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NUMERICAL SOLUTION FOR THE WILLMORE FLOW OF
GRAPHS

TOMAS OBERHUBER!

Abstract. In this article we present a numerical scheme for the Willmore flow of graphs. It
is based on the method of lines. Resulting ordinary differential equations are solved using the 4th
order Runge-Kutta-Merson solver. We show basic properties of the semi-discrete scheme and present
several computational studies of evolving graphs.
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1. Introduction. For the purpose of this article we consider evolution of two
dimensional surface I'(t) embedded in R? such that it can be described as a graph of
some function u : (0,T) x 2 — R, 2 C R%. We investigate the following law

V =2ArH + H*> —4HK on T'(t), (1.1)

where V' is the normal velocity, Ar is the Laplace-Beltrami operator, H = k1 + k2
is the mean curvature, K = k1 - ko is the Gauss curvature and x; and ko denote the
principal curvatures of the surface.

As follows from [5, 6, 7] the law (1.1) represents the Lo-gradient flow for the
functional W defined as:

W(f) :/FHQdS, I = {(x,u(z)) | x € Q}. (1.2)

The gradient flow approach is described e.g. in [13]. Existence of the solution under
certain initial conditions was proved in [12, 8]. In [5] an implicit numerical scheme
for the Willmore flow of graphs based on the finite element method together with the
numerical analysis is presented. A level set formulation for the Willmore flow can be
found in [6]. For the physical meaning of the minimization of (1.2) we refer to [4]. In [7]
the authors describe an algorithm for evolution of elastic curves in R™. An interesting
algorithm for parametrised curves driven by intrinsic Laplacian of curvature can be
found in [9] where the authors use the tangential vector for redistribution of the
control points on the curve. Application for the surface reconstruction of scratched
objects is discused in [14].

We present a numerical scheme for the Willmore flow of graphs based on the
method of lines. For discretization in time we use the 4th order Runge-Kutta type
solver having explicit nature. This method was succesfully used for solving several
problems in interface motion [2]. Our work is also related to [3] where the surface
diffusion for graphs is treated by a similar approach.
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2. Problem formulation. We assume that I"(¢) is a graph of a function u of
two variables:

I(t)={xu(tx)]|xeQcR},

where Q = (0,L;) x (0,Ls) is an open rectangle, 92 its boundary and v its outer
normal.
We express the quantities of (1.1) in terms of the graph description of I" () see

[3]:
Q =1\/1+|Vul*; n:%ﬁ, (2.1)
Ut
V—‘a’ (2.2)
H=V n, (2.3)
K= detQiljz“, (2.4)
ArH = %v- [(QI— w> VH] . (2.5)

LEMMA 2.1. For the graph formulation of the Willmore flow, (1.1) takes the
following form

ou 2 w?
o, = Qv [é (I-P)Vuw - @vu} : (2.6)
w=QV. %, (27)
where
P:%@%, (u®v);; =ui-v;.

Proof. The proof follows [5]. It is given here because of better understanding of
consequent results. We start with the expression (2.5) which can be written as

ArH = V- <l <I _ Ve V“) v (QH)) —HV- <l <I _Yuo V”) VQ) . (2.8)

Q Q? Q Q?
Using (2.3) we have
1 Vu @ Vu 1 _Du Vu
6([—7622 )VQ—Q<VQ QVu>+HQ, (2.9)
from (2.4) and by a brief rearangement we obtain
1 Au
V- |l=|VQ—-—V = —2K. 2.10
(3 (ve-5)) (240
Putting (2.9) and (2.10) into (2.8) we have
1 Vu® Vu Vu
ArH=V - (= (I—-——— |V (QH 2HK — HV - | H—
it =V (g (1-Fg ) viem) + (#5)

1 Vu® Vu 1 H? 1
=V- <é <1— T) V(QH)> +2HK - 5V (6%) - 5H3.
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Together with (1.1), (2.2) and (2.7) we obtain (2.6). O

The above lemma allows to introduce the following problem:

DEFINITION 2.2. The graph formulation for the Willmore flow is a system of two
partial differential equations of the second order for uw and w in the form

2 2
%:—Qv- Q(H—P)Vw—%Vu in Q x (0,7), (2.11)
Vu
w=0QVv. 2 2.12
Q 0 (2.12)
u(+, 0) = Wipi,
with the Dirichlet boundary conditions
ulpa=0, w |sn=0, (2.13)
or with the Neumann boundary conditions
Ju ow
5 |aQ— 0, E |aQ— 0. (2.14)

Remark: Multiplying (2.11) by test function ¢ € H} (Q) in the case of the
Dirichlet boundary conditions, or ¢ € H' (2) for the Neumann boundary conditions,
summing over € and applying the Green theorem we have

wo o (o 24 _w? }

0 Q¥ /QV [Q(H P)Vw = gaVu| ¢
2 2

Z/ﬂ[é@‘mw‘%w}‘w‘

JlGr-pree) -5

The last term vanishes because of the choice of the test function ¢ in the case of
the Dirichlet boundary conditions (2.13). In the case of the Neumann boundary
conditions the sum over 92 vanishes because of (2.14) and the fact that

ow 1 ow Vu-Vwou

Similarly we multiply (2.12) by test function £ € Hg () for the Dirichlet boundary
conditions resp. £ € H' (Q) for the Neumann boundary conditions and we have

A R A

The last term vanishes because of the choice of £ in the case of the Dirichlet boundary
conditions or because of (2.14) in the case of the Neumann boundary conditions.
We can define the weak solution for the Willmore flow of graphs as follows:
DEFINITION 2.3. The weak solution of the graph formulation for the Willmore
flow with homogeneous Dirichlet boundary conditions is a couple u,w : (0,T) —
H} (Q) which satisfy a.e in (0,T), for each test functions ¢,& € H (Q)

(I-P) - Vw)v =

wo_ [ 2q_ . _ w_Q . in
Qacp—/ﬂQ[(]I P)Vuw] - Vo /QQBVU Vpae in (0,7) (2.15)

S
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with the initial condition
U |t:0: Uini-

Weak solution for the problem with homogeneous Neumann boundary conditions is
a couple u,w : (0,T) — H'(Q) which satisfy (2.15) a.e. in (0,T), for each test
functions @, & € H* ().

Remark: There are at least two different steady solutions for the Willmore flow
of graphs. The trivial solution is represented by a constant function u(specified by
the boundary conditions) and zero mean curvature (w = 0) The second solution is
induced by a sphere with given radius r since the principal curvatures are k1 = ko = %
and so H = k1 + ko = % and K = k1kg = T% From this fact it follows that the right
hand side of (1.1) is equal to zero. In this case, the boundary conditions are different
from (2.13) and (2.14).

Mathematical properties of (1.1) have been partially studied in [12] for the case
when the initial condition is close to a sphere and in [8] existence of the solution was
proved under the assumption that fp |AO|2 is sufficiently small, for A° denoting the
trace-free part of the second fundamental form.

3. Numerical scheme. For the numerical solution of (1.1), we will use method
of lines with finite difference discretization in space.
We use the following notation. Let hi, ho be space steps such that hy = ]%—11 and

ho = £2 for some N1, Ny € Nt. We define a uniform grid as
N3
wp = {(ihy,5ho) |i=1---N;y —1,j=1--- Ny — 1},
@y, = {(ih1,jh2) |i=0---N1,j=0---Na}.

For u : R? — R we define a projection on @y, as u;; = u(ih1, jhe). We introduce the
differences in agree with [11] as follows:

L B e Y o Wit1, T Uiy
um171j - hl b) uw171j - hl 9
L N ! o W41 T Uiy
Uzy,ij = ha y o Uxsij = ha )

Vitiij = (Uz, i, Uz i) » Vihiy = (Uay i, Uz i) -

The discrete operator for divergence is defined in the same manner. For f,g: @, — R
and f,g : W, — R? we define

Nl—l,Ng—l
(f9n=>_ Mhafisgi; o Iflh=(F D
ij=1
N17N271 N1717N2
(Flg'] = D> mhafial;, o (F£6%]= D> mhafigl,
i,j=1 ,5=1

(f.9l=(f.q'] + (£2.¢*1 . IfP=(f. 1.

For the discretization of the Neumann boundary conditions we define the grid bound-
ary normal difference uz:

Up,0j = Uz,y,1j for j=0,...,No,
’Uﬂﬁ7N1j:u;fl7N1j fOI'j:O7...,N2,
Up,i0 = Uzsy,il for i = 07 .. .,Nl,

Upn,iNy = UZo,iNo fori:07...,N1.
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For the purpose of analysis, we recall the grid version of the Green formula proved in

[1:

LEMMA 3.1. Let p,u,v: wp, — R. Then the Green formula is valid:

(Vi - (pVhu),v)n = —(pViu, V]
No—1

+ Y halpuz, |nyjon,; — puz, |15v05)

=1
Ni—1

+ Z ha(puz, |in, Ving, — PUz, |i1vio)-

=1

If we denote

_ 1
Q= \/1 t3 (U%m‘ +ug, g gt uizyij)’
i=1,-,Ny—1, j=1- Ny—1,
5= \/1 + g, g+ U
i:]_’...7N1’ ]’::|_7..."Z\727
Bl = 2 ( 1—u2, —ufl,ijgiz7ijv>7
Qij \ Uz ,ijUzs,ij 1 —ug,

7;:1’"'7N17 j::l-v"'uN2~

then the scheme has the following form

du 1 o "
L i v (@Ehvhwh C(w )3 thh> 7

and the initial condition is
ul (0) = ini |z, -
We consider either the Dirichlet boundary conditions
u" (o, = 0, w” [au,= 0,
or the Neumann boundary conditions
upy Jown= 0, wp o= 0.

The following theorem shows the energy equality of the scheme.
THEOREM 3.2. For u” |, =0 and w" =0 |a,, we have

1 1 1d 1
2 (W?)?@)ﬁm <(wh)2’@>h -

(3.1)
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Proof. We start with the equation for w;; (3.3), divide by QI
vanishing on dwy, and sum over w.

h h_ h_
(7€), - ((UQ?L y (uQ?)z;g)h'

The Green theorem (3.1) gives

ij» multiply by &;;

h h
(%af)h = (fzu %J - <§T27 %J (37)
Na1 ok ) uh
+ Z ( LY, —fQ—hl |0j> ha, (3.8)
N1 1 u h
+ Z ( 902 |1N2 _6 Qh |ZO> hy, (3.9)

and the terms (3.8) and (3.9) are equal to zero because of the choice of &;;. Rewriting
the equation (3.2) in the following form
h 9 h?2
ﬁ_th = -V, < ’ hV wh — (wh)3 thh ,
Q @ (@")

multiplying by test function ¢ vanishing at dwy, and applying the Green theorem (3.1)
we obtain

h 2 wh 2_ o

(3.10)

Na—1 2
+ Z (E}lll whz, + B, whs, — Eghgg uhgl> In; (3.11)
j=1
(En w" 7 +E12 w" Ty — Egzgzuh51> |0j1 (3.12)
+Nf [ <1E§1 wh, + B whs, — Eg};;“@ i, (3.13)
i=1
—p- <E§1 cw'z, + B - whs, — g—zgzuh@) |i0] . (3.14)

The terms (3.11), (3.12), (3.13) and (3.14) are zero because of ¢;; vanishing on dwy,.
Differentiating (3.7) with respect to ¢ we obtain

d [ wh d (u T d U 7y _
E (@’€)h+ < Qh 7§w1J < Qh 7§w2—‘ - 7

and using the following statements

i <Uh‘wl> _ ( ) Q Qt U’ T;
Q" (Q")*
h (Uhil)t Uhil + (Uhig)t Uhig

Qt = Qh
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we get

d <thh> _ ((“hil)t’(uhm)t) _

dt \ Q" Q

. (th)a () (), + s, (uh5,), e, ('), + (0"2,)" (u,), )

which together with

gives
d 1 T2
(Qh,g) + 2 (”Qh 5J (”Qh 5] =
1 h (uhfl) §T1 _
(&), (), s () (2]
After substituting ¢ = w" we obtain

h h
(gth, h) — ( @ 55 (wh)2> + % (E"Vyult, Vywh] =0, (3.15)
h h

@)

and a substitution ¢ = u} in (3.10) gives
2
1 = wh)” — —
<(u1}51)2 ) —_h> - (]Ehvhwh — ( h)3 thh, thf
Q /n @)

Now we sum (3.15) with one half times (3.16) and we have

wi ! 2 1 2 1 1 (wh)? = —
(i), ~ (i ton1) 5 (10" ) o (STt it

We remind that Vju” -th? =Q". Qf} which gives

wp o, B QY wh)? 1 uhQL 1 (wh)2 hl _
(), - (Zwrr) o (o) 3 (Shat] -

It is equivalent to

1<(U?)2,i> +(w—?,wh> 1( !  (w h)2> +S, =0, (3.17)
2 @'/, \ev ), 2@y \

= 0. (3.16)

=0.
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for

| Nam ol 2 | Nl wh 2
Sh=§ Z <Qh1j> .(Q?)Nljhlhg+§ Z ( lh 2) (Q?)ZN2 hihs.
Nij

j=1 i=1 iN2

Finaly from (3.17) we have

1 m2 1 1d m2 1 _

To complete the proof of we need to eliminate the term S;. This can be done by
applying the Dirichlet boundary conditions (2.13). O

Remark: The above given procedure can be used even for nonhomogenous time
independent Dirichlet boundary conditions for w. Similar statetment as (3.2) for the
Neumann boundary conditions remains an open problem.

4. Computational results. Here, we present several numerical experiments
qualitative character. Quantitative results are summarized in [10]. First three exam-
ples show a decay towards planar surface. For all of them we considered homogeneous
Dirichlet boundary conditions for v and w. Fig. 6.1 shows evolution of the initial
condition win; (z,y) = sin (27z) - sin (2y) on domain Q = (0, 1)? with 50 x 50 meshes
and the space steps h; = ho = 0.02. The computation has been performed until the
time 7" = 0.01.

In the Fig. 6.2 we show again a decay towards a planar surface. The initial con-
dition is discontinuous: wi,; (z,y) = sign (22 + y? — 0.2%). The domain € is (-1, 1)
and there are again 50 x 50 meshes and hy = hy = 0.04. We stopped the computation
at the time 7" = 1.

The Fig. 6.3 shows a decay towards the planar surface with highly oscilating

intial condition w;y; (z,y) = sin [277 (15 tanh (\/mQ +y2 — 0.2))] The domain € is

(=1,1)* and there are 50 x 50 meshes and hy = hy = 0.04. The final time for the
computation was 7" = 0.1.

Next two examples show the restoration of a spherical surface. We start with a
part of the sphere with radius R = 3 and center C' = (0,0, —1.5) above the square
domain = (—1,1)>. We obtain a graph which can be described by a function usg.
It yields ws = Q (us) H (us). Then the following Dirichlet boundary conditions

U |ow, = us, W |ow,= ws,

are considered (they are more general than (2.13) and (2.14)). In case of Fig. 6.4 we
perturb the original function ug as follows

Uini = us +exp” °" -sin (7.577) ,

for r = /22 + y2. The initial condition for Fig. 6.5 was obtained by applying the
heat equation on the initial function v;,; = 0 with the Dirichlet boundary conditions
U |ow, = us and setting u;,; = v |t=0.1. There were 50 x 50 meshes and hy = hy = 0.04
in both cases. In the first case (Fig. 6.4) we stopped the computation at the time
T = 0.05 and in the second case (Fig. 6.5) at T = 0.2.

The example on Fig. 6.6 shows a computation with the homogeneous Neumann
boundary conditions. The initial condition is uy = sin (2rz) on Q@ = (0,1)* with
25 x 25 meshes and hy = ho = 0.04. The final time T = 0.5.
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00 ' 00

FIG. 6.1. Convergence towards the planar surface at times t =0, t = 10~%, t = 17-10~* and
t =0.01.

5. Conclusion. In this article, we discussed a formulation of the Willmore flow
for graphs and we presented a numerical scheme based on the method of lines. We
have proved energy equality for the scheme and we have showed several computational
experiments.
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F1G. 6.2. Convergence towards the planar surface at times t =0, t = 0.002, t = 0.005 and t = 1.

1 -1 1 -1
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FIG. 6.3. Convergence towards the planar surface at timest=0,t=5-10"% and t = 0.1.
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FIG. 6.4. Spherical surface restoration at timest =0, t=2-10"°%, t = 10~* and t = 0.05.
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F1G. 6.5. Spherical surface restoration at timest =0, t = 0.05, t = 0.06 and t = 0.2.
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10

F1a. 6.6. Test with the Neumann boundary conditions at times t = 0, t = 0.005, ¢t = 0.175 and
t=0.5.
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