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Abstract

Elliptic partial differential equations (PDEs) are widely used to model real-world problems. Due to
the heterogeneous characteristics of many naturally occurring materials and man-made structures,
devices, and equipments, one frequently needs to solve elliptic PDEs with discontinuous
coefficients and singular sources. The development of high-order elliptic interface schemes has
been an active research field for decades. However, challenges remain in the construction of high-
order schemes and particularly, for nonsmooth interfaces, i.e., interfaces with geometric
singularities. The challenge of geometric singularities is amplified when they are originated from
two or more material interfaces joining together or crossing each other. High-order methods for
elliptic equations with multi-material interfaces have not been reported in the literature to our
knowledge. The present work develops matched interface and boundary (MIB) method based
schemes for solving two-dimensional (2D) elliptic PDEs with geometric singularities of multi-
material interfaces. A number of new MIB schemes are constructed to account for all possible
topological variations due to two-material interfaces. The geometric singularities of three-material
interfaces are significantly more difficult to handle. Three new MIB schemes are designed to
handle a variety of geometric situations and topological variations, although not all of them. The
performance of the proposed new MIB schemes is validated by numerical experiments with a wide
range of coefficient contrasts, geometric singularities, and solution types. Extensive numerical
studies confirm the designed second order accuracy of the MIB method for multi-material
interfaces, including a case where the derivative of the solution diverges.

Keywords

Immersed boundary method; Immersed interface method; Ghost fluid method; Matched interface
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1 Introduction

Mathematical modeling of material interfaces often leads to elliptic partial differential
equations (PDEs) with discontinuous coefficients and singular sources. Solutions to such
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PDEs have attracted much attention [2, 4, 5, 11, 14, 19, 27, 25, 28, 29, 31, 32, 34, 37, 39, 40,
42, 45, 56, 57, 58, 59, 50, 62, 6, 3] since Peskin pioneered the immersed boundary method
(IBM) in 1977 [20, 35, 53, 54, 52]. Interface techniques have demonstrated an increasing
importance in a number of areas, including fluid dynamics [12, 15, 16, 30, 49, 37, 39, 36],
electromagnetic wave propagation [22, 23, 33, 34, 68, 67], materials science, [24, 27] and
biological systems [43, 70, 64, 17, 7]. A major advance in the field after Peskin’s
contribution was the remarkable second order sharp interface scheme, the immersed
interface method (11M) constructed by LeVeque and Li [38, 1, 10, 41]. Many other elegant
methods have been proposed in the past decade, including the ghost fluid method (GFM)
proposed by Fedkiw, Osher and coworkers [13, 44], finite-volume-based methods [51],
integral equation methods [46, 47, 48], and the piecewise-polynomial discretization (PPD)
by Chen and Strain [9].

We have recently proposed a highly accurate algorithm, the matched interface and boundary
(MIB) method [66, 65, 68, 72, 71] for solving elliptic equations with discontinuous
coefficients and singular sources. The essential ideas of the current MIB method were
introduced in an earlier interface scheme for solving Maxwell’s equation [68]. The MIB
method is of arbitrarily high-order accuracy in principle. The 16th order accurate MIB
scheme has been demonstrated with a simple interface geometry [68, 72] and sixth-order
accurate MIB schemes have been constructed for curved interfaces in two-dimensional (2D)
and three-dimensional (3D) domains [65, 72].

The main features of the MIB method are as follows. First, whenever possible, it employs a
dimensional splitting strategy inherited from our earlier discrete singular convolution
algorithm [60, 61] to reduce 2D and 3D interface problems into 1D ones. This strategy
significantly reduces the topological complexity in handling 3D interface geometries.
Additionally, the MIB method enforces only lowest order interface jump conditions (i.e.,
interface continuity conditions). In order to achieve higher order accuracy, which requires
many more jump conditions, the set of lowest order interface jump conditions is iteratively
utilized in the MIB method [68]. This approach avoids the numerical instability and
accuracy reduction in implementing higher order jump conditions. Moreover, in our MIB
method, as well as our earlier discrete singular convolution algorithm [60, 61], fictitious
points are created so that a uniform discretization scheme can be directly employed
throughout the domain, including in the vicinity of the interface and singular source. This
approach avoids the confusion in determining the discretization scheme in the vicinity of the
interface when the geometry is very complex, as the case in many biomolecular applications
[70, 64, 17, 7]. Furthermore, because of the use of fictitious points, enforcing the jump
conditions is separated from the discretization of the governing PDE. In fact, the interface
modeling is virtually independent of the governing PDE and thus the technique developed
for solving one PDE can be applied to a vast range of other PDEs without too much
modification. A comparison of the MIB, GFM, and IIM is given in our earlier work [72, 71].

Independently, Zhao has developed impressive MIB schemes for the Helmholtz equation
[67]. Note that interface conditions in this problem are more complex. Zhao’s MIB schemes
achieve fourth order accuracy for these equations with arbitrarily curved interfaces [67].
High order schemes are particularly valuable for electromagnetic wave scattering and
propagation due to their nature of involving high frequencies.

In the past, much attention was paid to the construction of elliptic interface methods to
ensure the symmetric and/or diagonally dominant matrices due to the concerns of the
condition number and the speed of convergence of iterative matrix solvers [65]. These
concerns have become essentially unnecessary, thank to the development of Krylov-
accelerated multigrid methods [9] and Krylov subspace techniques [7]. The non-symmetric
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and non-diagonally dominant matrices resulting from finite difference and finite volume
types of elliptic interface discretizations can be easily solved with the state of the art Krylov
subspace techniques. The reader is referred to the portable, extensible toolkit for scientific
computation (PETSc) package (http://www.mcs.anl.gov/petsc/petsc-as/) for the application
of advanced linear algebraic equation solvers. However, for time-dependent problems,
matrix properties are still important [68, 69].

Most of earlier elliptic interface methods are developed for smooth interfaces, perhaps
partially due to the fact that many elliptic interface methods were originally developed for or
motivated by problems in computational fluid dynamics. In fact, in most other physical
problems, one frequently encounters elliptic problems with nonsmooth interfaces or
interfaces with Lipschitz continuity [9, 25, 26, 66, 65, 64]. Nonsmooth interfaces are also
called geometric singularities. This class of problems are significantly more challenging
than ones with smooth interfaces. The first known second order accurate schemes for 2D
nonsmooth interfaces were constructed by us using the MIB method in 2007 [66]. Since
then, a couple of other interesting methods have been reported for this class of problems in
2D [9, 26]. It is worth mentioning that the PPD developed by Chen and Strain has
demonstrated its utility in handling exotically complex interface topology [9]. It will be
interesting to see the further development of the PPD for 3D elliptic interface problems. For
arbitrarily nonsmooth interfaces in 2D, the best results reported are all limited to the second
order accuracy [9, 26, 66]. The construction of 2D schemes of numerical orders higher than
two for arbitrarily nonsmooth interfaces is another open problem, although it may be
possible to do so for some special nonsmooth interface geometries. For practical
applications, there is a pressing need to develop high order schemes for nonsmooth
interfaces in 3D domains as most realistic problems are in 3D domains. The MIB method
[65] provides second order schemes for 3D elliptic PDEs with arbitrarily non-smooth
interfaces or geometric singularities. It has found numerous applications in biomolecular
systems [64, 17, 7, 18] and biomedical imaging [8]. However, currently fourth order
schemes for 3D elliptic PDEs with nonsmooth interfaces have been developed only for a
few special interface geometries [65]. It appears truly challenging to develop fourth order
schemes for arbitrarily non-smooth interfaces in 3D domains, which contributes to another
open problem in the field as posed in 2007 [65].

Moreover, it is fairly easy to construct a second order scheme for elliptic interface problems
and demonstrate the scheme on some special and simple geometries. However, it is
extremely difficult to ensure that the designed accuracy is achievable for all possible
geometric situations. So far, there has been very little literature to address this issue in the
computational mathematics community. Unfortunately, for real-world problems, one
encounters extremely complicated geometries. Consequently, most mathematical schemes
do not keep their designed promises. This is particularly true for biomolecular systems —
molecular surfaces [55] of proteins have geometric singularities, i.e., cusps, sharp tips and
self-intersecting surfaces. The MIB method based Poisson-Boltzmann solver, the MIBPB
[64, 17, 7, 18], is able to derive second order accuracy in solving the Poisson-Boltzmann
equation with primitive molecular surfaces of proteins. Unfortunately, at present, the
MIBPB still cannot guarantee its designed second order accuracy for tens of thousands of
protein geometries — it occasionally encounters the accuracy reduction for some special
protein molecular surfaces. Therefore, there is a pressing need in the field of elliptic
interface problems to develop systematical procedures to ensure the designed accuracy for
all possible geometric and topological variations.

What concerns the present work is a new class of interface problems, the construction of
high order numerical schemes for elliptic equations with discontinuous coefficients from
modeling multi-material interfaces, as briey reported elsewhere [63]. This class of problems
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is referred to as multi-material interface problems and is omnipresent in science, engineering
and daily life. The solution to this class of problems becomes exceptionally challenging
when more than two heterogeneous materials join at one point of the space and form a
geometric singularity. For instant, two different internal organs and the internal liquid can
form a three-material singularity (or triple junction) [8]. Note that although each organ is
very smooth, the resulting geometric singularity can be very sharp. To our knowledge, no
second order elliptic interface scheme has been constructed for this class of problems before
our poster in 2010 [63]. The primary objective of the present work is to construct a second
order method to solve 2D elliptic equations with discontinuous coefficients associated with
three-material interfaces. The MIB method is developed for solving this class of challenging
problems. The secondary objective of the present work is to removed an acute angle
restriction in our earlier MIB schemes for 2D elliptic PDEs with two-material interfaces [66]
by utilizing two sets of interface jump conditions. Additionally, we propose new MIB
schemes to deal with singular interface geometries due to exotic two-material interface
topologies.

The rest of this paper is organized as follows. Section 2 is devoted to the theory and
algorithm. We start with the construction of a number of new MIB algorithms for two-
material nonsmooth interfaces. These algorithms resolve the restriction of the minimum
angle in our previous 2D MIB schemes [66] by using interface jump conditions at two
intersecting points between the interface and a mesh line. This idea, originally proposed in
our 3D scheme [65] is very useful for us to construct the present MIB scheme for multi-
material interfaces. We also provide a full consideration of all the possible geometric and
topological configurations for an interface to locate exactly on a grid node in two-material
nonsmooth interfaces, which completes our previous 2D MIB schemes for two-material
nonsmooth interfaces and provides a systematical strategy for the present MIB scheme in
dealing with multi-material interfaces. Algorithms for three-material interfaces are presented
in Section 3. As indicated before, the main challenges of three-material interfaces still come
from the geometric singularities when three-materials join at one point in the space.
Otherwise, the three-material problems can be handled by previous two-material schemes.
We categorize the three-material interface singularities into three types of distinguished
topologies and appropriate MIB schemes are constructed for these topological variations. In
Section 4, we carry out intensive numerical experiment to validate the order of accuracy and
demonstrate the performance of the proposed MIB schemes for two- and three-material
nonsmooth interfaces. A variety of geometric morphologies are considered in the present
work. Problems with a wide range of coefficient magnitudes are designed to test the
robustness of the MIB method. The designed second order accuracy is confirmed in our
numerical studies. This paper ends with a conclusion.

2 Theory and algorithm for two-material interfaces

In this section, we develop new systematical schemes to deal with all the possible geometric
and topological configurations in two-material nonsmooth interfaces. These schemes also
provide some of the basic technical preparation for us to handle three-material interfaces in
Section 3.

Consider an open bounded domain Q € R2. A given interface I' divides Q into two
subdomains, Q2 and Q°, hence Q = Q2 U QP and ' = Q2 N QP. We assumed that the
boundary 9Q and interfaces I' are Lipschitz continuous and there is a piecewise smooth
level-set function ® on Q, suchthat T = {x, y|® =0; x,y € Q}, Q2 ={x, y|® = 0; X, y € Q}
and QP = {x, y|® < 0; x, y € Q}. We solve the following two dimensional (2D) elliptic
interface problem
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(Bx, y)ux(x, ) +B(x, yuy(x, y)) =8 (. y), (1)

with variable coefficients B(x, y), which may have jumps at the interface I". To make the
problem well defined, there are two given jump conditions associated with the interface, i.e.,

[u]=u — u’=¥,, 2

[Bun =B — B ul="¥>, ®)

where superscripts a and b denote the limiting value of a function from Q2 and QP sides of
the interface I respectively. We assume that both W1(x, y) and ¥,(x, y) are C1 continuous. In
considering the interface which is not always aligned with the x- or y- mesh lines, one more
interface condition can be attained by differentiating Eq. (2) along the tangential direction of

the interface, [u,]=u¢ — u’. Hence for a point on the interface, if we define unit normal
vector n = (cos 0, sin 0), the unit tangential vector is t = (=sin 0, cos 0). Thus, we have three
jump conditions

[u]=u’ -, (4)

[ur]=(—u sin 0+u cos 6) — (—u sin §+u cos 6), ®)

[ Bun1=B" (u cos G+l sin 6) — B (u’ cos g+u sin 6). ©

In the MIB approach, the implementation of jump conditions is disassociated from the
discretization of the elliptic equation. Here (Buy)y and (Buy)y are discretized separately with
the second order central finite difference scheme [71]. Therefore, a direct calculation of
(Buy)x at point (i, j) only involves grid points Uiy j, Uj j, and uj+1 j. When the interface
intersects the jth mesh line at a point between (i, j) and (i + 1, ), the uj j and ujq j are located
in different subdomains. In order to avoid the reduction of the convergence order, we
replace uj+ j with a fictitious value fjy j, which can be regarded as a smooth extension of
the function value from u; j side. To estimate the fictitious value, we enforce the jump

conditions by discretizing some of u@, u®, u%, i, uy, and uf based on the geometry. We can
then construct two linear equations involving two fictitious values.

It is always possible in practice to find out two fictitious values in a 2D domain. If ulv’ is
difficult to evaluate, we can eliminate it from Eq. (5) and Eg. (6) to attain

[ul=u’ —u", and [Bu,] - B’ tan Olu l=Ciuss — Coul+Coul, D

J Comput Phys. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xiaetal.

Page 6

where C“=B" cos 6+f8° tan 6 sin 6, C?=p" cos §+p" tan 6 sin 6 and Cy=p"sin 6—p"sin 6. Based

on the geometry, we can choose to eliminate one of uy, u? and u¢ and attain two linear
equations. If one eliminates uj,

[ul=u’ —u’, and [Bu,] — B tan Olu-]=Ciu — Cou’ — Chl, ®)

where C=3" cos 6+ tan  sin 6, C2=" cos 6+3" tan  sin 6 and C_{?:ﬁbsin 6—p“sin 6. If one
eliminates 4°,

[ul=u — ", and [Bu,]+p" cot 6] u:|=Clul+Cius — Coul, ©

where C?=(8" — B) cos 6, C;f:ﬁ” cos 6 cot 6+3“sin 6 and C)b.zﬁ’[’( cos 6 cot G+sin ). If one
eliminates %,

[u]=u® —ub, and [Bu,]+B* cot 9[11,]=Cfu_l;+C;1¢fv’ —chib (10)

yoy?

where Cb=(8" - B) cos 6, C=p" cos 6 cot 6+’sin 6 and Cy=B“(cos 6 cot f+sin 6).

In our earlier work, we classified irregular points as off-interface type and on-interface type,
and proposed different schemes to deal with them [66]. For Off-interface schemes 2, which
is designed to do with the situation when interface has large curvature, sharp edge, sharp
wedge and tip, we introduced the concept of secondary fictitious point and achieved second
order accuracy for nearly all the situations except when the acute angle is smaller than the
critical angle of 2tan~1(1/3) [66]. Here, we present a scheme to remove this limitation in 2D
domain. The resulting MIB algorithm has no critical angle restriction at all. The detail of this
scheme is described in Section 2.1.

On-interface schemes are created for the situations where the interface intersects a node of
the Cartesian grid [66]. We introduced some basic schemes to study general on-interface
situations and achieved second order accuracy. While, as the geometry becomes more and
more complicated and some unusual on-interface situations may occur. In order to make our
MIB method general and robust, we category all the possible on-interface situations from a
topological point of view. We propose three new on-interface schemes. By combining our
disassociation technique [66] with six on-interface schemes, we are able to provide solutions
for all possible on-interface situations.

2.1 Scheme for two-material interfaces

The MIB approach splits a 2D problem into 1D ones, and disassociates the enforcement of
jump conditions from the discretization of the PDE under study. At an interface, such a
disassociation is made possible by appropriate use of the auxiliary points and fictitious
points. For example, when u; j and uj+q j are in different regions, two fictitious values f; ; and
fi+1,j and two auxiliary values uj—1 j and ujs j are needed to construct the central difference
scheme at point (i, j), which involve values uj-y j, ujj and fi.y j. Similarly, at point (i + 1, ),
fij» Ui+1,j and Uj+p j are involved. However, when there are sharp tips or sharp wedges at the
interface, the auxiliary values are not available. This situation is already considered by us for
second order 3D MIB schemes [65]. Here, we give a detailed description to resolve this

J Comput Phys. Author manuscript; available in PMC 2012 June 1.
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difficulty in the present 2D scheme, and thus remove the critical angle restriction in our
earlier MIB scheme in 2D [66].

Consider the situation depicted in Fig. 1, two interfaces near irregular point (i, j) intersect
the grid meshline at points o0 and o’. In a common MIB approach, the enforcement of the
jump conditions at point o to solve the fictitious values fi—y j and fj  requires that the
auxiliary points uj+1 j and uj j are in the same domain. In order to overcome this geometric
restriction, we replace uj.y j with fictitious value fj.y j. Therefore, together with the original
two fictitious values, we can discretize jump condition (2) at points o and o’, and two sets of
equations can be attained. As we now have three fictitious values to be resolved, we just
need one more equation. This equation, however, can be easily attained by using the normal
and tangential direction jump conditions at point o or o’. The detail of this scheme is
described below.

In Fig. 1, the interface divides the whole domain into two subdomains, denoted as Q2, and
QP In this paper, Q2 is marked with yellow color, while QP is marked with green color. To
make it clear, we denote u2° the limiting value of function u at point o from the Q2, and uP°
the limiting value at point o from QP. The derivative of u with respect to x at point o from

Q2 is represented as %, and from domain b as ;,>°. We use a set of similar notations for
point o'. For example, ua° stands for the I|m|t|ng value of function u from Q2 at point 0".

Therefore, for point o, using Ui j, Ui-1 j, Uj j, Ui+1,j and the fictitious values fi—y j fj ; and
fi+1,j, we can discretize ud°, u, ;2 > explicitly as follows

”:m_(“’:é(; 12! 8(:71) (fict.jo i js fir1 )"
70_("”(;0:—% 041 W) - (Wi-2,js Ui lj’fl/)
“-"—(W‘{‘: W% ‘{‘;H) (fimrjo thijs i1 )T

bo_ bo
(Wl i—2oWiiop W 1',) (ul—lp ul—l,}af,_]) s (11)

where w{,’m are the standard finite difference weights computed from Lagrange polynomials.
Subscript n = 0 represents the interpolation and subscript n = 1 the first order derivative.
Here, subscript m stands for the node index and superscript | is the position of the
interpolation, for example, ao stands for the limiting value at point o from Q2

According to Fig. 1, it is difficult for us to find suitable auxiliary points to discretize «j° as

there are not enough points in Q2 around point 0. We choose to discretize u?" In order to do
so, we need three u values along the y-direction in QP. Here we denote the coordinate of
point o as (ig, j). We can choose these three values at point (ig, j), (ig, j + 1) and (ig, j + 2).
Having already obtained uP°, the other two values can be approximated by auxiliary values

Ui=3 j+1, Ui-2,j+1, Ui-1 j+1, Ui-2,j+2, Ui-1 j+2 and Ui j+o. Here, u_i’," can be represented as

bo bo Jbo bo

L Woi-2 Woi-1 Mo (b) 2 (b) 0 0 0

Do e el 0

zl,'jH 0 0 0 w 10’ 3 Wlo, ,ow 101 | g (2 01,

o nbo 0 o

I s2 0 0 0 0 0 0 W 20l WZOI ) »‘201

X (Ui jy in1 js fFiojs i3 ji 1 Ui ji1s Uin1 js 1> Ui, js2> Uin j2> Ui j12] s (12)
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where, w1l and w2 are finite difference coefficients for the points at two auxiliary lines.

Based on the local geometry, we eliminate u’,

substituting Egs. (11) and (12) into Eq. (8)

Xia etal.
ao
[u]":(""oj_l’“()z “()H]) (fl lj,lt,J,fH,] ])
,ao
Wii-1
[ﬁun](,—ﬁu tan H[LIT]()ZCf: w‘ﬁ
Jao
1,i+1
bo bo bo
Woi-2 Woi-1 Mo, ? g ?
,1bo 1bo bo
0 0 0 wifis wlfi, wig,
0 0 0 0 0 o

Here the unit normal vector is n = (cos 6, sin 0),

0

0
bo
2() -2

and two equations can be attained by

po o boy . o T
—(Wo s Wo 1> Wo. ) (Uim2, js Uin1 s fij) (13)
bo T
, " 1i=2 Ui-2,j S
Lo P
_Cx u 1,]1'—1 Ui-1,j _Cy W1, j+1
bo - o
Wi ij W1, j+2 (14)
0 0
0 O | luimojo i1 js fijs Win3 ja1s Uic2, ju 1 Wimd ju 1> Ui, j42, Uin], ji
bo A~bo
w205 W20

(15)

C“=pB" cos 6+B" tan 6 sin 6, C?=p" cos 6+ tan 6 sin 6 and C>="sin 6" sin 6. Therefore,
we obtain two equations from the interface information at pdint 0. We can use the same
method to attain two similar equations by using jump conditions at point 0. There are only
three fictitious values which are to be represented by node values and jump conditions.
Therefore, we just need to discretize u2" and uP®', and enforce Eq. (4) as follows

uo' _( w ao’

—-(“OI W

0. 1’“0,’

ll()

Ol+1

) - (fi- 1,j» lll]aﬁ+1])
B 0/+1) (ul—l.j’ﬁ.,j'ul-}].j) . (16)

Substituting Eq. (16) into jump condition (4), one has

[u](,/z(wg(: 1’“8(15“0”1)(]7 1) ”rj’f+l,1)

bo
=W W

bo’

bo’ T
Woi s Woria 1) Wizt js fijs i1 )" - a7

To obtain fictitious values, we solve Eq. (13), Eq. (14) and Eq. (17) together. The fictitious
values can be represented by node values and jump conditions from interface intersecting

points 0 and 0’

fie1j
fij
Sirj

={Claxia - {U}1ax1>

(18)

where vector {U}4x1 consists of 10 function values and 4 jump conditions as follows
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T
{Uhasa =(tiz2, j Wim1 s Ui ju Ui, js Wis3, j+ 15 Uin2 ja 1o Win ] ja1> Ui2 j+2, Uin], j+2, Ui j+2, [ U] on [ U] o, [BUtn],s [12],)" (19)

Here, {C}3x14 is a coefficient matrix and its components are the combination of weights and
trigonometric functions of the normal vectors at points o and o’. Thus, once the locations of
0 and o’ are given, one can easily calculate the matrix and then the expression of fictitious
values. Finally, one discretizes (Buy)y at irregular points (i — 1, j), (i,j) and (i + 1, j) as
follows

Bud) =3By By =By By ) iz gy fip)”at (=1,
(Bu.\'),\-:ﬁ(ﬁ:l_%’j,‘ﬁ;_ ,‘ﬁa 1 7187 ) (fl 1,j» uljsﬁ+1 /) at (i, ])7
B, .

Bu) =3B, 4—/3”; Pl > (i is1 o is2, )T At 41, j).

1 1
3 3
]

(20)

To solve the singularity problem of sharp tips and sharp wedges, we enforce jump
conditions at two interface intersecting points together. It is seen that not all the information
of two jump conditions is required in the present scheme. In fact, at point o’, we only

enforce Eq. (4) by discretizing u?® and ub®’. We can however discretize 4* and x**, and

find suitable auxiliary points to approximate u"" or u “based on the geometry. Therefore,
we can construct another equation by enforcmg Eq. (8) In fact, this is the main idea to deal
with geometric singularities in three-material interfaces.

2.2 On-interface schemes

In our previous work, the situation of an interface passing through a grid node was studied
and three “On-interface schemes” were constructed for dealing with some of these “on-
interface” situations [66]. The main idea in these schemes is that when the interface
intersects with a grid node, this special node can be treated as serving dual functions, one as
a node inside the interface and the other as a node outside the interface. State differently, the
special node can have a left-limiting value and a right-limiting value. These two values are
related by the jump condition (4). We then utilize both values on this special node and other
auxiliary points to discretize the derivatives, and to construct equations to solve fictitious
values.

Although many situations are considered in our earlier three on-interface schemes [66], there
are still some exotic situations that have not been accounted for. As the interface geometry
becomes more and more sophisticated, more on-interface schemes are needed to ensure the
robustness of the MIB method. In the present work, we summarize all the possible
topological situations of the interface intersecting with a grid node and construct
corresponding schemes to resolve these situations.

Three on-interface schemes were discussed in our earlier work [66] and their topologies are
depicted in Fig. 2. The red dots and green dots indicate grid points in different domains
separated by the interface. To obtain fictitious values, we focus on two jump equations
b b T
wiy)

[u:]=(~sin 6, cos 6, sin 6, —cos 6) - (uy, uy, uy, u 1)
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[Bu,1=(B"cos 6, 8sin 6, —ﬂbcos 6, —ﬁ”sin 0) - (us, uﬁ' ulf u_(T)T. (22)

For node point on the interface, if we regard it as in Q&, we can use the jump condition [u] =
u@ — uP to obtain uP. Therefore we can have two limiting values at this grid point.
Combining them with the function value from auxiliary points, we can discretize

u, u’, u® and u® and substitute them into two jump conditions (21) and (22) to solve two

fictitious values. Otherwise we can just eliminate one of the four derivatives by using the
above two equations and substitute the discretization expressions of other three derivatives
into the equation we attained to solve one fictitious value. The second approach is similar to
the common method of calculating the fictitious value in our earlier MIB, except that the
derivative is calculated on a grid node rather than off the grid. Thus, the discretization is

much simpler.

2.2.1 On-interface scheme 4—As shown in Fig. 3 (On-interface scheme 4), the
interface passes through node (i, j). All the green dots are on the same side of the interface
and all the red dots are on the other side of the interface. For this scheme and all the schemes
below, we assume that all the green points belong to P, and all the red points belong to Q2.
Here for the situation in Fig. 3 (On-interface scheme 4), the on-interface grid node is treated

as a QP point. With the relation qu=uf’,‘,~+[u], we can discretize three derivatives as

b T
U=W i1, Wi, W) - (Uim1,j, Wi, Wir1,j) (23)
T
uG=(w,j2, w1, j Wi j+1) - (i j-2, i j+[ul, i jr1)", (24)
b N ) N T
u_y:(M Lj-1 Wi jpW ]_j+|) - (Ui j1, Ui js fij1)" (25)

Substituting above relations into Eg. (10), we can easily calculate fj j+1.

2.2.2 On-interface scheme 5—The geometry is shown in Fig. 3 (On-interface scheme

5). We treat the on-interface node as a point in QP, and note that uﬁ-',j=uf’,‘,~+[u]. The two
fictitious values are fi—y j and fj j—;. Four derivatives can be discretized as

T
wy=(wi o1, Wi, wiis2) - (e j, wi jH{ul, wisn )" (26)
b ’ ’ ’ T
U =Wy Wy Wy o) - (fimnjo Wi Uin2,j) ©27)
ll_( ya . yeo. re . .. P PR T
uy=(w1,j—2, Wi,j-1, W1,j) - (Wi j2, Ui j—1, wi j+[ul)", (28)
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b b T
”_,\7’:(“'14—1’“’1.,;’ Wi ja) - (fije1s i j i je1)" (29)

By substituting these equations into Eq. (21) and Eq. (22), we solve fi—y jand fjj—;.

2.2.3 On-interface scheme 6—As shown in Fig. 3 (On-interface scheme 6), we treat the

on-interface node as a point in Q?, and use the relation uﬁj=uﬁj — [u]. Two fictitious values
are fi—1 j and fj j+1. We obtain the explicit discretization equations of four derivatives as

a T
wy=(Wrim1, Wi, Wiie1) - (fimt o Wi o Wis1, ) (30)
I ’ ’ ’ T
uj‘:(wl,i—l’ Wi W].H_Q) ' (ui—l,js Ui j— [u], Mi+2.j) ) (31)
=W e, W1 W1 ie1) - (Wi i1 Ui iy Ui )T
y— WL j=1, W, j» W, j+1 i, j—1s %i js Ui j+1) » (32)
b_c.’ N N ) - o -\
uy=(Wy ;s Wy oWy jpg) - Wijos iy — [l fije1)" (33)

We compute fi— j and fj j+1 by substituting above equations into Eq. (21) and Eg. (22).

2.2.4 On-interface topological variations—An important issue in the construction of
elliptic interface schemes is to make sure that the designed scheme is robust for all possible
geometric situations and topological variations. As 2D schemes provide some of the
necessary cornerstones for 3D schemes, it is important to systematically examine all
possible topological variations. Here, we develop MIB schemes for two-material interfaces
with all possible 2D on-interface topological variations. For each scheme, if we denote
points in Q2 as inside the interface and in QP as outside the interface, the basic topological
relation remains the same when we switch all the points inside and outside. Similarly, the

basic topological relation remains the same if we rotate the axis clockwisely by 17& 7 or %ﬂ.
Therefore, our MIB scheme for this particular topology should work for all of these
variations. For this reason, we can summarize all the possible on-interface situations in a
systematical manner.

For all the on-interface schemes, it is easy to see that two mesh lines intersect with the
interface at one node point. Apart from this special node point, all likely involved points in
our schemes are eight adjacent points which all locate on these two meshlines. On each side
of the interface, if two adjacent grid points are in the same domain, we call these two points
a pair. We can have at most four pairs in a 2D domain. Patterns with three or four pairs are
obviously easy to resolve. We classify all possible topological variations which have less
than three pairs into three categories. In the first category, we have exactly two pairs on
meshlines near the special node, see Fig. 4. Additionally, in the second category, we have
only one pair of on meshline grid points near the special node, see Fig. 5. Finally, in the last
category, there is no pair of on meshline grid points near the special node, see Fig. 6. In all
categories, if the fictitious values in a gird point pattern can be solved by using one of
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aforementioned six on-interface schemes, we encircle the required grid points in such a
pattern by manganviolett dash lines. No manganviolett dash lines are presented if the
fictitious values in a gird point pattern cannot be solved by using one of aforementioned six
on-interface schemes. In this situation, we need to utilize additional disassociation strategy,
which was discussed in our earlier work [71]. Essentially, in case one cannot find required
auxiliary points in constructing an interface scheme from a given direction, one may make
use of the fictitious values obtained either from an interface scheme in another direction or
from an interface scheme at another nearby location.

For the first category, there are four different types. The first type has two pairs of grid
points which are on the same side of the interface but on different meshlines as depicted in
Figs. 4(A). Then, depending on the interface morphology, there can be three different
topological variations as shown in Fig. 4(A1) — 4(A3). Among these three variations, the
case of Fig. 4(Al) can be resolved without using an interface scheme. While fictitious
values in pattern Fig. 4(A3) can be solved by using one of the aforementioned six on-
interface schemes. Only the fictitious values in pattern Fig. 4(A2) needs the disassociation
strategy [71].

The second type of the first category has two pairs of grid points which are on the different
sides of the interface and on different meshlines as depicted in Fig. 4(B). Depending on the
interface morphology, there can be three different topological variations as shown in Figs.
4(B1) - 4(B3). Among these three variations, the cases of Figs. 4(B1) and Fig. 4(B3) can be
can be solved by using one of the aforementioned six on-interface schemes. However, the
fictitious values in pattern Fig. 4(B2) requires the use of the disassociation strategy [71].

In the third type of the first category, two pairs of grid points are on the same side of the
interface and on the same meshline as depicted in Fig. 4(C). There are three different
topological variations as shown in Figs. 4(C1) — 4(C3). Among them, the case of Fig. 4(C1)
can be solved by using one of the aforementioned six on-interface schemes. Moreover, the
case of Fig. 4(C3) can be resolved without using an interface scheme. Once again, we use
the disassociation strategy to solve fictitious values in pattern Fig. 4(C3) [71].

Finally, the last type of the first category has two pairs of grid points which are on the
different sides of the interface but on the same meshline as depicted in Fig. 4(D). One can
see that there are three different topological variations as shown in Figs. 4(D1) — 4(D3). All
of these cases can be resolved by using one of the aforementioned six on-interface schemes.

For the second category, there are six different topological variations for a pair in the
computational domain, as shown in Figs. 5(E1) — 5(E6). The pattern in Fig. 5(E1) can be
solved without the use of an interface scheme. Cases in Figs. 5(E2), 5(E4) and 5(E6) can be
easily solved by using the aforementioned six on-interface schemes. The other two cases,
Figs. 5(E3) and 5(E5) are readily resolved by the disassociation strategy [71].

In the last category, we do not have any pair in the computational domain as illustrated in
Figs. 6. Interface schemes are required to resolve the first three distinguished situations.
Cases in Figs. 6(F1) and 6(F2) can be solved by using the aforementioned six on-interface
schemes. The third case as depicted in Fig. 6(F3) can be resolved by our disassociation
strategy [71]. No interface scheme is needed in the case of Fig. 6(F4).

3 Theory and algorithm for three-material interfaces

This section presents new MIB methods for solving elliptic equations with discontinuous
coefficients in three-material subdomains. These equations are solved in a 2D setting for the
first time.
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The three-material interface problem is that we have two interfaces I'! and I'? to divide the
open bounded domain Q € R? into three subdomains Q2 QP and QF, such that Q = Q2 U QP
U QF. We assumed that the boundary 9Q and interfaces I'! and I'2 are Lipschitz continuous
and there are two piecewise smooth level-set functions @ and @, on Q, such that I'l = {x, y|
©1=0;x,yEQ}T2={x,y|®,=0; X,y € Q}, Q2= {X, y|®1 > 0; X,y € Q}, QP = {X, y|®
>0; %,y € Q}and Q° = {x, y|®, < 0; 5, < 0; X, y € Q}. We seek the solution of the 2D
elliptical equation with variable coefficient B(x, y)

(B V) (5, 0), B, ¥ty (3, 3)), =8 (5, ), .

where B(x, y) maybe discontinuous at interfaces I'! and I'2, We denoted function B(x, y) in
three different domains Q2, QP and Q° as B2(x, y), B°(x, y) and BS(x, y), respectively. All the
points on I'! are classified into following three categories.

Category 1. The points in this category belong to those parts of I'! that do not intersect or
touch I'2. These points are denoted as 01. Then 3 &1 >0, V & < g, and & > 0, there exists an
open disk O(0y, €), such that O(01, £) € Q2 U Q°. Jump conditions are given as

C

[u]nl =u" —u, (35)

[ﬁun]o, 2301‘5 _:BC":;' (36)

Here, superscripts, a and c, denote the limiting values of a function at point 0 from Q2 and
QF, respectively.

Category 2. The points in this category locate in the parts of I'! that overlap with I'2 and do
not include the critical initial points where ' just intersects I'2. These points are denoted as
0,. ThenJ g, >0, V e < g, and £ > 0, there is a disk O(0,, €), such that O(0, €) € Q2 U QP.
Jump conditions are given as

);
[u]()z:u" -u’, (37)

b b
[IBun]ozz lui; _B ul;' (38)

Category 3. The points in this category are the initial contacting points when I'l and T2
intersect, cross or meet each other. In other words, these points are the junction points of
three subdomains. These points are denoted as 03. Then V ¢ > 0,3 0; € Q', (i = a, b, ¢), such
that o; € O(03, €). For points in Category 3, we may have six jump conditions, they define
the interface relations between Q2 and QP, between Q2 and QF, and between QP and Q°. To

make it clear, we use notation [u]ij,;, [,814,,]23(17 # jii, j=a, b, c). Jump conditions are expressed
as

[ ]ub_ a__ b
u P =Uu u , (39)
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[ulgs=u —u’, (40)
[u]’o’fzub —u, (41)
[Bun, 12=pus, — B'ud5,, (42)
[ﬂun:]Zf:ﬂ“Mf;Z _ﬁcufm (43)
[Bun, 125=B"uy, — B, (44)

There is no suitable definition for the unit normal vector (or vectors) at these junction points.
It is necessary to have consistent jump conditions at junction points. However, choices of
the unit normal vectors in the jump conditions are not important. Therefore, in our scheme,
we just denote unit normal vectors between different domains as nq, ny, ns.

For all the three categories above, we can differentiate the jump condition [u]! = ui — ul
along the tangential direction, here i, j represent different domains (i # j; i, j = a, b, ¢). If the
unit normal vector is defined as n = (cos 6, sin ), then the unit tangential vector is T = (—sin
0, cos 0). We can have the third set of jJump conditions

[u:]Y =(=i’ sin c9+u_i cos ) — (—ui sin 9+u}’: cos 6). (45)

The above discussions are for points on I'L. For points on I'2, we can carry out similar
classifications and provide other sets of jump conditions.

In this work, Q2, QP QC are colored in yellow, green and red, respectively. Real challenges
are due to geometric singularities, such as multiple junctions, sharp edges and sharp tips.
Moreover, two interfaces may cross one meshline simultaneously within a grid spacing. In
order to solve different situations encountered in three domain problems, we propose three
different schemes.

3.1 Three-material interface scheme 1

For the three-material interface problems, if irregular points and auxiliary points are all in
adjacent two domains, we just need to use the corresponding two domain schemes based on
the geometry property. However, when irregular points and auxiliary points locate in three
different domains, there is no existing method to deal with these problems yet. We develop
new MIB schemes for these situations. In Fig. 7, the singular point (i, j) is in QC and the
adjacent points (i — 1, j) and (i + 1, j) locate in another two different domains, Q2 and QP.
We find that there are two interfaces beside point (i, j) and they intersect with the grid
meshline at point 0 and o'. If we solve the problem by using the central difference scheme,

e

we need four fictitious values £ ; £ f7¢ and £, ;. The superscripts here denote the
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directions of the extension. For example, /i _j denotes the extension of the function value
from Q° through point o to point (i — 1, j) and f"" denotes extension of the function value

from QP through point o to point (i, j). Here £/ and ff’}” are two different fictitious values.
In Section 2.1, we have constructed three linear equations by enforcing two sets of interface
jump conditions, and one more linear equation is left behind. Therefore, we just need to
incorporate this equation and solve four fictitious values together. We give a detailed
description below.

For point o, using Uj—pj, Uj-1,j, Ujj and fictitious values /) ;. /' and £ ;, we can discretize
the u2°, u®, 4%° and < explicitly as

_ K T
(WS(;_%“SU,'_P 0,) (Ml —2,j> Ui-1,j» faU)T
— (‘0 ('D
“=Wosim1 Wo o) - 0 Ui, /’fm,)
ua_(wz]u;_%“ Li-1° "1, ,') (-2, Js Wi-1,j» fu(-)) s

5 CO CO 'CO co’
_("1‘ R 1’“) (- 1,j> Wisjs z+1/) : (46)

According to Fig. 7, #y” is to be discretized. We need six auxiliary points Ui=3 j+1, Ui=2,j+1,
Uj—1j+1, Uj-3 j+2, Ui—2,j+2 and Uj—y j+2. The value of #5” can be represented as

T
ao ao «ao
Wi, Woiz Woi1 Woi 0 0 0 0 0 0
ao __ ,Jao ,14a0 ,14ao0 ao
U= W% | - 0 0 0 wiffs wifi_, wiIg_, 0 0 0
,ao ’)[‘() 5 ao ’)
Wi%a 0 0 0 0 0 0 w2eh s w2ah_, w20,
o T
X [Uiz2,js Win1 o J7 7 i3, s Wim2, jir 1 Winl ja 1 Win3, ja2, Uis2, 42, ui—l.j+2] . (47)

Substituting Eq. (46) and Eq. (47) into Eq. (7), we attain two different linear equations as
[u]o=(w( s>
Woo—1: Wo.) * (Ui, j, Ui lj’fu) (Wosiets

WSZ’WS?HI) (f 1.j> Wi js +1, s [ﬁun]o

a
'—B‘ tan 60[147]{,
. <7
“"1"?-7 Ui-2,j
:Czn w 1] 1 Ui-1,j
,ao 'ao
w 10 f;J
(U T 'CO
Wii-1 i-1,j
CO ,COo
“GT W | ] ey
co CO
Wi+l i+1,j
T
W]_j
ao
-E-Cy W1, j+1
W1, j+2 (48)
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geled LIO Ao
Woi-2 Woi-1 Mo 0 0 0 0 0 0
1ao ,1ao ao )
0 0 0 wifis wigi, wig 0 0 O lutin,jo ticr o 773 i3, jits Wim, i1 Wim, i1 Win3, a2, Uin2
o 0 0 0 0 0 w2, w2, wale
(49)

Here the unit normal vector at point o is n = (cos 0y, sin 6;),

C’=B" cos B,+f tan 6, sin 6,, C’=p° cos 6,+f° tan 6, sin 6, and Cy’=p"sin §,~"sin 6,.
Therefore, we obtain two linear equations by using the jump conditions of interface
intersecting point 0. For point o', we can implement the same idea, and discretize uP®’, uc’,
u?" and u<” explicitly as

X

bo I)o bo’ bo’

=(wg 'w0i+]’ 0.442) " (fzj ”l+11’“l+"1)
—(“0, Y 01+|) (f5 L » Ui, js ,+1/)T
bo :(“J]”; ’ Wll,(:'+1’ 1 :+2) (f, j oo Wil u,+-> Do
O W W) - U £ ) o)

According to Fig. 7, u"" is to be discretized. We need other six auxiliary points Uiy j+1,

b /
Ui+2,j+1, Ui+3,j+1, Ui+1,j+2, Ui+2,j+2 and Ujsg j+2. Then uy” can be represented as

who 1T whe e ke 0 0 0 0 0 0
i 1;,/ 0,i 0,i+1 0,42
7= wio [l oo 0 wipd, wife, witdy 0 0 0
W 0 0 0 0 0 0 w2y, w20, w2l
bo' T
[f,j s Wit s Wik, js Wit 1, j+ 15 Uit 2, j+ 15 Wit 3,415 Uit 1, j+25 Uit2, j+25 ui+3.j+2] . (51)

Substituting Eq. (50) and Eq. (51) into Eq. (7), we attain other different two linear equations
as

bo’ r -0’ co’ o’ ‘0 o T
[u ]’—(”o.v“om*“om) (fj ’“1+117”l+"1) _(“'5.:‘—1’"’0,,'""B,i+1)'(f;“—1,jv Ui js fivr,}) (52)
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[ﬁun]o' _B(‘ tan 90' [ur]u’

bo’ T
_Cbo' “,b}).’l
—x 1,i/+]
bo
Wiiv2
€O
: Li-1
O’ ,CO
- C% wi’%
co
Wil

L

Wi, j
bo’
+Cy7 | Wi
W1, j+2

{U 231 =(tica, o Wit jy Wi o Wi 1 js Wi, s Win3 j1s WinD ja1s Win] ju s Uis ] jaTs WidD, jb 1o Uis3,ja 1 Win3 jo2, Wis2 2, Win ] j42, Uit],j+25 Uis2, j+2, Uis3, j4

Page 17
fbo'
ij
Uit1,j
Uiy, j
(&7]
i—1,j
Ui j
co’
i+1,j
bo’ bo’ bo’
Woi MWoir1 Wois2 0 0 0 0 0 0 ,
,1bo’ ,1bo’ bo’ o
0 0 0 wib  owibd o wild 0 0 0 A wisr o wiva o wisn,
Abo’ bo’ _7170'
0 0 0 0 0 0 W 20.i+1 W20,i o W20,
(53)

Here the unit normal vector at point 0’ is 7= cos 6,, sin 6,). Interpretations for

ch, wl{f’,»', wi{’_,, etc. are very similar to their counterparts in earlier descriptions and are
omitted here. Therefore, we have four equations, Egs. (48), (49), (52) and (53). We can
solve four fictitious values from these four equations and attain the expressions of node
values and jump conditions as
ii”],j
i
/i)
'CO

i+1,j (54)

={Clax23 - {Ulaszx1,

where vector {U},3x1 consists of 17 function values and 6 jump conditions

(55)

Here, {C}3x23 is the coefficient matrix and its components are the combination of weights
and trigonometric functions of unit normal vectors at points o and o'. Finally, one can
discretize (Buy)y at irregular points (i — 1, j), (i, j), and (i + 1, j) as
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B =By By~ B, B, ) G o ST A= 1),
: : : T ..
(ﬁu.\‘),\'_A\Z (ﬁ;__ j ﬂj L j ﬁ:+l_ j”B:-#% j) (f(( ul/ ,(_:)]/) at (l, ]),
b b X b i . . . . . T s 4
(Bux) =% (B e '8,+, J ,+§]’ﬂz+§,j) (f,-,j ,u,+|.j,u,+3$,) at (i+1, j). 6

The main idea of Three-material interface scheme 1 is to use the information at two interface
intersecting points together to extend the function values beyond each individual subdomain
and attain fictitious values. More attention should be paid to fictitious values at the central
point like (i, j) in Fig. 7 as two fictitious values at this point are different. We need to be
careful to use correct fictitious values to discretize (Buy)y.

3.2 Three-material interface scheme 2

In three-material interface problem, when interfaces intersect with the grid mesh, we can
make use of the disassociation strategy [71] and/or on-interface schemes [66], depending on
the geometry. The disassociation strategy can be used to solve fictitious values for
discretization no matter how they are calculated. Therefore, if we can compute the fictitious
values by using interface conditions at nearby locations, we can directly implement the
central difference scheme. For example, for situations in Fig. 8(a) and Fig. 8(b), we just
need to treat the interface intersecting node as a node in Q¢ and make use of the
disassociation strategy at points (i — 1, j) and (i + 1, j). However, for situations in Fig. 9(a)
and Fig. 9(b), the simple disassociation approach dose not work. To solve this kind of
problems, a disassociation approach should be implemented at points (i, j + 1) and (i, j — 1).
Two fictitious values (i, j + 1) and (i, j — 1) are then treated as secondary auxiliary points.
Additionally, On-interface scheme 4 is used to attain the fictitious values we need. We give
a detailed description below. In Fig. 9(b), if we treat the interface intersecting node (i, j) as a

point in Q2, that is «.j=u:", then using the jump condition between Q2 and Q°, we can obtain

I]!
u}7=u% — [u]2. The [4]% here means the jump value between Q2 and QP at point 0. When
we mtroduce a fictitious value f1 j, which is the extension of function in Q2 to point (i + 1,

j), we can discretize 4 and u2° explicitly as

az;_(“

u”" (W

ao
Lic12 Wi lH—l) (ull_[ ulj’f+1j)

bo . bo

12" Li+1° Wi z+") (ul_[ - [u]o s Uit 1, js Uis2, /) (57)

For points (i, j + 1) and (i, j — 1), we can calculate their fictitious values from both sides of
the interface using two sets of jump conditions, as we have mentioned in Three-material
interface scheme 1. We only choose the fictitious values from one side, so that fj j—; and

fi j+1 are the extensions of the function values from the same domain. Here we choose two
fictitious values from Q2. As a result, it is easy for us to obtain an explicit representation of

uy” in terms of fj j—1, fjj+1 and u;j as

4o ao . £ T
—(” Lj-1>W 1Q,‘-V‘]’j+1) : (f;,j—l-uz.]sﬁ,ﬁl) . (58)

By substituting Eq. (57) and Eg. (58) into Eq. (7), we have
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T T T
ao bo b wae .
Wi Ui_1,j Wi u;j— [uly Wij-1 Jij-1
ab b ab__ ~ao bo bo ao ao
[Bun 12" —p" tan 6, u,12=C4 “1, | wij |-CY “[1,i+1 1 iy +C7 L W wy |
. . ,bo . . ao -
Wi firrj Wiis2 Uix2,j Wi, 1 fije (59)

here C3"=p" cos 8+4” tan @ sin §, C2’=p" cos 6+ tan 6 sin 6 and C3"=A"sin 6-"sin 6. We
can calculate fi;1 j from Eg. (59) as

CY - (Ui ot jo Uis 1 o Uis, [u]"” [Bunl, Ll fi s fijon)|

CrY - (i o o i1, i, L0122 [Buta ]2 [ 10) +(Ca) - fij1 HC3) - fijun

Cob - (i oty s tis o s, o [ U1, B ], [412) +(Ca) ACYL AUV HCs) - {C) ) sl
C'}isesa - (U Ysax15 (60)

fir1,j

={
{
{
{

where {C} = {{C1}, {Ca}, {Ca}} and fij-1=(C) s - (VNS0 fujm=(CIY 1 - (UN
Although we write {U'} as a vector {U'}s4x1 including 45 function values and 9 jump
conditions, some of the function values may have been repeated counted, as we have
different ways of choosing auxiliary points for fictitious value fjj—; and f; j+1. Therefore, the
number of the independent components is usually less than 54. Moreover, if we pay more
attention to Fig. 9(b), we can find out that if the unit normal vector at the point o from Q2 is
defined as n = (cos 6, sin 0) = (1, 0), Eq. (59) can be simplified as:

- T b T :
, Wit Ui_1,j , “b]‘: uj— [ule
[ﬁun]a Cuo “ytllf; : Ui, j - C.YO w[lf:’+l : Uiyl,j
Wil fis,j W12 Uit2,j (61)
We can easily solve fi.1 j from the equation,
b b\ T
Sir1,j={Chixe - Wiz, Ui j, tis1 j» Wiz2,j, (U], [Bunly ) (62)
So one can discretize (Buy)y and (Buy)y at Q2 point (i, j) as
T PN
(ﬂu ) A‘z(ﬁ;l 1 ’_B;l 1 <_Ba 1 Jﬁ;:_l .)'(ui—].j»ui.jvfi+1.j) at (I’J)’
Jo Ui L.
g . . . . . . T 7 7
(ﬁu\) Ay (JBZI»_% BT] ﬁa Bu %) (fl.j—l > Ui j, f;.]+l) at (i, j). 63)

3.3 Three-material interface scheme 3

When two interfaces intersect with meshlines within a grid spacing, there will be a smallest
acute angle limitation in the 2D domain for three-material situation as depicted in Fig. 10.
When the angle is smaller than 2 arctan(1/2), it is always difficult for us to find enough
auxiliary points even when we implement the disassociation strategy. However, if the angle
is bigger than 2 arctan(1/2), we can find out that at least one of points (i — 1, j + 1), (i, j + 1),
(i+1,j+1),(+2,j+1),30-21,j-1),G,j—21),(+1,j—1)and (i +2,j— 1) must locate
in QC. For example, here point (i, j — 1) locates in Q°. Since point (i, j) is an irregular point

in Q2 we can obtain fictitious value f; ;. Then we implement the disassociation strategy and
create a new scheme as follows.
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For situation in Fig. 10, we can obtain fictitious value f,f,- by using the information of a pair
of irregular points (i, j — 1) and (i, j). In order to use the jump condition at o and o' to
implement the center difference scheme, we need to calculate two fictitious values

fi,;and f”" To make it clear, £} ; means the fictitious value at point (i + 1, j) and it is an
extension of the function value from domain Q2. Two more fictitious values from QC are
needed and they are combined with fictitious value £ to interpolate u, u®’, ;<°, and 1"
These two fictitious values are located adjacent to f;; and they can be either

fiyand f5, jor fi, ;and £, . Letus just choose fZ; ; and £, ; in the computation
below.

For point o, we can discretize u2°, u, 4%°, and »{” by using function values uj-1 j and uj,
and fictitious values /i j» /i j» fi1 ; and £ ;.

(14,40 K X .. . fao

u®® (WOI l’“()l “()1+l) (i 1j» Ui js. 1+11) ’
,Cn 1O

U=l W W) - Fiy o fp Ji )
ao M,llo ao

U =W W WiG) (u'—ll’ull’fiﬂ,j
co ad c c  fc T
U=y’ i1 W W) (fZ Ly i+1.j) : (64)

)T

L]

Depending on the geometry, we can choose suitable auxiliary points to discretize x5 or u;’.
Here we need six more auxiliary values Uj-3j—1, Ui-2,j—1, Ui-1 j-1, Uj-2j+1, Uj—1,j+1 and Uj j+1.

Value 13” can be represented as follows

ao a «ao

Woip W 0r W 01 0 0 0 0 0 0

ao ao ao ao ao

v_[nlj,nlj Wl 0 0 0 wl()l 3 WY, Mlm . 0 0 0
ao ao ¥’ ao
0o 0 0 0 0 0 w2, w2, w2

0 T
X (i1 s Wi jo i) jo Win3,j=1s Ui, jo1s Uin jm1s Uim2, 1y Ui j1s Ui 1] 65)

By substituting Eq. (64) and Eq. (65) into Eq. (7), we attain two different linear equations as

ao CcO
[ul,= (“()1 ]a“(), W0,+1)(uz 1,j» “uﬁfﬁl/ (“Oz 1° MOI’”()H])(f( 1,j° f( f(+11 : (66)
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- tan 6,[u.],
wity || wing
=C¥| » ““1 | Ui
ao 'ao
Wit i+1,j
co T c
Wi i-1,j
co ,co C
-G W T
,CO C
Wi+l it
,ao T ,ao ao o
”,(l‘j Woist Wou  Woirt 0 0 0 0 0 0
ao ,ao sjuo ,j1do dao ao
+C I Wl | 0 0 0 wifiy wigi, wigi, 0 0 0 |luirj, Wijs [ jp Uis3.j-15
Jao ,Nao \nao ao
W ‘].jﬂ 0 0 0 0 0 0 W 20.1._,_, w29 w2y
(67)
Therefore, we obtain two linear equations by using the information of interface intersecting
point o. For point o', we can make use a similar idea and discretize u®®, u®’, ;> and 1<’
explicitly as
; ,
—()1’70 (I;(:_H. 8(;+-,) (f;/ Uit js Uis2 j)
'C C C
—(M()l-l’ Uz+l) (f 1_[ f;j I+lj
b
b’ :(“']”j- ,wllmHl’ 1 l+2) (f;] Uiy, j> Uig2, j)
—_ (‘() C C C
(”1: W lz+l) i p fipFin ) (68)
According to Fig. 10, u_i’” is to be discretized. We need other six auxiliary points Uiz j-1,
Ui+3,j—1, Ui+4,j—1, Ui+1 j+1 Ui+2,j+1 @nd Uj+3 j+1. Then ufv”’ can be represented as
whe r wbo' b wbo 0 0 0 0 0 0
oy ]l;j 0,i 0,i+1 0,i+2 b Y N
DO _ Do O e O
uy = “’llj._z;—l 10 0 0 wifi, w 17 Wi 8 S 8
Do 0 0 0
W% 0 0 0 0 0 0 w201+] MZOH_,, w 20’+3 69)
bo' T
X [f,j > Wi, js Uis2, j, Mi+2.j—1,ui+3,j—1,ui+4.j—1,ui+1.j+1,ui+2.j+1,ui+3,j+1] . (70)
Substituting Eq. (68) and Eg. (69) into Eq. (7), we attain other two linear equations
bo’ co’ co’
[”]o/—(“oz W, l+1’MOI+") (fl, s Uit js Uit2, 1) =(Woim1 W, »“04+1) (fiy j’f/’f1+l j (71)
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[ﬁun]of - B(‘ tan QOI[MT]DI

wbe 4 fb‘f'
bo' | - bo’ "]
=C w7l

Li+1 | Uisl,j
bo’
w ljz‘+2 Uiv2,j
T
co c
Wii-1 T
co’ co c
- C5 Wi L j
,Co C
Whisl i+l,j
bo’ bo’ bo’ bo’
] “]l.j Woi Woir1 MWois2 8 O/ 0 0 0 0 ]
ho' bo’ 1bo’ ,1bo 1bo’ A b, .
+C7 | Wi | 0 0 0 wlg%, wighs wigli, ? g ? [flj JUis s Uisd s Uisd,
bo’ Abo’ y o’ nbo’
Wi+ 0 0 0 0 0 0 W20 W20 W20043

(72)

As such, we have attained four equations Eq. (66), Eq. (67), Eq. (71) and Eq. (72). Here ffj
has already been expressed in terms of function values and jump conditions. So we just need
to calculate four other fictitious values and their expressions can be written as

£

7
0

I

co’

i+1,j (73)

={Claxas - {Ulasx1-

Here vector {U}4sx1 consists of 17 function values and 6 jump conditions from f; ;, and
other 16 function values and 6 jump conditions as

=(Ui1,j, Wi > Wir],js Uit2, jo Uin3 jm 1 Uin2 1 Win 1 jm1s WitD, j= 15 Uit3 j—1s Uivd j—1s Ui=2, j+ 1s Uim1 jr 1o Ui j4 1> Uit ], j+ 1> Hit2 j+ 1» Uit3 j+1

(74)

If we denote f;; as f5,=(Cr1Y, 53 AU then {Ubis x 1 ={U" b2 1 U {US5;, . Here
{C}axas is the coefficient matrix and its components are the combination of weights and
trigonometric functions of the unit normal vectors. Finally, one can discretize (Buy)y at
irregular points (i — 1, j), (i, j) and (i + 1, j) as
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\ o gao AT A
"B;l-f%,j) (ul—l.Jaul.]s_i+l.j) at (i, j).

=3 r i %'-,
) ( [)0' 1 i 2 ) t 1 .)
. fi.j s Uit ], js Uit2,j a (H— s ])-

1 b _nb _nb b
L@y By B B

i+3,77 i3,

(75)

4 Numerical studies

In this section, we examine the performance of the proposed MIB schemes for solving the
Poisson equation with geometric singularities of two-material interfaces and three-material
interfaces. Section 4.1 presents two case studies about two-material interfaces. The
geometry of Case 1 has many sharp tips and it is designed to test the proposed two-material
interface scheme. In Case 2, the vertex of the triangular interface intersects with a grid node.
This case is used to examine the on-interface schemes proposed in this work. Five numerical
tests of three-material interfaces are presented in Section 4.2. We construct a number of
different geometric shapes, solution functions and coefficient contrasts to test the robustness
and demonstrate the efficiency of our three-material MIB schemes.

The standard Lo and L, error measurements are employed in this section. For all test cases,
the computational domains are set to be the square of Q = [-1, 1] x [-1, 1]. Basic
geometries are depicted on 20 x 20 meshes and our numerical results are presented on 80 x
80 meshes. The Dirichlet boundary condition is assumed in all the cases, although it is also
easy to implement other boundary conditions. In all the test studies, the designed second
order accuracy is confirmed.

4.1 Two-material interface problems

New two-material interface schemes are validated in this subsection. We designed two test
examples to demonstrate the performance of our MIB method.

Case 1. In this case, the 2D Poisson equation (1) is solved. To specify the interface, we
design the level set function ¢(X, y)

¢(x,y)= = (y = 20x)(y+20x)(x — 20y)(x+20y), (76)

sothat I' = {(x, y)|® = 0; X, y, € Q}, Q%= {(x, y)|® > 0; X, y, € Q}, Q° = {(x, y)|® < 0; X, y,
€ Q}. The discontinuous coefficients are given by

B (x.0)=1.8"(x,y)=2. @7

The solution at two different domains is designed as

U (x, y)=2+sin(dnx) sin(dny), u’(x, y)=sin(2x)sin(2ry). (78)

In this case, we test our two-material interface schemes. Figure 11 presents the geometric
shape and computed results for this problem. It is seen that on a 20 x 20 grid, except for the
origin, which is an on-interface node and treated as an point in Q2 all the points on the xy
coordinates are irregular points. No matter how one decreases the mesh size, grid points near
the origin are still irregular and need special treatments. Table 1 lists Lo and L errors and
their numerical orders. It is seen that the second order accuracy is confirmed.
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Case 2. In this case, the 2D Poisson equation (1) is solved and Q2 consists of two parts
which can be described by two level set functions

1 1 1
(-."‘):_("!__Aﬂ)(}.*-_--)(“ ——) ;
d1(x,y y 7x y 7x y 5 79)

5 1
da(x,y)=— (y+3x‘+—) ,
? (80)

Q2= {(x, Y)Ipa(x, y) = 0; X, ¥, € QRU{(x, )I$2(x, ¥) = 0; x, y, € 2}, and Q° = {(x, y)Ip1(x, Y)
<0; %y, € QFN{(X, V)|$2(X, ¥) < 0; X, y, € Q}. The basic geometry is illustrated in Fig. 12.
The discontinuous coefficients are given by

Bx,y)=1,8(x,y)=2. @81)

The solution at two different domains is designed as

u”(x, y)=2+sin(2rx) sin(27ry), ub( x, y)=sin(27x) sin(2my). (82)

When the grid is 20 x 20, On-interface scheme 4 is needed because the interface intersects
with a node point of the mesh. As for the unit normal vector of the interface intersecting

node, we use 77=(1/ V50, —7/ V50)) in our computation. However, for the singular point, the
way of choosing the unit normal vector does not matter too much as long as the
corresponding jump condition at normal vector is given accordingly. In a 20 x 20 grid if we
change the unit normal vector to n = (0, —1), Lo error changes from 0.1973 to 0.1956.
Therefore, we conclude that On-interface scheme 4 works well for the singular point. Table
2 lists computed Lo and L, errors. The second order convergence is observed.

4.2 Three-material interface problems

This subsection is devoted to validate the proposed MIB schemes for three-material
interfaces. We consider a variety of geometric situations, topological variations, coefficient
contrasts and solution types to illustrate the utility, test robustness, and demonstrate the
accuracy of our method in five cases.

Case 3. In this case, the 2D Poisson equation (34) is solved. Now domain Q is divided into
three subdomains Q2, QP and QF by two interfaces I'; and I'y, which can be described by
two level set functions ¢1(x, y) and $o(X, y)

8 8\
A1 (x, )= — |+ | +
17 (83)

(84)
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such that Q2 = {(x, y)|¢1(x, ) = 0; X, y, € Q}, QP = {(x, y)|d2(X, y) = 0; x, y € Q}, and Q€ =

{(x, Vld1(x, y) £ 0; (X, ¥) <0; X, y, € Q}. We test the robustness of our scheme by
choosing different combinations of 3 values and solution types. Here six different

combinations of solutions and B values are studied

Case 3(a):

B=1,8"=2,5=3,

1’ (x, y)=8+sin(4nx) sin(4my),

U (x, y)=4+sin(27x) sin(27y),

Ul (x, )= +y*+sin(dnx) sin(dny);

Case 3(b):

B=1, P =2+sin(x+y), F=3+x"+)",

1’ (x, y)=8+sin(4nx) sin(4my),

ub(x, y)=4+sin(2rx) sin(27y),

U (x, y)=x"+y*+sin(drx) sin(4my);

Case 3(c):

B=0.0001, 8°=10000, 5°=30000,

2 o)
u(x, y)=4+x"+y",

Wb (x, y)=6+exp(x+y),

U’ (x, y)=x+y+xy;
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e Case 3(d):
B°=100, f=100, 5°=3000,
u“(x, y)=8+sin(x+y),
ul (x, y)=4+sin(x+y),
U (x, y)=x>+y* +sin(x+y);
o Case 3(e):

B=1,8"=2, F°=3000,

u”(x, y)=8+sin(4nx) sin(4ry),

ub(x, y)=4+sin(27rx) sin(27y),

€ (x, y)=x"+y*+sin(drx) sin(4my);

* Case 3(f):

B=1000, 8°=2, B°=3000,

u’(x, y)=4+sin(x) sin(y),

ub(x, y)=8-+sin(mx) sin(rry),

U (x, y)=x"+y*+sin(rx) sin(ry);

Page 26

97)

(98)

(99)

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

(108)

The geometry and solutions are illustrated in Fig. 14. Normally, when the singular point is

located on a mesh node, the definition of its unit normal vector is necessary for our

computation. So for the origin, the unit normal vector should be specified for three sets of

jump conditions (between Q2 and QP, between Q2 and QF, and between QP and Q°) as

indicated in Eqgs. (39)—(44). However, Three-material interface scheme 2 only makes use of
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the normal jump condition between Q2 and Q°. Based on the geometry, we choose the unit
normal vector to be 0 = (1, 0). We have test different choices of the unit normal vector. For

example, if we change it to 77=(1/ V2, 1/ v2) for Case 3(a), the Lo error will change from
0.5172 t0 0.5177. Therefore, we conclude that our scheme works well for the singular point.

Case 3(a) is used to demonstrate that the proposed three-material interface schemes are
stable for highly oscillatory solutions. In Case 3(b), we study the situation when the beta
value in different subdomains is position dependent, and it may be discontinuous at the
interfaces. From Case 3(c) to Case 3(f), we test the potential of our schemes for highly
oscillatory solution and high coefficient contrast ratios. In Case 3(c), it is seen that for
slowly oscillatory solutions, even when the coefficient contrast ratios between different
domains are very high, the proposed schemes can achieve second order accuracy as
indicated by Tables 3 and 4.

Case 3(d) is used to test moderately oscillatory solution situations. In Case 3(e) and Case
3(f), we test sensitivity of the solutions in subdomains. It is seen that QC can have more
potential for highly oscillatory solutions combined with high contrast coefficients. This is
mainly due to the reason that in There-material scheme 2, the singular point on a grid node
is treated as a point in Q&, which decreases the accuracy when the solution and coefficient in
Q2 are challenging. For each case, computed Lo and L errors are given. The designed
second order accuracy is observed for all the situations.

Case 4. In this case, one solves the 2D Poisson equation (34). Interfaces and subdomains are
prescribed by two piecewise smooth level set functions to outline

(y—0.4x-0.2)(y — 0.4x+0.2)(y+0.4x — 0.2)(y+0.4x+0.2) |x] <0.5,]y] <0.2;
-1 else. (109)

and

(y = 0.4x — 0.2)(y+0.4x - 0.2) y>0.2;

(+0.4x+0.2)(y — 0.4x+0.2)  y<-0.2;

—(y+0.4x+0.2)(y = 0.4x — 0.2) x < —0.5,]y<0.2;

—(y — 0.4x+0.2)(y+0.4x — 0.2) x > 0.5, |y|<0.2. (110)

$2(x,y)=

We employ the following discontinuous coefficients

B y)=1, B2 (x, y)=2, B (x,y)=3. (111)

The solution at three different domains is designed as

U’ (x, y)=6-+sin(4rx) sin(dmy), u? (x, y)=4+sin(drx) sin(dry), u (x, y)=x+y>+sin(x+y). (112)

Case 4 is designed to test the disassociation strategy of resolving fictitious values. The
geometry of the problem is illustrated in Fig. 15. Two vertexes of Q2 are treated as points in
QF and suitable disassociation schemes are used. Presented in Table 5, computed Lo, and Ly
errors indicate the second order accuracy.
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Case 5. In this case, the 2D Poisson equation (34) is solved. We design two piecewise
smooth level set functions as

3
(y - 3x+1]—8) (y+%x - 15—8) x> %;

P1(x,y)= {
- 1 else. (1 13)

and

3 L) (ved3 e 3 1.
¢2(.x,y):{ (} 2'\+18) (.H‘gx 18) x<g;
-1 else, .

for interfaces and subdomains. Let us choose the discontinuous coefficients as

B(x,y)=1,8(x,y)=2, B (x,)=3. (115)

The solution at three different domains is given by

u’(x, y)=6+sin(27x) sin(27y), u’(x, y)=8+sin(x+y), u(x, y)=x>+y". (116)

In this case, the performance of Three-material interface scheme 3 is tested. It is seen that,
on a 20 x 20 grid, the meshline between points (1, 1) and (2, 1) goes through three
subdomains, as depicted in Fig. 16. Therefore, we need to employ the disassociation strategy
and make use of four fictitious values together. Table 6 confirms the designed accuracy.

Case 6. In this case, we solve the 2D Poisson equation (34) with two piecewise smooth level
set functions

P1(x, v)={ —(y-4+3) (442 - 5) < \/%;
' 1

- else. (117)

and

$a(x, ),)z{ - (y - 4.x2+%) (y+4,x3 — %) |x] > \/Tl;;
1

- else. (118)

The domain geometry and interfaces are depicted Fig. 17. The discontinuous coefficients are
prescribed by

B, y)=1, B(x,)=2, B (x,y)=3. (119)

The solution at three different domains is designed as

u’(x, y)=6+sin(27rx) sin(27ry), 1 (x, y)=8+sin(27x) sin(27y), u(x, y)=x>+y". (120)
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In this case, two singular points locate on the same meshline as shown in Fig. 17. Therefore,
no special scheme is needed. But it is difficult to find suitable auxiliary points to
approximate uy. This case is also used to show that the challenging situation when two
interfaces intersect with same meshline within a grid spacing can be avoid by choosing a
suitable grid. However, more general situations are discussed in earlier test cases. Table 7
lists computed Lo and L, errors. Obviously, the second order accuracy is achieved.

Case 7. In this case, we solve the 2D Poisson equation (34). Let us choose piecewise smooth
level set functions as
(\ - 2_,\“+%) x<%,
$1(x,y)=1 0 X=g,y > §
-1 else. (121)
and
(\ +x — %) v>%;
$2(x,¥)=4 0 X=§,y > §
-1 else. (122)
The discontinuous coefficients are allowed to vary over different subdomains
B(x, y)=1+exp(x+y), B (x, y)=2+sin(x+y), B (x, y)=3+x>+y". (123)
The solution at three different domains is designed as
u®(x, y)=8-+sin(x) sin(ry), u’(x, y)=4+sin(2rx) sin(2xry), u(x, y)=x>+y°+sin(zx) sin(ry). (124)

In this case, two interfaces intersect with same meshline in a grid spacing. We have to use
Three-material interface scheme 3. As shown in Fig. 18, this case is used to test the critical
angle of 2 tan~1(1/2) and the situations when beta value in different domains is position
dependent and may be discontinuous at the interfaces. Table. 8 lists computed Lo and Ly
errors. Our results demonstrate the second order accuracy of the MIB method.

Case 8. According to Grisvard [21], when the interface has geometric singularities, such as
corners, tips, and wedges, the solution of the Poisson equation is usually singular too

u(r, 0)=r""1"sin(kn6w), (125)

where K is a wavenumber and o is the angle parameter of the singular geometry. This
solution diverges for certain k values as r — 0.

To test the performance of the present MIB method for this class of problems, we use a pair
of level set functions to define three-material domains as shown in Fig. 19
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¢1(~¥,,\‘)={ _('V B W) (HW) x<0;
-1 else. -

and

srn=] b5 brE) w2
-1 else. .

The discontinuous coefficients in different subdomains are

BAx =1, B (x,y)=2, B (x,y)=3. (128)

We consider a solution that takes the form of Eq. (125)

u(x,y) =4+sin(2nx) sin(27y)
WP(r,0) =r"1“sin(kn6/w)
u(x,y)  =x+y*+sin(rx) sin(ry), (129)

where we choose k=g and o = n/3. Obviously, this solution has an unbound first order
derivative. For this kind of problems, Galerkin formulations can handle it directly but
collocation formulations can not. A standard technique is to multiply the solution with an
appropriate polynomial factor [66], which can be viewed as a transformation of the solution.
This approach is also employed in the present work to deal with the singular solution at the
geometric singularity.

We define a complex functions w in subdomain QP with real part,

8 8
wi(x,y)=r3 COS§9,

(130)
and imaginary part,
(e )=rt sinog
wa(x, y)=r: sm3 . (131)
Then the uP can be calculated through the expression:
b 1
u=Im(w?). (132)

Functions wq and wy are harmonic functions. After taking care of the geometry singularity
by the proposed MIB method, the solution u and w can be easily obtained. We list the
computed Lo and L errors of wy in Table 9. Clearly, the second order accuracy is achieved.
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5 Concluding remarks

The present paper presents the first known second order method for solving two-
dimensional (2D) elliptic partial differential equations with discontinuous coefficients
resulted from modeling three-material interfaces. The matched interface and boundary
(MIB) method is developed for this class of problems. We start from a completion of our
earlier 2D MIB schemes for all possible geometric situations and topological variations.
This completion lays some required technical foundations for us to construct new MIB
schemes for three-material interface problems. Three new three-material interface schemes
are proposed. We consider a number of topological variations in three-material settings. The
validity of our new algorithms are extensively tested over a large number of test cases with
various geometric singularities, material coefficients and solution types. The designed
second order accuracy in both L and Ly norms are confirmed in our numerical
experiments.

Due to the enormous practical importance of multi-material interface problems, it is
expected that there will be more attention to this class of problems. First, second order
methods for solving elliptic PDEs with four- and five-material interfaces can be constructed
at some special interface geometries. However, for general geometric singularities, it will be
very difficult to design second order schemes. We expect that four- and five-material
interfaces do not occur as frequently as three-material interfaces in practical applications.
Additionally, for real-world applications, it is important to develop elliptic interface schemes
for multi-material interfaces in 3D domains. This problem is under our consideration.

The remaining major challenges in the field are as follows. First, it is still enormously
challenging to construct higher-order elliptic interface schemes in 1D, 2D and particularly in
3D domains. It is well known that stable and robust high order schemes are especially
important to numerical efficiency. In 1D domains, schemes of orders up to sixteen were
demonstrated in the MIB method [68, 72]. No higher order schemes were reported to our
knowledge. It appears that interface schemes of orders higher than 16 may not be
numerically stable. This aspect needs to be investigated further. In 2D domains, schemes of
orders up six have been reported for curved interfaces [72]. The MIB method may be able to
provide even higher-order 2D elliptic schemes for some interfaces with relatively small
curvatures, however, no such result has been constructed yet. We expect that it will be
extremely difficult, if not impossible, to construct 6th order schemes for 2D elliptic
equations with arbitrarily curved interfaces. In 3D domains, the highest order elliptic
interface schemes constructed so far is the 6th order MIB method for some special
geometries, i.e., spherical and ellipsoid interfaces [65], to our knowledge. The construction
of elliptic interface methods of orders higher than six for 3D arbitrarily curved smooth
interfaces is still a challenging open problem. We are not sure whether such a scheme is
feasible numerically. If it is indeed feasible, it is interesting to know whether it is stable. As
most real-world applications are in 3D domains, it is essentially important to make progress
in this open problem.
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Figure 1.
Scheme for two-material interfaces. In this figure as well as all other figures Q2 is marked
with yellow color and QP is denoted by green color.
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Figure 2.

On-interface schemes 1, 2 and 3 proposed in our earlier work [66]. The interface passes
through point (i, j). All the green dots are on the same side of the interface and all the red
dots are on the other side of the interface.

J Comput Phys. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xiaetal.

Page 37

Figure 3.

On-interface schemes 4, 5 and 6. The interface passes through node point (i, j). All the green
dots are on the same side of the interface and all the red dots are on the other side of the
interface.
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The situations that there are two pairs of grid points surrounding the interface intersecting
node of the grid. The cases encircled by manganviolett dash lines can be resolved by using
one of six on-interface schemes.
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Figure 5.

The situations that there is one pair of grid points surrounding the interface intersecting node
of the grid. The cases encircled by manganviolett dash lines can be resolved by using one of
six on-interface schemes.
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Figure 6.

The situations that there is no pair of grid points surrounding the interface intersecting node
of the grid. The cases encircled by manganviolett dash lines can be resolved by using one of
six on-interface schemes.
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Three-material interface scheme 1. The left yellow area is Q2 the right green area is QP, the

middle red area is Q.
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Figure 8.
Three-material interface scheme 2. The left yellow area is Q2 the right green area is QP, the
middle red area is QF.

J Comput Phys. Author manuscript; available in PMC 2012 June 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Xiaetal.

Page 43

Figure 9.
Three-material interface scheme 2. The left yellow area is Q2 the right green area is QP, the
middle red area is QF.
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Figure 10.
Three-material interface scheme 3: The left yellow area is Q2 the right green area is QP, the
middle red area is QF.
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Figure 11.

Basic geometry on a 20 x 20 grid (Left) and the computed solution on 80 x 80 grid (Right)
for Case 1.
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Basic geometry on a 20 x 20 grid (Left) and the computed solution on a 80 x 80 grid (Right)

for Case 2.
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Figure 13.
Basic geometry on 20 x 20 mesh for Case 3.
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Figure 14.
Illustration of numerical solutions on the 80 x 80 mesh for Case 3.
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Figure 15.
Basic geometry on a 20 x 20 grid (Left) and the computed solution on a 80 x 80 grid (Right)
for Case 4.
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Basic geometry on a 20 x 20 grid (left) and the computed solution on a 80 x 80 grid (right)

for Case 5.
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Figure 17.
Basic geometry on a 20 x 20 mesh (left) and the numerical solution on 80 x 80 mesh (right)
for Case 6.
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Figure 18.
Basic geometry on 20 x 20 mesh (left) and the computed solution on 80 x 80 mesh (right)
for Case 7.
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Figure 19.
Basic geometry on 20 x 20 mesh (left) and the computed solution on 80 x 80 mesh (right)
for Case 8.
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Table 1

Numerical test of new two-material interface schemes (Case 1).

Ny X Ny Loo Order L, Order

20 x 20 3.762e-1 8.605e-2

40 x 40 6.804e-2 2.47 1.778e-2 2.27

80 x 80 2.413e-2 1.50 6.302e-3 1.50
160 x 160  4.653e-3 2.37 9.777e-4 2.69
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Table 2

Numerical test of new two-material interface schemes (Case 2).

Ny X Ny Loo Order L, Order

20 x 20 1.973e-1 3.504e-2

40 x 40 1.645e-2 3.58 4.666e-3 291

80 x 80 2.202e-3 2.90 9.389%e-4 231
160 x 160  8.049e-4 1.45 3.093e-4 1.60
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Table 5

Errors for three-material interface schemes (Case 4).

Ny X Ny Loo Order L, Order

20 x 20 2.334e-1 7.432e-2

40 x 40 4.102e-2 251 1.246e-2 2.58

80 x 80 9.859-3 2.06 3.116e-3 2.00
160 x 160  2.429e-3 2.02 8.104e-4 1.94
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Table 6

Errors for three-material interface schemes (Case 5).

Ny X Ny Loo Order L, Order

20 x 20 2.000e-1 2.924e-2

40 x 40 5.010e-2 2.00 6.851e-3 2.09

80 x 80 6.168e-3 3.02 1.328e-3 2.37
160 x 160  6.443e-4 3.26 1.621e-4 3.03
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Table 7

Errors for three-material interface schemes (Case 6).

Ny X Ny Loo Order L, Order

20 x 20 3.786e-2 1.086e-2

40 x 40 8.523e-3 2.15 2.824e-3 1.94

80 x 80 2.083e-3 2.03 7.504e-4 191
160 x 160  5.492e-4 1.92 2.014e-4 1.90
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Table 8

Errors for three-material interface schemes (Case 7).

Ny X Ny Loo Order L, Order

20 x 20 7.466e-2 2.114e-2

40 x 40 1.334e-2 2.48 3.095e-3 277

80 x 80 3.200e-3 2.06 9.461e-4 171
160 x 160  7.596e-4 2.07 2.548e-4 1.89
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Table 9

Errors for three-material interface schemes (Case 8).

Ny X Ny Loo Order L, Order

20 x 20 1.646e-1 2.536e-2

40 x 40 4.062e-2 2.02 6.217e-3 2.03

80 x 80 1.057e-2 1.94 1.858e-3 1.74
160 x 160  2.781e-3 1.93 5.038e-4 1.88
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