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Abstract

Mesh deformation methods are a versatile strategy for solving partial differential equations
(PDEs) with a vast variety of practical applications. However, these methods break down for
elliptic PDEs with discontinuous coefficients, namely, elliptic interface problems. For this class of
problems, the additional interface jump conditions are required to maintain the well-posedness of
the governing equation. Consequently, in order to achieve high accuracy and high order
convergence, additional numerical algorithms are required to enforce the interface jump
conditions in solving elliptic interface problems. The present work introduces an interface
technique based adaptively deformed mesh strategy for resolving elliptic interface problems. We
take the advantages of the high accuracy, flexibility and robustness of the matched interface and
boundary (MIB) method to construct an adaptively deformed mesh based interface method for
elliptic equations with discontinuous coefficients. The proposed method generates deformed
meshes in the physical domain and solves the transformed governed equations in the
computational domain, which maintains regular Cartesian meshes. The mesh deformation is
realized by a mesh transformation PDE, which controls the mesh redistribution by a source term.
The source term consists of a monitor function, which builds in mesh contraction rules. Both
interface geometry based deformed meshes and solution gradient based deformed meshes are
constructed to reduce the Lo and L, errors in solving elliptic interface problems. The proposed
adaptively deformed mesh based interface method is extensively validated by many numerical
experiments. Numerical results indicate that the adaptively deformed mesh based interface method
outperforms the original MIB method for dealing with elliptic interface problems.
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| Introduction

To solve partial differential equations (PDEs) in real world applications, adaptive strategy is
often desirable. There are three main tactics, i.e., mesh subdivision (i.e., h-refinement), local
high order schemes (i.e., p-refinement) and grid deformation method (i.e., r-method).
Among them, the grid deformation strategy is an important approach. It has been applied to
a variety of physical and engineering problems, such as combustion, shock waves, reaction
diffusions, and two-phase flows.:19:21.35.36:46 \When the underlying problems are time-
dependent, the deformed meshes change during the course of time evolution and the method
is thus called moving mesh method. The essential idea of mesh deformation approaches can
be dated back to 1974 by de Boor,3 who proposed the equi-distribution principle, which
governs the selection of the spatial grid such that the solution error is equally distributed
over all subintervals and the total error is minimized. This principle has been successfully
employed to generate meshes in a one-dimensional (1D) setting with a number of elegant
methods.

For mesh deformation methods in higher dimensions, a major advance was due to
Winslow,*% who used the solution of the Poisson equation to generate a mapping from a
regular mesh in the computational domain to an irregular mesh in the physical domain. This
method was further studied by Thompson, Thames and Mastin.33:34:37 A body-fitted
coordinate system was constructed for arbitrarily shaped geometries and a source term was
introduced to control the spacing of coordinate lines. However, all these methods were
mainly focused on the geometry of the physical domain. Little attention was paid to adaptive
grid generations for singular solutions before Brackbill and Saltzman’s work in 1982.4:°
These authors incorporated the adaptation of the solution into Winslow’s method. Based on
the variational approach, they managed to improve the smoothness and orthogonality of
their mesh by considering some controlling terms. In 1991, Dvinsky introduced a harmonic
mapping to realize adaptive mesh generations.12 In his work, a single energy functional is
minimized by using the Euler-Lagrange equation. By using the equi-distribution principle,
Huang, Cao and Russell”20-21 derived a series of moving mesh PDEs in a 1D setting, and
then extends this method to a 2D domain based on a gradient flow. In 1992, Liao and
Anderson26 introduced a new mesh deformion method, in which grid nodes were moved
according to the velocity field such that a specified cell volume distribution could be
achieved.

In computational fluid dynamics, the mesh equation and the original equation are to be
solved simultaneously. For problems with boundary layers or near-shock solutions, Miller
and Miller?® proposed a moving mesh finite element method, in which grid nodes
concentrate automatically in critical regions and move along the velocity. Dorfi and Druryl?
proposed a moving mesh finite difference method in a 1D domain. They combined the
adaptive grid with the implicit finite difference method to achieve high accuracy and allow
relatively large time steps to be taken. Motivated by Dvinsky’s work, Li and Tang?*
proposed a moving mesh finite element method. In this approach, the change of meshes in
the computational domain is used to guide the mesh redistribution in the physical domain at
each time step. The solution is then updated through certain formula. Their method has been
used in many applications.32

In general, mesh deformation methods are only applicable to PDEs with near singular
solutions, boundary layers or interior layers. In particular, these methods do not work for
elliptic equations with discontinuous coefficients, also known as elliptic interface problems.
Usually, due to the discontinuous coefficients, the solution of these problems is of low
regularity. Typically the solution admits jumps. In case that the solution is continuous, the
gradient of the solution is usually discontinuous. Consequently, for this class of problems,
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even if the meshlines are highly concentrated around the interface, the traditional mesh
deformation solution can not maintain the desired order of convergence and may even
diverge. In fact, the solution can be completely wrong as illustrated in our numerical test in
Section I11. This is due to the fact that the traditional mesh deformation does not
automatically enforce interface jump conditions required at discontinuities. Whereas elliptic
interface techniques can achieve high order convergence for this class of problems.
Therefore, in order to make traditional mesh deformation strategy applicable to elliptic
equations with discontinuous coefficients, one needs to incorporate elliptic interface
techniques.

Elliptic equations with discontinuous coefficients and singular sources are of great
importance in fluid dynamics, material science, and biological systems. Since Peskin’s
pioneer work of immersed boundary method (IBM),31 many other methods have been
proposed in the past few decades. Among them, immersed interface method (1IM) proposed
by LeVeque and Li23 is a remarkable scheme that achieves the second order accuracy and
preserves the jump information at the interface. In their method, a local correction of the
finite difference scheme is employed to incorporate the interface jump conditions.2> The
ghost fluid method (GFM) proposed by Fedkiw, Osher and coworkers?? is relatively simple
and easy-to-use approach. Other methods such as finite element formulations,1© finite
volume based methods,3 the piecewise-polynomial discretization,® integral equation
methods, 28 coupling interface method,10 and discontinuous Galerkin techniques!® have also
generated much interest.

The matched interface boundary (MIB) method was initially introduced by Zhao and Wei
for solving the Maxwell’s equation with material interfaces*® and later generalized to the
solution of elliptic equations with discontinuous coefficients and singular sources,*3:45.49.50
as well as the Helmholtz equation with material interfaces.*’ It is a systematic higher-order
method for interface problems. The 16th order scheme is demonstrated with a simple
geometry,50 and 6th order MIB scheme has been constructed for irregular interfaces in 3D
domains.*3 In the MIB method, the fictitious values are used on irregular points so that the
standard finite difference scheme can be employed throughout the computational domain.*8
Similar ideas have been used in our discrete singular convolution algorithm for many
years.38:39 To further achieve flexibility, the enforcement of the jump condition is separated
from the discretization of the original equation.>% One important feature of the MIB method
is that, in order to avoid the use of high order jump conditions, it iteratively enforces the
lowest order jump conditions to achieve high order accuracy.*8:59 Another feature of the
MIB method is that if possible, it splits a high-dimensional interface problem into multiple
1D ones.3948 As for geometric singularities, the disassociation technique and some schemes
for handling singularities are invented.*® Equipped with Krylov-subspace acceleration
techniques, the state of the art MIB method is able to efficiently solve elliptic PDEs with
arbitrarily complex interfaces, geometric singularities and singular sources in 3D
settings.8:43

Although there are many existing elegant methods for solving interface problems, simple
regular Cartesian meshes are usually used in most approaches. Such meshes are certainly not
optimal for problems with localized dramatically varying solutions. These problems differ
from the normal high frequency ones, which can be dealt with high order interface schemes,
such as the high order MIB method, with an optimal performance. One of optimal strategies
for localized dramatic changes is the local mesh refinement. Finite element and finite
volume based interface methods can build in locally adaptive grid generation
algorithms.2241 However, it is very difficult to construct high-order convergent finite
element or finite volume based interface methods for arbitrarily complex interfaces,
particularly, interfaces with geometric singularities.#243 Consequently, it is extremely
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valuable to develop an adaptive mesh strategy for solving elliptic equations with
discontinuous coefficients and locally fast varying solutions. To our knowledge, such a
method does not yet exit at present.

The objective of the present work is to construct the first known adaptively deformed mesh
based interface technique for solving elliptic equations with discontinuous coefficients and
locally fast varying solutions. Our goal is to take the advantage of the mesh deformation
strategy for elliptic interface problems. To this end, we generalize the MIB technique to
mesh deformation settings. Two mesh deformation strategies, i.e., interface geometry based
deformed meshes and solution gradient based deformed meshes are incorporated with our
interface techniques in the present work. The resulting interface method is not only high
accuracy but also high-order convergence. We believe that the proposed numerical
algorithm is a significant advance of both traditional mesh deformation methods and elliptic
interface schemes.

The rest of the paper is organized as follows. Section Il is devoted to the theory and
algorithm. To provide essential knowledge and establish notation, we provide a brief review
of the mesh deformation method proposed by Liao and Anderson.26:27 The construction of
general monitor functions for location specific mesh mapping is described. The
transformation of the governing equation from the physical domain to the logical domain
(i.e., the computational domain) is discussed. In Section I1.B, the essential techniques of the
MIB method are presented. This discussion provides a basis for the development of an
adaptively deformed mesh based elliptic equation solver. In Section 11.C, we construct new
interface techniques in the transformed domain, which are a reformulation of the original
MIB method in the mesh deformation framework. In Section I11, we carry out a large
number of numerical experiments to validate the proposed new adaptively deformed mesh
based interface method. In the first test case, we illustrate that the traditional mesh
deformation methods do not converge for elliptic equations with discontinuous coefficients.
Either the discontinuity in the solution or the discontinuity in the solution gradient will cause
the failure of the traditional mesh deformation methods. The rest of the test examples are
designed to demonstrate the performance of the proposed method. The effectiveness of two
types of deformed meshes, namely, the interface geometry based ones and solution gradient
based ones, is examined in the present work. Comparison is made to the original MIB
method. We show the improvement of the proposed interface technique based deformed
mesh strategy to the original MIB method for elliptic interface problems. This paper ends
with some concluding remarks.

Il Theory and algorithm

We define the elliptic interface problem in an open bounded domain Q € R2. The interface
is usually originated from a physical setting. Let us consider a given interface I which
divides Q into two subdomains, Q4and Q2, such that Q = Q2U Q%and ' = Q2N QY. In the
present work, we limit our attention to the situation that the boundary oQ and interfaces I’
are continuous, although more general nonsmooth cases often occur in applications.#243 We
define a level-set function @ on Q, such that T = {x, ))& = 0; x, Y€ Q}, Q?={x, Y& = 0; x,
YEQ}, QP ={x, Y& <0; x, y€ Q}. The two dimensional (2D) elliptic interface problem is
given as

(ﬁ(x7 )’)u.x(x’ y))x"’(ﬁ(x’ )/)“y(x’ y))y:g(x’ )’), (1)

where the variable coefficient S(x; ) may have jumps at the interface T', at which two jump
conditions can be prescribed to ensure the well posedness of the mathematical formulation
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[ul=u" — u"="¥, @

[Bun)=puls — B U =P>. ®)

Here we denote ¢7 as the limiting value of function v from the Q@ side of the interface, ¢ the
limiting value from Q% side of the interface, and v, is the derivative along the norm
direction. For simplicity, we assume that both ¥'1(x, J) and ¥',(x, ) are C continuous in
the present work.

In the following subsections, we construct deformed mesh based interface technique for the
solution of Eqg. (1), subject to interface conditions (2) and (3). The boundary condition of Eq.
(1) can be either Dirichlet, Neumann or Robin. To establish notation and introduce basic
concepts, we first describe the mesh deformation method proposed by Liao and Anderson
and our MIB method. Then the a new elliptic interface technique will be developed based
these methods.

II.LA Mesh deformation methods

Mesh deformation methods are designed to generate a mapping ¢: R”7 — R” which
transforms a regular mesh in the logical domain to the physical domain based on certain
rules. There are many kinds of mesh deformation methods or moving mesh methods as we
have reviewed in the introduction. The most important ingredients shared by all mesh
deformation methods are monitor functions, mesh equations, and the transformation of the
governing equation.

Monitor functions are used to control the meshline distribution. They can be designed based
on either the geometry, the solution, the gradient of solution, or the posterior errors. The
selection of the monitor function has a major impact on the final mesh distribution and thus
the accuracy of the solution. In practice, smoothness and regularity of the monitor function
are usually needed. The mesh equation governs the mesh redistribution. A satisfactory mesh
equation should concentrate sufficiently many grid nodes in local regions of interest. On the
other hand, it should deliver the smoothness and orthogonality of the new mesh. The
transformation of the governing equations may not be necessary for finite element methods
as governing equation is directly solved on the irregular mesh or some iterative strategy may
be used.24 However, for finite difference methods, it is important to transform the governing
equation from the physical domain to the computational domain. Otherwise, irregular grid
finite difference schemes must be used, which may lead to accuracy reduction.

In the present work, we develop our mesh deformation method based interface technique by
reformulating the mesh deformation algorithm proposed by Liao and Anderson.26 In their
work, the grid nodes are shifted according to a velocity field determined by a linear Poisson
equation. The cell “volume” of the new mesh directly related to the transformation Jacobian
is specified on the regular logical grid. After normalization, the monitor function is designed
as a source term to control the contraction or expansion of the mesh at each node point.

The essential idea of Liao and Anderson’s mesh deformation method is equi-distribution.2:34
In a 1D setting, it can be stated as,

d(¢(£))
dé

f=constant, e
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where ¢ is a transformation from the Cartesian grid £ to the physical grid x, and fis the

weight function, which is equi-distributed over the grid when Eq. (4) is satisfied. In a
discrete representation, the equi-distribution takes the form

Ax;fi=constant, Ax;=Xi;| — Xi. )

In higher dimensions, we assume that there is a smooth monitor function £x) defined on the
physical domain Q C R” and satisfies two conditions

f@)>0, X eqQ, ©)

1
Ja 717 =Aq, @

where the A is the area of the physical domain. We construct certain transformation ;; R”
— R” satisfying the relation

V@@)N=f@(E) Eeq, ®)
2=, Zcoq ©

where £is the Cartesian grid in the computational domain, and ¢(£) is the new grid in the
physical domain. The “volume” element in the physical domain is given by [V ¢(£) |d€, and
it is determined by the specified monitor function. On the other hand, function L can be
viewed as the weight function and satisfies the equi-distribution principle on the new mesh
in the physical domain.

[I.LA.1 Algorithm for mesh deformation—Liao and Anderson provide a computational
algorithm to carry out the above transformation.16:17.26.36 Here we outline a practical
procedure for the mesh generation.

1. Design a temporal monitor function /#(X) > 0 according to a desirable role of choice.
The performance of a mesh deformation method depends crucially on the
appropriate choice of the monitor function. In the literature, monitor functions
based on arc-length and/or error indicator are often used.

2. Normalize the monitor function according to (7) by finding a coefficient cssuch
that

1
crfq h—@)d}):AQ- (10)

Then, we set the normalized monitor function as f(?):h;(g).

3. Construct a Poisson equation with the zero flux boundary condition

Vo (e(@R)Vw@)=fF) -1, TeQq, (12)
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()

= =0, X edQ, (12)
n

where cis a continuous monitor function for mesh control?? and wis a C2 function
for mesh generation. Obviously, the mesh can be adjusted by using either cor £, or
the both. In the present work, we set ¢= 1 and control the mesh movement by
appropriate £ Here 77is the unit normal vector at the boundary. One needs to
specify a value of w(X) at a boundary point to make the final solution unique.

4. Define a velocity field vector v- Q — R’ by the gradient

F=Vw(). (13)

5. Construct a deformation equation, i.e., a mesh equation, as

d R{CIES
5715)(7,0— UCIEID) , o O<<l, (14)

(- 0+f(B R 0)

BR,0=2, 1=0. (15)

Obviously, this equation has to be solved iteratively.

6. Set the new mesh as

BR)=(.1). (16)

Liao and Anderson give a detailed description to show that the mesh generated by such an
algorithm can satisfy Eq. (8). The cell volume here can be directly controlled by the monitor
function according to one’s need. Normally, there are two ways to choose a suitable monitor
function. The first way is based on the geometric characteristic. For example, if we want
meshlines to concentrate in the region near the interface, we calculate the absolute distance
from every point to the nearest interface, and this absolute distance is then treated as a
variable in the monitor function. Figure 1 gives two examples of using geometry based
monitor functions to control the mesh movement.

The second way is based on the solution characteristic. As such, the monitor function is
incorporated with either the solution arclength, curvature, or posterior errors. Usually, if the
solution is denoted as ¢, then this monitor function is of the form fv, Vu, Au). Figure 2
depicts an example of a deformed mesh.

IILA.2 Transformation of governing equations—~For finite difference methods, the
governing equation can be solved either on a regular Cartesian mesh or on an irregular
mesh. However, for a given number of finite difference nodes, the method on a regular
Cartesian mesh has higher accuracy than that on an irregular mesh. Therefore, it is
worthwhile to transform the governing equations defined in the irregular coordinate X in the
physical domain back to the regular coordinate £ in the logical or the computational domain.
This transformation can be viewed as the inverse process of the mesh generation. For 2D
problems, if we denote X = (x, }), and &€ = (&, 7). We have the transformation relations
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-1
(&6 )t (2 ), a
Ne Ty Ye Yy J\ e xe
Here Jis determination of the transformation matrix, J= xgy;, = X,/ Combined with the

chain rules

a_ (18)
g—fvi"'ny o
one can transform u, into the new coordinate,
u=(ugyy — uyye)/J. (19)

In this way, the first and second derivatives of the solution can also be transformed into the
new coordinate,

uy=(=ug Xy +unxg) /[ J, (20)

uxxz(y?]u& AL +y§u,m+a \Ug+azuy)|J 2, (21)

Uy =(Xpttge — 2Xe XUy +Xzuny+brug+bouy) [ I, 22)

Uy =(XgYy+Ye Xy ey — XeYelyy — XpYpUge+tClUg+colty/ 12, (23)
Vzu:(f] u§§+f2u§,7+f3u,,,,+ﬁ1u§+f5u,7)/12. (24)

Here the a1,&, b,0, and £ to £ are some coefficients. They are determined when the mesh
is generated. Their explicit expressions are given as

“lz()’rzzyff - 2ygyny§,7+y§ym,)xn - (y,zlef - 2ygynx§n+y§x,m)y,7/ J, (25)
.2 2 2 2
ar=(y,Xee = 2VeynXentVeXom)Ve — OVyXee — 2yeynXen+Yexm)xe/J, (26)
b= (22 2 2 2
1= yee = 2xeXpYen+Xeyn) Xy — (X Xeg — 20X X Xgn+Xe Xpy) Yy [, (27)
2 2 2 2
ba=(yxge = 2xgxyXgytxgXnn)Ve — (Vee = 2XeXnVentxgym)Xe/J, (28)
c1=(Xgyy — Xpyen)+(pyyte — xeyn )/ J, (29)
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ca=(xpyee = XeYen)+(Xeyedy — Xpye o), (30)
fisxi+yr, (31)
Ja= = 2xgyntxnye)s (32)
=X+, (33)
fa=ai+by, (34)
fs=ar+b;. (35)

In mesh deformation methods, usually there is no explicit expression of x with Eor the
inverse. So all these coefficients should be evaluated on each grid point numerically. For
example, if a grid node (4 /) is not on the boundary, one can have the approximation of x¢ at

(4, J) as

il :Xi+1,j - xi—1,j:xi+1,j — Xi-1,j

R Eiv1,j—&im1,j 2/1:3 ' (36)
Here since coordinate system £ is of Cartesian, the grid spacing is equal and one denotes it
as fz During the process of transformation of the governing equation, we implement the
transformation relations (17) just for the purpose of avoiding the difficulty of approximation
&x &y Mx and ny directly. Once the mesh generation is completed, all these coefficients can
be calculated numerically.

II.B Matched interface and boundary method

The mesh deformation method obtained in Sections I1.A.1 and I1.A.2 can be used to solve
the elliptic equation (1) directly for continuous coefficients or at the absence of interface
conditions (2) and (3). However, mesh deformation methods can not achieve the designed
order of convergence, accuracy and efficiency when the elliptic equation has discontinuous
coefficients. In fact, the deformed mesh solution can be completely wrong when the solution
admits jumps at the interface. To restore the power of mesh deformation methods, one needs
to enforce interface conditions (2) and (3) in the mesh deformation framework. To this end,
we consider the MIB method.

In the MIB method, irregular points are defined as the grid points which lie near the
interface so that at least one of the required node points of a standard central finite
difference scheme is located on the other side of the interface. In order to employ the central
finite difference scheme for this kind of grid points. We introduce fictitious values, which
can be viewed as a smooth extension of function values from the other side of the interface.
Jump conditions are used to calculate the fictitious values, so that their implementation is
disassociated with the discretization of the elliptic equation. As such, the same MIB scheme
can be used for many different PDEs. We split a high dimensional problem to 1D problems.
Therefore, the treatment of high dimensional problems is essentially the same as the
treatment of 2D problems.
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The MIB method enforces interface jump conditions at each intersecting point of the
interface and meshlines. Let us consider a 2D problem. The first thing to do is to define a
local coordinate system at an intersecting point of the interface and a meshline. To this end,
we derive one more interface condition by differentiating Eq. (2) along the tangential
direction of the interface when the interface is not aligned with the x- or the )~ mesh line.
This tangential direction jump condition can be expressed as [u,]=u® — u°. Hence, if we
define the norm direction 77= (cos 6, sin 6) of the interface at the intersecting point, we can
have three jJump conditions

[ul=u —u”, @37)
[u]=(—u sm9+u cosf) — (—u. sm0+u "cos6), (38)
[Bun]=B" (uicosf+uysing) — ,Bb(u_i’.cos6+uifsin6’), (39)

where @is defined with respect to the Cartesian meshline.

We discretize (Buy) xand (Bu,), separately using the second-order central finite difference
scheme. For example, if the interface intersects the gth mesh line at a point between (/, ) and
(7+1, ), the function values v;;and s jare located in different subdomains. Hence, (4 /)
and (/+ 1, /) are irregular points and fictitious values 7; ;and 731 jare defined. The
discretized form of (Bu,) x at the irregular points (7 ) and (7 + 1, j) can be given as,

7

B = (57, 6%, B

. . P . . T 7 7
1_%’1 -1 i )(ul—l,/’ Ui, j, ﬁ+l,j) at (l, J)a

B =5 (B, By Bl ,ﬁb ) Gt )7 a1,
L

1
i+3,]

w|—

(40)

Therefore, the direct evaluation of (Buy) x at point ( /) involves grid points v ; ujjand
fictitious value 74 ;. The enforcement of the jump conditions in fact defines the fictitious

values. This is done by discretizing some of terms 2, 1%, u', u’ ,uy, and u based on the
geometry. Two linear equations involving two fictitious values can be constructed This is

always possible in practice. If u’y’ is difficult to evaluate, one can eliminate it from Egs. (38)
and (39) to attain

b

[ul=u’ —u", and [Bu,] - B tan6] u-|=Ciu — Coul+Cius, (41)

where C="cos6+B’tandsind, C2=p"cosf+p tanssing and Cy="sind — B’sind,
Based on the geometry, one can choose to eliminate one of u, u’ and 1 and attain two linear

equations. Normally, one eliminates the derivative which is difficult to evaluate due to the
constraint of the interface geometry. If one eliminates uy, then

[=u"—u’, and  [Bu,] - ftandlu ]=Cus — Cou’ — Coul, (42)

J Comput Phys. Author manuscript; available in PMC 2013 February 01.



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

1duasnuey Joyiny vd-HIN

Xia et al.

Page 11
a : b_ b . b_ : :
where C¢=4“cosf+"tan6siné, C2="cosf+3*tanbsing and C=B"sin6 — ”sinf. If one
eliminates ;,°, then
[ul=u* —u®, and  [Bu,]+B cotdu]=Ciui+Ciu — Chul, 43)

where C?=(8" — g*)cos6, C;:ﬁ]’ cosfcotd+3"sinf and C;’ =A"(cosfcotf+sind). If one eliminates
u?, then

[ul=u* —u®, and  [Bu,]+B cotdu.]=Cu’+Ciu — Chul, (44)

where C2=(8" — B°)cos6, C;f =B"cosfcotf+p"sinf and Cy=p"(cosfcoth+sind).

As depicted in Fig. 3, the interface divides the whole computational domain into two
subdomains, denoted as Q2 and Q2. Here Q7 is marked with yellow color, while Q7 is marked
with green color. To make it more clear, we denote ¢#° the limiting value of function vat
point o from the Q4 and ¢4° the limiting value at point o from Q2. The derivative of v with
respect to x at point o from Q7 is represented as “°, and that from domain b is represented as

bo

Uy

Therefore, for point o, using vis j Ui-1 i Ujj Up1,jand the fictitious values 7y j £, one can
discretize (A0, 29, % b explicitly as

T
MZC':(Wéi_l , Wé", woo 11 Y fiz1,j» Ui js ui+1,_;)T,
u Uz(Wof;_zs M’yof)[_] P W()z-)(ui—Z,jy Ui-1,j, ﬁ,_}')Tv
uil_ﬂ:(w‘llz._l, w‘ll";., WCIIZ'H)(f"_LJ" Ui, Uis1,j)

bo_ (. b b b T
wl =W s Wit WD Wi j i s fip)" s

(45)

where mﬁ,m is the standard finite difference weights computed from Lagrange polynomials.
Subscript 7= 0 represents the interpolation of the solution and subscript 7= 1 represents the
first order derivative of the solution. Here, subscript m is for the node index and superscript /
indicates the position. For example, go stands for the limiting value at the interface point o
from domain Q%

In Fig. 3, it is difficult for us to find suitable auxiliary points to discretize «;” as there are not

enough grid points in Q# around point o. Thus, we choose to discretize uly"’. In order to do so,
we need three v values along the y~direction in domain Q. If we denote the coordinate of
point oas (/,, /), then these three values lie at points (/,, /), (ip, f+ 1) and (i, f+ 2). Since we
have already had the expression for the value 29 at point (i, /), the other two values can be
approximated by auxiliary values i3 j1, Ui jr1, U1 j1s Ui-2 j+2, Up-1 jr2 aNd Uj o Here

1} can be computed as

bo r bo bo bo
‘l‘:l, j Woi—2 Woi-1 Yo g S S 0 0 0
— 0o 0 ,1b0 0
= M’lly,j+1 0 0 0 WlO,i—3 ”’1o,i—2 1/L71m_l 8 S 0(,46)
00 nbo 0 ho
Wit 0 0 0 0 0 0 w 20’1._2 WZOJ._ L W2

T
X[ Uip,jy Wit js Ji, o Win3, jo 15 Uid, ja 1o Wi, ju 1 Wic2, 42> Ui ju25 Ui 2]
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where, wl and w2 are finite difference coefficients for the points at two auxiliary lines. Two
equations can be attained by substituting Eqgs. (45) and (46) into Eq. (42) to eliminate u;°,

T b b b T
[]o=(W0 71> Wo Woie1) (fimtjis i s i1, 1) —(Woi_gs W't 1 Wo ) (M2, js Uin1,j fi) 5 (4T)

Wi " e j Wit " j Wi
[Bun], — B tand[ u],=C5| w1 A wy | -CY Wlff’,-_] | wicn —Cf, W, j+1
Wi Uirl,j Wll’f’i fij Wi j2
Wil wel wgh 0 0 0 0 0 0 (48)
0 0 0 wifh, wigi, wigi, 0 0 0
0 0 0 0 0 0 w2gl, w2gh, w2gl

T
[Wiz2,j, Ui1,js fijs Wi, ja1s Uid, j+ 15 Wic1, jo 15 Ui2, j+2, Wi j+2, Ui 2] .
j j» Jij j j J J j j

Here 77= (cos 6, sin ) is a unit normal vector,

C9=f"cosh+/ tandsind, C2=p"cosd+B tandsing and Cy=A"sind — *sind, Therefore, we obtain
two equations from the interface information at point o.

To evaluate fictitious values, we solve Egs. (47) and (48) together. The fictitious values can
be represented by node values and jump conditions

[ f?jj }z{C}les AU, )
ij

where vector { U}13x1 consists of 10 function values and 3 jump conditions

T
(U as1=Wiz2, j, Wim1,j, Wi js Ui, j» Uis3,j+ 1 UimD, j4 15 Wicd, jo 1> Ui2, j+2, Uin], j+2, Ui j42, [ U] o, [ Btn]o, [30)],)" -

Here, {C}ox13 is a coefficient matrix and its components are the combination of weights and
trigonometric functions of the normal direction at points o. Thus, once the locations of ois
given, one can easily calculate the matrix and then the expression of fictitious values.
Finally, one discretizes (Buy) x at irregular points (/- 1, ) and (/, J) as

1 b b
B~z (6, P
2

i3
=3.]

__1 a _
Bus) =5z ('8,'_%,]" ﬁ?_l, 4

2-J

b b T . -
=B By e ) = 1))
-5,

. . (51)
SBE ) fier o wi o wisr )" at (@, ).
J o+,

1
7

Many other MIB schemes are created to handle geometric singularities (i.e., nonsmooth
interfaces) and on-grid interface situations.#>48:49 So far, many MIB techniques have been
developed, such as dimension splitting, iteratively enforcement of the lowest order jump
conditions, disassociation of equation discretization and fictitious value evaluation,
simultaneously using two sets of interface conditions, etc. These techniques endow the MIB
method the robustness, flexibility and accuracy in tackling arbitrarily complex interface
geometries.

II.C Adaptively deformed mesh based interface methods

The MIB method is based on finite difference schemes. Both regular Cartesian grids and
irregular grids** have been used in the MIB method. When an irregular mesh is generated by
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a mesh deformation method, we can either apply the MIB method directly on the irregular
grids or implement the MIB method on the Cartesian mesh, which requires the transform of
the governing equation. Since normal interface techniques may reduce their accuracy on
irregular meshes, it it preferred to solve the transformed equation on the Cartesian mesh. For
this purpose, the same kind of transformation as shown in Section 11.A.2 should be
employed. To make it clear, the transformation here is the inverse process of mesh
transformation form curvilinear coordinate (x, J) to the regular coordinate (&, n). As the
elliptic equation has discontinuous coefficient, which can be a function depending on the
location. The transformation of the elliptic equation is given by

(Buy) + (Buy )y =B(ttx +Myy)+,8x Uy +:8y Uy

=B(fruge+ fruugn+ [Runy+ faug+ fsun) +Bx (& ttg+n.cttn) +By(Eytig +11yuy) (52)
=CO | Ugg+COQULyTCO3 U, TCO4ULTCOSUy,

where coefficients #, -+ 75 share the same form as those in Section 11.A.2

co1=Ffi

cor=pf

co3=ff3 (53)
cos=Bf4 +(ﬁx)’r] - ﬁyxr])/-]
cos=Bfs+(—Lxye+Pyxe)/J.

Here coefficients coy, -+ cos are similar to the coefficients 7, -+ f5 and can be evaluated
numerically when the new mesh is generated. The discretization of terms vgzand v, is the
same as that in the MIB method. On regular point, the central finite difference scheme is
implemented. For irregular points, we replace the gird values located at the other side of the
interface with fictitious values. The first order derivatives are evaluated by the central finite
difference scheme involving fictitious values at irregular points.

For the term v, at a point (7 /), the usual central difference scheme is,
1
Ugylij ~ Z(ui+1,j+l+ui—],j—] = Uis1,j-1 — Wiz1 j+1)-

In order to approximate the term g, we divide all grid points into two kinds. For a point (/,
J), if the four grid points needed for the central difference scheme of v, are all in the same
domain of (4 j), this point belongs to the first category. The rest belongs to the second kind.
The discretization of the term v, involves finding the suitable points in the same
subdomain based on the geometry. The technique of finding points based on the geometry is
discussed in detail in our earlier work.4445

During the transformation from curvilinear coordinate (x, J) to the regular coordinate (&, n),
the relative location of the grid nodes and the topology of the interface do not change. That
is to say, if a point (4 j) is located in certain subdomain in the physical domain, after
transformation this point still lies in the same type of subdomain but in the logical domain.
Although the shape and length of the interface may change during this process, the
topological relation of the interface with respect to its surrounding grid nodes is kept
unchanged.
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The implement of jump conditions is of great importance. Assume there is an interface
intersecting point oin the physical domain, the jJump values at this point are denoted as [¢]
[v7],and [Bu,],. There exists a corresponding interface intersecting point o’ in the
computational domain with the same jump values

[ulo=[ul,,
[ur]o=I[ u‘r]g’ s (54)
[Bunl,=[Bunl, -

If we defined the normal direction at point o as 77= (cos 6, sin ). The tangential direction
jump condition can be rewritten as

[u‘r]g’ =[ur]o
=(—uﬁsin0+u;fcos0) — (—uisin0+u§?c089)
=(=(ugé g )Sinb+ugé, +iugiy)cose) — (—(upéotuyn)sing+(ugé,+uyn,)eosd) (59

' (2 oyt b T
_C1X4(u§,u,7,u§,u,7) .
Here C1,, is a vector, and its expression is,

Cix4=(—§xsin0+§ycose, —1,8inf+1,c080, £,5inf — £,c080, ,.sinf — 17,c086).

To make it clear, here the derivative ;¢ is evaluated at point oin the physical domain. But

u;é‘.ﬁufmx is evaluated at point o’ in the computational domain. Their values are equal due
to chain rules. The normal direction jump condition can be rewritten in the same way

2 b byT
[Butnl,y =Coq (i, uy, ug, ), (56)

and C2,, is a vector with expression

C %x 1= (Bu(&xcosO+E,sinb), B, (17,.c0s0+1,8inb), =B, (£c0s0—E&ysinb), =B, (17.c0s6—1,51nb)).

Here C|, , and C3, , can be viewed as coefficient vectors. Their values are to be
approximated at point o’ in the logical domain. To attain the discretized physical coordinate
system {x;, i}, one computes the relative location of interface point oand the value of the
normal unit vector 7= (cos 6, sin 6). Then the problem lies in how to evaluate coefficient
&x &) nxand ny at point o’ or more specifically, the coordinate of point 0" in (&, 7).

The approximation of these values is the key to the transformation of the jump conditions.
We give a detailed description of the approximation. For example, if point ois located on
the mesh line between irregular points (/ /) and irregular (/+ 1, j) in coordinate system {x; ;
Yij} Point o0’ should also be located on the mesh line between points (7, /) and (7 + 1, j), but
in different axis (£, 7). We denote (x;;, ;) as the coordinate for point (/ /) and (x5, ¥) as
the coordinate for point oin the coordinate system (x, J). The coordinate for ¢" is denoted as
(o' mo') and point (4 ) as (£ ) in coordinate system (&, 7). From Taylor expansion we
obtain the relation,
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Xo = Xij = x(Ey — EN+xy(ny — M), (57)

Yo = Yij = Ve — EN+yy(n,y — 1)) (58)

As (&, ) is a Cartesian grid and ¢ is a point in which the interface intersects with the mesh
line. Therefore, either £,— &£;0r ny— njis equal to zero. The distance from point 0" to point
(4, J) can be approximated by one of two equations

(X0 = Xi, )+ — ¥i,j)*
I, —&il = J 2y , (59)
(IS
(X0 = Xi, ) +(o — yi,j)?
Iy —mil = \/ 2y . (60)
n n

Coefficients &y, £, nyxand ny, can be approximated numerically at each grid point by using
the transformation relation Eq. (17). As the coordinate of point ¢” is already known, the
value of the coefficients at this point can be evaluated by interpolation. Therefore, we obtain
a new set of jump conditions in the new coordinate system (&, 7). The MIB scheme can then
be directly employed to solve the problem as (&, 7) is a Cartesian grid. The jump conditions
can also be transformed from the physical domain to the computational domain in the same
manner. Therefore, we can combine mesh deformation techniques with the MIB method to
solve the elliptic interface problem in the computational domain. We call this approach an
adaptively deformed mesh based interface method.

1 Numerical studies

In this section, we carry out numerical experiments to validate the proposed the adaptively
deformed mesh based interface technique. Section I11.A is devoted to an illustration that
traditional mesh deformation methods do not converge for elliptic equations with
discontinuous coefficients. Therefore, they can not be applied directly to solve elliptic
interface problems. Whereas, the MIB method works well for this class of problems. In
Section 111.B, we use three test examples to demonstrate the performance of the present
adaptively deformed mesh based interface method which is also called “adaptively deformed
mesh based MIB”, with interface geometry based monitor functions. Indeed, if the solution
has largest changes near the interface, the geometry based monitor functions work well.
Significant improvement on the original MIB method can be obtained. However, if the
solution has dramatically changes away from the interface, interface geometry based
monitor functions can not achieve better performance. Therefore, we design solution
gradient based monitor functions in Section I111.C. We show that this class of monitor
functions has better performance than the original MIB method in terms of accuracy.

lII.A Failure of traditional mesh deformation methods for equations with discontinuous
coefficients

Case la—In this example, we solve the elliptic equation (1) with domain Q = {(x; )| |¥ <
5, M < 5} by using the MIB method and a traditional mesh deformation method described in
Sections 11.A.1 and I1.A.2. We design the level set function ¢(x;, ) as
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p(x, )=rg — x* = y*, (61)

where ,—> 1 is the radius of the circle, T' = {(x, ))|® = 0;x ), €Q }, Q={(x, Y|®=0; x
¥, €Q}, Qb {(x, Y|P <0; x, y, € Q}. The coefficients are discontinuous and are given by

Bxy=1, B(x,y=4 (62)

The solution at two different domains is

U (x, y)=sin(x*+y?),  u’(x,y)=x"+y%. (63)

To focus the mesh in the physical domain around the interface, we design a monitor function
based on the interface geometry

f(x,y)=min(1.0, max(|d — ro|/ro, 0.3)), (64)

_ 2 2
with 4= VXY,

Figure 1 illustrates a deformed mesh for this problem. A much denser meshlines are
attracted to the interface region. Figure 4 shows the solution calculated by using the original
MIB method and the error computed from the traditional mesh deformation method with the
grid size 80 x 80. Obviously, the errors are very large. Table 1 lists main results for both
methods. It is seen that the original MIB method can achieve the second order convergence,
while the solution of the mesh deformation method is completely wrong due to the large
amplitude of errors on the interface and in the whole inner subdomain Q&4 These errors
persist when the mesh is refined, even though we test different monitor functions. The main
reason is that the traditional mesh deformation method does not enforce the interface jump
conditions. Which is equivalent to saying that the original problem is not well posed.
Therefore, errors induced at the interface propagate to the whole inner subdomain. In order
to employ the mesh deformation techniques for elliptic interface problems, one needs to
combine the mesh deformation strategy with interface techniques.

Case 1b—In the last example, the discontinuity of the solution at the interface certainly has
contributed to the failure of the traditional mesh deformation method. One may hope to
understand what happens to the traditional mesh deformation method when the solution is
continuous. To this end, we consider another test example. In the above case, we change the
solution to €9

49\ 49
u(x, y)=sin(x*+y?) — sin (3) +E’ u(x, =22 +y?, (65)
and we set the monitor function as
f(x,y)=min(1.0, max(|d — ro|/70,0.5)), (66)

with 4= V¥,
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In this case, the solution is continuous at the interface. However, the first order derivatives
still have jumps at the interface. Figure 5 shows the solution calculated by using the original
MIB method and the error computed from the traditional mesh deformation method with the
grid size of 80 x 80. Table 2 lists main results for both methods. Obviously, the original

MIB method works well. Whereas, the errors of the traditional mesh deformation method do
not decrease as the mesh is refined. Note that we have tested different monitor functions and
find no obvious improvement. This again demonstrates the importance of the enforcement of
interface conditions. It is clear that the mesh deformation strategy by itself does not work for
elliptic equations with discontinuous coefficients.

l1l.B Performance of interface geometry based deformed meshes

In this subsection we first demonstrate the performance of the adaptively deformed mesh
based interface method with interface geometry based monitor functions in Cases 2, 3 and 4.
We then illustrate the limitation of this approach in Case 5. The performance the proposed
adaptively deformed mesh based interface method is compared with that of the original MIB
method. We calculate relative ratios of Lo, and L, errors obtained from the original MIB
method and from the adaptively deformed mesh based interface method, and denote them as
R and Ry, respectively

L error of the original MIB

(67)

Leo

- L error of the adaptively deformed mesh based MIB

L, error of the original MIB

1 (68)

- L, error of the adaptively deformed mesh based MIB
For instance, if R;,= 3, then the L error of the original MIB method is 3 times as large as
that of the adaptively deformed mesh based MIB method. Therefore /<, and R, ratios
indicate the improvement of proposed adaptively deformed mesh based MIB upon the
original MIB method when they are larger than one.
Case 2a—1In this case, the elliptic equation (1) is solved in domain Q = {(x, })| |¥ <5, |4 <
5}. The interface is specified by the level set function ¢(x, J)

o(x,y)=rg — x> =%, (69)
where ro=2+1 is the radius of the circle, T ={(x, N|®=0; x, ), €Q}, Q?={(x, Y| ® =0; x,
¥, €EQY, QP={(x, )| ®<0; x, ¥, € Q}. The discontinuous coefficients are given by
Bxn=1,  Bxy)=3. (70)

We design the solution at two different subdomains as

2
u(x, y)=sin(x’+y*)+1.5,  u’(x,y)=sin ((2)’0 - ‘lx2+y2) ) (72)

To redistribute the mesh in the physical domain around the interface, we construct the mesh
monitor function according to the interface geometry
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f(x,y)=min(1.0, max(|d — ro|/ro, 0.4)), (72)

_ 2 2
where 4= VXY

is less than 0. 4.

. Here max(|d - ry|/rp, 0. 4) determines the maximal contraction rate and it

Figure 6 depicts the numerical solution and error. In Table 3, we list the main results of L
and L, errors, the order of accuracy, and the ratios /7, ., and /. It can be seen from Table
3, compared with the original MIB method, the adaptively deformed mesh based MIB
method can significantly reduce both the Lo and L, errors. It is worthwhile to mention that,
the proposed new method also keeps the designed second order convergence.

Case 2b—In the above case, we change the solution to

2
u(x, y)=sin(2(x>+y*)+1.5,  ul(x,y)=sin [2(2r0 - ,/x2+y2) ) 73)

and we set the monitor function as

f(x, y)=min(1.0, max(|d — ro|/r0,0.3)), (74)

d= _)c2+y2 . . . .
where . The main results are listed in Table 4. It is seen that the present

adaptively deformed mesh based MIB method significantly improves the Lo and L,
accuracy of the original MIB method. The second order convergence is maintained for this
problem.

Case 3—We next consider the elliptic equation (1) in domain Q = {(x; )| [¥ <5, |1 < 5}.
To characterize the interface, we design a level set function ¢(x, J)

x2 y
exy)=1-— -, (75)
Ty

a

where ra=3+12 and rp=1+1 I={(x Y| ®=0;x ¥, EQ}Q={(x )| ®=0; x, y, EQ}, QY=
{(x, Y)| @ <0; x, y, € Q}. The coefficients are discontinuous and are given by

Bx=1, B(xy)=3. (76)
We design the analytical solution at two different subdomains as

1
+1.0, ub(x, y)=sin

2 2
(§+v_z - 1) +0.5 (_2+Lj - 1) +0.5

b

u“(x, y)=sin @7

For this problem, it is convenient to choose the monitor function according to the interface
geometry
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f(x,y)=min(1.0, max(ld — 1.0],0.3)), (78)

The numerical solution and error distribution are illustrated in Fig. 7. Detailed results are
listed in Table 5. Compared with the original MIB method, the adaptively deformed mesh
based MIB method achieves more than 5 times of improvement on L and L, accuracy. It
also maintains the designed second order convergence.

Case 4—In this case, the elliptic equation (1) is solved in domain Q = {(x, V)| |4 <5, 4 <
5}. We choose the level set function ¢(x; ) as

(x,y)= — (2+y? — 72 x_z_y_z_lo
e(x,y)=—("+y" -y | 3 5~ Lo}, (79)
b

a

where yo=141 p,=242and =311, T ={(x WH P =0; x, y, €Q} Q?={(x, N 2 =0; X, ¥,
€Q}, 0= {(x, V| @ <0; x ¥, € Q}. The discontinuous coefficients are given by

Buy=1, B(xy=3. (80)

The solution at two different subdomains is designed as

1 1
u(x, y)= : +0.03,
2.2 1)2 0 (@2 -420 (81)
207 :
1 1
b
u ()C,y): 3 . ) .
2
(_; - 1) 120 (2H2-r)7+20 (82)
zT2

In this problem, one can simply design the monitor function according the geometric shape

f(x,y)=min(1.0, max(|d|, 0.1)), (83)

Where d:( %+% - 1.0) ( A (32 4+y?) — ro) /ro_

Figure 8 plots the numerical solution and error. Table 6 gives a summary of the accuracy
and convergence. The Lo, and L errors of the proposed adaptively deformed mesh based
MIB method are much smaller than those of the original MIB method. The second order

accuracy is essentially achieved by both methods.

Case 5—The above four examples indicate that the proposed adaptively deformed mesh
based MIB method work well for problems with relatively simple interfaces. In this test
case, we consider a more complex interface geometry. We solve the elliptic equation (1) in
the domain Q = {(x, Y| |M <1, [y <1}. The interface is defined as
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o(r, 0)=r — (o.5+ sin§50)) ,

(84)

whereT' ={(r, 6)| ®=0;r,6,€Q}, Q4={(r, )| 2 =0; r, 6,€Q}, Qb ={(r, 9| ®<0;r,6
€ Q}. The discontinuous coefficients are given by

B(x,y)=100,  B(x,y)=1. (85)

The solution at two different subdomains is designed as

u’(x, y)=4.0+sin(x2+y2), ub(x, y)=x2+y2. (86)

We design a monitor function

f(x,y)=min (1.0, max (ld ; i s 0.9)) , (87)

where 4=

2142
Y and r=0.5+ 300,
Figure 1 shows a deformed mesh for this problem. More meshlines are focused around the
interface. The numerical solution and error are presented in Fig. 9. It is seen from Table 7
that the present adaptively deformed mesh based MIB method is essentially second order
accurate, but it does not improve the original MIB method very much. This test case
highlights the difficulty in the construction of appropriate monitor functions when there is an
interface.

[1l.C Performance of solution gradient based deformed meshes

In Cases 2, 3 and 4, all the solutions are more oscillatory near the interface. Therefore, we
just need to concentrate the mesh density around the interface so as to reduce both Lo and
L, errors. However, the selection of the monitor function based on the geometry may not
always work. In Case 5, the solution does not oscillate more intensively in the interface
region. As such, distributing a denser mesh around the interface does not have a significant
improvement to the final solution. Therefore, for general interface problems, one should
make the monitor function adaptive to the gradient of the solution. As such, one
concentrates more meshlines to the regions where the solution varies dramatically. We test
this kind of deformed meshes in the next two examples.

Case 6a—We consider the elliptic equation (1) in domain Q = {(x, Y||IM <1, |4 <1}. We
specify the interface by using the level set function ¢(x, )

2 2

o(x,y)=rg — x* = y*, (88)

where ;.2 is the radius of the circle, I' = {(x, )| @ = 0; x, y; € Q}, Q={(x, Y| ©=0; x ¥,
€ Q}, Qb {(x, Y| D =<0; x, y, € Q}. We set discontinuous coefficients to

Bxy=1, B(xy=5. (89)
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We design the solution at two different subdomains as

U (x, y)=100.0+ W (x, y)=x2+y". (%0)

x2+y2+0.001°

This solution has a large peak at the origin as shown in Fig. 10. Therefore, the previous
geometry based monitor functions do not work well. Here we design a monitor function
according to the gradient of the solution

Fx, )= 1.0+c1 (2 +ud)?, (91)

where ¢; and ¢, are two parameters controlling the shift of the mesh. The solution is first
calculated by the original MIB method, and then the gradient of the solution is evaluated by
the central difference scheme. If the computed monitor function is non-smooth, it may lead
to an improper mesh, which may concentrate too many meshlines in certain regions and
sometime may even cause mesh tangling at certain regions, as a result of insufficient
accuracy in solving the mapping Poisson equation. A commonly used technique is to smooth
the monitor function by a filter or an averaging algorithm. Here we use a simple algorithm to
smooth 7

1
S, yj)=Z(f(xi+1,yj)+f(xf-1,yj)+f(xi,yj+1)+f(xi,yj—1))- (92)

Another important aspect is how to distribute meshlines near the interface. The mesh
deformation strategy is usually designed for shock-wave type of problems with dramatic
solution changes at the shock front. However, too much concentration of the meshlines in
the areas with large gradient may jeopardize the accuracy of the solution in other areas and
thus leads to the L, accuracy reduction. This is particularly true for elliptic interface
problems, as the MIB schemes already take special treatment of points near interface.
However, certain mild concentration of the meshlines around the interface region will yield
better results.

In test Case 6a, the gradient of interface jumps is relatively large, so that one does not need
to employ any additional mesh adjustment at the interface. When the mesh is 80 x80, three
sets of parameters are tested. Table 8 lists the main results. It can be seen from the table that
compared with the original MIB method, the adaptively deformed mesh based MIB method
can reduce Lo and Ly errors dramatically when the mesh size is small. This result shows the
main advantage of the mesh deformation strategy.

When the mesh sizes are 160 x 160 and 320 x 320, we test a set of monitor functions
obtained by adjusting coefficients. The results are listed in Tables 9 and 10. The original
MIB method demonstrates the designed second order convergence. Compared the original
MIB method, the adaptively deformed mesh based MIB method can still significantly
improve the L errors. However, as the number of grid points is increased, The L, accuracy
does not improve much compared with the original MIB method, due to the fact that the
solution is near singular at the origin. Additionally, although the adaptively deformed mesh
based MIB method shows better accuracy, it does not maintain the designed second order
convergence.

Case 6b—In the above case, we make the solution C? continuous across the domain
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1 1 +4
x2+y2+0.001  £+0.001 9’

u'(x, y)= u’(x, y)=x"+y". (93)

With this solution, we hope to understand the behavior the monitor function (91) for the
discontinuous coefficients.

Results are presented in Fig. 11 and Tables 11, 12 and 13. When the results in three tables
are compared, it is easy to see that the original MIB is still second order convergent.
However, the adaptively deformed mesh based MIB method outperforms the original MIB
method under all meshes. At a coarse mesh, the adaptively deformed mesh based MIB
method is much more accurate than the original MIB method. In particular, the present
monitor function works well. Therefore, the present adaptively deformed mesh based
strategy is relatively robust and stable for elliptic interface problems.

Case 7—We next consider a more difficult case that has two near singular peaks, in
addition to the interface jump of the solution. The elliptic equation (1) is solved in domain Q
={(x V| |M <5, |M <5}. To specify the interface, we construct the level set function ¢(x;, )
as

x2 2
e y)=1.0 - = - L, (94)
r, T
where Fa=3+2, rp=2+1 is the radius of the ellipse, I' = {(x, )| ® = 0; x, y, € Q}, Q2= {(x, )|
®=0; x, y, €Q}, QP={(x )| ®<0; x, y, €Q}. The discontinuous coefficients are chosen
as

B =2, B(x,y)=5. (95)

The solution at two different subdomains is designed as

1 1

b 2 2
+ ,u(x,y)=x"+y.
Vr(x—2.024001  y2+(x+2.0)2+0.01 YR (%)

u’(x,y)=

As shown in Fig. 12, the solution admits an interface jump and two near singular peaks.
Obviously, we need to choose the monitor function based on the gradient of the solution

flx,y)=+/ 1.O+c1(u%+u§)cz. 97)

In this test example, we test the deformed mesh strategy for a near singular solution. The
results are listed in Tables 14 and 15. Here as the solution has relatively large jumps at the
interface, we do not incorporate any additional special term in the monitor function to
emphasize the interface. When the mesh size is 160 x 160, the adaptively deformed mesh
based MIB method can dramatically reduce Lo and L, errors. As the mesh size is further
increased, the adaptively deformed mesh based MIB method can improve the L, accuracy
to certain extend. However, the L, errors do not reduce much.
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Similar to the behavior in the last case, the original MIB method show the second order
convergence, while the adaptively deformed mesh based MIB method does not have the
designed second order convergence, although it is more accurate.

A possible solution to this problem is to take into consideration the interface information as
in the Section 111 when one designs the monitor functions. State differently, we may
construct a mesh based on both the interface geometry and the solution gradient. There are
many ways to do so. For example, one may add a special weight function to the monitor
function to emphasize the interface

FCey)=wi(x, ) 1.0+c1 (2 +u2) Z +wa(x, y)g(x, y), (98)

where wy(x, J) and us(x, ) are two weight functions, and g(x, J) is a function related to the
interface. However, the construction of multipurpose weight functions is by no means
trivial. Therefore, more study is needed in order to reveal the full potential of the mesh
deformation strategy for elliptic interface problems. A detailed exploration of this aspect is
beyond the scope of the present work.

IV Concluding Remarks

Mesh deformation methods are an effective and mesh-adaptive strategy for the numerical
solution of a wide class of physical models. They are particularly popular in computational
fluid dynamics, material science and many other engineering problems. However, traditional
mesh deformation methods break down when the governing partial differential equations
(PDEs) admit discontinuous coefficients, especially when the solution has jumps at the
interface. This class of problems, known as interface problems, requires the enforcement of
interface jump conditions to maintain their well-posedness. As such, the corresponding
numerical techniques, known as interface techniques, have to implement the interface jump
conditions in their solution procedures. The present work develops the first known interface
technique based adaptively deformed mesh method for solving elliptic PDEs with
discontinuous coefficients.

In general, the mesh movement is often driven by an elliptic PDE. Essentially, there are two
ways to formulate the elliptic mesh-movement PDE. One way is to incorporate the mesh
movement information in the elliptic operator, while the other is to embed mesh movement
as the source term of the mesh movement equation.28 The latter is relatively simple and is
adopted in the present work. The procedure of this mesh deformation method involves the
mesh deformation and the transformation of the governing equation. The new mesh is
generated by using a PDE with a source term to control the mesh redistribution in the
physical domain. After the transformation of the governing equation, the new governing
equation is solved on a Cartesian mesh.

There are a large number of elliptic interface techniques in the literature that can be
equipped with the mesh deformation strategy. In the present work, we choose the matched
interface and boundary (MIB) method which is a highly accurate, robust and flexible
method for a wide range of interface problems. The combination of the mesh deformation
strategy and the MIB technique results in a mesh adaptive interface algorithm, called
adaptively deformed mesh based interface method or adaptively deformed mesh based MIB
method. In this approach, the MIB method is used to solve the elliptic PDE in its
transformed form on a Cartesian mesh, i.e., on the computational domain.
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A large number of test cases are designed to demonstrate the usefulness, accuracy,
convergence order, and flexibility of the proposed adaptively deformed mesh based interface
method. Two types of deformed meshes, namely, the interface geometry based deformed
meshes and solution gradient based deformed meshes are constructed in the present work to
understand the performance of mesh deformation strategies. The original MIB method is
used as a reference to assess the performance the proposed new interface method.
Meanwhile, we also show that the traditional mesh deformation method does not work for
elliptic PDEs with discontinuous coefficients. In contrast, the proposed adaptively deformed
mesh based interface method significantly outperforms the original MIB method. Therefore,
the present interface technique based adaptively deformed mesh method is a viable, effective
and accurate strategy for solving elliptic PDEs with discontinuous coefficients.

However, there are still technical difficulties in maintaining the second order convergence as
shown in the last two test cases. First, transformed governing equation (52) in the
computational domain has a second order cross derivative g ;. To maintain the second
order accuracy, there must be certain grid points around the interface so that the cross
derivative can be evaluated. When the solution admits singularities, it is difficult to find
enough grid points to achieve the second order accuracy for evaluating the cross derivative
term. Additionally, the solution gradient based monitor function should also incorporate the
interface information. Unfortunately, it is not an easy task to optimize a multicomponent
monitor function so as to achieve the second order accuracy when the solution is
discontinuous and singular. Finally, the use of a low-pass filter in Eq. (92) for smoothing the
monitor function may also contribute to the order reduction.

Technically, there is a long way to go before the proposed adaptively deformed mesh based
interface method becomes as practical and robust as the original MIB method for solving
real world elliptic interface problems.8:14.1542 First, for most realistic applications, it is a
must to take care of geometric singularities, i.e., nonsmooth interfaces.#34> This class of
interface problems are typically more challenging than those with smooth interfaces.
Currently, it is unknown how a mesh deformation strategy works for nonsmooth interfaces
because the low regularity of the original problem may reduce the accuracy of the mesh
generation and hinder the transformation of the governing equation. Additionally, to deal
with real-world problems, one needs to further develop three dimensional (3D) schemes.
Although there is no conceptual difficulty in generalizing the present 2D method into a 3D
one, the computational cost of a 3D mesh deformation method can be significantly large.
Finally, the appropriate design of effective monitor functions is still an important issue in
adaptively deformed mesh based interface methods. As discussed earlier, it is particularly
difficult to construct efficient multipurpose monitor functions that can maintain the designed
order of convergence for complex interface geometries and solution. These issues are
beyond the scope of the present work and are under our consideration.
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Figure 1.
The deformed mesh generated by two geometry based monitor functions. (a) The mesh used

in Cases 1 and 2 of Section I11; (b) The mesh used in Case 5 of Section Il1.
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The deformed mesh generated by a solution gradient based monitor function for Case 6 of
Section IlI.
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Here domain Q7is marked with yellow color, while domain Q? is marked with green color.
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Figure 4.
The numerical solution (Left) and error (Right) of a mesh deformation method on a 80 x 80
grid for Case la.
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Figure 5.
The numerical solution (Left) and error (Right) of a mesh deformation method on a 80 x 80
grid for Case 1b.
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Figure 6.
The numerical solution (Left) and error (Right) on a 80 x 80 grid (Right) for Case 2a.

J Comput Phys. Author manuscript; available in PMC 2013 February 01.

Page 32



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Xiaetal.

0.03y"F

0.02{

u(x,y)
error

Figure 7.
The numerical solution (Left) and error (Right) on a 80 x 80 grid for Case 3.
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Figure 8.
The numerical solution (Left) and error (Right) on a 80 x 80 grid for Case 4.
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Figure 9.
The numerical solution (Left) and error (Right) on a 80 x 80 grid for Case 5.
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Figure 10.
The numerical solution (Left) and error (Right) on a 80 x 80 grid for Case 6a.
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Figure 11.
The numerical solution (Left) and error (Right) on a 80 x 80 grid for Case 6b.
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Figure 12.
The numerical solution on a 160 x 160 grid for Case 7.
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