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Abstract We consider fourth order accurate compact schemes, in both space and time,
for the second order wave equation with a variable speed of sound. We demonstrate that
usually this is much more efficient than lower order schemes despite being implicit and only
conditionally stable. Fast time marching of the implicit scheme is accomplished by iterative
methods such as conjugate gradient and multigrid. For conjugate gradient, an upper bound
on the convergence rate of the iterations is obtained by eigenvalue analysis of the scheme.
The implicit discretization technique is such that the spatial and temporal convergence orders
can be adjusted independently of each other. In special cases, the spatial error dominates the
problem, and then an unconditionally stable second order accurate scheme in time with fourth
order accuracy in space is more efficient. Computations confirm the design convergence rate
for the inhomogeneous, variable wave speed equation and also confirm the pollution effect
for these time dependent problems.

Work supported by the US-Israel Binational Science Foundation (BSF) under Grant # 2014048 and by US
Army Research Office (ARO) under Grant # W911NF-16-1-0115. S. Britt was supported by the Raymond
and Beverly Sackler Post-Doctoral Scholarship at Tel Aviv University and a Fulbright Postdoctoral
Scholarship funded by the US-Israel Educational Foundation.

B Steven Britt
darrellstevenbritt @ gmail.com

Eli Turkel
turkel @post.tau.ac.il
http://math.tau.ac.il/~turkel/

Semyon Tsynkov
tsynkov @math.ncsu.edu
http://www.math.ncsu.edu/~stsynkov/

School of Mathematical Sciences, Tel Aviv University, Ramat Aviv, 69978 Tel Aviv, Israel
2 Department of Mathematics, North Carolina State University, Box 8205, Raleigh, NC 27695, USA
Moscow Institute of Physics and Technology, Dolgoprudny, Russia 141700

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10915-017-0639-9&domain=pdf
http://orcid.org/0000-0003-4155-9401

778 J Sci Comput (2018) 76:777-811

Keywords Compact finite differences - Wave equation - Variable coefficients - High order
accuracy

1 Introduction

The acoustic wave equation describes the propagation of waves in the atmosphere and can also
be used as a simplification for modeling electromagnetic waves or elastic waves in a solid. The
methods developed here for the acoustic wave equation may be extended to more complicated
hyperbolic systems. In particular, the fourth order scheme in time is applicable to any second
order equation in time (i.e., in which second time derivatives appear). If first order time
derivatives also appear, then an extension of the method described here is straightforward. In
the proposed scheme, the time and space portions are discretized separately. Hence, a fourth
order approximation in space depends only on a similar fourth order discretization for the
time harmonic version of the equation. The resulting spatial equation in this case is positive
definite elliptic rather than non-positive as with the Helmholtz equation.

Even though the formulation is implicit, the overall scheme remains efficient due to the
high order of accuracy and the use of rapidly converging iterative methods for time marching.
Since the spatial equation at each time step is symmetric positive definite, conjugate gradient
(CG) and multigrid (MG) can be used. Performance is improved by using a 2nd order accurate
initial guess at each time step from the standard explicit scheme, and this further reduces the
number of iterations per time step.

Kreiss and Oliger [28] showed for a simple convective equation that the error increases
nonlinearly with time and that the rate depends on the order of the scheme. Bayliss et al. [6]
and later Babushka and coworkers [4,18] demonstrated a similar effect for the Helmholtz
equation: the error increases nonlinearly with the wave number, but this increase is slower for
high order schemes. For example, the test solution u = U (x, y) cos §2¢ to the wave equation
has wavenumber k = % The pollution effect dictates that, for a p* order time accurate
scheme, the quantity k7! 17 should remain constant in order for the error to remain constant
as the wavenumber k increases. This means that higher order methods can achieve the same
error while using fewer grid nodes, making them more efficient in terms of both storage
and CPU time than low order methods. This applies to both the temporal [28] and spatial
errors [4,6,18]. Our results computationally verify the pollution effect for the wave equation
and the increased efficiency of the higher order schemes. Moreover, the results demonstrate
improved efficiency of the higher order method despite the need to invert an elliptic equation
at every time step. We stress that the only way to achieve a compact high order scheme (i.e.,
higher than second order) is to use an implicit scheme.

In this work we only consider second order equations rather than a first order approach,
e.g. [5,23]. The straightforward way to achieve higher spatial accuracy is to increase the
stencil size, such as in [14,37,43]. This method can also be extended to treat boundaries
and interfaces with either conforming or nonconforming grids using the summation-by-parts
technique [27,34,41,42] (see also the reviews [19,39]). One can extend this to higher order
accurate formulae in time [36]. The fourth order time scheme we develop is based directly
on the PDE and results in a compact spatial scheme that involves only three time levels (see,
e.g., [11,13,20,43]). As a result, no special difficulties arise at the initial time step beyond
that of the usual wave equation.

Some early papers to consider high order methods, in space or time, for the acoustic wave
equation were [3,13,16]. Alford considered a fourth order method in space while Ciment
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considered a compact fourth order in space and time scheme. Implicit portions were inserted
in various operators and solved by ADI. The scheme of Dablain involved a very large stencil
to achieve very high order in space. The scheme of Henshaw [25] solves the wave equation
explicitly with 4th order in both time and space using only 3 time levels; however, the spatial
scheme does not use a compact stencil and hence additional numerical boundary conditions
are required to maintain high order accuracy. Several authors, e.g. [2,11,12,15,20,24,26],

consider the ODE %275 + Au = 0. They develop a scheme which is fourth order accurate in
time by considering the 6 scheme and replacing higher order time derivatives by powers of
A or equivalently replace a fourth time derivative by fourth space derivatives. This has the
disadvantage of either requiring large matrix vector multiplications and/or results in a non-
compact scheme in space. The approach of Chabassier et al. is based on finding an optimal
scheme for a given problem, whereas our focus is on simplicity and, in addition, utility for
the method of difference potentials [9,35]. An ADI approach is considered in [1,13,32,33]
while [17] includes a discussion of splitting errors.

Our scheme is compact in both space and time and so has no special difficulties with
initial conditions or at boundaries, even for complicated boundary conditions (see, e.g., [9]).
Compact schemes also result in matrices with lower bandwidths, which can be inverted more
efficiently. Compact spatial schemes of 4th and 6th order for the Helmholtz equation have
been developed [8,38,40]. Since the bandwidth is small and the spatial equation is positive
definite, efficient iterative schemes such as multigrid or conjugate gradient are applicable. In
the present work, we solve the resultant (modified) Helmholtz equation by both direct and
iterative methods to compare their efficiency.

Furthermore, we have developed the scheme for the inhomogeneous and variable
wavespeed equation, as in our previous work on the Helmholtz equation [8]. The speed
of sound in the wave equation is a function of the media properties. In many applications the
speed is not constant with respect to the density, pressure, or temperature of the material. We
will assume that the material properties do not vary in time but only in space, i.e., that the
speed of sound is independent of time. In some cases the Laplacian term can also have variable
coefficients. This occurs primarily in electromagnetic problems. The method described herein
also extends to this case as long as the Laplacian is in divergence form (i.e., div(grad u)).
For general shaped domains, we suggest using difference potentials [9,35] rather than a grid
transformation, and thus we keep the original Cartesian or polar form of the Laplacian.

The structure of the paper is as follows. In Sect. 2, we derive a parameterized scheme
in time for the inhomogeneous, variable coefficient wave equation. The scheme is compact
in time. We also provide a stability analysis which shows unconditional stability in the 2nd
order case and provides a stability condition in the 4th order case. In Sect. 3, we specify a 4th
order compact FD solver in space and address Dirichlet and Neumann boundary conditions.
Section 4 discusses the use of CG and MG as solvers for time marching of the implicit scheme,
and an eigenvalue analysis for general compact FD schemes for the modified Helmholtz
equation is presented. This result is used to prove fast convergence of CG for the steady-state
equation resulting from our implicit discretization of the wave equation using the FD scheme
of Sect. 3. We present numerical results in Sect. 5 confirming the design rate of the scheme,
demonstrating the pollution effect for solutions of increasing frequency, and comparing direct
and iterative solvers for time marching of the implicit scheme. Concluding remarks and future
directions are given in Sect. 6. Additional numerical investigations of iterative solvers for the
modified Helmholtz equation are provided in “Appendix A”.
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2 High Order Discretization of the Wave Equation in Time
2.1 Derivation of the Time-Marching Scheme

We consider the variable coefficient wave equation in 2D:
Ut :CZAM+F, (1)

where ¢ = ¢(x, y) and F = F(x, y, t) are given. The Laplacian term Au can be extended

to % (A(x, y)g—)'j) + % (B(x, y)%) in a straightforward manner [8] . We wish to solve the
interior initial-boundary value problem on a square domain of side length 2s centered at the
origin. Consider the initial boundary value problem:

Ex,y:ﬂ:s(”) =¢(x,y,1),
u(x, y, 1 =0) =u’(x, y),
Mt(x’yat=0)=1//(x’)’)’ (2)

where ¢ is either the identity (Dirichlet) or normal derivative (Neumann) operator along each
edge.

We consider a semi-discrete approach by first discretizing the equation in time and later in
space. Denote by A, the uniform time step so that 7, = nh,, and let 8,2 be the second central

difference operator, (Stzu" = w1 —2u" + 4"~ The time derivative of (1) is approximated
by
n 1 2.n h12 n 4
Uy = ;%5: =yt +0 (ht) .
Differentiating the wave equation (1), we replace the fourth time derivative as follows:
n 1 2 n ht2 2 n n 4
uf, = —8;u" — —L (c*Aul}, + F/}) + O (h}). 3)

1t htz t 12
We then replace Au,, and F;; by 2nd order central differences in time, resulting in a fourth
order approximation in time:

2 1
E82Au" — —82F" + 0 (h%). @

1 2
i =50 = 43 12
t

We consider the following approximation to Eq. (1) centered at the time #, using a free
parameter 6 (sometimes referred to as the 6-scheme, see, e.g., [11,31]):

1
h—28,2u” = AW") 4082 AW™) + F" 4 082 F". )
1

Observe from (4) that the choice 8 = ﬁ results in a 4th order approximation of the wave
equation in time. Rearranging (5) to gather the upper time level terms yields

1 un+1 u" . un—l
OAW* ™) — =2(60AW") — —(0AW"™") — — A"
( ) 252 ( ") c2ht2) ( ( ) c2ht2> (")
1 o,
- S = S8 ©)

From (6) we observe that, for any space discretization, the scheme (5) is

— explicit and second order in time if 6 = 0,
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— implicit and equivalent to the second order Crank—Nicolson scheme if 8 = %,
— implicit and fourth order in time if 6 = 1]—2 Therefore the scheme must be implicit in
order to have a fourth order accurate scheme in time which uses only three time levels.

We now consider the implementation of (5). The most straightforward idea is to solve (6) for

u" 1. We define f" := A(u") — o 2hzu" and F" := —#F” - C%(SEF”. We then rewrite
(6) as
1 1 ~
AunJrl _ un+1:2 n _ nfl_iAun +F”. 7
W - o e A ™
By the definition of f”, we substitute A(u") = f" + e 2 7 u" into (7) and gather like terms
to obtain
A(un-H) _ 1 un+] — (2_ l) fn _ fn—] _ 1 u + Fn.
6c2h? 0 62c2h?
This suggests the recurrence
fn+l —(2— 1 fn _ fnfl _ 1 u 4+ I:-?n (8)
0 62c2h?
for the right-hand side. We now solve the following spatial equation at each time step:
1
A un+l _ un+l — n+1. 9
W = o f ©)

Denote the spatial finite difference operator on the left-hand side of (9) by 1%2 Lj,. Rather than

approximating the terms such as Au” — 60; 7 u" on the right-hand side of (6) ateach step by the
t

matrix multiplication " = h%Lh u" (which also requires storing two previous time levels of

the solution), we only need to store two previous time levels of f”* and one previous time level
of the solution and then perform the additions and subtractions of (8). Thus, the recurrence
relation (8) efficiently computes the right-hand side at each step. Furthermore, computing
the terms " = 1 — Lpu" by matrix multiplication would require further consideration at the

boundary since the 4th order compact FD schemes in space will require that an approximation
of A be applied to the right-hand side. By computing f”*! from the recurrence (8), we avoid
approximating A2, which is difficult to achieve compactly at the boundary nodes for boundary
conditions other than Dirichlet. Even though f” contains Au” in its definition, the use of
the recursion formula (8) for the right-hand side circumvents this issue since f© and f! are
known on the entire grid from the initial condition, so that f’”rl is known on the entire grid
at each time step.

The definition of f” in the spatial equation (9) solved at each new time step implicitly
contains Au". Therefore, we consider an alternative form of the scheme (6) which has a
simpler expression for the right-hand side. From (5), we have

e 8" = AW +657u") —OF". (10)

We introduce a new variable

VL = w4 082", 6 #£0. (11)
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which implies §7u" = “"“0%“". Substituting (11) into (10) yields the spatial equation
1 1 -
Ayt — i e—— u' +0F" = 12
Oc2h? Oc2h? Jo (12

which is solved for v"*! at each time step. The solution of the wave equation at the upper
time level is then given by solving for «"+! in (11):

Un+1 —un

MnJrl —ou" — unfl + ;

The right-hand side f,j”'] of the spatial equation (12) at each step involves the solution
itself at the prior time step but not its derivatives. The two versions are linearly equivalent,
and computations with the two variants yielded almost identical results. There might be
advantages to each scheme when considering difference potentials [35] for the wave equation
to handle general geometries.

2.2 Stability Analysis

The stability analysis presented below is a generalization of the proof by Z. Li [30]. He
considered a modified wave equation in one dimension using a second order spatial scheme.
We consider the original wave equation with a variable wave speed in multiple dimensions.
The following analysis is general provided that the spatial scheme is self-adjoint negative
definite. For example, the wave equation can be extended to include a self-adjoint Laplacian
with variable coefficients. Hence, we have added several improvements to the proof of Li.

We consider the stability analysis for a generalized wave equation
1 9%u . 13
——5 = Lu.
c? 912

Let hLZ Lj, be the numerical approximation to L (in Sect. 2.1, L = A), where A, is the uniform

spati;tl step size and the operator L), has the following properties:

1. Ly is negative definite, i.e., there exists a real inner product so that (u, v) = (v, u) and
(—=Lyu, u) > 0. Further, we require that 0 < Liower||lul|> < (—Lpu, u) < Lupperllu]|*.

2. Ly isself-adjoint, so that (Lju, v) = (u, L,v). Hence there exists a symmetric or an anti-
symmetric matrix M which satisfies M? = Lj,. Thus (Lyu,u) = (Mu, Mu), showing
that (—Lyu, u) is a norm. Note that in the case of a one-dimensional PDE L, is a second
derivative while M is a first derivative which is anti-symmetric.

The 6 scheme is given by

um+1 —2u™ 4 um—l 1
c2h? h2

Ly (0u™ " + (1 = 20)u™ + 6u™")

1
=7l (@™ —u™) — 0™ —u" Y +u™). (14
X
For convenience, define vt = u™ ! — ™ Observe that vt —p™ = ym+1 _2ym 4 ym=1,
Multiplying both sides of (14) by 42 and taking the inner product with u"+! — y"=1 =
"+ v™ . we obtain
2

2]);2 (vm+1 — ™, vm+1 + vm) — (Lhum +9Lh(vm+l _ vm), Um+1 + vm).
cohy
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T
Define k(?) = %, which we shall refer to as the Courant—Friedrichs-Lewy (CFL)
number. Simplifying, we obtain

1
ﬁ(uvm-‘rl ”2 _ ||vm||2) — (th/tm, vm+1 + UM) +9(Lh(vm+] _ UM)’ Um+1 4 vm).
(15)

Since Lj, is self-adjoint, the cross term in the last term of (15) is zero, so that (15) reduces
to

1
ﬁuw’"“nz — ™% = (Lpu™, 0" ™) £ 0L 0T — (L™, 0™)),

and rearranging yields

1 1
pl|vm+l ”2 _ O(LU”H_I, Um-H) — ﬁ”vmnz _ g(thm7 vm) + (th/tm, Um+1 4 UM).
(16)
We rewrite the last term in (16) using the following identity v +! 4+ v =y 1 — =1 and

(th/{m, um+l) _ (Lhum, um—l)
= 1/4[(Lpv™, v™) — (L™ v+
—(La@™ 4" " u" ) + (L@ +u™ " ] (17)

This is verified by expanding the right hand side. Combining (16) with (17) we get
%nv"'+1 I+ (1/4 = O)(Lpv™ ! ™) = /ALy @™ ), u" T )
= %Ilvmll2 + (1/4 = )Ly v™) = /ALy ™ +u™ ) u™ + ™). (18)
Define
S = %nu’" I+ (1/4 = 0)(Lpv™, v™) — 1/ALp ™ +u™ "), u™ +u™ ).

Then (18) is equivalent to
Sm+1 = Sm7

meaning that the quantity S, is constant through the calculation.
We now check the stability of the scheme in two cases:

1. 6>1/4
Since Lj, is negative definite, every term in S, is positive. Hence, defining ||u II%: Ss
we have energy conservation of ||u|| g, and the scheme is unconditionally stable.
2.0<6<1/4
We now use the assumption that 0 < Liowerllu?> < (—Lpu, u) < Lupperllunz. We then
get

1 L
(72 — (14~ e)Lupper) 1" 1P+ =5 " R < S <

1 L B
(72 +(1/4 — e)Llower) o™ 1* + %num +u™ 2
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Therefore, S,, is equivalent to the norm [|u” — u™ 1|2 4 || +u™ ||, which is equivalent
to u™(|? + [ =% if and only if 55 — (1/4 — 0) Lypper > 0. Thus, when 6 < 1/4 the
scheme is stable provided that
1
maxA(¥)Y2 < — . 19

X ( ) - (1/4_0)Lupper ( )
For 6 = 1/12, this yields A> < ﬁ which is 50% larger than for the explicit scheme
6 = 0. For the five point second order central difference stencil, Lupper = 8 and the stability
condition is A < +/0.75. For a fourth order space approximation to the Helmholtz equation,
the value of Lypper depends on the details of the scheme (to be discussed in the next section).

3 High Order Spatial Discretization

The two schemes (9) and (12) share the form of a modified Helmholtz equation
Aw—kKw=g, (20)

with k2 = ﬁ. Since, k2 > 0, Eq. (20) differs substantially from the conventional
Helmbholtz equation. The quantity k is not a physical wavenumber. It is rather a parame-
ter of the discrete approximation that depends primarily on the time step /;. We note that
the wave equation (1) can be reduced to the conventional Helmholtz equation by a Fourier
transform in time. In doing so, the resulting Helmholtz equation is parameterized by the
dual Fourier variable w, which is called the frequency, or, equivalently, by the wavenumber
k = w/c. From the standpoint of solving Eq. (1) numerically though, it may only be practical
to use the aforementioned reduction if it is known ahead of time that the original solution
of Eq. (1) contains no more than a small number of discrete frequencies. Otherwise, in the
case of a continuous spectrum or a broadband solution, it is efficient to integrate equation (1)
directly in the time domain rather than replace it with a collection of Helmholtz equations in
the frequency domain.

We solve the two-dimensional equation (20) by the compact finite difference scheme given
in [38] on a Cartesian grid which is equally spaced in both directions with step size 1, = h,.
The scheme developed in [8] is for an equation with a variable coefficient Laplacian, and
we note that for the equation with constant coefficients in the Laplacian term the schemes of
[38] and [8] coincide.

Let us and u. denote, respectively, the sums of the four side and corner points:

Us = Up+1n + Un—1,n T Unn+1 T Um,n—1
Ue = Umt 1+l T Untln—1 T Un—1,n41 T Um—1,n—1.
Let g; and g, denote the corresponding sums for the inhomogeneous term of (20). Then any
compact scheme for the Helmholtz equation (20) may be written in the form
Ao, + Asits + Actte = Bogm,n + Bsgs + Bcge, 2D

where Ao, Ag, and A, represent, respectively, the coefficients of the center, side, and corner
nodes of the compact stencil acting on the solution . Then the 4th order scheme described
in [38] is given by

10 2 2 kK2 1

Ao =—— + k*h%, Ay== L, A= 22
0 3+3 X s 3+ 12 c ()
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We define the stencil operating on the right-hand side of (20) by B; corresponding to the A;.
Then

2h?% h?
Byp=—"2%, By=-—=, B.=0. 23
0 3 K 12 c ( )

Note that Lh in the stability analysis of Sect. 2.2 is the approximation to the Laplace

operator, Wthh corresponds to the case k£ = 0 but still includes the right-hand side. Formula
(22) can be extended to the more general Laplacian of the form div(A(x, y)grad u) using the
finite difference scheme in [8]. It can also be extended to polar coordinates with fourth order
accuracy, see [7].

In Sect. 2.2 we derived the stability condition (19) in terms of the bound Lypper. We
now evaluate the stability constant for the case of constant coefficients. For an implicit
scheme, L, = p-1 Q. Because we use central differences, both P and Q are symmetric.
For constant coefficients, P and Q commute. Since P lis positive definite (see (22)) we
can introduce a new norm (u, v)p = (P 1u, v). Since Q is negative definite and self adjoint
(see (23)), the stability arguments of Sect. 2.2 apply to the implicit scheme. For the fourth
order implicit scheme it is easier to evaluate Lypper in the Fourier domain. For a periodic
boundary problem, we apply the Fourier transform to these finite difference formulae. For a
Dirichlet boundary condition, we use a sine transform. By Parseval’s theorem, the stability
condition of the Fourier transform in L, implies the same stability condition of the original
finite difference formula. Recall from (13) and the ensuing stability analysis that = L is the

discrete approximation to the Laplacian (i.e., k = 0), and we denote the Fourler ‘transform
of 1 > L, as L, which is a scalar function of £ and n. The negative of the Fourier transform of

the left-hand side of Eq. (21) with coefficients (22-23) and k = 0 is then given by

o _4 _
L= (008(5) +cos(n)) — 3 cos(§) cos(m): (24)

(COS(S ) + cos(n))

A MATLAB search verifies that the maximum occurs at (¢, ) = (7, ). In physical space
this represents the mode which oscillates between +1 and — 1, u = (—1)' /. Therefore, (24)

10,8_2
is bounded by |L| < % = 16. Substituting this into (19), we arrive at the stability

3
condition A2 < 3, from which we may compute the CFL number, A = Chﬂ For example,
X

choosing ¢ = 0.9 gives the stability condition h’ < M2 37 ~ .67.

Remark — ¢(X) appears in the term of 8t2u. There are no assumptions on ¢ except that it
is not a function of time, which is standard.

— The only assumption on L, is thatitis symmetric negative definite. Hence, Lj can contain
variable coefficients and also boundary conditions that satisfy this condition.

— The Fourier space was used only to calculate the upper bound Lypper. The assumption
is that this upper bound is not sensitive to variable coefficients or boundary conditions.
Hence, we use a periodic domain with constant coefficients. In practice, the stability
bound is always used with a safety factor for such reasons.

3.1 Boundary Conditions
In the present work we consider both Dirichlet and Neumann boundary conditions. At each

time step we solve a modified Helmholtz equation. For Dirichlet BCs, it is straightforward
to impose the boundary condition within the Helmholtz solver.
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The following Neumann BC procedure for compact schemes is introduced in [38]. We
consider a Neumann condition on the right edge of the square domain, % |X=X =¢(y,1).
For simplicity, we assume that the wave equation (1) is homogeneous (F = 0) with a constant
wavenumber c. This assumption implies no loss of generality as one can always consider
that the inhomogeneity and/or variable speed of sound are present only “well inside” the
domain. On the other hand, allowing, for example, the wave equation (1) to have a non-zero
right-hand side F all the way up to the boundary can lead only to insignificant modifications
of the approach described below in this section.

We begin with a second order approximation of the boundary condition at the right edge
using grid nodes along the line of ghost points xy+1 = xy + Ay which lie outside of the
computational grid and will be eliminated from the final expressions:

n _n n 2 93,1
Unirj —Un-1j BuN’j h2 0 Uy, i
- 3

= o (h%). 25
2h, ax 6 0dx + (X) (25)

Solving for the ghost point uly | j yields
'1

3
O 2h, N hy 94y +0 (K5 26
Unp1j = UN-1j T2+ s Y)- (26)

P
=y

At each time step, a linear system is obtained from the implicit time discretization (9) and
the compact spatial scheme (21), with the right-hand side ! for each time step defined
recursively by (8). The Neumann BC is enforced by substituting (26) into the discrete equation
(21) at the right boundary x = xp, and we divide by 2 to maintain symmetry of the system:

1 1
SAouy j + 5 As (2“’&71,]‘ + ”rllv,j+1 + “r;v,jq) + Ac (“7\/71,]41 + “7v71,j71)

_1 (Bof”+l + B, n+l) (Asé‘/’\l/’j + A, (§1r\l/,j+1 + g,’\‘,_jfl)).

Note that the term f "+1 contains the term f 1'\',111 j with values on the ghost line. We substitute
(26) into (9) to obtain

n+1 n+1 2 n+l n+1 2 n+l n+1 2 n+1
f+1/ Aup'py g —Kuyyy g = Auyy ;= kuyTy  + ALy — ke, o
n+1 n+l 2 n+1
+A§ —k n.
N—-1,j

We now show how to evaluate the terms ¢} N, - and Ay v, at the right-hand boundary using
equation-based substitution of the wave equatlon along Wlth the Neumann boundary condi-
tion. For ¢, j» wemust show how to compute the first and third derivatives of 'y, j with respect

N g
i

. . .. . . ou
to x. The first derivative is immediate from the Neumann boundary condition, ‘ T
For the third derivative, we differentiate the wave equation (1) and solve for u,,, to obtain

1
Uxxx = Cjuxtt — Uxyy, (28)

which at time #, can be evaluated at the grid node (xy, y;) by substituting the y and ¢
derivatives of the boundary condition:
3.n 24n 2 4n
uy i 1 976 97°¢]

= — = — . 29
ax3 2 9t? 9y? @9
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The terms ¢, and ¢, can be computed either analytically or by 2nd order central differences
so that (25) is 4th order accurate. If, on the other hand, F # 0 in Eq. (1), then instead of
(28) we will have uy,, = C%um — Uyyy — Fy, where F is known, and the corresponding
expressions below, in particular, formulae (28"), will change accordingly.

To compute A;I’\’,,j, we have

93u 33u 3 [8%u u
AL =2h | — + —— = —+-——. 30
d * <8x3 + axay2> HER dx39y? 30
3.n 32 n
At the right boundary, g%‘{ is evaluated by (29) and as before axMBI; = 3\72] . To obtain expres-

sions for the higher order derivatives of (30) at the right boundary that contain only known
quantities, we differentiate (28) twice with respect to x, y, and ¢ to obtain the expressions

1
Uxxxyy = g”xyytt — Uxyyyy»
e, (28")
xXxxtt — C2 xtttt Xyytts
1 1

Uxxxxx = ?“xxxtt — Uxxxyy = Cj“xtttt - cjuxyytt + Uxyyyy,

where the final expression for the fifth x derivative is obtained by substitution of the previous
two formulas. At the right boundary of the square, we thus compute the hi terms of (30) by

5,n 4 4n 4.n
auN’j_lB% _8¢j
ax3y2 2 oyZorz 9yt
Suly 1 ote] 2 ') 'g)
9x> ct ot 2 oyrarr T oyt
where all y and ¢ derivatives of the function ¢ along the right boundary x = s of the square
are assumed to either be known analytically or with sufficient accuracy by finite differences.
In summary, the Eq. (26) enforce the Neumann boundary condition at the right boundary
x = xy with fourth order accuracy, with the right-hand side computed using (27). The
resulting system is symmetric positive definite. The same procedure can be used to treat a

Neumann BC on other edges of the square. Examples of more general boundary conditions
can be found in [8,9,35,40].

4 Iterative Solvers for the Modified Helmholtz Equation

We now present an analysis of conjugate gradient and multigrid solvers for the modified
Helmholtz equation with specific emphasis on the case which arises in the implicit dis-
cretization of the wave equation. We begin with an eigenvalue analysis of general compact
schemes for the modified Helmholtz equation. Using this analysis, we compute the condi-
tion number of the FD matrix for the scheme (22), which provides an upper bound on the
convergence rate of the conjugate gradient method for the wave equation, see Sect. 4.1. For
multigrid methods using a damped Jacobi smoother, the same eigenvalue analysis facilitates
the computation of the optimal parameter for damping the high-frequency modes for the
wave equation, which we derive in Sect. 4.2. Section 4.3 discusses choices of initial guess for
iterative solvers for the wave equation using the previously computed numerical solutions
from prior time steps.
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Consider the following generalization of the Helmholtz equation (20) in negative definite
form,
—Aw — Kw = —g, 31)

which is the usual Helmholtz equation if K = k%> > 0 or the modified Helmholtz equation if
K = —k? < 0. For the purpose of analysis, we consider (31) in 2D on a square domain of
side length r, § = {0 < x, y < '}, with homogeneous Dirichlet boundary conditions on the
edges in both the x and y directions. Let A be a general Cartesian FD scheme on the compact
3 x 3 stencil with uniform grid spacing h, = hy = 7;, so that there are M nodes in each
direction. In this paper, we are primarily interested in the special case where the modified
Helmholtz equation results from the discretization of the wave equation by the 6 method;
however, the following analysis can be applied to more general cases as well.

The Fourier eigenfunctions on the interior satisfying the Dirichlet BC can be expressed
as the product of sines in each direction:

¢k = sin(mkyhy) sin(nkohy), 1 <mon ki ky <M — 1. (32)

We seek the eigenvalues of A, Ay, k, (A), using the Fourier modes (32) by solving Aqﬁ(k1 k) —
Ay ko (A)p*1-k2) We will make use of the trigonometric identity

sin(a + B) £ sin(a — B) = 2 (1 — 2sin® B/2) sin (33)
to simplify sums of the Fourier modes. First, observe that

pFrk) g kik) _ Gin (m 4 D)k hy) sin(ikahy) + sin((m — Dkyhy) sin(nkahy)

m+1,n m—1,n
=2 (l — 2sin? %> pk1-k2), (34)
2
An analogous argument applies to the remaining terms of q)( 1k2) which added together with

(34) yields
gk =4 |:1 - (sin2 —klzhx + sin? Lzzhx >i| gk,

Using the same identity, we simplify the sum of the corner points multiplied by A_:
5 kihy
i + B = (2 [1 — 2sin? 17] sm(mkmx)) sin((n + Dkoh). (39)

The identity (33) can be applied a second time to the sum of the corner points in (35), which
yields

kih kah 5 kih 5 kohy
¢c(kl’k2) =4 |:1 -2 (sm 712): + sin? —22X> + 4 sin 12X sin’ 22 i|¢(kl k) (36)

Combining (34) and (36), it follows that the eigenvalues satisfying Ap*1:K2) = j4 4 (A)
¢(k|,k2) are given by:

kih koh

ki,k = Ao + s+ Ac) — s+ ¢) | sin” —— +sin” ——

Mok (A) = Ao+ 4(As + Ae) — 4(As + 24¢) (sin? 222 4 sin? 222
’ 2 2 @7

k hy
+ 16A, sin? 2
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4.1 Conjugate Gradient

For the Conjugate Gradient method with a Hermitian positive definite linear system Ax = b,
it is well known that the error of the n'" iteration, e,, is bounded by

lenlla <2(ﬁ—1> , a8)

leolla = \ Wk +1

— Pmax(A)
where ¢ = 52 A

) is the condition number of A (see, for example, [22]).

min

Equation (37) represents the eigenvalues of a general compact scheme. Using the values
of the coefficients Ag, A, and A, of the fourth order scheme (22), we have

A+4(A+A)—10 th2+4 2 L Lo ke
0 sTa= 3 T30 3 120 e e

and

2 1, 1 1

Substituting into (37), the eigenvalues of A are given by

1 kih koh
Mok (A) = —Kh? + <4 + 5Khi) (sin2 12x + sin® 22x>
- § in’ Ky sin® kzhx.

3 2 2

For simplicity, assume that Kh2 < —12, so that the coefficients of all the sine terms are
negative (note that this condition is satisfied for the steady-state equation of interest in this
paper). Because sine is monotonic on the interval [0, %] and all sine terms have negative
coefficients, their sum (and, therefore, the eigenvalues themselves) will be monotonic with
respect to k1, ko. We then conclude that the largest and smallest eigenvalues will result from
the cases k| = ko = 0 and k; = k» = M, respectively. This results in

20,0(A) = —Kh?,
16 1

A m(A) = = = gKhj%.

Note that the eigenvalues are all positive since we assume K h)% < —12 and thus the smallest
and largest eigenvalues are Amin(A) = Ay, and Amax (A) = Xo,0-

In the case where we want to solve the Helmholtz equation (31) for any fixed K, the quantity
|K h)% | becomes smaller as the grid is refined (in contrast to the cases resulting from the wave
equation above, for which we assumed K h% < —12.) In particular, the eigenvalue X9 0(A)
tends to O while Ay (A) tends to %6. Thus the condition number « (A) = Amax(A)/Amin(A)
approaches infinity as the step size /&, becomes smaller, and the convergence factor of CG
from (38) will tend to 1, indicating that convergence of CG iterations may become very slow
as the grid is refined. Our numerical tests confirm this analysis, and rapid convergence was
observed for the modified Helmholtz equation when Kh2 < —12 with slower convergence
as the grid is refined for the case when K h?r — 0.
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For the wave equation discretized by the & method, one obtains the generalized Helmholtz
equation (31) with K h)zc = L__ 1 Then the condition number of A is given by

T OCFL
1
o = )Nmax(A) _ OCFL2 _ 3
- . 16 1 - 2 :
Amin(A) ?+736CFL2 166CFL*+1

For the 4th order scheme in time, § = 11—2 and the stability condition is C F L? < %. Taking
CFL? = % gives the condition number

(A) 3 3 )
K - = = .
16-5-2+1 3
From (38) the convergence factor ﬁj: of CG iterations is
-1

V2 ~ 0.17.

V241
For the 2nd order scheme in time, 6 > i. Even though the scheme is unconditionally stable,
it is most efficient to take C F L = h,. In that case, the inequality K h)zc = —ﬁ < —12

is satisfied for 12 < % and the condition number is

k(A) = — 3 as hy — 0.

3
160h2 + 1
Thus, from (38) the convergence factor of CG iterations for the scheme with 6 > i as the
grid is refined using CFL = h, is

3-1
L%O.ZT
V3+1

In both cases, the condition number is well behaved and fast convergence of CG iterations is
guaranteed.

4.2 Multigrid

Classical iterative solvers such as Jacobi and Gauss—Seidel are well known to require large
numbers of iterations to converge, with the number of iterations increasing as the grid is
refined. Multigrid (MG) methods utilize computations on coarse grids to reduce the over-
all number of iterations required for iterative solvers. For the Poisson equation, it is well
established that the number of V-cycles (that is, MG iterations) needed to achieve conver-
gence using the full multigrid (FMG) algorithm is independent of the grid size, resulting in
a very efficient solution method. We consider the multigrid method for solving the modified
Helmholtz equation (31), both on its own and as the time marching step of implicit schemes
for the wave equation.

Let the number of grid points in each coordinate direction be N, = 2" + 1. Coarsening
the grid by a factor of 2 results in Npj,, = 2"~ 4 1 grid points that coincide with the fine

! For the (4,4) scheme, 60 = 11—2 and thus Kh% =
guaranteed by the stability condition (see Sect. 3).

- ﬁ < —12 whenever CFL < 1, which is already
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grid at every other node. We choose the injection operator to project from a fine grid to a
coarse grid, which can be written as

p2hx = 2 h
hy :

To interpolate from a coarse grid to a fine one, we use full weighting, which we write
in operator form as v* = I v?"x. The iterative method used in conjunction with MG
is known as a “smoother” and performmg iterations as “smoothing.” The most common
smoothers are damped Jacobi and Gauss—Seidel.

We introduce a damping factor w. Then the damped Jacobi iteration matrix is R, =
I — wD™'A, and therefore the asymptotic convergence rate of the residual is equal to the
spectral radius p(Ry,) = 1 — —,o(A) The eigenvalues are Ag, r,(R,) = 1 — 2 Akl k (A)
with A, x, (A) given by (37) for a general compact scheme.

The convergence of damped Jacobi requires p (R,,) < 1. For the purposes of multigrid, the
damping parameter o should be chosen so that the absolute value of the largest eigenvalue of
the high order modes of R,, is minimized. We proceed by enforcing the following condition
on the eigenvalues of the highest Fourier modes in both x and y:

— hy y (Ro) = h i (Ro), (39)
which is a necessary condition for the optimal high mode damping parameter. For k; =
k2 = 2 , we have sin? kzh = sin? k22h‘ =sin? X = 1/2, and similarly k| = ko = M gives

n? klzh‘ = sin? kzzh‘ = sin? % = 1. The elgenvalue associated with the middle modes (i.e.,

the left-hand side of condition (39)) reduces to

w 1 1 11
A m(Ry)=1—— Ao +4(As + Ap) —4(As +2A0) | =+ <) + 16A.- = - =
2 AO 2 2 2

2

N

=1—Aﬂ(A0+4AS+4Ac—4AS—8AC+4A6)
0

=1—-ow.
(40)
Thus, for any compact scheme, the eigenvalue of A associated with the middle modes is
simply Ao and results in an eigenvalue of 1 — w for the damped Jacobi iteration matrix. The
eigenvalue associated with the highest modes which appears on the right-hand side of (39)
becomes

ot (Ry) =1 — Aﬁ [Ao + 4(A; + Ac) — 4(A; +2A0) (1 + 1) + 164, -1-1]
P (41)
=1 2 (Ao +4(Ac — Ay)).
Ao

Therefore the eigenvalue of A for the highest mode is Ay p(A) = Ag + 4(Ac. — As). We
now solve (39) for w using (40) and (41):

w
—hy g (R) =@ = 1= 1= = (Ao +4(Ac = A) = Ay (Ro)

w[1+—A°+4(ﬁ)"_As)} =2 (42)

 Ag+2(Ac — Ay
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where we assume that Ag + 2(A. — Ag) # 0; otherwise, (39) is false. Using w from (42),
the eigenvalues of the iteration matrix R,, are given by

)\kl,kz(Rw)
=1 ( Ao )1[A +4(A; + Ao
- Ao+ 2(A. — Ay) ) Ag |7° s
kih koh kih koh
—4(Ag +2A0) <sin2 % + sin? %) + 16A, sin? % sin? 22 x:|

—2(Ac + 3Ay) — 4(As + 2A,) (sin? 1+ sin? 2Ly 4 164, sin? Kftx sin? 22
Ap +2(Ac — Ay)

(43)

We now compute the largest eigenvalue, in absolute value, of the iteration matrix for
the high-frequency modes. Using h, = 77, the arguments of the sines in (43) are 7 <

%, 15277,,7 < 7 for the high-frequency modes % < ki, ky; < M — 1. Since the sine function

is monotonic on the interval [% %] it attains its maxima and minima only at the boundaries
of this interval. We consider the following cases:

CaselIfm =n= %, we have from (40) that

Ao
AO + 2(Ac - As)

\mwew)\:‘l
2072

:‘ 2(Ac = Ay)
Ag+2(A; = A |

The case m = n = M is identical due to condition (39).
Case2If m = %, n = M, then from (37) we have

10} 1 1
[has 4y (Ro)| = ‘1 o [Ao FA(A, + Ad) — 4(A, +24,) (5 + 1) + 1645 - 1]’

B ‘ 24,
Ao +2(Ac — Ay)

The casem = M,n = % is identical by symmetry of (43) with respect to k1 and k.
Therefore, the largest eigenvalue of R, for the modes % <ki,kp <Mis

2(Ac - As)
Ao+ 2(Ac — Ay)

2A.
Ao + 2(Ac — Ay)

3

max  {Ak i (Ry)} = max {

Y <kika<M

} .44

Note that we have already assumed the denominator of (44) is nonzero in order to find the
parameter w in (42). Using the values of the coefficients Ag, Ay, and A, of the fourth order
scheme (22), we have

Ao +4(Ag + Ao) = —Kh?,

and

1
Ag +2A,=—1— ﬁ1<h§.

Substituting into (37), the eigenvalues of A are given by

1 kih kah
Mo ko (A) = —Kh2 + <4 + 51<h§) (sinz % +sin® 22 X)

2
2 —klhx sin? kzhx.
2 2

8 .
— —sin
3
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For the compact 4th order scheme (22), the optimal damping parameter (42) is given by

Ao _ 4Kh%-20

= = . (45)
Ao+ 2(Ac — Ay)  3Kh2—26

If Kh% — 0, which includes the Poisson equation K = 0, we have w = % ~ 0.77. This is

near the value of the optimal damping parameter for the Poisson equation using the standard

5-point central difference stencil in 2D, which is @ = 0.8. For K # 0, we require K h% * %.
For the eigenvalues, we reduce the following expressions from the general form (43):

1 2
Ag+2(A, — Ay) = A (26 —3Kh3)

and
Ac + 34, = ! lKhz
¢ T 6 12

Substituting into (43), the eigenvalues of the iteration matrix R, are

1 o kithy . kohy
My ko (R ):7[—7—71012—{- 24 4+ 2K h> <sm2—+sm
PRARTT 06 — 3K h2 S K+ ( ) 2 2
kih,y koh,
16 + Kh? n2 _
( + )sm — 5 :|
(46)
Then 5
sy (Ro)| = [ (Ro)| = 24— A | _ | K61y
2z ’ 3Kh2 —26
and
O e e
%71\4( w)| = M,%( w)| = = 3Kh)%—26 .

Observe that for the Laplace equation, K = 0, the maximum eigenvalue for the high modes
is % ~ (.23, which is an improvement over the five-point stencil, which has a largest
high-mode eigenvalue of % for K = 0 (this can be seen from the preceding analysis with
Ag=4,A;, =—1,A, =0).

When solving the modified Helmholtz equation with a fixed K < 0, the quantity K h)zc van-
ishes as the grid is refined. Then w — %) and the largest high-mode eigenvalue approaches
% ~ (0.23. When the modified Helmholtz equation results from the implicit time discretiza-
tion of the wave equation, we have Kh)% =— ef;hf = 0CFL2 The (2,4) scheme (6 > 4) is
unconditionally stable. Nevertheless, it is most efficient to equalize the space and time errors
by choosing i, ~ h2 or, equivalently, CFL ~ h,. In this case, the quantity K h2 0}1[2
approaches negative infinity as the grid is refined, and the absolute value of the largest hlgh-
mode eigenvalue of R,, is given by (46) and approaches 1 3

The fourth order time scheme (0 = %) is conditionally stable with the requirement that
CFL < @ The stability condition for the high order scheme does not depend on the grid
size hy, and therefore the quantity K h% = ﬁ will remain fixed as the grid is refined.
For example, if we take a constant wave speed ¢ = 1, then the largest CFL satisfying the
stability condition is C FL? = 0.375, which gives Kh2 = —32. The absolute value of the
largest high-mode eigenvalue of R, with y = 0 is given by (47), |Amax| = g ~ 0.21.
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4.3 Initial Guess for Implicit Solution of the Wave Equation

When solving the steady-state equation (20) resulting from the implicit discretization of the
wave equation, convergence of iterative methods can be improved by using the computed
solution at previous time steps to calculate an initial guess. The formulation (9) already
utilizes two backwards time levels. A first order backwards interpolation is given by u"*! ~
u" 4+ O (hy), and 2nd order is given by u"*! ~ 2u" — u"~! + O (h?). Numerical results
show that using either of these approximations as an initial guess improves the convergence
of both CG and MG.

Intuitively, the reduction in the number of iterations is due to the fact that we begin with
a low-order initial guess and only the high order behavior is left to be resolved. From this
insight, we observe that a better second-order initial guess may be obtained using the standard
2nd order explicit scheme,

xg“ =" — " h,2 (czAzu" + F") , (48)

where A, is the 2nd order 5-point central difference operator. The initial guess (48) has the
form of the 2nd order explicit scheme, but takes as its inputs the 4th order approximations "
and u"~! rather than 2nd order approximations. Hence, the accuracy of this initial guess will
exceed that of the true 2nd order explicit scheme at time #,,1. These initial guess choices are
compared for the conjugate gradient method in Sect. 5.

5 Numerical Results

The following computations are for the two dimensional wave equation. We solve the wave
equation (1) on a square domain of side length 2s centered at the origin. The initial data 1°
and u? = are given (see (2)). One then obtains an approximation to ! by combining the
Taylor expansion with an equation-based procedure as follows:

1 0 0 h2 0 h3 0 h4 0 5
w =u +hu, + ?l”n + é”m + iumt +0 (ht) >
2

h h}
=u’ + h,uto + ?t (czAuO + FO) + é(czAu? + Fto) (49)

h4
+ 35 (A (A + FO) + F) + 0 (k).
If u° and u? are given by explicit formulae, then the expressions of (49) can be computed
exactly to give the desired approximation. Otherwise, (49) can be approximated by difference
formulae. The initial conditions for a scheme of order p should be accurate, in time, to order

p+ 1[29].
‘We consider test solutions of the form
u(x,y, 1) =Vx, y)o(1). (50)
Then

uy = Vx, @'
Au= AV (x, y)® ().

Substituting into the wave equation, the corresponding right-hand side F (x, y, t) for the test
solution is
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F(x,y,0) = ®"(OV(x,y) = (x, AV (x, )P (1) 1)
The general initial procedure (49) reduces to

W’ =V(x,y)®(0),
h? h? ht
W = Vix,y) <<1>(0) + @' (0) + S0 (0) + "0 + ﬁ@””(O)) +0 ().

(52)

where (52) is truncated to O (h?) accuracy for the 2nd order method in time and O (ht5 ) for
the 4th order method in time. The Dirichlet boundary condition at time #, for this case is
given by

u(x,£s,t,) = Vx, £s)®D(1,),

u(Es, y, ty) = V(Ls, y)@(1,).

We also consider examples in which a Neumann condition is specified at the right-edge of
the square with Dirichlet is considered elsewhere,

u(=s,y, 1) = V(=s,y)P(tn),
ulx,£s,t,) =V, x)P(t,),
du
ax
where the Neumann condition is enforced by Eq. (26).

The design accuracy of the scheme (9) in time is determined by the parameter 6, so

the scheme is 4th order accurate in time when 6 = ]12 and 2nd order in time otherwise.

(Sa y7 tﬂ) = VX(S7 y)@(tn)7

The scheme is unconditionally stable and 2nd order in time for 6 > %. Tests which are
2nd order in time will use only the particular cases 6 = %, which reduces to the Crank—
Nicolson scheme, and 6 = %, which is the smallest 6 that allows unconditional stability. We
represent the time and space order of the scheme as an ordered pair so that, for example,
a (2,4)-order scheme represents a 2nd order scheme in time and 4th order in space. We
refer to this simply as a (2,4) scheme. The 4th order FD scheme in space is described in
Sect. 3. For the (2,2)-order simulations of the following sections, a simple 2nd order FD
scheme in space is used by approximating the Laplacian by central differences on a five point
stencil.

The numerical results in Sects. 5.1, 5.2 and 5.3 are obtained using a direct LU solver,
while the subsequent numerical sections investigate the efficiency of conjugate gradient and
multigrid as solvers. Additionally, a comparison is made to the standard explicit scheme,
which is a (2,2) scheme with 8 = 0, as well as a (4,4) explicit scheme described in Sect. 5.8.
For the (2,2) explicit scheme, we also use the five point central difference to approximate the
Laplacian in space, while the (4,4) explicit scheme uses a 4th order non-compact 9-point star
stencil at the interior nodes and 2nd order central differences at the boundaries (it is described
in more detail in Sect. 5.8). In the ensuing discussion, we distinguish between the temporal
error ¢; and the spatial error e, .

The simulations are implemented in MATLAB using the built-in sparse LU command
1u as a direct solver as well as the built-in conjugate gradient implementation pcg. All
of the multigrid routines, including the Jacobi and Gauss—Seidel smoothers, were written
in MATLAB. All computations were performed on a Mac Pro with 64 GB of RAM and a
12-core Intel Xeon Processor ES-v2 at 2.7 GHz.
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5.1 Constant Coefficient Examples

Lets = 5, V(x,y) = cosaxcosby, and ®(r) = cos 2, with 2 = cva? +b? and
c(x, y) = co constant. Substitution into the wave equation (1) shows that this is a solution
to the homogeneous equation, F'(x, y,t) = 0. The test solution u = cosax cos by cos §2t
is zero along the boundary x = :i:%, y = :l:%. The initial condition «° is given, and we
approximate the first time step «! by a Taylor expansion (52). For the 2nd order scheme in
time (i.e., 0 # 15), it is sufficient to take O (h}) accuracy in (52): u' = 1 — %h’z In order
to maintain 4th order accuracy in time, we require O (hf ) accuracy in the expansion (52),

2,2 4,4
which yields u! = 1 — £ h + '(22:".

In Tables 1 and 2, we take a=>b=1and c = 0.9, so that 2 = 0.94/2. For the (4,4)-
order scheme, it was shown in Sect. 3 that the stability condition for these parameters is
h’_ < 0.67, and we choose the CFL number X so that &, is below this threshold. The Dirichlet
boundary conditions in this case simplify to u(¢) = 0 at all the edges of the square, and
the Neumann condition at the right edge is given by d)’ﬁ /2, y,t) = Vi(/2,y,)D(t) =
—a cos By cos £2t. The final time is chosen to be tr = 2.

The results of Table 1 clearly demonstrate the design convergence rate of each scheme.
The (2,2) and (2,4) schemes each achieved better errors when using the smaller value of
0 = %. While the (2,4)-order scheme does not appear to have an advantage over the (2,2)-
order scheme in Table 1, this is because we have only considered a fixed CFL of 0.9. In
Table 2 we see that the (2,4)-order scheme can achieve much smaller errors on a fixed grid by
reducing the CFL number. Since ¢, = O (htz) and ey = O (hi), we expect this behavior up
to the point that s; ~ h,% Convergence tables based on lowering the CFL for the (2,2)-order
and (4,4)-order schemes are therefore omitted since the time error e; will quickly become
smaller than the space error e,, making the convergence rate in time unobservable in this
manner.

We see that the errors for the (2,4) scheme are only slightly better than the (2,2) scheme for
moderate CFL numbers. However, Table 2 demonstrates that the error can be dramatically
improved by taking smaller CFL numbers with the (2,4) scheme. It has been found that one
should reduce the CFL so that the temporal error matches the spatial error for a (2,4) scheme
(see [21]). The results in terms of CPU time for this test problem are shown in Table 3.

Observe that the error of the (4,4)-order scheme on an 8 x 8 grid from Table 1is 1.03- 1073,
which is already smaller than the (2,2)-order and (2,4)-order scheme on a 128 x 128 grid.
We wish to directly compare the relative costs associated with the (2,2)-order, (2,4)-order,
and (4,4)-order schemes. In Table 3, we consider an example using a test solution of the
same form as the above examples but with a = 2 and b = 5, so that 2 = 0.94/29 ~ 4.85.
Using the result of the (4,4)-order scheme on a 32 x 32 grid as the standard, we seek the
number of grid nodes for which the error of the (2,2)-order and (2,4)-order schemes will
be approximately the same. We then compare the CPU times for each method. Note that
for a fixed number of grid nodes the implicit methods will have approximately the same
cost per time step; therefore, we expect the higher order implicit schemes to exhibit better
efficiency than the (2,2) scheme. We also include the (2,2) explicit scheme (i.e., 8 = 0) in
the comparison. Further comparison of the (4,4) implicit scheme with explicit schemes is
conducted in Sect. 5.8. We demonstrate the impact of taking a smaller CFL number (i.e.,
hy ~ h)zc) for the (2,4)-order scheme. The findings are summarized in Table 3.

We observe from Table 3 that the (4,4)-order scheme is by far the most efficient, followed
by the (2,4)-order scheme with small CFL. Further reducing the CFL for the (2,4) scheme
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Table 1 Design convergence is observed for the homogeneous, constant coefficient wave equation

Grid Dirichlet Neumann
Error Convergence rate Error Convergence rate
(2,2)-Order, § = 1/2, CFL=0.9
8 2.13-1072 - 5.82-1072 -
16 6.16-1073 1.79 3.01-1073 1.83
32 1.64-1073 1.91 5.96-1073 1.80
64 4191074 1.97 1.58.1073 1.92
128 1.05- 1074 1.99 4.05-107% 1.96
(2,2)-Order, 6 = 1/4, CFL=0.9
8 1.07-1072 - 952.1073 -
16 3.01-1073 1.83 7.43-1073 0.36
32 7.89- 1074 1.93 2.50-1073 1.57
64 2.01-1074 1.97 7.02-107% 1.83
128 5.04-107 1.99 1.85-10~% 1.92
(2,4)-Order, 6 = 1/2, CFL=0.9
8 1.89-1072 - 5.65-1072 -
16 5.40-1073 1.81 1.92.1072 1.56
32 1.42.1073 1.92 5.37.1073 1.84
64 3.64-1074 1.97 1.43.1073 1.93
128 9.14-107 1.99 3.62-1074 1.96
(2,4)-Order, 6 = 1/4, CFL=0.9
8 7.97-1073 - 6.91-1073 -
16 221-1073 1.85 5.68-1073 0.28
32 5.73-107% 1.95 1.91-1073 1.62
64 1.45.1074 1.98 5361074 1.83
128 3.65-107 1.99 1.41-10~% 1.93
(4,4)-Order, 6 = 1/12, CFL=0.6
8 1.03-107 - 9.49.107 -
16 6.77-10~7 3.92 6.10-107° 3.96
32 4321078 3.97 3.80- 1077 4.00
64 2721077 3.99 2.44.1078 3.96
128 1.64-10710 4.05 1.54.107° 3.99

The test solution is # = cos x cos y cos 0.9+/2¢. The constant wave speed is ¢ = 0.9 and the final time is

tp =2

did not result in any gain in accuracy since this is the point at which the spatial and temporal
errors are roughly the same order, e; = e,. The largest possible CFL for stability was the
most efficient for the conditionally stable schemes, as we observed that lowering the CFL for
the (2,2) explicit scheme and (4,4) implicit scheme did not improve the error but increased
the computational cost. Lowering the CFL for the (2,2) implicit scheme did not improve the

accuracy.
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Table 2 (2,4)-Order convergence in time on a fixed 64 x 64 grid

CFL Dirichlet Neumann

Error Convergence rate Error Convergence rate

(2,4)-Order, 0 = 1/2

3.6 5.40-1073 - 1.91-1072 -

1.8 1.42-1073 1.92 5.37.1073 1.83
0.9 3.64-1074 1.97 1.41-1073 1.92
0.45 9.14- 1073 1.99 3.62-1074 1.96
0.225 2.29.107° 2.00 9.15-107 1.98
0.1125 5.73-107° 2.00 230107 1.99

(2,4)-Order, 0 = 1/4

3.6 5.40-1073 - 5.69-1073 -

1.8 1.42.1073 1.92 1.91-1073 1.57
0.9 3.64-1074 1.97 5361074 1.83
0.45 9.14-107 1.99 1.41-10% 1.93
0.225 2.29-1073 2.00 3.61-107 1.97
0.1125 5.73-107° 2.00 9.13-107° 1.98

The test solution is u = cos x cos y cos 0.94/2¢, which results in a homogeneous wave equation. The constant
wave speed is ¢ = 0.9 and the final time is tp = 2

Tablg 3 .Compar%son of the. Grid Error CFL # Time steps CPU time (s)
running time required to achieve
a similar error with different (4,4)-Order, 0 = 1/12
schemes J
32 3.85-10° 0.68 30 0.014
(2,2)-Order, 6 = 0 (explicit)
256 3.71-1074 0.79 207 0.94

For the (2,2) explicit scheme and (2,2)-Order, 0 = 1/4

(4,4) implicit scheme, the CFL is 4

chosen to be the largest value that 512 4.19-10 0.5 652 33.44
still allows for stability. The test 480 3.53.1074 0.25 1222 56.87
solution is # = cos x cos

c0s 0.94/21 with a constaﬁt wave (2:4)-Order, 0 = 1/4

speed ¢ = 0.9 and final time 320 372-100% 05 407 10.71

tFr=2 49 3.64-10% 0.064 487 0.24

5.2 Variable Speed of Sound Examples

We next consider test problems where the speed of sound c(x, y) is variable. At each time
step, the modified Helmholtz equation (20) now has the variable parameter

K (x,y) = c(x,y) £ 0.

Oc2(x, y)h?’
All tests were performed on a square of side length 2 (i.e., s = 1) centered at the origin.
Because the (4,4)-order scheme is only conditionally stable, the largest allowable CFL will
depend on the maximum value of c¢(x, y) on the domain. As a result of the chosen test
solution, the wave equation becomes inhomogeneous with the right-hand side given by (51).
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Table 4 Design convergence of the (4,4) scheme for the inhomogeneous wave equation with variable wave

2
speed c2(x, y) = T+

Grid Error Convergence rate
8 3.34-1072 -

16 2.23-1073 3.90

32 1.42.107% 3.97

64 8.98-107°6 3.98

128 5.65-1077 3.99

The test solution is u = cos 5x cos 3y cos 2ot with CFL=0.5, 29 = 5.85,tF =4

Table 5 Design convergence of the (4,4) scheme for the inhomogeneous wave equation with variable wave

2
speed c2(x, y) = T+l

Grid Error Convergence rate
8 6.41-1073 -

16 429-107* 3.90

32 2.76-107 3.96

64 1.79- 1079 3.95

128 1.13-1077 3.98

The decaying test solution is # = cos 5x cos Sye*'QO’ with CFL =0.5, 29 =5.85,and tp =2

Since the wave speed is variable, we define £2¢ := ¢+/a? + b% where ¢ is the average value
of ¢(x, y) on the domain.
For the first example, we take a test solution (50) with V (x, y) = cos(ax) cos(by), where

a=5and b = 2. Let 2(x,y) = ““4—2 + 1. The maximum of ¢(x, y) occurs along the left
and right boundaries and is equal to 1.25, so that the stability condition is approximately
}% < 0.54. We specify the time component of (50) to be @ (¢) = cos(§2¢t). The results are
summarized in Table 4.

We next specify a test solution which is decaying in time. Let @ in (50) be given by
@(1) = e Let V(x, y) and c¢(x, y) be given as in the previous example, with the final
time g = 2. The results are summarized in Table 5.

Next, we consider the Yukawa potential for nuclear particle forces,

—omr

e
A(r) = g ,
r

where r = \/x2 + y2 is the polar radius, m represents the mass of a particle, and g and o are
a scaling constants. We choose g = 1 to be the amplitude of the field and om = 10. The
field goes to infinity at the origin » = 0. For the computations, we set the value at »r = 0 to
match the value at r = h, = h, \/E, so that

c2(0) ~ c%(h,) = % (hyV2).
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Table 6 The test solution for the Yukawa potential is u = cos 10x cos 10y cos 10+/27 with variable wave

—10;
speed ¢2(r) = ¢ - .
Grid CFL # Time steps (4,4) Scheme (2,4) scheme

Error Conv. rate Error Conv. rate

8 0.634 13 5.33-1072 - 9.09- 107!
16 0.131 123 9.90- 1074 5.75 4.77-1073 7.57
32 4211072 761 5.01-1075 430 1.12- 10~ 5.41
64 1.69- 1072 3792 2.97.107° 4.08 4361070 4.68
128 7.56-1073 16,940 1.81-10~7 4.04 2.19-1077 431

The wave equation with this test solution and wave speed is inhomogeneous. The CFL constraint results from
the physics since ¢ becomes larger at grid nodes closer to the origin as the grid is refined. The final time is
tp =1

Recall from Sect. 3 the stability requirement of the (4,4)-order scheme is

hy _ /0.375 . +/0.375h, B +/0.75hy 53)
he ~— maxc2(r) e 10 T ,—10v2h,

The CFL values for each grid determined by (53) are recorded in Table 6. This constraint
implies that the (4,4)-order scheme will require increasingly small time steps as the grid is
refined. We compare the results to the (2,4)-order scheme with 6 = 1/4, which we expect
to perform similarly to the (4,4) scheme in this case since h; h)z( in the CFL condition
(53). The test solution (50) is given by V (x, y) = cos(ax) cos(by) witha = b = 10 and
@ (1) = cos(£217) with 2 = va? + b2 = 10+/2. The final time for Table 6 is tr = 1. For
the Yukawa potential, the (4,4)-order scheme slightly outperforms the (2,4)-order scheme but
with a distinct advantage on coarse grids. Their computation times are similar since the same
CFL is used. Even though the (2,4)-order scheme is unconditionally stable, taking a larger
CFL increases the error and is less efficient [21]. Note that our choice of replacing c2(0) by
the value at ¢2(h,) introduces a discontinuity in the first derivative of the wavenumber. In
Table 6, no loss of convergence is observed. This is because we use a test solution which is
known to be singularity free. In the general case, a smooth polynomial interpolation should
be used instead.

Tables 4, 5 and 6 demonstrate that the design convergence rate of the (4,4) scheme is
achieved for a variety of inhomogeneous and variable coefficient problems. The example
of the Yukawa potential (see Table 6) shows that in some cases the (2,4)-order scheme
may be as efficient as the (4,4)-order scheme due to the CFL constraint. We next construct
examples for which the (2,4)-order scheme is computationally more efficient. This may
happen, for example, if the frequency of the solution in time is substantially lower than
that of the frequency in space. Consider the test solution given by u = V(x, y)@(¢) with
V(x,y) = cos(20x) cos(20y), @(t) = cos(ﬁt), and constant wavenumber c(x, y) = 1.
This results in an inhomogeneous wave equation with right-hand side F given by (51). The
advantage of taking a larger time step will be more pronounced over longer time intervals,
and so we take a final time of 7 = 10 to reflect this in the following comparison.

The results of Table 7 show that the use of the (2,4)-order scheme with a larger CFL yields
similar overall errors at a significantly lower computational cost. The CFL numbers for the
(2,4) scheme were chosen by trial-and-error up to the point at which the overall error started
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Table 7 Comparison of

(4.4)-order and (2,4)-order Grid Error CFL # Time steps CPU time (s)

schemes for the test solution (4,4)-Order, 0 = 1/12

u = cos 20x cos 20y cos ﬁt, ’ ’ 4

which has higher frequency in 64 9.27-10 0.60 534 0.464

space than in time 128 5.86-107° 0.60 1067 4.265
256 3.68-107° 0.60 2134 42.61

(2,4)-Order, 6 = 1/4
64 8.96- 1074 0.60 534 0.470
64 8.94.1074 2 160 0.157
64 9.23-107* 2.5 128 0.115
128 5.52.107 0.60 1067 4.074
128 3.21-107 10 64 0.221
128 6.55-107 16 40 0.144
128 9.99.1073 17.5 37 0.149
L 256 3.61-107° 0.60 2134 37.73

The equation is inhomogeneous

with constant wave speed ¢ = 1, 256 5.66-107° 10 128 2.223

and the final time is rp = 10 256 8.22. 10—6 11 117 2.003

to grow (i.e., when e; & e, ). We observe that the largest CFL that maintains the same overall
error of the (2,4) scheme is much greater for finer grids in this case.

A similar situation arises from the use of nonuniform meshes (which we do not consider
here), in which case the time step is determined by the finest spatial mesh. We can simulate
such a case by taking a variable propagation speed c(x, y) which sharply increases from one
side of the medium to the other. Let

Ax,y) = 14320070,

Define the test solution u = V(x, y)@(¢) by V(x,y) = cosxcosy and @(t) = cos(ﬁt)
(i.e., a = b = 1). This results in an inhomogeneous wave equation with right-hand side F'
given by (51). Note, that in this case the maximum of c2(x, y)is 4 at the top of edge of the
square, so the stability condition for the (4,4) scheme is approximately h' < 0.15. The final
time for the simulations is tr = 2. In Table 8, we compare the efﬁc1ency of the (2,4)-order
and (4,4)-order scheme for this problem. In contrast to Table 7, we observe that the largest
CFL that maintains the overall error becomes smaller as the spatial grid becomes finer.

5.3 Pollution Effect

We consider the homogeneous wave equation (1) and assume u(x, y, t) = ety (x, y) (more

generally, we consider the Fourier transform of « in time). Then V solves AV + 92 =0.

We increase the frequency £2 on successive grids by a factor 2%/° ~ 1.741 (thls is the
predicted growth of the dispersion error for a 4th order scheme when doubling the number
of grid points [4,6]). We do so for the same variable-coefficient test solution used in Table 6,
and we increase the parameter §2 by a factor of 1.741 on each grid. We set a = b so that
R0 = &Va? +a? = &/2a. Therefore, the desired increase in the frequency of the test
solution is obtained by increasing a by a factor of 1.741 as the grid is refined by a factor
of 2. We begin in this case with a = 1 on the coarsest grid. On the square of side length 2

@ Springer



802 J Sci Comput (2018) 76:777-811

Table 8 Comparison of - - -
(4.4)-order and (2.4)-order Grid Error CFL # Time steps CPU time (s)
scheme for a sharply variable (4,4)-Order, 0 = 1/12
wavespeed cz(x, y) =1+ ’ ’
3200—1) 64 6.40-10~% 0.20 279 0.267
128 3.40- 107 0.20 640 2.331
256 2.49.10°° 0.20 1280 23.79
(2,4)-Order, 6 = 1/4
64 6.35-1074 0.20 279 0.273
64 6.20- 104 0.9 72 0.061
64 7.94.10~% 1.5 43 0.044
The inhomogeneous test solution _5
is u = cos x cos y cos /2t with 128 3.89-10 0.20 640 2.342
final time 77 = 2. A larger CFL 128 4.61-107 0.8 160 0.575
number results in similar 256 224 .10-6 0.20 1280 2229
accuracy but at a lower ’ ’ ’
computational cost for the (2,4) 256 2.84.107° 0.40 640 11.33
scheme 256 4.50-107° 0.50 512 8.905

2
Table 9 The inhomogeneous wave equation with variable wave speed c2(x, y) = XT + 1 is solved for the
test solution u = cos x cos y cos £2gf with CFL = 0.4 and final time 1 = 2

Grid Error 20

8 2461075 1.56
16 2.71-1075 2.72
32 1.05-1073 4.73
64 1.76 - 107 8.23
128 1.68 1075 14.33
256 1.69- 107 24.96
512 1.67-107 43.46
1024 1.14-1075 75.66

As the frequency £2( of the solution increases by a factor of 24/5 on each successive grid, the pollution quantity
kPF1RP remains constant

centered at the origin with c2(x, y) = % + 1, we have ¢ = 1.0885. The results using the
(4,4) implicit scheme are summarized in Table 9.

. . . 2
Since the error stays relatively constant in Table 9 as the wavenumber k2 = % of the
associated Helmholtz equation and number of grid nodes are varied according to the predicted
growth of the dispersion error, the pollution effect is confirmed.

5.4 Observations

The scheme exhibits the design rate of convergence of 2nd order in time when 6 = % or
0= % and 4th order in time when 6 = ﬁ 0= % (the smallest possible 6 for unconditional
stability) yielded errors that were about half of the magnitude of the Crank—Nicolson scheme
© =)

Fourth order convergence of the scheme when 6 = 11—2 for the inhomogeneous equation
with a variable speed of sound was confirmed. As evidenced by Table 3, the high order (4,4)
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scheme is typically more efficient than the (2,2)-order, and (2,4)-order implicit schemes
despite the CFL restriction and we have confirmed that the computational efficiency of the
(2,4) scheme is greatly improved using a CFL which is near the spatial step size /. Using a
direct LU solver, the (4,4) scheme was also shown to be more efficient than the (2,2)-order
explicit scheme. In Sects. 5.5, 5.6 and 5.7 we investigate the use of conjugate gradient and
multigrid solvers, and in Sect. 5.8, we provide an additional comparison of the (4,4) implicit
scheme with the (2,2) explicit scheme as well as a higher order (4,4) explicit scheme.

Tables 4, 5 and 6 demonstrate the design convergence rate of the scheme even for a
variable speed of sound and inhomogeneous problems. Note that even though we do not
treat coordinate transformations in this work, the stability analysis of Sect. 2.2 extends to the
case of a self-adjoint Laplacian term and also polar coordinates. In the case of the Yukawa
potential of Table 6, the CFL restriction of the (4,4) scheme resulted in similar errors for the
(2,4) and (4,4) schemes but with no difference in computational cost. Tables 7 and 8 represent
special cases, such as when the solution exhibits substantially more variation in space than
in time or in the case of a nonuniform mesh, for which the (2,4) scheme is more efficient
than the (4,4) scheme. This is because the overall error is dominated by the spatial error in
these cases, even for a very large CFL number.

We remark that the parameter k of the modified Helmholtz equation (20) is inversely
proportional to the time step /;. Table 2 confirms that the convergence rate of the scheme is
unaffected by the growth of the parameter & in (20) on a fixed grid as the CFL is lowered.
Additionally, note that k becomes larger as the spatial grid becomes finer, and no loss of
convergence is observed. On the other hand, we see in Table 9 that when the wavenumber
of the associated Helmholtz equation (i.e., obtained by the Fourier transform for a particular
solution) grows, the pollution effect is observed.

5.5 Conjugate Gradient Solver

The analysis of Sect. 4.1 indicates that CG will converge rapidly for the modified Helmholtz
equation when K h)zc does not tend to zero, as is the case for the implicit time marching of
the wave equation. The parameters to be evaluated are the residual tolerance for terminating
the CG iterations and the effect of the initial guess xo on the number of iterations needed.
Assuming that no error estimate is available, we take the residual tolerance for terminating
CG iterations to be 107'9 in all cases. Preconditioning is not likely to be beneficial for
these problems given that the number of CG iterations in all test cases is already small.
Preconditioning by an incomplete Cholesky factorization was found to reduce efficiency.
The choice of initial guess at time level #, is denoted x(')”rl. In Tables 10 and 11 we

consider the four cases discussed in Sect. 4.3: x6‘+1 =0, x6’+1 =u", x6’+] =2u" — "1

Table 10 The required number of CG iterations for the (4,4) scheme with ¢ = 1 and CFL = 0.6

n+1

X Average # iterations Largest # iterations CPU time (s)
0 8.00 8 62.8
u” 7.07 10 57.6
2u" — w1 6.78 10 55.7
n+1
uexplicit 4.80 8 44.8

The grid size is 256 x 256 with a final time of 7y = 12, so that there are 1630 time steps. The homogeneous
test solution is # = sin 15x cos 3y cos v/234¢
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Table 11 The required number of CG iterations for the (2,4) scheme with ¢ = 1 and CFL = hy

n+1

X Average # iterations Largest # iterations CPU time (s)
0 10 10 122
u” 7.58 11 100
2u — ! 5.96 7 85.3
n+1
Uoyplicit 3.99 6 68.8

The grid size is 128 x 128 with a final time of 7 = 8, so that there are 13,280 time steps. The homogeneous
test solution is # = sin 15x cos 3y cos v/234¢

n+l _  n+l n+1 . . n n—1 . .
andx " = Uy Whereu, oy, is computed from the solutions u#” and "~ " at prior time

levels by the explicit formula (48). The tables display the largest number of CG iterations
across all time steps as well as the average number of iterations per time step. The CPU
times for the entire wave equation calculation are presented using MATLAB’s built-in pcg
command.

Tables 10 and 11 demonstrate that the number of iterations at each time step is low, even
with a zero initial guess. However, a more accurate initial guess substantially reduces the
number of iterations per time step and the overall efficiency of the scheme.

5.6 MG Solver

When solving the wave equation by multigrid, the initial guess is provided by the explicit
formula (48) (see Sect. 4.3 and also Sect. 5.5). The domain and test solution are the same as in
Sect. 5.5. When using FMG for the modified Helmholtz equation, we found it advantageous
to use very coarse grids, with the coarsest being 2 x 2. However, for the wave equation,
only one coarsening of the original grid was used, and in our testing the use of coarser grids
beyond this made no improvement to the residual after each V-cycle.

Jacobi and Gauss—Seidel are tested as smoothers. Regarding damped Jacobi, the damping
parameter obtained for general compact schemes in Sect. 4.2 resulted in no advantage over
o = 1 (i.e., Jacobi without damping), and is thus excluded from the tests. When using Gauss—
Seidel, alternating forward and backward sweeps are performed. For each smoother, we have
experimentally chosen the number of V-cycles, vp, the number of smoothing steps before
moving to a coarser grid, vy, and the number of smoothing steps after returning from a coarse
grid, v2. The multigrid implementation, including the Jacobi and Gauss—Seidel smoothers,
is written in MATLAB.

Figure 1 shows that the number of V-cycles needed in order for the residual to converge
remains very small as the grid step size decreases. Convergence of the residual guarantees
that the discretization error of the FD scheme has been reached, although it may be achieved
sooner.

5.7 Comparison of Solvers

We now carry out a comparison of direct and iterative solvers. We take a test solution of the
formu(x, y, t) = V(x, y)¢(t) with

24+ yH3(1 = 2 4+ yH3)sin (S0arctan 2), /x2+y2 <1 (54)

V 9 = 9
(x. ) 0, VaZ 4y >
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Averaged Multigrid Residuals -Gauss-Seidel
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Fig. 1 Average residuals per V-cycle on each grid using a Gauss—Seidel (left) or Jacobi (right) smoother with
v] = vy = 4. As the grid is refined, the residual converges in fewer V-cycles

Table 12 Total running times for direct LU and iterative CG and MG solvers for an inhomogeneous test
solution u = V(x, y) cos4t with V(x, y) given in (54), CFL = 0.6, constant wave speed ¢ = 1, and final
timetp =1

Grid Error LU time CG time MG time (s)
64 5.32.1072 0.052 0.18 0.098

128 3.13-1073 0.28 0.77 0.47

256 7.64-107 3.07 6.70 4.01

512 4.25.107° 31.0 43.6 34.6

1024 2.57-1077 288 286 303

2048 1.60-1078 2926 2139 2840

As the grid is refined, the iterative solvers become increasingly efficient compared to LU

and ¢ () = cos4t on a square domain of side length 2s = 7 centered at the origin. The
test solution solves the inhomogeneous wave equation (1) with the right-hand side F given
by (51). For Table 12 we solve the problem with Dirichlet boundary conditions, and the
test solution is zero at the boundary. The final time is tr = 1. For both CG and MG, the
initial guess at each time step is given by the explicit formula (48). The tolerance for CG was
10719, For MG, a Jacobi smoother is used with vy = 2 V-cycles and v; = vy = 2 pre- and
post-sweeps.

CG was the most efficient for fine grids, and this was due in part to an observed decrease in
the average number of CG iterations per time step needed to meet the fixed residual tolerance
of 10710 as the grid was refined (for example, the average number of CG iterations per
time step for the 64 x 64 grid was 12.91, but for the 512 x 512 grid it dropped to only
9.02). It is well known that direct solvers not only have large memory requirements, but
also their computational complexity scales poorly as the dimension increases. Moreover,
the Jacobi iterations used in MG are well suited to massively parallel computations, while
the implementation we have used is serial. The fact that only two grids are needed in the
multigrid V-cycle is also advantageous for parallel processing since this results in fewer idle
cores throughout the algorithm. Finally, we point out that MATLAB’s built-in pcg routine
is highly optimized and pre-compiled while our multigrid implementation is written entirely
in MATLAB, which is an interpreted language. Taking these factors into account, the results
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of Table 12 show that CG and MG will be very efficient solvers for 3D problems, and that
MG may be particularly efficient using parallel processing.

5.8 Comparison of Implicit and Explicit Schemes

In this test, we compare the implicit (4,4) scheme with the standard (2,2) explicit scheme
as well as a (4,4) explicit scheme. The test solution is given by V(x, y) = cos7x cos7y
and @ () = cos 7+/2t, resulting in a homogeneous wave equation, with Dirichlet boundary
conditions and final time tr = 3. The wave speed used is ¢ = 1.

We construct an explicit scheme which is 4th order in both time and space as follows.
The step of substituting a central difference in time for Au}, in Eq. (3) results in an implicit
equation; therefore, to obtain an explicit 4th order scheme we instead use a second order
backwards difference formula:

ul, = hl—z (2u" — 50" 42 — u"73) +0 (h,z) .
1

Substituting into the wave equation (1) and rearranging for the upper time level, we obtain
the 4th order accurate in time explicit formula:

n+1 __ n_ n—l hl‘zc2 n_ n—1 n—2 _ n-3 2pn h7;1 n
u =2u" —u""" + ETH A (l4u Su""" 4+ 4u u ) +hiF 12F,, (55)

To obtain 4th order accuracy in space, the Laplacian A is approximated with 4th order
accuracy on the interior nodes by the 9-point star (non-compact) stencil. The 5-point (2nd
order) central difference stencil is used at the boundary nodes. The (4,4) explicit scheme
(55) requires additional backwards time levels, which are supplied at the initial time steps
by Taylor expansions similar to (49). The CFL condition for the (4,4) explicit scheme was
experimentally determined to be the same as that of the standard (2,2) explicit scheme for
this test problem.

The solver used for the implicit scheme was CG with a tolerance of 10~!? and the initial
guess xj = 2u" — u"~1 at each time step. For the explicit schemes, a CFL number of
_% 3/8 &~ 0.41 is the largest that allows for stability, while the stability requirement for
the implicit scheme allows a CFL of 4/3/8 &~ 0.61 to be used. As noted in Sect. 2.2, the
CFL restriction is 50% larger for the implicit scheme than the explicit schemes. The results
are presented in Table 13. We observe graphically in Fig. 2 that the (4,4) implicit scheme
is similar in efficiency to the (4,4) explicit scheme and even appears to be more efficient
than the high order explicit scheme as the grid is refined. Both high order schemes are far
more efficient than the (2,2) explicit scheme. We stress that the (4,4) explicit scheme is not
compact.

6 Discussion

We have constructed an approximation to the variable coefficient two-dimensional wave
equation which is fourth order in space and time and also compact in both space and time
for Dirichlet and Neumann boundary conditions. Due to the compactness, high order global
accuracy is achieved without any special treatment of the initial and boundary conditions;
however, a compact high order scheme must be implicit. Even though the time discretization
is implicit, a bounded CFL condition is required to achieve stability for the (4,4)-order
scheme. A comparison with a (2,2)-order explicit scheme demonstrated the significant gain
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Table 13 Comparison of the running times and errors of the (4,4) implicit scheme (6 = 1/12) with the (2,2)
explicit scheme and a (4,4) explicit scheme

Grid (2,2) Explicit, CFL = 0.41 (4,4) Explicit, CFL = 0.41 (4,4) Implicit, CFL = 0.61
Error Time (s) Error Time (s) Error Time (s)

16 5.54.10"! 2.51-1073 1.17 453.1073 1.97- 107! 1.32-1072
32 1.54-107! 7.14-1073 1.48-107! 1.27-1072 1.63-1072 3.74 1072
64 3.95.1072 2.92.1072 7.84-1073 5.98-1072 1.04-1073 0.18

128 1.00 - 1072 0.14 431-107% 0.26 6.57-107 0.74

256 249-1073 067 291107 1.34 407-107% 658

512 6.30-107% 499 235.107° 103 2581077 529

1024 1.58-10~% 51.8 2221077 112 236-1078 398

The wave equation is homogeneous with constant wave speed ¢ = 1 and test solution u =

cos 7x cos 7y cos 7+/2¢. The final time is tp = 3

CPU time as a function of error
1e+3 T T T T T T

—4— (4,4) implicit
-G - (2,2) explicit
-£F (4,4) explicit

le+2

Te+1

1e+0

CPU time

le-1 g

1e-3 L L L L L L L L
1e-8 1e-7 1e-6 1e-5 1e-4 1e-3 1e-2 1e-1 1e+0  le+l
Error

Fig. 2 The (4,4) implicit scheme solved by CG is similar in efficiency to a (4,4) explicit scheme up to an
error of about 107 and becomes more efficient than the explicit scheme beyond that point

in efficiency of the high order scheme despite being implicit. Additionally, the (4,4) implicit
scheme was shown to be similar in efficiency to a (4,4) explicit scheme. Comparisons with
implicit second order time schemes, which are unconditionally stable, show a great gain in
efficiency even though a large time step cannot be used for the (4,4)-order scheme. There are
special cases for which the (2,4) scheme may be more efficient than the (4,4) scheme. An
example occurs when a coarse resolution in time relative to the space resolution is sufficient
or when nonuniform wave speeds or grids determine the CFL number.

The implicitness of the schemes requires the solution of a positive definite elliptic system
in space at each step. In this paper, this system was solved directly by LU, as well as iteratively
by conjugate gradient and multigrid. Iterative solvers performed comparably with the direct
solver in two dimensions for the scale of problems tested, and it was shown that the number
of iterations needed for convergence at each time step was small in all cases.
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Variable coefficient problems were easily treated. Our closely related work includes the
application of the finite difference scheme tested in this paper to the method of difference
potentials as an efficient means of solving the wave equation on nonconforming boundary
shapes with high order accuracy [10].

The main objective of the current work is to present a detailed analysis of the high order
accurate compact scheme for the wave equation, together with a set of supporting numerical
simulations, in the case of two space dimensions. Accordingly, its most natural extension,
which at the same time is very important from the standpoint of both analysis and applications,
would be to build a similar scheme in the case of three space dimensions.

The considerations of Sect. 2.1 that lead to the time-marching schemes (5) and (9) will
basically remain unchanged when moving from 2D to 3D, except that the Laplacian A will
need to be taken in 3D. The stability argument of Sect. 2.2 will stay unaffected as well,
except that the boundaries of the spectrum Liower and Lypper Will depend on the specific
discrete approximation Ly of the operator L in 3D (in the simplest constant-coefficient case,
L = A). The high order accurate spatial discretization of both the differential operator and
the boundary conditions in 3D will also be similar to the corresponding 2D constructs of
Sect. 3, except that the spatial stencil in 3D will contain 27 (rather than 9) nodes, and the
expression (24) for the Fourier symbol will be modified accordingly. The discretization of
the 3D modified Helmholtz equation with a variable speed of sound can be based on that
presented in [40].

The most significant changes between 2D and 3D will be in the area of solvers. The direct
LU solver will no longer provide a feasible approach because of memory and CPU require-
ments. In the case of constant coefficients, a very efficient solver can be built based on the
FFT. However, it will not generalize to variable coefficients. In the case of variable coeffi-
cients in 3D, iterative solvers will basically remain the only viable option. Both conjugate
gradients and multigrid in 3D will perform similarly to 2D (see Sects. 4, 5.5, and 5.6, as
well as “Appendix A”). These schemes perform well for the 3D Laplace equation. Therefore,
it is expected that they will converge even faster for the 3D modified Helmholtz equation,
which is even more positive definite. Hence, they will be dramatically more efficient than
direct methods (such as LU) for the solution of the spatial equation. The actual performance
of iterative solvers in 3D needs to be carefully studied both analytically and experimentally.
The 3D extension is currently underway, and the corresponding results will be reported in a
future publication.

A Numerical Study of Iterative Methods for the Modified Helmholtz
Equation

In the course of our study of iterative methods for the wave equation, some observations were
made regarding the use of MG and CG for solving the modified Helmholtz equation.

It is well known that the number of V-cycles needed for the Poisson equation when using
the second-order central difference stencil grows with the grid size when using a Jacobi
smoother without damping (i.e., w = 1) and it is therefore advantageous to seek a damping
parameter for the high frequencies. In Fig. 3, we confirm this classical result for the 2nd order
central difference scheme with w = 1; however the compact scheme converges with w = 1
in a small number of V-cycles. The test solution is # = sin 5x sin 3y on a square domain of
side length s = 7 centered at the origin and Dirichlet boundary conditions on all edges. Each
V-cycle uses v; = vo = 4 pre- and post-sweeps of the Jacobi smoother. For the second order
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Multigrid Residuals -Jacobi Multigrid Residuals -Jacobi
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Fig. 3 For the 2nd order central difference scheme (left), Jacobi without damping leads to divergence for the
Poisson equation, which is well known. The 4th order compact scheme (right) exhibits convergence within a
small number of V-cycles even without damping for the Poisson equation

Table 14 The number of CG iterations increases for the modified Helmholtz equation with a fixed parameter

K = —50 while the number of MG V-cycles remains constant

Grid Error CQG iterations MG V-cycles
16 1.22-1072 17 7

32 1.17-1073 36 10

64 7.95.1075 74 13

128 5.12-107° 149 14

256 3221077 294 13

512 2.02-1078 576 12

The inhomogeneous test solution is # = sin 15x sin 13y. For MG, a Jacobi smoother (v = 1) was used with
v] = vy = 4 pre- and post-smoothing iterations. The residual tolerance for CG was 10710 on all grids

central difference scheme, a Jacobi smoother with @ = 1 was also divergent for the modified
Helmbholtz equation with K < 0 but converged rapidly with w = 4/5, the classical optimal
value for the Poisson equation in 2D. By contrast, use of the optimal damping parameter w*
(see (45), Sect. 4.2) conferred no advantage for the 4th order compact scheme either for the
Poisson or modified Helmholtz equation with K < 0.

In Sect. 4.1, our analysis showed that the error bound (38) for conjugate gradient was only
well behaved when K h)zc does not tend to zero as the grid is refined. The wave equation resulted
in favorable cases in which the modified Helmholtz equation satisfied K h)zc = %, and
this quantity is constant for the (4,4) scheme and actually increasing with the grid size for the
(2,4) scheme with CFL = hy. In the following example, we solve the modified Helmholtz
equation with a fixed parameter K = —50 using the test solution # = sin 15x sin 13y on a
square of side length 2 centered at the origin and Dirichlet BCs. The residual tolerance for
terminating CG iterations is 10~ !0 in Table 14, while the number of MG V-cycles is the point
at which the residual converges.

Table 14 shows that the number of CG iterations doubles as the grid is refined by a factor
of 2 for the case when K is fixed while the number of MG V-cycles remains small. This
indicates that MG will in general be more efficient than CG when solving the modified
Helmholtz equation. We ran a set of computations for various constant values of K = k% and
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found that the error was a function of k%, indicating that there is no pollution effect for the
modified Helmholtz equation.
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