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Abstract

This paper introduces a novel high order interface scheme, the matched interface and boundary (MIB) method, for
solving elliptic equations with discontinuous coeflicients and singular sources on Cartesian grids. By appropriate use of
auxiliary line and/or fictitious points, physical jump conditions are enforced at the interface. Unlike other existing inter-
face schemes, the proposed method disassociates the enforcement of physical jump conditions from the discretization of
the differential equation under study. To construct higher order interface schemes, the proposed MIB method bypasses
the major challenge of implementing high order jump conditions by repeatedly enforcing the lowest order jump condi-
tions. The proposed MIB method is of arbitrarily high order, in principle. In treating straight, regular interfaces we
construct MIB schemes up to 16th-order. For more general elliptic problems with curved, irregular interfaces and
boundary, up to 6th-order MIB schemes have been demonstrated. By employing the standard high-order finite differ-
ence schemes to discretize the Laplacian, the present MIB method automatically reduces to the standard central differ-
ence scheme when the interface is absent. The immersed interface method (IIM) is regenerated for a comparison study
of the proposed method. The robustness of the MIB method is verified against the large magnitude of the jump discon-
tinuity across the interface. The nature of high efficiency and low memory requirement of the MIB method is extensively
validated via solving various elliptic immersed interface problems in two- and three-dimensions.
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1. Introduction

In this paper, we propose a class of numerical methods for solving elliptic interface problems
V- (BVu) - ku(x) =gq(x), x€Q=Q UQ (1)

with a boundary condition on 0Q on regular Cartesian grids. For simplicity, @ is assumed to be a regular
domain, such as rectangle type in two-dimensions (2D) or cube like in three-dimensions (3D). Across the
interface I' in domain Q, the coefficient function f(x) of the elliptic equation is discontinuous, while the
source term ¢(x) may be even singular. Depending on the properties of the source term ¢(x), we usually
have jump conditions across the interface I':

] = w* (X(5)) = (X()) = bs),  [Buua] = B (X(s)) — By (X(s)) = w(s), 2)

where X(s) is a point on the interface I', s the arc-length parametrization of the interface I', and » the unit
normal direction. The superscript, — or +, denotes the limiting value of a function from one side or the
other of the interface. Such an elliptic interface problem is often encountered in fluid dynamics, molecular
biology [13], and material science, and its solution is usually non-smooth or even discontinuous across the
interface. The standard numerical methods designed for smooth solutions usually perform poorly for these
interface problems. Consequently, the development of accurate and efficient numerical approaches based
on a Cartesian grid for the elliptic interface problems has attracted much attentions in the last decade
[1,2,5,17,18,25,27-29,35,48,51].

It is noted that there also exist numerous studies in the literature about a quite relevant problem, an ellip-
tic irregular domain problem [22,37,38]. One way to solve this problem is to embed the irregular domain in
a larger regular computational domain, and reformulate the original boundary conditions as interface jump
conditions. A simple Cartesian grid can then be adopted, so that various fast algebraic solvers developed in
the literature can be utilized. This essentially converts an elliptic irregular domain problem into an elliptic
interface problem. Due to this close relationship, the methods originally designed for one type of problems
may be extended to solve another one. However, in immersed boundary problems, no solution is sought
outside the domain boundary, whereas, in immersed interface problems, interface jump conditions couple
solutions in the both sides of the interface. We will primarily focus on solving the elliptic immersed interface
problems in the present study.

To solve an elliptic problem with an irregular domain or interface, a body-fitting grid can be employed
[3,7,8]. Nevertheless, for certain geometrically complex domains, the construction of a good body-fitting
mesh remains a nontrivial and time-consuming task, even though considerable progress has been made.
Furthermore, a considerable increase of the computational difficulties will be encountered for moving inter-
face problems, where a moving mesh method is required to regenerate or deform the grid during the sim-
ulation. Therefore, numerous modified finite difference (FD) methods that are based only on a simple
Cartesian grid have been chosen to solve the elliptic interface-related problems in the literature
[1,2,5,11,12,17,18,20,22,25,27-29,32,35,37-40,45,48,51]. One obvious advantage of Cartesian grid methods
is that there is no computational cost for grid generation. A Cartesian grid also allows the use of simple
data structures and standard FD stencil over a majority of the domain. Moreover, many contemporary
software packages, such as fast Poisson solvers, multigrid, level set method, etc., are mainly developed
for Cartesian grid, and thus could be taken advantage of. On the other hand, in order to properly maintain
the accuracy at the interface, some extra numerical work needs to be done near the interface in a Cartesian
FD method.

In the 1970-1980s, Peskin [32,39,40] developed the immersed boundary method (IBM) to model blood
flow in the heart. In the IBM, the complicated time-varying geometric boundary is regarded as being im-
mersed in the fluid, and the Navier-Stokes equation is solved on a simple Cartesian grid. The presence of
the embedded boundary is modeled via a singular source on the interfaces. The IBM has had success in
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modeling flow in complicated time-dependent geometry [11,45] due to its flexibility, efficiency, and robust-
ness. Recently, Tornberg and Engquist [44] have proposed and analyzed a class of regularization methods
for treating the singular source terms. An extensive review of the IBM for turbulent flow simulations can be
found in [20]. However, the IBM is typically first order accurate in higher dimensions.

Recently, some high order immersed boundary schemes have been proposed in the literature [15,33]. Gi-
bou and Fedkiw [15] constructed a fourth-order boundary scheme by using cubic extrapolation at the
boundary. This scheme was applied to the Laplace and heat equations. The advantage of this method is
its simplicity. Linnick [33] and Fasel developed a fourth-order immersed boundary scheme for flow past
cylinders by using the compact finite difference scheme. These high order immersed boundary schemes
are restricted to certain class of boundaries and have a potential to be generalized for treating elliptic equa-
tions with interface jump conditions, i.e., with discontinuous coefficients.

A major advance in this field was due to LeVeque and Li [25]. These authors proposed the immersed
interface method (IIM) for solving elliptic equations with discontinuous coefficients and singular sources.
In the IIM, local corrections of FD schemes on irregular grid points where the discretized Laplacian oper-
ator involves nodes from both sides of the interface, are pursued throughout the domain. This is achieved
by incorporating interface jump conditions into local Taylor expansions of the operator on irregular points,
from which FD schemes with genuinely first-order accurate truncation error can be derived. The resulting
FD scheme is of second-order accuracy and preserves the jumps at the interface. For 2D or 3D problems, a
local coordinate is typically required to offer a better representation of the jump conditions since they are
usually given in the direction normal to the interface. The IIM is robust and efficient, and has been success-
fully applied to a variety of interface-related problems, such as moving interface problems [17], elliptic
irregular domain problems [10], 3D interface problems [9], etc. The reader is referred to a recent review
[28] and references therein for more details about these applications.

Various extensions and further improvements of the IIM have been considered in the literature [4—
6,10,16-19,21,23,24,30,31,36,42,43,46,47,51]. The IIM formulations in polar coordinates [31] and using a
finite element method [27] were presented. Hou and Liu considered elliptic problems with non-smooth
interfaces [16]. Dumett and Keener proposed an IIM for solving anisotropic elliptic boundary value prob-
lems [10]. The problem of convergence and efficiency of the IIM has attracted much research interest. The
original IIM [25] typically leads to a matrix of non-symmetric coefficients though the original problems are
self-adjoint and strictly elliptic. This reduces the number of standard fast solvers that can be utilized with
IIM and convergence may not be rigorously guaranteed [18]. To address this problem, a maximum prin-
ciple preserving IIM was proposed by Li and Ito [29] to attain a diagonally dominant albeit still non-
symmetric coefficient matrix. Specially designed multigrid solvers can then be employed to speed up the
convergence of the maximum principle preserving IIM [1,2]. For interface problems with piecewise constant
coefficient, a fast IIM was constructed [26] through introducing an unknown jump condition for [u,]. To-
gether with the elliptic equation, this unknown will also be solved numerically. The success of the fast [IM
lies in the fact that the IIM models the jump conditions of [u] and [u,,] by using the standard FD scheme
with a correction term in 2D. As a result, various standard fast Poisson solvers can be applied. Motivated
by the fast IIM [26], an explicit jump [IM was developed by Wiegmann and Bube [51]. Recently, a decom-
posed IIM for elliptic equations with variable coefficients was proposed by Berthelsen [5]. The linear sys-
tems in two IIMs [51,5] are all symmetric and diagonally dominant, allowing the use of conventional
fast Poisson solvers.

Another popular sharp interface scheme using the Cartesian grid is the ghost fluid method (GFM) origi-
nally developed for treating contact discontinuities in the inviscid Euler equations by Osher and his coworkers
[12]. The GFM is typically first-order accurate for interface problems, including the elliptic one [35]and could
be of second-order accuracy for elliptic irregular domain problems. In the flavor of the level set method which
gives an implicit representation of the interface, the interface jump conditions are captured implicitly by
extending values across the interface into a ghost fluid. On irregular grid points, when the FD discretized
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Laplacian refers to a node from the other side of the interface, a ghost fluid value instead of the real one will be
supplied. Such a jump condition capturing procedure is directly incorporated into the numerical discretization
in a way that the symmetry of the FD coefficient matrix is maintained, allowing the use of standard fast solvers.
In higher dimensions, the jump in the normal derivative is correctly captured through a projection to Cartesian
coordinate directions in the GFM, while the jump in the tangential derivatives is neglected [35]. Then the GFM
can be applied dimension by dimension. The GFM is very simple and robust, and its practical extensions to
complex interface problems such as 3D moving interfaces or the multiphase Navier—Stokes equations are
promising. Recently, an interesting jump condition capturing FD scheme was constructed by Wang [48] by
using a body-fitting curvilinear coordinate system.

The idea of fictitious points or ghost domain is also used in the literature for solving elliptic irregular
domain problems by Mayo [37,38] in 1980s. The ghost cell is introduced outside the (inner) domain as a
fictitious domain. Similar ideas have been explored in [22,45], but the fictitious values are smoothly ex-
tended or extrapolated according to the given jump conditions. In the discrete singular convolution
(DSC) algorithm [49], fictitious points are used to satisfy boundary conditions [54].

The objective of the present paper is to introduce a matched interface and boundary (MIB) method for
solving elliptic equations with discontinuous coefficients and singular sources. The MIB method is formu-
lated based on our previous interface scheme, the hierarchical derivative matching [52,53], originally de-
signed for electromagnetic wave propagation and scattering in inhomogeneous media. It has achieved
over 12th-order of accuracy for solving Maxwell’s equations with discontinuities in material permittivity.
This high order interface approach has also been applied as a boundary scheme for the treatment some gen-
eral or complex boundary conditions, such as free edge supports in structural analysis [54]. Unlike the IIM
and GFM, the MIB disassociates the discretization of partial differential equations (PDEs) from enforcing
the jump conditions. Moreover, it repeatedly uses only the lowest order jump conditions in an iterative
manner, so as to avoid the challenge of handling cross derivatives arisen from high order jump conditions.
The MIB modeling is systematically carried out and can be made to arbitrarily high order, in principle. For
straight interfaces, up to 16th-order MIB schemes are constructed. For practical curve interfaces, construct-
ing schemes that exceed second-order is usually difficult on the Cartesian grid. In the present work, we dem-
onstrate second-, fourth- and sixth-order MIB schemes for elliptic equations with irregular immersed
interfaces and/or immersed boundary.

The rest of this paper is organized as follows. In Section 2, we first formulate the MIB scheme for elliptic
equations with regular interfaces. The treatment of general, irregular interfaces is developed based the same
set of ideas. The source of the local truncation error and its order is analyzed in details. Sections 3 and 4 are
devoted to extensive numerical test and validation of the proposed MIB method for regular and irregular
elliptic interface problems, respectively. To have a detailed comparison, the IIM of LeVeque and Li [25] is
regenerated in the present study. A discussion on the similarity and difference between MIB method and
other interface methods, i.e., the IIM and GFM, is given in Section 5. A conclusion remark ends this paper.

2. Theory and algorithm

In this section, we propose the matched interface and boundary (MIB) method for solving elliptic equa-
tions based on the MIB scheme originally constructed for time-domain Maxwell’s equations. Regular and
irregular interfaces are treated in the following two subsections, respectively.

2.1. Regular interfaces

For regular interfaces, i.e., straight lines in two-dimensional (2D) problems or planes in three-dimen-
sional (3D) problems, which are aligned to a Cartesian coordinate direction, the proposed MIB approach
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in principle can be made to be arbitrarily high order. To illustrate the idea, we start with a general one-
dimensional (1D) model problem

(Bur), —wu = q. 3)

The domain is the unit interval [0, 1] with the Dirichlet, Neumann or Robin boundary conditions. We as-
sume that the coefficient f is a piecewise constant, i.e., f = f~ if x <o and f = f if x > o, and k and ¢ may
also be discontinuous, or even singular, at x = «. Mathematically, these discontinuities can be accounted
via two general jump conditions

W =ut—u =¢, [Bu]=p"u; —pu =y. (4)

A universal rule for all matched interface approaches is that to approximate a derivative on one side of an
interface, one never directly refers to function values from the other side of the interface. Jump conditions
must be embedded into such a derivative approximation, in order to avoid accuracy reduction.

With jump conditions (4), the model problem (3) can be stated alternatively to be

(Puy), —ku=gq, x€(0,0)U(a,1). (5)

It is noted that then in each subdomain excluding the interface o, the coefficients and source terms of the
PDE are continuous. By treating the jump conditions (4) as boundary conditions, this alternative statement
allows a domain decomposition treatment of the original problem, which motivates the development of the
MIB approach.

In all matched interface approaches, one first distinguishes the irregular grid points from regular ones.
The irregular grid points are those points on which a standard finite difference (FD) approximation to the
derivative would refer to grid points not all from the same side of interface. Without the loss of generality,
we assume the length of the differential stencil under consideration to be 2M + 1. Then there would be M
irregular grid points on each side of the interface. In the MIB method, if the derivative approximation at
these irregular grid points refers to points from the other side of the interface, the fictitious values in place
of real ones will be supplied. Thus, there should be M fictitious points (FPs) on each side of the interface, or
a total of 2M FPs. To determine fictitious values on these 2M FPs by using jump conditions (4), functions
values on 2L original grid points on both sides of the interface will be involved in the MIB approach, see
Fig. 1. We denote the function values of u at the original points and FPs as g; and f;, respectively. For sim-
plicity, a uniform grid is assumed in the present discussion, albeit non-uniform grids can be used as well.

In the MIB method, the fictitious values are determined in an iterative manner, which involves repeated
use of the lowest order jump conditions. In the first step, we seek to determine two fictitious values f; and />
as shown in Fig. 1, by discretizing two jump conditions (4)

L+1

ZWO i& T Worfa =W, o f1+ ZWO &rvio — [u]; (6)

2 (Z Wi+ WLL+1f2> = <W1 Wi+ ZW1 iLi- ) = [Bu], (7)
i=1

where wi; and w}, fori=1,...,L + 1 and j = 0,1 are one-sided FD weights for left and right subdomains.
Here the subscr1pt j represents (zeroth -order) interpolation or first-order derivative approximation, and i is
for grid index. These weights can be conveniently generated through a call into a small subroutine presented
in [14]. In general, in order to make sure that the whole scheme to be of pth order accuracy, the FD approx-
imation in interface matching should be at least pth order accurate. Thus, in Egs. (6) and (7), we employ
one-sided FD weights with L grid points from the other side of the interface, as illustrated in Fig. 1, to
achieve high order. Two unknowns f and f> can be simply solved from the resulting two algebraic equa-
tions (6) and (7).
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Fig. 1. Illustration of fictitious and original grid points used in the MIB approaches. The FPs are shown as open circles, while the
original grid points are shown as filled circles.

It is clear that the MIB method does not explicitly employ the Taylor expansion to enforce jump con-
ditions. Nevertheless, we note that in fact the standard FD approximation can be theoretically formulated
based on the Taylor expansion. The advantage of the present matched interface scheme lies in that all com-
putations including FD weight generations are carried out automatically via a Fortran code, without
involving any manual derivation. Thus, it can be extended easily to as high order as one wishes by appro-
priately choosing M, L and corresponding FD schemes.

To achieve higher order, we can determine two more fictitious values by enforcing the previous two jump
conditions (4) again, see the second stage of Fig. 1. It is noted that f; and f> have already been determined
from the first step and are treated as knowns. The grid partition is chosen to still have L nodes from one
side, but 2 FPs from the other side of the interface (Of course, one might fix the total length of grid partition
as L+ 1 as well). Thus, this partition is independent of the previous one. By similarly discretizing jump
conditions again, two new unknowns f3 and f; can be determined via

L L+2
Z Wo,i8i + Worpif2 + Wopofa = W 1f3 + 1’~V(J)r2fl + Z Wa;guifz — [u], (8)
i=1 i=3
L L+2
B~ ( W&+ Wi a2t WLL+zﬁ1> =p" (VVT,LJ% + Wtzfl + Z Wtigut'z) — [Bu.]. )
i=1 i=3

Note that the FD weights w;, and VVL here are different from those in Eqs. (6) and (7), and computationally,
one needs to regenerate them.

This procedure can be easily extended to higher orders. All the 2M FPs can be generated iteratively,
from inner to outer. See Fig. 1. Moreover, since the fictitious values are systematically solved, the present
interface modeling can be made up to arbitrarily high order in principle. In general, the proposed MIB
scheme can be applied to any higher order FD scheme to restore its full accuracy. In the present study,
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the standard higher order central FD kernel will be employed as the basic differentiation kernel throughout
the domain, albeit upwind schemes can also be used, if desirable. Thus, the present MIB method automat-
ically reduces to the standard FD scheme when the material interfaces are absent.

The MIB method outlined above could be applied to an initial value problem [52], in which field values g;
[i.e., u(x)] are available. However, for solving boundary value or eigenvalue problems, an implicit version of
the MIB has to be considered. To this end, we introduce a fundamental representation [52]

fi=C-G, fori=1,2,...,2M, (10)

where vector G = (g1, . . ., g1, [u], [fu]) and the elements of vector C’ are the expansion coefficients of f; with
respect to G. With this representation, instead of solving f;, one needs to determine C’. The representation
coefficients C’ will be determined from essentially the same procedure presented above for f;. The only dif-
ference is that now one jump condition is discretized and spanned into 2L + 2 algebraic equations, since a
fictitious value f; is represented via 2L + 2 coefficients which are the 2L + 2 elements of C.

To better illustrate the MIB approach, we next present detailed MIB formulation for a fourth-order FD
scheme with the half-length of the differential stencil being M = 2. Thus, there are a total of 2M = 4 FPs.
To ensure at least fourth-order accuracy in the MIB modeling, we choose L =4. Consequently,
G =(g1,...,gs [u], fu.]). By denoting I' as a unit vector with its ith element being 1 and other 2L + 1 ele-
ments being 0, we have

g=I-G, fori=12,...,2L, [u =T"".G, [fu]=T""G. (11)

By using the representation (10) and (11), the discretized jump conditions (6) and (7) in the first MIB step
are given as

Zwo,l +w,sC’ _w01c1+2w0+1”’ I +0(r), (12)

i=1 =2
4

B (Z wi I+ w;5c2> = (w] | Zw* I) 1%+ 0(1"), (13)
i=1

in which the common factor G has been cancelled. Two fictitious values can be solved as

ﬂ7W15K1 — W(ISKz

Cc'= - , (14)
3+WT,1W5,5 - B WI;W&]
C2 _ /))‘FWT,]KI — WaL’le (15)
Brwiiwos — B wiswi,’
where
5 o4 _
K, = Z we B =) we I -1
i i=1
4 .
=Bt Z wi P = By w1 -1
=1
Similarly, in the second (final) step, Egs. (8) and (9) become
4
D g X+ g 5C g CF =g, C g, C Z g P -1+ o(r), (16)
=1

4
B (Z oy I+ C + wl,6c4> =Bt (w;lé +Ww},C' + Z Wy 12“) —1° 4 O(h%). (17)
i=1

i=3
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The fictitious values f3 and f; can be solved as

B wy Ky — wy Ko

=" ~ (18)
B+WT,1W0,6 —pw 6W§1
Ct — ﬁerT,lKl - W01K2 (19)
ﬂ+V~VT1V~V(;,6 - W1_6"~V3—1 7
where

4
g I — ZWO 1+, C' _W05C2 -r,

i=3 i=1

6
=B W - Zwlll’+[3 wi,C — B € — T
i=3

Nz
Il
MG\

For elliptic interface problems with regular interfaces, the extension of the MIB approach to higher
dimensions is straightforward. For example, we consider the following 2D model problem

(Bux), + (Buy), — Pru = —q,  (x,y) € [0,1] x [0,1] (20)

with proper boundary conditions given on boundaries of the domain. Suppose along the y-direction the
media are homogeneous, while along the x-direction, 5 could take different values

ﬁ_{ﬁl, O<x<a 0<y <1,

X X 71

Since now the normal direction #z is on the Cartesian coordinate directions, jump conditions read
W] = d(x),  [Bua] = [Bues] = ¥ (x), (22)

which are essentially Eq. (4). Thus, the 1D MIB approaches can be directly applied to the present 2D model
problem to restore the FD approximations along the x-direction, while the standard FD scheme will be
applied along the y-direction. Obviously, for a 3D problem with cubic domain and discontinuities of the
diffusion coefficient taking place only along the Cartesian directions, the MIB approach can also be directly
employed to recover the full accuracy of the FD method.

2.2. Irregular interfaces

In this subsection, we formulate the MIB scheme for solving elliptic equations with irregular (curved)
interfaces, while our previous MIB method was constructed only for regular interfaces. It is much more
intricate to treat irregular interfaces because the local topology of irregular points may vary from point
to point. Therefore, the procedure outlined for regular interfaces cannot be directly applied. To better illus-
trate the new MIB scheme, we mainly focus our description on 2D elliptic problems given in Eq. (3). The
formalism of the proposed MIB approach for 3D problems and other elliptic equations is very similar. A
second-order MIB method and its generalization to higher orders are described in the rest of this
subsection.

2.2.1. A second-order scheme for irregular interfaces

Before proceeding to the construction of the MIB scheme for (fu,), or (Bu,),, we identify irregular grid
points since only these points necessitate special care when the standard central difference scheme is applied
to the whole domain. We define the irregular point as the one at which all the discretization points in a
standard central FD scheme are not on the same side of an interface. For example, in a second-order



Y.C. Zhou et al. | Journal of Computational Physics 213 (2006) 1-30 9

2D scheme, an irregular point has at least one of its 4 nearest neighbor grid points laying on the other side
of the interface. Note that the number of irregular points increases when a higher order FD scheme is

employed.
Assume as before that there are two given conditions associated with the interface, i.e.,
W] =u" —u" = ¢(x,y), (23)
[Bun) = Bruy — B u, =(x,y) (24)

and also assume that both ¢(x, y) and y(x, y) are C' continuous along the interface I. When considering the
interface which is not always aligned with the x- or y-mesh lines, as what shown by Fig. 3, one more inter-
face condition can be attained by differentiating Eq. (24) along the tangential direction of the interface, i.e.
[u.] = ¢(x,¥) £ p(x,y). Hence, for a point (x,,y,) on the interface, we have three jump conditions,

W] =u" —u” = d(x,,,), (25)
e] =] —u; = p(x,,,), (26)
[Bu,) = Bruy — fu, = ¥(x,,), (27)

where normal vector of the interface # = (cos 6, sin 6) and u, is the derivative in the tangential direction
7 = (—sin 0, cos 0), while 0 < 0 < 2m is the angle between positive x-direction and the vector 7i. Considering
these relations, the above three local interface conditions can be reformulated as

[l/l} = u+ —u = qs(xmyo)v (28)
] = (—u sin 0+ uf cos 0) — (—u, sin 0+u; cos 0) = p(x,,,), (29)
[Bun) = B (uf cos 0+ u; sin 0) — B~ (u; cos 0+ u; sin 0) = ¥ (x,,,). (30)

In the MIB approach, the implementation of jump conditions is disassociated with the discretization of
the elliptic equation. Also (fuy), and (fu,), will be treated separately. Therefore, we only need to illustrate
how to locally recover the second-order accuracy of the standard 3-point FD scheme for (fu,).. The mod-
eling for (pu,), can be achieved similarly. Considering an interface point 0 = (x,,y,) which is located at the
intersection of interface I' and the x-mesh line, see Fig. 3, one fictitious point on each side of (x,,y,) is re-
quired in the present MIB modeling. To estimate these two fictitious values we will discretize u*,u~,u} and
u_ involved in the jump conditions by using a 1D grid partition as in the regular interface cases. However,
difficulty arise as how to deal with two derivatives « and u, in the jump conditions (29) and (30) at the
interface point (x,,y,). We overcome this difficulty via essentially two steps: first, by using jump conditions
(29) and (30), we eliminate one y derivative that is more difficult to discretized at the interface; second, we
carry out the discretization for the remaining y-derivative by using a one-sided FD scheme on the auxiliary
points whose values are obtained by interpolation.

This is always possible in practice. If u; is easier to be evaluated, one will cancel u; from (29) and (30) to
attain

] =u*—u, and [Pu,] —p tan Ou,] = Clul — C u  + Clu (31)

yoy?
where C} = " cos 0 + f~ tan 0sin 0, C; = f~ cos 0 + f~ tan Osin 0 and C; = B*sin 6 — f~ sin 0. If other-
wise u;, is easier to be calculated, one shall use the following jump conditions derived from Egs. (28)~(30) by
cancelling v

Wl =u"—u, and [Bu,]—p tanOu,]=Clul —C u; — C u,, (32)

Yoy

where C = " cos 0+ " tan Osin 0, C; = f~ cos 0 + " tan Osin 0 and C; = fi~ sin 0 — 7 sin 0.
Cancellation of u or u; from Egs. (29) and (30) is required when modeling (fu,),, which leads to an-
other two combinations of jump conditions. One combination is
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W] =u" —u, and [Pu,]+ B cotOu] = Clul +Cluf —Cluy, (33)

where CI = (B7 — ) cos 0, Cj = B~ cos Ocot O+ B sin 0 and C, = B (cosOcot 6 + sin 0); and the other
is

] =u" —u" and [fu,] + p*cot Ofu] = Cou; + Cluy — Cu. (34)

It is easy to check that here C; = (8" — ) cos 0, C; = " cos Ocot 0 + i~ sin 0 and C| = 7 (cos O cot 0+
sin 0). Either Eq. (33) or Eq. (34) can be chosen to formulate the discretization scheme for ( puy),, depending
on if u or u_ is easier to be evaluated.

In the case that either tan 0 or cot0 is undefined in choosing jump conditions, i.e., whenever the outer
normal direction is aligned to x- or y-direction, the interface is locally perpendicular to the mesh line so
that it can be treated as a straight interface locally. The procedure introduced in the preceding subsection
for the straight interface can be directly employed to handle these irregular points.

From the above discussion, it can be seen that for irregular interfaces each irregular point should have its
own local MIB representation because of different local topology, while for regular interface cases, in con-
trast, only one global MIB representation is needed throughout the whole domain. Some typical topology
near irregular points is depicted in Fig. 2.

We first consider the detailed discretization of jump conditions (31) at the interface point (x,,y,) for the
topology given in Fig. 3, where the interface I' passes through two irregular points (i,j) and (i + 1) at
(x,,70). Four nodes along the jth mesh line, i.e., (i — 1,)), (i,/), (i + 1,j) and (i + 2,/), are required to approx-
imate x-derivatives in jump conditions (31). In order to evaluate u at (x,,,) = (X,,);), we add an auxiliary
y-mesh (dashed line) passing through (x,,y,). Three auxiliary grid points on this auxiliary line will be em-
ployed to approximate ;. Two of these three points, (0,j + 1) and (o,j + 2) are on the positive side of the
interface, while the third auxiliary point (o,j) is right on the interface.

Refer again to Fig. 3, where point (i — 1,j) and (Z,j) are on the same side of the interface while (i + 1,}),
(i+2,)), (0,j+ 1)and (0,j + 2) are on the other side. We deploy two fictitious points at both points (i, /) and
(i + 1,), the corresponding fictitious unknowns are denoted as f;; and f;, | ;, respectively. Two conditions
in Eq. (31) are then approximated as

Woi Uit + Wy thij & Wo i for + U] = Wiy 4 Wo iy + Wy atisay + O(R), (35)
C, (Wi gty + wy iy + Wiiﬂf#lJ) + [Bu,] — B~ tan Ofu,]
= CI(WT,fo + WTJH”I'HJ + Wti+2”i+2,j) + C; T,juij JFPTJH”OJH +pij+2”0,1+2) + O(hz)v (36)

where superscripts, — and -+, signify that the FD approximation is on the — and + side of the interface,
respectively. Here w and p are FD weights for approximation along the x- and y-directions, respectively.

(i) Q[ \ (i)

a b c

Fig. 2. Three typical situations for an interface crossing the mesh lines. In the left chart, the interface passes the x-mesh line at point A
and y-mesh line at point B. The interface conditions are approximated at point A and point B to generate the difference scheme for
(Puy)y and (Bu,),, respectively. In the middle chart, the interface conditions are approximated at point A to obtain the difference scheme
only for (fu,), and the regular central difference is used for (fu,),. In the right chart, the difference scheme for (fu,), is built from the
approximation of the interface conditions at point B while term (fu,), is treated with the regular central difference.



Y.C. Zhou et al. | Journal of Computational Physics 213 (2006) 1-30 11

(0,j+2)

y (gt
L.
4

Fig. 3. Irregular point (i,j) and the interface. The interface crosses the x- mesh line at (x,, y,). The vertical dash line is the auxiliary line
on which three auxiliary points (in empty circle) are defined: (0,j + 2),(0,j + 1) and (0,j) right at (x,, ,). The jumps [u], [fu,] and [u,] are
evaluated at (x,,),).

Their first subscript (0 or 1) represents either interpolation or first-order derivative, while their second sub-
script is for node index. For example, w;,,_,, wy; and wy,,, are the interpolation weights of u™(x,,y,) at grid
points (i — 1), (i,j) and (i+ 1,)).

As aforementioned, u; shall be approximated on a one-sided finite difference stencil comprising of three
auxiliary points, i.e., u, ;, u,;1 and u, 12, which need further numerical treatment. To relate u ; with func-
tion values at real grid points we adopt the relation

l/l:;], = u;/ + [u] = w(;l.flu,-,l_m,- + w&iu,-‘j + W(;Hlj{iJr]_j + [U] + O(hS) (37)

The other two auxiliary values, u, ;1 and u, ;i, are interpolated with three grid points around them to en-
sure an accuracy of O(/?). These interpolation points are chosen a priori, and should be on the same side of
the interface. Here, we choose interpolation points to be (i,j+ 1), (i + 1+ 1), (i +2,;+ 1) and (i,j + 2),
(i+1,j+2),(i+2,j+2)foru, ;i and u, 1, respectively. As a result, u, ;1 and u, ;1> become known val-
ues in jump condition (36).

There are only two unknowns in Eqgs. (35) and (36), i.e., fictitious values f;; and f;y; ;. To solve for the
representation of these fictitious values in terms of the real function values and the known jumps, we intro-
duce two expansions

fij=C"1, (38)
f[+1,j = Ci+] ' Ua (39)
where C' = (C|,C5,...,C)) and C™' = (CI"',Ci', ... Ci') are the expansion coefficients of two fictitious

unknowns with respect to 6 real unknowns and 3 jumps which are also given by the vector U = (u,_; ;,u;,
Uit jy Uit s Uo j 15 Uo 12, (1], [ Pu], [1:]). Insert these expansions of f;; and f;1; to Eqgs. (35) and (36), we end
up with a small linear system for vectors C' and C™*":

woi €U —wi €U =K, - U, (40)

(Cowiier — Copiwes)CT U = Clwf € U =Ky - U, (41)
or further

wo. € = wi O =Ky, (42)

(Crwy, i+l C pl Mo, z+1)Cl+1 lecl K, (43)

where vector
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Ki = (—wg,1; —W(Iiawai+1’w(?i+270707 -1,0,0),
K, = (_Ciwlii |+ C;[’DW(;,FU —Cowp,; + CfPDWS,n Cjwiiﬂv Cjwiprza C;pij+17
C*p1 2 ijfﬁ —1,4 tan 0).
The solution of this 2 x 2 linear system is readily available with Cramer’s formula:

- B - + o+
C— Wi K2 — (C; Wl,i+lcypl4jW0‘i+l)K1

44)
EE— - R - ) (
-C; Wi Woip1 + WOAi(Cx Wiit1 Cy pl,jWO,i+l)

1t +
_Cx Wl‘iK] + W()j,'KZ

Tt v— (v T - :
-C; Wi Woip T+ Wog(cx Wit Cyp1,jwo,i+1)

Ci+l _ (45)

Before finishing the seeking of the fictitious values, we need to distribute the expansion weights of f; ; and
fi+1, at auxiliary points u,;; and u, ;1> to their respective 1nterpolat10n points defined above. Suppose
Up j+1 = =V (U j 1, Ui 1> U2 1) T O(h3) and Up j+2 = (ul 2 Ui 1 2, Uit j2) T O(h ), where
P =" T Y and PP = (57 K7 K7 are the interpolatlon coefficients in the vector form. The
expansion Welghts of f;; and fi1 1 could then be distributed onto these interpolation points and the final
expressions of f;; and f;. ; are:

_ i i i i i (pj+1 J+1 j+1
Jij = Cluir; + Couij + Ciuigrj + Costiny + C5(H vy + B sty o + B ti42,41)

+ C(1 w0 + B w2 + B ui10,500) + C[u] + Cylfu,] + Clud, (46)
Sy =C w4+ C luyy + C Mgy + C gy + C?I(I{H”i,ﬂl + Ié+1ui+1j+1 + Ié+1ui+2,j+1)
+ CI(,H (Ijl+2”i,j+2 + I£+2”i+u+2 + Ié+2ui+2J+2) + C;H [“] + Cgﬂ [ﬁ”n] + C;H [”r] (47)

With these two expansions of f;; and f;1 ;, one could discretize (fu,), at irregular points (i,/) and (i + 1,j) as
at the regular point:

ﬁ;%j ﬁsz] + ﬁ1+24 ﬁ;zj

(BMX)X = (Ax)z Ui1; — (A)C)Z U j ( ) f+1j at (ivj)7 (48)
i++%.j 1 +ﬂz+,/ i++ij . .
(Puy), = (Ax_)z ij (Ax)z Uit1y @MHQJ at (i+1,/), (49)

by substituting the above expansions of f; ;and f;1 ;. The known terms involving [u], [u.] and [Bu,]should be
collected and contribute to the right-hand vector B in the final linear system Ax = B from which the elliptic
equation is eventually solved.

The difference scheme for (fu,), can be generated following the procedure similar to that for (fu,).. Let
(i,j) and (i,j + 1) be a pair of irregular points and between them the interface I intersects with the ith mesh
line at (x,,y,), see Fig. 4. We need two fictitious points, f; ; at point (i,j) and f; ;1 at (i,j + 1), to facilitate the
discretization of (fu,), at (i,j) and (i,j + 1). Jump conditions, Eq. (34), is chosen and is approximated at the
intersect point (x,, y,). Considering the fact that we do not have real grid points to directly approximate u,,
a horizontal auxiliary mesh line passing (x,,y,) is introduced and three auxiliary points, (i—2,0),(i — 1,0)
and (i,0), are deployed on which a one-sided finite difference scheme for u_ is formulated. Jump conditions
(34) are then replaced by the following approximate equations:

Pojorttij—1 + Do iy + Pogrfiin + U] = Do+ Pyt + Py iattijer + O(R), (50)
o (p;/ (Uij1 + Py iy + Py, 1) + [Bua] + B cot 0[u,]
= C+ ljﬁ] +pi JH1 Ui+ +p11+2ul/+2) +C, (Wii—2”i72>v T Wy Uic1e t+ Wii”{a) + O(hz)' (51)
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Fig. 4. Irregular point (i,j) and the interface. The interface crosses the y-mesh line at (x,,y,). The dash horizontal line is the auxiliary
line on which three auxiliary points (in empty circle) are defined: (i—2,0), (i — 1,0) and (i,0) right at (x,,,). The jumps [u],[fu,] and [u.]
are evaluated at the intersect point (x,,V,).

The notations used here follow the same rule as that in Egs. (35) and (36). The auxiliary point on the inter-
face, u;,, is not at a grid point so we relate it with the unknowns at grid points by an interpolation:

- +

Uio = Uip — [u] :pg,j i +P<L+1ui,j+1 +paj+2ui,_i+2 — [u] + O(h3)- (52)

Nevertheless the interpolation on points u;;_i, #;; and f; ;11 is also applicable. With this relation, Eq. (51) is
changed into

C, (P Uij-1 + Py iy + Py fign) + [Bua] + B cot Ofu]

= Cy+ Dfij +prj+]ui,j+l +pt]‘+2ui,j+2) + Co Wy, st + W, Uit
+ wl_,i(paijf;Aj +p(-)':j+1ui,j+1 +P(J)r,j+2”i,j+2 = [u])]. (53)

Also, we are interested in the representations of two fictitious values f;; and f; ;+; with respect to the known
jumps and real unknowns, i.e.,

fij=0C-U, (54)

fi./‘+1 = Cj+1 'U7 (55)
where U = (1, ), U; j1, Ui j+2, Uo -2, Uo i1, (1], [fu], [u:]) and the elements of vector C, UM are the

expansion coefficients of f;; and f; ;11 with respect to U, respectively. A 2x 2 linear system for C’ and
C’! can be obtained by replacing fi;and f; ;+1 in Egs. (50) and (53) with above representations, as follows

Py €U —p, ¢ U=K, - U, (56)
C,praC U= (Clpl, + Cowpi )C - U =K, - U. (57)
It is easy to verify that
Ki = (=P, _1s—Po;>Poj+1:Po j+2: 0,0, —1,0,0),
Ko = (=Cpy; 1, =Copi s Copy o + Cowppg 1 Copy o + Cowppg s,
Cowpia, Cowy,y, —Cowp,, —1,—f7 cot 0).

Once dropping the vector U from the above system, we obtain the solution of the system again by Cramer’s
formula:
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_ —(Cpl + Cowipg K+ p Ko
Copr il — Poya(Copf; + Cowpipg )
ot —CypiyKi +py, K
C;Pf,j+1paj — Do j+1 (C;PT,/' + C;Wf,:paj)
The expansions of ¢/ and C’*! solved from this linear system involve the unknowns at auxiliary points
u,;—» and u,,; 1, which are not the regular points so we also need to distribute the weights on these two
points to the regular grid points. Considering the local topology we choose grid points u; 1,1, u;_1;
and u;_; ;1 for the interpolation at auxiliary points u,; 1, and u;_»;_1,u;_»; and u;_5 ;v for u,; ». With
these two interpolation relations:

/ (58)

(59)

i1 i1 i1

oot = wpyjor 0wy 15w s (60)
2 2 2

Uoin =1 "unj1 + 1 w0 + 15 10 41, (61)

it turns out that both f;; and f; ;1 have the expansions in terms of unknowns at regular grid points and
known jumps, as below

_ Y/ J J J J (i1 i—1 i—1
fij = Cluij1 + Chuij + Chuyjir + Chutyjin + CE gy + 1wy + 15w )

+ CLE 2w gy + B w0y + 1 %0 040) + Chlu) + Cy[Bu,] + Chlu), (62)
fijr1 = Cji+lui,jfl + Cé““u,‘ + Cé“”tjﬂ + C£+luij+2 + i (| RTINS (oL TR (T
+ I Pty + B Py + 15 2w i) + 5 ] + CFF [Bu) + €5 ). (63)

These two fictitious values make the discretization of u,,, at point (7,j) and (i,j+1) straightforward

B B+ B Bij
2 2 2 5

(Buy), = Uij1 — Ui, i1 at (i), (64)
TS A A
+ + + +
P43 /3["§+ﬂ,"l ﬁ[.‘l
(ﬁuy)y = (A;j)zz Uij2 — /Jr(sz)z Ak Ui jyl + —(A.J}:;zz ij at (i,j + 1). (65)

The known terms involving [u], [u.] and [fu,] should also be collected and combined into the right-hand
vector in the ultimate linear system Ax = B.

The finite difference schemes constructed above are applicable regardless whether the intersection point
of the interface with the mesh line is right at the grid point. However, significant simplification can be ob-
tained if the intersection point is at a grid point. When it comes to such a case, the difference scheme for
(Puy)x + (Pu,), could be generated in a single run rather than separately.

Fig. 5 shows such a situation where grid point (i,/) is an intersect point. Note that when [1]#0 the func-
tion on the interface is not well defined but from the computational point of view the interface itself can be
regarded cither as in the interior of the interface or outside of it. Here we regard it as in the interior of the
interface, i.e., u(i,j) = u (i,j) if a grid point (i,j) is on the interface. In such a case, one only needs to take
care of the difference scheme at point (i,j) since both (i — 1,/) and (i,j — 1) are now regular points while for
(i + 1,j) and (i,j + 1) the jump in [u] can be directly incorporated to generate the difference schemes:

ey B Y

i+, i+3, i+3./ i+, . .

(ﬁ”x)x = (sz)z Uiy j — Z(Ax)z s Uit —(Ax_)z (ui,j + [“D at (l + 17J)7 (66)
+ + + +
i3 ﬁi'l—'_ﬁi"l i+

(Buy), = (A;*)g Uijrs — ﬁ(ZAy)z AESPA —(A”y*)g (ur; + [u]) at (i,j+1). (67)
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Fig. 5. Irregular point (i,j) and the interface. The interface passes the grid point (i,j). No auxiliary lines and auxiliary points are
needed. The jumps [u], [fu,] and [u,] are evaluated at the point (i,}).

For point (i,j) on the interface, however, two fictitious values, f;;+; and f;;, are required in order to
formulate the difference schemes for (fu,) + (pu,), at point (i,j). The expansion coeflicients of these two
fictitious values with respect to the unknowns at surrounding grid points and the known jumps would also
be solved from the approximation equations of the jump conditions at point (i,j). However, since the grid
point is now on the interface, the interface conditions adopted are slightly different from what we used ear-
lier. On the one hand, the interpolation representation of the jump relation for u, Eq. (28), does not involve
both f;1 ;and f; /+; any more so this jump condition does not provide an approximate equation for the fic-
titious values. On the other hand, two target fictitious values make the approximation possible for all deriv-
atives, u;,u_,u/ and u; . Therefore the cancellation of one of Egs. (29) and (30) is no longer necessary and

x ) 7x

these two conditions exactly provide two approximate equations for f; ;11 and f;;, as follows
— Wi gty +wy iy + Wy fivng) sin 0+ (py g1+ py i+ Py figen) €08 0+ [ug]
= —[wi (i + [u]) +wi i+ Wt sin 04 [py (g + [u]) +pi e + pi ot o] cos 0,
(68)

B~ (Wi qttior + Wyt + Wiy firn) €08 0+ B (py gt jo1 + Py iy + Py fije) sin 0+ [Buy]
= BT (wi (e + []) + wi e + Wi puig2) cos 0+ BT (p) (e + [u]) + Pl wijen +pi o otigi2) sin 0.
(69)

These two equations consist a 2 x 2 linear system for vectors C'*! and /™', which are the respective
expansion coefficients of fictitious values fi11; and f;;y1, ie., fir1,= ctl.u, Sijr1= Ot U with
U = (w1 js Ui jy Uin1 js Uit jo Ui j— 1, Ui jr15 Ui jro, (U] [Pt], [u:]). The solution of this linear system is

— Wiy sin 0C™ 4 prcos 0CT =K, (70)
B wy g cos 0C™ + B py .y sin 0C™ = K, (71)

where

K = (wy, ;sin 0, (w, —w{,)sin0 + (p}; — p; ;) cos 0, —wy,, sin 0, —wj, ,sin 0, —p; ; | cos 0
pth cos Q,plfjJr2 cos H,plfj cos 0 — W1+,i sin 0,0, —1),
K; = (—f wj,_, cos 0, (Brwi, — B wy,)cos 0+ (ﬁ*plfj — B pyi;)sin 0, 5+W1+,,-+1 cos 0,

ﬂ+Wti+2 cos 0, —f py; 4 sin 0, ﬁ+p1+,j+l sin 0, ﬁ+P1+,j+2 sin 0, ﬁ+(wl+,i cos 0 —I—ptj sin 0), —1,0),
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and
Ctl - ﬁ’pl’ﬁl sin 6 K; — Py j41 €08 0 K, (72)
ﬁiwliiﬂplijﬂ ’
C./‘+1_'B W1’+1COSBK1+W1,+ISIHHK2 .
(73)
B wr 1Py
Thus, we obtain the full representations of f;1; and f; ;1
Sy = C w4+ C iy + CF iy + Cy M uay 4+ C5 gy + €l uga
+ C gy + CF ) + CF [Bua) + C [, (74)
S = C Wi C£+1uij + Cj+lui+lj + C£+1ui+2,j + Cé+lui,j—l + Cé+lui,j+l
+ € uiyo + G [u] + € [Buy) + Clg [ue] (75)
and the difference scheme for (fu,). + (Bu,), at point (i,j) is
By Byt By Biy; Bijit Bijs + Bijs Byt
uy), + : ar. i 2y, + lz‘juif.“F L )~ Ei R .
e = G o = g o T
(76)

It is noted that the representation scheme described above has a local truncation error of O(4%) so that
the central finite difference scheme for the second-order derivatives have a local truncation error of O(%) at
irregular points. As the number of irregular grid points are one-dimension lower than the number of total
grid points, the approximation error of the proposed MIB method is of O(/?), which has been verified in
our numerical tests.

2.2.2. Higher order MIB schemes for irregular interfaces

The generalization of the proposed MIB method to higher order convergence is quite straightforward. In
the present approach, a high order scheme means the use of standard high order finite difference discreti-
zations in the whole computational domain. In the vicinity of the interface, irregular grid points are first
identified according to the finite difference discretization. Then fictitious points are created at the same loca-
tions of the irregular points. The function values at fictitious points are determined by enforcing the inter-
face jump conditions. For high order schemes, the set of jump conditions is repeatedly used to determine
the required set of fictitious values. At each irregular grid point, this procedure is exactly the same as what
described for the straight interfaces.

Let us consider a fourth-order case. We start with the interface condition (31) and the stencil shown in
Fig. 6 to derive a fourth-order scheme for u,, and u, by using following steps:

1. Use u;_3,...,u;; and fi+,; as a stencil to approximate #~ and u;. For u' and ut we choose stencil
Jijstit1)s- - - Uiray. Here, u+ is discretized on auxiliary points (OJ) ., (0j+4), to ensure an accuracy
of O(1°).

2. Solve the 2 x 2 linear system resulting from Step 1 for the representations of f;; and f1 .

3. Use u;_3,...,u;;and fii j,fir2,; to approximate u~ and u_, and use f;_y ;,f;; and w115, . . ., U; 14, tO approx-
imate " and u} . Use the same approximation for « as Step 1. Note that at this moment, both f;; and
fi+1, are known. V

4. Solve the 2 x 2 linear system resulting from Step 3 for the representations of f;_;; and fy» ;.

5. Substitute appropriate terms of f;_y j, fi j, fi+1,> fi+2, for the values at irregular points when the standard
fourth-order central discretization of u,. or u,, crosses the interface.
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(0,j+4)
- o o o o

(0+3)
'—.—.—é—.—H
(04+2)
- o o> o o —

Fig. 6. A typical stencil used in constructing a fourth-order scheme for u., and u,. There are two pairs of fictitious points in this case:
f}J‘s fz"+1, j and J‘;’—l,/’a .f;'+21j~

This iterative procedure is systematic and is of arbitrarily high order provided there are enough regular
points available on both side of the interface. For example, a sixth-order discretization of u., and u, can be
constructed by using the stencil illustrated in Fig. 7. In this case, we successively solve the representations
for three pairs of fictitious values (f;;, fi+1,), (fi—14fi+2,) and (fi_2 ;fir3,). It is noted that in constructing
high order MIB methods, one needs to ensure that the local truncation error at the irregular point is
one order lower than the designed global order of accuracy. The nature of high order accuracy of these
schemes can be appreciated from the numerical examples presented in Section 4.

It is noted that for a general interface the difference scheme generated by the MIB involves more nodes
than the IIM and of course, more than the standard central difference scheme. The number of grid points
and distribution of the MIB stencils vary with the underlying mesh and the local extension of the interface
relative to the mesh. Also, the resulting linear system is no longer symmetric and diagonally dominant, as in
the case of the IIM. Nevertheless, all the iterative solvers we tested, no matter the successive overrelaxation
(SOR) or the preconditioned biconjugate gradient (PBCG), always yield the solution with favorable con-
vergence rate. Detailed comparison in terms of accuracy and CPU time is given in Section 4.

- - -

(0,j+6)
. e . .

(0,j+5)
‘;

(0,j+4)
iy
i(0,+3)

(0j+2)
Y

v :(o.j+i )
X - . o - - - - -
~2 Y -

i+2 i3 it4

Fig. 7. A typical stencil used in constructing a sixth-order scheme for u,, and u,. Now there are three pairs of fictitious points in this
case: fiifi+1; and fi_y, firo; as well as fi_», fi+3,-
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3. Numerical experiments on regular interfaces

In this section, we test the performance of the proposed MIB method for regular elliptic interface prob-
lems. Benchmarked with analytical solution, both the order of accuracy and the computational efficiency
are investigated for the MIB method through 1D, 2D, and 3D studies. However, only 3D results are
reported. The standard central FD scheme is used for a comparison. The standard preconditioned bicon-
jugate gradient (PBCG) method [41] with the preconditioner being the diagonal part of the discrete matrix
is employed to solve algebraic systems obtained from both the MIB and FD discretizations. In all studied
cases, the interfaces are not laid on the grid nodes.

Consider the 3D elliptic equation

(Bus), + (Buy), + (Bus), — pKPu =g, (x,y,2) € @=[0,1] x [0,1] x [0, 1], (77)

with Dirichlet boundary conditions along the x- and z-directions and Neumann boundary conditions along
the y-direction. Here k is a constant. Suppose that the media are only inhomogeneous along the x direction,
ie.,

ﬁ_{ﬁu Q ={(x2)0<x<0a, 0<y<1, 0<z< 1}, (78)
B ﬁz; Q2:{(xvyaz)|(x<x<1,0<y<1anggl}'
We consider a sinusoidal source
C| sin(nmx) cos(mmy) sin(jnz), (x,y,z) € Qi
g2 =9 oo . . (79)
| sin(nmx) cos(mmy) sin(jnz) — Cyf8, cos(mmy) sin(jnz), (x,y,z) € @,
where n, m and j are integers and C, = —n’n’—m’n’*—7n’*—k* C; =sin(nna)(1/B, — 1/B,), and C, =
Cy(m’n® + °n® + k?). With such a source term, the analytical solution of Eq. (77) reads
Wrp7) ﬁ sin(nmx) cos(mmy) sin(jnz), (x,y,2) € Qi (80)
7, sin(nmx) cos(mmy) sin(jnz) + C; cos(mmy) sin(jnz), (x,»,z) € Q.

The constant C; ensures that solution u(x,y,z) is continuous across the interface x = o, and the jump con-
ditions are given by

W =0, and [fu]=0. (81)

It can be derived from the analytical solution (80) that, the boundary conditions are u(0,y,z) =0,
u(l,y,z) = C; cqs(mny) sin(jnz'), g—'; b= =0, 2—;’ l,—1 = 0, u(x,y,0) =0, and u(x,y,1) =0. . '

We first examine the numerical convergence orders of the FD and MIB methods. A uniform mesh is used
with size N = N, = N, = N.. The maximum error and the overall accuracy of the approximation are mea-

sured, respectively, in terms of the standard L., norm,

L, = max |u; — i,
. N3

where u; is the analytical solution and #; is the numerical solution. We are interested in examining the per-
formance of the proposed scheme for both low f§ contrast and high f contrast across the interface. These
results are presented in Tables 1 and 2, respectively. In comparing the MIB results in both tables, it can be
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Table 1
Numerical convergence tests of the 3D elliptic equation with low contrast f§
Scheme N L, L.,
30° 60° 120° 30° 60° 120°
FD Error 9.33(-2) 2.24(-2) 7.62(-3) 3.87(-1) 1.65(—1) 1.17(-1)
Order 2.06 1.56 1.23 0.49
2nd-order MIB Error 9.81(-2) 2.05(-2) 4.88(-3) 3.86(—1) 8.01(-2) 1.90(-2)
Order 2.26 2.07 2.27 2.07
4th-order MIB Error 3.14(-2) 2.19(-3) 1.41(—4) 1.29(-1) 8.71(-3) 5.55(—4)
Order 3.84 3.96 3.89 3.97
8th-order MIB Error 9.99(-3) 4.61(-5) 2.03(=7) 5.94(-2) 1.83(—4) 8.31(-7)
Order 7.76 7.83 8.34 7.79
16th-order MIB Error 4.81(-2) 1.27(—6) 8.54(-12) 4.77(-1) 1.60(—5) 1.66(—10)
Order 15.20 17.19 14.86 16.56

The model parameters are chosenas k =1,n =18, m =18, j =18, « = 0.5, f; =4 and 5, = 1. For the 2nd-, 4th-, 8th-, and 16th-order
MIB, (M,L) is set to be (1,1), (2,4), (4,9), and (8,15), respectively.

Table 2
Numerical convergence tests of the 3D elliptic equation with high contrast
Scheme N L, L
30° 60° 120° 30° 60° 120°
FD Error 1.12(-1) 3.40(-2) 1.25(=2) 7.17(-1) 4.35(-1) 2.27(-1)
Order 1.72 1.45 0.72 0.94
2nd-order MIB Error 9.52(-2) 1.99(-2) 4.74(-3) 3.86(—1) 8.01(-2) 1.90(-2)
Order 2.26 2.07 2.27 2.07
4th-order MIB Error 3.05(-2) 2.13(-3) 1.37(—4) 1.29(-1) 8.71(-3) 5.55(—4)
Order 3.84 3.96 3.89 3.97
8th-order MIB Error 9.70(-3) 4.47(-5) 1.97(-7) 5.94(-2) 1.83(—4) 8.31(-7)
Order 7.76 7.83 8.34 7.79
16th-order MIB Error 4.66(—2) 1.24(—6) 8.30(—12) 4.77(-1) 1.60(—5) 1.67(—10)
Order 15.20 17.18 14.86 16.55

The model parameters are chosenas k=1, n =18, m =18, j =18, « = 0.5, §; = 80 and f, = 1. For the 2nd-, 4th-, 8th-, and 16th-order
MIB, (M,L) is set to be (1,1), (2,4), (4,9), and (8,15), respectively.

observed that the L errors and orders of both low and high contrast cases are exactly the same. Due to the
large variation in magnitude of the solutions in two contrast cases, the L, errors of the MIB in two tables
are slightly different. But the L, errors and their orders are still very similar. This suggests that the MIB
approach yields essentially the same result, no matter how large the jump in solution is. This further means
that the numerical error of the MIB is induced solely by the oscillatory nature of the solution, rather than
by the interface. Therefore, the accuracy of the high order FD schemes is fully restored by the MIB method
in these studies. Up to 16th orders are achieved numerically by the MIB approach for this 3D elliptic inter-
face problem. However, without the proper interface modeling, the FD accuracy is at most of first-order in
L., norm measure, and becomes worse when the contrast in f is higher. The projection of the MIB solution
for the 3D elliptic equation at z = 1/64 are shown in Fig. 8.

We next present an efficiency study which clearly illustrates the computational efficiency gained by using
the higher order MIB approach, in place of low order schemes, see Table 3. Successive mesh refinements
are considered towards the accuracy level L., ~ 0.1% for the FD and MIB methods. This desired level
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Fig 8. The projection of the MIB solution of the 3D elliptic equation at z = 1/64, with (M,L) = (8,17), N> =120°, k=1, n =32,
=32, j=32 and o = 0.5. Left: Low contrast case (5; =4 and f5, = 1); Right: High contrast case (f; =80 and f, =1).

Table 3

Numerical efficiency tests of the 3D elliptic equation

N? FD 2nd-order MIB 12th-order MIB
60° 120° 240° 60° 120° 240° 30°

L 2.21(=2) 9.02(—3) 4.07(-3) 8.61(—3) 2.09(=3) 5.18(—4) 1.71(—4)

Order 1.29 1.15 2.04 2.01

L 3.01(-1) 1.53(-1) 7.66(—2) 3.47(-2) 8.40(—3) 2.08(—3) 1.83(-3)

Order 0.98 1.00 2.05 2.02

CPU 3.14 185.08 4731.63 0.75 9.66 93.13 0.28

The model parameters are chosen as k=1, n=12, m=12, j=12, 0 =0.5, f; =80 and f, = 1. For the 2nd and 12th-order MIB,
(M,L) is set to be (1,1) and (6,7), respectively. CPU time in second is reported.

of accuracy is actually very challenging for low order methods in 3D, because the memory requirement goes
quickly beyond the limit of our computer resource after only a few refinements. In particular, a 3D com-
putation with a huge mesh size of 480° impractically requires over 2 Gbytes memory, so that the last three
mesh refinements that are feasible are just until 240%, as shown in Table 3. It is noted that in the PBCG
iterative solver [41], only non-zero elements are stored for the large sparse matrix resulting from the
PDE discretization. We also note that the FD scheme does not require the PBCG iterative solver. A small
reduction in the CPU time can be gained for the FD scheme if a simpler iterative solver is used. It is clear
from Table 3 that the 12th-order MIB delivers the desired accuracy by using only a very small mesh size of
30° and 0.28 sec CPU time. The 16th-order MIB can also achieve the same goal by using the same mesh and
slightly more CPU time. However, to almost reach the same accuracy, the second-order MIB scheme re-
quires a large mesh size of 240* and 93.13 s computing time. In other words, our 12th-order approach is
about at least 332 times more efficient in terms of CPU time than a second-order method, such as a sec-
ond-order MIB or the IIM. By using a huge mesh size of 240° and 4731.63 s execution time, the FD accu-
racy is still far away from the target one. It is really hopeless to achieve that goal by using such a slowly
converged method. Moreover, it is interesting to note that based on the same mesh size, and using stencils
of the same length, the execution time of the second-order MIB is usually much smaller than that of the
standard FD method, although the same standard PBCG solver [41] is employed in both methods. In fact,
similar behavior has been observed in our 1D and 2D studies, too. This suggests that the presence of the
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interface will not only degrade all numerical scheme to first-order, but also slow down the convergence
speed of the iterative solver, whereas both impairments can be recovered after using the MIB method.

4. Numerical experiments on irregular interfaces

In this section, we examine the performance of the proposed MIB scheme for 2D irregular interface
problems by considering six case studies with different boundary and interface geometry. We will focus
on the standard second-order MIB method in the first 4 cases, while the last two cases are devoted to
the validation of high order MIB schemes. Numerical results are compared to the analytical solutions of
the equation, in terms of both numerical accuracy and computational efficiency. The IIM of LeVeque
and Li [25] is regenerated for a comparison in some test cases. The performance of our IIM code has been
verified with that in the literature [25] and is found to be similar to a later version of the IIM given by Li and
Ito [29]. The PBCG solver [41] is exclusively adopted to solve the linear system due to its efficiency and the
simplicity in implementation. The standard L., norm error measurement is employed in this section.

Case 1. We are interested in the 2D Poisson equation
(Buo), + (Buy), = q(x,) (82)

defined in a square [—1,1]x [—1,1] with a circular interface /> = x* + y* = ¥ inside. Following [25], the exact

solution is designed to be

x2 42, r< 0.5,
y) = . 83
u(x.) Hi-&-H+ (% + rz) /b, otherwise, (83)

with the diffusion coefficient

2, r<0.5,
D) =9 . 84
Bx.) { b, otherwise. (84)
Such a designated solution forces the discontinuous inhomogeneous term ¢(x,y) to be
8.0 r< 0.5,
SUER I . 85
9(x.) { 8(x* +)?) +4.0, otherwise. ®5)

Let 5 = 10 such that u(x,y) is continuous throughout the domain and [fu,] = —0.75 on the interface. The
computed result with a 20 x 20 mesh is plotted in Fig. 9. Table 4 lists the computed error of the second-
order MIB scheme in a comparison with the results of the [IM. Both methods have very clear second-order
accuracy. The MIB delivers a slightly more accurate result than that of the IIM. It is found that the CPU
times used for generating the local immersed grids are almost the same for both methods although the
underlying algorithms are different. The CPU times used for solving the linear algebraic equation systems
are not compared because the IIM method has its own optimal solver [29], while no such solver is available
for the MIB yet. It is expected the IIM is faster since it involves fewer irregular nodes.

Case 2. In this case, we solve the Laplace equation u, + u,,, = 0, which is defined in square [—1,1]x [—1,1]
and has the following analytical solution as designed:

u(r.y) = {e‘ cos(y), r<0.5, (86)

0, otherwise,
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Fig. 9. Computed solution (left) and the error (right) for the 2D Poisson equation (Case 1). f =10
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[u]=0, [Bu,] = —0.75.

Table 4
Numerical efficiency tests of the 2D Poisson equation (Case 1)
Ny X 1, Second -rder MIB 1M

L Order L Order
20% 20 2.852(—4) 2.167(=3)
40 x 40 7.707(-5) 1.9 5.000(—4) 2.1
80 % 80 2.069(—5) 1.9 1.131(—4) 2.1
160 x 160 5.131(—6) 2.0 2.748(—5) 2.0
320 % 320 1.257(—6) 2.0 6.781(—6) 2.0
b =10, [u] =0, [Bu,]= —0.75.

The jumps in u and u,, along the interface r =

1 can be evaluated from this solution. Note that here we have

2
unit diffusion coefficient throughout the whole domain.

Table 5 gives the computational results of the second-order MIB and the IIM for a comparison. Again,
as expected, a steady second-order convergence is validated for both methods. Moreover, MIB scheme is
slightly favored due to the smaller numerical error on all the five successively refined meshes. The computed
result in Fig. 10 sharply features designated discontinuity along the circular interface.

Case 3. Here, we solve the Poisson equation with elliptical interface I" given as

2 2
X Yy
=1. 87
(18/27) - (10/27) (87)
It admits the exact solution
e cos(y), inside I,
M(X,y) = 2 . (88)
5exp(—x* —%), otherwise.

We leave the diffusion coefficient to be tuned to produce different contrast ratios. Outside the interface I,
we fix the diffusion coefficient to be 1. In the first experiment we choose f = 10 for the inside whilst a much
large = 1000 is chosen in the second experiment. The computed solution and error for the large contrast
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Table 5
Numerical efficiency tests of the 2D Laplace equation (Case 2)
neXn, Second-order MIB M

Lo Order Lo Order
20 % 20 1.015(—4) 4.389(—4)
40 x 40 2.511(=5) 2.0 1.079(—4) 2.0
80 x 80 6.369(—06) 2.0 2.778(-5) 2.0
160 x 160 1.608(—06) 2.0 7.500(—6) 1.9
320 x 320 3.714(-7) 2.1 1.740(—6) 2.1
p=1.

x107°
2
Fig. 10. Computed solution (left) and the error (right) for the 2D Laplace equation (Case 2). f=1.

Table 6
Accuracy assessment of the MIB method for the Poisson equation with elliptical interface (Case 3)
Second-order MIB JCCS
Ny X N, L Order n. X ny L Order
20 % 20 2.659(—2) 23 %32 1.755(-2)
40 x 40 5.206(—3) 2.4 41 x 64 4.961(-3) 1.8
80 x 80 1.487(—3) 1.8 77 x 128 1.352(-3) 1.9
160 x 160 3.746(—4) 2.0 149 x 256 3.548(—4) 1.9
320 x 320 7.803(—5) 2.3 293 x 512 9.096(—5) 2.0

B =10 inside of I'; § = 1 outside of I'. For the JCCS, a polar coordinate is used and the elliptical interface in the physical domain is

mapped onto a circular interface in the computational domain. n, or ny is the number of mesh points in respective direction.

ratio are plotted in Fig. 11. The numerical errors are also given in Tables 6 and 7 in a comparison with the
results of the jump condition capturing scheme (JCCS) obtained by Wang [48]. The JCCS is constructed

based on the GFM.

For the case with f = 10 in the inside, two methods produce results with very close errors. For § = 1000
in the inside, however, the results of the MIB are much more accurate than those of the JCCS, particularly,
a significant increasing was found in the numerical error of the JCCS accompanying this improvement of
the ratio of diffusion coefficients. This indicates that the MIB is much less sensitive to the difference of  on
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Table 7
Accuracy assessment of the MIB method for the Poisson equation with elliptical interface (Case 3)
Second-order MIB JCCS
Ny X 1, Lo Order n. X ny Lo Order
22x22 9.130(-2) 23x 32 2.803
40 x 40 2.764(-2) 1.9 41 % 64 7.543(—1) 1.9
80 x 80 7.524(-3) 1.9 77 x 128 1.940(-1) 2.0
160 x 160 2.169(—3) 2.0 149 x 256 4.906(—2) 2.0
320 x 320 4.841(—4) 2.2 293 x 512 1.232(=2) 2.0
S = 1000 inside of I'; f =1 outside of I
0
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Fig. 11. Computed solution (left) and the error (right) for the 2D Poisson equation with elliptical interface I" (Case 3). f = 1000 inside

of I'; f=1 outside of I'.

the two sides of the interface thus would be more robust and accurate for the problem with a large jump in

the diffusion coefficient.

Case 4. As in the preceding example, we illustrate the usefulness of the second-order MIB method for an
elliptic problem with a more complicated interface geometry. In this case, the treatment of the physical
irregular domain is similar to that in Case 2, i.e., by embedding the physical irregular domain into a slightly
larger rectangular domain and treating the physical irregular boundary as an interface inside the new
domain. Thus one obtains an elliptic interface problem favoring interface methods. The necessary interface
conditions can be derived from the given boundary conditions of the original problem. In our case, the
physical irregular boundary I is defined to be

r=0.5(1+40.5sin(60))

and the analytical solution of the Poisson equation in the extended domain [—1,1]x[—1,1]is

umw={
with f = 1.

0,

1+ sin(x)sin(y), inside I,
outside I,

(89)

(90)
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Fig. 12. Computed solution and the error of Case 4.

In computation, the value of u(x,y) outside of I is set to be zero as it is already known. The computed
error for the accuracy assessment is very similar to earlier cases so its table is omitted here. The numerical

solution on a

40 x 40 mesh is plotted in Fig. 12, together with the plot of the absolute error whose

maximum is about 4.7 x 107°.

Case 5. In this case, we demonstrate the second- and fourth-order MIB schemes. The interface is given as
I'(x) = 0.2tanh(exp(1/(1—x))—exp(1/(1 + x))). The exact solution of the Poisson equation is

u(x,y)

The value of

{ sin((y — I'(x))) cos(x), 1)
sin(4(y — I'(x))) cos(x) + 1,

is prescribed to be 5 above the I'(x) and 1 below, which gives a non-vanishing flux discon-

y = I'(x),
otherwise.

tinuity at the interface. Fig. 13 (left) depicts the computed solution on a 40 x 40 grid. The L., norm errors
of both the second- and fourth-order schemes are tabulated in Table 8.
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Fig. 13. The solution of the high order MIB method for the 2D Poisson equation. Left: Case 5; Right: Case 6, —u(x,y) is plotted.
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Table 8
Accuracy assessment of the second- and fourth-order MIB schemes for the Poisson equation in Case 5
Ny X 1, Second-order MIB Fourth-order MIB
Lo Order Lo Order
40 x40 7.44(-3) 1.40(-3)
80 x 80 1.68(—-3) 2.1 5.76(-5) 4.6
160 x 160 4.99(—4) 1.8 3.82(—6) 3.9
320 x 320 1.37(—4) 1.9 2.19(-7) 4.1
Table 9
Comparison of the second-, fourth- and sixth-order MIB schemes for the Poisson equation (Case 6)
nyXn, Second-order MIB Fourth-order MIB Sixth-order MIB
L Order CPU L Order CPU L., Order CPU
20 % 20 1.20(-3) 0.155 2.47(-5) 0.552
(0.008) (0.02)
40 x 40 2.85(—4) 2.07 1.45 1.51(—6) 4.03 3.714 3.48(-8) 10.94
(0.026) (0.07) (0.15)
80 x 80 6.55(—5) 2.12 11.18 6.16(—8) 4.61 25.85 3.42(—10) 6.64 90.67
(0.089) (0.24) (0.55)
160 x 160 1.67(-5) 1.97 90.26 2.88(—9) 441 249.8 4.62(—12) 6.21 480.9
(0.227) (0.89) (1.90)
320 x 320 4.10(—6) 2.03 595.0 1.33(-10) 4.44 2760
(0.503) (1.65)
640 x 640 1.02(—6) 2.01 5174
(2.15)

The numbers in the parenthesis are the CPU times in second for the generation of local difference schemes.

Case 6. As the last example, we illustrate further the proposed high order MIB method. In this, we design
our scheme to be of fourth- and sixth-order convergence. We note that the present method is particularly
favorable if the immersed inner boundary is convex. In such cases, there is always adequate number of grid
points to support a given high order approximation of the interface conditions. Here we choose the
immersed inner boundary as a circle of radius % with its center located at the origin. The computational
domain is [—1,1]x [—1,1], excluding the inner circle. The exact solution of the Poisson equation is set to
be u(x,y) = Sexp(—x*—»?/2) on the computational domain. We plot the numerical solution, computed
on a 40 x40 grid, in Fig. 13 (right) with a negative sign (i.e., —u(x,y)) to illustrate the immersed inner
boundary. The accuracy and convergence order of our MIB method are presented in Table 9. For high
order method, it takes more time in the generation of the local difference schemes because of the iterative
nature of current algorithm, as given in Table 9. However, it is still negligible compared to the time spent on
the solution of the main linear system. It is seen that the result obtained by using the sixth order scheme
at the grid of 40 x 40 is about 30 times more accurate than that obtained by using the second-order scheme
at the grid of 640 x 640, while consuming only a fraction (1/473) of CPU time. In order for the second
method to reach the same accuracy of the sixth-order scheme at the grid of 40 x40, a grid larger than
2600 x 2600 has to been used, which approximately costs 300,000 s CPU time. Therefore, the sixth-order
scheme is about 28,000 times more efficient than the second-order scheme in terms of CPU time. It is noted
that the CPU time used for the generation of the local finite difference scheme (i.e, the immersed grids) is
very small compared to that for solving the linear algebraic equation system.



Y.C. Zhou et al. | Journal of Computational Physics 213 (2006) 1-30 27
5. Discussion

In this section, we give a comparison between the proposed MIB scheme and other well established
methods, such as the immersed interface method (IIM) and the ghost fluid method (GFM), so as to have
a better understanding of these methods.

First, all the aforementioned three interface methods require an explicit identification of the interface
and associated irregular grid points. However, the choice of irregular points differs very much in three
methods. An irregular point in the ITM might be a regular point in the MIB method, vice versa. In each
method, irregular points are determined by the interface location and the selection of discretization
schemes. In general, higher order schemes involve more irregular points.

Second, in the MIB approach, fictitious points (FPs) are created so that standard higher order central
finite difference (FD) schemes can be directly employed throughout the domain, including the vicinity of
the interface. When a FD scheme refers to grid point values from the other side of the interface, fictitious
function values instead of real ones will be supplied. Due to the use of FPs, a uniform discretization scheme
can be used over the whole domain. Nevertheless, one may choose different discretization schemes at any
given location in the MIB, if it is desirable. Whereas, in the IIM and GFM, discretization schemes in the
vicinity of the interface have to vary from point to point.

Third, in the MIB scheme, enforcing jump conditions is disassociated with the discretization of the gov-
erning PDE, while in the IIM, the jump conditions are satisfied in special discretization schemes along the
interface. Therefore, in the MIB method, interface modeling is virtually independent of the governing PDE
and the technique developed in solving one PDE can be applied to a vast range of interface problems with-
out too much modification. In the GFM, it is only the key features of the jump conditions rather than ori-
ginal conditions themselves that are directly incorporated into the discretized Laplacian. For example, in
higher dimensions, by means of a projection to Cartesian coordinate directions, the jump condition in
the normal derivative is captured, while the less important tangential jump is omitted in the GFM. Such
a modeling is in consistent with its overall first-order accuracy. The advantage of this modeling is that
the resulting matrix is symmetric, while the sharp solution is still maintained at the interface. However,
a change in philosophy is required in order to construct fully second-order and higher order GFMs.

Fourth, jump conditions are repeatedly enforced in the MIB method, while each jump condition is uti-
lized only once in the IIM and GFM. Since jump conditions are reused in the MIB method, only the lowest
order ones are required. Whereas, higher order jump conditions are inevitably required to construct a high
order interface scheme, if each condition is applied only once.

Fifth, in the MIB method, higher order interface modeling is equivalent to the determination of FP values
up to higher order via iteratively enforcing the jump conditions. Whereas, albeit the GFM uses ghost do-
mains, it does not enforce all the jump conditions. Therefore, a change in philosophy is required for the
GFM to achieve higher order accuracy. In the IIM, to achieve high order accuracy, entirely new discretization
schemes that involve additional grid point(s) across the interface are to be constructed via incorporating jump
conditions to the Taylor expansion. Thus, higher order interface modeling is equivalent to creating more jump
conditions for higher order Taylor expansions. Such an extension to higher order is possible in 1D as explored
in solving Maxwell’s equations [52,53], but will be extremely difficult, if not impossible, for 2D or 3D interface
problems for the following reasons: (i) Higher order jump conditions are usually quite complicated and in-
volve high order derivatives. For example, the second order jump condition used in the IIM, which is derived
from the PDE and low order jump conditions, typically involves v, ut, u, ,uf u_,u,u,  u' u_, and u/.
(i1) For a given order of accuracy, the discretization of a higher order derivative jump condition requires a
larger stencil or involves more FPs, which in turn requires more higher order jump conditions. (iii) For many
elliptic equations, such as the Helmholtz equation, cross derivatives will be involved, whose discretization re-
quires wide stencils or many FPs in both the x- and y-directions. Consequently, the growth of the number of
jump conditions can never match the growth of stencils or the number of FPs.
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Sixth, for regular interfaces, the interface modeling can be carried out in a systematic and automatic
manner in the MIB method. As a consequence, one MIB code will be able to generate schemes of different
orders by simply adjusting a parameter. We can choose a desirable order of accuracy for a given problem
under study. For irregular interfaces, though the MIB procedure proposed in the present work is system-
atic, the MIB, GFM and IIM all require subtle treatment of irregular grid points locally.

Seventh, due to the use of FPs and the separation of enforcing jump conditions from the discretization of
the PDE, the MIB can be incorporated with other existing high-order methods for hyperbolic conservation
laws, such as weighted essentially non oscillatory (WENO) schemes [34] and the conjugate oscillation
reduction scheme (CFOR) [50,55]. We expect that such MIB based shock capturing methods would return
sharp shock fronts.

Finally, it is noted that the IIM has been developed and significantly improved over the past decade by a
number of researchers [4-6,10,16-19,21,23,24,30,31,36,42,43,46,47,51]. It is by far one of the most powerful
existing methods for the solution of elliptic equations involving interfaces and/or singular sources. Using
only one FPs on each side of the interface to capture the essence of the jump condition, the GFM is very
simple and easy to realize for complex problems [12,35,48]. Adopting the FPs idea from the GFM and over-
coming the difficulty of generating higher order schemes in the IIM, the proposed MIB can be regarded as a
generalization of both the GFM and 1IM.

6. Conclusion

In this work we have formulated novel high order schemes for solving elliptic equations with discontin-
uous diffusion coefficients and/or singular source terms, based on the matched interface and boundary
(MIB) method originally proposed for time-domain electromagnetic wave scattering and propagation
[52,53]. Two significant generalizations are made to the previous MIB method. First, the construction of
high order MIB schemes was extended from Maxwell’s equations to elliptic equations. Second, the formu-
lation of the MIB scheme was extended from regular, straight interfaces to general, irregular interfaces,
which endows the MIB method the applicability to a vast range of practical problems. The extension to
curved interfaces was made possible by adding auxiliary line and fictitious points (FPs) such that one
can strictly enforce physical jump conditions near the interface. Extensive numerical experiments are car-
ried out to verify the high order nature of the proposed MIB scheme for both regular interfaces and curved
interfaces. The MIB works well on the regular Cartesian grid and is robust regardless the magnitude of the
jump discontinuity across the interface. In addition, the MIB does not require high order interface jump
conditions as well as the high regularity of the interface. In general, the MIB method is more efficient
and requires less CPU time at a given level of accuracy than other existing methods. Comparison is made
to the immersed interface method (IIM) and the ghost fluid method (GFM) both numerically and theoret-
ically. The main new features of the proposed MIB method are the follows: (1) the disassociation between
enforcing jump conditions and discretizing PDEs via FPs; (2) the repeated use of the lowest order jump
conditions via an iterative scheme. For solving elliptic equations, the proposed MIB method can be re-
garded as a generalization of the IIM and GFM. The generalization of the MIB method for treating Lips-
chitz continuous interfaces, for tracing moving interfaces, and for electromagnetic scattering are currently
under our investigation.
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