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Abstract We use high order finite difference methods to solve the wave equation in the
second order form. The spatial discretization is performed by finite difference operators sat-
isfying a summation-by-parts property. The focus of this work is on numerical treatments
of non-conforming grid interfaces and non-conforming mesh blocks. Interface conditions
are imposed weakly by the simultaneous approximation term technique in combination with
interface operators, which move discrete solutions between grids at an interface. In particular,
we consider an interpolation approach and a projection approach with corresponding opera-
tors. A norm-compatible condition of the interface operators leads to energy stability for first
order hyperbolic systems. By imposing an additional constraint on the interface operators,
we derive an energy estimate of the numerical scheme for the second order wave equation.
We carry out eigenvalue analyses to investigate the additional constraint and its relation to
stability. In addition, a truncation error analysis is performed, and discussed in relation to
convergence properties of the numerical schemes. In the numerical experiments, stability and
accuracy properties of the numerical scheme are further explored, and the practical usefulness
of non-conforming grid interfaces and mesh blocks is discussed in two practical examples.

Keywords Second order wave equation - Finite difference method - SBP-SAT - Non-
conforming grid interface - Interpolation - Coupling
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1 Introduction

For wave propagation problems, the computational domain is often large compared with
the wavelength, and waves travel for a long time. It has been shown that high order accurate
discretizations in time and space are more efficient to solve these problems on smooth domains
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[9,15]. Although it is straightforward to derive high order finite difference stencils in the
interior of the computational domain, it is challenging to derive boundary closures in a stable
and accurate way. For long time simulations, it is also desirable that the discretization is
strictly stable [10, p. 129] so that the numerical solution only exhibits growth originated
from the differential equation. A successful candidate of high order finite differences is
the summation-by-parts simultaneous approximation term (SBP-SAT) method [5,30]. An
SBP operator [17] approximates a spatial derivative, and mimics integration-by-parts via
its associated norm. The SAT method [3] is used to impose boundary conditions and grid
interface conditions weakly.

Traditionally, the wave equation is written as a first order hyperbolic system, and is then
solved by well-developed methods for such systems. However, there are various drawbacks
in doing so [16]. For example, new variables are introduced in the system. This not only
leads to more computational work, but also requires a careful derivation of the boundary
conditions for the new variables. Therefore, it is desirable to solve directly the wave equation
in the second order form. The SBP-SAT scheme has been used to solve the wave equation in
the second order in [1,22] for different boundary conditions, and in [21] for a discontinuous
medium. In [31], the method is extended to handle complex geometries and heterogeneous
media. Stability of the numerical scheme is proved by the energy method, and such a scheme
is often termed as energy stable.

For a wave that travels in an inhomogeneous medium, the wave speed varies in space. The
frequency of a wave is given by initial and boundary data, and any present interior forcing. To
resolve a given frequency, the corresponding wavelength is proportional to the wave speed.
A reduction in the wave speed confined to a subset of the physical domain yields a wave with
a shorter wavelength localized in that subset. In [11,15], the accuracy of a numerical solution
to a Cauchy problem is stated in terms of the number of grid points per wavelength. For
computational efficiency it is important that a fine mesh is used in the subset that constitutes
the slower medium, and a coarse mesh elsewhere.

To achieve this, we can partition the computational domain into blocks, where the mesh
sizes are constant in each block but differ in different blocks. Though there are conforming
strategies [13], it is more natural that the partitioning results in non-conforming grid interfaces
with hanging nodes, or even non-conforming mesh blocks. Suitable interface conditions
are then imposed to couple adjacent mesh blocks and yield a well-posed problem. Many
techniques for the numerical treatment of interface conditions have been proposed. In [27], an
energy conserving discretization of the elastic wave equation in the second order formulation
is presented. The finite difference operators satisfy the principle of SBP, and the grid interface
with a 1:2 refinement ratio is handled by using ghost points. Stability is proved by the energy
method, but the convergence rate of the numerical scheme is limited to two.

Besides the ghost point approach, the SAT method can be used for the numerical cou-
pling of grid interfaces, for example for the advection-diffusion equation in [4] and the wave
equation in [21]. In [20], norm-compatible interpolation operators are constructed to handle
non-conforming grid interfaces, and the Euler equations are used as the model problem. The
norm-compatible condition leads to an energy estimate for first order hyperbolic systems,
and also for the Schrodinger equation [26]. The interpolation error of the norm-compatible
interpolation operators [20] is of the same order as the truncation error of the SBP opera-
tors. In the numerical experiments, it is shown that the convergence rate of the numerical
scheme applied to the Euler equations is not lowered by using the interpolation operators,
compared with the case with only conforming grid interfaces. To use the interpolation oper-
ators presented in [20], the mesh refinement ratio is fixed to 1:2 and the mesh blocks must
be conforming.

@ Springer



1004 J Sci Comput (2016) 68:1002-1028

Recently, a general purpose methodology for coupling non-conforming grid interfaces as
well as non-conforming mesh blocks was developed in [14]. This technique uses projection
operators to move a discrete finite difference solution to piecewise polynomial functions in a
subspace of a Hilbert space where the coupling is done. The wave equation in the first order
system formulation is used as a model problem. Stability is proved by the energy method,
and the numerical experiments demonstrate that the convergence rate is high order though
slightly lower than when conforming grid interfaces were used. The projection operators
allow for a very flexible configuration of meshing in the sense that grid interfaces and mesh
blocks do not need to be conforming. Similarly to the interpolation operators, the projec-
tion operators satisfy a norm-compatible condition that is essential for the stability proof
to hold.

In this paper, we focus on numerical treatments of non-conforming grid interfaces for the
wave equation in the second order form in the framework of the SBP-SAT methodology. In
particular, stability and accuracy properties of the resulting methods are investigated. We have
found that in contrast to first order hyperbolic systems, the norm-compatible condition is not
sufficient for energy stability. The second and fourth order accurate interpolation operators in
[20] and projection operators in [14] satisfy an additional condition. We give a stability proof
by the energy method for those cases. For higher order accurate operators, the additional
condition is not satisfied, and we cannot prove stability. In fact, numerical experiments
show that the sixth and eighth order accurate schemes based on the interpolation operators
are unstable in several settings, while no unphysical growth is observed for the higher order
accurate schemes with the projection operators. An eigenvalue analysis of the spatial operators
support these observations.

Local mesh refinement reduces the number of grid points significantly in computations.
To achieve full efficiency, the numerical scheme must also be accurate enough. It is desirable
that the convergence rate is not depressed by using non-conforming grid interfaces and mesh
blocks. Even though this is in most cases true for first order hyperbolic systems, the situation
for second order equations is less favourable. By a truncation error analysis, we show that
the truncation error near the corners of mesh blocks connected by the non-conforming grid
interfaces is two orders larger than that with conforming grid interfaces. The large truncation
error is localized at only a few grid points in a two dimensional space, and its effect to the
convergence rate may therefore be weakened. In fact, the numerical experiments show that
the convergence rate with a non-conforming grid interface is only one order lower than the
corresponding case with a conforming grid interface. In addition, we give some practical
examples to compare the numerical schemes with interpolation operators and projection
operators. We have found that in certain cases it is beneficial to use non-conforming grid
interfaces, albeit the accuracy reduction.

The structure of this paper is as follows. In Sect. 2, the SBP-SAT methodology is intro-
duced. We then discuss stability and accuracy properties of the numerical coupling based on
interpolation operators in Sect. 3, and projection operators in Sect. 4. Numerical experiments
are carried out in Sect. 5 including the eigenvalue analyses for stability, convergence verifi-
cations for accuracy and two practical examples of problems with a complex geometry. We
conclude and mention future work in Sect. 6.

2 Preliminaries

We begin with the preliminaries that will be used in the discussion of the SBP-SAT method.
Let wy(x) and wy (x) be two real-valued functions in L,[0, 1]. An inner product is defined by
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Table 1 « Values
2p 2 4 6 8 10

o 0.4 0.2508560249 0.1878715026 0.0015782259 0.0351202265

(wy, wy) = fol w1 wadx, with a corresponding norm ||w I = (w, w;). The computational
domain [0, 1] is discretized by N + 1 equidistant grid points

1
x;=ih, i=0,1,..., N, where h = —.
N

With any fixed N, a grid function can be represented by a vector and an operator can be rep-
resented by a matrix. Throughout this paper, we use an operator and a matrix interchangeably
when there is no ambiguity.

2.1 SBP Finite Difference Operators

To solve the wave equation with constant coefficients in a rectangular domain, an SBP finite
difference operator approximating second derivative 8% /9x2 is needed. In this paper, we use
the operators constructed in [19,23], and defined as follows.

Definition 1 A difference operator D, = H ™' (—M + BS) approximating second derivative
2 /0x? is an explicit narrow diagonal second derivative SBP operator, if H is diagonal and
positive definite, M is symmetric positive semi-definite, B = diag(—1, 0, ..., 0, 1), the first
and last row of S is a one sided approximation of 9/dx at the boundary and the interior stencil
width of D; is minimal.

The diagonal positive definite matrix H defines the SBP norm, and it has the interior
weight i and special boundary weights. A difference operator is explicit if no system of
equations is needed to solve when computing difference approximations, i.e. compact Padé-
type schemes are not considered here. The concept narrow is introduced in [24], which means
that the interior finite difference stencil width is minimal. To derive an energy estimate for the
SBP-SAT scheme for the wave equation with a Dirichlet boundary condition or an interface
condition at a material heterogeneity, the following lemma, which is often referred to as the
borrowing trick [1,21,31], is essential:

Lemma 1 The matrix M in the diagonal norm SBP operators D constructed in [19,23] can
be written as

M = ha(BS)'BS + M,

where h is the grid spacing, a is a constant independent of h, the matrices B and S are the
same as in Definition 1, and M is symmetric positive semi-definite.

The values of « are computed in [21] for the second, fourth and sixth order accurate SBP
operators D;. We use the same technique to compute the values of « for the eighth and tenth
order cases, and list them in Table 1.

When a complex geometry is present, a curvilinear grid can be used to resolve the geo-
metrical features. In this case, even if the original equation has only constant coefficients,
the transformed equation has second derivative terms with variable coefficients, and mixed
derivative terms [29]. For this reason, there is a need of SBP operators D; approximating
first derivative d/dx and Dg’) = H'(—=M® 4 B® ) approximating second derivative
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(a) (b)

Fig.1 Conforming mesh blocks with non-conforming grid interfaces. a Two mesh blocks, b four mesh blocks

d/9x(b(x)d/9x) with b(x) > 0. To derive an energy estimate for stability, it is important
that D; and Déb) are associated with the same norm. In addition, when a mixed derivative
term is present D and Déb) must be compatible. Compatibility [24] means that M®) can be
written as M®) = DITH B® Dy + R® where R® is symmetric positive semi-definite. In
this case, Déb) is essentially equal to applying D twice plus a small dissipative term. In this
paper, we use the compatible SBP operators D, constructed in [28] and Déb) constructed in

[18]. In the special case b(x) = 1, D;b) in [18] coincides with the corresponding constant
coefficient SBP operators D; in [23].

The accuracy of SBP operators are often termed as 2 p, meaning that the truncation error
is O(h?P) in the interior. To satisfy the SBP property, the truncation error near the boundary
increases. For all the SBP operators we use, near the boundary the truncation error is O(h?).
For § ~ j—x at the boundary, the truncation error is O(h”*+!). Compatible SBP operators D;
and D, are constructed in [28] and [23] for p = 1,2, 3, 4. The operators D; and D, are
further extended to tenth order accuracy in [19], but they are not compatible. The operators
Déb) in [18] have accuracy p = 1, 2, 3. The construction of Déb) requires the solution of a
large system of nonlinear equations, which is very involved when the accuracy order is high.
The borrowing trick for Déb) is presented in [31].

3 Non-conforming Grid Interfaces Handled by Interpolation Operators

The numerical coupling of conforming grid interfaces by the SAT method for the wave
equation is discussed in [31]. Our aim in this section is to generalize the scheme to also
couple non-conforming grid interfaces by using interpolation operators. Figure 1a, b show
two examples of non-conforming grid interfaces in conforming mesh blocks. To begin with,
we consider a grid interface with a coarse grid on one side and a fine grid on the other side.
We denote the interpolation operators by Ir>c and I¢> F, with the subscripts F2C and C2F
referring to fine to coarse and coarse to fine, respectively.

A key concept, norm-compatible, is important because it enables interpolating solutions
across the interface while preserving the SBP property.

Definition 2 Let Hc and Hr denote the SBP norms corresponding to the coarse grid and
the fine grid on an interface of two mesh blocks. We call the interpolation operators Irac
and /¢ F norm-compatible if

Hrlcar = (Helrac)!. 1
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We will also make use of the following definition when proving stability by the energy
method.

Definition 3 Let Hc and Hr denote the SBP norms corresponding to the coarse grid and
the fine grid on an interface of two mesh blocks. We call the interpolation operators Irac
and /cpF norm-contracting if the matrices

= .

Ec = HcUc — Iraclcar) and Ef := Hp(IF — Ic2rIFac)
are symmetric positive semi-definite. /¢ and /r are identity matrices.

Norm-compatible interpolation operators for the grid interface with mesh refinement ratio
1:2 are constructed in [20]. The construction of interpolation operators with other refinement
ratios (1:4, 1:8, ...) is possible by the same technique. The interpolation operators do not
interpolate exactly, instead they mimic the accuracy property of the diagonal norm SBP
operators. For p = 1, 2, 3, 4, the interpolation error is O(h2P) in the interior of the interface,
but near the ends of the interface the interpolation error increases to O(h?). Though the
accuracy is reduced near the ends of the interface, the number of grid points with the large
interpolation error O (h?) is independent of 4. We call them 2 pth order accurate interpolation
operators, and when used together with 2 pth order accurate SBP operators the scheme is also
termed as 2 pth order accurate, even though the local truncation error of the semi-discretized
equation may not be O(h?P) or O(hP). Here, h is used to denote the magnitude of the mesh
sizes for the sake of a simplified notation. In Sect. 3.1.2, we perform a truncation error analysis
based on the interpolation accuracy and relate it to the convergence rate of the scheme.

For the norm-contracting condition in Definition 3, it is straightforward to show that E¢
and Er are symmetric by using the norm-compatible condition in Definition 2. However,
the positive semi-definiteness is not a built-in constraint in the construction process of the
interpolation operators. In Sect. 5.1, we perform an eigenvalue analysis and show that only
the second and fourth order accurate interpolation operators constructed in [20] are norm-
contracting. However, the eigenvalue analysis of the spatial operator in Sect. 5.1 seems to
suggest, see Table 3, that the scheme with the sixth other accurate interpolation operators
is stable, indicating that the norm-contracting condition is sufficient but not necessary for
stability.

3.1 The Wave Equation with a Non-conforming Grid Interface

The wave equation in the second order form in two space dimensions is
Upr = Uxx + Uy)w (2)

in a domain £2 = [0, l]2 and 0 < ¢ < ty. We assume that the initial conditions and boundary
conditions are compatible smooth functions with compact support. As a consequence, the
true solution U is also smooth. The numerical scheme and analysis in this section are valid
with an additional forcing function in (2), although we do not include it for a sake of simplified
notations.

In the numerical scheme, we use subscripts x and y to distinguish variables in different
spatial directions, and L and R to distinguish variables in different mesh blocks. In addition,
bold letters are used to denote the operators in two space dimensions, which are obtained from
the corresponding one dimensional operators through the Kronecker product Ay = A, ® I,
and Ay = I, ® Ay, where I, and I, are identity matrices.

The computational domain is partitioned into two conforming mesh blocks §2; and 2y
with a grid interface at x = 0.5, y € [0, 1]. A coarse mesh in £2; has n,; x ny grid points
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Table 2 Matrices that are used to

pick up solutions on the interface Matrix Size Nonzero
Eor Nyl XNyl (nxp,nxL)
Eor NxR X NxR 1,1
ELR Nyl X NxR (nyr, 1)
ERL NxR X NxL (1,nyr)

and a fine mesh g has nyg x nyg grid points. The equality nyg = 2n,; — 1 yields a 1:2
mesh refinement ratio across the interface illustrated in Fig. 1a. Since the true solution is
smooth, the proper interface conditions are continuity of the solution and continuity of first
normal derivative across the grid interface.

For a simplified notation, we define the matrices Table 2 that are used to pick up solutions
along grid interfaces. In each of those matrices, all elements are zero except one element
equal to one. The sizes along with the positions of the nonzero element are listed in the
second and third column of Table 2. Note that E; g = E 1€ I

Next, Eq. (2) is discretized by the SBP finite difference operators in space and the
non-conforming grid interface conditions are imposed weakly by the SAT method and inter-
polation operators. Since the focus here is the numerical treatment of grid interface conditions,
we omit the penalty terms for the boundary conditions, which can be constructed as in [22].
The semi-discretized equation corresponding to (2) reads:

uy = Daxpu+ Daypu + SAT, + SAT,» + SATy,, (3a)
v = Daxru + Daygv + SATy1 + SAT,, + SATy,, (3b)
where
1
SAT, = EHxLlsxTL(Eom —(ELr ® Irac)v),
SAT; = —tH N (Eoru — (ELg ® IFac)v), )
1
SATy, = _EH;LI(EOLSxL” — (ELR ® IF2c)SxRV),
and
1
SAT, = —EHx,%S,{R(EORv—wRL ® Icap)u),
SATy, = —tH g (Eorv—(ERL ® Icap)u), o)

1
SATy, = EH,c,%(E(meRv — (ERL ® IcaF)SerLu).

Here, u and v are grid functions in §2; and £2r with elements organized column-wise. In
Eq. (3a), both SAT,; and SAT,, impose weakly the continuity of the solution across the grid
interface, and SATj, imposes weakly the continuity of the first normal derivative. The term
S; 1, in SAT,; makes the semi-discretization symmetric with respect to the SBP norms. The
penalty parameter t in SAT,, controls the strength of the weak enforcement, and its value is
determined by the energy method. The penalty terms in Eq. (3b) are constructed in a similar
way.

If the grids are conforming, we replace the interpolation operators in (4) and (5) by identity
matrices, and recover the numerical scheme in [31] for conforming interface problems.
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3.1.1 Stability Analysis by the Energy Method

In the stability analysis below, the norm-contracting property of the interpolation operators
is used to derive an energy estimate. The same interpolation operators are used for the
Schrodinger equation in [26], but for that case the norm-contracting property is not needed
for energy stability. For the Euler equations, the norm-contracting property is not needed
when the standard SBP operators are used for the discretization, but needed when upwind
SBP operators are used [20].

Theorem 1 If the interpolation operators Igyc and Icof are norm-compatible and norm-
contracting, then the semi-discretization (3) is stable for any t such that

1 1
T>max|\ ——,— .
(Z(thL Zath)

Proof Multiplying Eq. (3a) by utT(HxL ® Hyr) and Eq. (3b) by vtT (Hyr ® Hyg) from the
left, and using the equality E; r = E £ ;. and the norm-compatible condition in Definition 2,
we obtain

d
= (uf (Huw © Hyvyug + 9] (Her @ Hypvr)
d

=7 (-uT(MxL ® Hyp)u +u’ (Eor Sy ® Hyp)u — tu’ (Eor ® Hyp)u

— v (Myr ® Hyg)v — v" (EorSyr ® Hyr)v — v’ (Eor ® Hyg)v

~ul (ST, Err ® HypIpac)v + v (STRERrL ® Hyglcop)u

+20u" (ELg ® Hyplp2c)v = u (e ® My )u — o7 (Hep @ Myp)v) . (6)
Since the penalty terms for the boundary conditions are omitted, the B matrix of D, in Defi-
nition 1 is adjusted accordingly: the nonzero element corresponding to the omitted boundary

condition is changed to zero. Next, the following equality is obtained by moving all terms
on the right hand side of (6) to the left

%&V{V =0, (7
where
&Y = u/ (Hep ® Hyp)u; + v/ (Heg ® Hyr)v;
+ul (Myp ® Hy)u — u” (Eor Se ® Hyp)u + tu’ (Eor ® Hyp)u
+ v (Mg ® Hyp)v + v" (EorSxr ® Hyg)v + v’ (Eog ® Hyg)v
+ul (ST, ELr ® HypIpac)v — oI (STRERL ® Hyrlcop)u
—2tu" (ELg ® HypIpac)v +u' (Hep @ Myp)u + v (Heg @ Myg)v.  (8)

It remains to show that E;QV > 0 for all # and v. In this case, E%V is a discrete energy of the
semi-discretized Eq. (3). Since the interpolation operators are norm-contracting, it follows
that

\

u” (Eor, ® Hyp)u > u” (Eor, ® HypIpaclcar)u
ul (Eor, ® 125 HyrIc2F)u

(Eor ® Icar)u)" (I, ® Hyr)((Eor ® IcoF)u).
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Consequently, we have for u:
T 1 7
u' (Eop ® Hyp)u > T (Eor ® Hyp)u

1
+5 (B ® Icar) )T (Ip ® Hyr)((Eor ® Icar)u),  (9)
and for v:

1
v (Eor ® Hyr)v > EUT(EOR ® Hyr)v

1
+ 5 (Eor ® Ir20)v)" (I ® Hyr)((Eor ® Irac)v).  (10)
In addition, Lemma 1 gives:

My, = My + hypa(EorSer)” (EoLSxL), (n
Mg = Myg + hyra(Eor Sxr)” (Eor Sxr),

where M, and M, are symmetric positive semi-definite matrices. We then substitute (9),
(10) and (11) to (8), and obtain

EY > Y1+ T2+ T3,
where
Y1 =u] (He ® Hyp)u; + v/ (Heg ® Hyp)vr +u’ (M ® Hyp)u
+ 0T (Mygr ® Hyr)v +u” (Hyep ® Myp)u +v" (Heg @ Myg)v,
Yy = hyepa(EorSepu)” Hyp (Eop Sypu)
— (EoLSxpuw)" Hyp (Eopu — (ELg ® Ip2c)v)
T
+ 5 (Boru = (ELr ® Ip20)v) Hyp (Eoru — (ELg ® Ip2c)v).
Y3 = hygat(Eor Sxrv)" Hyr(EorSxRv)
— (EorSxrv) Hyr((EgL ® Icor)u — Eggv)
T
+ 5 (Ere ® Icor)u — Eorv)” Hyr(Ere ® Icor)u — Eorv)-
Since M L and M R are positive semi-definite, it follows 17 > 0. We also need to make sure
that Y» > 0 and Y3 > 0. Consider Y3 first and let
a= EgSyru and b= Egru — (ELg ® Ip2c)v,
then
T Tor
Yo = hyraa HyLa—aHyLb-i-Eb Hypb. (12)
We apply Young’s inequality
1) 1
aHyrb < EaTHyLa + %bTHyLb

to the second term in (12) with § = 2h, o, and obtain

Ty = 2" Hyrb— bT Hypb

4 xLO&

@ Springer



J Sci Comput (2016) 68:1002-1028 1011

To have Y, > 0, we need 7/2 > 1/(4h, o), which implies T > 1/(2h,p«). In the same
way, we find that to have Y3 > 0 it requires T > 1/(2h,ga). Therefore, for any

1 1
T > max , ,
(20{th 205th)

we have £/ > 0 and an energy estimate is obtained so that (3) is stable. O

If the mesh size is the same in the x and y directions, then g = %h L and

1
T >
~ ahyp

results in an energy estimate.
Although there is no upper bound for the parameter T from the energy analysis, it is not
good to choose a very large value because then a small time step must be used for stability.

3.1.2 Convergence Rate

We discuss the accuracy property of (3) by analyzing the truncation error of (3a). Equation
(3b) can be analyzed in a similar way. The truncation errors of the SBP operators D,y and
D, g are both O(A2P) in the interior and O(h”) near the interface. In the first penalty term
SAT, in Eq. (4), the truncation error is dominated by an interpolation error O(h?) located at
the corners of mesh blocks connected by the non-conforming grid interface. Due to the 4~
factor in both H; ' and ST, , the largest truncation error of SAT,,; is therefore O(h?~2) and
is localized at a few grid points. Similarly, we find that the largest truncation errors of SAT,»
and SATy, are O(h?~2) and O(h?~1), and are localized at a few grid points. The number of
such grid points is independent of mesh sizes. Consequently, the dominated truncation error
of the semi-discretization (3a) is O(h?~2) localized at a finite number of grid points.

In [32], the convergence of the SBP-SAT discretization of the second order wave equation
in one space dimension with a grid interface is analyzed. The result is that if the penalty
parameter is chosen strictly larger than the limit value required for stability, the truncation
error O(h?) localized at a few grid points near the grid interface results in an error OhPth
in the solution for p = 1, and an error O(hP*2) for p > 2. In other words, we gain one order
in convergence if p = 1 and two orders if p > 2.

In our case, the spatial dimension is two and there is the possibility of another gain in
convergence. That is, the number of grid points with truncation error O(h”~2) is finite and
independent of mesh sizes. Hence, the H-norm (equivalent to the standard L, norm in finite
dimension) of this truncation error is O(h”~1), and is one order higher than the pointwise
truncation error. Therefore, we can hope to get an extra gain in convergence comparing with
the corresponding one dimensional case.

By a convergence test in Sect. 5, we find that the extra gain is one order, which gives a
total gain of two orders for p = 1 and three orders for p > 2. That is, the truncation error
O(hP~2) localized at a few grid points results in an error O(k?) in the solution for p = 1,
and an error O(hP+1) for p > 2. To obtain this convergence rate, it is important to note that
the penalty parameter must be strictly larger than the value required for stability.

Comparing with the case with only conforming grid interfaces, the convergence rate
obtained in our numerical experiments is one order lower. Even though a non-conforming grid
interface allows for a local mesh refinement, the loss of accuracy may attenuate its efficiency
in practice. To overcome the accuracy reduction by the non-conforming grid interfaces, we
have tried to build interpolation operators with error O (h>?) in the interior and error O (h?+1)
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(@ (b) (0

Fig. 2 Non-conforming mesh blocks with T-junction interfaces

near the ends of the interface, based on both diagonal and block norm SBP operators by using
the symbolic software MAPLE and the approach presented in [20]. However, we could not
find a solution to the resulting system of equations.

3.2 An Extension to T-junction Interfaces

So far, we have only considered conforming mesh blocks as shown in Fig. 1a, b. The grid at
the interface between the two mesh blocks on the left in Fig. 1b is conforming. It is then in
many cases desirable not to consider it as a grid interface, but to use the mesh shown in Fig. 2a
instead, where the interface forms a T-junction and the mesh blocks become non-conforming.
This is because SBP operators have a larger truncation error near the grid interface than in
the interior. The usage of redundant grid interfaces results in additional errors in the solution.
Moreover, avoiding T-junction interfaces may lead to a bad partitioning of the computational
domain with many unnecessary mesh blocks. However, one has to deal with an extra difficulty:
near the interface intersection point in Fig. 2a, the SBP norm in the vertical direction has the
interior weights in the left mesh block, and the boundary weights in the two mesh blocks
on the right. As a consequence, the norm-compatible condition is violated and no energy
estimate can be derived.

In [25], T-junction operators are constructed to make the SBP norms compatible at a T-
junction interface, and are used in the numerical scheme of solving the advection equation
and the Schrodinger equation in the SBP-SAT framework. Stability is proved by the energy
method, but it comes with the cost that the T-junction operators introduce an extra contribution
to the truncation error of O (h”~1) for the advection equation and O (h”~2) for the Schrodinger
equation. Such errors occur even there is no hanging nodes in the mesh, though they are only
localized at a few grid points near the T-junction intersection point. The T-junction operators
in [25] can also be used together with the interpolation operators to handle non-conforming
grid interfaces. One constraint for the T-junction operators is that the interface intersection
point must be a grid point in all involved mesh blocks, for example a close-up T-junction
interface in Fig. 2b. It is not straightforward to handle the T-junction interface shown in Figure
2¢ by the same technique. This kind of problem can be handled by the projection operators,
which are used in this paper and discussed in Sect. 4.

4 Non-conforming Grid Interfaces and Mesh Blocks Handled
by Projection Operators

In [14], a new methodology of handling grid interfaces is introduced. In contrast to the inter-
polation operators which are based on a direct interpolation technique, the new methodology
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is based on a projection method. The highlights are that there is no strict requirement on the
mesh refinement ratio, and the mesh blocks do not need to be conforming.

To illustrate how the projection method works, we consider again the mesh §2 shown in
Figure la, and denote y; in £2;, and yg in §2g the grids on the interface. In addition, z; and
zg denote the discrete finite difference solutions on y; and yg. In a general setting, eight
projection operators are used to move z;, and zg between the two grids on the interface.
Firstly, the discrete finite difference solution zz, is projected by a projection operator P ;2 »
to a piecewise polynomial function on the grid y; . By a piecewise polynomial function on
a grid, we mean that the function is a polynomial in each grid interval between any two
adjacent grid points, but is not necessarily continuous at any grid point. The associated mass
matrix ML on y; is diagonal positive definite since orthogonal polynomials are used as the
basis functions. Next, the glue grid y with the mass matrix M¢ is defined as the grid that
consists of the grid points on both y; and yg. The projection operator PL , is used to project
the piecewise polynomial function from y;, to y, and is viewed as a bas1s transformation

between polynomial spaces. Similarly, P L2 ¥ and sz pare projection operators in the reversed
direction corresponding to Pf and P 2 respectively. Pf2 , Pp2f, PR 20 and P,R2 are the
corresponding projection operators for the grid ygr. For a more detailed dlscuss1on we refer
to the theory in §2 and the illustration in Figure 2.2 in [14].

When using the projection operators, the penalty terms for the interface coupling are

constructed on the glue grid. To this end, we define the operators
L L R R

Pl = PPy Pfag = Py Pl (3)
and

Pory = PrapPiy  Poy =Py Py (14)
that project the discrete finite difference solution directly to the glue grid, and vice versa. The
operators sz/gR and sz/ r have a projection error O(h?P) in the interior and O(hP) near the
ends of the interface with p = 1, 2, 3,4, 5.

As described in Sect. 3, the interpolation operators interpolate between two finite differ-

ence grids. The projection operators, on the other hand, project between a finite difference

grid and a glue grid. The projection operators in [14] satisfy an analog of the norm-compatible
condition in Definition 2.

Definition 4 Let Py>, and P, s be projection operators projecting between a finite difference
grid and a glue gird. They are called norm-compatible if

HPgy = (M8Pp)T, (15)

where H is the diagonal SBP norm on the finite difference grid and M$ is the diagonal mass
matrix on the glue grid.

4.1 The Wave Equation with a Non-Conforming Grid Interface

We start by considering a non-conforming grid interface with conforming mesh blocks, and
define

R L L R
ILZR = szfszg and IR2L = Pg2fPf2g' (16)

The operator 172 projects the discrete finite difference solution from the grid on the left to
the grid on the right, and Ig>; projects in the other direction. Therefore, / 52 g and I 11;2 L in
(16) can be used to impose grid interface conditions in the same way as the interpolation
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operators discussed in Sect. 3. In addition, / fz g and [ 1{,’2 ;. have similar accuracy property as
the interpolation operators in [20]. For energy stability, we need the following lemma.

Lemma 2 [f the projection operators in (13) and (14) are norm-compatible according to
Definition 4, then the operators Ipor and Igyy defined in (16) satisfy

Hglror = (Hplgar)',

where Hy and Hpg are the diagonal SBP norms at the grids on the left and on the right of
the interface, respectively. In this case, I1or and Ig>p are norm-compatible according to
Definition 2.

Proof The proof follows in a direct calculation by using (16) and Definition 4.
R pL e pR \T pL
Hrlror = HRPg s Py = (MEPfy)" Ppyg
L \T R \T L pR \T T
= ((Pfag)" MEPpo)" = (HLPg Ppy,)" = (HilroL)
]

We have the following theorem for the stability of the scheme using projection operators to
handle a non-conforming grid interface.

Theorem 2 Consider the semi-discretization (3) with IcaF and Igyc replaced by I12r and
Irop in (16). If I ok and Ig>p defined in (16) are norm-compatible and norm-contracting,
then the semi-discretization is stable for any t such that

1 1
> .
¢ = max (2ath’ Zath)

The proof of Theorem 2 follows in the same way as for Theorem 1. In Sect. 5.1, we provide
an eigenvalue analysis to examine if the operators Iz and /gy are norm-contracting. The
accuracy discussion in Sect. 3.1.2 is also valid for the schemes with the operators /77 and
Ir>1. However, the interpolation operators Ic2r (IF2c) are not the same as / fz rU 1132 L) in
(16). The latter one has a wider stencil.

In the construction procedure of the interpolation operators and projection operators, one
gets a system of linear equations after imposing stability and accuracy requirements. The
solution of the linear system has a few free parameters. There are different ways to tune
those free parameters. In [20], the free parameters are used to minimize the coefficients of
the leading interpolation error in L, norm, while in [14] the free parameters are used to
minimize the distance between nearest eigenvalues of P, s P2, for a finite difference grid
of size 64. The choice of tuning free parameters has no influence on the theoretical order
of accuracy, but may have an impact on whether the operators are norm-contracting and
the practical accuracy. The comparison between the interpolation operators and projection
operators is made in more detail in the numerical experiments in Sect. 5.

4.2 The Wave Equation with a T-junction Interface

The projection technique is very flexible to handle grid interfaces in the sense that we are free
to choose the interface structure, the mesh refinement ratio and the accuracy of the diagonal
norm SBP operators. In [14], the authors also couple the SBP finite difference method with the
discontinuous Galerkin method, inspired by the relation between the discontinuous Galerkin
spectral element method and the SBP-SAT finite difference method [7].
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If a T-junction interface is present in the mesh, for example in Fig. 2, we cannot use / fz R
and / 11;2 ;, inadirect way. This is because near the junction point the SBP norm has the interior
weights on one side while boundary weights on the other side, and no energy estimate can be
obtained. To overcome the instability, the coupling is done on the glue grid. (This reduces to
use / fz gand/ 1’;2 1, in (16) directly when there is no T-junction interface in the mesh.) That is,
we project finite difference solutions to the glue grid, compute the penalty terms there, and
project them back to the finite difference grids. In this way, we avoid the instability caused
by the SBP norms since the penalty terms are computed on the common glue grid.

For completeness, in “Appendix 17, we derive an SBP-SAT finite difference discretization
of the wave equation (2) on the mesh shown in Fig. 2a by using the projection operators to
handle the T-junction interface. The energy analysis for the scheme is also given in “Appendix
17

5 Numerical Experiments

In this section, numerical experiments are performed to compare the schemes with the interpo-
lation operators [20] and the projection operators [14], and verify their stability and accuracy
properties. Moreover, we also give two practical examples to study local mesh refinement by
solving the wave equation on a domain with a complex geometry.

The diagonal norm SBP operators used in the numerical experiments can be found in [28]
for D1 ~ 9/dx and in [23] for D, ~ 92 / 9x2 up to eighth order accuracy. The corresponding
operators of tenth order accuracy can be found in [19]. The SBP operators approximating
second derivative with variable coefficient are in [18] up to sixth order accuracy.

The L, error and maximum error are computed as the norm of the difference between the
exact solution #°* and the numerical solution u” according to

" = u Ly = VA @k —ue)T h —ue),
" = u* flo = max fu" — u|,

where d is the spatial dimension of the equation. The convergence rate is computed by
) " — e 1oe (X
=10 —_— (0] — 1.
e =) )

We begin with an eigenvalue analysis to determine if the interpolation operators in [20] and
projection operators in [14] are norm-contracting. The computational domain is x € [—1, 1]
and y € [0, 1] with a grid interface at x = 0. In the left domain the number of grid points
is 26 in both x and y directions, while in the right domain the number of grid points is 51
in both x and y directions. The mesh refinement ratio is 1:2 across the grid interface, which
makes both the interpolation operators and projection operators applicable. The matrices &1,
and Eg, constructed as in Definition 3, are symmetric, so they have real eigenvalues. We
denote k7, and kg the smallest eigenvalue of E;, and Eg, scaled by the mesh size:

5.1 Stability Study

kp = min(eig(Er))/ hyr kg = min(eig(Eg))/hyr.

In Table 3, we list k; and kg for the interpolation operators and the projection operators
in Column three and four, respectively. The second and fourth order accurate interpolation
operators are norm-contracting with errors up to machine precision. For the second order

@ Springer



1016 J Sci Comput (2016) 68:1002-1028

Table 3 1O: interpolation

operators, PO: projection 2p 10 PO 10 PO
operators 2k —62-1007 7710710 _1244 —12.62
kg —10-10716  _85.10716
4 kg —67-10717  —83.1071¢  _—1234 —12.34
kg —14-10716  _63.10716
6 kg —6.9-1071 -7.5-1073 —12.34 —12.34
kg —8.0-10! —8.6-1073
8 kp  —3.1-10! —4.4.107% 22-107 —12.34
Columns 3 and 4 correspond to kg —74.10! —48-1074
the numerical study of the 10 K, _48.10-4 1234

norm-contracting property and
Columns 5 and 6 correspond to kr —1.1-1073
the eigenvalue analysis of (17)

accurate case, we can prove that k7, kg > 0 independent of /i, because E is diagonally
dominant and E can be transformed to a diagonally dominant matrix without changing the
signs of the eigenvalues. For the sixth and eighth order cases, the interpolation operators
are not norm-contracting. The difference between these two cases is that k; and kg for the
eighth order case are about two magnitudes larger than k7 and kg for the sixth order case in
absolute value. When increasing the number of grid points, the values of k7 and kg remain
unchanged.

The projection operators are norm-contracting in the second and fourth order accurate
cases as well. The sixth, eighth and tenth order accurate projection operators are not norm-
contracting, but the values of k7, and kg are a few magnitude smaller than those for the sixth
order accurate interpolation operators in absolute value, and they approach slightly to zero
as the mesh is refined.

Another way of analyzing stability through numerical experiments is to write the semi-
discretized equation (3) as a system of ordinary differential equations

zu=Qz+F, (17

where Q is the discretization operator including the interface and outer boundary treatment,
and F contains the outer boundary data. It is stable if the eigenvalues of Q are real and
non-positive. We have computed the eigenvalues of Q by using the same mesh as for the
computation of k7, and kg. All the eigenvalues are real. In Table 3, the largest eigenvalue of
QO (without any mesh size scaling) is shown in Column five and six for the schemes with the
interpolation operators and projection operators, respectively.

The numerical scheme with interpolation operators is stable for the second and fourth
order cases, which agrees with the stability analysis in Theorem 1. Though we cannot derive
an energy estimate for the sixth order accurate scheme, the eigenvalue analysis shows that
for this particular setting the scheme is stable. In addition, we find that the largest eigenvalue
of O does not change with a refined mesh. The scheme is not stable for the eighth order
case, since the largest eigenvalue of Q is positive and grows when the mesh is refined.
The numerical schemes with the projection operators are stable for all cases even though
only second and fourth order accurate projection operators are norm-contracting. Moreover,
the largest eigenvalue of Q does not change with a refined mesh. The eigenvalue analysis
indicates that the norm-contracting property implies stability, but is not necessary.
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5.2 Accuracy Study

In this section, the convergence of the SBP-SAT method applied to the wave equation (2)
with a non-conforming grid interface and non-conforming mesh blocks is investigated. The
analytical solution to (2) is manufactured, which means that a closed form is chosen and is used
to obtain the initial and boundary data. At the outer boundaries, Dirichlet boundary condition
is imposed weakly by the SAT method as described in [22]. The penalty parameter 7 is chosen
1.5 times its limit value required by stability for both interface and boundary treatment.

5.2.1 A Non-conforming Grid Interface

In the first numerical experiment, the computational domain is [—1, 1] x [0, 1] where a grid
interface is located at x = 0, y € [0, 1]. In the grid refinement level » = 0, the numbers of
grid points in the left block and right block are 26 x 26 and 51 x 51. The mesh sizes are halved
in both x and y directions when r is increased by one. In this setting, the grid refinement
ratio is 1:2, and both the interpolation operators and the projection operators are applicable
for the numerical treatment of interface conditions. We choose the final time 7 = 2, and use
the fourth order Runge—Kutta method as the time integrator with the step size in time chosen
so small that the temporal error is negligible compared with the spatial error.
The manufactured solution to (2) is chosen to be

U(x,y,t) =cos(5x + 1)cos(S5y + 2) cos(Sﬁt + 3). (18)

In Fig. 3a, the L; error of the solution computed by the SBP-SAT scheme with the inter-
polation operators is plotted versus the number of grid points in the x direction in the left
block. The time step is At = 0.1h. The convergence rates in L, norm are about 1, 3 and 4
for the second, fourth and sixth order schemes, respectively. Though the sixth order accurate
scheme lacks a stability proof, it seems that for this particular setting the scheme is stable
and exhibits the expected convergence rate. Instability occurs when using the eighth order
accurate scheme.

The corresponding results with the projection operators are plotted in Fig. 3b. The con-
vergence rate in L, norm is about one for the second order accurate scheme, and p + 1 for
the fourth, sixth, eighth and tenth order accurate schemes. We note that though we cannot

10° : : : : 10°
102} G\e\e\e 102 G\e\e\e 1
0.96 0.98
5 104t 5 107
- -
3 3
=S 108} 2.99 = 108 3.031
108 [-o-2p =2 108 5.51
—=-2p=4 ’
2p =26
10710 = 10710 5.71
26 51 101 201 26 51 101 201
N N
() (b)

Fig. 3 Convergence test for the case with a non-conforming grid interface. a Interpolation operators,
b projection operators
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Fig. 4 Convergence test for the 10°
case with a T-junction, highly
non-conforming interface

6_\9\9\9

Ly error

derive an energy estimate for the sixth, eighth and tenth order accurate cases, the schemes
are stable and converge as expected. The time step is Az = 0.1k for 2p = 2,4, 6. With
this time step, the tenth order accurate scheme yields slightly lower convergence rate than
expected, and the result shown in Fig. 3b is obtained with At = 0.05h. The eighth order
accurate scheme is a special one, since with At = 0.054 it is even unstable. To obtain the
result in Fig. 3b, At = 0.025#h is used as the time step, which indicates that the eighth order
accurate semi-discretized equation is stiff. This is not surprising because the « value in the
borrowing trick is very small for the eighth order accurate case, which in return leads to a
very large t value in the penalty term that increases stiffness. Moreover, the error obtained
with the eighth order accurate scheme is larger than the error obtained with the sixth order
accurate scheme, except for the finest mesh refinement level.

From Fig.3a, b, it is also observed that the errors are similar to each other for the schemes
of the same order of accuracy with interpolation operators and projection operators.

5.2.2 A T-junction Interface

Next, we consider the computational domain [—1, 1]2 that is divided into three mesh blocks
as shown in Fig. 2a. The interfaces are located at x =0,y € [—-1, 1] and y = 0, x € [0, 1].
In the grid refinement level » = 0, the numbers of grid points in Block 1 (left), Block 2
(top-right) and Block 3 (bottom-right) are 28 x 51, 27 x 25 and 51 x 50, respectively. The
mesh sizes are halved in both x and y directions when r is increased by one. This partitioning
and meshing result in a highly non-conforming grid interface with a close-up shown in
Fig. 2c. The interface conditions are imposed weakly by the SAT method with the projection
operators. To test convergence, (18) is used as the analytical solution. The computational
results are shown in Fig. 4.

Clearly, (p + 1)th convergence rate in L, norm is obtained for p = 2,3, 4,5 and first
order convergence rate is obtained for p = 1. Here, we observe again that the schemes higher
than fourth order accuracy are stable even though we cannot derive an energy estimate.

5.3 Some Practical Examples

In many applications, the frequency of the present wave is given by initial and boundary data,
and internal forcing functions. The wavelength of a wave is determined by the ratio between
the wave speed of the material in which the wave is traveling and the frequency of the wave.
The accuracy of a numerical solution can be stated in terms of how many grid points per
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Fig. 5 An example of an acoustic time-harmonic plane wave impinging on a circular inclusion, where the
wavelength is much smaller inside the circular inclusion than that outside

(a)

Fig.6 Anexample of an acoustic time-harmonic plane wave impinging on a circular cavity with a grid, where
close to the cavity the grid size in the azimuthal direction is much smaller than that in the radial direction.
a A circular cavity, b a close-up of the mesh near the cavity

TN
§§§Q\\\\\\\\\\\\\W\\\uu|nnnﬂmw/////////%

(b)

wavelength are used to resolve the present waves [15]. For waves with a fixed frequency
content, a reduction in wave speed confined to a subset of the physical domain yields waves
of a shorter wavelength localized in that subset. For accuracy it is therefore necessary to refine
the grid to compensate for the shorter present wavelengths. For computational efficiency it is
important that this refinement is done only in the subset that constitutes the slower medium,
since it is only in the slower medium that wavelengths are reduced. As an example, Fig. 5
shows the scattering and diffraction of an acoustic time-harmonic plane wave impinging on
a circular region of a slower material, the wavelength is seen to be reduced inside the circular
region.

Geometrical features of the physical domain such as a curved boundary or an internal
cavity introduces a local radius of curvature. A small local radius of curvature compared with
the present wavelengths can imply difficulties when generating a computational grid. As an
example, Fig. 6a shows the scattering of an acoustic time-harmonic plane wave impinging
on a circular cavity of a radius of curvature smaller than the wave length of the incoming
and scattered waves. A part of the grid used to represent the wave field is shown as an inset,
where it is seen in Fig. 6b that the quality of the grid is impaired as the grid spacing gets
unnecessarily small close to the cavity.

In the preceding experiments it has been verified that using interpolation operators [20] and
projection operators [14] to patch together the computational grid in a multi-block fashion
yields a stable discretization, the convergence rate, however, was seen to be reduced. In
the following experiments we give examples of the practical benefit of using interpolation
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Fig. 7 Computational domain of the circular cavity experiment. a N-partitioning, b T-partitioning

operators and projection operators in a region with a slower wave speed or a geometrical
feature of a small radius of curvature, albeit the reduction in order of accuracy. In particular,
we will consider experiments involving acoustic waves impinging on a circular cavity and a
circular inclusion of a differing material.

The numerical method used to solve the acoustic wave equation in the following exper-
iments is based on the SBP-SAT scheme described in [31]. The geometrical features are
handled by using a multi-block strategy to decompose the physical domain into blocks,
where each block allows for a mapping to curvilinear coordinates. In [31] the blocks that
constitute the domain are discretized by using conforming grids and patched together by the
SAT method. In this paper we allow for non-conforming grids by implementing interpolation
operators as well as projection operators into the handling of the multi-block interfaces.

The following numerical experiments use two different two dimensional domains:

— Dj: An acoustic plane with a circular cavity of radius a.
— Dy: An acoustic plane with a circular inclusion of radius a.

The geometries of the domains are handled by decomposing each domain in a multi-block
fashion, and a curvilinear grid is used in each domain to resolve the curved boundaries. The
blocks are then patched together to compound the entire domain. A detailed description of
how these two grids are constructed is presented in “Appendix 2”.

5.3.1 A Circular Cavity

In this numerical experiment, we consider a domain of an infinite homogeneous medium
with wave speed ¢ > 0. A circular cavity of radius @ = 1 is centered at the origin. Let a
plane harmonic wave u; = ¢/ ~¥*) y = w/c propagate in that domain and impinge on
the cavity. A scattered wave ug is generated when the incident wave hits the cavity, and
the total displacement u; + ug satisfies the wave equation. On the boundary of the cavity a
homogeneous Neumann boundary condition

9 2 2
—(ur+us)=0,onx"+y- =1
on
is imposed. Here % denotes the normal derivative on the boundary of the cavity. A detailed
derivation of an analytical solution to this problem is found in [8, §7].

We take w = 27 and ¢ = 2.5, which give a wavelength of 2.5. The computational domain
D is chosen to be the rectangle [—25.5, 11.7] x [—11.7, 11.7] with the cavity centered at the
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Fig. 8 Relative maximum error of the numerical experiment with the circular cavity. a Fourth order accurate
scheme, b sixth order accurate scheme

origin. Two ways of partitioning the domain are considered, namely the N-partitioning and
the T-partitioning shown in Fig. 7a and 7b, respectively. In the N-partitioning approach, we
only use conforming gird interfaces and conforming mesh blocks. The cavity is surrounded
by four blocks that constitute the square [—11.7, 11.7]%, which is attached to a rectangular
domain on its left hand side. The numbers of grid points on each edge are shown in Fig. 7a, and
are chosen so that approximately 20 grid points per wavelength are used in the discretization.
In this setting, the mesh is of bad quality since the mesh size near the cavity is significantly
smaller than the mesh size near the outer boundaries. To overcome this drawback, we propose
the T-partitioning where the cavity is surrounded by a small square block [—1.3, 1.3]%. Here,
all the grid interfaces are also conforming but a T-junction interface is present at x = —11.7
with the intersection points marked by the dots. Again we choose the mesh size so that there
are approximately 20 grid points per wavelength, and here it is only over-resolved in the small
block [—1.3, 1.3]%. The T-partitioning results in a mesh of 54903 grid points. The number of
grid points with the N-partitioning is about doubled to 109867.

We employ the fourth and sixth order SBP-SAT method to propagate the wave for ten
temporal periods with the T-junction interface handled by the projection operators [14], and
show the recorded relative maximum errors in Fig. 8a, b. The relative maximum error is
computed as the maximum error scaled by the maximum absolute value of the analytical
solution in space and time. In both cases, the relative maximum error with the T-partitioning
is about three times larger than that with the N-partitioning. The is not surprising because
the mesh with the T-partitioning has less grid points than the mesh with the N-partitioning,
and the corresponding scheme with the T-partitioning has one order lower convergence rate
than that of the N-partitioning. It does not seem to improve the efficiency by using T-junction
interfaces for this case.

Although using T-junction interfaces introduces a larger error in the solution, it could be
beneficial for a problem with a more complex geometry. For example, if there are several
cavities in the domain, an N-partitioning that only allows conforming mesh blocks would
produce a large number of small mesh blocks. With a higher order accurate scheme, the
boundary stencil gets wider and the number of grid points in each direction must be large
enough in every mesh block. It is therefore over-resolved in those small mesh blocks and
results in a suboptimal performance of the numerical scheme, and T-junction interfaces could
be desirable.
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Fig. 9 Computational domain of the circular inclusion experiment: solid lines are the boundary, dashed
lines are the conforming interfaces, and the dashed-dot lines in red are either conforming or non-conforming
interfaces (Color figure online)

5.3.2 A Circular Inclusion

Consider a circular domain of radius ¢ = 1 embedded in an infinite surrounding medium of
differing material with wave speed c. Let the wave speed ¢’ of the circular domain be such
that ¢’ < ¢ and let an incoming time-harmonic plane wave u;(x, y, 1) = e!@—v¥ 5 = A
travel in the x-direction and impinge on the circular inclusion. The resulting field consists of
the incoming wave w7, as well as the scattered and diffracted waves u g and u p, respectively.
The conditions at the interface of the circular inclusion are

uy+us=up,

9 Ja onxP4yt=1, (19)
c— (uy +us) =c —up,
on an

where % denotes the normal derivative on the interface. Since ¢’ < ¢, the short wavelength
occurs inside the circular domain. An analytical expression for the solution is given in [2,
p- 667].

In the numerical experiments we take @ = 27, ¢ = 1 and ¢’ = 1/10, which give a
wavelength of 1 and 1/10 outside and inside the circular inclusion, respectively. To resolve
the geometric features, the computational domain is decomposed into 10 conforming blocks
as shown in Fig. 9. We set the length of the side of the square block outside the circular
inclusion to 2D = 2.6, and set the length of the side of the square inside the circular
inclusion to 2d = 0.7+/2. Both square blocks are centered at the origin. The Cartesian block
[—5.9, —1.3] x [—1.3, 1.3] is then attached to the left of this representation. Firstly, we only
use conforming grid interfaces with the numbers of grid points in each block given in Table
4. The resolution outside the circular inclusion is about 16 and 51 points per wavelength in
the horizontal and vertical direction, respectively. Inside the circular inclusion the waves are
resolved by about 10 grid points per wavelength in both directions. Hence, the waves are
significantly over-resolved in the vertical direction outside the inclusion, which leads to a
suboptimal distribution of grid points.

To amend the over-resolution, we partition the computational domain in the same way as
above but use non-conforming interfaces denoted by the red dashed-dot line in Fig. 9. The
non-conforming grid interfaces with refinement ration 1:2 are handled by the interpolation
and projection operators. The numbers of grid points in each block are chosen as in Table 5.
Now the resolution is reduced to about 26 grid points per wavelength in the vertical direction
outside the circular inclusion. The interface conditions (19) are imposed numerically with
the SAT technique and at outer boundaries the exact solution is injected at all times. In [6],
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Table 4 Number of grid points

with conforming grid interfaces Block Ne Ny

Bo 51 101

BB 101 26

BB 101 51

BY 101 101

T:.ible 5 N un}ber pf grl(.i points Block Ne Ny

with non-conforming grid

interfaces Bo 51 51

BB 51 26

BP-5P 101 51

BY 101 101
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—s—Conforming —e—Conforming ‘
0.035 L |——Non-conforming by interpolation
= ——Non-conforming by projection =
S .03} g
[} [}
E 0.025f €
£ E
%X 002} %
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2 0015} 2
B k5
© 0.01f ©
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0 . . . . 0 . . . .
0 2 4 6 8 10 0 2 4 6 8 10
Temporal periods Temporal periods
(a) (b)

Fig. 10 Relative maximum error of the numerical experiment with the circular inclusion. a Fourth order
accurate scheme, b sixth order accurate scheme

the SBP finite difference method applied to the wave equation with the injection method to
impose the Dirichlet boundary condition is proved to be stable.

The solution is propagated numerically for 10 temporal periods by the SBP-SAT method
and the relative maximum error is recorded at each time step. In Fig. 10a, b we plot the
recorded relative maximum error as functions of time. Here we see that the errors are similar
in both cases. The grid with conforming interfaces has 46460 grid points, whereas the grid
with non-conforming interfaces has 38710 grid points. The smallest grid size is determined
by the resolution inside the circular inclusion, for this reason the time step At = 4 x 10~ for
the sixth order SBP-SAT method and At = 5 x 10~ for the fourth order SBP-SAT method
are the same for both grids. We conclude that even though the formal order of accuracy is
lowered by using blocks with non-conforming interfaces it can be a beneficial strategy within
the SBP-SAT framework when the physical domain contains regions that require a higher
density of grid points. We also note that for more complex multi-block domains consisting of
a larger number of blocks the benefits of using blocks with non-conforming grid interfaces
are expected to increase.
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In the experiment with the sixth order SBP-SAT scheme with the interpolation opera-
tors, the numerical solution blows up quickly, which indicates that the scheme is unstable.
The corresponding scheme with the projection operators is stable. According to the stability
analysis in Sect. 5.1, for the sixth order accurate scheme neither the interpolation operator
nor the projection operator is norm-contracting. If the smallest eigenvalue of E; g is non-
negative, then an energy estimate is obtained and ensures stability. The smallest eigenvalue
of E7 /g scaled by the mesh size is in the magnitude of —10~! for the sixth order accurate
interpolation operator, and — 107> for the sixth order accurate projection operator. The vio-
lation of norm-contracting condition for the projection operator is much weaker than for the
interpolation operator.

6 Conclusion and Outlook

In this work, high order accurate SBP finite difference operators are used to discretize the
wave equation in the second order form on a block-structured mesh. Adjacent mesh blocks
are patched together by imposing suitable interface conditions via the SAT technique. The
emphasis is placed on the numerical treatment of non-conforming grid interfaces by the inter-
polation operators and projection operators, which are also compared in terms of the stability
and accuracy properties. In contrast to first order hyperbolic equation, energy stability of the
scheme for the second order wave equation introduces an additional condition on the numer-
ical treatment of non-conforming grid interfaces. This condition is satisfied for the second
and fourth order accurate cases, and an energy estimate is derived. For higher order accurate
schemes, the additional stability condition is violated. We show by the eigenvalue analy-
sis that the violation is stronger with interpolation operators than with projection operators.
Unphysical growth is observed in the numerical experiments with high order interpolation
operators, whereas with projection operators the scheme is stable in all the experiments we
have conducted.

We have also performed a truncation error analysis and an investigation of the convergence
property for the scheme, which indicates that the convergence rate is one order lower than
that in the corresponding case with conforming grid interfaces and mesh blocks. We present
two practical examples of problems with a complex geometry: a circular cavity and a circular
inclusion, where we show that it could be beneficial to use non-conforming grid interfaces
or mesh blocks.

For high order accurate interpolation operators and projection operators, there are free
parameters left in the construction process. It is desirable to tune the free parameters so that
the additional stability condition is satisfied. However, the resulting nonlinear problem seems
difficult to solve. To overcome the accuracy reduction, more accurate interpolation operators
or new ways of imposing interface conditions are needed.

Appendix 1

We use L, R! and R? as subscripts or superscripts to distinguish variables in the left, bottom-
right and top-right blocks in the mesh shown in Fig. 2a. The grid functions u, vy and vy
are the numerical solution vectors in £27,, 251 and 22, respectively. The mesh blocks are
non-conforming, and the grid interfaces can be non-conforming as well. Furthermore, there
is no strict restriction on the mesh refinement ratio.
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Semi-discretization

In the following, we construct the penalty terms for the numerical treatment of the T-junction
interface conditions. The penalty terms for the outer boundaries are omitted. The semi-
discretized equation reads

uy = Daxp + Daypu + SAT,1 + SAT,» + SATy,,

v Dy .p1+ Dy p1
( 1) Y 2R (”1) + SATy + SAT,» + SATy,,
v2 it DZxRZ + DZsz v2

(20)
where
1 1T V1
SAT, = SHeL Ser | EoLu — Ig2r n))
-1 V1
SAT,» = —tH_} (EOLM —IgaL (Uz)) ,
1. S p1 v 2D
SATy, = —*HxLl EorSeru — Igar [ % ( ) ,
2 SxR2 U2
1
Iror = (EoL ® Ph )1y, 12 e
’ ELR2 ® szg
and

1 (H ST E
SATy, = —( KK -1 (T o (vl) — Ip2gu |,
2 H 3o S e Eog2 ) \2
H! E
SATy = —z| *K' 1 OR! (Ul) —Ip2ru ),
H_ b, Egg2 ) \v2
1 (H) Eyp1 S
SATyy = = xRl -1 OR!OxR! (vl) — I12rSxru ),
2 Hsz EORZSxRZ 1%)

1
2
ERZL ®PgR2f

(22)

Ipor = 1" (EoL ® Pfy,).

. . V1V . .
The elements in the matrices I;‘l v, and I,'"* are either zero or one. These two matrices

are used to pick up the solution along the interface and put it in the right place for coupling.

Energy Analysis

We note that there is a similarity between the semi-discretization (20) and (3). Comparing
the penalty terms in (21) with the penalty terms in (4), the difference is that Ep g ® Irac in
(4) is replaced by Igzy in (21). Similarly, Egr; ® IcoF in (5) is replaced by Iy g in (22). As
a consequence, the energy analysis for (20) follows in the same way as in Theorem 1, if the
corresponding norm-compatible condition (Definition 2) and the norm-contracting condition
(Definition 3) are satisfied.
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For the T-junction interface in consideration, the norm-compatible condition is

1 I T
H, g PX PR
YR T g2f L L 128
o PR2 Pf2g = H)‘L szf PR2 , (23)
yR* g2 f 12
and the norm-contracting condition is that the matrices
P PE
L f2e 82f L
Hyp { Iyr — Py pR2 PR Prrg |
128 g2f

24

R! R!

Hypi Iypi _ Py L o [Free
H, I p2 R? PraFeas R?
YR YR Pg2f Pf2g

are symmetric positive semi-definite. It is straightforward to prove (23) by using (15) in
Definition 4, so (23) is satisfied for all the projection operators in [14]. However, the val-
idation of the norm-contracting property relies on eigenvalue analyse. We have performed
an eigenvalue analysis for the particular mesh setting used in Sect. 5.2.2, and found that the
norm-contracting condition is satisfied for the second and fourth order accurate cases. The
validation remains with a refined mesh.

Appendix 2

We give a detailed description for the construction of the two grids used in the efficiency
studies in Sect. 5.3. A general block B; of a decomposition has four boundaries defined by
the parametrized curves

Cis = (xis(€), yis(€)), Cin = xin (&), yin(©)),
Ciw = (xiw(m), yiw(m), Cig = (xie(m), yie(m)),

where 0 <& < 1,0 <n < 1. C;s and C;y describe one pair of opposing sides and C;w and
C; g the other pair. Let P; sw denote the point of intersection between the curves C;g and C;w
e.t.c. A bijection (x, y) = 7; (&€, n) from the unit square S = [0, 11? to the block B; of the
decomposition is given by the transfinite interpolation [12] as

Ti6,m) = (1 =mCis +nCiny + (1 = &)Ciw + §CiE
—&nPine —§(1 = n)Pisg —n(1 =) Pinw — (1 = )1 — ) Pisw.
The unit square S is discretized by the points
& =jhe,he =1/(Njg = 1), j=0,...,Nig—1,
Nk =khy,hy=1/(Niy—1), k=0,...,Niy—1,

where N;¢ and N;, are integers determining the number of grid points in the spatial directions
of the discretization of the block B;. The corresponding grid points are computed as

xj, ) =Ti (&}, me)-

We now give details on how the grids in D; — D, are constructed. D; represents a circular
cavity in an infinite surrounding medium. We construct the computational grid such that the
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cavity of radius a is centered inside a square of side 2D. This is done by introducing four
blocks Bil)—Bfll) . The bounding curves of block Bil) are given by

Y =a (sfz— V21— @EVE - 1/\6)2) :

¢\ = (D,2Dg — D),
Cly = (—n(D —a/v2) —a/N2, (D —a/V2) + a/fz) ,
¢l = (1D —a/v2) +a/V2, 9D —a/VD) +a/V2).

The bounding curves of the remaining blocks Bél)—Bil) that constitute the square with the
cavity at the center are obtained via rotation by a factor 7 /2,

cosmw/2 —sinm/2
e = { / /

e . i=23.4 j=S N WE.
T | sint/2  cosm/2

The domain D; can now be represented by attaching the grid representing the cavity to one
or more Cartesian blocks.

The circular inclusion of D; is decomposed into five blocks Bgz) _Bgz)' The block BEZ) is
a square at the center of the circular inclusion with corners at the points (+ad, £ad), 0 <
d < +/2/2 defined by the bounding curves,

C\y =a@Qdé —d,—d), Cy =a(2dé —d.d),
C =a(~d.,2dy—d), C{p =a(d,2dn—d).

Here a is the radius of the circular inclusion. The block Béz) is defined by its bounding curves,

2 _ »2)
Cys =Ciy»
(2) (1)
Cov =Cig»

cfy =a (=122 = d) = d. 122~ d) + ),

2 =a (n(fz/z —d)+d, (V22— d) + d) .
The bounding curves of the remaining blocks Béz) _Bgz) that constitute the circular inclusion
of D, are obtained via rotations by a factor 7 /2 as in (6). The inclusion is then centered inside
asquare of side 2D by attaching it to the blocks B}l)—Bfll) above. The circular inclusion is now

the union of the nine blocks B il)—Bfll) and B 52) —Béz). The domain D; can now be represented
by attaching the grid representing the inclusion to one or more Cartesian blocks.
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