Acta Univ. Palacki. Olomuc., Fac. rer. nat.,
Mathematica 53, 2 (2014) 71-83

Comparison of the 3D Numerical
Schemes for Solving Curvature Driven
Level Set Equation Based on Discrete

Duality Finite Volumes®

Dana KOTOROVA

Department of Mathematics and Descriptive Geometry
Faculty of Civil Engineering, Slovak University of Technology Bratislava
Radlinského 11, 818 68 Bratislava, Slovak Republic
e-mail: dana.kotorova@stuba.sk

(Received May 30, 2013)

Abstract

In this work we describe two schemes for solving level set equation
in 3D with a method based on finite volumes. These schemes use the
so-called dual volumes as in [3, 7], where they are used for the nonlinear
elliptic equations. We describe these schemes theoretically and also com-
pare results of the numerical experiments based on exact solution using
proposed schemes.
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1 Introduction

The level set equation (1) can be used in many different applications—motion of
interfaces, in thermomechanics, computational fluid dynamics, smoothing and
segmentation of images.

The unknown function (¢, z) in

Vu
_ - 1
us — |Vu|V <|VUI) 0, (1)
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is defined in Q7 = I x Q,  C R? is a bounded Lipschitz domain, I = [0, 7],
T > 0 is a time interval. We will consider the equation accompanied with the
zero Neumann boundary conditions and by an initial condition:

Oyu=0 onl x0Q, (2)

u(0,2) = u®(x). (3)

2 DDFYV schemes in 3D

In this paper we will consider ) as a prism Q = (ay, b1) X {az,bs) x (a3, b3). Let
us describe creating of the mesh. We will divide each edge in the following way:
o = a1, T; :a1+i~h, P = ].,...7N1; Yo = a2, Y; :a2+i'h,i: 17...,N2;
29 =as, z;=a3+1i-h,i=1,..., N3. We can denote then z;;; as the center of
the original finite volume Vjjy.

The numerical schemes we will describe in this work are based on the dual
finite volumes. Hermeline and also Coudiére with Hubert used these methods for
the elliptic partial differential equations. Their schemes were inspiring for us and
in this work we will use both of these schemes for the nonlinear parabolic PDE.
For the better orientation we will name our schemes after the above mentioned
authors.

The basic construction of the numerical scheme will be similar in both cases.
We will choose a uniform discrete time step 7 = % and replace the time deriva-
tive in (1) by the backward difference as in [6]. If we denote the approximated
solution at time n - 7 by u", we will get

1 u”

—qynl Vu™
= . . 4
2T (w) )

Both presented schemes differ in a space discretization and computation of
the gradient.

We will divide our domain into finite volumes and let us denote one of them
by V. The edges (in our case is by edge understood the square face) of this finite
volume will be denoted by e. As it is typical in the finite volume methodology
(see [5]), we will integrate (4) over a finite volume V', and using the divergence
theorem we get an integral formulation of (4).

1w —urt 1 ou”
dz = - %y 5
/|Vun71| . r Z /|Vun71| v e (5)
%

ecoV

where v is a unit outer normal to the boundary of V' and e are the edges of the

dV. Now the exact “fluxes” on the right-hand side and the ”capacity function”

m on the left-hand side will be approximated numerically.

Because of the gradients in the denominator in this equation, we define,
according to the Evans—Spruck regularization [4], Q., Q. = v/|Vue| + €2, € > 0,
as a regularized norm of the gradient on voxel edges Q. (right-hand side of (5)),
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and, the regularized averaged gradient inside the finite volume AQy (left-hand

side of (5)), computed from the solution known from the previous (n —1)5* time
step

1
AQV = 6 Z Qe
ecdV

For the approximation of the left-hand side of (5) we get

1w =yt m(V) uf — uT‘L/_l
/\Vu”fl\ T du ~ AQy T ’ (6)
v

where m(V') is the measure of a finite volume V and u}; is the approximated
value in the center of the finite volume V in the time step n. The approximation
of the right-hand side, is given by:

n_

L ou m(e) Uy — Uy
> [ meatr X o g

d—
ecdV e€dV Q v

where uy and uy; represent the values in the time step n in the center of the
finite volume V' and in the center of the neighboring finite volume, respectively,
m(e) is the measure of the edge of the finite volume, and d,7 denotes the distance
between two neighboring volume centers.

2.1 “Hermeline” scheme

Now we will describe our understanding of the finite volume mesh in more

details. In this scheme we will divide our domain into two meshes. Both meshes
will consist of the set of cubes (see Figure 1).

Figure 1: Original (solid lines cubes) and dual (dashed lines cubes) mesh
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We restrict our considerations to uniform cubic co-volumes with size length h.
Then, e.g.,
m(V)=h% m(e)=h% dyw=h.

The original volume mesh will consist of the cells Vj;;, € 7). Dual mesh will
be shifted to the north-east and will consist of the cells Vijk € T,. Discrete
values of the unknown function u;;;, will be given in the centers of the original
volumes Vi € 7. The dual unknowns v;;, will be given in the centers of
the dual volumes. Now we will describe notation for the original volume mesh,
for the dual mesh the notation will be the same, but barred and the unknown
function will be denoted by v. For each volume Vj;i, € T, let N;j;j, represent the
set of all neighboring volumes Viyp jtq,k+r, P, ¢, 7 € {—1,0,1}, [p|+|q[+|r[ = 1.
The face of the finite volume will be denoted by e} .

We will use the notation for approximated piecewise constant functions
up(z) = uijr and vy (T) = vk, where x5, and T;j; are the centers of the
volumes V;;r and Vji, respectively. We will also use wuy ,(t,2) = uyy, and
O (t,T) = v}y, where @ € Vijp, T € Vij, and t € ((n — 1)7,n7) and up, . (t,2)
and vy, - (t,7) are the piecewise constant functions in space and time.

To estimate the value of the gradient in (7) on every edge e} of the finite
volume V;;;, we will use the diamond (see Figure 2). The face on which we want
to approximate the gradient, will be divided into 2 parts by the diagonal line
as in [7, 9] and the gradient will be approximated in both of these parts.

Figure 2: Diamond in the original mesh

The total value of the gradient will be then estimated by
1
|qu| = §(V’LLD1 + VUDQ) .

For illustration we will show, how the gradient looks like for the right, the back
and the top edges of the original volume. How the gradient looks like in general,
can be seen in [9].
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Vi jk
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Vi1 jk-1 Vijk-1
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Figure 3: The detail of the right (left), the back (middle) and the top (right)
face of the original mesh

Figure 4: Diamond in the dual mesh

To represent the approximated gradient on the right face, we will use the nota-
tion V1007

ijk*
n _an n n _ _an
Tl00,n Uit1 g — Wik Vigk T Vik—1 — Yij—1k ~ Vij-1k-1
Yijk = h : 2h :
n n n n
Viio1k T Ve — Vi1 k—1 = Ui,j,k—l)
2h ’

For representing the approximated gradient on the back face, we will use the

3 010,,mn
notation V™ g, .

n n n n n n
(Ui,j,kfl T Uik — Vit jk—1 ~ Vic1 ik Yig+1k — ik
2h ’ h ’
n n n n
Vi1 gk T Vil = Vic1,jk—1 — Uz‘,j,kq)
2h ’

010, n __
AV U =




76 Dana Kotorova

And for representing the approximated gradient on the top face, we will use the
notation V01y?

ijk
n n n n
001, n Vijk T V-1 ~ Yic15k ~ Vic1-1k
\Y Uijp = o%h )
n n n n n n
Vi1 ik T Vi — Vi1 j—1k — Vij—1k Yijk+1 — uijk)
2h ’ h '

To approximate the gradient in the dual mesh we will use the same pro-
cedure. The gradient will be estimated in the similar way as in the original
mesh. The diamond will be understood in the same way as before, but it will
be situated in the dual volume (see Figure 4).

The approximated values of the gradient on the particular faces of the dual
volume could be again seen in [9)].

At the end, after putting together all the above mentioned considerations and
using the finite volume procedure described before, we obtain the linear system
of equations we have to solve in every discrete time step n, n =1,..., N, where
N is the total number of time steps.

n 3 n n 2 3, n—1
Uik h " Z (uijk - Ui+p,j+q,k:+r) h B h Uik (8)
—1 pqrin—1 - n—1"
T AQ™ S T AQ™
@ik plfarriri=1 ijk h ik
n 3 n n 2 3 n—1
vigk P, (Ve = Vipgraer) B° R gy (9)
n—1 Aparin—1 B n—1
T AQiE  |pl+laltIr=1 Qi h T AQi,

2.2 “Coudiére—Hubert” scheme

In this case we will consider three meshes. First two meshes will consist of the
set of cubes (see Figure 1) as in the previous scheme. The original and dual
unknowns will be again given, as before, in the centers of the original and dual
volumes and denoted by u and v, respectively.

The third mesh will consist of the face and edge volumes (see Figure 5).

The face unknowns wz, wy and wz will be given in the centers of the right,
the back and the top faces of the original finite volume. The edge unknowns zz,
zy and zz will be given in the middle of the edges of the original finite volume
(as plotted in Figure 7).

We will consider 4 diamonds (see the diamond in Figure 6) on every face of
the original finite volume as in [3, 10]. These diamonds will be denoted as Dy,
Dy, D3 and Dy4. To define these diamonds on every face of the original finite
volume, we will use the following notation.
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Figure 5: Face volume (dashed lines) and edge volume (solid lines) in the original
mesh
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Figure 6: Diamond D1 in the right face of the original volume

Figure 7: Values of the wz (blue), wy (red), wz (green), zx (black), zy (gray)
and zz (pink) variables on the original finite volume
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The diamonds on the right face of the original volume V;;; will be denoted
as D1 Xijk, DaXijr, DsXiji and Dy X;5,. The diamonds on the back face of
the original volume V;;;, will be denoted as D1Y;jx, D2Yijr, D3Yijr and DsYijy.
The diamonds on the top face of the original volume V;;, will be denoted as
D1y Ziji, DaZiji, D3Z;j1, and DyZijy.

Let us show how the gradients look like on the right, on the back and on the
top faces, respectively.

right face:
n n n n n n
Wit1,5k — Wigk Yigk — Yij—1,k *Yijk — Wik
VD X =
1Aijk — h ) h i h
2
n n n n n n
VDo Xon — Wit1,5k = Wigk Wi — 2% 1k Yij—1,k — Vij—1k—1
2 Xijk = ) h )
h h h
2
n n n n n n
VDaXoor — Wit1,5,k — Wijk Yijk—1 — Vij—1k—1 WLk — 2Y; 5 k-1
3Ngijk — h ) L ) h
2
n n n n n n
VDuXir — Wity — Wijk RRijk — Wik Vije — Vi k-1
4N ik — ) I )
h h h
2
back face:
n n n n n n
VD Yor — Vijk — Vi—14k Wig+1,k — Wijk 2Tk — WYk
115k — h ) h ) h
2
n n n n n n
VDY — WYk — “Zi—15k YWij+1,k — YWigk Yi—15k — Yi—15k—1
e =
J % ) h 9 h
n n n
Vigk—1 Vit k—1 Yij+1,k — z]k wyzyk Jk 1

VD4Yi5 = 7 ) ;
o h

top face:

n n n n
Vijk = Vi—1,5k *Lijk — wzzgk uzngrl Ussk

A9
h
2
n n n n n
225k — WYk Uitk — Uik Vigk — Vijk— 1)
VD) Zij, = ; : . : ; )
2

n n n n n
W2k = Y15k Vic1,4k — vz’—l,j—l,k Uz i o1 — Ui
h ’ h

VDyZj, =

n _ n _an
Vi1 TV ok WEGE T AT i1 — Uik
’ h

VD3Z;;, = " ,

vl

n oo n n _ ,n n _an
RYije — W2k Vijk — Vij—1k Wijk+1 — Uik

h ) )
= h h

VD4Zijk =

(
(
(
(
[
(
(
(
(
(
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To see how the approximated values of the gradients look like at the particu-
lar faces and for the particular unknowns, see [10]. Because the original and the
dual volumes have the same shape, let us consider m(V;;x) = m(V ;) = m(V)
to be the measure of the finite volume and m(e}7}) = m(e};}) = m(e) to be the
measure of the faces of the original and dual volumes.

Let us denote by m(F') the measure of the face volume (the green and also
the gray volume in Figure 5) and by m(FE) the measure of the four edges of the

face-edge mesh.

P 7 7% i
oD oD eD;
oD, e WX en oD « WY b, eD; o W7 oD
ZZijk ZZLijk| |ZZirjk ZZijk| | ZYi1 gk ¥ K
oD D ®D;
ZY; k1 ZX;: ik ZX; ik

Figure 8: The detail of the right (left), the back (middle) and the top (right)
face of the original mesh

The distance between two neighboring volume centers will be denoted as d.

After applying finite volume procedure, we obtain the linear system of the
equations we have to solve in every discrete time step n, n = 1,..., N, where
N is the total number of time steps.

1
u?jk m(V) g (Uz}k - U?+p,j+q,k+r) m(e) . m(V) “Zk
n—1 pqri;n—1 - n—1 7
AQP Ipl+|gl+|r|=1 QP d AQP
—1
U m(V) g (U?jk - U;L+p,j+q,k+r) m(e) . m(V) UZk
n—1 pqrin—1 - n—1 7
ACDG  ppraririm @Dy d AQD

(wak — wxlﬁl) m(F) (wxfjk — Zka) m(E) (wx?jk — Z«Zﬁjq,k) m(E)

+ - -
T AQF]! QF " td QF "t d
(wI?]k - Zyzn,j,kﬂ) m(E) (wx?]k - ZZZJC) m(E) -0
+ QFooflgnfl d QFOIO;nfl d -
ijk ijk

(wylhy — wyle) m(F) (wyly — 22) m(E)  (wylly, — 221y ) m(E)

n—1 001;n—1 —100;n—1
T AQF];, QFXNE" d QF;, d

(wy?jk - Zij,k—l) m(E) (wy?jk - ZZZ;k) m(E)
QFQO—1;n—1 d QF%(})gO;nA d

ijk

=0,
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(wzfjk - sz;l) m(F) (WZZk - z:zzzk) m(E) N (wzzk - zy{il}j’k) m(E)
T AQF! QF "t d QF ;" d
(wzznjk - Zx?;k) m(E) n (wzznjk - Zka) m(E) —0
QFoflo;nfl d QFloo;nq d -
ijk ijk
(zxfjk — zxfﬁcl) m(F) (zxfjk - wy;fj’kﬂ) m(E) (zxfjk — wzzk) m(E)
T AQE}! QE" " d QE) " d
(m?jk - wy:;k) m(E) (ZIZk - wzgjﬂ,k) m(E) —0
E0071;n71 d EOIO;nfl d -
QE;j QE;j)

(Zy?jk - zyfﬁl) m(F) (Zy:l]k - ww;’;j,kﬂ) m(E) (Zyzn]k - wz%k) m(E)

T AQElr;El QE'?]lem_l d QEi;iOO;n—l d
+(zy;‘jk - wx;‘jk) m(E) (zy:;k — sz_LLk) m(E) 0
QEOO—l;n—l d QEIOO;n—l d =%
ijk ijk

(2255, — zzl’jzl) m(F) (227, —wal ;) m(E) (225 — wypy) m(E)

+ : -
- AQE;}? QE%;}g,nfl d QE;;OO’"% d
(Zzzngk - wx%k) m(E) (ZZZk - wyszrl,j,k) m(E) —0 (10)
0—10;n—1 100;n—1 -
QEijk d QEijk d

3 Numerical experiments

In this section we will present the results obtained by the above mentioned
schemes.

Example 1 In this example the exact solution is given by
1
U(l’,y,Z,t) = mln{§ (mQ +y2 +22 — ].) +2t,0} .

The numerical results obtained by using “Hermeline” scheme are plotted in
Figures 9 and 10. In the Table 1 we present the results obtained by this scheme.

The numerical results obtained by using “Coudiére-Hubert” scheme are plot-
ted in Figures 11 and 12. In the Table 2 we present the results obtained by this
scheme.

In both cases we set 7 = h?, z = 0.00390625, N; = Ny = N3 = 40.
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1 1

Figure 9: Exact (left) and numerical (right) solution after 10 time steps using
“Hermeline” scheme, N1 = Ny = N3 = 40

1

Figure 10: Exact (left) and numerical (right) solution after 40 time steps using
“Hermeline” scheme, N = Ny = N3 = 40

-1

1 1

Figure 11: Exact (left) and numerical (right) solution after 10 time steps using
“Coudiére-Hubert” scheme, N7 = Ny = N3 = 40

1

Figure 12: Exact (left) and numerical (right) solution after 40 time steps using
“Coudiére-Hubert” scheme, N7 = Ny = N3 = 40
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N | Ly error EOC Ls error L5 gradient error | EOC Ly gradi-
ent error

10 | 6.9985e-2 - 2.7369e-1 -

20 | 3.7869e-2 0.9084 2.2711e-1 0.2691

40 | 1.9153e-2 0.9611 1.7367e-1 0.3871

80 | 9.7404e-3 0.9755 1.3319e-1 0.3829

Table 1: EOC and errors obtained by DDFV “Hermeline” scheme

N | Ly error EOC L error L5 gradient error | EOC Ly gradi-
ent error

10 | 6.5323e-2 - 2.6010e-1 -

20 | 3.4497e-2 0.9435 2.1560e-1 0.2707

40 | 1.7832e-2 0.9507 1.7224e-1 0.3239

80 | 1.0902e-2 0.7097 1.3932e-1 0.3060

Table 2: EOC and errors obtained by DDFV “Coudiére-Hubert” scheme

4 Conclusion

In this work we have compared two new schemes for solving curvature driven
level set equation in 3D based on dual volumes. Concerning the numerical
experiment we can say, that our expectations were fulfilled by obtaining EOC
of the Ly error tending to 1 in both cases. Because of the non-smooth function of
the exact solution better results could not have been expected. Concerning EOC
of the Lo gradient error, it is tending to be %, what was also expected. Coudiére—
Hubert scheme has some advantages, the biggest one will appear thanks to the
expression of the gradients in proving stability and convergence of the given
scheme.
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