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Abstract

We describe a new approach to derive numerical approximations of boundary conditions for high-
order accurate finite-difference approximations. The approach, called the Local Compatibility
Boundary Condition (LCBC) method, uses boundary conditions and compatibility boundary con-
ditions derived from the governing equations, as well as interior and boundary grid values, to
construct a local polynomial, whose degree matches the order of accuracy of the interior scheme,
centered at each boundary point. The local polynomial is then used to derive a discrete formula
for each ghost point in terms of the data. This approach leads to centered approximations that are
generally more accurate and stable than one-sided approximations. Moreover, the stencil approxi-
mations are local since they do not couple to neighboring ghost-point values which can occur with
traditional compatibility conditions. The local polynomial is derived using continuous operators and
derivatives which enables the automatic construction of stencil approximations at different orders
of accuracy. The LCBC method is developed here for problems governed by second-order partial
differential equations, and it is verified for a wide range of sample problems, both time-dependent
and time-independent, in two space dimensions and for schemes up to sixth-order accuracy.
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1. Introduction

We describe a new approach for constructing discrete boundary conditions for high-order accu-
rate numerical approximations to partial differential equations (PDEs). The approach, called the
Local Compatibility Boundary Condition (LCBC) method, combines the given physical boundary
conditions (BCs) with additional compatibility boundary conditions (CBCs) formed from the PDE
and its derivatives. Our focus here is on finite-difference (and finite-volume) methods for both time-
dependent and steady PDEs in second-order form with physical BCs of Dirichlet or Neumann type.
A high-order accurate centered finite-difference approximation of the spatial operator of the PDE
involves a wide stencil which then requires some special treatment to handle the approximation
at grid points near the boundary. Unlike a typical approach involving one-sided approximations
of the PDE near the boundary and one-sided approximations of Neumann-type BCs, the LCBC
approach results in fully centered approximations. These centered approximations are generally



more accurate than one-sided approximations, and for the case of time-dependent PDEs they are
more stable and less stiff (i.e. do not decrease the stable explicit time-step). Furthermore, the new
LCBC approach improves upon a more traditional derivation of discrete CBCs by defining local
conditions that are not coupled to neighboring grids along the boundary in tangential directions.
As a result, there is no need to solve a system of equations along the boundary which is a significant
advantage for explicit time-stepping schemes. In the case of implicit time-stepping methods, and
for approximations of steady (elliptic) PDEs, where the solution of large linear systems is required,
this tangential decoupling can also be useful for iterative schemes, such as multigrid and Krylov
methods.

The development of LCBCs is motivated by our interest in high-order accurate approximations
of PDEs in complex domains using overset grids, although the applicability of LCBCs is broader.
As shown in Figure 1, an overset grid consists of multiple overlapping structured component grids
used to cover a complex, and perhaps moving, problem domain. A mapping is defined for each
component grid from physical space to a unit square (or cube) in a computational (index) space,
and the mapped PDE is discretized in the computational space. Solution values on the grid are
interpolated at internal boundaries where two component grids overlap, and the given physical
BCs are applied on external grid boundaries. We have developed second-order accurate schemes
for the equations of linear and nonlinear elasticity [1, 2], and up to fourth-order accurate schemes
for the incompressible Navier-Stokes equations [3, 4] and Maxwell’s equations [5-7] using overset
grids, among other applications. We generally use the physical BCs, along with CBCs, to define
discrete centered boundary conditions at external boundaries (with the aid of ghost points), but
this approach would become increasingly difficult as the order of the approximation increases. The
difficulty stems from the algebraic complexity associated with taking higher and higher derivatives
of the spatial operator of the mapped PDE and working out its attendant discrete approximations
(with tangential couplings). An associated difficulty involves the special treatments required at
corners of the problem domain where separate BCs along sides meet. The LCBC approach over-
comes these difficulties by introducing a polynomial interpolant of the solution about each point
on the boundary. The polynomial degree is determined by the desired order of accuracy of the ap-
proximation, and the coefficients of the polynomial are specified by imposing constraints involving
known solution values at grid points interior to the boundary, the physical BCs and CBCs. This
approach only requires CBCs defined at a continuous level, and these conditions can be applied to
the polynomial interpolant recursively thus easing the aforementioned algebraic complexity. Once
defined, the polynomial interpolant can be used to specify solution values at ghost points normal
to the boundary (or in corner ghost points for the case of a domain corner) without tangential
couplings.

Figure 1: Some target applications for the new LCBC approach. Left: overset grid for two spherical bodies and com-
puted incompressible flow (vorticity). Right: overset grid for a spiral wire and computed electromagnetic scattering.



The aim of the present paper is to describe the LCBC approach in detail for a general class
of PDEs in second-order form and to investigate the properties of the resulting discretizations.
For example, in the case of a straight boundary and where the spatial operator is the Laplacian,
it is well known that for Dirichlet (Neumann) boundary conditions the solution has odd (even)
symmetry at the boundary. This leads to simple numerical reflection conditions, and we show
that the LCBC approach naturally results in these same reflection conditions (while one-sided
approximations would not in general). Beyond this special case, we show that the LCBC approach
leads to accurate discretizations of the PDEs, and their BCs, for all orders of accuracy tested (up
to sixth order). Further, we show that there is no additional time-step restriction for stability
for the case of explicit time-stepping schemes. We focus here on linear PDEs, but the approach
should be extendible to nonlinear problems as well. In this article we focus on scalar PDEs, but the
approach is also applicable to problems with vector PDEs (e.g. the equations of linear elasticity and
Maxwell’s equations) and to problems with material interfaces. Our ultimate goal is to automate
the construction of CBC conditions for any order of accuracy and for a wide range of PDEs. We
believe that by using the LCBC approach that this goal is achievable. This construction includes
the development of LCBC conditions at grid faces as well as at grid corners for two-dimensional
domains and at grid edges and vertices for three-dimensional domains.

Compatibility boundary conditions have been used with finite-difference methods for many
years®, although it appears that the approach is not widely known. In our work, we have used
CBCs for second-order and fourth-order accurate approximations of the heat equation [8] and the
incompressible Navier-Stokes equations [3, 4]. For wave equations, we have described the use of
CBCs for the compressible Euler equations [9] and linear elasticity [1], and for high-order accurate
approximations to Maxwell’s equations [5, 6]. CBCs are also useful for problems involving material
interfaces, such as conjugate heat transfer [10] and electromagnetics [5, 7]. In recent work, we have
developed Added-Mass Partitioned (AMP) schemes for a wide range of fluid-structure interaction
(FSI) problems, including schemes for incompressible flows coupled to rigid bodies [11-13] and
elastic solids [14, 15]. These strongly-partitioned schemes incorporate AMP interface conditions
derived using CBCs and the physical matching conditions at fluid-solid interfaces in order to over-
come added-mass instabilities that can occur for the case of light bodies [16, 17]. In related work,
we have also used CBCs in the CHAMP scheme [18] to form discrete interface conditions for a
partitioned approach to the solution of conjugate heat transfer problems.

In other work, CBCs are used in the book by Gustafsson on high-order difference methods [19].
CBCs have also been used to derive stable and accurate embedded boundary* approximations [20—
22]. CBCs have been incorporated into summation-by-parts schemes by Sjogreen and Petersson
for the equations of elasticity [23]. CBCs have been used by LeVeque and Li with their immersed
interface method to develop accurate approximations at embedded interfaces [24-26]. Shu and
collaborators have used CBCs in their inverse-Lax-Wendroff approach for hyperbolic equations and
conservation laws [27-30] as well as for parabolic and advection-diffusion equations [31-33].

In this article we focus on high-order accurate finite-difference schemes. We note, however, that
CBCs could also be useful for Galerkin schemes. Typical high-order accurate FEM or DG schemes
that use polynomial approximations over an element effectively use one-sided approximations near
boundaries. This can result in time-step restrictions that force the time-step to decrease rather
significantly as the order-of-accuracy increases [34-36]. Similarly for B-Spline FEM, as commonly

3For example, CBCs were known to Professor H.-O. Kreiss and his students at least since the 1980’s.
4By embedded boundary we mean a boundary curve (or boundary surface in three dimensions) that passes through
a grid in an irregular fashion (as opposed to a boundary-conforming grid).



used in isogeometric analysis, one-sided operators occurring near boundaries results in spurious
large eigenvalues, so-called outlier eigenvalues [37]. Banks et al. [38-40], however, have shown
that when CBCs are used with their Galerkin-Difference method, a class of FEM schemes, the
spectrum of the operator is near-optimal, and the time-step restriction for explicit integration gives
approximately the maximal CFL-one stability.

The remaining sections of the paper are organized as follows. In Section 2, we consider two
sample problems to introduce the LCBC method and to compare it to the standard CBC approach.
A second-order PDE initial-boundary-problem is introduced in Section 3, and this model problem
is used along with its physical boundary conditions and derived CBCs as a basis to describe the
LCBC approach for discretizations of the equations up to sixth-order accuracy. In Section 4, we
detail the steps of the LCBC approach for boundary conditions of Dirichlet and Neumann type, as
well as the implementation of the method at domain corners where boundary conditions of various
types meet. We provide algorithms for the efficient application of the LCBC method for both
domain sides and corners, and we discuss the conditioning of the matrices generated by the LCBC
procedure. Various elements of the LCBC method, including solvability, symmetry properties, and
stability for wave equations, are analyzed in Section 5. The accuracy and stability of the method is
illustrated in Section 6 by considering the numerical results for a variety of initial-boundary-value
problems. Concluding remarks and a discussion of future directions of the LCBC approach are
given in Section 7.

2. Two sample problems

We begin by discussing CBCs and the LCBC approach for two relatively simple sample prob-
lems, the first involving the heat (diffusion) equation and the second involving the wave equation.
This is done to establish basic ideas and to introduce useful notation.

2.1. Heat equation in one-dimension

Let u(z,t) solve the following initial-boundary-value problem (IBVP) for the heat equation on
the interval x € [a, b], with a Dirichlet boundary condition on the left and a Neumann boundary
condition on the right,

o = kK 0%u, z € (a,b), t>0,
u(a,t) = ga(t), >0,

Ozu(b,t) = go(t), t>0,

u(z,0) = up(z) ze€la,b],

(1)

where k > 0 is a constant diffusivity, and g,(t), g»(t) and uo(x) are given smooth functions. The
CBCs we use for this problem are found by taking v time derivatives of the boundary conditions
in (1), and then using the PDE to replace time derivatives with space derivatives. This leads to a
sequence of conditions given by

R'OFu(a,t) = 0fga(t), w70 Tu(bt) = dfgr(t),  v=1.2... (2)

The conditions in (2), denoted by CBC;[v], s = a and b, can be used in a finite difference scheme for
the IBVP in (1) as additional numerical boundary conditions, in place of extrapolation conditions
or one-sided approximations. For example, suppose the PDE and the Neumann boundary condition
are discretized to order of accuracy 2p using central difference approximations with a stencil width
2p + 1, and suppose CBCs are used to generate additional numerical boundary conditions. The



number of derivatives in CBC;[v] increases with v, but it can be shown that the CBCs can be
approximated to lower-order accuracy as v increases so that the stencil width remains 2p + 1.

To illustrate the use of CBCs for a specific case, consider a fourth-order accurate (p = 2)
approximation of (1). Our focus is on the spatial approximations, especially near the boundaries,
and so we consider a method-of-lines approach. Let U;(t) ~ u(zj;,t), j = —2,—1,0,..., Ny + 2,
where x; = a + jh are points on a uniform grid with grid spacing h = (b — a)/N, as shown in
Figure 2. Note that the grid includes ghost points at each boundary, and these are appended
to the grid covering the problem domain x € [a, b] to facilitate the approximations of the spatial
derivatives in the Neumann boundary condition at = b and the CBCs applied at both boundaries.

The fourth-order accurate approximation to (1), using a CBC at each boundary, is given by

@Uj(t) = K Dy Uj, j=12...,N;, t>0,
Uo(t) = ga(t), t>0,

£DazeUo(t) = 01ga(t), t>0, CBC,[1],

K2 (D12D—2)?Ug(t) = 02ga(t), t>0, CBC,[2],
Dy Un, (t) = gu(2), t>0,

kDoy D1y D_3UN, (t) = Oge(t), t >0, CBCy[1].

Here, Dy, and Dy, are fourth-order accurate approximations to d, and 02, respectively, defined
by

def h? def h?
D4z = DO;L’ (I - 6D+1’D—x> ) D4xm = D+acD—ac (I - ED-‘:-J,’D—J} ) (4)
where D, ., D_, and Dg, are the usual divided difference operators defined by
def Uir1 —U; def Ui —U;_ def Uir1 —U;_
D .U; lef %’ D_,U; lef jle’ Do.Uj lef % (5)

Note that the discretization of the PDE is applied on all interior grid points and on the right
boundary (j = N,) as a CBC for the Neumann boundary condition. Note also that CBC,[2] on
the left and CBCy[1] on the right are approximated only to second-order accuracy. Despite this,
the scheme is fourth-order accurate in space. Initial conditions have been omitted in (3) as these
are not essential for the present discussion.

Voo Vo W Vi Vo oo V-1 VN, VN,+1 VN, 42
L L L L L L L L L L 1
L] L] L] L] L] L] L] L] L] L] 1
T2 X1 Zo z1 T2 IN,-1 TN, TN,+1TN,+2
L 1
n 1
r=a r="b

Figure 2: Grid in one space dimension, with ghost points, for the fourth-order accurate approximation of the heat
equation in (3).

We now describe the LCBC method as an alternative approach to derive discrete boundary
conditions in (3). Let us first consider boundary conditions at z = a. In the LCBC approach
we approximate the solution near the boundary at x = a as a polynomial @(x) of degree 2p = 4.
The polynomial approximation changes in time as the solution evolves, but this dependence is



suppressed here for notational convenience. In terms of a monomial basis®, for example, we have

4
u(x) = Z cn (x—a)". (6)
n=0

The five coefficients ¢,, n = 0,1,...,4, in (6) are found by requiring % to match U; on the boundary
and two interior points, as well as to satisfy the two compatibility conditions CBC,[1] and CBC,[2],
ie.

u(a) = ga(t), (7a)
a(mj) = Uj(t)’ J=12, (7b)
KY 0% i(a) = 0V ga(t), v=1,2, (7c)

for a fixed time t. The five constraints in (7) imply a local system of linear equations for the
coefficients {c,} in (6). Once the system is solved, ghost values of U; are then determined by
setting

Uj = ﬂ(ﬂ?j), Jj=-2,—-L (8)

For the right boundary, a similar polynomial approximation to that in (6) is defined about = = b,
and its coefficients are found using the constraints

ox(b) = gu(t), (9a)
w(xzj) =Uj(t), j=Nyz—2,Ny—1,N,, (9b)
KYOZTLa(b) = 0V gp(t), v =1. (9¢)

The polynomial approximation about z = b is then used to determine ghost values at zy,+1 and
TN, +2- We note that the LCBC approach uses CBCs at a continuous level to define local polynomial
approximations instead of their discrete approximations as in (3). However, for this simple one-
dimensional problem, it can be shown that the LCBC approach yields an equivalent approximation
to that in (3).

2.2. The wave equation in two dimensions

We now consider an IBVP for the wave equation (with unit wave speed) on a unit square
domain, x = (z,y) € Q = (0,1)2. For this problem, we let u(x,t) solve

O?u = Au, xe, t>0,
u=gi(y,t) X €0y, t>0,
u = gr(y,t) x e ), t>0, (10)
Oyu = gp(z,t) x€ 0y, t>0,
Oyu = gr(z,t) xed,, t>0,
(v =uo(x), G =ui(x), xeQ, t=0,

SIn practice we use a Lagrange polynomial basis as it leads to better conditioned equations.



where A is the Laplacian operator. Dirichlet conditions are imposed on the left (z = 0) and right
(z = 1) boundaries, denoted by 09, and 052, respectively, with given smooth functions g,(y,t)
and gr(y,t). Similarly, Neumann conditions are specified on the bottom (y = 0) and top (y = 1)
boundaries, denoted by 02, and 0€2., respectively, with given smooth functions g,(y,t) and g-(y, t).
Initial conditions are determined by the given functions ug(x) and u;(x) defined for Q = Q U 09,
s=4,rb,T.

As before, we consider CBCs for the problem by taking time derivatives of the boundary con-
ditions and then replacing even time derivatives of u(x,t) in favor of spatial derivatives using the
PDE. For example, 2v time derivatives of the Dirichlet conditions at s = £ gives

AYu(0,y,t) = 07V ge(y,t), v =1,2,..., (11)

which implies a sequence of CBCs, denoted by CBCy[v], v = 1,2,..., whose first two conditions
are given by
8326u(x, t) = atzg€<y7 t) - 559@(1}, t)a x € 082y, (128‘)
Opu(x,t) = 0} ge(y,t) — 207 05g0(y, t) + Oyge(y, 1), x € 0Q. (12b)
We can also write down CBCs corresponding to the Neumann boundary conditions by taking time

derivatives. At the bottom boundary, for example, this leads to CBCy[v], v = 1,2, ..., whose first
two conditions are given by

ag’u(x,t) = Zgy(x,t) — gy(x,t), X € 08, (13a)
8§u(x,t) = Olgy(x,t) — 2020%gy(x, ) + Olgp(, 1), X € 0. (13b)

The CBCs along the boundaries with s = r and s = 7 are similar to those given in (12) and (13),
respectively.

A standard use of CBCs to define numerical boundary conditions for a high-order accurate
discretization of the IBVP in (10) for the wave equation in two space dimensions follows similar
steps as were used above for the heat equation in one space dimension. We first introduce a
Cartesian grid for Q defined by

= def . . . .
Qh = {Xi = (x27y]) = (ZAxajAy)a 1= 07"'7Na37 J = 07--~7Ny}7 (14)

where N, and N, determine the number of grid lines in the z and y directions, respectively,
Az = 1/N, and Ay = 1/N, are grid spacings, and i = (i,) is a multi-index, see the left plot
of Figure 3. Let 0, s = £,7,b, T, represent the grid points on the left, right, bottom and top
boundaries of €, respectively. The set 0, = Us=€,’r,7’,b 082, represents all the boundary grid
points of Q;, and €, = Q4\0€2;, denotes the interior grid points. The grid includes ghost points, as
shown in the figure, and these are used to facilitate the approximation of the Neumann boundary
conditions and the CBCs. Let Uj(t) ~ u(x;,y;,t), and consider a fourth-order accurate semi-discrete



scheme for (10) given by

(2U;(t) = AU, xi € Qp U U p U p, t>0,
Ui(t) = ge(y;, 1), Xi € 0y, t>0,

LUi(t) = gr(yj, 1), xi € 0y p, t>0, (15)
Dy Ui(t) = gp(zi,t), x3€ 0, t>0,

( Dy Ui(t) = g7(2i,1), Xi€ 0Qrp, t>0,

where Ay, and Dy, are fourth-order centered approximations of A and 0y, respectively, following
the definitions in (4) and (5). Discrete approximations of CBCy[1] and CBCy[2] in (12) given by

D4m¢Ui(t) = 6fgg(yj, t) — asgg(yj, t), Xj € an’h, (16&)
(DyoD_y)?Ui(t) = 0/ ge(y;,t) — 20502g6(y;,t) + Oyge(y;, 1), X € 0 p, (16b)

respectively, are added to (15). Note that the approximation of CBCy[1] is fourth-order accurate,
while a second-order accurate approximation is used for CBC/[2], following the scheme in (3) for
the CBCs about its Dirichlet boundary. Similar approximations of CBC,[1] and CBC,[2] are
also added to (15). For the Neumann conditions, we use second-order accurate approximations of
CBCy[1] and CBC,[1]. For example, the approximation of CBCp[1] in (13) given by

Doy D1y Dy Ui(t) = 07 gy (@i, t) — Oogs(z), 1), x; € 0Q,p, (17)
is added to (15). As before, the specifications of the initial conditions have been omitted in (15).

X—-2,N,+2 XNy +2,N,+2 |

— Xo,N, — - - - — XN,,N, —]

® interior and
boundary points

i
XOJ\: -
¢ needed for LCBC

e center boundary
point

o ghost points to

be computed

Figure 3: Grid in two space dimension, with ghost points, for the fourth-order accurate approximation of the wave
equation in (15).

We now consider the LCBC approach for the fourth-order accurate approximation of the wave
equation in (15). For this two-dimensional problem, it is convenient to define an interpolating



polynomial @(x,y), centered about (Z,7), as

p p ~ ~
~ def r— y—vy
i(z,y) = DY dmalm <Ax ) L (Ay ) ., PEeN, (18)

n=—pm=—p

where dy;, 5, are coefficients and Ly (2) is a Lagrange basis function given by

Li(2) = [ ] (2=1) k=—p,....p. (19)

LG
l#k
Note that u has the property
W(F +iAw,§+jAy) =di5, G5 =—p,...,p. (20)

We set p = 2 in (18) for the fourth-order accurate scheme, and use known data at grid points
in the interior and on the boundary, along with the physical boundary conditions and CBCs, to
determine the coefficients of @(x,y) centered at grid points along the boundaries. For example,
along the left Dirichlet boundary at a fixed time t, let (Z,9) = Xo 5 J € {2,3,..., Ny, — 2}, and
impose the constraints

a(Z + 1Az, g+ jAy) = Ui 545(0), i=1,2, j=-2,...,2, (21b)

OUAVU(E, ) = Mo ge(i,t),  v=12 p=0,.. 4 (21c)

The 25 constraints in (21) lead to a linear system for the 25 coefficients dy, 5, m,n = —2,...,2,

in (18) for each point x ; along the boundary. Once solved, the coefficients determine the ghost

points as U;j =d; , i = —2,—1. Similarly, along the bottom Neumann boundary, let (Z,9) = %3,
1€{2,3,...,N, — 2}, and impose the constraints

W(Z + Az, § + jAy) = Up;5(0), 7=01,2, i=-2,...,2 (22a)

OLAY 0y u(7, ) = 0102 gy(7,1), v=0,1, p=0,...,4. (22b)

Note that the Neumann boundary condition appears in (22b) for the case v = p = 0, and
tangential derivatives of this boundary condition are applied for u > 0. As before, the 25 constraints
n (22) determine the 25 coefficients in (18), which then specify ghost points as U; 5 = d, j =
—2,—1, for each point X0 ; along the boundary.

The application of the LCBC approach at corners requires special treatment. For example, let
us consider the corner at x = (0,0) where the Dirichlet boundary on the left meets the Neumann
boundary along the bottom (see the right plot of Figure 3). Here, we choose a linearly independent
set of constraints from those implied by (21) and (22). We begin with the data available in the
interior and on the Neumann boundary,

i(iAx, jAy) = U; 5(t), 1=1,2, 7=0,1,2. (23a)
Next, we impose tangential derivatives of the primary boundary conditions

o1eq(0,0) = Alege(0,8), e =0,2,3,4, (23b)
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0k 0,1(0,0) = 0k gy(0, 1), up =1,2,3,4, (23c)

along with
5 1

The latter is an average of the linearly dependent constraints in (23b) and (23c) corresponding to
e =1 and pp = 0. The remaining constraints and taken from compatibility conditions, and they
are

oMAYT(0,0) = b0 ge(0,t),  v=1,2, pg=0,24, (23e)
01 Aoy (0,0) = 002 g, (0, 1), w = 1,34, (23f)

and

B Ay?30290(0,t) + Az2020795(0, 1)
B Ay? + Ax?

Again, an average is used when the conditions obtained from the two boundaries are linearly
dependent. This occurs for the constraints in (23e) and (23f) corresponding to (v, ue) = (1,3)
and pp = 2, respectively. Note that we use a weighted average in (23g) to balance the tangential
derivatives taken in the x and y directions, and that certain high derivatives of @ implied by
the compatibility conditions have been omitted since they vanish for the chosen degree of the
interpolating polynomial in (18). There are 25 constraints in (23) that determine the 25 coefficients
of u(x) about x = (0,0), and this interpolating polynomial is evaluated at x;, for i = [—2,—1] x
[-2,1] and i = [0, 1] x [—2, —1], to determine the ghost values there.

Note that we have chosen to use the corner LCBC polynomial to assign solution values in corner
ghost points, e.g. U; for i = [—2,1] x [—2,—1], as well as values in nearby ghost points along the
adjacent faces, e.g. U; for i = [—2,—1] x [0,1] and i = [0, 1] x [—2, —1], see Figure 3. These latter
values could instead have been determined by special LCBC polynomials that used appropriate
compatibility conditions from the primary face and the secondary adjacent face. For higher-order
approximations this would result in many more special cases as the corner is approached. To avoid
these complications, we have chosen to employ the simpler approach of using the corner LCBC
polynomial at all adjacent face ghost points where the standard LCBC polynomial for the face
does not apply.

02030, 0) : (23g)

The application of the LCBC method just outlined for the two sample problems describes the
basic approach. In the subsequent sections, we elaborate on the LCBC method by considering
initial-boundary-value problems involving a broader class of linear PDEs and corresponding spatial
discretizations of higher orders of accuracy.

3. Second-order PDE initial-boundary-value problems and discretizations

In this section, we consider initial-boundary-value problems for a general scalar second-order
PDE and corresponding high-order accurate finite-difference approximations as a basis for a full
description of the LCBC approach which follows in the next section.
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3.1. Second-order PDE initial-boundary-value problems
Consider the initial-boundary-value problem on [0,7] x Q, T' > 0, given by

Lou = Qu+ f(x,1), xeQ, te(0,T], ¢=0,1,2,
Bu(x,t) = g(x,t), xed, tel0,T], (24)
2 lu(x,0) = uq_1(x), x€Q, a=1,...,q, q=1,2.

Here, 2 c R? is a general domain, d€2 denotes the boundary of Q, and Q = Q U 9 as before. We

define
e 0, =0,
Lo 7 (25)
olu, q=1,2,
and
Qu def c11(X)02u + 2¢12(X) 05 0yu + CQQ(X)&ZU + ¢1(x)0pu + c2(x)0yu + co(x)u, xe Q. (26)

We assume that the coefficient functions ¢11(x), ¢12(x), etc., are smooth, and they are chosen,
together with the boundary and initial conditions, so that the problem is well posed. wdh: For
example, for ¢ = 1,2, necessary conditions are that c11(x) > 0, c22(x) > 0 and

Cll(X)CQQ(X) — C%Q(X) =6 >0, Vx € Q. (27)

We note that (26) is taken in non-conservative form for the purposes of this article; LCBC methods
for problems in conservative form are left to future work.

The governing equation in (24), with given forcing function f(x,t), takes the form of a general
elliptic (¢ = 0), parabolic (¢ = 1) or hyperbolic (¢ = 2) PDE in second-order form depending on
the choice of the index g. The boundary conditions in (24), with given forcing function g(x,t), are
written in terms of the boundary operator given by

Bu % by (x)u + ba(x)0pu,  x €09, (28)

where 0, is the outward normal derivative and the coefficient functions satisfy |b1(x)| + |b2(x)| # 0,
Vx € 0f). Initial conditions are specified for the cases, ¢ = 1 and 2.

We are motivated by the application of the LCBC method for high-order accurate discretizations
of the model problem in (24) on mapped grids. For such discretizations, we consider a smooth
mapping from the unit square to 2. The form of the model problem remains unchanged in the
mapped domain, so it suffices to study the governing equations in (24) over the domain Q = (0,1)?
as a model problem.

3.2. Semi-discrete approximations

Let

Ui ~ U(Xi)a q= Oa
U(Xi,t), q = 1727

represent the numerical approximation of the exact solution of (24) at discrete points x; on the
Cartesian grid Qj, given in (14) and at a fixed time ¢ € [0, T]. Our principal focus is on discretiza-
tions of (24) to fourth and sixth-order accuracy, although we also consider second-order accurate
approximations as a baseline. A second-order accurate discretization of (24) employs standard
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centered differences given by

def def
Dy¢ = Do, Doec = DycD¢, (=, (29)

Fourth-order accurate operators, Dy ¢ and Dy ¢¢, ¢ = z,y, were introduced in the previous section,
and we define sixth-order accurate centered operators as

def A¢? Ac
Dg ¢ = Do¢ <I— — DD+ 55 (DicD )’

o A 2 4
Decc € DycD_¢ (I <D+<D c+ gg (D+CD<)2>,

S
I

x,y. (30)

Thus,

def
Qan = c11(%i)Da e + 2¢12(xi) Dap Day + c20(%i) Dy yy + ¢1(xi)Da g + c2(xi)Day + co(x3)1, (31)

for x; € 2y Set By, to be the d*"-order accurate centered discretization of the boundary operator B.

In view of the finite difference operators defined above, we note that (31) can be written as

k—1
Qd,hVi = Cll(xi)D-i-xD—x {Vl + Z anszn (D-&-J:D—a;)nvl}
n=1

k=1 n
F2e2(x:)D OID%{ 2 D bibn Az Ay (D+xD_a:)l(D+yD_y)”‘lVi}
11=0

k—1
+622(X1)D+y —y{ Z AyZn D+yD_y) Vl} (32)

k-1

+c1 (Xi)DOI {Vvl + Z bnAx2n (D-‘rmD—x)n‘/l}

n=1
k—1

+ca(x3) Doy { Vi + Y b Ay*™ (DoyD_))" Vi ¢ + co(x3) Vi,
Y yH—y

n=1

for some grid function V; and for d = 2k, k = 1,2,3. The higher-order correction terms given by
the sums in (32) are omitted for the second-order accurate case with & = 1. The coefficients a,
and b, of the correction terms involving powers of D, ,D_, and D ,D_, are given by

1 1 1 1
il N bh=1. b= —=. b= —. 33
12’ @2 90’ 0 ’ ! 2 (33)

@=- 6’ 30

The form of the discrete operator in (32) is particularly useful for the calculation of (Qgn)" Vi,
v = 1,2,..., which is required for the approximation of compatibility boundary conditions as is
discussed in the next section.

The semi-discrete model problem takes the form

Equ(t) = Qd,hU'( ) + f(Xiat)a Xj € Q}u te (OvT]a q= 07 1727
Bd,hUi(t) = g(xh )7 Xj € tha te [OaT]> (34)
aféilUi( ) = Uq— 1(X1) XiEﬁhn o = 17"')q) q = 1>2

13



Grid points along ghost lines at each boundary of €2, are introduced to accommodate the stencil
of the discrete spatial operators near the boundaries, and these are included in the extended grid
defined by

QZ dif {Xi | i= (Za]>7 1= _pa"'va + P, ] = _pa"wNy +p}7 (35)
where p = d/2. We evaluate the solution at the ghost points using the LCBC method.

3.8. Compatibility boundary conditions

The LCBC method uses compatibility boundary conditions obtained from the primary boundary
conditions and the governing PDE (and its derivatives) applied on the boundary. The steps taken
to obtain the CBCs depend on whether the PDE is time-dependent or not. We begin with the time-
dependent cases for which ¢ = 1 or 2. Here, we take ¢ time derivatives of the primary boundary
condition in (24) to give

Boju(x,t) = dfg(x,t), x € 09, (36)

at a fixed time ¢ € [0,7]. Now apply the PDE from (24) to obtain
BQu(x,t) = dig(x,t) — Bf(x,t), x € 05 (37)
Repeat the process v times to find the v*" compatibility condition, denoted by CBCpg,lv], as
BQ"u(x,t) = d{"g(x,t) — BY, f(x,1), xed), v=12..., (38)

where ¥, is a differential operator defined by

U, f(x,t) €Y QF Lol px ), xed, v=1,2,.... (39)
k=1

For the time-independent case with ¢ = 0, we derive the v** compatibility condition by first
applying the elliptic operator @ to the governing PDE v — 1 times to obtain

Q'u(x) = —Q" 'f(x), xeQ, v=12.... (40)
The boundary operator in (24) is then applied to (40) to give
BQ"u(x) = —BQ" ' f(x), xe€dQ, v=12..., (41)

which we denote by CBCpo[r]. We observe that the form of the CBCs in (38) for the cases ¢ = 1
and 2 and in (41) for the case ¢ = 0 are similar, and these conditions provide the additional

constraints needed to complete the specification of the local interpolants of the solution on the
boundary for the LCBC method.

4. LCBC method

We now provide a full description of the LCBC method for the semi-discrete model problem
n (34). We first consider a coordinate boundary away from corners where two coordinate bound-
aries meet. We choose a Dirichlet-type boundary condition and introduce the LCBC method using
a direct approach. For a more efficient implementation, we improve upon this direct approach by
adopting a stencil representation of the solution at the ghost points; we call this improved method
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the stencil approach. After this is done, we present an example where the boundary condition is of
the Neumann type. Finally, we describe the treatment near the corner and discuss the conditioning
of linear systems that arise in the LCBC method.

4.1. Dirichlet boundary

As an example of the LCBC method for Dirichlet boundary conditions, let us consider the left
boundary, z = 0 with y € [0, 1], and assume that the boundary operator in (24) becomes

u(x,t) = go(y,t), x € 09y, (42)

for a fixed time ¢ € [0,T]. Following the approach described in Section 2.2 for the wave equation
defined on a unit square domain, we consider the interpolating polynomial @(x) in (18) centered
about a point X € 0§y, and then specify its m = (2p + 1)? coefficients dp s My = —p,...,p, by
enforcing the constraints

a(%Ax7g+jAy) :Ug73+5(t)7 %:17"‘7p7 j:_p7"‘7p7 (43b)
oy Q"u(0,9) = 0 Ry (7, 1), v=1,...,p, u=0,...,2p, (43c)
where
_Qy_lf(o)y)a q= 07
def
RZ,V(y’t) = (44)

agygf(y7t> - \I/Vf(()?y)t); q= 1, 2.

The constraints in (43a) are the Dirichlet boundary condition applied at 2p + 1 grid points about
the boundary point (0,7), while (43b) sets 4 equal to U;j at p(2p + 1) grid points interior to the
boundary point. The last constraints in (43c) require that @ satisfy (2p + 1) tangential derivatives
of the compatibility boundary conditions, CBCy4[v], v = 1,...,p, evaluated at the boundary
point (0,7). Together, the constraints in (43) imply /m = (2p + 1)? linear equations for the m
coeflicients in u for each point (0,7) € 0, where
= def . .

aﬂg’hi{Xi|Z=0,]=p,p+1,...,Ny—p}, (45)
is the set of grid points along the left boundary x = 0 sufficiently separated from the corners at
y=0and 1.

The m x m linear system implied by (43) has the form
Ad = b, (46)

where A € R™*™ is a coefficient matrix, b € R™ is a right-hand side vector and d € R™ is a vector
containing the coefficients of the interpolating polynomial in (18) organized as

d=[dp_pr-sdppldpiipr s dpripl-|dp_p,-sdpp]". (47)

The matrix A, as constructed in Algorithm 1 for a point x on the boundary, has the 2 x 2 block

structure
A An

0 I

A= (48)

The elements in the matrices A;; € R™>™ and Ay € R™*™2 with m; = p(2p + 1) and
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my = (p+ 1)(2p + 1), are obtained from derivatives of the interpolating polynomial @ implied
by the conditions in (43c). The mqo X My identity in the lower-right block of A is implied by the
conditions in (43a) and (43b). The matrix A is nonsingular provided that the coefficient function
c11(x) associated with the highest z-derivative in the differential operator Q does not vanish (see
Theorem 1 discussed later in Section 5.1). Algorithm 2 shows the construction of the right-hand
side vector b which follows similar steps to that used to build A. The solution of (46) yields the
coefficients dy;, 5, of the interpolating polynomial, and in particular

U%J = di,O’ E = —p,...,—l, (49)

which sets the values of Uj in the p ghost points corresponding to the boundary point Xx.

Algorithm 1 Construct the coefficient matrix A for a Dirichlet boundary.
1:r=0;

2: forv=1,...,pdo

3: for u=0,...,2p do

4: r=r+1;

5: for m = —p,...,pdo

6: forn =—p,...,pdo

7 c=2p+ )M +p +a+p+1;

8: A(r,c) = 04 Q" L ((z — &) /Az) La ((y — §)/Ay) |x:§< ; > Elements of A from (43c)
9: end for

10: end for

11: end for

12: end for

13: for%:f),...,pdo
14: for j = —p,...,pdo

15: r=r+1;

16: A(r,r) =1, > Elements of A from (43a) and (43b)
17: end for

18: end for

Algorithm 2 Construct the right-hand side vector b for a Dirichlet boundary.
r=0;
:forv=1,...,pdo
for x=0,...,2p do
r=r+1;
b(r) = 04 Ry, (3, 1); = Elements of b from (43c)
end for
end for
forj' =—-p,...,pdo
r=r+1;
b(r) = ge (?3 + j’Ay, t); > Elements of b from (43a)
: end for
:fori=1,...,pdo
forjz —p,...,p do
r=r+1;
b(r) =U; ;54;5(); = Elements of b from (43b)
end for
: end for

e e e e
NSO O©Q
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4.1.1. LCBC method: Direct approach

In the direct approach to the LCBC method, the matrix A and vector b in (46) are constructed
for each point on the boundary, and then the system is solved to determine ghost points following
the assignments in (49) for example. Algorithms 1 and 2 provide the steps for a point X = (Z, 7)
along the boundary & = 0 for the case of a Dirichlet boundary condition, while the case of a
Neumann boundary condition is described in Section 4.2 below. Points on the boundary near
corners require special treatment, and this is discussed in Section 4.3.

An important element of the direct approach, and the stencil approach discussed next, is an effi-
cient calculation of the matrix A. The main step in this calculation appears in line 8 of Algorithm 1,
which is independent of time ¢ and need only be performed once for a given problem. This step
involves applying repeated y-derivatives and powers of the operator @) on the product of Lagrange
basis functions Lyj, and Lj;, and then evaluating the result at a point X on the boundary. While
this calculation can be carried out analytically, the form of @ in (26) involving general coefficient
functions, c11(x), c12(x), etc., makes this calculation increasingly messy as the order of accuracy
determined by p increases. Also, it is desirable to avoid having to specify derivatives of the coeffi-
cient functions. With these issues in mind, a more practical approach is described in Algorithm 3
which computes suitable approximations of these elements, denoted by Zj, [p, v], in a particular
column of A determined by given values of 7, n € {—p, ..., p} defining the basis functions. The row
entries are determined by the integers u and v, and we note in advance that the algorithm only
requires evaluations of the coefficient functions at points on the grid.

Algorithm 3 Compute Zy, 7 [p, v] ~ 0 Q" Ly ((x — )/Az) Ly ((y — gj)/Ay)’

x=X"

1: fork=1,...,pdo
2:  for ie Q,[0,k] do & Initialize Vi[0, k] = Ly (1) La(j)
3 V0K = La()LaG);
4: end for
5: end for
6: forv=0,...,p—1do
7 fork=1,...,p—v do
8: fori=1,...,k—1do
9: for i e Qu[v, k] do & Compute corrections W."™™ [v,1] involving Vi[v, 1]
10: for m=0,...,k—1do '
11: W ED=M, 0] = (Do D)™ (Dyy D—y) ¥ =D Vi [0, 1];
12: end for
13: end for
14: end for
15: for ie Qu[v + 1,k] do & Compute V;[v + 1,k] = (Qar,n) Vi[v, k]
16: Vi[v + 1, k] = applyQh{Vi[v, k], W."™" ™ [v, k — 1],..., W™ [y, 1]};
17: end for
18: end for
19: end for
20: forv=1,...,pdo > Compute Z; ;[u,v] using Vi[v, k], k=1,2,...,p+1—v

21: k=p+1-—vu;
22:  Zwal0,v] = Vo,o[v, k]
23: for/=1...,pdo

24: w =2l

25: {Zpalp—1,v], Znalp, v]} = applyDy{Vi[, 1], ..., Vi[v, k] };
26: end for

27: end for

The first collection of steps in the algorithm results in the calculation of the grid function
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Vi[v + 1, k] in line 16 defined by

Vil k1 € (Qun) Lin () La(f),  v=1,....p, (50)

where the indices (m,n) are fixed and the order of accuracy of the approximation is d = 2k,
k=1,...,p+1—wv. Note that the highest order of accuracy, given by 2(p + 1 — v), decreases as
v increases. The calculation of Vi[v + 1, k], determined by the function applyQh, follows from the

form of the discrete operator Qg5 given in (32). Using the correction terms denoted by Wi(m’n) in
line 11, the function sets
Vilv +1,k] = e11(%) Dy Dy { [v, k] + Z AR DY n]}
T
+2c19 (Xi)DO:pDOy {VI[V k‘ Z Z lbn—lA$2lAy2("_l){/Vi(l’n_l)[V’ k— n]}
n=11=0
—1
+e22(%3) Dy Dy {V[ k] + 2 an A2 W [k — n]} (51)

+c1(x3) Doy { ”W n0) [v,k — n]}

2

+ca(x3) Doy { AyQ"W (0m) v,k — n]} + co(x;) Vi[v, k],

where the coefficients (an,b,) are given in (33). The domain for the local index i, denoted by
Qplv, k], for each calculation is defined by

Qh[l/, k] def [—Wa, Wz ] X [—wy, wy], we=p—(v+k—-1), wy=wy+p, (52)

and this gives the minimum stencil width required for the subsequent calculation of the discrete
y-derivatives of Vi[l/, k] performed in the second collection of steps starting at line 20. Here, the
main step involves the function applyDy in line 25 which computes the odd/even derivative pair
Zpalp — 1,v] and Zy, 5[ p, v] using standard centered finite differences in the y-direction to order
of accuracy d = 2k =2(p+ 1 —v).

The elements of the right-hand side vector b in (46) are specified by Algorithm 2 for the case
of a Dirichlet boundary along £ = 0. The difficult step appears in line 5 and it involves the
calculation of successive y-derivatives of Ry, (7,t) defined in (44). The calculation of Ry, (y,?),
in turn, requires powers of the operator @) applied to the forcing function f(x,t). As before, we
use a practical approach in which the various derivatives, both in space and time, are performed
approximately to appropriate orders of accuracy. At present we have considered only a spatial
discretization in the semi-discrete model in (34) and so we assume the time derivatives in Ry, (7,1)
are exact for now. In terms of the spatial approximations, a key step involves applying powers
of the discrete operator Q45 onto f(x,t) evaluated at grid points about X, and this can be done
efficiently following steps similar to those described in Algorithm 3. Discrete y-derivatives are
then applied to the result, again following the previous algorithm. The principal details involve
the approximations of Ry, (7,t) and these are given in Algorithm 4 for the time-dependent cases

= 1,2 (with straightforward simplifications for the steady case ¢ = 0). For Algorithm 4, we
redefine the domain for the local index i in (52) such that w, = p— (v + k).
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Algorithm 4 Compute RM[V, t] ~ Ry, (g] + jAy, t) forg>0

forv=1,...,pdo
for j € [-p,p] do = Initialize R, ;[v,t] = 0}"ge (g + JAY, t)
Ry ;[v,t] = applyDt{g, ;(t), qv};
end for
end for
forn=0,...,p—1do
fork=1,...,pdo
foric Qh [0, k] do > Initialize F3[0,k,t] = " f(X + x3, 1)
F[0, k,t] = applyDt{ f;(t), qn};
10: end for
11: end for
12: forv=0,...,p—n—2do

©

13: fork=1,...,.p—v—1do

14: fori=1,...,k—1do

15: for i e Q,[7, k] do = Compute corrections W."™™ [, 1, ¢] involving F[p,1,t]
16: form=0,...,k—1do '

17: W ETDT 5,0 4] = (Dyw D)™ (Day D—y) "D R[5, 1, ];

18: end for

19: end for

20: end for

21: for ie Qu[v +1,k] do = Compute Fj[0 + 1,k,t] = (Qak,n) F;[7, k. t]
22: B[7 + 1,k,t] = applyQh{ B[, k, t], W[5,k — 1,¢],..., W™ [, 1,1]};

23: end for

24: end for

25: end for

26: forv=n+1,...,pdo

27: v=v—n-—1;

28: k = min{p — 7, p};

29: for j € [-p, p] do = Update R, ;[7,]
30: Ry 5w, t] = Ry ;[v,t] — Fy 5[0, K, t];

31: end for

32: end for

33: end for

It is worth noting that for the time-dependent cases, the elements of b must be calculated at
each time step. Also, the approximation of 0} Ry, (7,t) uses values of R, [1/ t] about g, computed
in Algorithm 4, and these can be used by the approximations at nelghborlng values along the
boundary. This observation suggests a possible savings in computational cost that is explored with
the stencil approach discussed next.

4.1.2. LCBC method: Stencil approach

The aim of the stencil approach is to manipulate the linear system in (46) so that the values in
the ghost points in (49) corresponding to a point X on the boundary can be computed using the
stencil formula

N

p +p ]+P R
Z 3 <J it +Z 3 B i=—p,... -1, (53)
v=1j=j—p i=0j=5p

)

where ozAj~ and (. J’J are coefficients belonging to the left boundary centered at X ;- A central

point is that the coefficients in (53) do not depend on time ¢ and can be computed from the
matrix A in (48). Thus, the values in the ghost points can be computed efficiently via a fixed linear
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combination of the relevant time-dependent data, assuming ¢ = 1,2, given by Ry ;[v,t] and the
grid data given by U; ;(t). This grid data includes values at interior points close to the boundary
for ¢ = 1,...,p and Dirichlet boundary data, Uy j(t) = ge(y;,t). Note that Algorithm 4 computes
RM‘ [v,t] for values of the local index j about j, but the range of the y-index can be extended
readily to cover the whole left boundary (sufficiently separated from the corners).

To compute the coefficients in (53), we consider the linear system in (46) in the form

Ay Ag d; ] _ [ D,R(t) ] 54

0 I d, U(t)

where d = [dl, d2]7 holds the coefficients of the interpolating polynomial, R(t) € R™! is a vector
containing Ry j[v,t], U(t) € R™ is a vector containing U; j(t), and D,, € R™*™1 is the matrix op-
erator representing the discrete y-derivatives of Ry ;[v,t]. We are mainly interested in the elements
of d; which give the ghost values in (49). The lower set of Mg equations in (54) implies do = U(t)
so that the upper set of m; equations becomes

Apd; = DyR(t) — A2 U(2). (55)
Let C, € R™*™ and Cg € R™*™2 golve the matrix systems
A11C = Dy, A11Cg = — Ay, (56)

so that (55) reduces to

d; = C,R(t) + C3U(1). (57)
The sets of coefficients, {a%’j )} and { ﬂl(gj )}, in the stencil formula in (53) are given by the elements
along selected rows of C,, and Cg, resijectively, corresponding to the desired ghost values in dj.

We note also that the linear systems in (56) are dense but not very large, e.g. Aj; is 21 x 21 for
p = 3, and they can be solved readily using standard linear algebra software.

4.2. Neumann boundary

We now turn our attention to the case of a Neumann boundary. Let us again treat the left
boundary, z = 0 with y € [0, 1], and assume a primary boundary condition given by

aa:u(x7 t) = g@(yv t)? Xe an, (58)

for a fixed time t € [0,T']. We consider the interpolating polynomial %(x) in (18) centered about a
point x € 0€2, and then specify its coefficients by enforcing the constraints

ﬂ(%Al‘ag+.§Ay) :Ui,jJrj(t)a 22077})’ 52 P55 D (59&)
04 0:Q"1(0,9) = 0y Se. (4, 1), v=0,...,p—1, pu=0,...,2p, (59b)
where
_azQV_lf(Oa y)a q=0,
SZ,V(yvt) déf (60)

agygf(:%t) - aa:\IlVf(O,y7t)7 q = 1,2

The interpolating polynomial @ is set equal to the data Uj(t) in (59a) at 2p + 1 points on the
boundary and at p(2p + 1) points in the interior adjacent to the boundary. The compatibility
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conditions in (59b) include tangential derivatives of the Neumann boundary condition in (58) for
the case v = 0. Note that we use only p — 1 CBCs here since the boundary condition involves a
normal derivative, whereas p CBCs are used for the case of a Dirichlet boundary. As before, the
constraints in (59) imply m = (2p + 1)? linear equations for the 7 coefficients in % for each point
(0,9) € @Qy, given in (45), and these equations can be written in a matrix form following (46) with
a coefficient matrix A and right-hand side vector b generated in Algorithms 5 and 6, respectively.
The solution of the linear system gives d, the coefficients of u(x), and thus the ghost point values
in (49) associated with the point X on the Neumann boundary.

Algorithm 5 Construct the coefficient matrix A for a Neumann boundary.
1: r=0;

2: forv=0,...,p—1do

3: for u=0,...,2p do

4: r=r+1;

5: for m = —p,...,p do

6: for n = —p,...,p do

T c=2p+1)(m+p) +n+p+1;

8: A(r,¢) = 04 02Q" L ((x — @) /Az) L ((y — §)/Ay) |x=>‘< ; > Elements of A from (59b)
9: end for

10: end for

11: end for

12: end for

13: for i =0,...,p do
14: for j = —p,...,pdo

15: r=r+1;

16: A(r,r) =1; = Elements of A from (59a)
17: end for

18: end for

Algorithm 6 Construct the right-hand side vector b for a Neumann boundary.
1. r=0;

2: forv=0,...,p—1do

3: for £t =0,...,2p do

4: r=r+1;

5: b(r) = 0y Se (9, 1); = Elements of b from (59b)
6: end for

7: end for

8 fori=0,...,pdo

9: for j = —p,...,p do

10: r=r+1;

L1 b(r) = U 5.5(1); > Elements of b from (59a)
12: end for

13: end for

The elements in line 8 of Algorithm 5, involving repeated applications of the operator ) on
the z-derivative of the Lagrange basis functions followed by successive y-derivatives, are obtained
approximately. The details of these approximations are similar to those given in Algorithm 3 for
the Dirichlet case. The main difference for the case of a Neumann boundary is the addition of a
discrete z-derivative applied to V;[v, k], to an appropriate order of accuracy, prior to applications of
the discrete y-derivatives. The y-derivatives of Sy, (7,t) in line 5 of Algorithm 6 are also computed
approximately.

Instead of solving the linear system in (46) at each time step (for ¢ = 1,2), we prefer the stencil
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approach. Here, the stencil formula for the ghost points associated with a point x j along the left
boundary becomes

-1 j+p P jtp

( J)Sé v, t] + 5(” , i=—p,...,—1, (61)
Z 25 a5 Sl &
v=0_5—p i=0j=5—p

where Sy j[v,t] &~ Sy, (y;,t) for ¢ > 0and v = 0,...,p—1. The coefficients in (61) for each boundary
point are obtained by manipulating the system
d D,S(t
1]:[ y()]. (62)

All AIZ
0 I d, U(t)

For the Neumann case, the block matrices A1; € R™1*™1 and A9 € R™*™2 are obtained from the
approximations of the elements in line 8 of Algorithm 5. The vectors S(¢) € R™t and U(t) € R
contain Sy ;[v,t] and U;;(t), respectively, and D, € R™>*™1 contains the coefficients associated
with the discrete y-derivatives of Sy ;[v,t], v = 0,...,p — 1. Let C5 € R™*™ and Cj € R™1>*™2
solve the systems

A11Cy = Dy, A1 3= — A9, (63)

so that
= CaS(t) + C5U(1). (64)

As before, the sets of coefficients of the stencil formula in (61) are given by the elements along
selected rows of C5 and CB corresponding to the desired ghost values in dj.

4.8. LCBC conditions at a corner

As a representative case involving the conditions at a corner, let us consider the bottom-left
corner, £ = (0,0), where two Dirichlet boundaries meet. The cases of a Neumann-Neumann corner
and a Dirichlet-Neumann corner are discussed in Appendix A. The physical (primary) boundary
are taken to be

U(X7 t) = gf(y7 t)7 XE€ an; (65&)
U(X7 t) = gb(«T, t)? XE€ aQba (65b)

for a some fixed time t. We start by specifying the interpolating polynomial %(x) at known interior
data given by
a(iAz, jJAy) = U; (1), i=1,...,p, j=1,...,p. (66a)

Next, we apply tangential derivatives of the primary boundary conditions and compatibility con-

ditions given by
0y(0,0) = 04 9¢(0, %)
Mo, 66b
a(0.0) = g0ty | MM (o6
and

24 Q"u(0,0) = 04 Ry, (0,1)

—1,....p pEM, 66
2LQY1(0,0) = 0l Ry, (0, 1) } Y b e (66)
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respectively, where Ry, (y,t) is defined in (44) and Ry, (z,t) is defined by

v—1
def _Q f(.’L',O), q:07
Ry, (x,t) = , (67)
ag gb(l’vt)_g’uf(m70at)a q= 1,2.
The sets M,, v =0,...,p, chosen to eliminate redundant constraints, are given by

0,1,2,3,...,2p—1,2p, if v = 0, with an average for u = 0,

1,2,3,4,...,2p—1,2p, if v = 1, with an average for u = 2,
M, = 4 1, 3,4,5,...,2p—1,2p, if v =2, with an average for u = 4, (68)

.1, 3, 5,...,2p—1,2p, if v=p, with an average for u = 2p.

Note that there is one value for p in each set M, where the pairs in (66b) and (66¢) are averaged
to resolve linearly dependent constraints (and to balance the constraints on the left and bottom
boundaries). The weights for the averages are Ay* and Axz* for the CBCs arising from the left
and bottom boundaries, respectively, to balance the tangential derivatives taken in the y and =z
directions (following the previous discussion in Section 2.2). The m = (2p + 1)? constraints in (66)
for the m coefficients dy, 5 of u(x) are a generalization of the approach for the bottom-left corner
given in (23) for the wave equation. Ghost points near the corner can be obtained from the solution
of the linear system implied by (66) following a direct approach, or these ghost points can be written
in terms of the stencil formula

PP P P p P C PO
-3 2 D Reslnt] + Y D B Ruil ] Zzagg%m ie e, (69)
by i=1j=1

— v=0i=—p

where b
e ={i=00)| —p<()) <p\1<(]) <p} (70)
defines the set of local indices for the ghost-point values in (69). The time-dependent data Ry ;[v, t]

and Ry, ;[v,t] in (69), assuming ¢ = 1, 2, are discrete approximations of Ry, (jAy,t) and Ry, (iAx, t),
respectively, for v = 1,...,p. The boundary conditions are specified in (69) by setting

Rf,j[oa t] = g@(jAy¢ t)a J==Ds,D (713)
Rb,i[oa t] = gb(ZAJJ, t)v i = -D5--»Ds (71b)

similar to previous specifications. The coefficients in the stencil formula are derived from the
m x m linear system implied by (66) following the analysis described for the Dirichlet and Neumann
boundaries.

Our choice for the constraints in (66) is guided by the case when @ in (26) is the Laplacian
operator. For this case, the constraints are linearly independent. For the more general operator
@ with variable coefficients, the constraints remain linearly independent provided c;i(x) > 0,

c22(x) > 0 and max{|cm(x)| /«/cll(x)cm(x)} is small, with x evaluated at the corner. Should

these conditions be violated, the m x m matrix A implied by (66) may become singular or badly
conditioned. For example, if ¢11 > 0, coo > 0 and c12 are constants, and if ¢; = co = ¢y = 0, then
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the determinant of A for the case p =1 (d = 2) has the form
det(A) = —DAzAy(c11 + caz)(ci1c20 — 4c3y), D = constant > 0.

Thus, A becomes singular when |ci2| = \/ci1¢22/2. Another case for which A is rank deficient
occurs when ¢11 = a9 = 1, 12 = 1/2, ¢1 = ¢a = ¢p = 0 and Az = Ay, and for any value of p.

As noted earlier, we are motivated by high-order accurate discretizations of the model problem
in (3.1). For many problems of interest, this model problem is obtained by an orthogonal, or near-
orthogonal, mapping of a PDE in physical space involving the Laplacian operator. The resulting
mapped problem, of the form in section (3.1), would have |c12(x)| small relative to ¢11(x) and cg2(x)
resulting in a nonsingular matrix A implied by the constraints in (66) for a Dirichlet-Dirichlet
corner. The matrices for the Neumann-Neumann and Dirichlet-Neumann corners, discussed in the
appendix, are also nonsingular under these conditions.

4.4. Conditioning of LCBC matrices

We are interested in the sensitivity of the computational procedures involving LCBC matrices to
data perturbations and round-off errors. We first note that the rows of the LCBC matrices for both
sides and corners vary in magnitude significantly. Therefore, we choose to use the equilibrate
function in MATLAB to optimize the conditioning of the LCBC matrices by permuting the rows
and then applying row and column scalings. The diagonal entries of each permuted and scaled
matrix are all one in magnitude while the off-diagonal elements are less than or equal to one. This
decreases the number of pivots needed for numerical stability in Gaussian elimination (see [41]).
We shall then adopt the scaling proposed by equilibrate to generate the condition numbers for
the numerical results presented below.

Let x(A) = |A||A™!| be the 2-norm condition number of an LCBC matrix A generated for a
point on a boundary or a corner, and let kpyax be the maximum of k(A) for all points along the
four boundaries or for the four corners. We compute xmax for the following test cases:

1. We set 2 = (0,1)?, Q = A and take Dirichlet boundary conditions at = 0 and 1, y € [0, 1],
and Neumann boundary conditions at y = 0 and 1, x € [0,1]. This case corresponds to the
numerical example presented later in Section 6.2.1.

2. We set Q = {x=(pcosb,psinf) |1 <p<2,0<6<n/2} and Q = A, and take Dirichlet
boundary conditions at p = 1, § € [0,7/2] and at § = 0, p € [1,2] and Neumann boundary
conditions at p = 2, 6 € [0,7/2] and at 6 = 7/2, p € [1,2]. This case corresponds to the
numerical example presented in Section 6.2.3.

3. We set Q to be the wavy channel domain defined in (130) for the problem described in
Section 6.4. The spacial operator is Qu = DAu — v - Vu + yu, where D = 0.2, v = (0.5,0.3)
and v = 1, and we use Dirichlet conditions for x € 0.

Figure 4 shows the computed values of k,ax for the side and corner LCBC matrices as functions
of the grid spacing h used for each test case and for orders of accuracy d = 2, 4 and 6. For the
first two test cases, we observe that xpax for the side and corner LCBC matrices are approximately
equal, and they are nearly independent of the grid spacing h, although kpa.x shows a moderate
increase with increasing values of the order of approximation d for ()4 4. The behavior of kyax for
the third test case shows more variation with h for the corner matrices when d = 4 and 6. The
plots in Figure 5 show more details of the behavior of ky.x as a function of h for d = 4. There is
more variation for coarser grids, which we attribute to the affects of the lower-order terms in @,
while the behavior of kyax appears to settle to a constant value as the grid spacing gets smaller
(and affects of the lower-order terms become less significant).
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Figure 4: Condition numbers of LCBC matrices as functions of the grid spacing h for test cases 1, 2 and 3.
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Figure 5: Test case 3: Kmax versus h for corner matrices at order d = 4.

5. Analysis of the LCBC approach

In this section, we provide some results of an analysis of the LCBC approach. In particular, we
consider the solvability of the matrix systems associated with the constraints implied by the LCBC
method for points along a grid side and at a grid corner. We then consider symmetry properties of
the discrete approximations generated by the LCBC method for the case when the PDE involves
the Laplacian operator. Finally, we examine the stability of explicit time-stepping schemes for the
wave equation with numerical boundary conditions given by the LCBC approach.

5.1. Solvability of the LCBC matriz systems

We first consider conditions required for the LCBC matrix systems to be non-singular. This is
done for the case of a constant-coefficient operator () given by

Q= 611033 + QClgaxay + 62255 + 10, + 026y + cg. (72)
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For this operator, we have the following result:

Theorem 1 (Solvability on a face). The matriz resulting from the order 2p = 2,4,6 LCBC
constraints for the constant-coefficient operator Q in (72) with a Dirichlet or Neumann boundary
condition on a grid face is non-singular provided c¢11 > 0 and Ax is sufficiently small (left or right
face) or coa > 0 and Ay is sufficiently small (bottom or top face). If c1 = 0 (left face) or co = 0
(right face), then the matriz is non-singular for any Az and Ay.

Proof. Let us focus on the left boundary, while similar arguments hold for the other boundaries.
The form of the LCBC matrix system is given in (46), where the coefficient matrix A is obtained
from the constraints in (43) for a Dirichlet boundary and in (59) for a Neumann boundary. For
either a Dirichlet or Neumann boundary, the determinant of A, for order of accuracy 2p = 2,4, 6,
has the form A
det(A) = K,Gp(¢), &= Clc . p=123 (73)
11

where K is a non-zero constant depending on Az, Ay and ¢, and where Gp(§) is a polynomial
satisfying G,(0) = 1. For the Dirichlet case, the polynomials are given by

1162 169163 121€% 1160 6\7
€ 169167 121¢! £+£>’

—(1-
Gs(¢) < St T w0 T aso 400 800

and for the Neumann case, we have

Gi(§) =1,

Gale) = (1—35)5,

7
(1omsue ey

GO =\1=35* 75 " 100

The result of the theorem follows from the form of the determinant of A in (73). As expected,
the lower order terms in (72) become less important for the solvability of the system as the grid
spacings tend to zero.

O

The solvability conditions at a corner are more complicated. For this case, we focus on the
constant-coefficient operator in (72) with the coefficients of the lower-order terms set to zero,
i.e. cg = ¢; = cg = 0, and define the dimensionless parameters

C12 C11/Am2
= y o = — 5>
7 V/C11€22 o2/ Ay?

assuming ci; > 0 and co2 > 0. Recall that when choosing the corner compatibility conditions we
assumed that |cj2| is small compared to ¢11 and cg2, and this now corresponds to |y| small. The
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following theorem describes the solvability of the LCBC matrix systems for the Dirichlet-Dirichlet
(D-D), Neumann-Neumann (N-N) and Dirichlet-Neumann (D-N) corners.

Theorem 2 (Solvability at a corner). The matrices resulting from the LCBC' constraints at D-
D, N-N and D-N corners for the constant-coefficient operator @ in (72) with c11 > 0, ce2 > 0, and
co = c1 = cg = 0 are nonsingular provided any of the following conditions hold:

.y =0 (c12 =0), for orders 2p = 2,4,6.
. || is sufficiently small, for orders 2p = 2, 4.

. v <0 and || is sufficiently small, for order 2p = 6.
. v >0 and (0 + 1/0)y is sufficiently small, for order 2p = 6.

=W N =

Proof. We consider the corner where the left and bottom boundaries meet, while similar arguments
hold for the other corners. The form of the LCBC matrix system is given in (46), where the
coefficient matrix A is obtained from the constraints in (66), (A.2) and (A.6) for D-D, N-N and D-
N corners, respectively. For all three cases, the determinant of A, for order of accuracy 2p = 2,4, 6,
has the form

det(A) = KpHy(7)Fp(v,0),  p=12.3, (74)

where K, is a non-zero constant depending on Az, Ay, c11 and ca2, Hp(7y) is a polynomial satisfying
H,(0) =1, and Fp(y,0) is a polynomial in v with coefficients that depend on o. For a D-D corner,
we have

2

1
Ha(y) = (1 —49%)" (1 — 2872 + 208y* — 256+°) ,
(

1—47%)" (1= 1292 + 167%)% (1 — 10442 + 39847* — 68480~°
+509440~® — 1278976~'% + 9216007'?)

and

Fi(v,0) =1,

1
Fs(v,0) =3 <O’ + U) — 47,
, 11 L1 , 1
F3(’y, J) =7200(0°+0+— + — = 3960 | o™ + — ]t 28070 | o“ + — | T 26620
o o o o
2 3 1 1 3 2 1
+v° 113423 | 0 + — |+ 39483 [ o0 + — — 72114399 | 0° + — |+ 28798
o o o

(e )]

For a N-N corner, we have

1
HQ(rY) =1- 4727
(

27



and
Fl(’Ya U) = 17
1
Fy(v,0) =27 <0’ + ) — 327,
o
5 11 L1 , 1
Fs3(y,0) =56250 | 0° + 0 + — + — | =7 |[24750 (0" + — ) + 194625 | 0” + — | + 189750
o o o o
2 1 3, 1 3 2, 1
+ 77240310 { 0 + — | + 25450 | 0° + — | | — 7" | 71564 | 0° + — | + 150040
o o o

1
+ 44 [25344 <a + )] .
g

Finally, for a D-N corner, we have

Hy(y) =1,
Hy(y) = 1—129% + 329",
Hj(v) = (1 — 49%)? (1 — 649% + 1504~* — 1612875 + 806407® — 171008~'" + 122880~7'2),

and
Fl(fy)(j) = ]-7
1
Fy(v,0) =3 <U + U) — 4,

1 1 1 1
Fs(y,0) = 135000 ( 0® + 0 + — + — | — 757 | 6600 + 735302 + 6523 + 6418— + 1188—
o o3 o2 ot

1 1
+ 52 <3598503 + 1585550 + 126287g + 547380_3>

1 1
-3 (21598502 + 520784 + 2395322> + 35640~* <30 + 2> .
g g

Note that when v < 0, the functions F), are always positive and bounded away from zero. The
result of the theorem follows from the form of the determinant of A in (74).

(]

We note that a good quality grid usually aims to have ¢ ~ 1. One way to see this is to note
that if ¢11 « coo then there could be boundary layers near x = 0 or x = 1, which would require a
small value for Az to resolve the solution there. We also note that for order 2p = 6 when v > 0
(c12 > 0), we require not just v to be small but also yo and /o to be small. Thus the corner
LCBC matrix could be poorly conditioned if o becomes large or small when c¢;5 > 0. This could
occur, for example, if one only refined the grid in the x-direction.

5.2. Symmetry properties of the LCBC' conditions

The next two theorems concern symmetry properties of the numerical boundary conditions
generated by the LCBC method for a boundary face and corner. These symmetry conditions
pertain to the case when () is the Laplacian operator and the domain is represented by a Cartesian
grid. The first theorem considers the symmetry for a boundary face.
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Theorem 3 (Symmetry on a face). When applied to the operator Q = A on a Cartesian grid,
the LCBC approach on a face, at any order 2p = 2,4,6, ..., results in numerical boundary condi-
tions with odd symmetry for the case of homogeneous Dirichlet boundary conditions and with even
symmetry for the case of homogeneous Neumann boundary conditions, for example,

- U '

143 cy D, Dirichlet BC ati =0 ori = Ny, (75a)

. D, Neumann BC ati=0 ori= N,. (75b)

i3

i—ij

S S0

=1,.
Uiigr 1= 1
Proof. First consider the case of a homogeneous Dirichlet boundary condition on the left side,

1 = 0, away from the corner. Without loss of generality we may take £ = 0 and ¢ = 0, and then
the polynomial interpolant % can be written as

2p 2p
u(x,y) = Z Z anm " Y™, p=1,2.... (76)
n=0m=0
We wish to show that @(z,0) is an odd function in z, so that
ﬁ(l‘, 0) = a1,07 + CL3,01'3 + ... agp_Lol'Qpil, (77)
for then we have u(—x,0) = —a(z,0) and the desired result follows. The CBCs in (43c) reduce to
o Au(0) = 0, v=0,...,p, pu=0,...,2p, CBCl[u,v], (78)

where the case v = 0 follows since Up; = 0 from the homogeneous boundary condition. For the
purposes of the proof, we have labeled the conditions in (78) as CBC[u, v]. We will show that (78)
implies that all even z-derivatives of @ at x = 0 are zero,

2 1(0) = 0, v=0,...,p, (79)

which implies (77). The conditions in (79) can be shown as follows. We have o} a(0) = 0, for
w=0,1,..., since the Dirichlet conditions are homogeneous and since @ is a polynomial of finite
degree. Then, from CBCJ[0, 1], we see that (79) holds for v = 1 since

02u(0) = —d5a(0) = 0, (80)
and from CBC[py, 1] we also find
2~ 2~
olozu(0) = =04 *u(0) = 0, pw=0,1,.... (81)

Now from CBC|0, 2], we find that (79) holds for v = 2, since

84

w(0) = (—20%0; — 0,)u(0) = 0, (82)
and from CBC[u, 2] we also find
4~
2y 0,u(0) = 0, w=0,1,.... (83)
The process can be repeated to show (79).

The argument is similar for the case of a homogeneous Neumann boundary condition except that
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in this case it can be shown that all odd z-derivatives are zero,
o2 +1g(0) = 0, v=0,...,p, (84)

so that a(—z,0) = u(z,0).
]

We now consider the symmetry at a corner. For this case, note that the LCBC conditions are
used to obtain values in ghost points in the corner of the extended grid and also at nearby ghost
points belonging to the adjacent faces, see Figure 3 for the case p = 2 for example.

Theorem 4 (Symmetry at a corner). When applied to the operator Q@ = A on a Cartesian
grid, the LCBC approach applied at any corner and at any order2p = 2,4,6, .. ., results in numerical
boundary conditions on the adjacent faces with odd symmetry for the case of homogeneous Dirichlet
boundary conditions and with even symmetry for the case of homogeneous Neumann boundary
conditions. At a left boundary, for example, the symmetries are given in (75). Values at the
corner ghost points have even symmetry for Dirichlet-Dirichlet (D-D) or Neumann-Neumann (N-
N) corners and odd symmetry for Dirichlet-Neumann (D-N) corners. At a bottom-left corner, for
example, the values satisfy

Ui = 1,...,p, D-D or N-N corners, (85a)

i ..
ey D D-N corner. (85b)

)
9

]

Uisigep BJ
J=1

i-ig—j = “Uirig+i

Proof. Consider the case of homogeneous Dirichlet boundary conditions on the left side, ¢ = 0,
and the bottom side, j = 0, so that we have a D-D corner at x = (0,0) and grid index i = (0, 0).
With @ given in (76) we show that

ﬂ(—x,y) = —fb($,y), ﬂ(a:, _y) = _ﬂ(xay)v (86)
and thus
(-, —y) = u(z,y). (87)
To show (86), we show
oM a(0) =0,  my =2k, my=0,1,...,2p, (88a)
oMo a(0) =0,  my=0,1,...,2p, ma =2k, (88b)

where £ =0,1,...,p.
Recall that u satisfies the boundary conditions in (66b) and the compatibility conditions in (66¢)
with homogeneous boundary data, so that

oyA"i(0) =0 0,1 M (89)
v=uldl...,p € v

LAVE(0) = 0 b H

where M, is defined in (68). Using mathematical induction, we find that (89) implies

0y 027u(0) = 0

=0,1,... v 90
a,;azya(o)zo } v ) Ly » D, IU’EM ( )
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Set my = 2k for k = 0,1,...,p. The first set of conditions in (90) implies that
0y 0y 1(0) = 0, for mo =1,3,5,...,2k—1,2k,2k + 1,...,2p, (91)
while the second set of conditions in (90) gives
0z 02 1(0) = 0, for mg = 0,2,4,...,2k. (92)
Hence, for m; = 2k, we have
a2 i(0) = 0, for mg = 0,1,2,3,...,2p, (93)

for any k = 0,1,...,p. The result in (88b) follows using a symmetric argument. Therefore, we
have odd symmetry on the Dirichlet sides near the corner and even symmetry at the D-D corner.
The results for N-N and D-N corners follow using similar arguments.

]

5.8. Stability of LCBC approximations for the wave equation

We now consider the stability of an explicit modified equation (ME) time-stepping algorithm for
the wave equation on a Cartesian grid using the LCBC approach at the boundary. For the present
model problem in (24), the standard wave equation corresponds to the case ¢ = 2 and Q = A
for a wave speed ¢ > 0, and the ME time-stepping schemes are given in (113), (114) and (115) for
orders of accuracy 2p = 2, 4 and 6, respectively. In [42] it was shown that an ME scheme for the
wave equation in one space dimension is stable at any order of accuracy, 2p = 2,4,6, ..., under the
condition cAt/Ax < 1, where At is the time-step. In two dimensions (or three dimensions), the
time-step condition depends on whether selected terms are dropped to retain a stencil width of 2p+1
or not. For example, at sixth-order, the term AihUi" appears, and it has a term proportional to
Am4(D+mD,m)4Ui” which can be dropped (since it is also multiplied by At?). If appropriate terms
are dropped so that the stencil width of the ME scheme is 2p + 1, then the time-step restriction
for two-dimensional problems is

1 1
2 A 42
At (— —) <1, 94

¢ Ax? * Ay? (94)
for orders of accuracy 2p = 2,4,6, as given by Theorem 5 discussed below. We call this version
the compact ME scheme, and we conjecture that the condition in (94) holds at any even order
2p = 2,4,6,... (with a similar result holding for three-dimensional problems).

The compact ME scheme with LCBC conditions thus has some nice properties. It achieves
high-order accuracy in space and time in a single step. In addition, the time-step restriction does
not change as the order of accuracy increases, in contrast to some other high-order accurate schemes
(e.g. explicit multi-step methods) where the stable time-step decreases significantly as the order of
accuracy increases.

Theorem 5 (Stability of approximations for the wave equation). The IBVP in (24) for the
wave equation with ¢ = 2 and Q = 2 discretized to orders 2p = 2,4, 6 with the compact ME time-
stepping scheme and the LCBC method on a Cartesian grid with Dirichlet or Neumann boundary
conditions is stable under the time-step restriction given in (94).

Proof. Let the domain be Q = [0, L] % [0, L, ], i.e. a physical domain with lengths L, and L,. We
consider the case of Dirichlet boundary conditions on the left and right faces and Neumann bound-

31



ary conditions on the top and bottom. The proof for other combinations of boundary conditions
follow in a similar way. Let us look for normal mode solutions of the form

Wi = A"kl H;, (95)
where A is an amplification factor, (£, k,) are constants and i = (4, j). Since the LCBC approach
leads to discrete boundary conditions that enforce even and odd symmetry, we can look for normal-

mode solutions in space that satisfy these symmetry conditions. In this case we find that the normal
modes are

k k
W = A" sin (Ux) cos (Qyj) ke =1,2,...,Ny—1, k,=0,1,2,....N,,  (96)
+ Lo L,

where Ay are two possible values for the amplification factor (see below). Any grid function V;
satisfying the boundary conditions can then be represented as a sum of normal modes,

Nem1 Ny k

N k
Vit = Z Z Vk sin (Ewmz) Cos (L—yyj>, (97)
kez=1 ky=0 ¥ Y
for some coefficients Vk, where k = (k,, ky). The general solution to the IBVP takes the form,
Ny—1 Ny 7k wk
~ ~ . x
U = 30 3 (AT A Vi) sin (775 ) cos (7). &%)

ko=1 ky=0

where the coeflicients ‘A/iﬁk are determined from the two initial conditions.

For stability we choose At so that |Ay x| < 1 for all valid k; and k. It is straightforward to
find the symbols of D, ,D_, and D ,D_,,

. (kg po . (Thy
D,.D_,sin (L—I:):Z> = —k7 sin ( I xl), (99a)
wk A wk
DyD_,cos (Lyyyj> = —k2 cos (Lyyyj), (99b)
where n(6/2) (6,2 : :
> def SIN(Qx »  def SIQy def TRz def TRy
ky = ————>, = —— % z = Az, = —Ay. 1
Ax/2 v T TAy/2 o =00 &= A (100)

Substituting (95) into the ME time-stepping schemes for the different orders of accuracy, determined
by p, leads to a quadratic equation for A,

A? —20,A+1=0, p=1,23, (101)

where b depends on the various parameters of the discretization. Stability requires b, € R and
|b,| < 1. Note that when b, = +1 there is a double root for A which leads to algebraic growth
which we exclude.

For p =1,

by =1-2(A2+ ) (102)

32



where

k k
A & ent Y df At > (103)
with
cAt . cAt
e 104
o< S < (104)
Note that b; < 1 is clearly satisfied, while the condition b; > —1 implies
32 4 32
{gi};} (A2+A) <1, (105)
and this implies the time-step restriction in (94).
For p =2,
o g Az? Ay? . <9\ 2
by =1— 2(A§ N+ AR+ —XZ k2) (Ai + Ag) . (106)
From (101), we find Ay = by £ /b3 — 1 which we express in terms of the four variables
(cAt/Ax, cAt/Ay, Axk,, Ayk,). For each (cAt/Ax,cAt/Ay), we define
Apmax = max max |A4|, max |A_]|p, (107)
—2< Azk, <2 —2< Azk, <2
—2<Ayk, <2 —2<Ayk, <2

and find the region in the (cAt/Ax, cAt/Ay) plane such that Ay, < 1. We run a similar experiment
for p = 3, where b3 takes the form

by =1—2[X§ <1+Mk2 Azt k4> + A2 <1 Ay Vg2 Ay k4>]

90
2154 Az? 2 14 Ay%z 12142 A952A2 AZ/2A2 (108
+3[)\ <1+k A (1 =k ) H 28N (1 TR ) (1 A )
4 2 2
—4—5@ +>\) .

Figure 6 shows that the stability region, Apnax < 1, for both the fourth-order (p = 2) and sixth-
order (p = 3) accurate time-stepping schemes. The stability region for both schemes is found to lie
within the unit circle, and thus At satisfies the condition in (94) when p = 2 and 3.

O
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Figure 6: Stability region of the fourth-order and sixth-order accurate ME time-stepping schemes for the wave
equation on a Cartesian grid using the LCBC approach.

In Appendix B, we provide an analytical proof for the stability results observed in Figure 6
when p = 2.

6. Numerical results

The aim of this section is to demonstrate the accuracy of the LCBC method by considering
several examples involving second-order and higher-order accurate discretizations of the model
problem in (24). A semi-discrete scheme for this problem is given in (34), and our first task is
to describe suitable time-stepping schemes for the cases when ¢ = 1 and 2. We then utilize the
method of manufactured solutions to verify the accuracy of the fully discrete schemes with the
LCBC method for problems with constant and variable coefficients defined on rectangular and
curvilinear domains. For the latter case, a mapping is used to bring the problem to a unit-square
computational domain. Finally, we consider physically-motivated examples involving heat flow and
wave propagation as further tests of the LCBC method.

We note that when solving the wave equation, which has no inherent dissipation, some upwind
dissipation is often required to retain a stable time-stepping scheme for problems with variable
coefficients or for discretizations on curvilinear or overset grids. For wave equations in second-order
form an effective upwind dissipation is described in [43, 44]. For the results presented here, however,
no upwind dissipation has been added.

6.1. Fully discrete schemes

For the case of elliptic problems (¢ = 0), the discretization in (34) becomes

{Qd,hUi = —f(x), %€, (109)

BanUs = g(xi), Xj € 08,

where Qg is the d-th order accurate approximation of the differential operator @ given in (26)
applied for points x; on the grid €2;,. The discrete operator B,y is a d-th order accurate approx-
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imation of the boundary operator B given in (28) applied on the boundary 0, and the LCBC
method is used to obtain ghost values on the extended domain.

For the time-dependent cases (¢ = 1,2), we require methods of time-stepping. For these cases,
let t" = nAt, n = 0,1,..., N, for a fixed time step At = T//Ny, and let Uj* ~ u(x;,t"). For the
parabolic case (¢ = 1), we consider an explicit forward-Euler (FE) time-stepping scheme as well
as implicit Backward Differentiation Formula (BDF) time-stepping schemes. For the explicit FE
scheme, we choose a stable time step At given by ¢

Ao (110)

where cfl < 1 is a safety factor, set to cfl = 0.9 for all calculations, and a4 and B4 are estimates
for the real and imaginary parts of the time-stepping eigenvalue corresponding to (045 with frozen
coefficient functions. These values are given by

g =T1g (Cll,max n C22,max> 1s |Cl2|max i |CO|max

Az? A2 AzA
et o o ()
_ C1|max C2 |max
Bd = qa < Ay + Ay )

where the maximum values of the coefficient functions (or their absolute values) are taken for
x € , and the parameter values are taken to be (rq,sq,q4) = (4, 2, 1), (16/3, 9/2, 3/2) and
(272/45, 131/261, 1199/756), for d = 2, 4 and 6, respectively. Details of the stability analyses
leading to these conditions can be found in Appendix C.1. For the implicit BDF schemes, we take

At = min{Azx, Ay}, (112)

and match the temporal accuracy of the BDF scheme with the chosen spatial order of accuracy.
The fully discrete schemes for the hyperbolic case (¢ = 2) are based on a modified equation (ME)
approach as discussed, for example, in [5] for the case of Maxwell’s equations in second-order form.
For the model problem here, the baseline second-order accurate (d = 2) scheme is given by

D DUl = Q20U + f(x4,17), Xj € (Qp,
By Untt = it i € 09y,
Uio = UO(Xi)> Xi € Qh,

Uil = UO(Xi) + Atul(xi) + ATQ [QUO(Xi) + f(xi7 0)] X € ﬁh’

5This condition arises from approximating the region of absolute stability of the time-stepping scheme by an ellipse
with semi-axes of lengths ag and (4.
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while the fourth and sixth-order accurate schemes (d = 4 and 6) are

DD U = Quallf + fxist") + 45 | Q3,07 + Waf (xi,t)] . i€ .,
B4,hUin+1 = g(Xi,tn+1), Xi € th,
UO = i)y i ﬁ ,
1 uol) i (114)
Ui = ZLO(Xi) + Atuy (Xi)
+ATt2 [Quo(xi) + f(x1,0)] + ATtg [Qui(xi) + ¢ f(x4,0)]
+A27fl4 [QQUO(Xi) + \I}Qf(xiu 0)] ) Xji € ﬁ}“
and
D D_U" = Qe p U + f(x4,t")
+45 [Qi,hUin + ‘I’Qf(xivtn>] + 45 [Qg,hUin + \I’Bf(xhtn)] s Xi € Qp,
Bs h Ul = g(x, 1), X; € 0,
U.O = i) i ﬁ 5
i UO(X) Xji € Vlp (115)

Ul = ug(xi) + Atug (x3)
+22 [Quo(xs) + £(xi,0)] + 22 [Qua(x3) + 04f (x4, 0)]
+575 [QPuo(xi) + U2 (xi,0)] + 5 [Q%ur (1) + 2W2/ (x3,0)]
L —I—% [Q3uo(x:) + W3 f(xi,0)], x; € O,

respectively, where QZ ;, directly approximates the continuous operator Q? to fourth-order accuracy
rather than forming the square of the discrete operator Q4 which would have a stencil greater
than 2p + 1. This approach leads to the compact ME scheme noted previously in Section 5.3.
For all three schemes, an estimate for a stable time step is given by
cfl
At = , (116)
C11,max + C22 max
\/ Ax? Ay?

where cfl < 1. We use cfl = 0.9 for all numerical examples. Details of the stability analysis leading
to (116) can be found in Appendix C.2.

6.2. Convergence tests using the method of manufactured solutions

We first verify the accuracy of the fully discrete schemes with the LCBC method for the problem
in (24) using manufactured solutions. In this approach, we set the forcing functions of the PDE
and boundary conditions, and the initial conditions, to be

f(x,t) = Lyue(x,t) — Que(x,t), x€, te(0,T], ¢=0,1,2,
9(x,t) = Bue(x,t), xed), tel0,T], (117)
Ua—1(x) = 02 ue(x,0), xeQ, a=1,...,q, qg=12,

so that u = wu.(x,t) is an exact solution of the problem in (24). For all tests, we select an exact
solution of the form

ue(x,t) = cos(kyx) cos(kyy)o(t), xeQ, tel0,T], (118)
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where (kg, ky) = (27, 4/27) are wave numbers, and ¢(t) is taken to be

1, if g =0,
o(t) =t +1, if ¢ = 1 and explicit FE time-stepping, (119)

cos(mt), otherwise.

When g # 0, we choose the time-stepping schemes and ¢(¢) such that the temporal accuracy is
at least equal to the spatial accuracy of the discretized problem. For example, the FE scheme,
used for parabolic problems, is first-order accurate in time. For this case, we choose ¢(t) to be
a linear polynomial since the FE time-stepping scheme is exact for polynomials of degree one or
less and thus the convergence rates of the fully discrete scheme reflect the spatial accuracy. On
the other hand, the implicit BDF methods for problems with ¢ = 1 and the explicit schemes for
problems with ¢ = 2 have temporal orders of accuracy balanced with the spatial accuracy. For
such high-order accurate schemes, ¢(¢) may be any smooth function. Note that we use exact values
taken from the manufactured solution to start the multi-step BDF schemes.

We now consider a sequence of three tests of the fully discrete schemes.

6.2.1. Test 1. Square domain and constant-coefficient functions

The first test considers the set-up discussed previously in Section 2.2. The domain for the
problem is the unit square, Q = (0,1)?, with Q = A, the usual Laplacian operator. The previous
discussion focused on the wave equation, ¢ = 2, but here we also consider the cases when ¢ = 0
and 1. The boundary conditions on the left (x = 0) and right (z = 1) are taken to be Dirichlet
conditions, while Neumann conditions are assumed on the bottom (y = 0) and top (y = 1), as given
in (10). Numerical solutions are computed on uniform grids with Az = Ay = h = ho/2’, hg = 1/10,
j =0,1,2,3, and the maximum error between the numerical solution and the exact (manufactured)
solution is determined for each value of i, and at a time T = 1 for the time-dependent cases, ¢ = 1, 2.

Figure 7 shows maximum errors versus grid spacing for the elliptic case (¢ = 0), the parabolic
case (¢ = 1) for both FE and BDF time-stepping, and the hyperbolic case (¢ = 2). Calculations
are performed using schemes with order of accuracy d = 2, 4 and 6. In each case, the computed
errors can be compared with reference lines indicating the design order of accuracy. We observe
that the computed errors show the expected convergence rates.

6.2.2. Test 2. Square domain and variable-coefficient functions

The second test also uses a unit-square domain and boundary conditions as in the previous test,
but now the coefficient functions in the operator @ defined in (26) are taken to be

eT Cr—y—1 ex-‘ry
c11(x) = ———, c12(x) = zye , coa(x) = ,
11(x) R 12(x) = zy 22(%) 51y

x
c1(x) =1+ zy, co(x) =1+ , cx)=2+z—y.
1(x) y 2(x) Ty 0(x) y
Note that for this choice, we have
max — 20 g a0

xeQ) C11 (X)CQQ (X

so that the cross term is significant, but small enough so that the corner conditions are sufficiently
well conditioned. Numerical solutions are computed on uniform grids with Az = Ay = h = ho/27,
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Figure 7: Maximum errors versus grid spacing h for Test 1 using manufactured solutions. Fully discrete schemes for
q = 0 (upper left), ¢ = 1 and FE time-stepping (upper right), ¢ = 1 and BDF time-stepping (lower left), and ¢ = 2
(lower right).
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Figure 8: Maximum errors versus grid spacing h for Test 2 using manufactured solutions. Fully discrete schemes for
g = 0 (upper left), ¢ = 1 and FE time-stepping (upper right), ¢ = 1 and BDF time-stepping (lower left), and ¢ = 2
(lower right).

= 1/10, j = 0,1,2,3, as before, and maximum errors are determined at 7' = 1 for the time-
dependent cases.

Figure 8 shows maximum errors versus grid spacing for the elliptic case (¢ = 0), the parabolic
case (¢ = 1) for both FE and BDF time-stepping, and the hyperbolic case (¢ = 2). Comparing the
computed errors with the reference lines, we again observe the expected rate of convergence of the
fully discrete schemes for d = 2, 4 and 6.

6.2.3. Test 3. Curvilinear domain and constant-coefficient functions

As a final test using the method of manufactured solutions, we consider a problem defined on
an annular domain, QF = {x = (pcos®, psinf)|p1 < p < p2, 0 < 6 < 63}, where (p,6) are polar
coordinates. The parameters (p1, p2) define the inner and outer radii of the problem domain and
0y defines its angular extent. In the annular domain, the problem is taken to be

(Equ=Au+f(x,t), xeQf ¢=01,2,

u(x,t) = go(x,t), x € 0QF,
u(x,t) = go(x,1), x € 09y,
< Onu(x,t) = gr(x,1), x e 00F, (120)
bl t) = gr(x1),  xe00F,

L(91‘3‘_1u(x,0)=1La,1(><), xeﬁp, a=1,...,q, qg=1,2,
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Figure 9: Maximum errors versus an approximate grid spacing h for Test 3 using manufactured solutions. Fully
discrete schemes for ¢ = 0 (upper left), ¢ = 1 and FE time-stepping (upper right), ¢ = 1 and BDF time-stepping
(lower left), and g = 2 (lower right).

where 0QF for s = £,7,b, 7 correspond to the boundaries at p = p1, p = pa, & = 0 and § = 6
respectively. The problem is transformed from the “physical” domain x € QF to the computational
domain r = (r,s) € Q = (0,1)? using the mapping

x = G(r) = S (r,5) € Q. (121)

(p1 +7(p2 — p1)) sin(s62)
In terms of the mapped coordinates, the spatial operator of the PDE becomes

1

T (122)

4

= 02 —
Qu Tu+7r2(1+r)2 S
for the choice p; = 1, pa = 2 and 03 = 7/2. The mapped problem is discretized in the computational
domain using Ar = Arg/27, Arg = 1/10, j = 0,1,2,3, As = Ar/2, and h = min(Ar, As) = As.
Note that for each grid resolution j the corresponding grid spacings in physical space are approxi-
mately equal.

Figure 9 shows maximum errors at 17" = 1 versus grid spacing. The calculations are performed
using various schemes for ¢ = 0, 1, 2 with order of accuracy d = 2, 4 and 6. In each case, we observe
that the computed errors agree with the expected convergence rates.

6.3. Scattering of a plane wave from a cylinder

Moving on from tests involving the method of manufactured solutions, we now consider three
physically-motivated problems. The first of these problems involves the scattering of an incident
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plane wave from a cylinder of radius equal to one. The incident wave, traveling from left to right,
is given by
Uine(X,t) = cos[k(z — ct)], (123)

where k is the wave number and c is the wave velocity. An exact solution of the wave equation for
the scattered field u(x,t) from a hard cylinder with u = —ujnc(%,t) for |x| = 1 is given by

—ikct Jo(k S n Jn k
ue(x,t) = —Re [e K (Héol()(;)Hél)(kp) + 27;11 Hﬁlg(z)g) HW (kp) cos(n@))] . x| >1, (124)

where J,, and HS) are Bessel and Hankel functions of the first kind, respectively, and (p, 8) are polar
coordinates (see [45]). Our aim is to compute the scattered field for this problem numerically by
solving a corresponding half-plane problem with a symmetry condition applied along the mid-line,
6 = 0 and 7 for p > 1. For this half-plane problem, we consider a finite domain given by

QF = {x = (pcosh,psinh) |1 < p < pe, 0 < 0 < 7},

and let u(x,t) satisfy

(0?u = c?Au, xeQF te(0,T],

u(X,t) = —tine(x,t), p=1, 0€][0,7],

N S T 129
u(x,0) = ue(x,0), X € QP,

| dpu(x,0) = due(x,0), xeQ .

The exact solution of the problem in (125) is given by (124) for any choice of the outer radius
pe > 1 of the domain QF.

We solve (125) numerically to a final time 7" = 1 for the case k = 30, ¢ = 1 and py, = 2.
This is done by first mapping the problem to a unit-square computational domain using (121)
with p1 = 1, p2 = pp and O = m. On the computational domain r = (r,s) € Q, we use the
explicit time-stepping schemes in (113), (114) and (115) corresponding to orders of accuracy equal
to d = 2, 4 and 6, respectively, in both time and space. The LCBC method is used to handle the
boundary and corner conditions for each scheme. Numerical solutions are computed using grids
with Ar = Arg/27, Arg = 1/20, j = 0,1,2,3, and with As = Ar/5 so that the grid spacings
in physical space are approximately equal. Figure 10 illustrates the results of the calculations.
Maximum errors are computed for each time-stepping scheme and for each grid resolution, and the
results are shown in the upper-left plot in the figure (using h = min{Ar, As} = As). Here, we
observe that the errors verify the expected convergence rates of the three schemes. The coarsest
grid used for the calculations is shown in the lower-left plot for reference. The plots in the right
column of the figure show the scattered field (top), the error in the scattered field (middle), and
the total field (bottom), all at 7' = 1 computed using the sixth-order (d = 6) accurate scheme on
the finest grid. We note that the error in the computed scattered field is smooth on the grid as
expected based on the convergence behavior of the solutions.
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Figure 10: Plane-wave scattering from a cylinder. Maximum errors at 7" = 1 for solutions computed using the explicit
time-stepping schemes with d = 2, 4 and 6 (upper left) and the coarsest grid for h = 1/100 (lower left). Right column

shows the scattered field (top), error in the scattered field (middle) and the total field (bottom) at 7' = 1 computed
using the sixth-order accurate scheme on the finest grid.
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6.4. Heat flow in a wavy channel

For the next case, we consider a heat flow problem in channel domain denoted by x € QF.
Assuming the temperature u(x,t) is specified on the boundary of the domain, the problem is given
by

=DAu—v-Vu+~yu, xeQf te(0,T],
u(x,t) = g(x,1), x € 00F, (126)
u(x,0) = up(x), xe QF,
where D is a diffusivity, v is a convection velocity and = is a reaction rate, all taken to be constants,

and ug(x) is the initial temperature. An exact solution for this problem can be constructed by first
considering the free-space solution of the PDE given by

eVt |x — X—Vﬂ2
e(x,1 12
i it -

Assuming a Gaussian initial condition of the form

uo(x) = exp(—olx/|?), o = constant > 0, (128)

the solution in (127) reduces to

() = — " oxp (‘”’X - Vt|2> . (129)

1+ 40Dt 1+ 40Dt

We now set the Dirichlet boundary forcing g(x,t) in (126) to equal the free-space solution so
that (129) becomes the exact solution of the heat flow problem for any channel domain QF.

We let x € QF be a wavy channel domain given by

x=Gi(r,s) = (x2 —x1)r + 21

— 2
y = Ga(r,s) = (y2 — y1)s + y1 + h(r) } (r;s) € @ =10, 1]%, (130)

where (z1,z2) = (y1,y2) = (—1,1). The shape of the bottom and top walls of the wavy channel is
specified by
h(r) = Acsin(27r),

where A, is an amplitude. The heat flow problem in (126) is mapped to the unit-square €2, and
numerical solutions are computed using the implicit BDF schemes with d = 2,4, 6 for the parameter
values D = 0.2, v = (0.5,0.3), y =1, 0 = 6 and A, = 0.1. Note that the mapping in (130) is not
orthogonal unlike the annular mappings considered in previous problems.
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Figure 11: Heat flow in a wavy channel. Maximum errors at 7" = 0.5 for solutions computed using the BDF time-
stepping schemes with d = 2, 4 and 6 (upper left) and the coarsest grid for h = 1/40 (lower left). Right column
shows the temperature (top) and its error (bottom) at 7' = 0.5 computed using the sixth-order accurate scheme on
the finest grid.

Figure 11 shows the results of the calculations at the final time 7" = 0.5. The upper-left plot
shows the maximum error in the solutions with d = 2, 4,6 for grids with h = Ar = As = hg/27,
ho = 1/40, j = 0,1,2,3. These errors verify the expected convergence rates. The lower-left plot
illustrates the grid used for the calculations, here for h = 1/40, and the plots in the right column
show the sixth-order accurate solution and its error at T = 0.5, both for the finest grid with

= 1/320. In particular, we observe that the error is smooth throughout the domain, including
the boundaries and corners.

6.5. Pulse propagation in curved channel

As a final test, we consider a wave propagation problem for u(x, t) in curved channel with closed
ends. The domain of the channel QF is taken to be the quarter annulus described previously by
the mapping in (121) with p; = 1, p2 = 2 and 62 = /2. We assume that v = d,u = 0 initially,
and that a pulse is generated in the channel by setting u(x,t) = gp(x,t) on the vertical boundary
x =0, y € [1,2] denoted by x € 0QF The form of this boundary forcing is taken to be

pulse*

z+1
gp(x,t) = e Ali=t0)” sin(wt) [% cos (27r (y - g)) - %} , (131)
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where 3, tp and w are constants, and z = d/2 for a calculation using a scheme with order of accuracy
equal to d. Assuming zero Neumann conditions on the remaining boundaries, the problem to solve
is

O?u = c*Au, xeQF te(0,T],
u(x,t) = gp(x,1), xe o0f |

( ) gp( ) pl)julse b (132)
Onu(x,t) =0, x € O\ s

u(x,0) = du(x,0) =0, x€ a’.
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Figure 12: Evolution of a pulse in a curved channel with closed ends. Solutions at times ¢t = 1,2,...,6 are computed

using the sixth-order accurate scheme in (115) for a grid with h = 1/640, grid resolution j = 3.

The pulse propagation problem in (132) is solved numerically for ¢ = 1, § = 50, tp = 1 and
w = 6w. This is done by mapping the problem to the unit-square 2, and then solutions are
computed using the second, fourth and sixth-order accurate time-stepping schemes given by (113),
(114) and (115), respectively. The grid spacings in the unit-square coordinates (r, s) are taken to be
Ar = Arg/2), Arg = 1/40, j = 0,1,2,3, As = Ar/2, and h = min(Ar, As) = As. Figure 12 shows
the evolution of the pulse for the times ¢ = 1,2,...,6 as determined by the sixth-order accurate
scheme on the finest grid. Here we observe the forward propagation of the pulse at an early time
(t = 1) and the subsequent interaction with the curved walls of the channel at later times (¢ = 2, 3).
By t = 4 the pulse has reached the lower flat wall of the channel, and then reflects backwards into
the channel at the final times (¢ = 5,6).

45



Pulse solution through an annular domain
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Figure 13: Evolution of a pulse in a curved channel with closed ends. Behavior of the computed maximum-norm
errors at times ¢t = 3 (top) and ¢t = 6 (bottom). Estimated errors versus h (left) and errors in the sixth-order accurate
solution for the grid with A = 1/160, grid resolution j = 1.

Figure 13 shows the behavior of the computed error in the solutions at ¢ = 3 and 6. Since
an exact solution for the problem is not available, we compute the error approximately using a
Richardson extrapolation approach [9, 46]. Let Ui(] ) denote the solution computed on a grid with
mesh spacing h; at a time ¢". The error is computed at a fixed time 7" = ¢", and so the dependence
on t" is suppressed for notational convenience. Assuming convergent schemes, we have

U9 ~ ue (x9) + ¢,

i i

where u.(x) is the exact solution (at t™ = T'), o is the rate of convergence (for h — 0), and Ci(j Visa

grid function (whose values are independent of h; and o). Subtracting solutions at grid resolutions j
and j + 1, assuming hj;q = %hj, gives

Ui(j) o RjUi(j+1) ~ Cl(j)(l - 270)}7];,

where R; is an operator that restricts a grid function at resolution j + 1 to one at j. Taking the
maximum norm of both sides gives

AU; €0 — RiUITV | ~ C(1 - 2779,

where C' is a positive constant. A similar expression involving solutions at grid resolutions j + 1
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and j + 2 can be used to give

AU; AU,
~ 1 J N R 1
7 (AUJ‘H)’ ¢ (1—277)hg (183)

The maximum error in the numerical solution at grid resolution j is then estimated as
109 = e (7)o ~ CRY, (134)

where the convergence rate o and constant C' are given in (133). The convergence plots at t" = 3
and t" = 6 in the left column of Figure 13 are given by (134) using values for o and C' obtained
from solutions at grid resolutions j = 1,2,3. The two plots show convergence rates that agree with
the expected order of accuracy of the explicit time-stepping schemes for d = 2, 4 and 6. The plots
in the right column show representative behaviors of the computed error.

7. Conclusion

We have described a new approach for developing numerical approximations to boundary con-
ditions for high-order accurate finite difference approximations. In contrast to traditional one-sided
approximations, this new local compatibility boundary condition (LCBC) approach results in cen-
tered approximations that are generally more accurate and stable than one-sided approximations.
The LCBC approach uses a local polynomial representation of the solution whose coefficients are
defined using the given boundary conditions and additional compatibility boundary conditions de-
rived from the governing equations, as well as using (known) solution data at grid points in the
interior and on the boundary. The LCBC approach uses the boundary conditions and CBCs defined
at continuous level, which enables automatic construction of the local polynomial, an important
consideration when developing arbitrarily high-order accurate schemes. Values of the discrete so-
lution at ghost points are then determined by evaluation of the local polynomial. Algorithms have
been given for computing the local polynomial as well as for forming the discrete stencil approxi-
mations for the ghost point values which can be used to efficiently assign the ghost point values.
The LCBC approach at corners has also been described. In this case the boundary conditions
and compatibility conditions from the two sides adjacent to the corner are used to define the local
polynomial representation.

The LCBC approach was developed for general boundary-value problems (BVPs) and initial-
boundary-value problems (IBVPs) for second-order scalar PDEs, including elliptic, parabolic and
hyperbolic equations. The approach was formulated for two-dimensional domains that are described
by a smooth mapping from the reference parameter space unit square. Properties of the LCBC
approximations were analyzed. Conditions for the solvability of the LCBC equations were derived.
It was also shown that the LCBC approach results in even and odd symmetry conditions in some
important special cases. The stability of high-order approximations to the wave equation were also
analyzed.

Numerical results were presented that demonstrate the accuracy and stability of the approach.
These numerical tests included manufactured solutions, problems with known solutions, and prob-
lems where the errors were estimated using a grid refinement self-convergence approach. To test
the LCBC conditions, high-order accurate schemes were presented for discretizing the BVPs and
IBVPs. For time-dependent problems, formulae for choosing the maximal stable time-step were
given. Results were presented for orders of accuracy equal to two, four and six. In all cases the
numerical solutions converged at close to the expected rates.
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In future work we will consider extensions of the LCBC approach to BVPs and IBVPs in three
dimensions, problems with interfaces, problems involving vector PDEs such as those that appear
in electromagnetics or elasticity, and nonlinear problems.

Appendix A. LCBC corner conditions

Appendiz A.1. Neumann-Neumann Corner

Consider the bottom-left corner, z = (0, 0), where two Neumann boundaries meet. The physical
(primary) boundary are taken to be

8xu(x, t) = .gf(yv t)a x € 08y, (Ala)
oyu(x,t) = gp(z, ), x € 08, (A.1b)
for some fixed time t. We start by specifying the interpolating polynomial @(x) at known interior

data given by
u(idz, jAy) = U; 5(t), i=1,....p, 7=1,...,p. (A.2a)

Next, we apply tangential derivatives of the primary boundary conditions and compatibility con-
ditions given by
04 0:Q"1(0,0) = 0/Sr,,(0,t)

—0,...,p—1, M., A2b
210,Q"(0,0) = 05),.(0, ) } g b e (4.2b)

respectively, where Sy, (y,t) is defined in (60) and

—0,Q" "1 f(x,0) g=20
d f X ) ) )
Sy (z,t) = , (A.3)
ag gb(x7t) - axq"uf(l‘a Oat)v qg=12
The sets M,, v =0,...,p— 1, chosen to eliminate redundant constraints, are given by
0,1,2,3,...,2p—1,2p, if v = 0, with an average for u = 1,
0, 2,3,4,....2p—1,2p, if v = 1, with an average for u = 3,
M, =140, 2, 4,5...,2p—1,2p, if v = 2, with an average for u = 5, (A.4)

0, 2, 4, 6,...,2p—1,2p, if v=p—1, with an average for u = 2p — 1.

\

Appendiz A.2. Dirichlet-Neumann Corner

Consider the bottom-left corner, & = (0,0), where a Dirichlet boundary on the left meets a
Neumann boundary at the bottom. The physical (primary) boundary are taken to be

u(x,t) = ge(y,t),  x€ 08, (A.5a)
Oyu(x,t) = gp(x,t), X € 0y, (A.5b)

for some fixed time ¢t. We specify the interpolating polynomial @(x) at known interior data:

a(iAz, jAy) = U;5(t), i=1,...,p, j=1,...,p. (A.6a)
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Next, we apply tangential derivatives of the primary boundary conditions and compatibility con-
ditions given by

QY (0,0) = 34 Ry, (0,1)
’ —0,....p—1, (u1, ) e M, A.6b
220,07 (0,0) = 225, (0, 1) Y b (1, pe) € (4.6b)
and
o4 Q7 (0,0) = 04 Ry, (0, 1) } v=p, =024, . 2p—1),2p, (A.6c)

respectively, where Ry, (y,t) is defined in (44) and Sy, (x,t) is defined in (A.3).
The sets M,, v =0,...,p— 1, chosen to eliminate redundant constraints, are given by

[y, p2) € ./\/l(()l) X M(()Q), if v = 0, with an average for (u1,u2) = (1,0),
(1, p2) € ./\/lgl) X Mﬁz), if v = 1, with an average for (u1, u2) = (3,2),
M, =< (u1,u2)€ /\/lgl) X MgQ), if v = 2, with an average for (u1,u2) = (5,4),

L (w1, p2) € ./\/ll(,l_)1 X ./\/11(92_)1, if v = p— 1, with an average for (u1, pu2) = (2p — 1,2p — 2),

(A.7)
where M(yl), /\/ll(,z), v=20,...,p—1 are defined as
(0,1,2,3,...,2p—1,2p, if v =0,
0, 2,3,4,...,2p—1,2p, ifv=1,
M,(,l)=< 0, 2, 4,5,...,2p—1,2p, if v =2, (A.8)
L 0, 2, 4, 6,...,2p—1,2p, iftv=p—1,
and
0,1,2,3,...,2p—2,2p—1,2p, if v =0,
1,2,3,4,...,2p—2,2p — 1, 2p, if v =1,
MZ(/Q): 1, 3,4,5,....2p—2,2p—1,2p, ifv=2, (A.9)

1, 3, 5,....2p—2,2p—1,2p, ifv=p—1.

Appendix B. Analytical proof of the stability of fourth-order LCBC approximations
of the wave equation

In this appendix, we provide an analytical proof of the stability of the fourth-order accurate
LCBC approximations of the wave equation. We have already demonstrated the stability of such
approximations in section 5.3 via a numerical approach. In the proof of theorem 5, we arrived at
the quadratic equation (101) for the amplification factor A which involved a parameter by defined
in (106). We have also defined the parameters k,, lg:y in (100) and required that |b2| < 1 for all
values of ki, l%y for the approximations to be stable.

We now set A, = cAt/Ax, A, = cAt/Ay, X = (Azk,)? and Y = (Ayk,)?, X,Y € [0,4]. We
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write by as

1 X Y 1 2
=1- - [A2X (1+ = ) +A2Y (14— — (A2X + AYY
% 2[9” <+12>+y <+12>}+24($ Y

and define the variable z = A2 + Ag.
From the numerical results in figure 6, we observe that
Given At such that z < 1, |ba] <1 for all X,Y € [0,4].

Proof. Assuming z < 1, we aim to show |by| < 1 or b3 < 1. For this, we write b3 — 1 = F(F + 2)
where

F(X,Y)=— % [Agx <1 + f;) +A2Y (1 + Y)] L1 (A2X + A2Y)?,

12 24
1 272 2 1 2702 1 2/A2 2 1 2 1 2
L _ e —
A B C

For stability we require —2 < F(X,Y) < 0 for all values of X, Y. The function F(X,Y) in (B.1)
is a bi-variate quadratic function in X and Y. We find the discriminant of F' to be
1

1
2 _ 4ad 202/02 2
B — 4AC = T ALY — S AT (AT - D(A] - 1),

L h2 274202 272 2 2
= mAwAy [AxAy - (AmAy —A; A+ 1],
_ L eo
= 144AxAy(z 1) <0,
which shows that F' is an elliptic paraboloid. Also, with Ag,A?/ < z < 1, we find that 4,8 < 1
and F' is concave downwards. The maximum of F' occurs at X =Y = 0 where F'(0,0) = 0. The

minimum of F occurs at X =Y = 4 where

e 2
f(z) def F(4,4) = —gz + gzz.

The function f(z) is a monotonically decreasing function with increasing z € (0,1). We find
lim,_,; f(2) = —2 which is within the bound needed for stability. Hence, when z < 1, b2 < 1 and
the fourth-order accurate LCBC approximation of the wave equation is stable.

O
Appendix C. Time-step restrictions

In this section we provide details of the determination of the time-step for the schemes used
in Section 6. For variable coefficient problems we freeze coeflicients and consider the constant
coefficient operator

Q= (211032C + 2612&5(% + 62255 + 105 + Cg(ay + cg, (Cl)

where c¢11, €12, Co9, €1, C2, ¢y are constants. We then perform a von-Neumann stability analysis to
arrive at a time-step restriction for the frozen coefficients. The final time-step is chosen to enforce
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stability over the range of possible coefficients in the problem at hand.

Appendiz C.1. Parabolic time-step restrictions for method of lines schemes

We consider the parabolic problem
ur = Qu, x e Q) =[0,2n]% (C.2)

with @ given by (C.1) together with periodic boundary conditions in both z,y directions and an
initial condition. We consider a method of lines approximation. Let

XJ = (le.’B,jQAy), jl :0717"'7N:E7 .j2 :0717-~-7Ny7 (C?’)

denote the grid points for € with N, + 1 and N, + 1 points in the  and y directions, where
Az = 27/N, and Ay = 2w/N,. Let Uj(t) ~ u(x;,t) denote the semi-discrete grid function.

Second-order accurate discretization. We discretize (C.2) to second-order accuracy in space

d
%UJ(Y&) = CllD-i-xD—x(]j + 2612D0xD0y(]j + 022D+yD_ij + ClDOIUj + CQDOij + Con. (04)

We perform a von-Neumann analysis to find the time-step restriction. The semi-discrete solution
is expanded in a discrete Fourier series in space. We thus make the ansatz

A~

Ui(t) = V()™ S, ky = —Ny/2,...,(No/2) — 1, ky = —N,/2,...,(N,/2) — 1,

where k = (k;, ky) and where we have assumed N, and N, are even for convenience. Substitute
this ansatz into (C.4) and simplify to arrive at the standard test equation

dVi 9)
— = APV, (C.5)

where the time-stepping eigenvalue is
A = a+iB,
def ; > 3
o =< —C11 k% — 2c12 k‘ox koy — C9292 ]{522/ + ¢,

def » »
B = c1kox + c2 k0y7

and where
iy 2t SinA(iﬂ;/Q 2 g, SmA(?% 2), (C.6)
For < SmA(i) oy & SmA(f/y), (C.7)
¢ ¥ kA, & < kyAy. (C.8)
Note that we have the bounds,
—nm <& <, —m <& <, (C.9)
<z i< (©.10)
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1
Az’

1

|]€Ox| < |k0y| < Iy

(C.11)

We now un-freeze the coefficients to obtain an estimate of the worst case time-stepping eigenvalue
Amax = Qmin + fBmax as

. dlenn(x)]  2era(x)] 4 e (x)]

S ey v i vroaki v SRS
B ler(x)] | ea(x)]

Bmax = erig |: Az + Ay y

where QF is the physical domain under consideration. We approximate the region of absolute
stability of the time-stepping scheme as an ellipse in the complex plane for z = = + iy, (for schemes
not stable on the imaginary axis such as forward-Euler this assumes we are not too close to the

imaginary axis)
2\ 2 v\ 2
- + [ = él, C.12
(@) () o

and ensure that z = Ay At lies within the approximate stability region. This leads to the condition,

Qmin At 2 ﬁmaXAt) 2
+ <1, C.13
( g ) < Bo (C.13)

which can be re-arranged to give an inequality for At.

For forward-Euler we approximate the region of absolute stability using ellipse parameters
ap =2 and By = 1.

Fourth-order accurate discretization. We now use fourth-order accurate centered differences in (C.4).
The time stepping eigenvalue is
2

@ [ A2, : Az, 4 Ay? ;s
__ 1+ 25 82| —2ei0kon |1+ 2 1+ =2
AL c11 kx[ + 5 kx} c12 ko { + 5 kv | Koy |1+ 6 ky

. A 2 R A 2 R A 2
— 99 k; [1 + ék;] + 1 tkog [1 + gki] + o ikgy |:1 + Gyk?;} + ¢g.

We shall use the bounds

) Az? . 16
k21 E2| < 14
w[ M) 4 3Az2’ (C.14)
- Ax? ., 3

< — .
‘kw [1+ - kx} < no (C.15)

and similar ones for the y variable to obtain an estimate for the worst case time-stepping eigenvalue
with real and imaginary parts given by

16]ci1(x)| _ 9lera(x)]  16fean(x)] (%)
3Ax2 2AxAy 3Ay?2 0 ’

Qpin = Min [—

xeQP
N 3ler(x)] | 3lea(x)]
Pragx = Xer? [ Az 2Ay |
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Sizth-order accurate discretization. For sixth-order accurate centered differences in (C.4), the time
stepping eigenvalue is

AD = ey 2 [1 + AlTkQ Agf)k‘*] — oo 2 [1 + A—kQ Ag?é k4]
— 2e12 1%01[ M Suab k4} oy {1 + A—k2 Agi};g]
+ 1 ks {1 + Agz%fc ASE k4] + ey ikoy [1 + A—ka Ag(y) k"} + co.
We use the bounds
P2 [1 ; Al"; P2+ Agg 2 ] < %, (C.16)
‘I%Ox [1 + AGZEQIQ:Q% + A?):gl%ﬁ] < %gfx, (C.17)

and similar ones for the y variable to estimate the worst case time-stepping eigenvalue with real
and imaginary parts as follows

G — min _272|611(X)‘ _ 1313|612(X)’ . 272‘622(X)| c (X)
T QP 45 A2 261AzAy 45Ay2 N
B 1199 |e1(x)] 1199 |ea(x)]
Pz = Mo [ T56Az 568y |

Appendiz C.2. Time-step restriction for hyperbolic problems
We consider the hyperbolic problem

uy = Qu, x € [0, 277, (C.18)

with @ given in (C.1) together with periodic boundary conditions in both z,y directions and initial
conditions. We set Uj" ~ u(x;,¢") where x; is defined in (C.3).

Second-order accurate discretization. We descretize (C.18) to second-order accuracy in space and
time

D+tD_tU;L = C]_]_.D+ID_IU;L+2C]_2DOID0yU;L+022D+yD_yU;L+ClD0xU;L+CQDOyU;L+COUJn, Xj € Q.
(C.19)

We perform a Von-Neumann analysis to find the time-step restriction where we make the ansatz

U = Ametkxi ky = —Ng/2,...,(Ng/2) — 1, ky = —Ny/2,...,(N,/2) — 1

with k = (ks, ky) and N;,N, assumed even. We plug the ansatz in (C.19) and simplify to arrive at
a quadratic equation for A

A% —2bA+1 =0, (C.20)
where AR
2 .
b=1+ TQha (C.21)
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and
Qh = —an‘g — 2012k011€0y — 022]65 + ’iclkogc + iCQkoy + Cg. (0.22)

The parameters ks, l;’y, ko l%gy are defined in (C.6) and (C.7).

For stability, we wish to find a bound on At such that the roots of (C.20), Ay, satisfy
|Ay|,|A—| < 1, and that there be no double roots with |A| = 1, to avoid algebraic growth in
time. From equation (C.20), we see that A, A_ = 1. Therefore, A, = ¢ and A_ = ¢, for
0 € R. Furthermore, b = (A} + A_)/2 = cosf. Since there are double roots when b = +1, we
require At such that b € R and |b| < 1.

For this problem, b is complex if ¢; # 0 or ¢ # 0 and then we cannot satisfy |A| < 1. In this
case some dissipation should therefore be added to the scheme so that there is no growth in time.
We note that we could generalize our definition of stability to allow bounded growth in time in
which case the scheme could formally be stable using this extended definition of stability. This is
because as we refine the mesh, and assuming At < (const.) min{Az, Ay} then

At? - A s .
b~1-— T <611ka23 + 2612k0$k0y + ngkg) +O<At), as At — 0, (0.23)

S )

b

since At?|ko,| < (const.)At and At?|kg,| < (const.)At. The contribution of the complex part of
the symbol to b in (C.23), which comes from the lower order terms, goes to zero like At as At — 0.
Therefore, provided |b| < 1, we have |[AL| = 1 + O(At) and the scheme will thus be stable, with
bounded growth. Even in this case it is still recommended that dissipation be added to the scheme.

Consider then

52 =1— A¢#? (Clll;?g + 2612/;30x/;30y + 022];%)
4

At . P Ao\ 2
+ e <611k§ + QClgkoxkoy + ngkg) < 1.

We look for a time-step At such that

2

1 (01112‘926 + 20121%011%03, + CQQI%Z) < 1. (0.24)

With the necessary condition that cji1ces > C%Q, we find that

29 - ol C11 C22
_Wgrrglf:g<w [Cllkx + 2012k0$/€0y + CQQky] =4 (Aa:Q + AyQ> s (0.25)
occurs when (&;,&,) = (—m, —m). Hence,
1
Al < —————. (C.26)
C11 + €22
Az2 Ay?

We obtain the bound in (C.25) by considering the maximum of the function

X(nggy) = 0111%920(&(:) + 2cl2k0x(§x)l%0y(fy) + 022];35(51,/)' (027)
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We find the critical points of y using the equations

_cno 12 . _
Xeo = A2 sin&, + ArAy cos &, singy, = 0, (C.28)
co2 . 2 .
Xe, = A2 sin &, + Aehy sin&, cos &, = 0. (C.29)

Seeing that cos(&,) # 0 (otherwise we arrive at a contradiction), equation (C.29) gives

. Az co9
siné, = ———tan&,. C.30
& =22 g, (©:30)
We use (C.30) to rewrite (C.28) in terms of &,
. C11C22 1 A{L‘Q C%2
- + 1 — ——= tan? =0. C.31
sin &y ( cr2 cosé, T 012\/ Ay 2, an® &y ( )

If we suppose that

A$2 C2 C11C22 1
+ci2 1—7A 2%tan2§y = ,
Y= ciy cl12 cos&y

square both sides and simplify to obtain

2 2 2 2
2¢ _Af’f €22 in2¢, = C11C22
COSs™ Gy A2 2 S y = A

Y~ C1a 12

2 2 2 2
.2 Az~ cyy 9, _ Cli1C

1—sin“&, — sin“ &, =

Y A2 2 Y 4 ’

Y~ C12 C12

.2 4 Az® 5 _ 2 2 4
sin” &, <_C12 - Tyg 022012> = €11C22 — €12,

we find that ¢};c3, — c¢fy <0 = c11c92 < ¢35 which violates the necessary condition c11ca2 > s,

Therefore, the function x (&, &y) has critical points when sin(y) = sin(§;) = 0, or at (—m, —),(—7,0),
(0,7), (0,0) and is maximum at (—m,—m).

References

[1] D. Appelo, J. W. Banks, W. D. Henshaw, D. W. Schwendeman, Numerical methods for solid
mechanics on overlapping grids: Linear elasticity, J. Comput. Phys. 231 (18) (2012) 6012-6050.

[2] J. W. Banks, W. D. Henshaw, A. Kapila, D. W. Schwendeman, An added-mass partitioned al-
gorithm for fluid-structure interactions of compressible fluids and nonlinear solids, J. Comput.
Phys. 305 (2016) 1037-1064.

[3] W. D. Henshaw, A fourth-order accurate method for the incompressible Navier-Stokes equa-
tions on overlapping grids, J. Comput. Phys. 113 (1) (1994) 13-25.

[4] F.Meng, J. W. Banks, W. D. Henshaw, D. W. Schwendeman, Fourth-order accurate fractional-
step IMEX schemes for the incompressible Navier-Stokes equations on moving overlapping
grids, Computer Methods in Applied Mechanics and Engineering 366 (2020) 113040.

95



[5]

[6]

[10]

[11]

W. D. Henshaw, A high-order accurate parallel solver for Maxwell’s equations on overlapping
grids, STAM J. Sci. Comput. 28 (5) (2006) 1730-1765.

J. Angel, J. W. Banks, W. D. Henshaw, M. J. Jenkinson, A. V. Kildishev, G. Kovacic, L. J.
Prokopeva, D. W. Schwendeman, A high-order accurate scheme for Maxwell’s equations with
a generalized dispersion model, J. Comput. Phys. 378 (2019) 411-444.

J. W. Banks, B. Buckner, W. D. Henshaw, M. J. Jenkinson, , A. V. Kildishev, G. Kovacic,
L. J. Prokopeva, D. W. Schwendeman, A high-order accurate scheme for Maxwell’s equations

with a generalized dispersive material (GDM) model and material interfaces, J. Comput. Phys.
412 (2020) 109424.

W. D. Henshaw, H.-O. Kreiss, L. G. M. Reyna, A fourth-order accurate difference approxima-
tion for the incompressible Navier-Stokes equations, Comput. Fluids 23 (4) (1994) 575-593.

W. D. Henshaw, D. W. Schwendeman, Moving overlapping grids with adaptive mesh refinement
for high-speed reactive and non-reactive flow, J. Comput. Phys. 216 (2) (2006) 744-779.

W. D. Henshaw, K. K. Chand, A composite grid solver for conjugate heat transfer in fluid-
structure systems, J. Comput. Phys. 228 (2009) 3708-3741.

J. W. Banks, W. D. Henshaw, D. W. Schwendeman, Q. Tang, A stable partitioned FSI algo-
rithm for rigid bodies and incompressible flow. Part II: General formulation, J. Comput. Phys.
343 (2017) 469-500.

J. W. Banks, W. D. Henshaw, D. W. Schwendeman, Q. Tang, A stable partitioned FSI algo-
rithm for rigid bodies and incompressible flow. Part I: Model problem analysis, J. Comput.
Phys. 343 (2017) 432-468.

J. W. Banks, W. D. Henshaw, D. W. Schwendeman, Q. Tang, A stable partitioned FSI al-
gorithm for rigid bodies and incompressible flow in three dimensions, J. Comput. Phys. 373
(2018) 455-492.

D. A. Serino, J. W. Banks, W. D. Henshaw, D. W. Schwendeman, A stable added-mass
partitioned (AMP) algorithm for elastic solids and incompressible flow, J. Comput. Phys. 399
(2019) 1-30.

D. A. Serino, J. W. Banks, W. D. Henshaw, D. W. Schwendeman, A stable added-mass par-
titioned (AMP) algorithm for elastic solids and incompressible flow: Model problem analysis,
SIAM J. Sci. Comput. 41 (4) (2019) A2464-A2484.

J. W. Banks, W. D. Henshaw, D. W. Schwendeman, An analysis of a new stable partitioned
algorithm for FSI problems. Part I: Incompressible flow and elastic solids, J. Comput. Phys.
269 (2014) 108-137.

J. W. Banks, W. D. Henshaw, D. W. Schwendeman, An analysis of a new stable partitioned
algorithm for FSI problems. Part II: Incompressible flow and structural shells, J. Comput.
Phys. 268 (2014) 399-416.

F. Meng, J. W. Banks, W. D. Henshaw, D. W. Schwendeman, A stable and accurate partitioned
algorithm for conjugate heat transfer, J. Comput. Phys. 344 (2017) 51-85.

56



[19]

[20]

[21]

[25]

[26]

[27]

28]

B. Gutsafsson, High Order Difference Methods for Time Dependent PDE, Springer Series in
Computational Mathematics, Springer, 2008.

H.-O. Kreiss, N. A. Petersson, A second order accurate embedded boundary method for the
wave equation with Dirichlet data, SIAM Journal on Scientific Computing 27 (4) (2006) 1141
1167.

S. Nilsson, N. A. Petersson, B. Sjogreen, H.-O. Kreiss, Stable difference approximations for
the elastic wave equation in second order formulation, STAM Journal on Numerical Analysis
45 (5) (2007) 1902-1936.

D. Appelo, N. A. Petersson, A fourth-order accurate embedded boundary method for the wave
equation, STAM Journal on Scientific Computing 34 (6) (2012) A2982-A3008.

B. Sjogreen, N. A. Petersson, A fourth order finite difference scheme for the elastic wave
equation in second order formulation, Scient. Comput. 52 (2012) 17-48.

R. J. LeVeque, Z. Li, The immersed interface method for elliptic equations with discontinuous
coefficients and singular sources, SIAM Journal on Numerical Analysis 31 (4) (1994) 1019-
1044.

R. J. LeVeque, Z. Li, Immersed interface methods for stokes flow with elastic boundaries or
surface tension, SIAM Journal on Scientific Computing 18 (3) (1997) 709-735.

R. J. LeVeque, D. Calhoun, Cartesian grid methods for fluid flow in complex geometries, in:
L. J. Fauci, S. Gueron (Eds.), Computational Modeling in Biological Fluid Dynamics, Vol. 124
of IMA Volumes in Mathematics and its Applications, Springer-Verlag, 2001, pp. 117-143.

S. Tan, C.-W. Shu, Inverse lax-wendroff procedure for numerical boundary conditions of con-
servation laws, Journal of Computational Physics 229 (21) (2010) 8144-8166.

R. B. d. R. Borges, N. D. P. da Silva, F. A. A. Gomes, C.-W. Shu, S. Tan, A Sequel of
Inverse Lax—Wendroff High Order Wall Boundary Treatment for Conservation Laws, Archives
of Computational Methods in Engineering.

J. Lu, C.-W. Shu, S. Tan, M. Zhang, An inverse Lax-Wendroff procedure for hyperbolic conser-
vation laws with changing wind direction on the boundary, Journal of Computational Physics
426 (2021) 109940.

C.-W. Shu, S. Tan, Chapter 2 - inverse Lax—Wendroff procedure for numerical boundary
treatment of hyperbolic equations, in: R. Abgrall, C.-W. Shu (Eds.), Handbook of Numerical
Methods for Hyperbolic Problems, Vol. 18 of Handbook of Numerical Analysis, Elsevier, 2017,
pp- 23-52.

T. Li, C.-W. Shu, M. Zhang, Stability Analysis of the Inverse Lax—Wendroff Boundary Treat-
ment for High Order Central Difference Schemes for Diffusion Equations, Journal of Scientific
Computing 70 (2) (2017) 576-607.

T. Li, C.-W. Shu, M. Zhang, Stability Analysis of the Inverse Lax—Wendroff Boundary Treat-
ment for High Order Central Difference Schemes for Diffusion Equations, Journal of Scientific
Computing 70 (2) (2017) 576-607.

o7



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

J. Lu, J. Fang, S. Tan, C.-W. Shu, M. Zhang, Inverse Lax—Wendroff procedure for numerical
boundary conditions of convection—diffusion equations, Journal of Computational Physics 317
(2016) 276-300.

T. R. Hughes, The Finite Element Method: Linear Static and Dynamic Finite Element Anal-
ysis, Dover Publications, New York, 2000.

G. Strang, G. Fix, An Analysis of the Finite Element Method 2nd Edition, 2nd Edition,
Wellesley-Cambridge, 2008.

J. S. Hesthaven, T. Warburton, Nodal Discontinuous Galerkin Methods: Algorithms, Analysis,
and Applications., Springer Verlag, New York, 2008.

T. J. Hughes, J. A. Evans, A. Reali, Finite element and NURBS approximations of eigenvalue,
boundary-value, and initial-value problems, Comput. Methods Appl. Mech. Engrg. 272 (2014)
290-320.

J. W. Banks, T. Hagstrom, On Galerkin difference methods, J. Comput. Phys. 313 (2016)
310-327.

J. W. Banks, T. Hagstrom, J. Jacangelo, Galerkin differences for acoustic and elastic wave
equations in two space dimensions, J. Comput. Phys. 372 (2018) 864-892.

J. J. Jacangelo, J. W. Banks, T. Hagstrom, Galerkin differences for high-order partial differ-
ential equations, SIAM J. Sci. Comput. 412 (2020) B447-B471.

I. S. Duff, J. Koster, On algorithms for permuting large entries to the diagonal of a sparse
matrix, SITAM Journal on Matrix Analysis and Applications 22 (4) (2001) 973-996.

L. Anné, P. Joly, Q. H. Tran, Construction and analysis of higher order finite difference schemes
for the 1d wave equation, Computational Geosciences 4 (2000) 207-249.

J. W. Banks, W. D. Henshaw, Upwind schemes for the wave equation in second-order form,
J. Comput. Phys. 231 (17) (2012) 5854-5889.

J. Angel, J. W. Banks, W. D. Henshaw, High-order upwind schemes for the wave equation
on overlapping grids: Maxwell’s equations in second-order form, J. Comput. Phys. 352 (2018)
534-567.

P. A. Martin, Multiple Scattering: Interaction of Time-Harmonic Waves with N Obstacles,
Encyclopedia of Mathematics and its Applications, Cambridge University Press, 2006.

J. W. Banks, T. Aslam, W. J. Rider, On sub-linear convergence for linearly degenerate waves
in capturing schemes, J. Comput. Phys. 227 (14) (2008) 6985-7002, .

o8



	1 Introduction
	2 Two sample problems
	2.1 Heat equation in one-dimension
	2.2 The wave equation in two dimensions

	3 Second-order PDE initial-boundary-value problems and discretizations
	3.1 Second-order PDE initial-boundary-value problems
	3.2 Semi-discrete approximations
	3.3 Compatibility boundary conditions

	4 LCBC method
	4.1 Dirichlet boundary
	4.1.1 LCBC method: Direct approach
	4.1.2 LCBC method: Stencil approach

	4.2 Neumann boundary
	4.3 LCBC conditions at a corner
	4.4 Conditioning of LCBC matrices

	5 Analysis of the LCBC approach
	5.1 Solvability of the LCBC matrix systems
	5.2 Symmetry properties of the LCBC conditions
	5.3 Stability of LCBC approximations for the wave equation

	6 Numerical results
	6.1 Fully discrete schemes
	6.2 Convergence tests using the method of manufactured solutions
	6.2.1 Test 1. Square domain and constant-coefficient functions
	6.2.2 Test 2. Square domain and variable-coefficient functions
	6.2.3 Test 3. Curvilinear domain and constant-coefficient functions

	6.3 Scattering of a plane wave from a cylinder
	6.4 Heat flow in a wavy channel
	6.5 Pulse propagation in curved channel

	7 Conclusion
	Appendix A LCBC corner conditions
	Appendix A.1 Neumann-Neumann Corner
	Appendix A.2 Dirichlet-Neumann Corner

	Appendix B Analytical proof of the stability of fourth-order LCBC approximations of the wave equation
	Appendix C Time-step restrictions
	Appendix C.1 Parabolic time-step restrictions for method of lines schemes
	Appendix C.2 Time-step restriction for hyperbolic problems


