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ISOTROPIC FINITE DIFFERENCE DISCRETIZATION OF
LAPLACIAN OPERATOR
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ABSTRACT. In this paper, we review and investigate isotropic finite difference discretizations
of the two-dimensional (2D) and three-dimensional (3D) Laplacian operators. In particular, we
propose benchmark functions to quantitatively evaluate the isotropy of the discrete Laplacian
operators in 2D and 3D spaces. The benchmark functions have analytic 2D and 3D Lapla-
cian solutions so that we can exactly compute the errors between the numerical and analytic
solutions.
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1. INTRODUCTION

The Laplacian operator is extensively used in many mathematical modeling equations of
various important scientific problems such as biological and physical pattern formations. The
Laplacian operators in two-dimensional (2D) and three-dimensional (3D) spaces are respectively
given by

*u(z,y) N O*u(z,y)

Au($7 y) = axg ayQ Y
Pu(z,y,z)  Oulz,y,z)  0*u(z,y,z)
Aulw,y,z) = Ox? oy? 022

The Laplacian operator has been used in many governing equations. For example, a 2D
Poisson equation [7]:
Au(z,y) = f(z,y).
The diffusion equation [4,6,22,24]:
ou(z,y,t)
ot

where u(z,y,t) is the density of the diffusing material at location (z,y) and time t. The 3D
acoustic wave equation [23]:

= Au(z,y,t),

*p(a,y, 2, t)
ot?
where p(z,y, z,t) is a scalar wave-field and v is the velocity. The 3D Allen-Cahn (AC) equation
[16]:

= v2Ap(z,y, 2, 1),

3 —
8¢(x’83;? Z? t) — 7¢ (x7 y? Z7 t)62 ¢(x7 y? Z7 t) +A¢($7 y, Z7 t)’
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where ¢(z,y,z,t) is an order parameter and € is an interfacial parameter. Isotropic finite dif-
ference methods for phase-field simulations of polycrystalline alloy solidification was applied for
phase-field simulation of polycrystalline alloy solidification in [10]. The Cahn-Hilliard (CH)
equation [15]:

0p(x,y, z,t
PEI2Y) A 6Py, 2,0) — 6o, 2.0) — Dol y, 2,0
The incompressible Naiver—Stokes (NS) equations [9]:
0 t 1
I*I(xg;?Z?) + 11($, Y, %, t) ’ VU(J}, Y, =, t) = _EVP('T7 Y, =, t) + Z/Au(l‘, Y, =, t)7

V'U(ZE,y,Z,t) = 0,

where u(z,y, z,t) = (u(z,y,2,t),v(zr,y,2,t),w(zr,y, 2,t)) is the fluid velocity, p(z,y, z,t) is the
pressure field, p is density, and v is kinematic viscosity.

An accurate and parallel method to solve the anisotropic phase-field dendritic crystal growth
model was proposed in [21]. The authors used first-order operator splitting method for the
second derivative. In [18], the authors researched the dynamics of dislocations block copolymer
system carried out by two-dimensional CH model. For the numerical results, the cell dynamics
method was used with isotropic Laplacian operator.

In general, it is difficult and in many cases not known to find closed-form analytic solutions of
the above-mentioned equations with nontrivial initial and boundary conditions. Therefore, we
need to use numerical methods to approximate the solutions of the equations. The numerical
methods are recalled as finite volume method (FVM), finite element method (FEM) [19], spectral
methods, and finite difference method (FDM) [13]. The AC and CH equations have been
extensively used in modeling and simulating pattern formations. However, if there is anisotropic
pattern during evolution of the numerical solutions, then it is difficult to conclude whether the
pattern is due to the governing equation or numerical anisotropic problem. Fig.1 shows the
numerical results of a tumor growth model, which is an example of a real-world mathematical
model problem. In Fig.1, (a) is an elliptical initial condition. (b) and (c) are the computational
results from the anisotropic and isotropic schemes, respectively, at later time. (e) is 45° rotated
elliptical initial condition. (f) and (g) are the computational results from the anisotropic and
isotropic schemes, respectively, at later time. (d) and (h) are the overlapped contours of the
results ((b) and (f); (c) and (g)) for the anisotropic and isotropic schemes, respectively, after
being rotated. Asshown in Fig.1, the isotropic Laplacian stencil has superiorities over anisotropic
ones when applied to some real life mathematical problems.

The main purpose of this paper is to propose benchmark functions to quantitatively evaluate
the isotropy of the discrete Laplacian operators in 2D and 3D spaces. The benchmark functions
have analytic 2D and 3D Laplacian solutions so that we can exactly compute the errors between
the numerical and analytic solutions.

The paper is organized as follows: In Section 2, 2D and 3D isotropic discretizations of Lapla-
cian operator are briefly described. In Section 3, several computational experiments are pre-
sented. In Section 4, conclusions are given.
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Figure 1. (a) is an elliptical initial condition. (b) and (c) are the computational results from the anisotropic and

isotropic schemes, respectively, at later time. (e) is 45 ° rotated elliptical initial condition. (f) and (g) are the
computational results from the anisotropic and isotropic schemes, respectively, at the later time. (d) and (h) are
the overlapped contours of the results ((b) and (f); (c) and (g)) for the anisotropic and isotropic schemes,

respectively, after being rotated. Reprinted from [25] with permission from Hindawi.

2. ISOTROPIC DISCRETIZATION OF LAPLACIAN OPERATOR

2.1. Two-dimensional space. Let Q = [L,, R,] x [L,, R,] be a computational domain and
be discretized as Qp, = {(z4,y;)|zi = Ly + (i —1)h, i=1,--- ,Nyand y; = Ly + (j — 1)h, j =
1,---,Ny}. Here, N, and N, are the positive integers and h = (R — Lg)/(Ny — 1) = (Ry —
L,)/(Ny — 1) is the space grid size. By Taylor’s theorem in two variables [8], it can be written
as

ulz+a,y+b) = ulz,y)+ <a + b8> u(z,y) + = . (aai + ba)2u(:c7y) (1)

1/ 0 a\? 1 B, o\" !
+—=la=—+b—) vwz,y)+ -+ —a=—+b=— u(x,
< y> (@9) (n—l)!( y> (z-9)

Let us denote u;; = u(x;,y;) for simplicity of the notation. Using (1), we obtain the following
equations:

3 h4
Uitl,j = (u + hug + u:cx + gux:cx + 24uxa::cx) + O(h5)7 (2)
5]
h3 ht
Ui—15 = (u u:cx - Fua::cx + Muxa::cx) + O(h5)7 (3)
5]
h3 ht
Uiyl = (u + huy + “yy + & Ly + M“yyyy) + O(h%), (4)
ij
h3 ht
Ujj—1 = (u “yy g Yy + M“yyyy) +0(n°), (5)
ij
2 h2 h3 h3 h3
Ui+1,5+41 = (u + hu, + huy 9 - Ugy + h2uwy + ?uyy + Fua::cx + 5“333:3; + ?Ua:yy (6)
h* h* ht h* h*
+ 6 Uyyy + 57 o Ugzze + Eummy + Zumyy + = 6 Uzyyy + 24uyyyy) + O(hs)
h? h? h3 h3 h3
Uim1j+1 = ( — hug + huy + 5 Uaw h2uwy + 5 Uyy ~ g Uaae + 5 Uawy — 5 Uayy (7)
h3 h4 h4 h4 h4 h4 5
+—= 6 Uyyy + ﬂumm - g“xwy + Z“myy - F“xyyy + ﬂuyyyy)ij + O(h?),
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h? 9 h? h3 h3 h3
Uitl,j—1 = (u + hug, — huy + ?um —h Ugy + ?Uyy + gumz - ?u:ﬂmy + ?uzyy (8)
h3 ht ht ht ht ht 5
_Fuyyy + ﬂ“wwz - g“wwy + Zuwwyy - Fuxyyy + ﬂuyyyy>ij + O(h?),
h2 h2 h3 h3 h3
Ui—1j-1 = (u — hugy — huy + 5 Uaa + h2uxy + 3 Uy ~ g Uaae — 5 Uaay — 5 Uayy (9)
h3 h4 h4 h4 h4 h4 s
_guyyy + ﬂuwm + g“mwy + Z“myy + F“ﬂcyyy + ﬂuyyyy>ij + O(h”),

where (a,b) = (h,0), (=h,0), (0,h), (0,—h), (h,h), (=h,h), (h,—h), and (—h,—h) are used for
(2)—(9), respectively. Summing (2)—(5) results, we obtain

4

Uig1,j + Wi1j + U1 + Uij—1 = dui; + h? (Ugy + uyy)ij + 12

(uzxx:c + Uyyyy)ij + O(h5) (10)
Summing (6)—(9) results, we have

2
Wit1,j4+1 + Wim1 jp1 + Wil j—1 + Uim1jo1 = 4uij + 2h° (uge + uyy)ij
4

"‘g (Uzzza + Ozzyy + uyyyy)z’j +0(h%). (11)

After multiplying weights w and (1 — w) to (10) and (11), respectively, then by summing
them, we get

1
Auij = (Uga + Uyy),; = @—w)h? (w(uz‘+1,j F Uio1j F Ui + uij-1) = duig + (1= w)(uip1j401
h2
12

12(1 —w
(uxmcz + 2(_w)umyy + Uyyyy) ) + O(hs)

FU—1, 541 + Uig1,5-1 + Uil,jl)) -
ij

1
- (2 — w)h? (w(uiﬂd +uim1,5 + Ui g1+ i go1) — 4w+ (1= w) (Ui ja1 + w141
h? 8 — 10w
FUig1 -1 F Uim1j-1) | — == Ay + & Uzzyy + O(hB) (12)
12 2—w i
1
T 2-w)h? (w(uiHJ i1yt g+ uijo1) — i+ (1= w) (Ui g+t

Fuir1,5-1+ uz‘_17j_1)> + O(hQ).

We should note that there exists anisotropic term (8 — 10w)uzpyy /(2 —w) in (12) unless w = 4/5
in the leading order. In fact, this w = 4/5 value is unique to make the scheme be isotropic in
the lowest order. For 0 < w < 1, we define discrete Laplacian operator as

Ayt

1
oz (’w(uz'+1,j i1, + Ui + Ui-1) — duij + (1= w)(Uig,541

i1 41 + Uig1,j—1 + Ui—l,j—l))- (13)
Therefore, if w = 1 in the definition (13), then we have the standard 5-point stencil for the
2D Laplacian operator as follow:

Ui—1,j + Uit1,j + Uij—1 + Ui i1 — duy;

Aluij = 72

(14)
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If w =4/5 in the definition (13), then we have the 9-point isotropic stencil for the 2D Laplacian
operator:

A(wi—1j + Wig1j + Wij—1 + Ui 1) F Uim1 a1 + Uig1 41 + Uit j—1 + Wim1j—1 — 20U
6h?2
which is the unique 2D isotropic discretization in the leading order error [10].

Fig.2(a) and (b) represent the numerical stencils for the standard 5-point and 9-point stencils
for the 2D Laplacian operator, respectively.

A

uij =

B

¢ Ui j+1 Uj—1,j+1R Ujj+19  Uitl,j+1»

Ui—1,5 Ujj WUit1,5 Uj—1,5 i Uit1,5

O Uj -1 Ui—1,j-17 Uij—1©  Uit1,5-1Y

(a) (b)

Figure 2. Stencils for the standard 5-point (a) and 9-point (b) stencils for the 2D Laplacian operator.

The Laplacian operator, A = 9%/92% + 8% /0y?, is invariant under rotation in two-dimensional
space [11]. To show this property, let us consider the following rotated variables (z/,y’) of (x,y):

'\ cosf) sinf x
y )\ —sinf cosf y )’

where 6 is the angle of rotation. Then, Uz, + uyy = (cos? @ +sin 9)(ux tat Uyt ) = Ugr gt Uy
Therefore, Laplacian operator is rotationally invariant. However, the standard 5-point discrete
Laplacian operator (14) is not isotropic because there exists anisotropic term —2uggz,, in (12).

We should note that there is a 7-point hexagonal scheme [5] which gives O(h*) order of ac-
curacy, which is the same with the 9-point classical difference scheme under some smoothness
conditions of the boundary functions and conjugation conditions. Furthermore, in [5], the au-
thors showed that 7-point stencil is more efficient in computational time because only 7 nonzero
diagonals occur in the coefficient matrix instead of 9 nonzero diagonals of the obtained system
of algebraic equations.

2.2. Three-dimensional space. Let Q = [L,, R;| x [Ly, Ry] x [L., R.] be a computational
domain and be discretized as Q = {(z,y;,2k)|xi = Ly + (¢ — 1)h, i = 1,--- Ny, y; =
Ly+(G—-1h, j=1,---,Ny, and 2z, = L, + (k—1)h, k=1,--- ,N.}. Here, N;, Ny, and N,
are the positive integers and h = (R; — Lg)/(Ny—1) = (Ry—Ly)/(Ny—1) = (R, —L,)/(N.—1)
is the space grid size. By Taylor’s theorem in three variables [8], it can be written as

0 0 0
U(i—l—a,y—i—b,z—f—c) _u($7y72)+ <aax+b8y+caz> u(a:,y,z)

m—1!'\"0x Jy 0z

u(x 4+ 0a,y+6b,z+60c), 0 <6 < 1. (15)

1/ 8 a\? 1 ) B) a\"

+5 a——l—b——Fc u(x,y,2 +7) a—+b—+c— u(z,y, 2)
a

ox >

1( 0 8
+— f—kb——i-c—
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Let us denote u;j;, = u(x;,yj, z) for simplicity of the notation. For non-negative values of «a, £,
and v, letting a, b, ¢ be one of values —h, 0, h in (15) with n = 6, we have
a(Wig1 gk + Wim1 ik + Wi j+1 6 + Wi j—1k + Uijetr1 + ijh—1) + B(Wit1 k-1 + Uic1 k-1 (16)
FUi 41,k—1 F Ui j—1,k—1 T Uit 1 j+1,k T Ui—14+1,k T Uit1 j—1,k + Wi—1,j—1,k T Ui+1,5,k+1
FU1 k1 F Wi 11 i1 k1) F V(Wi 1 1 h—1 F Wim1 1 k=1 + Uit1,j—1,k—1
FUG 11— F Ui 1 1k 1 T Wim 1 1 kL T Ui 11 k1 T Uil j—1,k+1)

= (6a + 128 + 8y)uijk + h* (o + 48 + 47) (uge + Uyy + Usz)ijk
4

h
+E[(a + 48 + 47) (Upzae + Uyyyy + Uzzzz) + (128 4 2475) (Ugzyy + Uyyzes + Ugzzz)]ijk + O(h%).

From (16), we have
Auijk = (ua:x + Uyy + uzz)ijk
1
h2(a+ 48 + 4y
FB(Wig1,5,k—1 F Uim1 jk—1 F Wi j41,k—1 F+ Wij—1 k=1 F Uit 1 j4+1,k + Wil j+ 1k T Yit1j—1,k

) (Uit jk + Wit jk + Wi j+1k + Wij—1k + Uij k1 + Uijk—1)

FU_1 =1k Wik 1 k1 Wim1 kb1 F Wit k1 + Wi k1) F Y (Wi b1 =1+ Wim1 1 k-1
U1 1 k=1 F Uil =11 T Uit 1 11 Wim1 1 k1 + Wik j— 1 k1 Uil j—1,k+1)
h* 1283 + 24~

—(6a + 12B + 8")/)Uzjk:| - ﬁ [U:sza: + Uyyyy + Uzzzz + m

(ux:vyy + Uyyzz + U.Z’Z‘ZZ)] ijk
+0(h°).

Without loss of generality, we can assume o + 5+« = 1. If we choose a = 1, 8§ = 0, and
~v = 0, we have the 3D 7-point stencil standard discrete Laplacian operator as follow
Witk 1,5,k + Wim1 ik + Wik + Wij—1k + Yijht1 + Wijh—1 — Ouijk

h? )
However, in this case, we have the term related to h* as [ugpze + Uyyyy + Uzzz2)ijk, Which is not
rotationally invariant. To make the term related to h* be a three-dimensional biharmonic term,
we require 1283 + 24y = 2(a + 40 + 4v), i.e., 35 + 9y = 1. Then,

123 + 24~
a+48 + 4y

= [uzx:m: + Uyyyy + Uzzzz + 2(u:pxyy + Uyyzz + u:r:pzz)]ijk = (AQU)ka

Agujp = (17)

[umx:pw + Uyyyy + Uzzzz + (ux:pyy + Uyyzz + umxzz)]ijk

Therefore, we have
(Aw)ije = (Ugz + Uyy + Uzz)ijh (18)
_ 1
R (a+ 48+ 4y
FB(Wig1,5k—1 F Uim1jk—1 F Wi j41k—1 + Wi j—1h—1 F Uit 1 j4+1k + Win1 j+ 1k + Yit1j—1,k

) (Wit ik + Wim1 ik + Wi 41k + Wij—1k + Wij 1 + Uijk—1)

FU—1 =1k F Wik 1 k1 + Wis1 k1 F Wij 1 k1 + Wij—1,k41) F Y (Wik1 jp1 k=1 + Wim1 j1,k—1
FUi 1 1 =1 F Uil j— 11 T Wit 1 11+ Wie1 1 k1 + Wik j— 1 k41 + Uil j—1,k+1)

h4
—(6a+ 128 + 87)uijk} — E(A2u)wk + O(hﬁ)
From (18), let us define 3D isotropic discrete Laplacian operator as

(Aﬁu)z]k = (uzz + Uy + uzz)ijk (19>
_ 1

R (a+ 48 + 4y
FB(Uig1 k=1 F Wim1 k=1 + Ui g1 k=1 F Wi j—1 k=1 + Uik 1 jor 1,k + Wim1 1,k + Wikl j—1k

) [a(ui—&—l,jk + Uik Ui 1k i1k + Wij k1 + Uije—1)
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FUG 11k Wi 1 Gk 1 F Uin 1kl T Wi k1 T Wij—1,k+1) Y (Wig1j41,k—1 F Uim1j1k—1
FUi 1 1 k=1 F Uil =1 k=1 T Wit 1 1 k1 Wim1 1 k1 + Wikl j— 1 k1 + Uie 1 j—1,k+1)

—(6@ + 126 + 87)umk s

where 0 < < 1/3, v = (1 -308)/9, and « = 1 — 8 — . We note that there are infinitely
many 3D isotropic 27-point stencil discrete Laplacian operators. The Laplacian operator, A =
0?/0x% + 02 /0y? + 0% /922, is invariant under rotation in three-dimensional space [10]. To show
this property, let us consider the following rotated variables (z/,y/, 2’):

X X
v | =R| vy |,
2 z

where R is a three-dimensional rotation matrix and is given as

11 T2 113
R = Tol T22 T23
31 T32 T33

The rotational matrix R is an orthogonal matrix, i.e., RRT = RTR = I and

23:7’» rik = Loifi=. (20)
P ikl gk = 0 otherwise.

Then, using chain rule, we have

Ugy + Uyy +Uzz = 2(r117r21 + 112722 + 713723 Ugryy + 2(T217°31 + 712732 + 723733 ) Uy 1
2 2 2
+2(r31711 + 732712 + 733713) Usrar + (171 + 19 + T13)Ugra
2 2 2 2 2 2
+(rg + 139 + 133)uyy + (r3) + 13y + r33) Uy
= Ugly! —+ uy/y/ —+ Uyl o

where we have used (20). Therefore, Laplacian operator is rotationally invariant. If we choose
a=20/27, B =2/9, and 7 = 1/27, then (19) becomes

1
(Agu)z‘jk = 1852 20(ig 1,5k + Ui—1jk + i1k + i1k + Uijr1 + Uije—1) — 200w,

F6(Uig1,j—1 + Uim1 k-1 F Ui k-1 F Ui 1 k-1 F Uir 141k + U141k + Uirlj— Lk
FUG1 1k Wit 1 k1 Uim1 k1 Wi kbl F Ui =1 k1) T Wik 1 b1 k=1 Wie 1 j41,k—1

FUi1,5-1k—1 T Wim1,j—1k—1 F Uit 1 j41,k+1 + Wim1 41 k+1 + Wit1 -1 k+1 T Uz’—l,j—l,k—l—l] )

which was introduced in [14]. In [16], the authors used a = 7/9, § = 1/6, and v = 1/18 for the
3D isotropic discretization for the Laplacian operator:

1
(A%U)ijk = 302 14(ui 1 gk + W1 jk + Wi g1k + Wij—1k T Ugjkr1 + Uijr—1) — 128ugjp

F3(Uig 1,5 k—1 + Uim1 k-1 F Ui i1 k-1 F Ui 1 h—1 F Uir1 41k + Uim1 41k + Uil j— 1k
U151k F Wi 1kt F Uis 1kl T Wi Lkl T Wi 1k41) F Uikl a1 k1 F Uis1 1 k-1

FUi+1,5-1k—1 T Wim1,j—1k—1 F Uit 1 j41,k+1 + Uim1j+1k+1 T Wit1 -1 k+1 T Ui—l,j—l,k+1] .
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0 6 9 B3

Figure 3. 0<8<1/3,vy=(1-38)/9, and a=1— 3 —~.

Fig.3 shows the values of «, 3, and « for 3D isotropic discretization against S on 0 < 8 < 1/3
with the vertical lines of = 1/6 and § = 2/9.

3. NUMERICAL EXPERIMENTS

3.1. Two-dimensional space. Let us consider the following function on domain Q = [—1.5, 1.5]x
[—1.5, 1.5]:

w(@,y) = tanh (HW> , (21)

€

where € is a parameter related to the thickness of interfacial transition layer. Here, ¢ = 0.25 is
used. Then, its Laplacian function is given as

1— 2 .2 4 1— 22
Au(z,y) = — %(1'2 + %) tanh (H> + } sech? <H> .
€ € € €
For e = 0.25, Fig.4(a) and (b) show u(x,y) and Au(z,y), respectively. Fig.4(c) and (d) are
mesh plots of Aju(z,y) — Au(z,y) and A%u(a:, y) — Au(z,y), respectively. Fig.4(e) and (f) are
filled contours of Aju(x,y) — Au(x,y) and A%u(az,y) — Au(z,y), respectively. The grid size is
101 x 101.

As shown in Fig.4(c), in the case of Aju(z,y), the errors are large in the directions of
0°, 90°, 180°, and 270°. As shown in Fig.4(d), in the case of Asu(x,y), the errors are ra-
5

dially uniformly distributed. Because the given function u(z,y) in (21) is radially symmetric,
its Laplacian should be radially symmetric.
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-1.5 .

-15 -1 -05 0.5 1 x15 -15 -1 -05 0.5 1 215
() (1)

Figure 4. (a) u(z,y) and (b) Au(z,y). (c) and (d) are mesh plots of Aju(z,y) — Au(z,y) and

A%u(m, y) — Au(z,y), respectively. (e) and (f) are filled contours of Aju(z,y) — Au(z,y) and

A%u(x, y) — Au(z,y), respectively.

Fig.5(a) and (b) are graph plots of (, [x? + yjz-, A — Au(z, yj)> and
(, [x? + yjz, A $Uij — Au(x;, yj)), respectively. We can observe that the errors of the standard
5-point and isotropic stencils are not radially symmetric and radially symmetric, respectively.

15 15

Aqui; — Au(ai, yj) N Asui; — Au(zs, yj) A
2 Pt
&t | I
05F Fu| 05F i -
? ‘ i - \
. I |
0 \j' 1; N 0 \j ' I/
i £ i
05F ® 05 H 1
] i
W vl +yl V N
15 ‘ ‘ 15 ‘ ‘
0 05 1 15 0 05 1 15

(a) (b)
Figure 5. Graph plots of (a) (, [} +y3, Aruig — Au(:ci,yj)) and (b) (, [} +y3, Asugy — Au(xi,yj)).

To quantitatively measure the radial symmetry of the numerical Laplacian operator, let
us consider a cubic spline least squares approximation to the errors. Let us define the er-
ror between the numerical approximation and analytic solution at position (z;,y;) as ey:j =
Ayuij — Au(z;, ;). We uniformly partition interval [0, 1.5] into N, subintervals, which implies
(N, 4+ 1) node points, i.e., r; = 0.15i/N, for i = 0,1,..., N,. In this study, we use N, = 50,
which is a sufficiently large enough number. Let f(r) be a discrete function which is defined on
the (N, + 1) node points. Our goal is to construct the discrete function f(r) which best fits the
given data in the sense of least squares approximation when we use a cubic spine based on the
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function f(r). To construct the values f(r;) for ¢ = 0,1,..., N,, we use the nonlinear curve-
fitting routine Isqcurvefit in MATLAB R2022a, which is a nonlinear least-squares optimization
function [17]. That is, we compute the optimal discrete function values f(r;) fori =0,1,..., N,,
which minimize the following cost function:

G0 ) =5 Y Jews =5 ()]
\/xny]?gﬁ

where S(r) is the cubic spline interpolant using the discrete function values f(r;) for i =

0,1,...,N,. The specific usage of the nonlinear curve-fitting routine Isqcurvefit is as follows:
[f(r())v B 7f(TNr)] = lSqCUI‘VGﬁt(‘fUD’, [fo(r())? ceey fO(TNr)]ﬂ R'7 E)7
where [f(rg), ..., f(rn,)] are the optimized discrete function values, ‘fun’ is the cubic spline inter-

polant, [f%(ro),..., f%(rn,)] are the initial guess of the function f(r), R = {R|R = \/2? + yjz- <

1.5} is the set of radii, and corresponding error values E = {e,, ;;]1/2? + yJQ- < 1.5}. We compute

the discrete lo-norm of the difference between the errors and best fitting function. The discrete
lo-norms of the numerical results in Figs.6(a) and (b) are 0.0775 and 0.0017, respectively. Table
1 lists errors of the two different Laplacian operators, A; and Ays, for various € values. Fig.7
shows the difference data in Table 1 as a graph for e. We can clearly observe that the isotropic
discretization of the Laplacian operator is superior to the standard discretization.

15 : ‘ 15 ‘
Aruy — Aulzi, y;) Aguij — Au(zi, y;)
1t it
05 ¢ 05
0 0
05t 05t
af at
2 2
i+ Y;
15 : : 15 : :
0 05 1 15 o 05 1 15

(a) (b)
Figure 6. Graph plots of (a) (, 27 + 7, Aruij — Au(wi,yj)) and (b) (, [27 +yF, Asuij — Au(xi,yj)) with

corresponding cubic spline interpolants (solid curves) using € = 0.25.

Table 1. Discrete l2-norm of the difference between the errors and best fitting function for two different
Laplacian operator cases for each various € = 0.1, 0.15, 0.2, 0.25, 0.3, and 0.35 on two-dimensional space.

case | €=0.1]€e=015|€e=02]|e=025]€e=03]|€e=0.35
Aq 1.6172 | 0.4259 | 0.1631 | 0.0775 | 0.0423 | 0.0255
Ays | 04642 | 0.0438 | 0.0062 | 0.0017 | 0.0006 | 0.0003

2

——A
——Ay5 |

0.5

A AN

0
0.1 0.15 0.2 0.25 0.3 € 035

Figure 7. Discrete lz-error for A; and A,/5 on two-dimensional space.
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3.2. Three-dimensional space. Let us consider the following function on domain 2 = [—1.5,
1.5] x [-1.5, 1.5] x [-1.5, 1.5]:

u(z,y, 2) :tanh(1_$2_€y2_22). (22)
Then, its Laplacian function is given as
Au(z,y,z) = — %(aﬂ + 1%+ 2?) tanh (1 — _€y2 — Z2) + g] sech? (1 —a _€y2 — Z2) .(23)

Because the given function u(z,y, z) in (22) is spherically symmetric, its Laplacian should be
spherically symmetric, i.e., (23). For € = 0.25, Figs.8(a), (b), and (c) are isosurfaces of u(z,y, 2)
at level zero, Agu(z,y,z) — Au(z,y, z) at level 2.7, and A%u(:c,y, z) — Au(z,y, z) at level 2.7,
respectively. The grid size is 51 x 51. We can observe that the standard 7-point stencil generates
the anisotropic result as shown in Fig.8(b). In the case of isotropic discretization, (A %u)ijk, we
have the good isotropic result as shown in Fig.8(c).

15— —

z

— '
A — — -
1 N/) 1
0 o = 1
R
(b)
Figure 8. (a) is isosurface of u(z,y, z) at level zero; (b) and (c) are isosurfaces of Asu(z,y,z) — Au(z,y, z) and

A%u(x,y, z) — Au(x, y, z), respectively, at level 2.7.

Aguijr — Au(xi, yj, 2k) % Az uij — Au(zi, yj, 2) I«

Py i
7 _
',/szry]?Jrz,":A

0 0.5 1 15 0 0.5 1 15
(a) (b)
Figure 9. Graph plots of (a) (, 2 + Y3 + 23, Asuigr — Au(zs, y;, zk)) and (b)

(, [x? + y? + zi,A%ui]—k - Au(xi,yj,zk)).
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Fig.9(a) and (b) are graph plots of (, [x? + y]2 + 22, Aguijr — Au(zi, yj, zk)) and (1 % + y]2 + 22,

A%uijk — Au(x;, yj, zk)>, respectively.

To quantitatively measure the spherical symmetry of the 3D numerical Laplacian operator,
let us consider a cubic spline least squares approximation to the errors. Let us define the error
between the numerical approximation and analytic solution at position (x;,¥;, 2x) as egijr =
Aguijr — Au(xi, yj, z1). Let f(r) be a discrete function which is defined on the (NN, 4 1) node
points. Our goal is to construct the discrete function f(r) which best fits the given data in the
sense of least squares approximation when we use a cubic spine based on the function f(r). That
is, we compute the optimal discrete function values f(r;) for i = 0,1,..., N,, which minimize
the following cost function:

EFr0) o fon) =5 X Jesm-5(E )]
\/mgﬁ

where S(r) is the cubic spline interpolant using the discrete function values f(r;) for i =

0,1,..., N,. The specific usage of the nonlinear curve-fitting routine Isqcurvefit is as follows:
[f(r())v s 7f(rNr)] - lsqcurveﬁt(‘fun,v [fo(r())? R fO(TNr)L R7 E)7
where [f(r9), ..., f(rn,)] are the optimized discrete function values, ‘fun’ is the cubic spline inter-

polant, [f°(ro), ..., f°(rn,)] are the initial guess of the function f(r), R = {R|R = |/2? + y]2 + 22

< 1.5} is the set of radii, and corresponding error values E = {eg;;x|\/2? + yjz + 22 < 1.5}. We

compute the discrete lo-norm of the difference between the errors and best fitting function f(r).
The discrete lo-norms of the numerical results in Figs.10(a) and (b) are 0.2913 and 0.0176, re-
spectively. Table 2 lists errors of the two different Laplacian operators, Ag and A, g, for various
€ values. Fig.7 shows the difference data in Table 2 as a graph for e. We can clearly observe that
the isotropic discretization of the Laplacian operator is superior to the standard discretization.

5t {1 st
Asuijk — Au(zi, Yj» Zk) L . Aguijk - Au(zu Yijs Zk)

(a) (b)
Figure 10. Graph plots of (a) (, 27 + Y2 + 23, Asuigr — Au(zi, yj, zk)) and (b)
(, [x? + yf- + 22, A%ul‘jk — Au(zs, yj, zk)) with corresponding cubic spline interpolants (solid curves).
Table 2. Discrete l2-norm of the difference between the errors and best fitting function for two different

Laplacian operator cases for each various e = 0.1, 0.15, 0.2, 0.25, 0.3, and 0.35 on three-dimensional space. Here,
Ag is the 3D 7-point standard discrete Laplacian operator (17)

case | €=0.1]€e=015|€e=02]|e=025]€e=0.3]|€e=0.35
Ag 4.8169 1.4653 | 0.5913 | 0.2913 | 0.1634 | 0.1006
Agg | 1.3692 | 0.2211 | 0.0531 | 0.0176 | 0.0072 | 0.0034
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Figure 11. Discrete lz-error for As and Ay /9 on three-dimensional space.

Fig.12 shows the discrete l3-norm of the difference between the errors and best fitting function
against 0 < 8 < 1/3 when we use (22). In Fig.12, when we choose o = 8/9, 8 =0, and v = 1/9,
the error is the largest. However, it makes (19) become the smallest 15-point isotropic stencil
for the 3D discrete Laplacian operator as follows:

1
(Aou)ijr = 1on2 8(Uit1,5k + Wim1 jk + Ui j1k + Wij—1k + Wijht1 + Uijh—1) + Uit1 j4+1,k—1

FU 11 k-1 T Uit 1, 1,k—1 T Wim1j-1k—1 + Uit1 41 k1 T Uim141,k+1
FU1 1 k1 T Uim1,j—1 k1 — 56Uijk:|;
which has a computational advantage. This scheme was studied in [20] as the 14-point averaging
operator. Conversely, we can observe that the error is minimum when g = 1/3, which implies
v =0. If we take « =2/3,  =1/3, and v = 0, then (19) becomes
1
(A%U)z’jk = o3 2(Uig 1,5k + Wim1 jk + Wi j+1k + Wij—1k + Wij k1 + Wije—1) + Uit1,jk—1
FU—1,5k—1 F Ui j+1,k—1 F Ui j—1k—1 F Uil j+1,k T Wi—1+1,k T Uit1,j—1,k
FUi— 11k T Uit 1kl T Uim1 k1 T Wit k1 T Uij—1k+1 — 24Us58 |,

which is a 19-point isotropic stencil for the 3D discrete Laplacian operator. Hence, Ag using
15-point is isotropic and has a computational advantage, and A1 using 19-point is more accurate
3

than Ay and is an isotropic Laplacian operator that is more efficient than using 27-point.

0.025 - 1

0.015 |- é 7N

1 2 1
0 8 9 B3

Figure 12. Discrete l2-norm of the difference between the errors and best fitting function against 3.

In this study, we focused on the numerical analysis and computational tests. Theoretical
results for the discrete isotropic Laplacian operator were given in [10,12]. Fig.13, reprinted
from [25], shows the numerical results of a tumor growth model in 3D space, which is an
application of real-life model problem. In Fig.13, (a) is an ellipsoid initial condition. (b) and (c)
are the computational results from the anisotropic and isotropic schemes, respectively, at latter
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time. (e) is /4 rotated ellipsoid initial condition. (f) and (g) are the computational results
from the anisotropic and isotropic schemes, respectively, at the later time. (d) and (h) are the
overlapped isosurfaces of the results ((b) and (f); (c) and (g)) for the anisotropic and isotropic
schemes, respectively, after being rotated.

(e) (f) () (h)

Figure 13. (a) is an ellipsoid initial condition. (b) and (c) are the computational results from the anisotropic

and isotropic schemes, respectively, at later time. (e) is 45 ° rotated ellipsoid initial condition. (f) and (g) are
the computational results from the anisotropic and isotropic schemes, respectively, at the later time. (d) and (h)
are the overlapped isosurfaces of the results ((b) and (f); (c) and (g)) for the anisotropic and isotropic schemes,

respectively, after being rotated. Reprinted from [25] with permission from Hindawi.

4. CONCLUSION

The main conclusion from the numerical experiments is that it is highly recommended to use
isotropic stencils for the 2D and 3D Laplacian operators with the extra cost for extended stencils.
In this study, we proposed benchmark functions to quantitatively evaluate the isotropy of the
discrete Laplacian operators in 2D and 3D spaces using a cubic spline interpolant. There is only
one isotropic 2D stencil to the lowest order, while there are many isotropic 3D stencils. Among
them, there is the 3D 19-point isotropic stencil which is accurate and fast because of the small
number of points compared with full 27-point isotropic stencils. There is the smallest 3D 15-
point isotropic stencil which is the fastest because of the smallest number of points with a slightly
larger error. As a future work, it would be interesting to develop isotropic 2D Laplacian discrete
operators in triangular or hexagonal grids [1-3,5]. Because, in triangular or hexagonal grids, we
may use fewer grid points to solve the isotropic Laplacian operator, and better computational
efficiency can be expected.
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