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Abstract

We present parametric finite element approximations of curvature flows for
curves in R, d > 2, as well as for curves on two-dimensional manifolds in R3.
Here we consider the curve shortening flow, curve diffusion and the elastic flow. It
is demonstrated that the curve shortening and the elastic flows on manifolds can be
used to compute nontrivial geodesics, and that the corresponding geodesic curve dif-
fusion flow leads to solutions of partitioning problems on two-dimensional manifolds
in R3. In addition, we extend these schemes to anisotropic surface energy densities.
The presented schemes have very good properties with respect to stability and the
distribution of mesh points, and hence no remeshing is needed in practice.
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1 Introduction

In this paper we introduce numerical methods for the approximation of evolving curves in
R?, d > 2. The evolution laws considered all aim to reduce an energy, where the energy
will be either the length functional, the curvature (Willmore-) functional, or possibly
anisotropic versions of these. All the flows will be gradient flows, which hence have a
variational structure, and this will be heavily used when we derive the numerical approxi-
mations. The L2-gradient flow for the length of a curve in R? leads to curvature flow, also
called curve shortening flow. If instead an appropriate H ~!'-gradient flow is considered,
one obtains a fourth order flow called curve or surface diffusion. If we restrict the curves
considered to lie on a two-dimensional manifold in R?, we obtain, as an L?-gradient flow,
the geodesic curvature flow and, as an H ~'-gradient flow, geodesic surface diffusion. We
will propose a parametric finite element approximation for these flows.
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Willmore flow of curves, also called elastic flow of curves, in higher codimension is
obtained as the L?-gradient flow of the curvature integral

W) = %/F|ﬁ|2 ds, (1.1)

where 3 is the curvature vector of a curve I' in R¢. This leads to a flow, which is nonlinear
in the curvature. We will extend our parametric approximation to this flow as well. On
restricting I' to lie on a two-dimensional manifold and on replacing s in (1.1) with the
geodesic curvature vector, we obtain geodesic Willmore flow of curves. In addition, we
will also consider gradient flows for weighted, or anisotropic, length, as well as anisotropic
versions of (1.1) and the corresponding geodesic energy.

The present authors in recent work, Barrett, Garcke, and Niirnberg (2007b), Barrett,
Garcke, and Niirnberg (2007a) and Barrett, Garcke, and Niirnberg (2008b), have intro-
duced a new numerical approach for the approximation of geometric evolution equations.
An important feature of this approach is that the resulting new numerical schemes have
very good properties with respect to the equidistribution of mesh points. This is an im-
portant issue, as many discretizations can lead to coalescence of mesh points during the
evolution or lead to very irregular meshes; which, in turn, lead to ill-conditioned discrete
problems. The equidistribution property in these methods is formulated intrinsically in a
natural variational discretization of curvature, and no remeshing is needed in practice. So
far, the method introduced in Barrett, Garcke, and Niirnberg (2007b) has been restricted
to evolving curves and surfaces of codimension one. In this paper, we demonstrate that it
is possible to introduce an extension of this approach, which also allows it to approximate
curvature flows in higher codimension. We will discuss all the flows mentioned above.
Since our approach makes substantial use of the variational structure, we will first derive
these evolution laws as gradient flows, see Section 2.

Fundamental to many approaches, which numerically approximate evolving curves in
a parametric way, is the identity
Tes = 3, (1.2)

where 7 is the position vector, 5 is the curvature vector and s is arclength of the curve. In
Dziuk (1991), for the first time, a weak formulation of (1.2) was used, in order to approx-
imate problems involving curvature. In particular, a weak formulation of the equation

ft = fss (13)

can be used to approximate curvature flow numerically. It turns out, see Section 2, that
the equation (1.3) leads to parameterizations, 7, of an evolving curve in which the motion
is in the curve’s normal direction. As it is possible to reparameterize a given curve, it is
not necessary to use such a parameterization. We will instead discretize the identity

Pi, =7, (1.4)

where P is the projection onto the part normal to the curve. Solutions to (1.4) parame-
terize the same evolving curve as (1.3), if the initial data parameterize the same curve, as



the tangential part of Z; is not prescribed. As all parameterizations of a curve evolving
under the curve shortening flow are solutions to (1.4), one can hence consider (1.4) as the
proper geometric formulation of curvature flow.

Let us briefly discuss existing parametric approximations of the flows discussed in
this paper. Parametric finite element approximations of curves in R%, d > 2, have been
considered for curve shortening flow in Dziuk (1994), for curve diffusion and Willmore
flow in Dziuk, Kuwert, and Schétzle (2002), and for Willmore flow also in Deckelnick and
Dziuk (2007). In addition, the approach in Dziuk (1994) for isotropic curve shortening
flow for d > 2, on using ideas from Dziuk (1999) for the anisotropic case for d = 2, was
recently extended to anisotropic surface energies in Pozzi (2007).

To our knowledge, so far no parametric approximations for geodesic evolution equa-
tions exist in the literature. Numerical approximations of geodesic curvature flow based
on level set techniques are presented in Chopp and Sethian (1993), Cheng, Burchard,
Merriman, and Osher (2002) and Spira and Kimmel (2007). The computation of mini-
mizers to the geodesic equivalent of the energy (1.1) has been considered in Brunnett and
Crouch (1994) for a sphere, and in Linnér and Renka (2005) for general manifolds. For
readers not familiar with numerical methods for geometric evolution equations, we refer
to Deckelnick, Dziuk, and Elliott (2005) for a recent overview.

The outline of the paper is as follows. In Section 2 we derive the evolution equations,
emphasizing their variational structure, and discuss how to extend these isotropic flows to
their anisotropic counterparts. Finite element approximations of these evolution laws are
introduced in Section 3, where we prove also well-posedness, stability and mesh properties
of theses schemes. In Section 4 we discuss possible solution methods for the arising discrete
systems. Finally in Section 5, we present several computations illustrating properties of
the considered geometric evolution equations, and of our numerical approximations.

2 Geometric evolution equations for curves

In this section we derive the geometric evolution equations studied in this paper.
Curve shortening flow

For a closed smooth curve I' in RY parameterized by & : I — RY, I := R/Z, we have
that the length of I' is given by

T = [ 17l 4 2.1)

For all 77 : I — R? we obtain that the first variation of |I'| in the direction 7 is as follows.
Choose 3/ : I x (— 50,50) — R with 7(p,0) = Z(p), 7-(p,0) = 7j(p) and compute

NG /|yp|dp|ao /| 2, do = /Ffs.ﬁsds:—ﬁﬁ.ﬁds, (2.2)

where 7, := 17,/|Z,| is the differentiation of 7 with respect to arclength and » := , is
the curvature vector. In order to define a gradient flow for the length |I'|, we need to
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introduce an inner product for functions 77 : I — R?. In this paper an inner product will
be a positive semi-definite, symmetric bilinear form. It should be noted that variations of
a curve ' parameterized by Z in a direction 77 have a tangential part, which correspond
to leading order to reparameterizations of the curve I'; and a normal part, which actually
leads to proper variations of the curve. We therefore introduce the following inner product
for functions 77,y : I — R?

(7, X) 2.n0r 1= /Pﬁ.P)st, (2.3)

r
where P = Id — Ts ® X4 is the projection onto the part normal to I'. Here Id is the
identity operator on R?. The corresponding semi-norm is denoted by || - |2.nor- The inner

product (-, )2 nor is the L?-inner product of the normal part of vector valued functions on
the curve I'. Now a time dependent function 7 is a solution to the gradient flow equation
for |I'| with respect to (-, )2.nor, if

(ftu ﬁ)2,nor - — / fs . 773 ds
r

for all 7 : I — R? Using the facts that PT = P and P? = ]3, we hence obtain the
following system .
Pft == fss y (24)

i.e. the normal part of the velocity vector is given by the curvature vector s = #,. This
gradient flow has the property that the length |I'| decreases fastest, when compared to
all other velocities of the curve having the same ||.||2no-norm. This is in accordance
with Taylor and Cahn (1994) and Luckhaus and Sturzenhecker (1995), who considered
geometric evolution equations as gradient flows. The formulation (2.4) has many solutions
in Z, but they all parameterize the same evolving curve. For d = 2 we obtain, choosing a
unit normal 77 to the curve and setting

— —

V=2 .U, Lo = 2 U, (2.5)

the familiar law
V= .

As stated already in the introduction, the formulation (2.4) has the advantage that if a
parameterization of an evolving curve fulfills (2.4), then also all reparameterizations fulfill
(2.4).

We now introduce a suitable weak formulation of (2.4), which will form the basis of our
fully discrete parametric finite element approximation. Since 3¢ is normal to the curve,
we can rewrite (2.4) as

—

P#, =Pz, #=4f. (2.6)

On defining the test function space

V.:={i:1—R%:qissmooth and 7j. %, = 0}, (2.7)



we obtain the following weak formulation of (2.6):

[@-nqas=0 viev, [zias [aaa=0 vi @9
I I I

where we note again that sz € V..
Curve diffusion

For curves in R? surface diffusion (also called curve diffusion) is given as
V=0 .0U=—x,,, wU = Ty (2.9)

This evolution law can be interpreted as the H~!-gradient flow of the length functional
(2.1), see Taylor and Cahn (1994). In Dziuk, Kuwert, and Schétzle (2002) the curve
diffusion flow was generalized to higher codimensions as

i=-V2x,  Z=1a,, (2.10)

where ﬁsﬁ = P 7s is the normal component of 77, and 682 =V, (65) We now
demonstrate that (2.10) can in fact also be viewed as an H~'-gradient flow of length, i.e.
we generalize the observation of Taylor and Cahn (1994) to higher codimensions.

As in the case of the L2-gradient flow and as in the case of codimension 1, see Taylor
and Cahn (1994), we only want to account for the normal part of a possible variation of
a curve. In order to define the H~!-inner product, we need to invert the operator —682
on a suitable subspace, see again Taylor and Cahn (1994) for the case of codimension
1. Therefore, we first of all identify the kernel of —ﬁf, where we only want to consider
—682 applied to functions for which the tilngential part disappears. For such functions, an

integration by parts formula holds for Vg, see Dziuk, Kuwert, and Schétzle (2002); and
hence we obtain that

/—ﬁfﬁl.ﬁg ds=/ﬁsﬁlﬁsﬁz ds VYV i,jeV., (2.11)
I T

where we recall (2.7). This implies that in order to find the kernel of —652, we need to
find functions 77 € V- with V77 = 0. Choosing an orthonormal basis {7;(p)}{=} of {Z,}*,
we can express 77 as 7(p) = S0 ai(p) 7i(p), p € I. Tt follows that

U

-1

6: ﬁsﬁ: (ai ﬁsﬁz +ai,s ﬁz) ) (212)

In addition, the functions «; have to be periodic. As at most (d — 1) linearly independent

solutions @ = (ay, ..., aq_1)T of (2.12) exist, we obtain that the kernel
ker(—=V2):={feV.:V,ij=0} (2.13)
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is at most (d — 1)-dimensional. We observe that this kernel is (d — 1)-dimensional if T’
lies in a two-dimensional affine hyperplane Z, + H in R?, where H = span{z}, %} C R4
and 2;, i = 0 — 2, are fixed. To see this, assume w.l.o.g. that 7j(p) € H, p € I, and that
vi(p) = 7;(0) for all p € I, i = 2 — d — 1. Then it follows that the functions 7 = 77,
i=1—d—1, form a basis of ker(—V2).

We set R := {7 € V.- [.7.7ds = 0 for all @ € ker(—V?)}, and define for all 7 € R
a function uy € R as the solution of

/ﬁs iy Vi ds = /17.77ds VijeV..
r r
Existence of uy follows from the Fredholm alternative, but for sake of brevity we do not

present the details here. However, this can be made rlgorous Setting (— Vz) U= Uy,
we define the H'-inner product for 7, % : I' — R with Pv P& eR as

(5,@)_1 = /68 (—92) Ba]. ¥, [(—92)~ P ds = /U.(—vj)—lﬁw ds.
r r
Now the gradient flow of |T'| with respect to the H~'-inner product is defined via
(@i = [ 7 ds. (214
r

which has to hold for all 77 with P7j € R. The identity (2.14) is equivalent to
/[(—ﬁf)-l PZ).ijds = / 5.7 ds,
r r

Pz, =-Vx (2.15)
as the H~!-gradient flow of length. In the special case d = 2 we obtain, on recalling the
definitions in (2.5) and on noting that —V?2 (3¢ 7) = — sz, 7/, the flow (2.9), i.e. the surface

diffusion flow in the plane. We note that a parametric finite element approximation for
(2.9) was considered by the authors in Barrett, Garcke, and Niirnberg (2007b).

and hence we obtain that

Similarly to (2.8), and on recalling (2.11), we obtain the following weak formulation
of (2.15):

/ft.ﬁds—/ﬁs;zﬁsﬁds:o VieV., /Q.ﬁder/fs.ﬁs ds=0 V7,
r r r r

(2.16)
where we recall that »# € V.. This formulation will form the basis of our variational

approximation of curve diffusion.

Let us now identify the stationary solutions of (2.15).

LEMMA. 2.1. For a closed C*-curve I C R?, d > 2, it holds that 682 % =20 if and only if
I is a (possibly multiply covered) circle.



Proof. Arguing as above, we first obtain via an energy argument that stationary
solutions fulfill V32 = 0. As I' is closed, we find a point on I' such that |Zy| # 0 and
we define 1V := Ty, /|7ss| and s := |Z4| in a suitable neighbourhood of this point. Since
Vs . U= 50,]0]* =0 and Zs, . Z; = 5 0, |T5|* = 0 we obtain that

0=V, (37) = 56,7 + 50y — 3 (0 . ) Ty .
This implies that s, = 0 and hence |Z,| is a constant. In addition, we obtain that 7; and

Z, are parallel, and hence Z,,, equals T up to a fixed multiplicative factor. This implies
the existence of a v € R and a ¢ € R? such that

Tsss =7 Ts and Ty =7 (Z+0).

We now choose an orthogonal matrix Q such that @ := @ (Z+¢) fulfills @(0) € span{é;, &}
and 1,(0) € span{é}, &}, where {€;}&_, are the standard orthonormal vectors in R?. Since
W solves Wy, = v w, we conclude from the unique solvability of the initial value problem
for Wy, = v that W(p) € span{éy,éx} for all p € I. Moreover, we conclude that o
parameterizes a circle. This proves the claim. O

Only the single covered circle is stable. Multiply covered circles are unstable already
in the plane, d = 2, which has been shown in Chou (2003) and which can also be deduced
from a linear stability analysis similar to the one in Garcke, Ito, and Kohsaka (2005).

We remark that curve diffusion is driven not only by curvature, but also by the torsion
of a curve. In particular, we obtain for d = 3, on setting s vV := Zy, with || = 1, that

V2 5% = (55 — 2 32) 0 — (256, B+ 3, D,

—

where b := %, x  and b, = B 7 with 3 being the torsion. We remark that V23 = 0

implies that G = 0.
Geodesic curvature flow

Moreover, we will consider the evolution of curves on a given two-dimensional manifold
M C R3. We assume that M is given by a function F' € C?(R3) such that

M={7eR*: F(2)=0} and |F'(?)|=1 VZeM, (2.17)
where here and throughout we use " as a shorthand notation for the gradient V, and
similarly - for the matrix of second derivatives D?. We set ip(Z) := F'(Z) to be the unit
normal to M. Then for a given closed curve I' on M, parameterized by ¥ : I — M, we
define Up(p) := p(Z(p)) = F'(Z(p)) as the unit normal to M evaluated at Z(p), p € I.
We also set Uy 1= @y X F'(Z) = Zs X Up as the unit normal to I', which is a vector
perpendicular to 7, lying in the tangent space to M. We now define the L?-gradient flow
of the length |I'| for a closed curve I' C M. Here variations are restricted to lie on M,
and we choose 7 : I x (—¢g¢,&9) — M with 7(p,0) = Z(p) and y.(-,0) = 77 € V , where

Vypi={i:1— R*:qjis smooth and 7. 7r = 0} . (2.18)



The first variation of length now yields that

[5\F|](ﬁ):/fs.ﬁsds:—/fss.ﬁds:—/%MﬁM.ﬁds:—/J?M.ﬁds.
r r r r

Here ), is the geodesic curvature, and s\ = 0 Upq 18 the geodesic curvature vector.
Since 77 € V5 lies in the tangent space of M and Zs, is perpendicular to s, we obtain
that the projection of Z,, onto the tangent space of M is parallel to /y,. Hence the above
representation follows. Of course Z,, in general, does not lie in the tangent space to M,
and we introduce also the normal curvature s and obtain that

Tos = MM Um + Hp U .
Now the L2-gradient flow of length on a manifold M is given as
P, = 3,
where Py ¥ := (X - Upm) Papg. Obviously, this is equivalent to
Vi =T . Uy = 20, (2.19)

where of course Z; is restricted to lie in the tangent space to M, i.e. &y € V. Since
geodesics are stationary solutions to geodesic curvature flow, one can try to use the flow
to compute geodesics as long time limits. We will show that this is possible, e.g. in cases
where the initial data are not homotopic to a point; see Section 5.

Geodesic surface diffusion

In order to define geodesic surface diffusion, we need to define an H~'-inner product.
As the projection Py, has a one-dimensional range, it is enough to define an H~!-inner
product on scalar functions. For x,n: ' — R with [, x ds = [.nds =0, we set

(X>77)—1 = /Fas [(_ass)_1X] 88 [(_ass)_ln] ds = /I‘X (_858)_177 dS,
where (—0,,)~'n is a solution of —uy, = 7. The H!-gradient flow is then given as

(_833)_1(ft . 77./\/[) = M = ft . ﬁ./\/l = _(%M>ss ) (220>

where we again require ¥; € V5, in order to guarantee that ¥ remains on M during the
evolution. If we define geodesic surface diffusion with the help of a vector-valued inner
product, we obtain the same flow. We leave the details to the reader.

Since geodesic surface diffusion is a gradient flow of length, we obtain that length
decreases during the flow. For the planar case, see Elliott and Garcke (1997), the enclosed
area, area(l"), is preserved. The same holds true for geodesic surface diffusion, since

4 area(l') = /ft Upmds = — /(%M)Ss ds =0, (2.21)



where the first identity is shown in e.g. Barbosa, do Carmo, and Eschenburg (1988) or
Garcke and Wieland (2006, (2.9)), and the second identity follows by integration since
the curve is closed. We remark that the area preserving and length decreasing property
leads to a flow which can be used to solve the following isoperimetric problem: Minimize
the length of a closed curve amongst all curves enclosing a prescribed area.

Willmore flow of curves

An elastic energy for curves is given as
MMD::/@||+AM1 (2.22)
r

where A € R is a given constant. We now consider the L?-gradient flow of W, and
hence we have to compute the first variation of W(T') := 3 [, |5]* ds. Since we want to
generalize this idea later on, we firstly review a variant of computing the first variation
of W(I'), which was introduced in Dziuk (2007).

We consider variations 7 [ x (~z0, z0) — RY with §(p, 0) = #(p) and (. 0) = ¥(p).
Defining #(p,¢), € € (—¢o,€0), as the curvature vector of the curve parameterized by
y(p, €), we obtain that

WD) = WO Lo |27 a8 [aPa a2

where the last term arises from differentiating the arclength in [ [3%|* ds = [, |%[*|Z,| dp.
Of course, for ease of exposition there is abuse of notation here and below, since % = (-, 0)
and #. = #.(-,0) in (2.23). Differentiating the identity

Ty 7, dp = /fs.ﬁsds:—/Q.ﬁds:—/ﬁ.ﬁ\fp\ dp
| I T I

with respect to €, we obtain, on keeping 77 : I' — R? fixed, that

/ﬁ;zs.ﬁs ds:—/ﬁe.ﬁds—/(ﬁ.ﬁ)(fs.fs) ds.
T I T

On choosing 77 = 7 in the identity above, we derive from (2.23) that

PWI)IX)

I
|
>1\
MNL
el
=1
|
[l
E
(Y]
8
vy
><
vy
o
(V)
I
S—
<
N
S—
[l
N
o
St
=
=
o
(V)

where V, ¥ = P s, recall (2.10). Here the last identity follows since
V25 = (Vy32), = (Ve 2). 8] & = (Vo) + (3. 2) .
where we have noted that (Vs ), = 5 — (5, . T )s £s— (3, . Ts) Tos. Hence the L2-gradient
flow of W, (I") with respect to the inner product (2. 3) is given as
B = ~(V. ), = L(#22).+ A7 = —V2 52—

S

2% 5%+ \ =, (2.25)

N[
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where we have noted the first two terms in the last integral in (2.24) are normal. The flow
(2.25), in general for A = 0, is called elastic flow of curves, or Willmore flow of curves. An
alternative formulation replaces P 7, by #;, see Dziuk, Kuwert, and Schitzle (2002) and
Deckelnick and Dziuk (2007). A weak formulation of (2.25) can be obtained as follows.
We find on testing the first equation in (2.25) with a test function 77 € V .., integrating over
I, using integration by parts for d,, and noting that ﬁs ATy = 15528 s = ﬁﬁs ) ﬁﬁs =
V, #.V, 1, that

/(ft—w).ﬁds—/ﬁsﬁﬁsﬁds—;/\2\2@.773 ds=0 ViFeV., (2.26a)
I I I
/;?.ﬁds+/9?8.ﬁs ds=0 Vi, (2.26b)
N I

where 3 € V. as usual. Finally, we note that the energy (2.22) with A = 0 can be reduced
by scaling, as e.g. an expanding circle continuously reduces the energy W,, and that a
parameter A > 0 acts as a penalization term for growth in the curve’s length. Hence it is
also of interest to study a length preserving gradient flow of VW. This can be achieved by
choosing a time dependent A(t) in (2.25), such that [, 7.5 ds = 0, recall (2.2), which
leads to

3 e |EPE A ds + [ VL # ds

AlE) = T 7P ds

(2.27)

Geodesic Willmore flow of curves

We now consider an elastic energy for curves, which are restricted to lie on a two
dimensional manifold M in R3 as above. We define

Wiin(T) = / (11702 4+ A) ds.

r

and Wy (T) := 1 [ |5u]* ds. Here we recall that |5y[* = (300)?, where sp is the
geodesic curvature. In what follows we will need the second fundamental form I of M,
which is given as

17, %) = —[0n 8r(D)]. 7 = —F"() 7.7 Y7, HmeTeM, FeM, (2.28)

where 7zM denotes the tangent space of M at z. We note that Iz(-,-) is a symmetric
bilinear form. We will need also the Gauf} curvature IC of M, which is given by K(2) :=
det (ITz(7;, Fj))ij:l, where 71, Ty € Tz M are two orthonormal vectors. Hence on I" we can
compute the Gaufl curvature of M as

K(Z) = I(Zs, Zs) WU, V) — W(Zs, Upg) W0, 7)) (2.29)

where, here and throughout, we suppress the subscript  of 1.

In the following theorem the first variation of W (I") is computed. We refer to Langer
and Singer (1984) for an alternative approach. However, the version presented here has
the advantage that we directly obtain a weak formulation.
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THEOREM. 2.1. The first variation of Wam(L') in a direction ¥ € V., recall (2.18), is
given as

‘ —

M To X — seaoer I(X, V)] ds, - (2.30a)

N[

WMD) = = [ G0 PR+
r
or equivalently

WD) (%) = /F (ep)ss + 1 (ern)® + K 5200) (K- 7n0) ds. (2.30b)

Proof. Let y(p,e) € M be a variation of a curve I' such that 3(p,0) = Z(p) and
J-(+,0) = ¥ € V. We compute
d

- %|_»M‘2 ds ‘gzoz/QM.(ff’M)g d8+/%|_»./\4|2f3.)23 dS,
de Jr r r

with a similar abuse of notation, here and below, as in (2.23). The geodesic curvature
»#\ and the normal curvature sp are given via

/(%MJM+%Fﬁp).ﬁd8+/fs.ﬁsd8:0
T r

which has to hold for all 77 : I — R3. Writing this identity as an integral over I, we obtain
after differentiation with respect to e that

—

/F [ (Ger)e Upn + 200 (Fpn)e + (52p)e Up + 327 (Up). | .77 ds

+/([%M17M+%F17F].ﬁ)(fs.fs)ds+/ﬁﬁs.ﬁsds:O.
r r

We now choose 77 = %y = 320 Up and use the identities (Za). . Vpqg = 0 and g . Uy = 0
to obtain that

/(%M)g%M—F%F%M (ﬁp)gﬁM) dS+/|QM|2fS.)ZS dS+/(ﬁM)s.ﬁ%S:0.
r r T

Since (Up). . Vpm = —I(§:(+,0), V) = —I(X, Urm) we obtain (2.30a).

Integration by parts yields, as ¥ € V5, that

—/§|*M|2fs.>zsds:/QM.(QM)S(:ES.X) ds+ [ 1ul? T ¥ ds
I I

= / _'M.(QM)S (fs)z') dS‘l‘
r

—

L (3em)? (P - X) ds,

S— 55—

and that



It follows that

— — —

(P(#2m)s)s = (32a)ss Va + (32a)s (Fm)s + (22p)s P () s + 20m (P (Fpa)s)s -

Since (Up)s - Vpm = 0 and since X, Uy € Vi, we obtain that ﬁ(ﬁM)s .X = 0, and hence
that

s + (X . Um) Unm, we have that
(2er)s (Fm)s - X = (52m)s (Fm)s - Ts) (X - Ts) = —(32p)s (P - Tss) (X - )
= _(%M)s M ()Z*ﬁe) = _(QM)SQM ()Zfs) (231>

Combining the above identities yields that

WMD) = [ (Geaades + 4 (e00)%) (T 70) s

T

+ / sop (i, 22) 1K, na) — WP, ) B, 72)] s,
N

where we have noted that (%, Zs) = Vp . Tss = sp. Finally, noting the decomposition of
X as used in (2.31) above and on recalling (2.29), we have that

1(Z,, 7,) L(X, Trt) — L(ng, @) T

+ (- @) [I(Zs, Z5) W(Zs, Urq) — W(Up, Ts) L(Zs, Z5)] = (X - Um) K.
Hence combining the above identities yields the desired result (2.30b). O
The L?-gradient flow of the elastic energy Wy (T') is hence given as

Vu =T . Upm :—(%M)SS—%(%M)?’—I-()\—/C) VYR (2.32)

Obviously Theorem 2.1 can be used to formulate a weak formulation of this gradient
flow equation. The flow (2.32) can be applied to compute periodic geodesics, i.e. curves
with zero geodesic Willmore energy, Wy(I') = 0, see e.g. Linnér and Renka (2005). In
particular, it is possible to compute closed geodesics also in cases where the initial curve
is homotopic to a point. A situation which is of course always the case if the manifold
is diffeomorphic to a sphere. In such a case, the geodesic curvature flow cannot be used
in general to compute closed geodesics, but the flow (2.32) can be generically used; see
Langer and Singer (1984) or Linnér and Renka (2005) for more information. Finally, a
length preserving flow of (2.32), similarly to (2.25) with (2.27), can also be considered.

Anisotropic flows

Here we give a short overview on how to extend some of the previously introduced
geometric evolution equations to the case of anisotropic surface energy densities. We start
with the simplest flow, i.e. curve shorting flow in R¢, d > 2.
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In many applications the energy of a surface in R? depends locally on the orientation
in space. For the case of curves in R?, d > 2, the local orientation is given by the unit
tangent Zs. Hence we introduce an anisotropic surface energy of the form

Tl = [ o(z.) ds

where I' € R? is a closed curve and ¢ € C2?(R%\ {0},Rso) N C(R% Rsg) is a given
anisotropic energy density, cf. also Pozzi (2007). In this paper, we assume that the
function ¢ is absolutely homogeneous of degree one, i.e.

6(AD) = [N é(@) VFER!, VACR.
The one-homogeneity immediately implies that

¢(p).F=0(p) and ¢"(HF=0 VpyeR\ {0}, (2.33)

where we recall that ¢’ denotes the gradient and ¢” the matrix of second derivatives of
¢. In the isotropic case we have that ¢(p) = [p] and so ¢(Zs) = 1, which means that
IT'| reduces to |I'|, the length of I'. For an introduction to anisotropic surface energies
in general, and to Wulff shapes in particular, we refer to Giga (2006), Deckelnick, Dziuk,
and Elliott (2005) and the references therein.

The first variation of |I'|, is derived analogously to the isotropic case, recall (2.2), as

Bl = [ 6@ ds = [ s,

The quantity s, := [¢'(Zs)]s can be viewed as an anisotropic curvature vector, and we
obtain that
BE = [0(3)]. = 7 (2.34)

as the gradient flow of |I'|; with respect to the inner product (-,-)2n0-. Here we have
noted that 3, = ¢"(Zs) 5 € V., on recalling from (2.33) that ¢"(7s) s = 0. The flow

(2.34) is called anisotropic curve shortening flow and is the natural anisotropic analogue
of (2.4).

Similarly, one can introduce anisotropic curve diffusion
Pz, =-V?%, (2.35)

as the H'-gradient flow of |T'|,. Moreover, it is possible to define the natural anisotropic
analogues of the previously introduced geodesic curve shortening and geodesic surface
diffusion flow. We leave the details to the interested reader.

In addition, the gradient flow for an anisotropic version of (2.22) is of interest; see e.g.
Clarenz (2004) and Diewald (2005), where the corresponding energy for hypersurfaces in
R3 is treated. Similarly to (2.24), the first variation of the anisotropic Willmore energy

= %/|%|2 ds
T



can be computed as

o d L L 0o o
AT = WD) L= [ S o st 4 [ 127 .

where we have adopted the same notation as in (2.23). Analogously to the isotropic case,
we then obtain, on recalling (2.33), that

WD) = / 67(2) (7)) . X ds — 1 / 522, . %, ds

= [ @) ).+ § (7 7.0 T ds. (2.36)

On noting that in the isotropic case, ¢(7) = |p], we have that ¢/(Z,) = P, we see that
(2.36) is the natural anisotropic analogue of (2.24). Hence the L-gradient flow of

Wy (I) :== W (L) + ALy
with respect to the inner product (2.3) is given as
P, = —(¢"(Z,) (3)s)s — 3 (12 Be)s + A 5, (2.37)
where as in the isotropic case, we use the fact that the term in square brackets in the last

integral in (2.36) is normal.

Naturally, an anisotropic version of (2.32) can also be computed. On defining the
anisotropic geodesic curvature vector by 3y v 1= 364 a1 Upg, Where 364 g 1= 3, . Upq and
similarly s, p := 34 . Up, we obtain the first variation of Wy m(T) :=1 [ |5 m]? ds in a
direction Y € V ., similarly to (2.30a), as

[OWs m(D)](X) = —/F [[¢" (%) (BZo)s) - Xs + 3 |Foml* Ts - Xs — 29,01 26,0 L(X, Tn)] ds .
(2.38)

A wide class of anisotropies can either be modelled or at least very well approximated
by, see Barrett, Garcke, and Niirnberg (2008c¢),
L

o) = o)=Y \P.Gr = d@) = [0 Gy VpeR\ {0},
=1

=1 =1
(2.39)
where Gy € R4 ¢ =1 — L, are symmetric and positive definite; and in this paper we

will restrict our analysis to anisotropies of the form (2.39). For later purposes, we note
for all p€ R%\ {0} that

&) = Yo [T - 0] (Gep) @ 5] C (2.40)
/=1

is positive semi-definite. In the recent paper Barrett, Garcke, and Niirnberg (2008a), we
introduced parametric finite element approximations for anisotropic geometric evolution
equations in the plane, i.e. d = 2; and showed that for the class of anisotropy densities
that correspond to the choice (2.39), unconditionally stable fully discrete approximations
are obtained. In the present paper, this analysis will be extended to the flow of curves in
R?, d > 3, as well as to the anisotropic geodesic flows mentioned above.
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3 Finite Element Approximation

In this section we introduce finite element approximations of the curvature flows discussed
in Section 2. We will use the variational structure of the flows and aim to generalize the
approach introduced in Barrett, Garcke, and Niirnberg (2007b) in a way that one still
has good mesh properties, so that no heuristic remeshing will be required in practice.

We introduce the decomposition I = U}-lel ;, J >3 of I =R/Z into intervals given by
the nodes ¢;, I; = [gj-1,¢;]. Let h; = |I;| and h = max;—;_; h; be the maximal length of
a grid element. Then the necessary finite element spaces are defined as follows

V' :={x¥e C(I,RY): ¥|;, islinear V j =1 — J} = [W"* Cc H'(I,R?),

where Wh C HY(I,R) is the space of scalar continuous (periodic) piecewise linear func-
tions, with {x;}7_, denoting the standard basis of W". In addition, let 7" : C'(I,R?) — vh
be the standard Lagrange interpolation operator. Throughout this paper, we make use
of the periodicity of I, i.e. q; = qo, qj+1 = ¢1 and so on. In addition, let 0 = t; <
t1 < ... <ty_-1 <ty =T be a partitioning of [0,7] into possibly variable time steps
Tm = tma1 —tm, m=0— M —1. We set 7 := max,,—o—y—1 Tm-

For scalar and vector functions u,v € L?(I,R@) we introduce the L?-inner product
(,*)m over the current polygonal curve I'"™, which is described by the vector function
X eV as follows

(U, V) ::/nu.vds:/lu.vngﬂ dp.

Here and throughout this paper, -*) denotes an expression with or without the superscript
x, and similarly for subscripts. In addition, if u, v are piecewise continuous, with possible

jumps at the nodes {g;}7_,, we define the mass lumped inner product (-,-), as
(w, o), =5 Y 1X™ (@) = X™(g5-1)] [(w.v)(g;) + (w.v)(g)-1)]

7j=1
where we define u(qji) = li\r% u(q; £ ¢). Furthermore, we note that on I'"™ we have almost
15

everywhere that

. L - Pmig, Py,  PMi,.w
Ug.vy = 222 and V@ Vg= et YT Mo gy
X5 | X2 | X2

where P™ = Id — X™ @ X™. In addition, let G7(¢;) := ‘§:EZ"+1;_§:E?”;I be the discrete
j+1) =X (g5 -1

nodal tangent vector of I'™ at the node X (g;), which we assume to be well defined for
j =1 — J; see our assumption (C) below. Then we define the following subspace of V"

VE™ = (e V1 iilg) .37 () =0, j=1-J}. (3.2)

Note that V2™ is a discrete analogue of (2.7).

15



3.1 The isotropic case

Curve shortening flow

On employing a backward Euler discretization with respect to time, we propose the
following approximation to (2.6), where we recall the weak formulation (2.8). Find
(XL gmaly € VR V™ such that

Xm—i—l _ Xm
(—————0h — (™0 =0 VyeVi™ (3.3a)

(R 4 (XM gy, =0 VeVt (3.3h)
where, as noted above, the inner products (-, ->(h) as well as -5 depend on m; and where we
recall the definition of the test and trial function space Kfﬁ’m in (3.2). We note that while
the scheme (3.3a,b) for d = 2 does not collapse exactly to the approximation Barrett,
Garcke, and Niirnberg (2007a, (2.3a,b)) with f(r) := r; it does collapse to that scheme’s
equivalent formulation Barrett, Garcke, and Niirnberg (2007a, (2.17)), on normalizing
that scheme’s discrete normal vectors &™(g;). In practice, the results from these two
schemes are virtually indistinguishable.

Moreover, we recall that the fully discrete approximation for the curve shortening flow
in Dziuk (1994) is given by (3.3a,b) with the test and trial space K}Tﬁ’m replaced by V.
We stress that this is a crucial difference, as the novel formulation in this paper allows for
tangential movement, which leads to good mesh properties; see Remark 3.2 and Section 5
below. In particular, no heuristic remeshing is needed in practice.

Curve diffusion

For curve diffusion we use the formulation (2.15), and we obtain the following fully
discrete version on recalling (2.16). Find {X™ #+1} € V" x V%™ such that

Xm-i—l _ Xm N N
(————— Oh = (VE™ Vo m =0 VY eVim, (3.4a)
(Rt + (X ) =0 VeV, (3.4D)

where we recall (3.1). We note that the scheme (3.4a,b) for d = 2 does not collapse exactly
to the approximation Barrett, Garcke, and Niirnberg (2007b, (2.2a,b)). Apart from a nor-
malization of the discrete normal vectors, the schemes differ in the way they approximate
the flow (2.15). While (3.4a,b) is based on (2.16), the scheme in Barrett, Garcke, and
Niirnberg (2007b) approximates a weak formulation of (2.9). As a consequence, it does
not seem possible to show exact area preservation for a semi-discrete continuous in time
version of (3.4a,b), something that holds for the approximation in Barrett, Garcke, and
Niirnberg (2007b). However, once again in practice the results from these two schemes
are virtually indistinguishable.

Willmore flow of curves

Similarly, elastic flow of curves, (2.25), can be approximated as follows, where we recall
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the weak formulation (2.26a,b). Find {X™+! #zmt1} € V" x V2™ such that

Xmtt _ Xmo e .
(O — (Ve AV Xm — 5 (A" XL K,

— N (B = (R VX EVE™, (3.5a)
(B i, + (X i) =0 VeV, (3.5b)

where [r]y := + max{=£r, 0}, and R € V™ is suitably chosen, see Section 5.

Note that for a given fixed A € R we set A = A\, m =0 — M — 1, whereas the time
dependent choice
(R X Ry 4 (VR

P o , (3.6)
‘Hm‘m,h
with | - |m( By = A approximates length preserving elastic flow, recall (2.27).

A fully discrete approximation of the formulation in Deckelnick and Dziuk (2007) of
(2.25), i.e. P, replaced by Z,, is given by: Find {X™*' &t} € V" x V" such that for
all ¥, 7 € V" it holds that

Xm-l—l_)?m . . - . .

<T—’X> <V '%ym vsX>m_%<|K' |2X:1+1>X5>m_)‘m<_ym+l>x> 07
(3.7a)

(R i+ (X A m = 0. (3.7b)

Hence the main difference between (3.7a,b) and the approach corresponding to our frame-
work, (3.5a,b), is the choice of trial space for K1 and the choice of test function for the
first equation, i.e. K? in place of V. In addition, we choose to treat the third term in
(3.5a) explicitly. This proves to be of no disadvantage in practice, but as the system is
now symmetric, it makes proving existence and uniqueness for (3.5a,b) straightforward,
and it simplifies the solution procedure for (3.5a,b).

Geodesic curvature flow

In order to approximate the geodesic curvature flow (2.19), as well as other curve

evolutions on a given manifold M, we now introduce J(g;) := %, recall (2.17),
and set J7%(q;) = J7(q;) X GP(q;), j = 1 — J, where we assume that these are nonzero

vectors. We note that {X ™(q;)};]=; may not lie exactly on M, hence the normalization
in W (g;). In addition, let

V™= {7 e V" ilg) . G (g;) =0, j=1—J} (3.8)

be the discrete analogue of (2.18). We then propose the following approximation to (2.19):
Find {§X™ " k7Y € V™ x Wh where X1 = X™ 4 6X™ ! such that

gX ! —m \h m+1 h
< 7Xw./\/l>m < 7X> 0 v X € W ) (398‘)
(e R i+ (X ), =0 Ve VE™. (3.9b)
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Geodesic surface diffusion

Moreover, for the surface diffusion flow on manifolds, (2.20), also called geodesic sur-
face diffusion, we introduce the approximation: Find {§X™*! s} € K}Ifim x W", where
X+ = X™ 4+ §X™*! such that

v m+1
0X -m\h

’Xw/\/(>m - <[ m+1]saXs>m =0 v X € Wh (310)

(

and (3.9b) hold.
Geodesic Willmore flow

In order to compute elastic flow of curves on a manifold we have two options. On
recalling (2.32), we can either combine (3.9b) with

5Xm+1

>Xﬁjn\zl>}rln - <[ m+1]8> X8>m - <[)‘m - ’Cm]-i- K%—I—la X>}rln =

= () A" = K"K X0, VX €W, (3.11)

{

m

where K™ € Wh with K™(g;) = IC(ﬁM)zm(qj)), j =1 — J, is the Gaufl curvature of
M evaluated at I X™, with I being the orthogonal projection onto M. In addition,
k%, € W" is a suitably chosen initial value, see Section 5 for details. Similarly to (3.5a,b),
for a given fixed A € R we set \™ = A\, m = 0 — M — 1, whereas the time dependent
choice

3l (580 + (K™ B3 %) — |50l

|"€%|3n,h

AT = : (3.12)

similarly to (3.6), approximates length preserving geodesic elastic flow.

A second variant is based on (2 30a), and uses as an additional discrete unknown the
normal curvature £71. Find {§X™+ {x771, k21 € V™ x [Wh)2 such that

5)?7)1—1—1 m-+1 —»m = m m—+1 h 1

< X = (Ve R R SR Ve X)m — (N B T D0 — 3 ()2 X0 X,
+ (KRR TG SR = (A" kR R O Y X EVET,  (3.13a)

(R G o+ (R S i, + (X i) =0 VeV, (3.13b)

where Y € K};ﬂ = yhm ﬂzg’m is equivalent to Y = 7#"[x &7y for a x € W". In addition,
K%y, K% € W are again suitably chosen. We observe that in the last term on the left hand
side of (3.13a) we use a slight abuse of notation, as X™ in general does not lie exactly on
M. In particular, for ease of notation we define for all u € C'(I,R) and for an arbitrary
test function 77 € ZZJ’T;L, on recalling (2.28) and on noting that in general |F'(X™)| # 1,

(u, I(X, == (Lx)m [ V- Q) [/ (X)) 7 FIX™) SR G| (7). (3.14)

J=1
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3.2 Properties of the discrete isotropic flows

We observe that X™+! € V™ weakly enforces X" (¢;) € M <= F(X™t(¢;)) = 0,
j =1 — J, as it is a linearized approximation of these constraints. In particular, for
curved manifolds the equations F' ()? mtl(g;)) = 0, j =1 — J, are only approximately
satisfied. For k =0 — m and j = 1 — J, we have that F’()Z'k(qj)) : ()Zk“(qj)—)zk(qj)) =
0, and similarly to Deckelnick and Elliott (1998, p. 651) it formally follows, on assuming
that F(X°(g;)) = 0 and that w — O(1), that there exist points & ; € R% such
that

=) IF"(6rg) (XF(qy) — XF(g)))] - (X (qy) = X¥ ()| = O(7), j=1— .
k=0

Hence, for small time steps the vertices of the polygonal curve should stay close to M;
and this is what one generally observes in practice, see Section 5 for details. However, one
could also employ a projection step that orthogonally projects X™ onto M at every
time step, which would have the advantage of satisfying F()Zm+1(qj)) =0,j=1—J,
exactly throughout the evolution. But this complicates the stability proof below, hence
our preference for e.g. the approximations (3.9a,b). However, we do include numerical
results using both approaches in Section 5.

Before we can proceed to prove existence and uniqueness to our approximations, we
have to make the following very mild assumption.

(€) Let (i) |X7| > 0 for almost all p € I, (i1) X™(gj+1) # X™(g;—1), j = 1 — J, and
... J —m
(idi) Uy {07 ()} = R™
REMARK. 3.1. We note that (C) is a very mild assumption that is only violated in very
rare occasions. In fact, (ii) is not strictly necessary as it is only required for normaliza-
tion of Ji'(q;), recall (3.2). One could remove this normalization procedure, and hence
this assumption, and still be able to prove the well-posedness, equidistribution and stabil-
ity results below. However, for ease of exposition and as it is such a mild assumption

we include it. Finally, see Barrett, Garcke, and Nirnberg (2007b, Remark 2.2) for the
breakdown of (iit) in the case d = 2.

THEOREM. 3.1. Let the assumption (C) hold. Then there exists a unique solution to the
systems (3.3a,b), (3.4a,b), (3.5a,b), (3.9a,b), (3.10) with (3.9b), (3.11) with (3.9b) and
(3.13a,b), respectively. In addition, the solution to (3.3a,b) satisfies

D™ + 7,y [ ;,h <. (3.15)

Moreover, the solution to (3.4a,b) satisfies (3.15) with the second term on the left hand
side replaced by 1, |V R|2,. Furthermore, the solutions to (3.9a,b) and (3.10), (3.9b), in
place of (3.15) satisfy

7+ T [0 [ < T
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and [T™ Y + 7, [[7s]2, < [T™, respectively.

Proof. The desired results for (3.3a,b), (3.4a,b), (3.5a,b), (3.9a,b), (3.10) with (3.9b)
and (3.13a,b) follow immediately from Theorems 3.2 and 3.3, below, for the choice ¢(p) =
|p]. Existence and uniqueness for (3.11), (3.9b) can be shown analogously to the proof
for (3.10), (3.9b). O

REMARK. 3.2. Similarly to Barrett, Garcke, and Nirnberg (2007b, Remark 2.3), one can
consider a continuous in time semidiscrete version of our schemes, e.g. of (3.3a,b). In
which case, we seek X (t) € V" and R(t) € V= {7e V" : ijlg).&Mg) =0, j=1—
J}, where &% on T(t), described by )Z(t), is defined analogously to J' on I'™, for all
t €10,T] such that

(X" = (RX)"=0 Vel (3.16a)
(" + (X, i) =0 VeV’ (3.16b)
(h)

where we always integrate over the current curve T, and (-,-Y" is the same as (-,-)m
with '™ and X™ replaced by T and X, respectively. Then, on choosing 77 = &"(q;) x; in

(3.16b) and on recalling that &% (q;) . R(g;) = 0, it follows with &’;?_l = )Z'(qj) - X(qj_l),
2
at | +a
on noting that &% (q;) = %’ that
ity %
—h -
ar . ar
J+3 J—3 —h —h o -
<af.u|‘aml)'(%%*%—%)—o’ j=1=J (3.17)
Jt3 J—3

—h

Clearly, (3.17) and the Cauchy-Schwarz inequality imply that |c?§?+l| = |aj | if&?Jrl is not
2 2

_1
2

2
I'" if the corresponding intervals are not locally parallel; see also Barrett, Garcke, and

Niirnberg (2007b) for the planar case. Although it does not appear possible to prove an
analogue for e.g. the fully discrete scheme (3.3a,b), in practice we see that the nodes are
moved tangentially so that they will eventually be equidistributed; see Section 5 for details.

parallel to 5;?_1. Hence the scheme (3.16a,b) will always equidistribute the nodes along

Moreover, we note that as the above analysis is only based on the equation (3.16b) and
the fact that & € V., the same equidistribution property holds for all the other (isotropic)
schemes in this paper as well, and in particular for all the schemes involving (3.3b) or
(3.9b) or (3.13b). The anisotropic schemes discussed in Section 3.3, below, satisfy a
similar criterion. Here one obtains equidistribution with respect to ¢, recall (2.39), in the
case L = 1 and with respect to some nontrivial nonlinear function in the case L > 2. See
Barrett, Garcke, and Niirnberg (2008a) for the details in the planar case, d = 2, which
immediately carry over to the higher codimension and geodesic flows as discussed in this

paper.
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3.3 The anisotropic case

The natural extension of (3.3a,b) to the anisotropic flow (2.34) for anisotropies of the
form (2.39) is: Find {X™H 774"} € V' x V2™ such that

Xm-i—l _ Xm .
(—————— O

—(FL Ok =0 Vyevim, (3.18a)
Tm

Ry i, +Z (XM G X i) =0 VeV (3.18b)

Moreover, we obtain the following approximation for anisotropic curve diffusion: Find
(XL R} € VP x V™ such that

Xm—l—l _ Xm . . - ~ m
<Tax>¢n_ <VS K¢+1,V5X>}7Ln:0 \V/X GK—?" ) (319)
and (3.18b) hold.
Anisotropic Willmore flow for curves, (2.37), can be approximated as follows, where
we recall (2.40). Find {X™! F7*} e V" x V2™ such that
Xm—l—l _ Xm . s . - m o .
(T—,XX% — (" (X (B3 ar Xohm — 3 BF1 XT Xa) = N (5 300,
= " (R VX eV (3.20)

and (3.18b) hold, where &} € Kg’m is suitably chosen.

Similarly, we can extend the isotropic scheme to the anisotropic curvature flow on
manifolds as follows. Find {§X™* x770} € Vim s Wh where XMt .= Xm 4 §XmHL
such that

5)27?1-1-1 -m\h m—+1 h h
(X T — (K X =0 Y x € WH, (3.21a)
L
A @i+ ([pe(X) T Ge XM i) =0 Ve V™ (3.21D)

In order to approximate anisotropic geodesic surface diffusion flow, (3.21a) needs to be
replaced by

gXmH . )
< 7Xw./\/l>m <[H¢M]87Xs>m =0 v X € W". (322)

Tm

Finally, on recalling (2.38) we can generalize our approximation (3.13a,b) to the

anisotropic geodesic Willmore flow of curves as follows. Find {6X™*, {/{;‘j\’,}, Z’J]El}} €
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V™ 5 [W")? such that

5Xm+1 = Y [ m —=m = m m -m
(X = (" (XT) (7 [R5 5 SRD)ss Xbon = (V"] 1550 X X
— 5 (R XJ Xohm + (Rgag wps X TR0 = (N WG Tt X

VXevyn, (3.23a)

L
(KA G T + (R T M+ Y ([0e(X) T Ge X i) m =0 Vi€ VP,
(=1
(3.23b)

where we recall the notation in (3.14), and where /@257 Mo /@257 » € W are suitably chosen.

We observe that all of the above anisotropic schemes reduce to their isotropic equiva-
lents in §3.1 for the special case ¢(p) = |p].

THEOREM. 3.2. Let the assumption (C) hold. Then there exists a unique solution to the
systems (3.18a,b), (3.19) with (3.18b), (3.20) with (3.18b), (3.21a,b), (3.22) with (3.21b)
and (3.23a,b).

Proof. As (3.18a,b) is a linear system, existence follows from uniqueness. To investi-
gate the latter, we consider the system: Find {X, &,} € vV x Kiﬁ’m such that

—

<Xa Xwn — Tm <"%¢a nyn =0 V )Z € Kg’m, (324&)
L

(For )+ > (DX G Xl =0 Vi€ VP (3.24D)
=1

Choosing X = Ry € K?’m, in (3.24a) and 77 = XeVhin (3.24b) yields on combining, that

> {[be(X)] 7 Ge X, XY + T (R )l = 0. (3.25)

L
/=1

It follows from (3.25), on recalling from (2.39) that ég, ¢ =1 — L, are positive definite,
that 7, = 0 and that X = X¢ € R?. Together with (3.24a) this yields that

(X, X)h =0 VyeVim.
It immediately follows from assumption (C) that X¢ = 0. Hence we have shown that
(3.18a,b) has a unique solution {X™*, "'} e VP x V2™ Similarly, for (3.19), (3.18b)
we find that S22 ([po(X™)] 71 Gy X, XY + T (Vs B, Vi Bg)m = 0, and so X = X and
(Rg, M =0 for all 7 € V". Hence i, = 0 and, as before, we find that X¢ =0, and so we
obtain the desired result.
In an analogous fashion, we obtain for (3.20), (3.18b) that

S (G Go Xy K+ i [(6" () (Robes (R b + N (s ol | = 0.

(=1
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As ¢” is positive semi-definite, recall (2.40), it follows, as above, that X = X° and
(Ry, M =0 for all 7 € V", which implies that &y, = 0 and X¢ = 0,

For the system (3.21a,b) we obtain analogously for {.X, Ry} € V™ 5 W that
L

> o X Ge (0X)s (5X) ) + T (ot Fgra)l = 0.

=1
and hence the desired results follows from assumption (C). Similarly, for (3.22), (3.21b)
we find that Z£:1<[¢g(Xsm)]_1Gg (0X)s, (0X)s)m + T ([KoM]s, [Komls)m = 0, and so
X =X¢e K;?m NR? and k4 pm = k° € R. As before, assumption (C) yields that X¢ = 0,
and hence that ¢ (G, ", = 0 for all 7 € V". Therefore k¢ = 0, and so we obtain the
desired result.

Finally, the system (3.23a,b) can be dealt with in an analogous fashion. In particular,

we obtain that
L

S (o X)) G (0X)s, (6X)s)m

(=1
T (8 (7 ] (T ] b+ XL (0,00, o)) = 0.

As before, we can deduce that §X = 0, and hence that kg m = 0 and kg p = 0; which
proves the claim for the system (3.23a,b). O

THEOREM. 3.3. Let the assumption (C) hold. The solution {X™*, Ry} e Vi yhm
to (3.18a,b) satisfies

D7 g + 7o R o < 107 (3.26)
Moreover, the solution to (3.19), (3.18b) satisfies (3.26) with the second term on the left
hand side replaced by T, |VsRy|2,. In addition, the solutions to (3.21ab) and (3.22),
(3.21b) satisfy

L P o v P | R P (3.27)

and Ty + 7 [R5 041l 2, < |07y, respectively.

Proof. Choosing Y = E;’f“ in (3.18a) and 77 = X’%’n—xﬂn in (3.18b) yields that
L
> Ao (XN G X X = X+ (R R = 0.
=1
Repeating verbatim the corresponding proof in Barrett, Garcke, and Niirnberg (2008a,
Theorem 2.5), which crucially depends on the chosen class (2.39) of anisotropy density
functions, we can show that
L
> Aoe(XI TG X X = X 2 [T — |17, (3.28)
=1
which yields the desired result. Similarly, the result (3.27) follows from (3.28) on choosing
X = ki in (3.21a) and 77 = 5XT:+1 € V™ in (3.21b). The remaining results follow
analogously. 0
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4 Solution of the discrete equations

In this section, we discuss possible solution methods for the discrete systems arising from
the approximations introduced in the previous section. For ease of presentation, we only
consider the isotropic case. All the methods immediately carry over to the anisotropic
case, on replacing the stiffness matrix ff, see (4.1) below, with the obvious anisotropic
version z@. See e.g. Barrett, Garcke, and Niirnberg (2008a) for the corresponding details
in the planar case, d = 2. In addition, for the anisotropic Willmore flow schemes, the
anisotropic matrices A:;, and A, need to be defined, where the former is the natural
anisotropic version of the matrix A, see below, with ¢ ()?;”) replacing P™.

In order to solve the algebraic systems arising from our fully discrete parametric finite
element approximations, we apply a Schur complement approach in each case.

For an arbitrary n € N, let Id,, € (R¥*d)nxn he the identity matrix, and similarly for
Id, € R™". We introduce also the diagonal matrices M € R7>/ M € (R%*4)7*/ and
the stiffness matrices A € R7*/ and A, A € (R™%)7/*7 with entries

My = (X, X))y Mg = M Idi, A= (xals, Dals)m, A o= A Iy,
. . . d
and - A= ((V (@), Vs Ca @) (4.1)
1,]=

where, as before, {€;}¢_, are the standard orthonormal vectors in R?.
Curve shortening flow

In addition, we define the orthogonal projection P : (R’ — K := {Z € (R%)” :
Z;.@7(q;) =0, 5 =1 — J} onto the Euclidean space associated with V™. Then we can
formulate (3.3a,b) as: Find {0 X™, #"1} ¢ (RY)7 x K such that

NP B\ (#\ _(0 "
ip 4 ) \oxma ) = asn ) '
where, with the obvious abuse of notation, §X™+ = (6 X"+ . X7 and gmt! =

(I%Vgn—l—l’ o '>%n+1)T

On noting that MP = PM , and on recalling that M is an invertible matrix, we can
transform (4.2) to

, are the vectors of coefficients for X! — X™ and ™!, respectively.

Rl = Lpgxm, (4.3a)
(A+ L PMP)sXm+ = —AX™. (4.3b)

Curve diffusion

Similarly to (4.2), and on recalling (4.1), we can formulate (3.4a,b) as follows. Find
{oXmH! gt} e (RY)/ x K such that

rnPAP BT [ i

eI



In order to apply a Schur complement approach to (4.4), we need to characterize the
kernel of PAP. It clearly holds that PAP is positive semidefinite, and hence

Z7ckerPAP += Z.PAPZ=0 <+= Prckerd.

It follows that ker PAP = K+ & (K Nker A). It remains to identify K Nker A, i.e. the
discrete analogue of (2.13). We have that (V1], V Mm = 0 for 77 € V~ if and only if

Pif(gj11) = i(g;)] = 0 on [g;,q541] and i(g;) . T(qy) =0 forj=1—J, (4.5)
where we recall (3.1). Now (4.5) can be used, under our assumption (C), to show that
Knker A = span{k, : £ = 1 — K}, where {k;}X, are linearly independent and K < d—1.

We recall (2.13), and note that also in the discrete case we observe in practice that
K =d—1if '™ lies in a two-dimensional hyperplane.

This characterization of ker P AP allows us to use a Schur complement approach as
in Barrett, Garcke, and Niirnberg (2007b). In partlcular on notlng that Pk, = k‘g for
¢ =1 — K, we introduce the orthogonal projection Iiy; onto {X € (RY)” : XTM k, =
0,{=1— K} by iy = IZlJ — @M @3\2 where the columns of @M form an orthonormal
basis of span{M k; : £ =1 — K} if that space is nontrivial (K > 1), and Q = 0 otherwise
(K =0). Then (4.4) is replaced by

u (A+ LMPSP M)y 6XmH = Tl AX™, (4.6)

where & is the inverse of P AP restricted on the set (kerﬁff ﬁ)L; see Barrett, Garcke,
and Niirnberg (2007b, p. 452) for the details in the case of curve networks in the plane,
which is a very similar situation.

Willmore flow of curves

The system (3.5a,b) for the elastic flow of curves can be formulated as: Find {§X™",
KMl e (R?)7 x K such that

T P(A+ N MYP —PM\ [ &™\ [ Pb
iiP i) \oxmer) =\ _iixm ) (4.7)

where B € (RY)? with B, = (=} (&[2 X2, (63l — W] (57, el ) j=1- ]

The system (4.7) can once again be solved with a Schur complement approach. First,
consider the simpler case when A\™ > 0 or K = 0, recall (4.6), so that B := P (A +
[A™] 4 M ) P is symmetric positive definite on K; and we denote its inverse on K by BL.
Then (4.7) can be transformed to

If < 0 and K > 1, on the other hand, then the matrix B=PAP is no longer
invertible. Then, similarly to (4.6), we apply a Schur complement approach.
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First, as 751_54 = Eg for { =1 — K, we have that
KN (MoX™ ' +b) =0, (=1—K; (4.9)
and hence it follows that
K K
Rl = LSP[MX™ 0]+ poky=2STP[MSX™ + 0]+ > puk.
=1 =1
Here S is as in (4.6), and I = Id; — Q Q7, with the columns of () forming an orthonormal

basis of KNker P AP = Knker A = span{k, : { =1 — K}, sothat Il : K — (ker P AP)+
is the orthogonal projection. Hence 6 X™"! satisfies

K
(A4 2 PASTAN) s = —AX" — AN PASHAT— S bk, (410)
/=1

The unique solvability of (3.5a,b) yields that the operator G on the left hand side of
(4.10) is symmetric positive definite. Hence p, € R, £ = 1 — K, have to be chosen
such that the condition (4.9) is satisfied. This can be achieved as follows. Let X § o=
GL(—AXm — éﬂﬁﬁgﬁﬁg) and X, .= G Mk, ¢ =1 — K. Then it holds that
(11;)1, is the solution of the linear system

K
(@TMX])M ) = (k{ (M X, + ))H and  5X7 = X, =3 p X, (411
’ N (=1

The well-posedness of (4.11) follows as (kT MX; ) (kT MG MEk; ) is a sym-

£,j=1 l,5=1
metric positive definite matrix, on recalling that ]{Zg, ¢ =1— K, are linearly independent,
and M and G are symmetric positive definite matrices.

Geodesic flows

We recall the definitions (4.1), and in addition introduce the diagonal matrix N €
(R3)7*/ defined by the diagonal entries Nyg i= WYy My, k =1 — J. Moreover, we define
the orthogonal projection Q : (R®) — X := {Ze (R®)’ : Z;.a1(¢;) =0, j =1 — J}
onto the Euclidean space associated with V™.

The linear equations that have to be solved at each time level of the approximation
(3.9a,b) can then be written as follows. Find {§X™*! x7f'} € X x R such that

M —NTQ\ [ &t 0
(3 SYE) () o

Similarly to (4.3a,b), we can transform (4.12) to

Khgt =L MTINTG X, (4.13a)
QA+ L NMINT)Qsx™! = —Q,Mm. (4.13b)
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Analogously, we can formulate the approximation (3.10), (3.9b) for geodesic surface
diffusion as: Find {X™ " k7 '} € X x R’, such that

A —NTQ R\ 0 (4.14)
6y gig ) \sxmn) =\ g% '
Following closely the Schur approach in Barrett, Garcke, and Niirnberg (2007b) and

introducing the inverse S of A restricted on the set (ker A)* = (span{1})*t, where 1 :=

(1,...,1)T € R7, as well as the orthogonal projection IT onto {X € (R%)” : XT O N1 = 0},
we can solve for §X™ ! in (4.14) by solving

HOA+LNSN)QIisX™! = —TTGAX™. (4.15)

Tm

Similarly, on introducing the matrix Mg € R7*7 defined by [Mg|y == ([\™ — K™+ &,
xot k1 =1— J, the system (3.11), (3.9b) for geodesic Willmore flow can be rewritten
in terms of: Find {§X™ ! x7"} € X x R’, such that

T (A+Mg) —NTQ\ [ &t ) b (4.16)
O N OAG ) \sXmr1) —\—gAX™m|’ '

where b € R” with b; = 7,,, (3(k7%)* + [\ — K™]_ k7, x)0, =1 — J.

The solution to (4.16) can be found as follows, where we closely follow the exposition
in Barrett, Garcke, and Niirnberg (2007b), where the planar case “M = R?” was treated.
If A=K > 0, where K := min;_;_,; K™(g;), then A := A+ Mg is a positive definite
matrix, and we can solve (4.16) by solving

/{%ﬂ _ LA—l[NT Q(;Xm-i-
G(A+ L NA'NT)GsXm = ~GAX" - LGN A

, (4.17a)
b, (4.17b)

If X — K%, <0, on the other hand, we note that
1"(NT Q6X™ ! +b) =0,
and hence we have that
Rt = L SINTGSX™ ! b + ul = L STINTGSX™ +b] + 1,

where S is defined as above and II = Id ;— % is the orthogonal projection onto (ker A)L =

(span{1})*, and where py = ITI’ZTTH € R is unknown. Hence the solution can be found by
solving
O(A+ L NTISINT) 95X+ = —Q [AX™ + }nﬁnsnmuz\h] . (4.18)



Similarly to (4.10), we let G denote the operator on the left hand side of (4.18), which

is symmetric and positive definite. Then we find the solution to (4.18) as follows. Let

Xy = -G 'Q[AX" - NIISTIb] and X, := G'Q N 1. Then

1" +1TNTO X,
TNTGX,

e and 0X™ = X, — X,
Note that 1TNTQX9 = Xjé)?g > 0, as G is symmetric positive definite, so u is well
defined and uniquely determined.

Finally, on introducing the matrix A € R7*”/ defined by
(Al = (Vo 7 (0 SR, Ve 7 (0 ) s

and the diagonal matrix Ny € (R3)7%7 | defined by the diagonal entries [Np]gs := O My,
k =1 — J, the system (3.13a,b) for geodesic Willmore flow can be rewritten in terms of:
Find {0X™ &7, 6011} € X x [R7]?, such that

Ton (A+ [N M) —NTQ\ [ sl c - e o
( oy gag ) \atmn ) T\ g | RET S AN AR

(4.19)
where ¢ € RY with ¢; = 7 [—L (5202 X, (7 [x; SR ).), + i w2, Lo s ), —
(N &y X)), =1 — J. As before, the system (4.19) can be solved with a Schur
complement approach. To this end, in the case A\ < 0, we first identify the kernel of the
matrix A. It follows from (4.5) that (V, 7 (n ), v, (1 G7))m = 0 for n € W if and

only if
N(gj1) PSR (a501) = n(gy) P"Sh(q;)  on (g5, qjea] for j=1— J. (4.20)

Now (4.20) can be used to find at most one linearly independent null vector of A explicitly,
recall (C). This allows us to apply a Schur complement approach as before, and we leave
the details to the reader.

5 Results

The symmetric Schur complement systems (4.3b), (4.6), (4.8b), (4.10), (4.13b), (4.15),
(4.17b) and (4.18) can be easily solved with a conjugate gradient solver. But we remark
that in some situations the matrices 9.4 O and A can be ill conditioned, in particular
when the criteria (4.5) and (4.20) are “almost satisfied”. Then it proved beneficial in
practice to solve an equivalent reformulation of e.g. the nonsymmetric system (4.4) with
a preconditioned BiCGSTAB solver, where the preconditioner Chen, Phoon, and Toh
(2006, Eqn. (4)) proved to be particularly efficient.

The schemes (3.5a,b), (3.11) with (3.9b) and (3.13a,b) need to be supplied with suit-
able initial data for the discrete curvatures. To this end, we define ¢° € V" such that

<g‘0aﬁ>i7lm+<isoaﬁs>m:0 VﬁGKh (51)
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Figure 1: An example for curve shortening flow of a trefoil knot. On the left, X () at
times t = 0,0.5,...,2,2.45. To the right, X (7T") for (3.3a,b) and Dziuk’s scheme (scaled).

Then &° € K:ﬁ’m and k%, € W" can be defined via

(RO, = (&, mh Vijevhm, (5.2a)
(Khomm = @ nay)r  Ynewh; (5.2b)

and similarly for k% € W". The initial data &), £ v, and 9 , for the anisotropic schemes
(3.20), (3.18b) and (3.23a,b) can be defined in an analogous fashion, on introducing ¢
via the obvious anisotropic variant of (5.1).

Throughout this section, unless otherwise stated, we use uniform time steps 7,, = 7,
m = 0 — M — 1; and choose the initial approximation X0 of 7(-,0) such that I'V is
approximatively equidistributed. In addition, we note that no remeshing was used for any
of the experiments presented in this section and, unless stated otherwise, no projection
to the manifold M was employed for the geodesic flows. For later purposes, we define

X(t) = Hmea Xm g tut e t € [tmot,tm] m>1.

Curve shortening flow

In this section, we report on numerical simulations for our approximation (3.3a,b) of
curve shortening flow, and compare our scheme to the approximation from Dziuk (1994),
recall §3.1. The first experiment is for a trefoil knot in R?, and in particular the initial
curve is given by

Z(p,0) = ((2+cos(67 p)) cos(4 p), (2+cos(6 7 p))sin(4d 7 p),sin(67p))', pel. (53)

See Figure 1 for the results, where J = 100, 7 = 1072 and T' = 2.45. We can clearly
observe the (asymptotic) equidistribution property for our scheme (3.3a,b), as discussed
in Remark 3.2. The result for the scheme from Dziuk (1994), on the other hand, shows
a coalescence of mesh points, which prevents that scheme from integrating much further
without their heuristic redistribution.

In addition, we performed experiments for a closed helix in R*. Here the open helix
is defined by
Zo(0) = (sin(16 ), cos(16 o), 0)*, 0 €[0,1], (5.4)

and the initial curve is constructed from (5.4) by connecting #y(0) and Zp(1) with a
polygon that visits the points 0 and e5. We used the discretization parameters J = 512
and 7 = 1073, The results are shown in Figure 2.
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Figure 2: Isotropic curve shortening flow. Plot of )?(t) at times 0,0.1,0.2,0.4,0.5.

Figure 3: (¢(p) = 1/0.01p? + p2 + p?) Plot of X () at times 0,0.1,...,0.6 and at time
t =T = 0.68 (scaled).

Anisotropic curve shortening flow

We repeated the experiment in Pozzi (2007, Fig. 3) for our scheme for anisotropic
curve shortening flow in R3, i.e. the anisotropy is given by (2.39) with L = 1 and G| =
diag(0.01,1,1). Here the initial curve is given by the tilted unit circle

Z(p,0) = (% cos(2m p),sin(2m p), % cos(2mp))t, pel. (5.5)
The discretization parameters were J = 128, 7 = 1073 and T' = 0.68. As can be seen
from the plots in Figure 3, at time ¢ = T' the curve is aligned in the (z1, ) plane and it
has shrunk to a very elongated ellipse, as is to be expected from the chosen anisotropic
energy density.

In addition, we performed experiments for a closed helix, inspired by the simulations
in Pozzi (2007, Figs. 4 and 5). For the initial curve we choose the closed helix as in
Figure 2, recall (5.4). For the same anisotropy as above, we performed a simulation with
the discretization parameters J = 512 and 7 = 1073, The results are shown in Figures 4
and 5, where in the latter case the initial curve was rotated by 90°, in order to highlight
the effect of the anisotropy.

Next we repeated the experiment in Figure 1 but now for the anisotropy (2.39) with
L=1and G, = diag(0.1,1,1). The results for the discretization parameters J = 200
and 7 = 1073 are shown in Figure 6. The same flow for (2.39) with L = 3 and G; =
diag(e,1,1), Gy = diag(1,¢,1), G5 = diag(1, 1,¢), with ¢ = 103 is shown in Figure 7.
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Figure 5: (¢(7) = \/0.01 p2 + p2 + p2) Plot of X () at times 0,0.1,0.2,0.4,0.7.

For the last two experiments we observe that in each case, as expected, the curve quickly
aligns with the x; — 25 plane (although it could have also chosen the x; — x3 plane in the
first case, or the x; — x3 or x5 — x3 plane in the latter case), and then shrinks to a point.
As it does so, the curve clearly resembles the Wulff shape of the given anisotropies, i.e.
an ellipse in Figure 6 and a smooth square in Figure 7.

Curve diffusion

Here we report on results for the scheme (3.4a,b). Numerical results for d = 2 are
very similar to the ones reported in Barrett, Garcke, and Niirnberg (2007b), and hence
we only report on a single numerical simulation. We repeated the experiment in Barrett,
Garcke, and Niirnberg (2007b, Fig. 8), i.e. the surface diffusion flow of a planar 8 : 1
ellipse with semiminor 0.075. We let J = 256, 7 = 1077 and T = 1073. See Figure 8
for the results. The total relative area loss for this computation was 0.04%, which is
surprisingly less than the loss of 0.09% observed for the scheme in Barrett, Garcke, and
Niirnberg (2007b). Here we recall that for a continuous in time semi-discrete version of
the scheme in Barrett, Garcke, and Niirnberg (2007b), exact area conservation can be
shown; something that does not appear possible for (3.4a,b). We note that in practice,

Figure 6: (¢(p) = /0.1 p? + p3 + p2) An example for anisotropic curve shortening flow of
a trefoil knot. Plots of X (t) for t = 0,0.5,...,3.5,3.7 and X (3.7) (scaled).
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Figure 7: (¢(7) = S35, ¢(p)) Plots of X (t) for t = 0,0.5,1 and X (1) (scaled).

Figure 8: (d = 2) Curve diffusion for an 8:1 ellipse. X (t) at times ¢t = 0,107%,...,1073.

we always observed good area conservation for (3.4a,b) and, as expected, equidistribution
of mesh points for numerical steady states.

In a first computation for d = 3, we repeated the experiment in Figure 1, but now for
the curve diffusion flow (2.10). The discretization parameters were J = 100, 7 = 1073
and T = 4. We compare the results of our scheme (3.4a,b) with the corresponding
approximation in Dziuk, Kuwert, and Schétzle (2002), i.e. Barrett, Garcke, and Niirnberg
(2007b, (2.3a,b)), which from now on will be referred to as DKS, see Figure 9. In Figure 10
we compare the ratio ™ := h™, /h™ where A7 = max;_i_y |X™(q;) — Xm(qj_1)|
and b = minj_;_x | X™(q;) — )Z'm(qj_l)\, for the schemes (3.4a,b) and DKS. We see
that while our approximation approaches an equidistributed polygonal curve, the scheme
DKS leads to coalescence of vertices and it soon fails to integrate further.

For the interested reader, we continue the evolution in Figure 9 further, until the curve
reaches a numerically steady state. In line with the theoretical result in Lemma 2.1, the
curve evolves to a doubly covered circle; see Figure 11. However, we recall that multiply
covered circles are unstable for the curve diffusion flow, see e.g. Chou (2003). The fact
that the presented example leads to a doubly covered circle is due to the chosen symmetric
initial data. Hence it is remarkable, that our numerical scheme is able to follow this flow

Figure 9: Curve diffusion for a trefoil knot. X (¢) at times t = 0,2, 7 = 4, and X (T for
(3.4a,b). On the right, X (T") for DKS.
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Figure 10: Plot of [I'| and r™. On the right, a plot of logr™ for DKS.

Figure 11: Plot of X (t) for t = 20, 30,50. Below a 2d view of X (50) and a plot of [I"|.

to the (unstable) steady state solution.

The instability of multiply covered circles can also be seen as follows. For curve
diffusion in the plane, recall (2.9), it can be shown that the quantity [, Z.7 ds is preserved.
For curves that bound a region, it holds that [,#.7 ds = 2 area(I'), and so the above
property just reflects area conservation; see also (2.21). The second variation of the
length functional at a (possibly multiply covered) covered circle, under the constraint
that [.@.7 ds is fixed, gives

82T () = / [(0.)? — 52 7] ds

where 1 : I' — R is a variation in the normal direction; see e.g. Garcke, Ito, and Kohsaka
(2005) for a similar analysis. We hence obtain that multiply covered circles are linearly
unstable under curve diffusion, as e.g. the variation 7(s) = cos(% s) for an I-times covered
circle yields [6% |T|](n) < 0 if [ > 2, on noting that s is constant.

In order to illustrate the instability of multiply covered circles, we include the following
two experiments. The first is for d = 2 and uses as initial data

Z(p,0) = (cos(4mp)—6 cos(27 p) sin(4 7 p),sin(4mp)+6 cos(2mp) cos(dmp))t, pel,

where we set 6 = 0.2. Note that this corresponds to the above mentioned perturbation for
a unit circle in the case [ = 2. The evolution can be seen in Figure 12, where we observe
that the double covering unravels and the curve flows towards a singularity. Note that
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Figure 12: (d = 2) X(t) at times ¢ = 0, 37, 50. A plot of [I"™| on the right.

Figure 13: )Z(t) at times t = 0, 20, 24, 24.4, 24.5. A plot of |[I"™| on the right.

our numerical scheme simply integrates over the singularity (a cusp), so that the eventual
steady state is a single covered circle. This is a well-known phenomenon of parametric
approximations, see e.g. Deckelnick, Dziuk, and Elliott (2005, Fig. 4.2.) for an example
for the curve shortening flow. The discretization parameters for this experiment were
J =128, 7 =10"* and T = 50.

The second experiment is for d = 3 and uses as initial data
#(p,0) = (sin(4 7 p), cos(d 7 p), 8 cos(2mp))’, pel,

where here we set 6 = 0.01. We show the evolution in Figure 13, where this time the
doubly covered circle first opens up, and then shrinks to a point. The discretization
parameters are J = 128, 7 = 1072 and T' = 24.568, which was the approximate extinction
time.

The curve diffusion flow for the closed helix as shown in Figure 2 can be seen in
Figure 14, where we used the discretization parameters J = 512 and 7 = 1073.

Anisotropic curve diffusion

In an experiment for our scheme (3.19), (3.18b), with the anisotropy ¢ as in Figure 6,
we start with the initial data (5.5) and choose as discretization parameters J = 128,
7 =10"% and T = 5. The results can be seen in Figure 15, where we observe that the
curve attains a Wulff shape in the 1y — x5 plane.

Willmore flow of curves

In this section, we present numerical simulations for our approximation (3.5a,b) of
the Willmore flow of curves, and compare some of the results to the schemes (3.7a,b)
from Deckelnick and Dziuk (2007), and to the corresponding scheme from Dziuk, Kuwert,
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Figure 15: ¢(5) = \/0.1p2 + p2 + p2. Plots of X (t) at times t = 0, 0.2,...,T = 5 and at
t="T.

and Schétzle (2002). The latter two schemes will be referred to as DD and DKS in this
section.

The first experiment is for (2.25) with A = 0. The initial curve is given by a 2:1
lemniscate. As discretization parameters we choose J = 100, 7 = 5 x 10~% and T' = 0.2.
In Figure 16 we show the evolutions for the three schemes as well as a plot of the discrete
Willmore energy

Wm = %|F$m+1|m,h mZO_}M_lv
% |I?L’M‘ M,h m = M .
As can be seen from the plots, the lack of sufficient tangential movement of vertices leads
to very long segments in the evolution of the schemes DKS and DD. We note that the

scheme DKS fails soon after the shown time 7" = 0.2. For the other two schemes we
continue the evolution until time 7" = 6, see Figure 17 for the results.

The remaining experiments in this subsection are for d = 3. First, we repeated the
experiment in Figure 1, but now for the elastic flow of curves, (2.25) with the length
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Figure 16: (d = 2) Evolution for (3.5a,b), DKS and DD. Plots of X(t), t = 0,7 = 0.2.
The discrete energy W™ below.

Figure 17: (d = 2) Evolution for (3.5a,b) and DD. Plots of X (), t = 0,2, 4, 6.

preserving choice (2.27). The discretization parameters were J = 100, 7 = 1073 and
T = 200. We show the evolution in Figure 18, where the numerical steady state solution
is a doubly covered circle. Here we recall that multiply covered circles are only stable for
d = 2, see e.g. Langer and Singer (1985). Hence it is once again remarkable, that our
numerical method manages to follow this flow to the (unstable) steady state solution.

The length preserving Willmore flow for the closed helix as shown in Figure 2 can be
seen in Figure 19. The discretization parameters for (3.5a,b) with (3.6) were J = 512 and
T=1073

Anisotropic Willmore flow of curves

In a first experiment for our approximation (3.20), (3.18b) for the flow (2.37) with
A = 0, we repeated the experiment in Figure 17, but now for the anisotropic energy
densities ¢(p) = 1/0.25p? + p3 and ¢(p) = /p? + 0.25p2, see Figure 20. We observe that
in each case, the lemniscate clearly aligns itself with the chosen anisotropy. Here we note
for the reader that in a simpler experiment for the same anisotropies for a starting unit
circle, say, the curve would first change towards a Wulff shape, i.e. a shape so that 3,
is constant on I', see e.g. Giga (2006), and then expand almost self-similarly, with the
asymptotic limit being an expanding Wulff shape, i.e. an ellipse.

The next experiment is for d = 3, and we start with the trefoil knot (5.3) and
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Figure 18: Plot of X (¢) at times ¢ = 0,2, 10,20, 50, 200. Below a 2d view of X (200) and
a plot of W™.

Figure 19: Plot of X (¢) at times t = 5, 25, 50, 100, 200, 300, 500, 1000, 2000, 10000.
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Figure 20: (d = 2, ¢(p) = 1/0.25p + p3 (left) and ¢(p) = Vi +0.25p3 (right))

Anisotropic Willmore flow of a lemniscate. Plots of X (¢), ¢ =0,1,...,6.
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Figure 21: (¢(p) = \/0.75 p2 + p2 + p2) Plots of X (t) at times t = 0, 0.5, 2, 10, 200. A
2d plot of X(T) in the x5 — 23 plane below.

used the same discretization parameters as in Figure 18. We used the anisotropic en-
ergy density ¢(p) = /0.75p? + p + p? and set A\ = 0. The numerical results for our
scheme (3.20), (3.18b) are shown in Figure 21. The same computation for the density
o(p) = \/p? + 0.75p2 + p2 can be seen in Figure 22. Here the observed behaviour is quite
interesting. In contrast to the corresponding results for anisotropic curve shortening and
anisotropic curve diffusion flow, the results shown here do not always settle in the plane
“favoured” by the chosen anisotropy. Of course, this is due to the energy (2) considered
here. On recalling that i, = ¢"(Z,) Zss, it is easy to see that for the anisotropies in Fig-
ures 21 and 22 it is beneficial, with regards to the energy, for the curve to remain in one
of the three coordinate planes. In which of the three planes the curve ends up, depends
(highly nontrivially) on the initial data.

Geodesic curvature flow

Here we test our approximation (3.9a,b) for the geodesic curvature flow (2.19) with
the following true solution. Let T'(t) be a circle with radius r(¢) on the unit sphere in R3.
Then

[NIES
=

', r(t) = [1— (1 —7%0)) exp(2t)]2,
(5.6)
with 7(0) € (0, 1], is an exact solution of (2.19), where g(p) = 27 p+0.1 sin (27 p) in order

F(p,t) = (r(t) cosg(p),r(t) sing(p), [1 —r*(t)]
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Figure 22: (¢(5) = \/p? + 0.75 p2 + p2) Plots of X(t) at times ¢ = 0, 0.5, 2, 10, 200. A

2d plot of X(T) in the z; — x5 plane below.

JIX =2~ | eoc

64 | 9.0903¢-03 -

128 | 2.3143e-03 | 1.973752
256 | 5.8128¢-04 | 1.993271
512 | 1.4550e-04 | 1.998214

1024 | 3.6386¢-05 | 1.999564

Table 1: Absolute errors for the geodesic curvature flow.

to make the initial distribution of nodes in our approximation of (5.6) non-uniform. We
use (5.6) in order to perform a convergence test for our approximation (3.9a,b), see Table 1.
We used 7 = 0.5h% and T' = 2, with the initial circle starting at an altitude of x5 = 0.1,
so that 7(0) = 1/0.99 and the extinction time is given by T = % In %2(0) ~ 2.303. Here,
and in what follows,ﬁwe always compute the error ||)2 — @||poe = maXp—1 s ||)Z(tm) —
Z(-, tm) || poo, where || X (t,) —Z(-, tin) || oo 1= max;—;_ymin,e; |[X™(q;) —Z(p, tm)|, between
X and the true solution on the interval [0, 7. The results in Table 1 indicate a convergence
rate for the error of O(h?).

As an example computation we present the above evolution for a circle on the unit
sphere for the discretization parameters J = 100, 7 = 1072 and T' = 2.3. See Figure 23
for the results. The corresponding evolution on a 2:1:1 ellipsoid is on the right hand side
in the same figure, where now T = 2.5.

In what follows, we look at geodesic curvature flows towards several different geodesics
on a torus. To this end, we chose as the manifold M a torus with radii R and r, implicitly
defined by the equation 0 = (R — /2% + 23)? + z3 — r%. Throughout we set R = 4 and
r = 1, unless otherwise stated. The discretization parameters for our scheme (3.9a,b) were
J =200 and 7 = 1072, Some results can be seen in Figure 24, where in each case we plot
the initial and final curves, as well as the evolution of |[I'"™|. In each case, the maximum
distance of a vertex of I'M to M was less than 10~*. In addition, a more complicated flow
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Figure 23: An example for géodgsic curvature flow on the unit sphere and on a 2:1:1
ellipsoid. In each case, we show X (¢) at times ¢t =0, 0.5, 1, 1.5, 2, T.

can be seen in more detail in Figure 25. The evolution starts with a curve given by
#(p,0) = (R +7r cosv(p)) cosu(p), (R+r cosv(p)) sinu(p),r sinv(p))’, pel,

where u(p) = 27 (p 4+ 2 sin(2m p)) and v(p) = 107 p. We used the same discretization
parameters as before, except 7 =2 x 1073,

Now we give some example evolutions for curves on a sickle torus, where the smaller
radius r varies between 0.5 and 2, and R = 4 as before. In particular, the sickle torus
is given by the equation 0 = (R — /27 4+ 23)* + 2% — [r(21, 22)]%, where r(z1,22) =
1+ 257 (1 — cos(arctan(£)) with r; = 2 and rp = 0.5.

The first experiment is for a vertical circular curve. Of course, on the standard torus,
any such circle would be a steady state solution for the geodesic curvature flow. However,
on the sickle torus, there exist only two such steady states: one where the tube is thinnest
(0 = 7, say) and one where it is largest (0 = 0). So if we start with the circle just left
of the latter position, and in particular choose # = —0.1 7, then the curve should move
towards the energy minimizing geodesic at the thinnest point. This is what we observe
in Figure 26. The discretization parameters were the same as before. Note that at time
t = T, the maximum distance of the curve to the manifold was 4.6 x 1073. Next we
repeated the experiments in Figures 24 and 25 now for the sickle torus. The results for
the same parameters as before can be seen in Figures 27 and 28.

Anisotropic geodesic curvature flow

We considered also anisotropic geodesic curve evolutions. We begin with the geodesic
curvature flow, (3.21a,b). In the first experiment, the initial curve is given by a circle on
the unit sphere, either at the equator, or 0.1 above the equator, and in each case turned by
45° degrees. The anisotropy was chosen as in Figure 6, and the discretization parameters
were J = 128, 7 = 1072 and T = 2.8. The results can be seen in Figure 29. We note
that the curve which started on the tilted equator aligns itself with the chosen anisotropy
and becomes stationary on the equator. As this stationary solution is unstable, it is once
again remarkable that our numerical method can integrate this evolution correctly. The
second evolution, however, yields a curve that moves towards the north pole. As it does
so it attains an elliptic shape aligned with the anisotropy and eventually shrinks a point.

Geodesic surface diffusion
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Figure 24: Flows towards geodesics on a torus. X (¢), t = 0, 50. A plot of |I'"™| on the
right.

Figure 25: Flow towards a geodesic on a torus. )Z'(t), t=0,25,...,125, T = 300. A plot
of |[T"™] on the right.

Figure 26: Flow towards a simple geodesic on a sickle torus. )?(t), t=0,15,...,150. A
plot of |T"™] on the right.
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Figure 27: Flows towards geodesics on a sickle torus. X (¢), ¢ = 0, 50. A plot of |I"™| on
the right.

Figure 28: Flow towards a geodesic on a sickle torus. )?(t), t=20,10,...,50,7 = 100. A
plot of [T on the right.
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Figure 29: ¢(p) = 1/0.1p? + p2 + p2. Anisotropic geodesic curve shortening flow on the
unit sphere. Left starting on an equator, right starting 0.1 above equator. We plot X (t)
fort=0,0.2,...,7 =28 and X(7).

Figure 30: An example for surface diffusion flow on a 2:1:1 ellipsoid. X (t) at times
t=0,02,...,7=3and t=1T.

We repeated the experiment for the ellipsoid in Figure 23 now for geodesic surface
diffusion, employing our scheme (3.10), (3.9b). The results are shown in Figure 30. We
note that the final plot is a numerical steady state. We recall from (2.21) that this curve
is a numerical approximation to the shortest curve on the manifold that encloses the same
area as I'(0).

The evolution for a letter “C” that is projected onto a unit sphere can be seen in
Figure 31. Here we chose J = 100 and 7 = 10~%. We note that the approximately
polygonal circle that was attained at time 7" = 0.5 has maximum distance 4.4 x 1073
from the manifold M. If we use the larger time step size 7 = 1073, however, this distance
increases to 2.2 x 1072 and the curve develops some oscillations. However, this problem
can be prevented when using the orthogonal projection Ii M back onto M after every
time step, see Figure 32 for the corresponding results. It is interesting to note, that the
observed oscillations for the larger time step size appear despite the stability result in
Theorem 3.1 for our scheme (3.10), (3.9b). To underline this fact, we also present a plot
of |T™| over time in Figure 32, both for the case 7 = 1072 and 7 = 10~

Anisotropic geodesic surface diffusion

The next experiments are for the approximation (3.22), (3.21b) for geodesic surface
diffusion. Here we start with an initial “circle” on a 2:1:1 ellipsoid, which is tilted by 45°.
In Figure 33 we show the evolution for the anisotropic density ¢(p) = \/ 0.01p? + p3 + p3
and the isotropic case ¢(p) = |p]. The discretization parameters were J = 100, 7 = 1073
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Figure 31: An example for surface diffusion flow on a unit sphere. Here 7 = 1074, X (¢)
at times t = 0,0.01,...,7 = 0.5 and X (7).

Figure 32: X(T) for the time step size 7 = 1073 without (left) and with a projection Il
being used after each time step (middle). On the right, a plot of |[T™| for 7 = 1073 (solid)
and 7 = 10 (dashed) without the projection.

and T'=9. We observe that in the isotropic case the curve evolves to a vertically aligned
circle on the manifold, while the anisotropic flow leads to a horizontally aligned ellipse
on the manifold. In both cases, as discussed before, the obtained numerical results are
approximations to the minimizer of the given weighted length among all curves that
enclose the same area as I'(0).

Geodesic Willmore flow of curves

First we perform a convergence test for our approximations (3.11), (3.9b) and (3.13a,b)
of geodesic Willmore flow (2.32). To this end, similarly to (5.6), we define a true solution
for the geodesic Willmore flow on the unit sphere. In particular, let

Z(p,t) = (r(t) cos g(p),r(t) sing(p), [L —r*(®)]2)T, r(t) = [L— (1 —r*0)) e 21, (5.7)

with 7(0) € (0,1] and g(p) as in (5.6). Starting with an initial circle at an altitude
of x3 = 0.75, so that r(0) = iﬁ , we compare our discrete solutions from the two
schemes (3.11), (3.9b) and (3.13a,b), respectively, with the true solution (5.7). We set
7 =0.5h* and T = 1 and report on the observed errors in Table 2, where we note that

the experiments indicate that the convergence rate for the error is O(h?).

It can be easily shown that a geodesic circle with radius r on the unit sphere is a
stationary solution of (2.32), if and only if

r=1 or r:[2)\—1]_% if A>1, (5.8)
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Figure 33: An example for anisotropic surface diffusion on an ellopsoid. We plot X (t) for
t=0,0.5,...,7 =9, X(T) and the energy |I'|s. The case ¢(p) = 1/0.01p? + p2 + p2 is
above, with ¢(p) = [p] below.

J (3.11), (3.9b) (3.13a,b)
IX —Z||pe | eoc | |X =&~ ]| eoc
64 | 6.2955¢-03 - 5.9935¢-03

128 | 1.5464e-03 | 2.025407 | 1.4766e-03 | 2.021120
256 | 3.8497e-04 | 2.006096 | 3.6785e-04 | 2.005090
512 | 9.6142¢-05 | 2.001507 | 9.1890e-05 | 2.001138
1024 | 2.4029¢-05 | 2.000390 | 2.2963e-05 | 2.000597

Table 2: Absolute errors for the geodesic Willmore flow.

which in the latter case means that its “altitude” with respect to the chosen equator is
. 1 1 .
given by [1 —r2(¢)]2 = [1 — (2A — 1)7!]2 . In a numerical example for A = 2.5, we show
the evolution of a circle on the unit sphere. The circle starts off at height 0.1 above the
1

“equator” and moves towards the steady state solution of radius r = 5 at an altitude of

T3 = %\/g The parameters were J = 100, 7 = 1072 and T = 2.0, where here and in what
follows we used the approximation (3.11), (3.9b). See Figure 34 for the results, where we
also show a plot of the discrete energy WY} ,, defined by
i L o AT m=0— M -1,
WM,)\ = % j\‘; ’ M . (59)
sl s + XY m = M.

Next we show an example for geodesic Willmore flow on a torus, where the torus is
given as in Figure 25. The evolution for a circle that is homotopic to a point can be seen
in Figure 35. The discretization parameters were J = 100, 7 = 1072 and 7" = 50. We
note that as there are no geodesics on the torus that are homotopic to a point, see e.g.
Bliss (1902), this flow cannot reach a geodesic as a steady state. This is confirmed by the
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Figure 34: (A = 2.5) An example for geodesic Willmore flow on the unit sphere. X (t) at
times ¢ =0, 0.5, 1, 1.5, 2. A plot of W} , on the right.

-

Figure 35: Flow for a circle on a torus. X(t), t =0,10,7 = 50; and a plot of W} (right).
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numerical results, where the discrete energy W45 is bounded well away from zero.

We now compare the evolution of an initially smoothed polygonal curve on the unit
sphere, which is slightly raised above the equator, for the flow (2.32) with different values
of \. Some results for the discretization parameters J = 200 and 7 = 1072 can be seen in
Figure 36. As expected, the flow for A = 0 yields a curve on the equator, while for A > 0
we obtain a numerical steady state as predicted in (5.8). The most interesting evolution is
for A < 0, where growth in the length of the curve is encouraged. For the value A = —0.5
shown here, this eventually leads to a triple covering of a circle at the equator.

Next we present some computations for the length preserving geodesic Willmore flow
on the unit sphere. The results for our scheme (3.11), (3.9b) with the choice (3.12)
different initial curves can be seen in Figure 37. Here we chose J = 100, T = 1 and
T =25 x 107, After 200 time steps we increased the time step size to 7 = 5 x 1074

Anisotropic geodesic Willmore flow of curves

Finally, we present some computations for our scheme (3.23a,b) for anisotropic geodesic
Willmore flow, recall (2.38). As the initial curve we chose the tilted circle above the equa-
tor as in Figure 29. Some experiments for different choices of A and ¢ can be seen in
Figures 38 and 39. The discretization parameters were J = 128 and 7 = 1073, We ob-
serve that as in the isotropic case, recall (5.8), for large values of A > 0 the curve attains
a steady state away from the equator, with the steady state being aligned with the Wulff
shape of the chosen anisotropy. For small values of A > 0, however, the flow does not
always yield the energy minimizing equator in the z; — 5 plane. In particular, for A = 0.1
the presented simulation finds as steady state the equator inside the x5 — x3 plane, which
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Figure 36: Willmore flow on the unit sphere. X () at times t = 0,1 for A = 5,0. Below,
the evolution X (t),t = 0.5, 1, 1.5, 2, 3, 4, 7, 10, for A = —0.5.

here is not the global minimizer.

6 Conclusions

We present novel variational approximations of geometric gradient flows for closed curves
in R?, d > 2, and on two-dimensional manifolds in R?, including anisotropic variants. We
are able to prove well-posedness for the introduced discretizations, and prove stability for
the approximations of the gradient flows for (anisotropic) length.

While there exist corresponding parametric finite element approximations of the higher
codimension flows, see Dziuk (1994), Dziuk, Kuwert, and Schétzle (2002), Pozzi (2007),
Deckelnick and Dziuk (2007), our schemes have excellent properties with respect to distri-
bution of mesh points. In particular, no remeshing is needed in practice, something that is
generally needed for existing approaches in the literature. In addition, our approximation
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Figure 37: Length preserving geodesic Willmore flow on a unit sphere. Above X° and
below XM with [TM| =5.48,7.8,9.27,10.1.

of (2.37) is the first parametric scheme for the numerical approximation of anisotropic
Willmore flow for curves in the literature.

Moreover, we present fully practical approximations for geodesic geometric evolution
equations, something that is new in the literature. Again, these schemes lead to asymp-
totically equidistributed curves in practice. Natural applications of these novel approx-
imations are the computation of closed geodesics on given manifolds, as well as simple
isoperimetric problems on manifolds. Extending these schemes to include the case of
geodesics with fixed endpoints, as well as more complicated partitioning problems, will
be the subject of our future research.

Figure 38: ¢(p) = \0.1pi +p3 +p3, A = 5 (left), ¢(p) = V0507 +p3+p3, A =5
(right). In each case we plot X(t), t =0, 0.2, 0.4, 0.6, T = 2.
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Figure 39: (¢(7) = \/0.5p% + p2 + p2) A = 0.5 (left) and A = 0.1 (right). We plot X(¢),
t=20, 5,10, T = 20.
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