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We propose the Allen-Cahn (AC) equation with a space-dependent mobility and a source term for general
motion by mean curvature. Using the space-dependent mobility, we can control the temporal evolution
dynamics. Furthermore, by using the source term, we can control the growth and shrinkage of the interfaces.
To efficiently solve the governing equation, we use an operator splitting method that splits the main equation
into the modified AC equation and the source term equation. The modified AC model is numerically computed
using a fully explicit Euler method, and the source term equation is solved analytically. The overall numerical
schemes preserve the maximum principle if the time step size satisfies a certain condition. To show the
performance of the proposed mathematical model and its corresponding numerical scheme, we conduct
several computational experiments. The numerical results confirm the efficiency and robust performance of
the proposed model and its numerical algorithm, rendering the proposed model as a versatile tool for a wide

range of applications.

1. Introduction

In this paper, we propose the Allen-Cahn (AC) equation with a
space-dependent mobility and a source term for general motion by
mean curvature:

dp(x, 1)

_ F(p(x,1)
0 (L2

+ Ap(x, 1) — /1|V¢(x,z)|> LXEQR >0,

(€Y

where ¢(x,7) is a phase-field at space point x and time 7, Q is the
domain, M (x) is the space-dependent mobility, F(¢) = 0.25(¢* — 1),
e is the interfacial transition parameter, and 4 is a growth or decay
parameter. In this study, we use the homogeneous Neumann boundary
condition for simplicity. We can also use Dirichlet and periodic bound-
ary conditions without any difficulties. If M (x) = M, is a constant and
A =0, then Eq. (1) reduces to the classical AC equation as follows:

0.0 _ F'(¢p(x, 1)
ot €2

which models the dynamics of anti-phase domain coarsening in crys-
talline solids [1,2]. The AC model can be derived from the following

+ Ap(x,1), xE€ Q, t >0, 2)
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The source term A|V¢(x,7)| appears as a ice melting term [3]. Wang
et al. demonstrated the conditions for the interface between ice and
liquid, i.e. the zero level set of the phase-field to move toward the area
of low temperature. F(d(x,1)) = 0.5¢2|V(x,1)|* satisfies the desired
condition. Next, the space dependent mobility M (x) plays an important
role in the governing equation. Throughout the space dependent mo-
bility, we can significantly control the diffusion across different regions
in the computational domain. The mobility can lower the long-range
diffusion in particular regions. However, up to authors’ knowledge,
there has been no reported study concerned with the space dependent
mobility in AC equation. Other studies using a mobility term tend to use
concentration dependent, periodic and constant mobility terms [4-7].
Therefore, the use of the space dependent mobility and the source term
is the main strength of our study.

Furthermore, it is well known that the conventional AC equation
is closely related to the evolution driven by the motion by mean
curvature, which describes how interfaces evolve over time to minimize
their curvature [8].
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The AC equation has been used for modeling many important
applications. For instance, Qiao and Zhang [9] proposed a novel edge
detection method of the grayscale image using the AC equation and a
nonlocal edge detection operator. Wang et al. [10] proposed a linear en-
ergy stable and maximum principle preserving semi-implicit numerical
method for the AC equation and proved its properties. Hotzer et al. [11]
measured the performance of PACE3D using the sweep for the phase-
field equation based on the AC equation. Feng et al. [12] proposed
a new linear second-order finite difference method (FDM) for the AC
equations using a modified Leap-Frog FDM. Zhang et al. [13] pro-
posed and analyzed a family of up to third-order maximum-principle-
preserving schemes for solving the AC equation using the stabilization
technique and fixed-point-preserving improvement of the integrating
factor method. Sitompul et al. [14] developed an ordered active pa-
rameter tracking method for simulations of multiple phases based of the
AC equation. Hou et al. [15] proposed a novel second-order maximum-
principle preserving FDM for AC equations with periodic boundary con-
ditions. Tan and Zhang [16] presented a new FDM for solving the AC
equations which preserve the discrete maximum principle and energy
stability by combining the second-order FDM and the Crank-Nicolson
(CN) scheme. Bo et al. [17] studied the discrete maximum principle
and energy stability of the compact FDM for the 2D AC equation. Wang
et al. [18] studied the Hurst exponent H(2) during the phase separation
evolution of the conservative AC equation. Gao et al. [19] proposed the
second-order FDM and the Runge-Kutta method for numerically solving
the nonlocal AC equation. Yang et al. [20] developed fourth-order
unconditionally maximum-principle preserving finite element methods
for both the local and nonlocal AC equations.

Phase field models with constant and nonconstant mobility is pop-
ular subject that is gathering attention. Shen et al. [4] studied the AC
equation with degenerating mobility. Stability analysis and time step
restrictions for various numerical methods are introduced in the study.
The stochastic AC equation with mobility term is introduced by Bertini
et al. [5], where the authors proved the existence and uniqueness of
the solution. Morfe [6] studied the sharp interface limit for the AC
equation with periodic mobility to prove that the large-scale behavior
of interfaces are determined by mobility and mean curvature flow.
While Morfe studied the AC equation, sharp interface limit for the
Cahn-Hilliard equation mobility is studied by Lee et al. [7]. See [21-
24] for studies concerning Cahn-Hilliard equation with the mobility
term.

As described in the references above, it is very important for the
numerical schemes of the AC equation to have the maximum principle
because it is one of the key properties of the equation. In this study,
we propose the AC equation with a space-dependent mobility and a
source term for general motion by mean curvature. Furthermore, we
present a numerical method that preserves the maximum principle for
this modified AC equation.

The structure of the paper is outlined as follows. In Section 2,
numerical solution algorithm is presented. In Section 3, computational
experiments are given. In Section 4, conclusions are drawn.

2. Numerical solution algorithm

To numerically solve Eq. (1), we use the operator splitting method.
We first rewrite Eq. (1) as an equivalent form:

dp(x, 1)

!
9D _ o <_M 4 At — 2
€

2e

( >

ot (1-¢°(x, t))>, @
where we have used F(¢(x,1)) = 0.5¢2|V(x, )|, which holds when the
interfacial transition layer is locally equilibrated. The term A|V¢(x,1)|
is a source term which effectively moves the interface by adding or
subtracting concentration. Let us consider an one-dimensional case
with constant mobility and without the source term for simplicity of
exposition, i.e.,

9p(x,1) _ F'($(x.1)
ot - €2

+ (X, 1) ()
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If Eq. (5) is in equilibrium state, then
F'(p(x,1)

> = Pyy(x, 1) (6)
€
By multiply ¢,(x,7) to both the terms in Eq. (6) and taking indefinite

integration, we have

/¢x(x» I)de = /¢x(x, t)¢xx(x’ I)dX. (7)
= F(¢(-2x7t)) — %((ﬁx(x, I))2 +C, (€)]
€

where C is some constant. If we assume that ¢(x,7) = +1 as x — oo,
we have C = 0. Therefore, we have F(¢(x,1) = 0.5¢*(¢,(x,1))*>. Now,
using this condition, we can rewrite the source term in Eq. (1) as an
equivalent form:

_ F(p(x,1)) 025(*(x,n)—1)2
AVo@.nl = AV 0.5¢2 A 0.5¢2 B Ve

—Z—(1 - ¢*(x.1)).

The operator splitting method is one of the standard method for
solving original and modified AC equations [25-29]. We formally split
Eq. (4) into two equations as follows:

o) _ (P
= M(X)( o T A t)>, ©
) (10)

o V2e

2.1. Numerical scheme

Let 2 = (L,,R,) X (Ly,R,) be a two-dimensional domain and
Q= {py)lx; = Ly + (= 05h, y; = L, +( —05h, 1 < i <
N,, 1 <j < N,} be its discrete domain, where N, and N, are integers
and h = (R, — L,)/N, is the grid size. For simplicity of notation, let
M;; = M(x;,y;) and ¢;’j = ¢(x;,y;,ndr), where At is the time step. Let
us define the maximum norm as follows:

9"l = max |7, 1- 1)

1<i<Ny, 15j<N,

We solve Eq. (9) using a finite difference method with a fully explicit
Euler method:

bt <_F'(¢;’,>
ij

yr = o +Ad¢,f;>,for1§i§Nx,15j5N,(12)

where 4;¢;; = (dir1; + dinry + iy + ij1 — 4;;)/h?. The zero
Neumann boundary condition is implemented as follows:

¢Sj = ’11," 7vx+l,j = ¢';ij’ for j=1,....N,,
;’0= If‘l, ¢ZNy+l=¢fNy, for i=1,...,N,.
If we rewrite Eq. (12), then we have
L F'(gf)
&;; = ¢ +AM; <— 2

+Ad¢?j>, for1<i<N,, 1<j<N, (13)

Next, because Eq. (10) is an ordinary differential equation with respect
to time variable ¢, we can analytically solve it using separation of
variables as follows:

s\, A *
il (1+¢I.j)e i 1+¢ij

YA+ get 1=

,for1<i<N,, 1<j<N, 14

where 4;; = —\/EAM,- ;4t/e. Therefore, the computational scheme for
the two-dimensional modified AC equation consists of Egs. (13) and
(14).

The three-dimensional modified AC equation is solved in a similar
manner. Let Q = (L,,R,) X (L), R,)) X (L, R;) be a three-dimensional
domain and 2, = {(x;,y;, zp)|x; = Ly +(i—0.5)h, y; = L,+(j=0.5)h, z;, =
L,+(k-05h, 1<i<N,, 1 <j<N, |<k<N,} be its discrete
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domain, where N,, N, and N, are integers representing the number of
grid for each axis and 4 = (R, — L,)/N, is the grid size. For simplicity
of notation, let M,;, = M(x;,y;,z,) and qﬁlf'jk = ¢(x;,y;, 2, ndt). Let us
define the maximum norm as follows:

n _ n
I8l = max 1. 1s)

1<j<Ny,
1<k<N;

We solve Eq. (9) using a finite difference method with a fully explicit
Euler method:

" F'(¢" )
k k k
% =M <_€_2’ +Ad¢,'.’jk>, 16)

for ISi<N, 1<j<N, 1<k<N,,

where ;¢ = Di1 ik + Piciji + Pijarn + Dijork + Dijkrr + Pijpmr —
64,;;)/h*. The zero Neumann boundary condition is implemented as
follows:

F4)

no _ gn n — 4n s —
d’()jk_ 1jk’ Nx+l,jk_¢NXjk’ for j=1,....N, k=1,....N

no_ gn n — AN PR —
ik = ik Pin 41k —¢iNyk, for i=1,....,N,, k=1,...,N,,
no_ g4n n — N P -
fo =Bl By =y for i=1 Ny j=1.. N,

If we rewrite Eq. (16), then we have

* n F,(¢’nfk n
d)ijk = ,'jk+AtMijk —e—z +Ad¢ijk . a7

fori=1,....,N,, j=1,...,< Ny, k=1,...,N

z-

Next, because Eq. (10) is an ordinary differential equation with respect

to time variable ¢, we can analytically solve it using separation of
variables as follows:

* Ajjik _ *

pyt _ LH O e~ 144,

ijk = ) ’
Y g et 1= g,

for 1<i<N,, 1<j<N, 1<k<N,

(18)

where 4, = —\/E/IMijkAt/e.
Therefore, the numerical solution algorithm for the modified AC
equation consists of Egs. (17) and (18).

2.2. Stability analysis and maximum principle

We can rewrite Eq. (16) as follows:

oy rey .
W:— o +Ad(;bij, orISISNX,ISJSNy, (19)

where we assume M;; > 0. If M;; =0, then Eq. (16) becomes

¢ = ol (20)

which is valid for any time step. Because the finite difference scheme
used in Eq. (19) is the fully explicit Euler method, there is a time step
constraint [29] for stability, i.e.,
€2h?

2h2 +2Ne?’

where N is the dimension of the governing equation. In this 2D case,
N =2. Let M,,, = max;; M;; and M,,,, = max,; M,; for the two- and
three-dimensional modified AC equations, respectively. Then, we have

e2h?
M, (2h% +2Ne2)’

M;;At < 21)

< 22)

The continuous AC equation satisfies the maximum bound princi-
ple [30-32]. If the initial value and boundary conditions are bounded
by 1, then the entire solution is also bounded by 1. Therefore, the
maximum principle for both continuous and discrete AC equation is
verified.
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Table 1

Errors and convergence rates for the spatial discretization.
N, XN, 32 x 32 64 x 64 128 x 128
Error 7.90885e-03 2.13944e-03 5.36247e-04
Rate 1.89 2.00

Therefore, the time step satisfying the condition (21) guarantees
[¢p*|l < 1if [|@"]ls < 1, where q&;‘j is from Eq. (13). Next, from Eq. (14),
we have
(L+gi)ets =1+ ¢ | (L+¢7)es +1- ¢

J Il < J J
A+@i)ets +1-¢7 | = (L +¢7)es +1 -6
fori<i<N,, 1<j<N,

i = =1, (23)

and from Eq. (18), we have

* Ajik _ * * Ajir o
- Agfets —1+d), | (+df)e+1-d) 04
ijk * A A - s A s ’
(1 +¢I.jk)e ik + 1 ik (1 +¢ijk)e ik + 1 Tk

for1<i<N,, ISjSNy, 1<k<N,,

where we have used the condition, ||¢*|, < 1. Egs. (23) and (24)
implies ||¢"'||, < 1 for all » > 0 if the initial condition satisfies
l#°l, < 1. In an analytic perspective, the space dependent mobility
term is in a sense degenerating term for the time step 4r and 1 is
the maximum value for the AC equation [4], therefore the governing
equation is bounded above by 1. Therefore, the proposed scheme
satisfies the maximum principle and implies the boundedness of the

numerical solution if we use the time step satisfying the condition (21).
3. Computational results

In this section, unless otherwise stated, we use ¢ = h and 4t =
0.99¢2h2/(2h% + 4€%) and At = 0.99¢2h?/(2h* + 6€2) for the two- and
three-dimensional modified AC equations, respectively.

3.1. Convergence tests

We verify the accuracy of the numerical scheme we used. Since we
do not know the exact solution for our proposed model, we use the
solution obtained with a fine mesh and sufficiently small time step
using a fully explicit method as the reference solution. To verify the
spatial accuracy with respect to space, we double the grid size on
Q = (=3,3)x(=3,3) and calculate the error. We set the initial condition
and define the M (x, y) as follow:

2—1/x2 4+ y? )
\/Ee '
p(x,y) —ming, o p(X, y)

max, yeq P(X, y) — Min yeq P(X, ¥) ’

p(x,y) = 3(1 — x)2e "0 _ 10 (§ -x - y5) eV o %e*“”zﬂ’z.

$(x,y,0) = tanh(

M(x,y) =

Here, we use ¢ = 3H /[2V/2tanh™' (0.9)], H = 6/32, At = 1.e-8, T = 0.02.
For the reference solution, we set the grid size N/ x N;"f =2lox
210 and use the time step At = 1.e-8. Table 1 shows the errors and
convergence rates in space. The error is defined as the discrete /,-norm
error and is defined as follows:

N, N, ref ref ref ref
1 - ¢mi,mi + ¢mx+l,m/ + ¢m17mj+1 + ¢mi+17mj+l
(- ’

N.N, 4 4

error =

=1 j=1

where ¢/ is the reference solution, and m is the ratio of N'*/ to 2N,.

We also consider accuracy for time. We use the same initial condi-
tion and M (x, y) on 2 = (-3, 3)x(=3, 3). Here, we use € = 4h/[2\,/§tanh’1
(0.9)], h=6/1024, T = 1.e-4. Table 2 shows the errors and convergence
rates in time. We note that the accuracy of the used scheme is first
order for time and second order for space, respectively.
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Fig. 1. (a) M(x,y) is a space-dependent mobility. (b) is the temporal evolutions of contours. (c)-(f) are the temporal evolutions at times ¢ =0, 20004z, 50004z, and 150004¢.

Table 2

Errors and convergence rates for the temporal discretization.
N, 100 200 400
Error 3.56418e-06 1.76366e-06 8.63723e-07
Rate 1.01 1.03

3.2. Four different mobility values

The space-dependent mobility and initial condition on the domain
2 =(0,1)x(0, 1) are defined as follows:

0, if0<x, y<0.5,

0.33, if05<x<1, 0<y<0.5,
M(x,y) = . (25)
0.66, if05<x, y<]I,
1, otherwise,
+1, if02<x, y<0.38,
P(x,»,0) = . (26)
—1, otherwise,

which are shown in Fig. 1(a) and (c). Fig. 1(b) shows the temporal evo-
lution of the zero level contours of the phase-field function. Fig. 1(c)—(f)
shows the snapshots the filled contours at times 7 = 0, 20004z, 50004¢,
and 150004¢, respectively. Here, we use N, = N, = 100, h = 1/N,,
and A = 0. From the computational results, we can clearly see that the
temporal evolutions are dependent on the space-dependent mobility. In
regions with high values of M(x,y), evolution is fast, while in regions
with low values of M(x, y), evolution is slow. As shown in Fig. 1(f), the
temporal evolution is frozen in the region of M(x,y) = 0.

3.3. Smooth transition of mobility with several peaks

We consider a space-dependent mobility based on the several peaks
function in MATLAB [33] such as
p(x,y) =3(1 — x)2e 0" _ 10 (E -x* - ys) A

’ 5 3 '

We define M (x, y) on the domain Q = (-3, 3) x (=3, 3) as follows:
p(x,y) = ming, o p(X, y)

M(x,y) = - .
max ,eQ p(x,y) — ming e p(x,y)

27)

which is shown in Fig. 2(a). The initial condition is defined as follows:

+1, if —25<x, y<25,
¢(x,y,0)={

. (28)
—1, otherwise,

which is displayed in Fig. 2(c). Fig. 2(b) shows the temporal evolution
of the zero level contours of the phase-field function. Fig. 2(c)-(f) shows
the snapshots the filled contours at times ¢t = 0, 700047, 1300047, and
170004¢, respectively. Here, we use N, = N, = 100, h = 6/N,, and
A = 0. We can observe the effect of the space-dependent mobility
M (x,y) on the evolution dynamics. As shown in Fig. 2(f), the interface
shrinks at the position of the small value of M(x,y).

3.4. Star-shaped space-dependent mobility

The authors in [34] proposed an image segmentation method utiliz-
ing a modified AC equation with a fractional Laplacian and presented
image segmentation results with different fractional orders. We con-
sider a similar test to a basic numerical experiment with a star-shaped
initial condition. A star-shaped space-dependent mobility and initial
condition on the domain 2 = (-3, 3) x (-3, 3) are defined as follows:

1.5+ 0.4 cos(6 tan™! (y/x)) — /x2 + y2 > 29
V2e ’

+1, if0.2<x<0.8, 02<y<0.3,
$(x,7,0) = { g (30)

M(x,y) = %—%tanh(

—1, otherwise,

which are shown in Fig. 3(a) and (d), respectively. Fig. 3(b) displays
the temporal evolution of the zero level contours of the phase-field
function. Fig. 3(d)-(g) shows the snapshots of the filled contours at the
zero level of the phase-field function at times + = 0, 200047, 50004¢,
and 150004¢, respectively. Here, we use N, = N, = 100, h = 6/N,,
and 4 = 0. Because of the space-dependent mobility and motion by
mean curvature, the evolution reaches a convex hull shape as shown
in Fig. 3(g). However, in the case of non-zero A value, the evolution is
a combination of motion by mean curvature and shrinkage. Therefore,
the evolution goes further to reach a star-shaped morphology which is
guided by the space-dependent mobility. These phenomena can be seen
in Fig. 3(c), which is the temporal evolution of the zero level contours
of the phase-field function. Here, we use A = 7 and Fig. 3(h)-(k) shows
the snapshots of the filled contours at the zero level of the phase-field
function at times ¢t = 0, 2404¢, 3304¢, and 18904¢, respectively.
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Fig. 2. (a) M(x,y) is a space-dependent mobility with the several peaks. (b) is the temporal evolutions of contours. (¢)-(f) are the temporal evolutions at times 7 = 0, 70004z, 130004¢,

and 170004, respectively.

x 2

-2 0o T 2
®

-2 0o T 2 -2 0o T 2 2 0 T2
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Fig. 3. (a) M(x,y) is a space-dependent mobility. (b) is the temporal evolutions of contours with 1 = 0. (d)—(g) are the temporal evolutions with A = 0 at times r = 0, 20004z, 40004t,
and 150004¢, respectively. (c) is the temporal evolutions of contours with A = 7. (h)—(k) are the temporal evolutions with 4 =7 at times r = 0, 24047, 3304¢, and 18904¢, respectively.

Next, we explore the behavior of parameter A through the following
numerical test. While we have shrunk the square at Fig. 3, this time we
start the evolution at the star-shaped morphology and demonstrate the
expanding phenomena by applying a negative lambda, 4 = —7. Using
the identical space dependent mobility, the initial condition is given as
¢(x,y,0) = 1 — 2M(x,y). Fig. 4(a)-(d) illustrates the snapshots of the
filled contours when A = 0 at times ¢t = 0, 6004z, 12004¢, and 20004t¢,
respectively. Then, Fig. 4(e)-(h) shows the temporal evolutions when
A= —7 at times ¢ = 0, 6004¢, 12004¢, and 20004¢, respectively. Similar

to the results given at Fig. 3, the expansion goes further when |4| is
larger.

3.5. Maximum principle test

Next, we consider the maximum principle of the proposed scheme.
A random mobility and initial condition on the domain Q = (-3,3) x
(-3,3) are defined as follows: M(x,y) = rand(x,y) and ¢(x,y,0) =
rand(x, y), where rand(x, y) is a random number between —1 and 1.
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Fig. 4. (a)-(d) are the temporal evolutions with 2 = 0 at
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t =0, 6004r, 12004z, and 20004¢, respectively.
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times ¢ = 0, 60047, 12004¢, and 200041, respectively. (e)-(h) are the temporal evolutions with A = —7 at times
1 n
max |¢" |
! ‘5 0.95¢
I\ il I “"“
i
1 ‘”‘JLJ
4 iy 097
2 1072 t 400
(b)
3 3 3
4 4 o |!
1 1 . 1
‘ ' | Q
0 0 @ 0
K -1 -1
P [
2] 2 . 2
b NI D B -
2 0o X 2 2 0o x 2
(e) ®

Fig. 5. (a) M(x,y) is a space-dependent mobility. (b) is the temporal evolution of ||¢"||,. (c)-(f) are the temporal evolutions at times r =0, 904z, 4804r, and 18304z.

Fig. 6. (a) eight space-dependent mobility M(x,y,z) is illustrated in different colors.
(b)-(e) are the temporal evolutions at times r = 0, 5004:, 200047, and 500041,

respectively.

Fig. 5(a) shows M(x,y). Fig. 5(b) shows the temporal evolution of
ll¢"ll, of the phase-field function. We can clearly observe that the
numerical results satisfy the maximum principle. Fig. 5(c)—(f) shows the
snapshots the filled contours at times + = 0, 904z, 4804¢, and 18304¢,
respectively. Here, we use N, = N, = 100, h =6/N,, and A = 1.

3.6. Eight different mobility values

The space-dependent mobility and initial condition on the domain
2 =(0,1)x(0,1)x(0,1) are defined as follows:

0,

1/7,
2/7,
3/7,
4/1,
5/7,
6/7,
1,

M(x,y,z) = 1

if0<x, y, 2z<0.5,

if0<x, z<0.5, 05<y<]1,
if0.5<x<1,0<y, 2z<0.5,
if0.5<x, y<1,0<z<0.5, o)
if0<x, y<0.5,05<z<1,
if0<x<05,05<y, z<1,

if0.5<x, z<1,0<y<0.5,

otherwise,



J. Yang et al.

Journal of Computational Science 77 (2024) 102252

Fig. 7. (a) M(x,y,z) is a space-dependent mobility with several spherical peaks. (b)-(e) are the temporal evolutions at times ¢t =0, 50004z, 75004z, and 100004¢, respectively.

+1, if02<x,y,2<0.8,
P(x,y,2,0) = . (32)
—1, otherwise,

which are shown in Fig. 3(a) and(b), respectively. Fig. 3(b)-(e) show
the snapshots of zero isosurface at times ¢ = 0, 5004z, 20004z, and
50004¢, respectively. Here, we use N, = N, = N, = 100, h = 1/N.
and 4 = 0. From the computational results, we can clearly see that the
temporal evolutions are dependent on the space-dependent mobility. In
regions with high values of M (x, y, z), evolution is fast, while in regions
with low values of M(x, y, z), evolution is slow. As shown in Fig. 6(e),
the temporal evolution is frozen in the region of M(x, y,z) =

3.7. Smooth transition of mobility with spherical peaks
We consider a space-dependent mobility on 3D space using spherical

peaks on the domain Q = (-3,3) X (=3, 3) x (-3, 3). Specifically, four
spheres are centered at C(1,1.5,1), C,(-1.5,0.5,0.5), C5( — 1.2,-1.2,

-1.2), and C,(1,-0.5,—1). Let

5122 -d}),  ifd <12,

4142 -dd), ifd, <14,
p(x.3.2) =1900.8% —d3),  ifdy; <08,

4132 —d}), ifdy <13,

0 otherwise,
where
dy(x,,2) = Vx =12+ (=152 +(z - 1?2,
dy(x,3,2) = V(x + 1.5 + (y — 0.5)2 + (z — 0.5)2,
dy(x,3.2) = V(x + 122 + (3 + 1.2)2 + (z + 1.2)2,
dy(x,3,2) = V(x = D2+ (y+0.5)2 + (z + 12

Note that each spheres have radius 1.2,1.4,0.8 and 1.3, respectively
and have zero intersection. We define M (x, y, z) as the normalized value
of p(x,y,z) in the following way:

p(x, y,2) — min 2 p(X,y,2)
o= = : (33)
MaX(x,y.2)eqQ P, ¥, 2) = Ml e PX Y, 2)
which is shown in Fig. 7(a). The initial condition is defined as follows:

+1, if —25<x,y,z<2.5,
o(x,y,2,0) = . 34
—1, otherwise,

which is shown in Fig. 7(b). Fig. 7(b)—(e) shows the snapshots of zero
isosurface at times ¢ = 0, 50004¢, 750047, and 100004¢, respectively.
Here, we use N, = N, = N, = 100, » = 6/N,, and A = 0. We can
observe the effect of the space-dependent mobility M(x,y,z) on the
evolution dynamics. As shown in Fig. 7(e), the interface shrinks at the
position of the small value of M(x,y, z).

3.8. Star-shaped space-dependent mobility in 3D

We consider a similar test to a basic numerical experiment with
a star-shaped initial condition referred from Li et al. [35]. A star-
shaped space-dependent mobility and initial condition on the domain
0 =(-0.5,0.5) X (—0.5,0.5) x (=0.5,0.5) are defined as follows:

0.25+0.15 60) — 2432 4 72
M(x,y,z) = l_l anh cos(60) — \/x? + y* + z ’
2 2 2\/56
if

where 0 = y/x ifx <0,

tan™! (7 + y/x), otherwise ,

+1, if —04<x,y,2<04,

¢(x9 ¥ Z, 0) = . (35)
—1, otherwise.

which are shown in Figs. 8(a) and (b), respectively. Here, we use
N,=N,=N,=100,h=1/N, and A = 0 and 7. We first investigate the
case when 4 = 0. Figs. 8(c)-(e) show the snapshots of zero isosurface
at zero level of the phase-field function at times r = 50047, 10004z,
and 40004z, respectively. Because of the space-dependent mobility and
motion by mean curvature, the evolution reaches a hexagon shape.
However, in the case of non-zero 4 value, the evolution is a combination
of motion by mean curvature and shrinkage. Therefore, the evolution
goes further to reach a star-shaped morphology which is guided by the
space-dependent mobility. Here, we use 4 = 7 and Figs. 8(f)-(h) show
the snapshots of zero isosurface of the phase-field function at times
t = 5004¢, 10004¢, and 40004¢, respectively.

3.9. Maximum principle test in 3D

Next, we consider the maximum principle of the proposed scheme.
A random mobility and initial condition on the domain Q = (-3, 3) X
(=3,3) x (=3,3) are defined as follows: M(x,y,z) = (rand(x, y, z) + 1)/2
and ¢(x,y, z,0) = rand(x, y, z), where rand(x, y, z) is a random number
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Fig. 8. (a) zero isosurface of space-dependent mobility M(x, y, z). (b) initial ¢,. (c)—(e) are temporal evolution of zero isosurface when 1 =0 at times 7 = 5004z, 10004z, and 40004z,
respectively. (f)-(h) are temporal evolution of zero isosurface when 1 =7 at times 7 = 50047, 10004¢, and 40004¢, respectively.

max [¢"|

Fig. 9. ||¢"|l, of the phase-field function and snapshots of zero isosurface at times
t =0, 1004z, 1504z, and 2504z.

between —1 and 1. Fig. 9 illustrates ||¢"||,, of the phase-field function
and snapshots of zero isosurface at times r = 0, 1004¢, 15047, and 2504¢.
We can clearly observe that the numerical results satisfy the maximum
principle. Here, we use N, = N, = N, =100, h=6/N, and A = 1.

4. Conclusion

In conclusion, this paper has introduced a novel approach to model
general motion by mean curvature using the AC equation with space-
dependent mobility and a source term. The incorporation of a space-
dependent mobility allows for precise control over the temporal evo-
lution dynamics, while the addition of a source term permits manip-
ulation of interface growth and shrinkage. We have used an operator
splitting method to efficiently solve the governing equation and split

it into the modified AC equation and the source term equation. The
modified AC equation is solved with a fully explicit Euler method, and
the source term equation is solved analytically. It is important to note
that the overall numerical scheme preserves the maximum principle as
long as the time step size satisfies a specific condition. To validate the
effectiveness of the proposed mathematical model and its numerical
algorithm, a series of computational experiments were conducted. The
obtained numerical results demonstrated the efficiency and accuracy
of the proposed model and its numerical approach. This research
opens up new possibilities for the simulation and control of dynamic
systems governed by mean curvature motion and offers a valuable tool
for a wide range of scientific and engineering applications. As future
research works, we will develop high-order numerical schemes such as
a class of high-order maximum principle preserving methods for solving
the AC equation [2,36]. The MATLAB source code for the proposed
algorithm is provided in the Appendix for readers’ reference.
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Appendix. MATLAB source code

The main code for 2D star-shaped evolution is as follows:

clear; close all
Nx=100; Ny=100; Lx=—3; Rx=3; Ly=—3; Ry=3; h=(Rx—Lx)/Nx;
x=linspace (Lx—0.5xh,Rx+0.5xh,Nx+2); y=linspace (Ly—0.5xh,Ry+0.5%h,Ny+2)

ep=h; eps2=ep”2; dt=0.99xeps2xh”2/(2xh"2+4xeps2); lam=7; Maxiter=600;
ns=30;

for i=1:Nx+2
for j=1:Ny+2

theta=atan(y(j)/x(i));

M(i,j)=0.5x(1—tanh((1.54+0.4xcos(6xtheta) ...
—(sqrt(x(i)"2+y(j)"2)))/(sqrt(2)*ep)));

if abs(x(i))<2.5 && abs(y(j))<2.5

pli,j)=1;
else

p(i,j)=—1
end

end
end

figure(1); clf; mesh(x(2:Nx+1),y(2:Ny+1) ,M(2:Nx+1,2:Ny+1) ')
axis([Lx Rx Ly Ry 0 1]); set(gca, 'fontsize',20); box on; grid on
text('Interpreter ', 'latex ', 'String', '$$x$$"', ...
'Position ',[0.6 —3.9 0], 'fontsize ',30);
text('Interpreter ', 'latex ', 'String', '$$y$$"', ..
'Position ',[—3.7 1 0], 'fontsize ',30);
text('Interpreter ', 'latex ', 'String', '$$M$$"', ..
'Position ',[—3.5 3.85 0.75], 'fontsize ',30);
figure (2); clf;
contour (x(2:Nx+1),y(2:Ny+1),p(2:Nx+1,2:Ny+1)',[0 0], 'k'); hold on
figure (3); clf; contourf(x(2:Nx+1),y(2:Ny+1),p(2:Nx+1,2:Ny+1)',[0 0], "'
k');
axis image; axis([Lx Rx Ly Ryl]); set(gca, 'fontsize',22); box on; grid
on
text('Interpreter ', 'latex ', 'String', '$$x$$"', ..
'"Position',[1. —3.45], 'fontsize ',30);
text('Interpreter ', 'latex ', 'String', '$$y$$"', ...
'Position ',[—3.5 2.5], 'fontsize ',30);
np=p;
for iter=1:Maxiter
p(1,:)=p(2,:);p(Nx+2,:)=p(Nx+1,:);p(:,1)=p(:,2) ;p(:,Ny+2)=p(: ,Ny+1);
for i=2:Nx+1
for j=2:Ny+1
np(i,j)=p(i,j)+dtsM(i,j)*(—(p(i,j)3—p(i,j))/eps2 ..
+(p(i—1,j)+p(i+1,j)—4.0+p(i, j)+p(i,j—1H+p(i,j+1))/h"2);
end
end
for i=2:Nx+1
for j=2:Ny+1
A=—sqrt (2)«lam=M(i,j)=dt/ep;
p(i,j)=((1+np(i,j))*exp(A)—1+np(i,j))/((1+np(i,j))*exp(A)+l-np(i,
iBDH

end
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end
if (mod(iter ,ns)==0)
figure (2)
contour (x(2:Nx+1),y(2:Ny+1),p(2:Nx+1,2:Ny+1)',[0 0], 'k'); pause(0.01)
figure(3); clf;
contourf(x(2:Nx+1),y(2:Ny+1),p(2:Nx+1,2:Ny+1)',[0 0], 'k'); axis image;
axis ([Lx Rx Ly Ry]); set(gca, 'fontsize',22); box on; grid on
text('Interpreter ', 'latex ', 'String', '$$x$$"', ..
'"Position',[1. —3.45], fontsize ',30);
text('Interpreter ', 'latex','String ', '$$y$$', ...
'"Position ',[—3.5 2.5], 'fontsize ',30);
end
end
figure (2)
axis image; axis([Lx Rx Ly Ryl]); set(gca, 'fontsize',22); box on; grid
on
text('Interpreter ', 'latex ', 'String', '$$x$$"', ...
'"Position',[1. —3.45], fontsize ',30);
text('Interpreter ', 'latex ', 'String', '$$y$$"', ..
'"Position ',[—3.5 2.5], 'fontsize ',30);

The main code for 3D star-shaped evolution is as follows:

clear; clf; close all; Nx = 100; Ny = Nx; Nz = Nx;
Lx=—0.5; Ly=—0.5; Lz=—0.5; Rx=0.5; Ry=0.5; Rz=0.5; h=(Rx—Lx)/Nx;
x=linspace (Lx—0.5%h,Rx+0.5xh,Nx+2);y=linspace (Ly—0.5xh,Ry+0.5xh,Ny+2);
z=linspace (Lz—0.5xh,Rz+0.5xh,Nz+2); Maxiter=4000; ns=500; ep=h;ep2=ep
~a,
p = —ones(Nx+2,Ny+2,Nz+2); M=0xp+0.0; p=0xp—1;
for i=1:Nx+2
for j=1:Ny+2
for k=1:Nz+2
if x(i)<0
th = atan(y(j)/x(i));
else
th = pi+atan(y(j)/x(i));
end
M(i,j,k) = 0.5—0.5xtanh((0.25+0.15xcos(6xth) ...
—sqrt(x(i)"2+y(j)"2+z(k)"2))/(2*sqrt(2)*ep));
if abs(x(i))<0.4 && abs(y(j))<0.4 && abs(z(k))<0.4
p(i,j,k)=1;
end
end
end
end
np=p; np2=p; lmd=0; dt = 0.99xep2xh"2/(2xh"2+6xep2);
A = —sqrt(2)*lmd+«M«dt/ep; p0 = p;
figure(1); hold on;
iso = isosurface(x(2:Nx+1),y(2:Ny+1),z(2:Nz+1), ...
p(2:Nx+1,2:Ny+1,2:Nz+1), 0, 'k');
ISO = patch(iso); set(ISO, 'FaceColor',[0.5 0.6 0.91);
set (ISO, 'EdgeColor', 'none'); axis image; axis([Lx Rx Ly Ry Lz Rz]);
view(—78, 26); set(gca, 'fontsize',18); box on; grid on;
ax = gca; ax.BoxStyle = 'full';
text('Interpreter ', 'latex ', 'String','$$ x $$', 'Position', ..
[0.32 —0.53 —0.61], 'fontsize ',25);
text('Interpreter ', 'latex ', 'String','$$ y $$', 'Position’', ..
[—0.57 0.32 —0.58], 'fontsize ',25);
text('Interpreter ', 'latex ', 'String','$$ z $$', 'Position', ..
[—0.40 0.66 0.19], 'fontsize ',25);
lightangle (120, 150); drawnow;
for iter = 1:Maxiter
p(1l,:,:)=p(2,:,:); p(Nx+2,:,:)=p(Nx+1,:,:);
p(:,1,)=p(:,2,:); p(:,Ny+2,:)=p(:,Ny+1,:);
p(:,:,1)=p(:,:,2); p(:,:,Nz+2)=p(:,:,Nz+1);
for i=2:Nx+1
for j=2:Ny+1
for k=2:Nz+1
np(i,j,k) = p(@i,j,k) — dt«M(i,j,k)*(p(i,j,k)3—p(i,j,K
).
/ep2+dtsM(i,j,k)«(p(i—1,j,k)+p(i+1,j,k)+p(i,j—1,k)

+p(i, j+1L,K)+p(i,j, k—1+p(i,j,k+1)—6.0«p(i,j,k))/h
~a:

np2(i,j,k) = ((1+np(i,j,k))*exp(A(i,]j,k))—1+np(i,j,k))

/((1+np(i,j,k))xexp(A(i,j,k))+1l-np(i,j,k));
end
end
end
p = np2;
if (mod(iter ,ns)==0)
figure(iter/ns+1);
iso6 = isosurface(x(2:Nx+1),y(2:Ny+1),z(2:Nz+1), ..
p(2:Nx+1,2:Ny+1,2:Nz+1), 0, 'k');
ISO6 = patch(iso6); set(ISO6, 'FaceColor',[0.5 0.6 0.9]1);
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end

set (ISO6, 'EdgeColor', 'none'); axis image;
axis ([Lx Rx Ly Ry Lz Rz]); view(—78, 26);
,18);

ax = gca; ax.BoxStyle = 'full'; box on; grid on;

text('Interpreter ', 'latex ', 'String','$$ x $$', 'Position"', ...
[0.32 —0.53 —0.61], 'fontsize ',25);

text('Interpreter ', 'latex ', 'String','$$ y $$', 'Position', ..
[-0.57 0.32 —0.58], 'fontsize ',25);

text('Interpreter ', 'latex ', 'String','$$ z $$', 'Position"', ...
[—0.40 0.66 0.19], 'fontsize ',25);

lightangle (120, 150); drawnow;

set(gca, 'fontsize '

end
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