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STABLE COUPLING OF NONCONFORMING, HIGH-ORDER
FINITE DIFFERENCE METHODS∗

JEREMY E. KOZDON† AND LUCAS C. WILCOX†

Abstract. A methodology for handling block-to-block coupling of nonconforming, multiblock
summation-by-parts finite difference methods is proposed. The coupling is based on the construction
of projection operators that move a finite difference grid solution along an interface to a space of
piecewise defined functions; we specifically consider discontinuous, piecewise polynomial functions.
The constructed projection operators are compatible with the underlying summation-by-parts energy
norm. Using the linear wave equation in two dimensions as a model problem, energy stability
of the coupled numerical method is proven for the case of curved, nonconforming block-to-block
interfaces. To further demonstrate the power of the coupling procedure, we show how it allows for
the development of a provably energy stable coupling between curvilinear finite difference methods
and a curved-triangle discontinuous Galerkin method. The theoretical results are verified through
numerical simulations on curved meshes as well as eigenvalue analysis.
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1. Introduction. Even though high-order multiblock finite difference methods
are well suited for many problems, limitations arise for particularly complex geome-
tries. For instance, most formulations require that grids conform at multiblock inter-
faces; that is, the grid lines must be continuous. This poses a challenge since resolution
constraints in one portion of the domain can result in unnecessarily high resolution
elsewhere in the domain. Furthermore, even though coordinate transforms enable the
use of high-order finite difference methods for complex geometries, well-conditioned
partitioning of complex domains into quadrilaterals in two dimensions and hexahedra
in three dimensions can be challenging and/or impossible. The impact of this is a
poorly conditioned Jacobian which has an adverse impact on the time step size and
truncation error.

One approach to overcoming these complications is to relax the requirement that
the grid and numerical methods conform across block interfaces. To do this, a variety
of interpolation and projection techniques have been proposed, including the use of
overlapping grids [2], strong enforcement using ghost points [18], or weak enforcement
of continuity at block boundaries [11]. Here we particularly highlight the approach
of Mattsson and Carpenter [11] as it is closely related to the work presented below
on the discretization of hyperbolic equations using summation-by-parts (SBP) finite
difference methods. In that paper compatibility conditions between interpolation op-
erators and the underlying SBP finite difference method were presented which could
be utilized to developed stable discretizations. The paper reported several compatible
interpolation operators for fixed refinement ratio interfaces. The operators proposed
by Mattsson and Carpenter required that at the block level the interfaces be con-
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Fig. 1. Illustration of the computational grids supported by the projection operators described
in this paper. On the left is a conforming two-block SBP grid. In the middle is a nonconforming
(T-intersection) of three SBP blocks; here “nonconforming” refers to the SBP blocks and not the
SBP grids. On the right is a coupled structured-unstructured grid; in this paper the methods used
will be SBP finite differences and DG grid. In each illustration the thick line between blocks indicates
coupling interfaces, i.e., the locations of the glue grids.

forming (i.e., the corners had to match), a restriction which has been removed by the
work of Nissen et al. [13] (this later work retains the fixed refinement ratio require-
ment). To avoid geometric constraints, coupling high-order finite difference methods
with unstructured grid methods has also been proposed. For example, Nordström
and Gong [16] proposed coupling a high-order SBP method with an unstructured
second-order finite volume method.

The class of finite difference methods to be considered in this work are SBP finite
difference methods [8, 9, 19, 12]; see section 2 for the basic SBP ideas used in this
work. One important feature of SBP methods is that the difference operator has an
associated energy norm that discretely mimics integration by parts; this is referred to
as the SBP property.

Here we present a general purpose technique for handling block-to-block coupling
of nonconforming multiblock SBP finite difference methods. This technique also al-
lows for the coupling with unstructured methods such as the discontinuous Galerkin
(DG) method. A few possible grid couplings are illustrated in Figure 1. This coupling
procedure uses projection operators that move finite difference grid solutions along
the coupling interface to piecewise functions. It is with respect to the built-in norm
of the SBP finite difference method that the projection operators are constructed;
projection operators with the necessary properties are given in the electronic supple-
ment. The SBP property alone is not sufficient to guarantee stability; SBP preserving
boundary and interface closures are also required. In this work we will achieve this by
enforcing all boundary and interface conditions weakly through the so-called simulta-
neous approximation term (SAT) method [1]; this is similar to the use of numerical
flux terms in the DG method, a fact which will be exploited to couple SBP and DG
methods stably.

Since the projection operators move the solution to a piecewise continuous rep-
resentation (where projections are straightforward to construct), the operators only
need to be constructed once for each finite difference operator. That is, projection
operators can be constructed independently of the numerical method and grid on the
other side of an interface. This independence of interface type is one of the features
that enables development of provably stable couplings both between conforming and
nonconforming SBP meshes and between SBP and DG methods. The fact that non-
conforming grids can be accommodated enables the development of adaptive mesh
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refinement codes using high-order, SBP finite difference methods.
For simplicity of presentation, we take as our model problem the two-dimensional

linear acoustic wave equation in first-order form. We prove that the proposed coupling
is stable for this system of equations as well as provide numerical evidence to confirm
the analytical results. Since the projection operators are constructed based on the
SBP operator and do not depend on the system of equations being solved, using
standard techniques the extension to other linear symmetric hyperbolic systems should
be possible.

2. Definitions. We begin by stating a few preliminary definitions that are at
the heart of this work.

Definition 1 (SBP property). A difference approximation D is called a
summation-by-parts (SBP) approximation to d/dx if it can be decomposed as D =
H−1Q with H being positive definite and Q having the property Q + QT = B =
Diag

[−1 0 · · · 0 1
]
, i.e., Q is almost skew-symmetric.

To understand why such a difference approximation is called SBP, consider a grid

function f =
[
f0 f1 · · · fN

]T
. TheH-weighted inner product of f andDf gives

(f ,Df)H = fTHDf = fTQf =
1

2
fT
(
Q+QT

)
f =

1

2

(
f2
N − f2

0

)
,(1)

which is of the same form as the inner product of a continuously differentiable function
f ∈ C1[xl, xr] and df/dx:(

f,
df

dx

)
L2(xl,xr)

=

∫ xr

xl

f
df

dx
dx =

1

2

(
f2
r − f2

l

)
,(2)

where (xl, xr) is an open interval of the real line R, fl = f(xl), and fr = f(xr).
The difference operators commonly referred to as SBP methods are central dif-

ference operators in the interior (with orders 2, 4, 6, 8, . . .) which transition to one-
sided approximations near the boundary in such a way that the SBP property is
achieved [8, 9, 12, 19]. This transition to one-sided approximations typically leads to
a degradation in accuracy at the boundary. These SBP operators are subdivided into
two classes: diagonal norm (diagonalH) and block norm (nondiagonalH) operators.
For the diagonal norm operators the boundary accuracy can be at most half the in-
terior accuracy; i.e., if the approximation is 2q-accurate in the interior, it is at most
q-accurate at the boundary. For the block norm operators it is possible to construct
difference approximations that are (2q−1)-accurate at the boundary. In both cases the
global accuracy of the scheme is one more than the boundary accuracy, i.e., q + 1 for
the diagonal norm operators and 2q for the block norm operators [3]. For most practi-
cal calculations the diagonal norm operators are used, as they result in stable schemes
for problems with coordinate transforms and variable coefficients [6, 7, 14, 15, 17]; a
notable exception is the recent work of Mattsson and Almquist [10], where artificial
dissipation is used to stabilize the block norm operators in complex geometries.

A key concept for this work is the definition of an SBP H-compatible projection
operator. This operator will allow us to move from a grid function to a space of
piecewise continuous functions in a manner that is compatible (in an L2(Γ) sense) with
the SBP finite difference method. We call the space of piecewise continuous functions
the glue grid since it allows us to “glue” together differing numerical methods.

To make this more concrete, given a finite difference grid
[
x0 x1 · · · xN

]
, let

Gh ⊂ L2(Γ) be a finite dimensional space of functions, i.e., the space of functions

the glue grid can represent. Let ψ(η) =
[
ψ0(η) ψ1(η) · · · ψK(η)

]T
be a vector
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x0 x1 x2 x3 x4

• • • • • SBP grid

glue grid

0 1 2 3

Fig. 2. Alignment of the glue grid, the line with interval boundaries denoted with hatch marks,
and the finite difference grid, denoted with dots representing the grid points, at the leftmost boundary.
The glue grid supports functions which are continuous on each interval, e.g., piecewise continuous
functions. Note that the glue grid and the finite difference grid coincide spatially, but here we have
separated them vertically for display purposes.

of linearly independent basis functions for Gh, f =
[
f0 f1 · · · fN

]T
be a grid

function, and H be an SBP norm. Our goal is to define a projection operator so

that a set of coefficients f̄ =
[
f̄0 f̄1 · · · f̄K

]T
can be defined from f such that

f̄(η) =
∑

i f̄iψi(η) = f̄Tψ(η) is a compatible representation of the grid function f
in the space Gh. Note that throughout the paper we use the overline notation to
represent quantities defined on the glue grid.

In order to define theH-compatible projection operators we must define the mass
matrix on the glue grid. Namely, the symmetric, positive definite mass matrix is
M =

∫
Γψ(η)ψ

T (η) dη; thus, given two functions f̄(η) = f̄Tψ(η) and ḡ(η) = ḡTψ(η)

in Gh, the inner product is (f̄ , ḡ) = f̄TMḡ.

Definition 2 (H-compatible projection operator). Let f be a grid function and
ū(η) = ūTψ(η) ∈ Gh be a glue grid function. We call the projection matrices Pf2g

and Pg2f H-compatible if for all f and ū

uTHf = ūTMf̄ ,(3)

where f̄ = Pf2gf and u = Pg2f ū, or equivalently

P T
g2fH =MPf2g.(4)

Here the subscript f2g signifies that the projection goes from the finite difference grid
to the glue grid, and g2f signifies that the projection goes from the glue grid to the
finite difference grid.

Notice that nothing in the definition implies that these solutions must be accu-
rate representations of one another, and Definition 2 will only be used to guarantee
stability. Furthermore, there is no statement that the functions can be moved be-
tween spaces without error; that is, we do not assume that Pg2fPf2gv = v or that
Pf2gPg2f ū = ū.

It is natural to augment Definition 2 with a set of accuracy conditions based on
the particular glue grid space Gh being used. In this work, we let Gh be the space of
discontinuous, piecewise polynomials where the intervals over which the polynomials
are defined align with the finite difference points as shown in Figure 2. Motivated by
Mattsson and Carpenter [11], we require that the operators used in this work satisfy
a set of polynomial accuracy conditions. Namely with a glue grid that can represent
qth order polynomials exactly, we define the qth order polynomial grid function as

fq =
[
0q 1q · · · N q

]T
(with the convention that 00 = 1) and let ḡq(η) = ḡ

T
q ψ(η)

be the same polynomial on the glue grid. We then require that the errors

eg2f = Pg2f ḡq − fq, ef2g = Pf2gfq − ḡq(5)
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SBP grid values of order q−• • • • •
polynomials of order q− − 1

polynomials of order qg − 1

polynomials of order qg − 1

polynomials of order qg − 1

polynomials of order q+ − 1

SBP grid values of order q+• • • • • •

Fig. 3. Example of the alignment of a glue grid with two SBP finite difference grids. On the
finite difference grids values are stored at the nodal locations, whereas the glue grids store polynomials
over the indicated intervals. The projection operators associated with the SBP finite difference grid
are defined to go to the glue grid that conforms to the SBP grid nodes. Since both sides of the
interface do not have the same space of piecewise polynomials, additional projection operators are
needed to move between the polynomial spaces.

be zero for all polynomials up to order qi − 1 everywhere except near the boundary,
where it is required that the error be zero for polynomials up to order qb − 1; here
qi and qb are the interior and boundary accuracy of the SBP finite difference method
being used. In other words, we require the projection operators to mimic the accuracy
of the SBP finite difference method. These are the same accuracy conditions used in
the finite difference to finite difference operators of Mattsson and Carpenter [11]. The
method we use to construct projection operators that satisfy the above accuracy and
stability conditions using a space of discontinuous, piecewise polynomials is discussed
in Appendix B. Additionally, the electronic supplement to this paper contains code
to generate the operators as well as the operators themselves.

We emphasize again that the only requirement for a projection operator to result
in a stable discretization is Definition 2. The accuracy conditions (5) only pertain
to the specific choice of Gh in this paper, and other conditions may be required for
different glue grid spaces.

The H-compatible projection operators discussed in Appendix B move between
an SBP finite difference solution and a given set of piecewise polynomials of order q−1,
where q is the accuracy of the finite difference method; see, for example, Figure 2. To
make these operators useful in practice we need to be able to transition between glue
grid spaces.

To understand why this is, consider the situation shown in Figure 3. Here an
interface between two SBP operators with different grids and orders of accuracy is
shown. Since the operators constructed in Appendix B move between finite difference
grid values and a fixed set of piecewise continuous polynomials (fixed intervals and
orders), the glue grids defined for either side of the interface in Figure 3 will not
conform (i.e., the polynomials may be of a different order, and/or the locations of
the interval boundaries may be different). Thus, additional projection operators are
needed to move between the different polynomial orders and intervals.

The projection operators in this work are constructed in a hierarchical fashion
where at each stage we need to construct projections between two different piecewise
polynomial glue grid spaces where one is the subset of the other; i.e., Ga

h ⊂ Gb
h. The

projection operators between spaces are constructed to satisfy an analogue of (4),
namely,

(6) MaPgb2ga = P T
ga2gb

Mb,

whereMa andMb are the respective glue grid mass matrices (which are each symmet-
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ric positive definite given linearly independent basis functions). Since Ga
h ⊂ Gb

h, then
Pga2gb is a basis transformation operation which can be determined independently of
Pgb2ga , and we have

(7) Pgb2ga =M−1
a P T

ga2gbMb.

Lemma 3. Suppose Pf2ga and Pga2f satisfy (4) with M = Ma. Furthermore,
suppose Pgb2ga and Pga2gb satisfy (7); then

Pf2gb = Pga2gbPf2ga , Pgb2f = Pga2fPgb2ga(8)

satisfy (4) with M =Mb.

Proof. By direct calculation we have

P T
gb2f

H = P T
gb2ga

P T
ga2fH = P T

gb2ga
MaPf2ga

=MbPga2gbPf2ga =MbPf2gb .(9)

Furthermore, it follows from the nesting of the glue spaces that the accuracy
conditions (5) are also satisfied by these compositions of projection operators. Due
to this and Lemma 3, we may assume without loss of generality that Pf2g and Pg2f

project all the way through to the finest glue space (represented by the middle glue
grid in Figure 3); that is, the intermediate spaces are not explicitly considered further
in this work.

3. Acoustic wave equation: SBP-SAT discretization. As a model problem
we consider the two-dimensional acoustic wave equation in first-order form:

ρ
∂vi
∂t

+
∂p

∂xi
= 0 (i = 1, 2),

∂p

∂t
+ λ

(
∂v1
∂x1

+
∂v2
∂x2

)
= 0,(10)

where v1 and v2 are the particle velocities in the x1 and x2 directions, respectively, and
p is the pressure. Here, ρ is the material density, and λ is Lamé’s second parameter,
where we assume that ρ, λ > 0.

We are interested in discretizing (10) on a domain Ω which is the union of curvi-
linear, quadrilateral domains (blocks) {Ωe}. To do so, we transform each domain from
the physical space Ωe to the reference space Ω̃ = [−1, 1]× [−1, 1] via the coordinate
transform xi = xi(ξ1, ξ2), i = 1, 2, with xi being the coordinates in the physical do-
main and ξi being the coordinates in the reference domain; we assume that the inverse
transforms ξi(x1, x2) also exist. (Note that for simplification of notation we suppress
the geometrical terms’ dependence on each domain.) The Jacobian determinant is

(11) J =
∂x1
∂ξ1

∂x2
∂ξ2

− ∂x2
∂ξ1

∂x1
∂ξ2

,

which gives rise to the metric relations

J
∂ξ1
∂x1

=
∂x2
∂ξ2

, J
∂ξ1
∂x2

= −∂x1
∂ξ2

, J
∂ξ2
∂x2

=
∂x1
∂ξ1

, J
∂ξ2
∂x1

= −∂x2
∂ξ1

.(12)

With these definitions, the acoustic wave equation (10) can be written as

ρJ
∂vi
∂t

+
∂

∂ξ1

(
J
∂ξ1
∂xi

p

)
+

∂

∂ξ2

(
J
∂ξ2
∂xi

p

)
= 0, i = 1, 2,(13)

J
∂p

∂t
+ λ

(
J
∂ξ1
∂x1

∂v1
∂ξ1

+ J
∂ξ2
∂x1

∂v1
∂ξ2

+ J
∂ξ1
∂x2

∂v2
∂ξ1

+ J
∂ξ2
∂x2

∂v2
∂ξ2

)
= 0.(14)
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Notice that we have written the transformed equations in skew-symmetric form with
the velocity equations (13) written using a conservative transform and the pressure
equation (14) using a nonconservative transform. It is common to do both terms
conservatively, but doing this splitting results in a provably stable scheme.

Before presenting an SBP discretization of the governing equations, we first intro-
duce a variational form of the equations on each domain. This is done to highlight the
close connection between SBP finite difference methods and DG methods. To do this,
we introduce test functions wi, i = 1, 2, and ϕ which belong to some appropriately
chosen space. Multiplying the velocity equation (13) by wi, the pressure equation
(14) by ϕ, and integrating over a domain Ω̃ gives

∫
Ω̃

wi

[
ρJ
∂vi
∂t

+
∂

∂ξ1

(
J
∂ξ1
∂xi

p

)
+

∂

∂ξ2

(
J
∂ξ2
∂xi

p

)]
dA

= −
∫
∂Ω̃

wiSJni (p
∗ − p) ds, i = 1, 2,(15) ∫

Ω̃

ϕ

[
J
∂p

∂t
+ λ

(
J
∂ξ1
∂x1

∂v1
∂ξ1

+ J
∂ξ2
∂x1

∂v1
∂ξ2

+ J
∂ξ1
∂x2

∂v2
∂ξ1

+ J
∂ξ2
∂x2

∂v2
∂ξ2

)]
dA

= −
∫
∂Ω̃

ϕλSJ (v∗ − v) ds,(16)

where p∗ and v∗ are penalty terms (also known as numerical fluxes) that satisfy the
boundary or interface conditions that connect the domains. As discussed below in
the discretization, these values are derived from the numerical solution along the edge
of the block; in the case of interfaces, the numerical solution from both sides of the
interface is considered. For most methods, these values are the same (up to a possible
sign change) on either side of an interface, though in this work we will need to relax
this to account for a possible projection error, that is, the fact that Pg2fPf2g is not an
identity operation. Here, SJ is the surface Jacobian, n1 and n2 are the components
of the outward pointing unit normal (in the x1 and x2 directions, respectively), and
v = n1v1 + n2v2 is the normal component of velocity. For the reference domain
Ω̃ = [−1, 1] × [−1, 1] (which will be used for the finite difference discretization) the
surface Jacobian terms and outward pointing normals for the edge defined by ξi = ±1
are

SJ = J

√(
∂ξi
∂x2

)2

+

(
∂ξi
∂x1

)2

, n1 = ± J

SJ

∂ξi
∂x2

, n2 = ± J

SJ

∂ξi
∂x1

.(17)

With the above definition, the boundary integrals can be rewritten as

∫
∂Ω̃

wiSJni (p
∗ − p) ds

=

∫ 1

−1

[wiSJni (p
∗ − p)]ξ1=−1dξ2 +

∫ 1

−1

[wiSJni (p
∗ − p)]ξ1=1dξ2(18)

+

∫ 1

−1

[wiSJni (p
∗ − p)]ξ2=−1dξ1 +

∫ 1

−1

[wiSJni (p
∗ − p)]ξ2=1dξ1,
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∂Ω̃

ϕλSJ (v∗ − v) ds

=

∫ 1

−1

[ϕλSJ (v∗ − v)]ξ1=−1 dξ2 +

∫ 1

−1

[ϕλSJ (v∗ − v)]ξ1=1 dξ2(19)

+

∫ 1

−1

[ϕλSJ (v∗ − v)]ξ2=−1 dξ1 +

∫ 1

−1

[ϕλSJ (v∗ − v)]ξ2=1 dξ1.

Going back to the differential form of the equations, we discretize the reference
domain Ω̃ with an (N1 + 1) × (N2 + 1) grid of equally spaced points. The grid
spacing in the ξi dimension is hi = 2/Ni for i = 1, 2. Thus the (k, l) grid point is
at (ξ1, ξ2) = (kh1 − 1, lh2 − 1) for k = 0, . . . , N1 and l = 0, . . . , N2. We define the
pressure solution vector on the grid as

p =
[
p00 p01 · · · p0N2 p10 · · · pN1N2

]T
,(20)

where pkl approximates the pressure p at grid point (k, l); the solution vectors v1
and v2 are similarly defined. An SBP-SAT semidiscretization (discretization only in
space) of (13)–(14) on a domain Ωe using an (N1 + 1)× (N2 + 1) grid is then

ρJ
dvi
dt

+D1J
∂ξ1
∂xi

p+D2J
∂ξ2
∂xi

p = −H−1Fvi , i = 1, 2,

(21)

J
∂p

∂t
+ λ

(
J
∂ξ1
∂x1

D1v1 + J
∂ξ2
∂x1

D2v1 + J
∂ξ1
∂x2

D1v2 + J
∂ξ2
∂x2

D2v2

)
= −λH−1Fp.

(22)

Here, we have defined the matrices

H =HN1 ⊗HN2, D1 =DN1 ⊗ IN2 , D2 = IN1 ⊗DN2 ,(23)

where INi , HNi , and DNi are all matrices of size (Ni + 1)× (Ni + 1) with INi being
the identity matrix andHNi andDNi being the one-dimensional SBP finite difference
operators in the ξi direction. The vectors v1, v2, and p are the unknown velocities and
pressures at the finite difference grid points. The diagonal matrices J , ∂ξ1

∂x1
, ∂ξ1

∂x2
, ∂ξ2

∂x1
,

and ∂ξ2

∂x2
have the respective geometric factors evaluated at the finite difference grid

points along their diagonal. For example, letting Jkl denote the Jacobian determinant
(or its approximation) at grid point (k, l), we define

J = Diag
[
J00 J01 · · · J0N2 J10 · · · JN1N2

]
,(24)

where Diag(·) constructs a diagonal matrix from a given vector; the other diagonal
matrices are defined similarly. For simplicity of the discussion we assume that the
material parameters ρ and λ are constants in Ω.

Before stating the specific form for the penalty terms Fvi and Fp, we note the
similarities between the SBP-SAT discretization and a DG method based on the inte-
gral form. Namely, ifH is interpreted as an elemental mass matrix, then the left-hand
sides of (21)–(22) correspond to the body integral terms in (15)–(16). Similarly, the
right-hand side terms correspond to the boundary integrals. Thus, the SBP-SAT dis-
cretization and the DG method have the same discrete structure. Additionally, what
are commonly referred to as penalty terms in SBP-SAT finite difference methods are
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of the same form as the numerical flux terms in DG methods. This is important
because even though the methods are developed using different continuous represen-
tations (i.e., differential versus variational form), these similarities will facilitate the
stable coupling using the penalty and flux terms; see section 4.2.

The penalty terms in (21)–(22) are taken to be of the form

Fvi =
(
eW ⊗FW

vi

)
+
(
eE ⊗FE

vi

)
+
(
FS

vi ⊗ eS
)
+
(
FN

vi ⊗ eN
)
,(25)

Fp =
(
eW ⊗FW

p

)
+
(
eE ⊗FE

p

)
+
(
FS

p ⊗ eS
)
+
(
FN

p ⊗ eN
)
.(26)

Here the subscripts and superscriptsW , E, S, and N are used to denote which side of
the domain the penalty term correspond to. For instance,W and E correspond to the
west and east sides of the domain with ξ1 = −1 and ξ1 = 1, respectively. Similarly, S
and N correspond to the south and north with ξ2 = −1 and ξ2 = 1. The vectors eW
and eE have length N1 + 1 and are zero everywhere except the first and last entries,
respectively, where they are 1, i.e.,

eW =
[
1 0 · · · 0

]T
and eE =

[
0 · · · 0 1

]T
;(27)

the vectors eS and eN are defined analogously.
The vectors FW

vi and FW
p , of length N2+1, are the actual penalty terms (or flux

differences) along the west side. These vectors are taken to have the form

FW
vi =H2SJWn

W
i (p∗W − pW ) , FW

p =H2SJWλ (v∗W − vW ) .(28)

Here SJW and nW
i are (N2 + 1) × (N2 + 1) diagonal matrices with elements corre-

sponding to the surface Jacobian terms and outward pointing unit normals along the
west face; see (17). The vectors pW and vW , of length N2 + 1, are the pressure and
normal components of velocity (v = v1n1 + v2n2), respectively, at grid points along
the west face. Finally, the vectors p∗W and v∗W will be set based on the interface
and/or boundary conditions for the block. In the case of interface conditions, these
edge values will need to be set in a consistent manner across the interface. As noted
above, these penalty terms correspond to the numerical fluxes in DG methods, and
stability results through a judicious choice of penalty or flux.

Stability of the semidiscrete discretization, whether a pure multiblock SBP-SAT
discretization or a coupled SBP-DG method, will be based on energy analysis. To do
so, we define the energy in a single SBP block as

E =
ρ

2
vT1 JHv1 +

ρ

2
vT2 JHv2 +

1

2λ
pTJHp(29)

and define the total energy in the solution as

E =
∑

blocks

E.(30)

Since the governing equations (10) are energy conservative with the free surface bound-
ary condition, it is appropriate to use the following definition of discrete stability [4].

Definition 4 (energy stability). The semidiscrete discretization is said to be sta-
ble if

dE
dt

≤ 0.(31)
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For a single SBP block, the energy dissipation rate is characterized by the follow-
ing lemma.

Lemma 5. The single SBP block discretization (21)–(22) with penalty terms (25)–
(26) of the form of (28) has the energy dissipation rate

dE

dt
=

∑
K={W,E,S,N}

DK ,(32)

DK =− vTKHKSJKp
∗
K + vTKHKSJKpK − (v∗K)

T
HKSJKpK ,(33)

where DK is the dissipation rate along edge K of the block with HW =HE =H2 and
HS =HN =H1.

Proof. See Appendix A.

The implication of the lemma is that the energy dissipation rate for a single block
is the sum of the dissipation rate for each of its edges. Thus, we can prove global semi-
discrete energy stability by showing that energy is dissipated across every interface
and boundary.

The crux of a stable coupling is then choosing p∗ and v∗ such that when (32) is
summed over all blocks dE/dt ≤ 0. Before continuing on to present how the interface
terms p∗ and v∗ are formulated when projection operators are used, we consider
the form the penalty terms take for an exterior boundary and when the interface is
conforming (matching grid and SBP finite difference scheme across interface).

3.1. Exterior boundary treatment. Since the focus of this work is interface
treatment, we only consider the zero pressure boundary condition p = 0. Numerically,
through the penalty terms, this enforcement is done through a linear combination of
a central and upwind biased penalty; here by “central” we mean a penalty term that
leads to no energy dissipation. If a block edge K ∈ {W,E, S,N} is an outer boundary,
the penalty terms are taken to be of the form

p∗K − pK = −pK , v∗K − vK = α
pK
Z
,(34)

where Z =
√
ρ/λ > 0 is the impedance of the material. Here the parameter α ≥ 0

has been introduced, with α = 0 being the central boundary treatment and α = 1
the fully upwind boundary treatment. The following lemma ensures that the external
boundary treatment is dissipative.

Lemma 6. If edge K ∈ {W,E, S,N} of an SBP block is an exterior boundary
with penalty terms of the form (34), then the energy dissipation rate for the edge is

DK = −α

Z
pTKHKSJKpK ,(35)

which is nonpositive if α ≥ 0.

Proof. Solving penalty term (34) for p∗K and v∗K gives

p∗K = 0, v∗K = vK + α
pK
Z
,(36)

and (35) follows immediately after substituting p∗K and v∗K into the edge dissipation
rate (33). The nonpositiveness of (35) follows from the fact that HK and SJK are
diagonal, positive definite matrices.
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3.2. Conforming interface treatment. We call a block interface conforming
when the grid and the H-norm are the same on both sides of the interface; the latter
condition typically implies that the same SBP finite difference method is being used
on both sides of the interface. The interface conditions are continuity of pressure and
the normal component of velocity:

p+ = p−, v+ = −v−.(37)

Here we have introduced the superscripts + and − to denote the two sides of the
interface. Recall that v is the normal component of the velocity, and thus the minus
sign in the velocity condition is due to the fact that the normals are equal and opposite
on either side of the interface. For the minus side of the interface the penalty terms
can then be written as a combination of the central and upwind penalties:

p∗ − p = p∗ − p− =
1

2

(
p+ − p−)+ α

Z

2

(
v+ + v−

)
,(38)

v∗ − v = v∗ − v− = −1

2

(
v+ + v−

)− α
1

2Z

(
p+ − p−) ,(39)

where stability results when α ≥ 0, and the central penalty (zero energy dissipation)
is achieved when α = 0 and the upwind penalty with α = 1.

Lemma 7. Consider a single, conforming interface between two SBP blocks with
penalty terms of the form (38)–(39). Let D− and D+ be the energy dissipation rate
along each side of the interface; then

D− +D+ = − α
Z

2

(
v− + v+

)T
HSJ

(
v− + v+

)
− α

1

2Z

(
p− − p+)THSJ

(
p− − p+)(40)

is nonpositive for α ≥ 0.

Proof. Solving (38)–(39) for p∗ and v∗ on the minus side of the interface gives

p∗ =
1

2

(
p+ + p−

)
+ α

Z

2

(
v+ + v−

)
,(41)

v∗ =
1

2

(
v− − v+)+ α

1

2Z

(
p− − p+) .(42)

Substituting p∗ and v∗ into (33) on the minus side of the interface results in (after
some simplification)

D− = − 1

2

(
v−
)T
HSJp

+ − α
Z

2

(
v−
)T
HSJ

(
v+ + v−

)
+

1

2

(
p−
)T
HSJv

+ + α
1

2Z

(
p−
)T
HSJ

(
p+ − p−) .(43)

A similar calculation for the plus side of the interface gives

D+ = − 1

2

(
v+
)T
HSJp

− − α
Z

2

(
v+
)T
HSJ

(
v− + v+

)
+

1

2

(
p+
)T
HSJv

− + α
1

2Z

(
p+
)T
HSJ

(
p− − p+) .(44)

Edge energy dissipation (40) then follows since H and SJ are diagonal matrices.
Similarly, the nonpositiveness of (40) when α ≥ 0 follows from the diagonal, positive
definiteness of H and SJ .



A934 JEREMY E. KOZDON AND LUCAS C. WILCOX

4. General interface treatment. Our discussion of more general interfaces
begins with the coupling of two SBP finite difference blocks that conform at the block
level (i.e., no hanging multiblock nodes). Throughout we assume that both blocks have
the same continuous coordinate transform along the interface. For example, consider
the case shown in Figure 1 (left panel), where we assume that the block on the right
side of the interface has been transformed with x+1 (ξ1, ξ2) and x

+
2 (ξ1, ξ2), and similarly

the block on the left side has been transformed with x−1 (ξ1, ξ2) and x
−
2 (ξ1, ξ2). With

this notation, both blocks see the same transform along the interface if x+1 (−1, ξ) =
x−1 (1, ξ) and x+2 (−1, ξ) = x−2 (1, ξ), where for simplicity we have assumed that the
west face of the right block is connected to the east face of the left block. The glue
grid is then parameterized by the variable −1 ≤ η ≤ 1. Note that we assume nothing
about how many grid points are along this interface—only that they conform at the
continuous level.

The core idea behind the nonconforming interface treatment is that the penalty
terms are computed on a glue grid between the two domains. An example glue grid
between two finite difference methods is shown in Figure 3. As can be seen, the glue
grid between the two domains is defined so that the grid points are nested with the
glue grid interval boundaries.

To move values between the finite difference grid and the glue grid, the previously
defined projection operators are used. Namely, the operators P−

f2g and P+
f2g move

values from the grid on the minus and plus sides of the interface to the glue grid, and
P−

g2f and P+
g2f move values from the glue grid to the finite difference grids on the

plus and minus sides of the interface. We will see that since at the discrete level both
sides of the interface may sample the geometry and metric terms differently, these
geometry differences, specifically the surface Jacobian, must be taken into account in
the projection to ensure discrete stability. To do this, we project the square root of the
surface Jacobians along with the grid values to the glue grid; since the surface Jacobian
matrices S±

J are positive, diagonal matrices, the square roots of these matrices are
trivial to compute. Hence, the values that we work with on the glue grid are

p̄± = P±
f2g

(
S±
J

)1/2
p±, v̄± = P±

f2g

(
S±
J

)1/2
v±;(45)

we note that values on the glue grid are always scaled by the square root of the surface
Jacobian. Here, the vectors p± and v± refer only to pressure values and the normal
component of velocity along the interface of interest.

With this notation, the penalty terms along a nonconforming interface are

p∗ − p− =
(
S−
J

)−1/2
P−

g2f

(
p̄∗ − p̄−)+ 1

2

[(
S−
J

)−1/2
P−

g2f p̄
− − p−

]
,(46)

v∗ − v− =
(
S−
J

)−1/2
P−

g2f

(
v̄∗ − v̄−)+ 1

2

[(
S−
J

)−1/2
P−

g2f v̄
− − v−

]
,(47)

where p̄∗ − p̄− and v̄∗ − v̄− are defined by (38)–(39) using the values p̄± and v̄± for
p± and v±, respectively. As in the conforming case, the parameter α ≥ 0 controls the
central versus upwind bias of the scheme. The second term on the right-hand side of
(46) (and (47)) is a projection error which arises because Pg2fPf2g is not an identity
operation.

An important implication of the penalty terms (46)–(47) is that the projection
operations for the two sides are independent of the scheme on either side of the
interface and the underlying representation of the geometry. This latter fact means
that the geometry does not need to be built into the projection operation. Also note
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that if the interface is conforming, the conforming penalties (38)–(39) are equivalent
to the nonconforming penalty terms (46)–(47) if the projection matrices are taken to
be the identity matrix: P±

f2g = P±
g2f = I.

We can now state the first major result of the paper.

Theorem 8. Consider a single, nonconforming interface between two SBP blocks
with penalty terms of the form (46)–(47). Let D− and D+ be the energy dissipation
rates along each side of the interface; then

D− +D+ = − α
Z

2

(
v̄− + v̄+

)T
M
(
v̄− + v̄+

)
− α

1

2Z

(
p̄− − p̄+)TM (

p̄− − p̄+) ,(48)

which is nonpositive for α ≥ 0.

Proof. Solving (46)–(47) for p∗ and v∗ on the minus side of the interface gives

p∗ =
(
S−
J

)−1/2
P−

g2f

(
p̄∗ − p̄−)+ 1

2

[(
S−
J

)−1/2
P−

g2f p̄
− + p−

]
,(49)

v∗ =
(
S−
J

)−1/2
P−

g2f

(
v̄∗ − v̄−)+ 1

2

[(
S−
J

)−1/2
P−

g2f v̄
− + v−

]
.(50)

Substituting p∗ and v∗ into (33) on the minus side of the interface results in (after
some simplification)

D− = − (v−)TH−(S−
J

)1/2
P−

g2f

(
p̄∗ − p̄−)− 1

2

(
v−
)T
H−(S−

J

)1/2
P−

g2f p̄
−

− (p−)TH−(S−
j

)1/2
P−

g2f

(
v̄∗ − v̄−)− 1

2

(
p−
)T
H−(S−

j

)1/2
P−

g2f v̄
−.(51)

Using property (4) of the projection operator, the energy dissipation on the minus
side of the interface is

D− = − (v−)T (S−
J

)1/2(
P−

f2g

)T
M
(
p̄∗ − p̄−)− 1

2

(
v−
)T (

S−
J

)1/2(
P−

f2g

)T
Mp̄−

− (p−)T (S−
j

)1/2(
P−

f2g

)T
M
(
v̄∗ − v̄−)− 1

2

(
p−
)T (

S−
j

)1/2(
P−

f2g

)T
Mv̄−

= − (v̄−)TMp̄∗ +
(
v̄−
)T
Mp̄− − (p̄−)TMv̄∗,(52)

where we have used that H and SJ commute since they are diagonal as well as the
definitions of p̄− and v̄−; see (45). Solving (38) and (39), evaluated with p̄± and
v̄±, for p̄∗ and v̄∗ and substituting these values into (52) gives (after minor algebraic
manipulations)

D− = − 1

2

(
v̄−
)T
Mp̄+ − α

Z

2

(
v̄−
)T
M
(
v̄+ + v̄−

)
+

1

2

(
p̄−
)T
Mv̄+ + α

1

2Z

(
p̄−
)T
M
(
p̄+ − p̄−) .(53)

A similar calculation for the plus side of the interface gives

D+ = − 1

2

(
v̄+
)T
Mp̄− − α

Z

2

(
v̄+
)T
M
(
v̄− + v̄+

)
+

1

2

(
p̄+
)T
Mv̄− + α

1

2Z

(
p̄+
)T
M
(
p̄− − p̄+) .(54)

Summing (53) and (54) then gives (48). Similarly, the nonpositiveness of (48) when
α ≥ 0 follows from the positive definiteness of M .
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Comparison with Mattsson and Carpenter’s [11] interpolation operators. As noted
above, Mattsson and Carpenter have previously proposed a set of SBP-compatible op-
erators for coupling conforming (at the block level) SBP finite difference methods with
a fixed refinement ratio [11]. These operators, which Mattsson and Carpenter denote
as IF2C and IC2F with F2C and C2F denoting fine to coarse and vice versa, move
a solution all the way from one finite difference grid to the next. Thus, an important
difference from the projection operators we employ here is that there is an intermedi-
ate glue grid which allows the projection operators to be defined independently of the
coupling; Mattsson and Carpenter’s operators depend on both the refinement ratio
and the SBP operator on either side of the interface. Additionally, Mattsson and
Carpenter had to introduce additional constraints in order to ensure stability when
upwind bias penalties/numerical fluxes are used; see equation (16) of Mattsson and
Carpenter [11]. In their paper, Mattsson and Carpenter note that they were unable
to construct operators which always satisfy these constraints and for some cases dis-
sipation was introduced to stabilize the method. In this work the use of the glue grid
allows us to overcome these extra constraints on the operators as well as the need
to introduce dissipation on the interface; note that in the method we propose here
there is dissipation on the interface, and it is controlled by the upwind parameter α.
Finally, the compound operators IF2C = P+

g2fP
−
f2g and IC2F = P−

g2fP
+
f2g satisfy the

consistency constraints (15) and the accuracy conditions of Definition 2.4 of Mattsson
and Carpenter [11] (though it should be noted that they are numerically distinct).

4.1. Many-to-many interfaces. We now move on to the case when several
finite difference blocks are coupled together along a single interface. As will be seen,
the treatment for this case is identical to the one-to-one interface case except that
the surface Jacobians of the blocks along the coupling interface must be scaled to
put them into the glue grid space. An example of the sort of coupling considered is
shown in the center panel of Figure 1, where we are interested in the treatment of the
T-intersection (denoted with a thick line); without loss of generality we assume that
the interface occurs in the ξ2 direction for all blocks.

As noted above, we parameterize the glue space with a variable −1 ≤ η ≤ 1.
We let N− be the number of blocks along the minus side of the interface, and each
block k, 1 ≤ k ≤ N−, overlaps the glue interface over β−(k−1) ≤ η ≤ β−(k) with
β−(0) = −1 and β−(N−) = 1. We then define the affine interface transform to take
each block interface (which runs from −1 ≤ ξ ≤ 1) to the appropriate portion of the
glue interface:

η−(k) =
β−(k−1)(1− ξ

−(k)
2 ) + β−(k)(1 + ξ

−(k)
2 )

2
,(55)

ξ
−(k)
2 =

(η−(k) − β−(k)) + (η−(k) − β−(k−1))

β−(k) − β−(k−1)
,(56)

where 1 ≤ k ≤ N− denotes which of the blocks along this side of the interface we
are considering. Since these are affine transforms, their effect on the surface Jacobian
(see (17)) will be a constant scaling of

∂ξ
−(k)
2

∂η−(k)
=

2

β−(k) − β−(k−1)
=

1

Δ−(k)
.(57)

Here Δ−(k) is the fraction of the interface which intersects block k. A similar con-
struction is used for the N+ blocks on the other side of the interface.
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Projections to the glue and the penalty terms for each block are then defined as
in (45), (46), and (47) except with the surface Jacobians scaled by 1/Δ±(k):

p̄±(k) = P
±(k)
f2g

(
S

±(k)
J

Δ±(k)

)1/2

p±(k), v̄±(k) = P
±(k)
f2g

(
S

±(k)
J

Δ±(k)

)1/2

v±(k),(58)

p∗(k) − p−(k) =

(
S

−(k)
J

Δ−(k)

)−1/2

P
−(k)
g2f

(
p̄∗(k) − p̄−(k)

)

+
1

2

⎡
⎣(S−(k)

J

Δ−(k)

)−1/2

P
−(k)
g2f p̄−(k) − p−(k)

⎤
⎦ ,(59)

v∗(k) − v−(k) =

(
S

−(k)
J

Δ−(k)

)−1/2

P
−(k)
g2f

(
v̄∗(k) − v̄−(k)

)

+
1

2

⎡
⎣
(
S

−(k)
J

Δ−(k)

)−1/2

P
−(k)
g2f v̄−(k) − v−(k)

⎤
⎦ .(60)

Before going on to state the edge dissipation rates, we note that the change of variables
(55)–(56) requires a slight modification to the H-compatible definition (2); namely,
we now use the definition

Δ−(k)
(
P

−(k)
g2f

)T
H−(k) =M−(k)P

−(k)
f2g .(61)

Here, H−(k) is the one-dimensional SBP norm matrix for a grid from −1 to 1, and
M−(k) is the mass matrix for the portion of the glue grid running from β−(k−1) to
β−(k). The difference between the domains of H−(k) and M−(k) gives rise to the
Δ−(k) in the compatibility condition.

We define the solution vectors on the glue as

v̄± =

⎡
⎢⎣
v̄±(1)

...

v̄±(N±)

⎤
⎥⎦ , p̄± =

⎡
⎢⎣
p̄±(1)

...

p̄±(N±)

⎤
⎥⎦(62)

and the block diagonal glue mass matrix as

M =

⎡
⎢⎣
M−(1)

. . .

M−(N−)

⎤
⎥⎦ =

⎡
⎢⎣
M+(1)

. . .

M+(N+)

⎤
⎥⎦ ,(63)

where we note that it is equivalent to defineM from either the plus or the minus side
block mass matrices since they integrate the same space of function after stacking.
With these definitions, we now have the following theorem which guarantees stability
of the interface treatment.

Theorem 9. Consider a single, nonconforming interface with N− and N+ SBP
blocks on either side of the interface with penalty terms of the form (59)–(60). Let
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D− and D+ be the energy dissipation rate along each side of the interface; then

D− +D+ = − α
Z

2

(
v̄− + v̄+

)T
M
(
v̄− + v̄+

)
− α

1

2Z

(
p̄− − p̄+)TM (

p̄− − p̄+)(64)

is the nonpositive for α ≥ 0.

Proof. Solving the penalty terms for p∗(k) and v∗(k) and substituting them into
(33) gives (after a calculation similar to (52)) the edge dissipation rate

D−(k) = −
(
v̄−(k)

)T
M−(k)p̄∗(k) +

(
v̄−(k)

)T
M−(k)p̄−(k)

−
(
p̄−(k)

)T
M−(k)v̄∗(k).(65)

Defining the vectors

v̄∗ =

⎡
⎢⎣
v̄∗(1)
...

v̄∗(N
−)

⎤
⎥⎦ , p̄∗ =

⎡
⎢⎣
p̄∗(1)
...

p̄∗(N
−)

⎤
⎥⎦ ,(66)

the sum of the contributions from all the blocks on the minus side of the interface can
be written as

D− =

N−∑
k=1

D−(k) = − (v̄−)TMp̄∗ +
(
v̄−
)T
Mp̄− (p̄−)TMv̄∗.(67)

Since this equation is identical to (53), the remainder of the proof is identical to that
of Theorem 8.

4.2. Connecting with discontinuous Galerkin methods. In addition to
allowing for the stable coupling of general finite difference grids, the projection opera-
tors defined above can also be used to couple finite difference methods with numerical
methods in variational form. To demonstrate this, we consider the coupling of SBP
finite difference methods with a curvilinear, triangle-based DG method. We begin
by introducing a triangular, curved element DG method and then proceed to view
each DG element as a small SBP finite difference block, which leads immediately to
a stable coupling between the methods. Though we use one particular DG method,
coupling with other formulations is possible as the coupling is purely done at the
numerical flux level, so any scheme that gives rise to similar interface terms will be
stable. In what follows we only highlight the essential parts of the DG formulation
that are necessary to couple it with SBP methods; for a more complete description of
DG, the interested reader is directed to, for instance, Hesthaven and Warburton [5].

To introduce the DG method, we start with the variational form of the governing
equations (15)–(16) for a DG element Ωe whose reference element is Ω̃; for the ex-
amples in this paper we use a triangular reference element. Applying integration by
parts to the conservation of momentum (15) in order to move the spatial derivatives
from the solution p to the test functions wi, we get conservation of momentum in the
form ∫

Ω̃

[
wiρJ

∂vi
∂t

− ∂wi

∂ξ1
J
∂ξ1
∂xi

p− ∂wi

∂ξ2
J
∂ξ2
∂xi

p

]
dA = −

∫
∂Ω̃

wiSJnip
∗ds.(68)
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Notice that the right-hand side of (68) depends only on p∗, i.e., the value which will
become the numerical flux. The form of (68) with the derivative on the test function
and of (16) with the derivative on the trial function is sometimes referred to as the
skew-symmetric form of the variational equations.

Discretizing the variational forms (68) and (16) in space using the DG method
gives rise to the following semidiscretization on each element:

ρMJ
dvi
dt

=DT
1M1ip+DT

2M2ip−
3∑

K=1

LT
KP

T
bcniKΩbcSJKp

∗
K ,(69)

MJ
dp

dt
=− λ (M11D1v1 +M21D2v1 +M12D1v2 +M22D2v2)

−
3∑

K=1

λLT
KP

T
bcΩbcSJK

(
v∗K − v−K

)
,(70)

where the vector v−K is the normal component of velocity along edge K of the element
evaluated at the cubature points:

v−K = n1KPbcLKv1 + n2KPbcLKv2.(71)

Here LK takes the volume terms to edge K of the element, and LT
K takes edge K

terms to the volume; this is similar to the behavior of eW/E ⊗ I and I ⊗ eN/S in
the SBP method. Also as in the SBP method, D1 and D2 are the reference element
differentiation matrices for the two reference coordinate directions. Since we will be
using curved triangular elements, integration is done using a cubature in the volume
and quadratures along the edges of the elements. Thus we introduce the projection
matrices Pc and Pbc that project from the volume and edge approximations to the
volume and edge cubature points, respectively. At the cubature locations, the matrices
Ωc and Ωbc are diagonal matrices of the integration weights for the volume and an
edge, respectively. To ensure stability of the method, we will assume that Ωc and Ωbc

are positive definite. The element mass matrices in the discretization are defined as

MJ = P T
c ΩcJPc, Mij = P

T
c ΩcJ

∂ξi

∂xj

Pc.(72)

Here the diagonal matrices J and ∂ξi

∂xj
are, respectively, the Jacobian determinant

and metric derivatives defined at the cubature points. The diagonal matrices SJK

and niK are the surface Jacobian and the components of the unit normal for edge K,
respectively, defined at the cubature points.

Defining the energy in a DG element as

E =
ρ

2
vT1MJv1 +

ρ

2
vT2MJv2 +

1

2λ
pTMJp(73)

as well as the edge projected pressures as

p−K = PbcLKp,(74)

the energy dissipation rate for a single DG element can be characterized by the fol-
lowing lemma.
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Lemma 10. The single DG block discretization (69)–(70) has the energy dissipa-
tion rate

dE

dt
=

3∑
K=1

DK ,(75)

DK =− (v−K)TΩbcSJKp
∗
K − (p−K)TΩbcSJK

(
v∗K − v−K

)
,(76)

with energy as defined in (73).

Proof. Equation (76) follows directly by inserting (69)–(70) into the time deriva-
tive of (73),

dE

dt
=ρvT1MJ

dv1
dt

+ ρvT2MJ
dv2
dt

+
1

λ
pTMJ

dp

dt
,(77)

and simplifying using the definition of the edge projected pressures (74) and normal
velocity (71). The nonpositiveness of (76) follows from the fact that Ωbc and SJK

are diagonal, positive definite matrices.

4.2.1. Boundary and DG-to-DG numerical flux. When an edge occurs on
the physical boundary, the boundary condition p = 0 is enforced with the numerical
flux

p∗K = 0, v∗K − vK = α
pK
Z
.(78)

Similarly, the numerical flux between two DG elements is taken to be

p∗ =
1

2

(
p+ + p−

)
+ α

Z

2

(
v+ + v−

)
,(79)

v∗ − v− = − 1

2

(
v+ + v−

)− α
1

2Z

(
p+ − p−) .(80)

In both cases, as in the SBP case, the parameter α controls the upwind nature of
the numerical flux. For stability, α ≥ 0, with the central flux resulting if α = 0
and the fully upwind flux if α = 1. Note that if p− is subtracted from p∗, these
are identical to the penalty terms previously defined for SBP boundaries (34) and
conforming interfaces (38)–(39).

Lemma 11. If edge K of a DG element is an exterior boundary with penalty terms
of the form (78), then the energy dissipation rate for the edge is

DK = −α

Z

(
p−K
)T

ΩbcSJKp
−
K ,(81)

which is nonpositive if α ≥ 0.

Proof. The proof follows directly by using (78) in (76).

Lemma 12. Consider a single interface between two DG elements with penalty
terms of the form (79)–(80). Let D− and D+ be the energy dissipation rates along
each side of the interface; then

D− +D+ = − α
Z

2

(
v− + v+

)T
ΩbcSJ

(
v− + v+

)
− α

1

2Z

(
p− − p+)TΩbcSJ

(
p− − p+)(82)

is nonpositive for α ≥ 0.
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Proof. Equation (82) follows directly by adding D++D+ and using the definition
of the numerical flux (79)–(86). The nonpositiveness of (82) follows from the fact that
Ωbc and SJK are diagonal, positive definite matrices.

4.2.2. SBP-to-DG interface. We now consider the case of an edge correspond-
ing to an interface with an SBP block. Note that in general the edge of an SBP block
will be connected to many DG elements, as shown in Figure 1, and thus a procedure
similar to that used in section 4.1 will be required for connecting many SBP blocks
across one interface. For simplicity, we assume that the DG element only connects
to a single SBP block and that the coupling occurs along the east face of the SBP
block (as shown in the right panel of Figure 1). We index the glue grid using the SBP
coordinate transform, so η = ξ2 in Figure 1, where ξ2 is the second metric coordinate
of the SBP block. Let the DG element intersect the glue grid over the interval [η1, η2].
Since the surface Jacobian for the DG element is defined for the element’s reference
space on the boundary of length γ, we have to scale the surface Jacobian before pro-
jecting to the glue space, as was done in the many-to-one SBP case of section 4.1.
Thus we define the scaled and projected DG solution as

v̄− = P−
f2g

(
S−
J

Δ−

)1/2

v−,(83)

p̄− = P−
f2g

(
S−
J

Δ−

)1/2

p−,(84)

where Δ− = (η2−η1)/γ and P−
f2g is the projection from the DG element edge cubature

points to the portion of the glue grid it overlaps. Similarly, we define the projection
back from the glue to the DG element edge as P−

g2f .
If we use polynomial basis functions of order q for DG and set the glue grid space

to a higher-order polynomial space, then we have that P−
g2fP

−
f2g = I; that is, there

is no projection error as there was for the SBP solution; note that the converse is
not true, as the glue grid is a higher-order space. With this assumption, we can now
define the DG numerical flux when connected to the SBP finite difference solution as

p∗ =

(
S−
J

Δ−

)−1/2

P−
g2f p̄

∗,(85)

v∗ − v− =

(
S−
J

Δ−

)−1/2

P−
g2f

(
v̄∗ − v̄−) ,(86)

with p̄∗ and v̄∗−v̄− defined as in (38)–(39) using the values p̄± and v̄± for p± and v±,
respectively. As in the conforming case, comparing these numerical flux expressions
with the SBP penalty terms (46)–(47), we see that they are identical since there is no
projection error going to the glue and back for the DG solution, in particular since

P−
g2fP

−
f2gp

− = P−
g2f p̄

− = p−.(87)

Additionally, these numerical fluxes are the same as those in (79)–(80) since in the
case of connecting two DG elements the projection operators are identity operations,
i.e., P−

f2g = P−
g2f = I, and the surface Jacobians are the same for both sides of the

interface. With a high enough boundary cubature order, it can be assumed that

Δ−
(
P−

g2f

)T
Ω−

bc =M
−(k)P−

f2g,(88)
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and stability of the SBP-DG coupling is characterized by the following corollary to
Theorem 9.

Corollary 13. Consider a single, nonconforming interface between an SBP fi-
nite difference method and a DG method. If the SBP finite difference method has in-
terface penalty terms of the form (59)–(60) and the DG method has numerical fluxes
of the form (85)–(86), then the coupling interface satisfies the dissipation rates of
Theorem 9.

Proof. To prove that this corollary is true, we will show that a single DG cell,
indexed by (k), satisfies (65). The single edge dissipation rate for a DG cell comes
from substituting (85)–(86) into (76) and using

D−(k) =−
(
v−(k)

)T
Ωbc

(
Δ−(k)S

−(k)
J

)1/2
P

−(k)
g2f p̄∗(k)

−
(
p−(k)

)T
Ωbc

(
Δ−(k)S

−(k)
J

)1/2
P

−(k)
g2f

(
v̄∗(k) − v̄−(k)

)
.(89)

Using (88), this can be simplified to (65). Thus, the rest of the proof for the dissipation
rates follows the same procedure as in the proof of Theorem 9.

5. Numerical results. Here we confirm the above theoretical stability results
as well as explore the accuracy of the coupling technique.1 A method-of-lines ap-
proach is used to discretize the acoustic wave equation where the spatial scheme is
as described in this paper and an explicit fourth-order Runge–Kutta method is used
for the temporal discretization. The test problem is the discretization of (13)–(14)
on the domain Ω = [−1, 1]× [−1, 1] with ρ = λ = 1. Zero pressure, i.e., free surface,
boundary conditions are used on all boundaries. We use the initial condition

p(x1, x2, 0) = cos (k1x1) cos (k1x2) + sin (k2x1) sin (k2x2) ,(90)

vi(x1, x2, 0) = 0, i = 1, 2,(91)

where k1 = π/2 and k2 = π. With this the exact solution is

p(x1, x2, t) = cos (ω1t) cos (k1x1) cos (k1x2) + cos (ω2t) sin (k2x1) sin (k2x2) ,

(92)

v1(x1, x2, t) =
k1
ω1

sin (ω1t) sin (k1x1) cos (k1x2)− k2
ω2

sin (ω2t) cos (k2x1) sin (k2x2) ,

(93)

v2(x1, x2, t) =
k1
ω1

sin (ω1t) cos (k1x1) sin (k1x2)− k2
ω2

sin (ω2t) sin (k2x1) cos (k2x2) ,

(94)

where ωj = kj
√
2 for j = 1, 2.

1The MATLAB code for constructing the interpolation operators used in this section is available
in the electronic supplement and at https://github.com/bfam/sbp projection operators. The simu-
lation code used to produce the results is available at https://github.com/bfam/sbp projection 2d.
For DG, when coupling with SBP-SAT, we use the code from Hesthaven and Warburton [5] available
at https://github.com/tcew/nodal-dg.

https://github.com/bfam/sbp_projection_operators
https://github.com/bfam/sbp_projection_2d
https://github.com/tcew/nodal-dg
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Fig. 4. Log-log plot of N versus the L2 error (measured with the energy norm) for the coupling
of two SBP blocks (see Figure 1). Three different interface types are shown: a conforming interface
(dotted line), a nested interface with a two-to-one refinement ratio (solid line), and an unnested
interface with Nfine = 2Ncoarse + 1 (dashed line). In the figure axis N refers to the coarse block;
i.e., Ncoarse = N .

5.1. One-to-one SBP coupling. We first test the coupling of two SBP blocks,
as shown in the left panel of Figure 1. The coordinate transforms for the two blocks
are

x
(L)
1 (ξ1, ξ2) =

(
1 + ξ1
10

)
sin (π (ξ2 + 1))−

(
1− ξ1

2

)
, x

(L)
2 (ξ1, ξ2) = ξ2,(95)

x
(R)
1 (ξ1, ξ2) =

(
1− ξ1
10

)
sin (π (ξ2 + 1)) +

(
1 + ξ1

2

)
, x

(R)
2 (ξ1, ξ2) = ξ2,(96)

where the superscript (L) and (R) correspond to the left and right blocks, respectively.

Notice that the coordinate transform along the interface is conforming x
(L)
1 (1, ξ2) =

x
(R)
1 (−1, ξ2) =

1
5 sin (π (ξ2 + 1)) and x

(L)
2 (1, ξ2) = x

(R)
2 (−1, ξ2) = ξ2.

We discretize the left block by using an (N/2 + 1)× (N + 1) grid where N = 2k

with k = 6, 7, 8, 9, 10. For the right block we use an (M/2 + 1) × (M + 1) grid of
points where M is chosen so the interface is conforming (M = N), nested (M = 2N),
or unnested (M = 2N + 1). In the conforming case no projection operator is used;
i.e., this is the traditional SBP-SAT coupling. We run the simulation using SBP
orders q = 2, 3, 4, 5, where here q refers to the boundary order; i.e., the interior finite
difference method is of order pi = 2q, the boundary finite difference order is pb = q,
and the expected rate of convergence for conforming multiblock SBP is q + 1. Note
that in this work we will exclusively consider the diagonal norm SBP operators. The
final time of the simulations is t = 1. For the penalties we use α = 1; thus the interface
and boundaries are fully upwinded.

In Figure 4 and Table 1 we report the error for each of the three cases. We
measure the error using the L2 norm

ε2 =
∑
{Ωe}

(
ρ

2
ΔvT1 JH̄Δv1 +

ρ

2
ΔvT2 JH̄Δv2 +

1

2λ
ΔpTJH̄Δp

)
,(97)
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Table 1

Table of the error and estimated convergence rates for the coupling of two SBP blocks (see
simulations shown in Figure 4).

q = 2 q = 3 q = 4 q = 5
N Error (rate) Error (rate) Error (rate) Error (rate)

Conforming meshes (no projection)
64 4.3× 10−4 2.1× 10−4 4.6× 10−5 3.7× 10−5

128 5.2× 10−5 (3.0) 1.4× 10−5 (3.9) 1.4× 10−6 (5.0) 5.7× 10−7 (6.0)
256 6.5× 10−6 (3.0) 9.3× 10−7 (4.0) 4.8× 10−8 (4.9) 7.7× 10−9 (6.2)
512 8.0× 10−7 (3.0) 5.9× 10−8 (4.0) 1.9× 10−9 (4.6) 1.1× 10−10 (6.1)

1024 1.0× 10−7 (3.0) 3.7× 10−9 (4.0) 7.6× 10−11 (4.6) 1.7× 10−12 (6.0)

Nested meshes
64 5.5× 10−4 1.4× 10−4 8.3× 10−5 6.5× 10−5

128 7.8× 10−5 (2.8) 7.9× 10−6 (4.2) 6.6× 10−6 (3.7) 1.3× 10−6 (5.7)
256 1.1× 10−5 (2.8) 4.8× 10−7 (4.0) 3.1× 10−7 (4.4) 1.5× 10−8 (6.4)
512 1.6× 10−6 (2.8) 3.2× 10−8 (3.9) 1.3× 10−8 (4.5) 1.2× 10−10 (7.0)

1024 2.2× 10−7 (2.8) 2.3× 10−9 (3.8) 6.4× 10−10 (4.4) 1.5× 10−12 (6.3)

Unnested meshes
64 5.0× 10−4 1.4× 10−4 8.9× 10−5 6.2× 10−5

128 7.1× 10−5 (2.8) 8.0× 10−6 (4.2) 6.7× 10−6 (3.7) 1.2× 10−6 (5.6)
256 1.0× 10−5 (2.8) 4.8× 10−7 (4.1) 3.1× 10−7 (4.4) 1.4× 10−8 (6.4)
512 1.5× 10−6 (2.8) 3.2× 10−8 (3.9) 1.3× 10−8 (4.5) 1.1× 10−10 (7.0)

1024 2.1× 10−7 (2.8) 2.3× 10−9 (3.8) 6.3× 10−10 (4.4) 1.5× 10−12 (6.3)

where Δv1, Δv2, and Δp are the difference between the discrete solution and the
exact solution at all the grid points; note that this is the same norm used in the
stability analysis (29). In all the cases the error is decreasing with mesh refinement.
For both of the cases where the projection operators are used, the overall error level is
comparable and slightly higher than the conforming (no-projection) case. Also given
in Table 1 are estimates of the convergence rate between two successive resolutions
measured using

log (εf )− log (εc)

log (Nc)− log (Nf )
,(98)

where here subscript f refers to the finer solution and c the coarser solution. As the
table shows, the coupling does show higher-order convergence, though it is interesting
to note that when the projections are used the rates are more sporadic than the
conforming case.

5.2. Two-to-one SBP coupling. We now test the use of the projection op-
erators to couple multiple SBP blocks along a single interface. That is, we have a
single block on the left side of the interface and two blocks on the right side of the
interface, as in the center panel of Figure 1. The block on the left side of the interface
has the coordinate transform (95), whereas the top and bottom right blocks have the
coordinates transforms

x
(RT )
1 (ξ1, ξ2) = x

(R)
1

(
ξ1 + 1

2
, ξ2

)
, x

(RT )
2 (ξ1, ξ2) = x

(R)
2

(
ξ1 + 1

2
, ξ2

)
,(99)

x
(RB)
1 (ξ1, ξ2) = x

(R)
1

(
ξ1 − 1

2
, ξ2

)
, x

(RB)
2 (ξ1, ξ2) = x

(R)
2

(
ξ1 − 1

2
, ξ2

)
,(100)

where superscript (RT ) and (RB) refer to the right-top and right-bottom blocks,

respectively, and x
(R)
1,2 are defined by (96).
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Fig. 5. Log-log plot of N versus the L2 error (measured with the energy norm) for the coupling
of three SBP blocks (see Figure 1). Two different interface types are shown: a nested interface
with a two-to-one refinement ratio (solid line) and an unnested interface with Nfine = 2Ncoarse + 1
(dashed line). Also shown for reference is the two block conforming interface test (dotted line) from
Figure 4. In the figure axis N refers to the coarse block; i.e., Ncoarse = N .

Table 2

Table of the error and estimated convergence rates for the coupling of three SBP blocks (see
simulations shown in Figure 5).

q = 2 q = 3 q = 4 q = 5
N Error (rate) Error (rate) Error (rate) Error (rate)

Nested meshes
64 5.5× 10−4 1.4× 10−4 8.4× 10−5 6.3× 10−5

128 7.8× 10−5 (2.8) 7.9× 10−6 (4.2) 6.6× 10−6 (3.7) 1.2× 10−6 (5.7)
256 1.1× 10−5 (2.8) 4.8× 10−7 (4.0) 3.1× 10−7 (4.4) 1.4× 10−8 (6.4)
512 1.6× 10−6 (2.8) 3.2× 10−8 (3.9) 1.3× 10−8 (4.5) 1.1× 10−10 (7.0)

1024 2.2× 10−7 (2.8) 2.3× 10−9 (3.8) 6.4× 10−10 (4.4) 1.5× 10−12 (6.3)

Unnested meshes
64 5.0× 10−4 1.4× 10−4 8.9× 10−5 6.2× 10−5

128 7.1× 10−5 (2.8) 7.9× 10−6 (4.2) 6.7× 10−6 (3.8) 1.2× 10−6 (5.7)
256 1.0× 10−5 (2.8) 4.8× 10−7 (4.1) 3.1× 10−7 (4.4) 1.4× 10−8 (6.4)
512 1.5× 10−6 (2.8) 3.2× 10−8 (3.9) 1.3× 10−8 (4.5) 1.1× 10−10 (7.0)

1024 2.2× 10−7 (2.8) 2.3× 10−9 (3.8) 6.3× 10−10 (4.4) 1.4× 10−12 (6.3)

We discretize the left block with an (N/2 + 1) × (N + 1) grid of points, with
N = 2k for k = 6, 7, 8, 9, 10. The right two blocks are discretized using grids of size
(N + 1) × (M + 1) where M is chosen so that the interface is nested with a 1 : 2
refinement ratio (M = N) or fully unnested (M = N +1); in both cases the interface
between the two right blocks is conforming. As before, we let the final time be t = 1
and use α = 1 in the penalty terms.

In Figure 5 and Table 2 we report the error (as measured by (97)) for SBP orders
q = 2, 3, 4, 5, where as before q refers to the boundary order of the SBP method. In
Table 2 we also report the convergence rate as calculated using (98). As these results
show, the method maintains the high-order accuracy of the SBP finite difference
method when nonconforming block interfaces are used. As in the case of the one-to-
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Fig. 6. Log-log plot of N versus the L2 error (measured with the energy norm) for the coupling
of SBP and DG (see Figure 1). We plot different lines for runs of different orders where q is both
the SBP boundary order and the DG polynomial order. The solid line shows the results with α = 1,
and the dashed line shows the results with α = 0.

one coupling, the rates are more sporadic than the conforming one-to-one coupling
case.

5.3. SBP-DG coupling. Here we consider the coupling between SBP finite
difference methods and DG finite element methods as discussed in section 4.2. We
specifically use the curvilinear nodal DG method on triangles, as described in Hes-
thaven and Warburton [5]. The configuration is as shown in the right panel of Figure 1
with a curvilinear SBP block on the left side of the coupling interface and an unstruc-
tured, curvilinear DG mesh on the right side of the coupling interface. The SBP
block is transformed according to (95). For the DG mesh, the element edges along
the curved interface are curved by moving the interpolation nodes to the interface, and
the interior interpolation points are then moved using transfinite blending; elements
that are not on the interface remain straight-sided. Refinement for the unstructured
mesh is performed in a hierarchical fashion, with each triangle split into four nested
triangles.

As before, we run the SBP mesh with SBP orders q = 2, 3, 4, 5 and use a polyno-
mial order for the DG elements of q. Similarly, we discretize the left SBP block with
an (N/2+1)×(N+1) grid of points, with N = 2k for k = 6, 7, 8, 9, 10. The initial DG
mesh is chosen so that the number of unique degrees of freedom along the interface
roughly matches the number of finite difference grid points. That is, we choose a base
mesh for each order that has �26/(q + 1)	 edges along the coupling interface which
is then refined in a hierarchical manner. The final time for the simulations is t = 1,
and now we consider both α = 1 and α = 0 for both the SBP penalties and the DG
numerical flux terms.

Shown in Figure 6 and Table 3 are the error and convergence results for this test
problem for both values of α. As can be seen, the method is converging at high-order
accuracy in all cases. As in the purely SBP-to-SBP coupling the convergence rates
are rather sporadic.
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Table 3

SBP-DG coupling where q is the SBP boundary order and the DG polynomial order.

q = 2 q = 3 q = 4 q = 5
N Error (rate) Error (rate) Error (rate) Error (rate)

α = 1
64 5.3× 10−4 1.7× 10−4 6.7× 10−5 8.1× 10−5

128 8.6× 10−5 (2.6) 9.0× 10−6 (4.3) 5.7× 10−6 (3.6) 1.3× 10−6 (5.9)
256 2.0× 10−5 (2.1) 4.9× 10−7 (4.2) 3.2× 10−7 (4.1) 1.3× 10−8 (6.7)
512 5.8× 10−6 (1.8) 3.5× 10−8 (3.8) 1.5× 10−8 (4.4) 1.1× 10−10 (6.8)

1024 1.4× 10−6 (2.0) 4.7× 10−9 (2.9) 6.3× 10−10 (4.6) 1.7× 10−12 (6.1)

α = 0
64 1.3× 10−3 3.9× 10−4 9.5× 10−5 1.4× 10−4

128 1.5× 10−4 (3.1) 2.6× 10−5 (3.9) 6.4× 10−6 (3.9) 2.7× 10−6 (5.7)
256 2.0× 10−5 (2.9) 2.1× 10−6 (3.6) 3.9× 10−7 (4.0) 3.4× 10−8 (6.3)
512 2.9× 10−6 (2.7) 1.8× 10−7 (3.5) 1.1× 10−8 (5.1) 4.7× 10−10 (6.2)

1024 4.6× 10−7 (2.7) 1.4× 10−8 (3.6) 4.0× 10−10 (4.9) 6.0× 10−12 (6.3)
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Fig. 7. Eigenvalues of the coupled SBP-DG spatial discretization operator for the coupling of
the SBP operator with q = 5 with the DG using polynomial order 5; the mesh configuration used is
the first resolution for this coupling from section 5.3. We show results for both upwind α = 1 and
central α = 0 penalties.

Eigenvalue spectrum. Here we confirm the stability results by looking at the eigen-
value spectrum of the SBP-DG coupling. To do this, we write the fully coupled system
as a linear equation

du

dt
= Au(101)

and then numerically compute the eigenvalues of A. The energy stability analysis im-
plies that all the eigenvalues should have a nonpositive real part. Furthermore, when
the penalty/numerical flux parameter is chosen to be α = 0, the eigenvalues should
be purely imaginary. To confirm this, in Figure 7 we show the eigenvalue spectrum
for the coupling of the SBP operator with q = 5 with the DG using polynomial order
5; the mesh configuration used is the first resolution for this coupling from section 5.3.
The maximum real part of the eigenvalue spectrum is 8.16 × 10−13 for the upwind
penalty (α = 1), and the maximum magnitude real part of the eigenvalue spectrum is
2.67× 10−13 for the central penalty (α = 0), thus confirming the theoretical stability
results.
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6. Conclusions. In this paper we have presented a new approach to coupling
high-order finite difference methods across nonconforming grid interfaces as well as
with DG methods. The core idea behind the proposed methodology is the construction
of a projection operator that moves the grid solution from the finite difference points
to a finite dimension subspace of the Hilbert space L2(Γ). The value of this is that
once the solution is in this subspace, it can be projected using L2 integral projections
to other finite dimensions subspaces of the Hilbert space L2(Γ) and then projected
back to the finite difference grid. Since the projection operators are consistent with the
SBP H-matrix, the fully coupled method is provably stable through the use of weak
enforcement of boundary conditions. In addition to enforcing the boundary conditions
weakly, it was necessary to account for the error in the projection operator (namely,
the fact that the finite difference grid space and the finite dimensional subspace are
not hierarchical spaces).

In this work we chose a subspace of piecewise polynomial functions which con-
formed with the finite difference points. The order of the polynomials used matched
the structure of the SBP finite difference method. That is, we required that the re-
sulting projection operators be exact in the interior for polynomials of order qi−1 and
near the boundary for polynomials of order qb − 1, with qi and qb being the interior
and boundary accuracy of the SBP finite difference method.

This choice of piecewise polynomial functions as the intermediate space is tangen-
tial to the stability results, and any other finite dimensional subspace of the Hilbert
space L2(Γ) could have been chosen. The reason for this is that the projection opera-
tors we have constructed to move to polynomials can be used as an intermediate step
in moving to any other finite dimensional subspace. That said, the value of another
subspace (including a different set of piecewise polynomials) would lie in the ability
to enforce different accuracy conditions which may be used to improve the error.

In addition to proposing a new class of SBP-compatible projection operators, we
also showed how these projection operators can be used to account for differences in
the discrete geometry seen by different blocks on either side of an interface. Namely,
we showed that the stability of the numerical method could be preserved if the ge-
ometry terms were projected through with the grid values. In the work presented
here it is assumed that at the continuous level the coordinate transforms are conform-
ing. The stability results carry over to the case of dissimilar continuous coordinate
transforms, but the approach outlined in this paper reduces the results to first-order
accuracy. It may be possible to preserve high-order accuracy in the more general case
where accurate projection operators are constructed between the coordinate trans-
forms themselves, but this was not explored in this work.

Appendix A. Proof of Lemma 5. Taking the time derivative of the en-
ergy norm (29) and substituting it into the discretization (21)–(22) gives the energy
dissipation rate

dE

dt
= − vT1 Q1J

∂ξ1

∂x1

p− vT1 Q2J
∂ξ2

∂x1

p− vT2 Q1J
∂ξ1

∂x2

p− vT2 Q2J
∂ξ2

∂x2

p(102)

− pTJ ∂ξ1
∂x1

Q1v1 − pTJ ∂ξ2
∂x1

Q2v1 − pTJ ∂ξ1
∂x2

Q1v2 − pTJ ∂ξ2
∂x2

Q2v2

− vT1 Fv1 − vT2 Fv2 − pTFp,

where Q1 = QN1 ⊗HN2 and Q2 =HN1 ⊗QN2 . Using the SBP property Q+QT =

B = Diag[−1, 0, . . . , 0, 1] and the fact that J and
∂ξj

∂xi
are diagonal matrices (and thus
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commute), the volume terms can be transformed into boundary terms:

dE

dt
= − vT1 B1J

∂ξ1

∂x1

p− vT1 B2J
∂ξ2

∂x1

p− vT2 B1J
∂ξ1

∂x2

p− vT2 B2J
∂ξ2

∂x2

p

− vT1 Fv1 − vT2 Fv2 − pTFp

= − vTWH2SJWpW − vTEH2SJEpE − vTSH1SJSpS − vTNH1SJNpN(103)

− vT1 Fv1 − vT2 Fv2 − pTFp,

where B1 = BN1 ⊗HN2 and B2 = HN1 ⊗BN2 . Note that here we have also used
the fact that along the block boundaries

J
∂ξi
∂x2

= ±n1SJ , J
∂ξi
∂x1

= ±n2SJ ,(104)

with the positive sign being taken on the “north” (ξ2 = 1) and “east” (ξ1 = 1)
boundaries and the negative sign being taken on the “south” (ξ2 = −1) and “east”
(ξ1 = −1) boundaries; see (17). Recall also that vW , vE , vN , and vS are the normal
components of the velocity along the west, east, north, and south edges; see (28).
Using the definition of the penalty terms (25)–(26) along with form (28) allows us to
rewrite the penalty terms in (103) as

vT1 Fv1 + v
T
2 Fv2 = vTWH2SJW (p∗W − pW ) + vTEH2SJE (p∗E − pE)(105)

+ vTSH1SJS (p∗S − pS) + vTNH1SJN (p∗N − pN ) ,

pTFp = pTWH2SJW (v∗W − vW ) + pTEH2SJE (v∗E − vE)(106)

+ pTSH1SJS (v∗S − vS) + pTNH1SJN (v∗N − vN ) .

These penalty terms can then be used in (103) to write

dE

dt
=− vTWH2SJWp

∗
W + vTWH2SJWpW − (v∗W )

T
H2SJWpW(107)

− vTEH2SJEp
∗
E + vTEH2SJEpE − (v∗E)

T
H2SJEpE

− vTSH1SJSp
∗
S + vTSH1SJSpS − (v∗S)

T
H1SJSpS

− vTNH1SJNp
∗
N + vTNH1SJNpN − (v∗N )

T
H1SJNpN ,

which is (32) with the substitution of (33).

Appendix B. Projection operators. Here we discuss the construction of
projection operators that satisfy Definition 2 and the accuracy conditions (5). We
will first consider the construction of the operators in the interior of the domain
and then the operators near the boundary. We only consider diagonal norm SBP
operators that have boundary accuracy pb and interior accuracy pi = 2pb. Thus, from
(5), we are seeking projection operators Pf2g and Pg2f which exactly project interior
polynomials of order pi − 1 and boundary polynomials of order pb − 1.

Let one interval of the glue grid be represented by the basis {φi}ni=0, where n =
pi − 1; we use Legendre polynomials defined on [−1, 1] in our codes. The piecewise
polynomial on the kth glue grid interval (i.e., the glue grid interval [xk, xk−1]) is

then p
(k)
n (x) =

∑n
i=0 ω

(k)
i φ

(k)
i (x) with {ω(k)

i }ni=0 being the modal weights which define
the function on the glue. Note that here (and in the following) the superscript (k)
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on φ
(k)
i (x) is used to signify that the polynomial has been shifted to the interval

[xk, xk+1]; i.e.,

φ
(k)
i (x) = φi

(
x− xk

xk+1 − xk
− xk+1 − x

xk+1 − xk

)
.(108)

Note that the basis functions ψi(η) discussed in section 2 are basis functions over the

whole glue grid, whereas the basis functions φ
(k)
i (x) used here are only over a single

glue grid interval.
In the interior, m = 2l glue grid intervals are projected to a single grid point.

Thus, if we consider grid solution qk (i.e., the solution at grid point k), we use intervals
k−l through k−1+l. It is also natural to impose symmetry conditions on the operator,
which then leads to a projection of the form

qk =
l∑

j=1

n∑
i=0

βij

[
(−1)iω

(k−j)
i + ω

(k−1+j)
i

]
,(109)

where the (−1)
i
comes from the fact that even modes are symmetric and odd modes

are skew-symmetric. Here the coefficient βij is the contribution of mode i of intervals
k + 1− j and k + j to the grid point value k. Note that {βij} are the values that we
are seeking to construct.

For the s+ 1 grid points near the boundary, i.e., grid values qk for k = 0, . . . , s,
the intervals 1 through r are used to construct the projection; by the conditions for
stability given in Definition 2 it is required that s+ 1 = r + 1− l. The projection at
the boundary then takes the form

qk =

n∑
i=0

r−1∑
j=0

α
(k)
ij ω

(j)
i , k = 0, . . . , s,(110)

where we allow the boundary polynomials to be of order n even though the accuracy
conditions at the boundary are for polynomials of degree pb − 1 = (n − 1)/2. Hence

in total we have nd = m(n + 1) + r(s + 1)(n + 1) coefficients {βij} and {α(k)
ij } to

determine.
It is important to remember that, by Definition 2, the structure of the projection

from the finite difference grid to the glue grid is given by Pf2g =M−1P T
g2fH . Thus,

once the structure of Pg2f is specified, Pf2g is also fixed; i.e., no new degrees of
freedom are introduced into the problem.

To determine value {α(k)
ij } and {βij}, (109) and (110) along with Definition 2

are used as constraints. To understand how this is done, consider first (109). Let
ξ(x) be a polynomial of degree less than pi. Let ξ(x) be represented on the glue

grid by the modal coefficients ω
(j)
i for i = 0, . . . , n and j = k − l, . . . , k + l − 1. We

want to find values for {βij} such that qk = ξ(xk). Additionally, we want the {βij}
values to have the property that if on the finite difference grid we have qj = ξ(xj) for
j = k+1−l, . . . , k+l, then the projection Pf2g results in all n+1 the modal coefficients
being exact for glue grid interval k. The requirement that these two constraints hold
for all polynomials ξ(x) of degree less than pi results in pi+pi(n+1) linear constraints;
note that in our code we take ξ(x) to be the Legendre polynomials. Constraints for

the {α(k)
ij } values are derived in an analogous way from (110) except that we require

exactness for polynomials of degree less than pb, and thus this introduces an additional
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Table 4

Parameters used in construction of the SBP compatible projection operators. Here nc is the
number of constraints and nd is the number of degrees of freedom.

pi pb l s+ 1 r nc nd

2 1 1 1 1 11 6
4 2 2 4 5 76 96
6 3 3 6 8 222 324
8 4 4 9 12 524 928

10 5 5 12 16 1020 2020

(s+1)pb+rpb(n+1) constraint (the factors r and s+1 arise because we have a separate
constraint for all r boundary intervals and s + 1 boundary grid points). There are
an additional l(n+1) constraints due to the symmetry conditions on {βij}, and thus
there are a total of constraints nc = l(n+1)+pi+pi(n+1)+(s+1)pb+(s+1)pb(n+1)
to enforce.

We solve these constraint equations numerically using the MATLAB codes in-
cluded as an electronic supplement to this paper. The values of s and l needed for the
SBP operators used in this work are given in Table 4 along with the total number of

constraints, nc, and degrees of freedom ({α(k)
ij } and {βij}), nd; in the case of pi = 2,

even though we have more constraints than coefficients, a solution does exist, and in
all cases there is redundancy in the constraints; that is, the linear system does not
have full row rank. In all cases but the pi = 2 case, the coefficients of the projection
are underdetermined, and we use MATLAB’s optimization library to minimize the
distance between the nearest eigenvalues of B = Pg2fPf2g for a finite difference grid
of size N . The motivation for this optimization is to (in some sense) minimize the
projection error by using the degrees of freedom to make B closer to an identity oper-
ation. We use the value of N = 64, which has been chosen to make the optimization
problem tractable. It is important to note that the optimization is being used to
fix the remaining degrees of freedom after the stability condition (4) is satisfied; i.e.,
stability does not depend on the choice of the optimization objective function, and
other types of optimization could be considered.

MATLAB routines as well as the final optimized coefficients can be found in the
electronic supplement to this paper as well as in the github repository located at
https://github.com/bfam/sbp projection operators.
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[18] N. A. Petersson and B. Sjögreen, Stable grid refinement and singular source discretiz-
tion for seismic wave simulations, Commun. Comput. Phys., 8 (2010), pp. 1074–1110,
doi:10.4208/cicp.041109.120210a.

[19] B. Strand, Summation by parts for finite difference approximations for d/dx, J. Comput.
Phys., 110 (1994), pp. 47–67, doi:10.1006/jcph.1994.1005.

http://dx.doi.org/10.1007/978-0-387-72067-8
http://dx.doi.org/10.1007/s10915-011-9485-3
http://dx.doi.org/10.1007/s10915-012-9624-5
http://dx.doi.org/10.1016/b978-0-12-208350-1.50012-1
http://dx.doi.org/10.1016/j.jcp.2013.07.013
http://dx.doi.org/10.1137/090750068
http://dx.doi.org/10.1016/j.jcp.2004.03.001
http://dx.doi.org/10.1007/s10915-014-9969-z
http://dx.doi.org/10.1007/s10915-005-9013-4
http://dx.doi.org/10.1006/jcph.2001.6864
http://dx.doi.org/10.1016/j.jcp.2005.07.008
http://dx.doi.org/10.1090/S0025-5718-1995-1308459-9
http://dx.doi.org/10.4208/cicp.041109.120210a
http://dx.doi.org/10.1006/jcph.1994.1005

	Introduction
	Definitions
	Acoustic wave equation: SBP-SAT discretization
	Exterior boundary treatment
	Conforming interface treatment

	General interface treatment
	Many-to-many interfaces
	Connecting with discontinuous Galerkin methods
	Boundary and DG-to-DG numerical flux
	SBP-to-DG interface


	Numerical results
	One-to-one SBP coupling
	Two-to-one SBP coupling
	SBP-DG coupling

	Conclusions
	Appendix A. Proof of Lemma 5
	Appendix B. Projection operators
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


