervals Ty. In the matrix-vector notation,

(31) reads (cf. formula (23))

)

(32) Qél)c(()lcfl) + Ql(I)cikfl) + QéH)c((ch) + Ql(H)cyc) =0,

where the matrices of the boundary operators are given by (cf. formula (24))

(33a)
I I I I I I I I
Q" =[], oL, oo ] @0 = o] ol el ]
(33Db)
(11) (11) (11) (11) 1) (11) (11) (11)
o = |:U0,1 7_,11072 7_,...,UO,N|7_:| , Ql( = {le |7_,v1’2 7_,...,U17N|7_} .

The matrix equation (32) can be thought of as block bidiagonal. The column vectors
in the matrices (33) correspond to notation (30) and have dimension |7, |, where |7y, |
is the number of nodes in the grid set 7, (the same for all k). To compute the matrices
(33) one needs to solve numerically 2N APs (28), each over the interval 275, and save
the traces of the respective solutions in the matrices (33a) (for 0 <t < Tj) and (33b)
(for To < t < 21p). The overall algorithm can now be summarized as follows:

1. Precompute the matrices (33).

2. Initialization step, k = 1. Obtain the values of the undetermined coefficients
cél) and c{l) using the algorithm of section 4.6. This requires taking into
account (9) for T'y.

3. Foreach k =2,3,..., K, solve the boundary operator equation (32) combined
with (9) for Ty, in the sense of least squares with respect to the undetermined
coeflicients cék), cik).

The recursion in stage 3 can be interpreted as time marching with step Tj.
The system (32) and (9) that is solved recursively can be written in the matrix
form,

(k—1)

I I (k) I I ¢
(34) [Qo“ Q >] | =~ ) ’ oD
By B, c 0 0 I ¢(k)

For a Dirichlet boundary condition (1b), cék) = ¢ and system (34) simplifies to
Ql(H) cgk) = —Qél)cékfl) — Qfl)cikfl) — Qén)qb(k). For Neumann, cik) = qb(k), and
(34) reduces to Q(EH) c(()k) = —Qél) cék_l) — Ql(l) cik_l) - Ql(H)(ﬁ(k). In general, the
dimension of the system matrix on the left-hand side of (34) is (|7, |+ N) x 2N. Let
QR be its factorization, where Q is orthogonal (v, | + N) x 2N and R is upper
triangular 2N x 2N. Then, the solution to system (34) is given by

(k) (1) (1) C(()k_l)
(35) C‘gk) - _Rr'o*|% 100 c;k—l)
el o o I,
¢

On the right-hand side of (35), a 2N x 3N matrix is applied to a vector of length
3N. Of key importance is that this matrix is fixed, i.e., it does not depend on k. As
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such, it can be precomputed right after computing the operators (33). Consequently,
advancing the solution along the boundary by time step T costs O(N?) arithmetic
operations, where N is the dimension of the basis {;} at the boundary T'; see (5).
Remarkably, this cost does not depend on the dimension of the grid at all.

Moreover, the matrices (33) do not depend on the specific boundary condition
(1b) and, once computed, accommodate any boundary condition. Then, solving for a
different boundary condition, e.g., another impinging wave or surface impedance, is
inexpensive. It only requires a new recursive update (35) and may or may not require
a new QR factorization depending on whether the matrices By and B have changed.

Knowing the solution only at the boundary may often be sufficient (e.g., for
calculating scattering cross-sections). If, however, it needs to be known beyond the
boundary, we have two options to compute it that are similar to steps 6 and 7 of
the algorithm of section 4.6. We can obtain the boundary data w(T5=1) and w(5)
using the respective coefficients c(()Kfl)7 c%Kﬁl) and céK), C§K) and then compute
the solution of the wave equation on the grid by means of the core scheme (3a) at
t =T = KTy, and no further away from 2 than diam 2; see Figure 3(b). Alternatively,
we can keep the values of the solutions vg ; and vy ; at the locations of interest outside
the scatterer. Upon completion of step 3, the solution at those locations can be
reconstructed using the same sum as in (31) and subsequently employing (17) and
(14).

In our algorithm, we use the conventional FDTD only for computing the matrices
of the boundary operators (33), which requires solving 2N APs (28) over the interval
2Ty < T. The number 2N is twice the dimension of the basis used for expansion
(5). While typically much smaller than the dimension |7, |, the number 2N may not
always be small itself, depending on the required accuracy of the data representation
at the boundary. However, the 2N APs (28) can be efficiently solved in parallel
because different APs are completely independent from one another (section 6.4).

Another important consideration is that, traditionally, some artificial boundary
conditions must be set on I to enable the reflectionless propagation of waves toward
infinity; see formula (3d). The use of lacunae for computations allows for a simple
and elegant alternative approach. The auxiliary domain €’ can be chosen sufficiently
large so that the waves reflected off the outer boundary 99" back toward the interior
will not reach the boundary of the scatterer 02 during the time interval 27, i.e.,

(36) dist (9, 082) > cTp;

see Figure 3(b). For computing the solution near 9, this is equivalent to the exact
treatment of the artificial outer boundary regardless of the actual boundary condition
set at IV. We have used this approach in [26, 23] for the wave and Maxwell’s equations.

6. Numerical simulations. We consider scattering about a sphere of radius
Ry and three different prolate spheroids with aspect ratios 4/3, 2, and 4.

6.1. Computational setting for the sphere. There is a well-known series
solution for time-harmonic scattering of a plane wave about a sphere. However, to
avoid a pure periodicity in time, we employ the sum of two plane waves with two
incommensurate frequencies wq, wo. A Dirichlet problem for the scattered field in the
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case when ¢ = 1 is formulated as follows (cf. problem (1)):

2

(37a) % = Au, (z,t) e RNQ x [0,T],

(37b) ulp = —cos(kiz — wit) — cos(kryx — wat), (x,t) €T,
Ju

(37C) u‘tZO = a o =0.

The boundary condition (37b) implies that the sum of the incident and scattered field
on the surface of the scatterer is zero. This corresponds to sound-hard scattering in
acoustics or a perfect electric conductor (PEC) in electromagnetism. The ratio of the
frequencies is chosen to be w; /ws = V2. The wave vectors k; and k, are parallel, and
as ¢ = 1, we have k; 5 = wy 2. The exact solution to problem (37) involves two terms:

(38) u*f = Re {u*(z,t,wi)} + Re {u™(x,t,ws)},
where
‘ it , 1(kRo)
39 u(x, t,w) = —e " 20 +1)i' Py(cos 0 Mh k|x|),
(39) (2,4,) > @i+ i Rleos )3 s (ki)

and 6 is the angle between k and x. In (39), j;(-), hi(-), and P;(-) denote the spherical
Bessel and Hankel functions and Legendre polynomials, respectively, where

l
Pilnn') = 5 37 Vi (0¥ (),
m——
Y} are spherical harmonics, n = x/||z||, and n’ = k/| k||

As the boundary condition can be changed easily, we consider not only the Dirich-
let condition (37b), but the corresponding Neumann and Robin boundary conditions
as well. The normal derivatives involved are derived by differentiating series (39).

For the first set of simulations, the scatterer is a unit sphere, Ry = 1. The
frequencies are w; = 3 and wy = w1/ V2. We are interested in obtaining the solution
near the scatterer, in the spherical layer Ry < |z| < Ry where Ry = 1.5.

The operators (33) are computed by solving 2N independent APs (28) over the
time 27y. Each of those APs is driven by its own compactly supported source term
and formulated on the auxiliary cube Q' = [~ Ry, R1]? with no cavity for the scatterer
Q; see Figure 4. At the outer boundary 9, we employ a perfectly matched layer
(PML) [11] that has a quadratic damping profile. Its width was chosen =~ 1.65 to
achieve the best performance.! The approximate size of QPML is 6.3 x 6.3 x 6.3.

Alternatively, the lacunae-based time marching treats the artificial outer bound-
ary exactly. It requires a somewhat larger augmented domain that we choose as a
Cartesian cube Q3¢ = [~ Ry, Ro]3. Its size Ry is determined as in (36), specifically,
the waves that travel outward from r = Ry to 0Q*"8 and get reflected back should
not reach the boundary r = R; during the time interval 27:

(40) 2Ry — Ry — Ry > 2cTy.

Hence, we can specify a zero Dirichlet boundary condition at 0Q2*"# because it does
not affect the solution on Ry < || < R;. In practice, Rs needs to be taken a bit

ILayers narrower than the wavelength could not eliminate the error growth.
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F1c. 4. A two-dimensional schematic of the computational domain. (Figure in color online.)

larger than prescribed by (40) to accommodate the transients in the formation of the
discrete lacunae. This yields the size of Q"8 as 9.6 x 9.6 x 9.6.

The coarsest grid is uniform Cartesian with size h = 2/15 in all space directions
and time step 7 = h/3, which satisfies the CFL condition. The corresponding grid
dimensions in space are 47 x 47 x 47 for QPMY and 73 x 73 x 73 for Q*'¢. The
wave equation (la) is discretized by either the standard second order accurate central
difference scheme or the fourth order compact scheme (2). The PML is discretized
as in [11] with second order accuracy. In the fourth order case, we use lacunae for
termination at the artificial outer boundary. To study the grid convergence outside
the scatterer, we introduce a sequence of finer grids, each time dividing the spatial
size h and time step 7 in half. The grids in this sequence are denoted by 1x, 2x, and
4x.

The basis functions & in expansions (5) are products of spherical harmonics in
space and Chebyshev polynomials in time: &;(x,t) = Yim (6, 9)Tn(t). Y are eigen-
functions of the Beltrami operator on the sphere, which provides extra convenience.
To analyze the grid convergence for a given solution (38)—(39), the dimension of the
basis {&;} is fixed. It is chosen so as to make sure that the accuracy of the truncated
series representation (5) will be no worse than the finite difference accuracy on the
finest grid. Specifically, we took I =0,..., Liyax and n =0,..., Nypax wWith L. = 12
and Ny .x = 10. This has proven sufficient for all the grids used in our simulations.

6.2. Grid convergence for the sphere. Figures 5 and 6 show the /., error of
the second order numerical solution, |Ju — u**||o, over Ry < |z| < R;. The proposed
method converges with the design rate. The series (39) that yields reference solution
(38) was truncated at | = Ly,ax + 5 to ensure its superior accuracy. The simulation
time was taken very long, Ty, = 6600Ry. The specific Robin boundary condition
was taken as u + % |F = 0. We emphasize that the computations with three different
boundary conditions were done without recomputing the operators (33).

For the fourth order scheme (2), the grid convergence is shown in Figure 7; it also
reaches the design rate. The fourth order scheme requires normal derivatives up to
order four in the Taylor’s formula (4). The error of the boundary expansions (5) is
always smaller than the error on the grid, because according to Figures 5-7 it does
not hamper the grid convergence. The actual values of the error averaged over the
simulation interval Ti;,, are presented in Tables 1 and 2. The rates in Tables 1 and
2 are defined as log, (coarser grid error) — log, (finer grid error). If the grid is refined
by a factor of two, this quantity directly approximates the order of accuracy.
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Fic. 7. Grid convergence in the case of a fourth order discretization scheme; see (2).

logarithm of £, error versus time.
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sim

Binary

To compute the operators (33), we have used both a PML and exact lacunae-

based termination at the artificial outer boundary. The performance is compared in
the second order case, because the PML [11] is discretized only to second order accu-
racy. We observed no significant difference between the two approaches for either the
recursive time marching (35) or final accuracy on the grid. In Figure 5(a), we show
the grid convergence in the case of exact lacunae-based termination, while Figure 5(b)
corresponds to the PML. Apart from a somewhat stronger “wiggling” in Figure 5(b),
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TABLE 1
oo error on the grid averaged over 0 < t < Tysim and grid convergence rates for the second
order central difference scheme. The rate is logy (coarser grid error) —logy (finer grid error).

Crid Dirichlet Neumann Robin
Average error | Rate | Average error | Rate | Average error | Rate
1x 6.55- 1073 - 1.84-1072 - 2.02-1072 -
2x 1.52-103 2.11 4.84.1073 1.93 5.74-1073 1.82
4x 2.91-10~% 2.38 9.69 - 10~4 2.32 1.41-103 2.03
TABLE 2

loo error on the grid averaged over 0 < t < Tsim and grid convergence rates for the fourth order
compact scheme (2). The rate is log, (coarser grid error) — logy (finer grid error).

Grid Dirichlet Neumann Robin
Average error Rate Average error Rate Average error Rate

2x 6.52-107° - 2.09-10~% - 2.86 - 104 -

4% 2.44-10-6 4.74 8.60-10° 4.6 1.31-105 4.45

the results are the same. The graphs in Figures 6(a) and 6(b) correspond to the Neu-
mann and Robin boundary conditions, respectively, with the matrices (33) computed
using lacunae-based termination. The errors in Figure 6 are one to two binary orders
of magnitude larger than those in Figure 5. We attribute this to derivatives in the
boundary condition rather than the treatment of the outer boundary.

As the domain Q"8 is somewhat larger than QPML, while the governing equations
in the PML are more complex and require more operations per grid node, the com-
putation of the matrices (33) takes roughly the same time. The subsequent boundary
time marching (35) does not depend on how the matrices (33) have been computed.
Consequently, neither the PML nor exact lacunae-based termination currently offers a
faster performance. Yet, in addition to its unimprovable accuracy, the lacunae-based
time-marching has proven very efficient in suppressing the long-time instabilities that
may characterize some PMLs [1, 2, 3, 26, 23].

6.3. Sublinear complexity. When computing solutions with a predetermined
range of frequencies so that the dimension N of the basis {§;} is fixed, the reduced
dimension of the boundary problem (32) and (9) yields a substantial improvement of
numerical performance compared to the conventional volumetric time marching.

The reference volumetric problem is set up on the domain QML The scatterer is
shaped as a cube rather than a sphere (see Figure 4 (shown in dashed red)), because
for this case we want to use only the Cartesian scheme (3a) over the volume with
no MDP. Instead of (39), we use a different test solution [23]|, because it satisfies
the homogeneous initial conditions everywhere including the PML. We specify the
Dirichlet data on the surface of the scatterer from test solution [23] and solve the
resulting IBVP with second order accuracy by volumetric time marching terminated
with a PML. The observed numerical performance provides a reference point for
comparison to the MDP+lacunae solver for the sphere of a comparable size; see
Figure 4.

Table 3 summarizes the CPU times required for integrating the wave equation
over the time Ty with these two methods. For MDP+lacunae, it is very important to
distinguish between the solution (35) only at the boundary and additional solution
on the grid exterior to the scatter. In the case of only boundary integration, the
cost does not depend on the dimension h~! of the spatial grid at all (see section
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TABLE 3

the solution on the 3D grid in space is computed once per Tp.

A3481

In the case of MDP+lacunae,

Grid V'olumetric method—i—?ML ' . MDP+lacunae . .
CPU time, seconds | Scaling, times | CPU time, seconds | Scaling, times

1x 1.26 - 6.14 - 1072 -

2X 19.8 15.7 5.16 - 10~1 8.44

4x 322 16.3 4.44 8.61

5). It depends on the dimension N of the basis on I' as O(N?) and remains very
small: 2.4 - 10~ 3sec, because for the specific values we have chosen, L., = 12 and

Nmax = 10, N = (Limax + 1)?(Nmax + 1) is orders of magnitude less than the FDTD

(diam Q*"&)® 1,
dimension ~——5——-%, even for the coarsest grid that we are using. Therefore,

the cost of boundary update is not included in Table 3. The CPU times reported in
Table 3 for MDP+lacunae are the times needed to reconstruct the solution on the
spatial grid exterior to the scatterer after the spectral expansion coefficients at the
boundary have been determined. This reconstruction is performed once per Tj, and
the 8-fold scaling on successive grids corresponds to the grid dimension in 3D space.
Taking uniform increments Ty in physical units of time (as opposed to discretization
steps 7) is adequate for computing the solution in the volume, especially since in many
cases the volumetric solution may not be needed at all or may otherwise be needed
only at the final time T'. The 16-fold scaling of the cost for the volumetric method in
Table 3 is commensurate with the grid dimension in the (34+1)D space-time. Thus, the
proposed method offers grid-independent complexity at the boundary and sublinear
complexity over the volume with respect to the total grid dimension. In doing so, the
dimension of the basis N = (Lyax + 1)*(Nmax + 1) is fixed (see section 6.1).

6.4. Parallelization in time. The data in Table 3 do not take into account the
cost of computing the operators (33) and the matrix on the right-hand side of (35).
This is a one-time expense, but it may be large. To compute the operators (33), one
needs to solve 2N APs (28) over the interval 27y. Costwise, this is equivalent to solving

one AP over the time 4NT0 As the APs (28) with right-hand sides puy- 0% w® that
correspond to different wo ;andwy ;0 =1,2,..., N, are completely independent, they
can be efficiently solved in parallel This can be thought of as parallelization in time.
On 32 cores, we have achieved about 60% parallelization efficiency effortlessly. On a
larger parallel system, the wall clock time of computing (33) will be small.

TABLE 4
CPU times and break-even times for the proposed boundary method with second order scheme.
The recursive boundary update (see step 3 of the algorithm on page A3475) is performed for a
smaller increment T} = iTg‘ The size of Q*"8 is reduced according to (36) and (40), which yields
a three-fold cost reduction compared to having the increment Ty.

Grid | CPU time for computing (33), (35), seconds | Break-even time, Rg
1x 414.93 329
2% 6717.63 353
4x 103483 323

In Table 4, we provide the CPU times required to precompute the operators
(33) and the matrix on the right-hand side of (35) for the boundary method. The
operators (33) are computed using the central difference second order scheme and the
exact lacunae-based termination at the outer boundary I'V. The matrix on the right-
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hand side of (35) requires a QR factorization at a cost of approximately O(|v; |- N?)
operations; see section 5. Every time the grid is refined by a factor of 2, the execution
time in the second column of Table 4 increases by roughly a factor of 16, because the
number of grid nodes in the (3+1)D computational domain increases by a factor of
16 (the dominant behavior), the number of nodes in the (2+1)D grid boundary |, |
increases by a factor of 8, and the dimension of the basis IV remains fixed. This setting
corresponds to computing a chosen fixed solution on a sequence of grids. The results
of a pollution study that involves refining the grid and increasing the frequency of the
solution at the same time are presented in section 6.6. In Table 4, we also present the
corresponding break-even times in the units Ry (because ¢ = 1). A break-even time is
the time of integrating one problem by a volumetric method that would be equivalent
to the time for integrating 2N APs (28). From Table 4 we see that the boundary
method breaks even at computational times 2 300Ry. As we advance further in time,
the boundary method becomes progressively more efficient, because the cost of time
marching along the boundary is O(N?) and does not depend on the dimension of
the finite difference grid, while the subsequent reconstruction of the solution in the
volume at select moments of time scales cubically with respect to A~'. On the other
hand, the volumetric method scales quartically (see Table 3 and all of section 6.3).
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Fic. 8. Long-time performance of the DPM+lacunae method versus that of the reference scheme.

6.5. Long-time and nonreflecting performance. In Figure 8(a), we plot
the error profiles for the second order volumetric method terminated with a PML on
three consecutive grids.? The graphs in Figure 8(a) corroborate the second order grid
convergence and do not point to any problems with long-time performance. However,
the error averaged over the elapsed time interval gradually increases; see Figure 8(b).
On the other hand, the average error profile for the boundary method is flat. The
long-time error growth for the volumetric method may be characteristic of the finite
difference scheme itself (see, e.g., [22, 13, 37]) and/or the PML [11] that we have
chosen. Yet the boundary method, for which the operators (33) were computed using
the same PML to terminate the APs (28), shows no error growth at all; see Figure 8(b).
This example illustrates the specific advantage that we have presented previously—
stabilization of the long-time numerical performance with the help of lacunae; see [26,
23]. Regardless of what causes the error accumulation over long runs, the Huygens’
principle allows one to partition the overall temporal evolution of the solution into a

2The 4x solution is not computed on the full interval Ty;,,, because that would take too long.
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sequence of small increments (of length Ty or shorter). Each of those is computed only
over its own short duration so that the error does not accumulate noticeably. Due to
the presence of lacunae, the overall solution at any given moment of time is affected
only by a fixed and nonincreasing number of the preceding partition elements; hence
the error does not accumulate at all.

6.6. Scaling with frequency and numerical pollution. For the Helmholtz
equation, it is well known [6] that as the wavenumber k increases, one needs to keep the
quantity kP1hP constant in order to guarantee that the error of a pth order accurate

finite difference method will not increase. This means that for the grid dimension in
+1
each coordinate direction in space, we must have h~! o k5.

Similar analysis for time-dependent problems (hyperbolic) has been conducted in
[17]. Time-dependent formulations usually involve a set or band of frequencies; see,
e.g., our test solution (38) and (39). As k = w/c and 7 o h, we have kPT1hP o wPT1rP,
Hence, to make sure that the error doesn’t grow, one must maintain the same scaling
in time: 771 wp%l, where w is a typical or the maximum frequency in the band.

The boundary method that we are proposing requires a basis of dimension N =
(1+ Limax)?(1 + Npax) on T (section 6.1). In Table 5, we show how N should increase
in order to maintain a predetermined accuracy of the spectral expansion (5) at the
boundary. Table 5 indicates that as the frequency doubles, the required number of APs
(last column in Table 5) increases by a factor of 2%3 where « is a number somewhat
larger than 2. For example, for w = 24 and w = 48 we have o = 2.35. Since the
basis {&;} covers a (24+1)D surface in space-time, it is a very slow increase compared
to what a finite difference scheme requires to maintain the accuracy: (2%)3 ~2 22.5 as
many nodes on a fixed 3D domain in space, and 2° as many on a given (3+1)D domain

in space-time for second order and (2%)3 ~ 13.5 and 2°, respectively, for fourth order.

TABLE 5
Spectral expansion of a plane wave on I'.

Frequency | Error for v | Error for g—z Lmax Nmax # of APs
w=3 2.5.1073 5.2-1072 7 6 252
w=6 2.4-1073 4.1-1072 11 8 702
w=12 3.5-1073 4.9-1072 18 12 2470
w=16 3.1-1073 5.7-1072 22 16 4692
w=20 3.7-1073 7.1-1072 27 18 7714
w=24 5.6-1073 4.8-1072 31 21 11616
w =36 3.4-1073 6.8-1072 42 27 26488
w =48 1.1-1073 4.4-1072 56 35 59508

The actual value of o cannot be determined accurately from Table 5. But even for
a value larger than what we have observed, for example, =3, the growth in N that
would guarantee the desired accuracy is still much slower than that of the dimension
of an FDTD grid. The computational cost for an explicit finite difference scheme is
proportional to the grid dimension. In the case of second order accuracy (p=2), we

(diam Q*18)3 To

have k3h? =const, which means that the grid dimension is 73 = and the cost

scale as wb. Even if we assume that a=3, we have N o< w? as the frequency increases.

Accordingly, the cost of a boundary update, which is O(N?), will also scale as w®.

3Since the d’Alembert operator and Chebyshev polynomials are real, the number of APs solved

to compute the boundary operators (33) is only (14 Nmax)(1+ Lmax)(2+ Lmax)/2; see [25, sect. 5.1].

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 10/30/20 to 152.14.136.32. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

A3484 S. PETROPAVLOVSKY, S. V. TSYNKOV, AND E. TURKEL

Therefore, it will remain as small as is shown in section 6.3 compared to the cost
of volumetric time marching. For a fourth order accurate scheme (p = 4), we have
k°h* = const, so that the grid dimension and the cost of volumetric integration scale
as w®. If we assume that a =3, then the cost of a boundary update, O(N?) x w5,
increases faster. However, this cost will “catch up” only when Aw® = Bw®, where
A and B are constants (frequency independent). Consequently, the frequency for
which the two costs become equal is w = A/B, where A/B is the relative cost of the
two methods on the chosen reference grid for w = 1. As we have seen in section 6.3
(Table 3), this quantity could be anywhere between 10% and 10°. For a scatterer of size
1, the frequencies in the range around 103 to 10° are already approaching geometrical
optics, since, in observations «a < 3, the actual parity between the methods appears
even later. Therefore, for all practical purposes the cost of integration along the
boundary will still be much lower than that of the volumetric time marching.

In Table 6, we present the results of computations for a sequence of frequencies
that allow us to maintain the same level of error on the grids 1x, 2x, and 4x according
to the law k3h? = const (p = 2). For each w, we also show the minimum dimension
of the basis that guarantees that the error at the boundary will be smaller than the
error on the grid. The last column of Table 6 is the CPU time required to advance
the solution at the boundary by Tj/4 (see caption for Table 4). From Table 6, we see
that to maintain a given accuracy, N grows slower than the dimension of the grid in
three dimensions. Indeed, as the latter increases 8-fold, the dimension of the basis in
(241)D increases 2 to 2.5 times. Table 6 also corroborates the finding of section 5:
the cost of advancing the solution in time at the boundary does not depend on the
dimension of the grid. It is proportional to N2, where N is the dimension of the basis
on I

TABLE 6
Hllustration of the numerical pollution effect for the second order scheme. CPU time in seconds.

w < Error on t;;ree grids 3% Error u|p Basis APs | CPU time

3 6.5-1073 — — 2.3.1073 7x6 252 | 1.2-10*
3Y4 — 5.8-1073 — 3.7-1073 | 9x7 440 | 4.5-1074
316 — — 5.-1072 | 1.3-1072 | 13 x 10 | 1155 3.1073

Note also that the dimension 2N x 3N of the matrix on the right-hand side of
(35) is small compared to all typical dimensions associated with the grid. Hence, after
the operators (33) and the matrix on the right-hand side of (35) have been computed,
the runtime memory requirements of the proposed algorithm remain very low.

6.7. Prolate spheroids. We compute the solution to problem (1) outside a
prolate spheroid that has its major axis aligned with the Cartesian coordinate z:
(22 +y?)/b%+ 22 /a® = 1. For brevity, we only present the results of computations by
means of the second order scheme. In our simulations, we keep the major semiaxis
of the spheroid fixed, a = 1, and allow its aspect ratio a/b to vary. An outgoing
test solution in the region exterior to the spheroid is obtained by placing a J-source
inside the spheroid (off-center at the point ' = (0.1,0,0)). This source generates a
spherical wave G(z,z') = 1/4mwexp(ik|x — z'| — iwt)/|x — x'|, which is interpreted
as the scattered field outside the spheroid. Its trace G|r provides the Dirichlet data
for an exterior problem, while the trace %“ provides the Neumann data. The
frequency w = 3, so that the wavelength 27¢/w is of the same order of magnitude as the
diameter 2a = 2. The basis {¢;} for representing the boundary data (see (5)) consists
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TABLE 7
Loo error on the grid averaged over 0 < t < Tyim, and grid convergence rates for prolate spheroids
with three different aspect ratios a/b; computations by second order central difference scheme. The
rate is logy (coarser grid error) — logy (finer grid error).

a/b=4/3
Grid Dirichlet Neumann
Lmax | APs | Error ulp Error Rate Error Rate
1x 6 378 | 56-1073 | 6.1-1073 — 2.0-1072 —
2x 9 567 | 1.2-10~% | 1.6-1073 1.9 | 49.10°3 2.0
4% 11 693 | 2.1-1075 | 4.0-10~% 2.0 1.2.103 2.0
a/b=2
1x 12 756 | 3.9-1073 | 7.8-1073 — 3.9.102 —
2x 15 945 | 5.8-10% | 2.1-1073 1.9 1.0-1072 2.0
4x 18 1134 | 2.3-10~* | 5.8-10~% 1.8 2.8-1073 1.8
a/b=4
2x 24 1512 | 5.7-1073 | 6.9-103 — 2.5.1072 —
4% 34 2754 | 7.1-107% | 1.9-1073 1.8 | 6.8-1073 1.8

of the angular spheroidal functions Sy,;(d,n) multiplied with cos(my), where m =
0,1,..., Mypax, L =m,m+1,..., m+Lyna—1, d = kva? — b2, and ), ¢ are the angular
coordinates in the prolate spheroidal system; see, e.g., [19]. Similarly to spherical
harmonics on the sphere, the system of functions {.S;,,;(d,n) - cos(mep)} is complete on
the surface of the spheroid (if not truncated). To account for the temporal dependence
of the solution at the boundary, we still employ the Chebyshev polynomials T;,(t),
n = 0,..., Npax. In our computations, we take Nyax = 8 and My.x = 6 (except
for the last row of Table 7 where Myy.x = 8), while L. varies in order to maintain
the accuracy of the boundary expansion (5) on the spheroid (column “Error u|p” in
Table 7). The overall dimension of the basis is N = (1 + Npax)(1 + Miax) Lmax; it
increases as the spheroid gets more prolate (see column “APs” in Table 7).

As Table 7 suggests, the mean error converges with the design rate of the second
order accurate scheme. The time of simulation is chosen comparably long to that of
section 6.2, Ty = 6600a/c. The error profiles remain flat throughout the interval
0 < t < Tsm and look very similar to those in Figures 5 and 6; that’s why we do
not present the additional plots here. For the most prolate spheroid (a/b = 4), the
grid 1x appears to be too coarse (the spatial step h = 0.13, whereas the maximum
transversal size 2b = 0.5), which ruins the computation. Switching to finer grids 2x
and 4x fixes the problem without any changes in the code.

7. Discussion. The proposed numerical method solves exterior initial boundary
value problems for the 3D wave equation (e.g., scattering about a given shape). It
has been built and tested successfully using both a second order accurate and fourth
order accurate finite different discretization. The method employs boundary operators
that are similar to Calderon’s projections. The same set of operators allows us to
handle any boundary condition on the surface of the scatterer, which means that
multiple similar problems can be solved at a low individual cost per problem. The
computations are conducted on a regular Cartesian grid, but the shape of the scatterer
can be arbitrary (nonconforming). This does not result in any reduction of accuracy
and does not cause any problems with stability.

The proposed method requires a one-time computation of the boundary operators
that may entail a substantial cost. However, this initial computation parallelizes
efficiently, and we expect that the associated execution time on a larger multiprocessor
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platform will be small. Once the operators have been computed, the cost of advancing
a given solution in time along the boundary becomes completely grid-independent.
The cost of computing the solution on the grid exterior to the scatterer scales cubically
with respect to the linear dimension, i.e., it increases slower than the overall number
of grid nodes in space-time. At the same time, the cost of the conventional volumetric
method scales quartically, i.e., directly proportional to the number of nodes. Thus,
for a fixed range of frequencies, our method will outperform any volumetric scheme
as long as the integration time is sufficiently long.

The proposed method involves a spectral expansion of the solution and its normal
derivative with respect to a basis chosen at the continuous boundary; see formulae (5).
As the frequency increases, the number of terms in this expansion needed to maintain
the accuracy grows. However, this growth is much slower than that of the dimension
of the finite difference grid. The cost of the boundary update increases with frequency
as well. Yet it remains a small fraction of the cost of volumetric integration.

As the proposed methodology relies on the Huygens’ principle, it is inherently
three-dimensional. We presented it for the case of a constant propagation speed c¢ in
(la). Tt can be extended to the case of a variable propagation speed provided that
0 < ¢min < ¢. The Huygens’ principle also enables the exact reflectionless treatment
of artificial outer boundaries and provides a stabilizing effect for long-time integration
regardless of what may have caused a deterioration of accuracy in the first place.

In the future, we plan to incorporate more sophisticated geometries/shapes, con-
sider not only boundaries per se but also interfaces between domains and transmis-
sion/scattering problems, and generalize from the scalar wave equation to systems.
Going beyond simple shapes such as a sphere or spheroid is likely to require patching
and piecewise parametrization of the boundary, like, e.g., in [8, 7], which, in turn,
will lead to choosing the systems of basis functions in (5) independently for different
patches. This approach will also help accommodate nonsmooth surfaces, although
addressing the corresponding singularities in the solution may require special care.
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SUPPLEMENTARY MATERIALS: BOUNDARY OPERATORS FOR
UNSTEADY WAVE PROPAGATION: EQUIVALENCE TO THE
METHOD OF DIFFERENCE POTENTIALS*
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Abstract. We propose a boundary method for the numerical simulation of time-dependent waves
in 3D exterior regions. The order of accuracy can be either second or fourth in both space and time.
The method reduces a given initial boundary value problem for the wave equation to a set of operator
equations at the boundary of the original domain. The reduction is based on a reformulation of the
method of difference potentials. The resulting operator equations relate the solution and its normal
derivative at the boundary. To solve these equations, one relies on the Huygens’ principle. It yields
an algorithm that works on a sliding time window of a finite non-increasing duration. As a result,
it allows one to avoid the ever increasing backward dependence of the solution on time. The major
advantages of the proposed methodology are its reduced computational complexity (grid-independent
on the boundary and sub-linear in the volume), the capacity to handle curvilinear geometries using
Cartesian FDTD methods, and automatic and exact account for the far-field radiation conditions.
In addition, the methodology facilitates solution of multiple similar problems al low individual cost
per problem and guarantees uniform performance over arbitrarily long time intervals.

Key words. method of difference potentials, Huygens’ principle, time-dependent wave (d’Alembert)
equation, initial boundary value problem
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Consider the same grid sets as defined in section 3, see Figure 1(b). Let w be a
grid function defined on N°, such that w = 0 for t = 0,7 and 1"y = 0 at the outer

boundary. Let Trﬁ/h)w = &, be the restriction (trace) of w on (to) v =yt Uy~
Introduce the grid function f on M* UM~ similarly to how the right-hand side of
(18a) is constructed:

(SM1) R O
The difference potential with density &, is a grid function defined on N~ as follows:
(SM2) Py-&=(w-GMp), .,
where G is the Green’s, i.e., inverse, operator for the problem
Déh)v =f on M- UMT,
(SM3) v=0 on N°n{t=0,7},
lf}f)v =0 on I"=0Q" x[0,7],
with the solution v defined on N°, i.e., v|yo = G f. The difference potential (SM2)

depends only on ¢, and does not depend on w|y-\~, i.e., for two different functions
w with the same trace £, the respective difference potentials coincide on N~.
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Consider the following homogeneous problem for u defined on the grid N—:

OMy=0 on M,
(SM4) u=0 on N"Nn{t=0,7},
My =0 on I" =09 x [0,7).

A density &, is the trace of a solution u to problem (SM4) i.e., &, = Trﬁyh)u7 if and
only if the boundary equation with projection (BEP) holds:

(SM5) P&y = f’ya

where the boundary projection operator P, is defined as P&, = Tr'(vh)PN_gv. Equa-
tions (SM4) and (SM5) are equivalent but the former is volumetric, because u in
(SM4) is defined on N~, whereas the latter is a boundary operator equation, because
&, is defined on the grid boundary v = 4+ U~~, a narrow fringe of grid nodes that
straddles the continuous boundary T, see Figure 1(b).

According to formulae (SM2), (SM3) and the definition of the trace operator
T'I‘EYh)7 the BEP (SM5) is equivalent to having the solution v of problem (SM3) satisfy

(SM6) v, = 0.

By inspection, it is easy to see that problem (SM3) along with the definition (SM1) of
the right-hand side f is identical to the AP (18). In turn, the solution to problem (18)
coincides on the grid N~ with the solution of problem (16). As such, the solution to
problem (18) satisfies v|,+ = 0 by design, see formula (16b). Therefore, the additional
constraint (19) that we impose on the solution to problem (18) is equivalent to (SM6)
and by transitivity, to the BEP (SM5).

Recall that, equations (18), (19) were used in section 4 as a part of a simultaneous
approximation of the governing PDE (1a) and boundary condition (1b) at the bound-
ary I'. Specifically, the boundary condition (1b) was reduced to the form (9) that
employs the undetermined coefficients ¢y and ¢; of the expansion with respect to the
basis {§;} on I'. Then, with the help of the equation-based extension (8), the govern-
ing equation (1a) was reduced to the boundary equation (12) that employs the same
coefficients ¢y and ¢;. With the help of (18) and (19), equation (12) was subsequently
recast into an equivalent form (23) that is more convenient for computations.

In the framework of difference potentials, system (SM4) has no boundary con-
ditions on the surface of the scatterer. There is only the governing equation, the
initial condition, and the far-field radiation condition. Hence, system (SM4) has
multiple solutions, and so does the BEP (SM5). To obtain a unique solution, one
should additionally specify a boundary condition at I', as provided by formula (1b).
This boundary condition accounts for a particular type of scattering, e.g., sound-soft,
sound-hard, etc. Similarly to (18), (19), one can also use the BEP (SM5) to build a
simultaneous approximation of the wave equation (1a) and boundary condition (1b)
on I'. Namely, equation (9) remains unchanged. A counterpart of equation (12) is
obtained by substituting the equation-based extension [cf. formulae (8)]:

N N
_ + +
5|7+ = E Coiwg ; + E cLiwy
i—1 i=1

(SM7) N N
g[ﬂyf = ZCO’iwoii + ch,iwip
i=1 i=1
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into the BEP (SM5), which yields another equation with respect to ¢y and ¢;. As
equations (SM1), (SM3), (SM6) are equivalent to (18), (19), the equation with respect
to ¢p and ¢; obtained by substituting (SM7) into (SM5) will be equivalent to (12).
This equation is to be combined with (9).

Altogether, we conclude that the methodology introduced in section 4 is an equiv-
alent reformulation of the method of difference potentials. Unlike many previous ex-
positions of the method of difference potentials, the presentation in section 4 aims at
emphasizing its algorithmic aspects. Of particular importance in practice is the role of
the grid sets v and v~ and that of the equation-based extension (8) for representing
the solution as linear superposition (10) and deriving equation (12).

The MDP was introduced by Ryaben’kii and subsequently developed by him
and his co-authors primarily for solving elliptic equations (steady state and time-
harmonic). A comprehensive description of the method can be found in [SM1]. Later,
it was extended to both parabolic and hyperbolic time-dependent problems.
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