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FAST INTERFACE TRACKING VIA A MULTIRESOLUTION
REPRESENTATION OF CURVES AND SURFACES*

OLOF RUNBORGH

Abstract. We consider the propagation of an interface in a velocity field. The initial interface
is described by a normal mesh [Guskov, et al, SSIGGRAPH Proc., 259-268, 2000] which gives us a
multiresolution decomposition of the interface and the related wavelet vectors. Instead of tracking
marker points on the interface we track the wavelet vectors, which like the markers satisfy ordinary
differential equations. We show that the finer the spatial scale, the slower the wavelet vectors evolve.
By designing a numerical method which takes longer time steps for finer spatial scales we are able
to track the interface with the same overall accuracy as when directly tracking the markers, but at a
computational cost of O(log N/A¢t) rather than O(N/At) for N markers and timestep At. We prove
this rigorously and give numerical examples supporting the theory. We also consider extensions to
higher dimensions and co-dimensions.
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1. Introduction

Tracking the evolution of interfaces or fronts is important in many applications, for
instance, wave propagation, multiphase flow, crystal growth, melting, epitaxial growth
and flame propagation. The interface in these cases is a manifold of co-dimension one
which moves according to some physical law that depends on the shape and location
of the interface. We suppose for convenience that it can be parameterized, so that for
a fixed time ¢ the interface is described by the function z(t,s):R* x R? —R? with
the parameterization s € 2 CR? and ¢g=d—1. In this paper we consider the simplified
case when the interface is moving in a time-varying velocity field that does not depend
on the shape of the front, only its location. Then z(t,s) satisfies the parameterized
ordinary differential equation (ODE)

Ox(t,s)

5t =F(t,x(t,s)), x(0,8) =~(s), seQ, (1.1)

where F(t,z):Rt xR?—R? is a given function representing the velocity field and
v(s):R?—R? is the initial interface. We will mostly discuss curves in two dimen-
sions, d=2, ¢=1, but we will also discuss extensions to higher dimensions d=3, ¢=2
and co-dimensions d=3, ¢=1. Applications could include the tracking of physically
motivated interfaces, like wavefronts in high frequency wave propagation problems, or
“artificial” fronts of propagation paths parameterized by initial data, where a problem
has the structure of (1.1) even though the front has no direct physical interpretation.
This could be, for instance, iso-distance curves on a surface (front of geodesics), fiber
tract bundles in brain imaging, or the method of characteristics for the solution graph
of hyperbolic partial differential equations (PDEs). In many of these problems it is
better numerically to consider a front rather than a set of individual paths, since the
connectivity between paths is then maintained, which for example simplifies interpo-
lation between them.
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366 FAST INTERFACE TRACKING

Numerical methods for this problem include the Lagrangian front tracking method
[15], which has been used extensively in e.g. multiphase flow [14, 40] and geophysics
[41, 27]. There are also Eulerian approaches like the level set [32, 31] and segment
projection [39, 12] methods. Related algorithms have been proposed for computing
invariant manifolds in dynamical systems [26, 17]. For flow problems we should also
mention the marker-and-cell (MAC) [42] and volume of fluid (VOF) [21] methods.

We focus here on front tracking, in which the interface is described by a set of
marker points that are connected in a known topology. In one dimension one would
approximate x;(t) ~z(t,s;) and use a numerical method for ODEs to solve

d;(t)
dt

=F(t,z;(t),  2;(0)=~(s)),

where sy <1 <...<sp is a discretization of . For surfaces in three dimensions, the
markers on the interface are typically held together in a triangulation. Propagating
one marker numerically with a timestep At to a fixed time costs O(1/At) operations.
Hence, if the interface is represented by N points the cost of standard front tracking
is O(N/At). As a comparison, the standard level set method costs O(N?/At) if
the full domain is discretized in 2D. There are, however, several clever versions that
localize the computations around the interface, e.g. local level set methods [33] and
tree methods [36, 37]. These bring the complexity down to O(Nlog N/At), which is
almost the same as front tracking.

In this article we describe an interface tracking algorithm that uses a multires-
olution representation of the interface instead of point values. The representation is
based on normal meshes [6, 18], which is an efficient way to describe curves and sur-
faces. Our main result is a proof, backed up by numerical experiments, that for fixed
small enough accuracy the cost of our method is only O(log N/At) or even O(1/At).
Thus, asymptotically the cost to propagate the whole curve is of the same order as
the cost of propagating just one point, i.e., an order better than for front tracking and
level sets. In the method, the interface is represented by wavelet vectors which corre-
spond to the details of the interface on different scale levels. It is well-known that for
a fixed curve or surface, the size of these vectors decays rapidly as the scale becomes
finer. In the dynamic setting we show that the time derivatives of the wavelet vectors
decay in a similar manner. This means that the fine scales evolve slower than the
coarse scales of the interface. Our method exploits this by taking shorter timesteps
for the coarse scales than for the fine scales. This greatly reduces computational cost
without affecting the overall accuracy.

Adaptivity is usually an important feature of front tracking algorithms. Marker
points on the interface will typically spread out which results in a badly resolved
interface. One then needs to adaptively add new points in between the old ones, when
the marker points gets too wide apart. This can be done via interpolation. We will,
however, not discuss adaptation strategies for the new method in this paper. We just
note in the conclusion that the multiresolution framework offers many opportunities
for such improvements. Let us also add that for level set and segment projection
methods, adaptivity is less of an issue since they use Eulerian grids. They are also
much better suitable for handling topological changes in the interface; like with other
front tracking based algorithms, this would be difficult with the proposed method.

For time-dependent differential equations there are a number of results similar in
style to the ones in this paper. They are related to what Demanet and Ying [7] call
time-upscaling: For a problem spatially discretized with N points in each coordinate
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direction, time upscaled methods are able to compute the solution at O(1) time levels
at a O(N?) cost, for fixed accuracy, instead of O(N9+1) needed by standard method
where the time step must be of the same order as the spatial mesh size for stability
and accuracy reasons. In our methods, if we discretize the interface with a mesh
size of the same order as the time step, N ~1/At, then we can reduce the cost
of tracking a curve from O(N?) to O(N), and following this terminology we could
call our results time upscaling for interface tracking. Time-upscaled methods were
proposed for the advection and parabolic equations in one [11] and higher dimensions
[28, 16], for the wave equation in one dimension [35] and two dimensions [7] as well
as for the computation of the phase map for dynamical systems in the phase flow
method [43]. Techniques used in these methods to accelerate the computations include
transforming the problem into wavelet like bases [11, 35, 7], sparse grids [45, 1, 28, 16]
and repeated squaring of the solution operator [11, 7, 43]. This last idea has also
been used to speed up the time-independent problem of the Helmholtz equation in
waveguides with periodic structures [19, 44]. The technique introduced by Stolk in
[35] is closer to the one in this paper. After transforming one-way formulations of the
wave equation into wavelet bases he is able to reduce computational cost by using
multiscale timestepping; in much the same way as in the present paper he integrates
the fine (spatial) scales with longer time steps than the coarse scales. This also bears a
resemblance to a recent result by Giles [13] who uses a hierarchy of solutions obtained
with different time steps to reduce the computational cost for weak approximations
of stochastic ordinary differential equations.

This article is organized as follows. In section 2 the multiresolution representation
of the interface is presented and the governing ODEs are derived. The numerical
methods used to solve those ODEs are given in some detail in section 3 where also a
preliminary analysis and explanation of the advantages of those methods are given.
Precise analysis of the methods is carried out in section 4. Numerical experiments with
the basic methods are presented in section 5. Extensions to higher order, dimensions
and co-dimensions with additional numerical experiments are the topics of section 6.
section 7 concludes the paper and discusses some open problems.

2. Multiresolution description of the interface

In standard front tracking algorithms marker points are used to represent the
interface. We will instead consider a multiresolution representation, which is often
a more efficient way to describe curves and surfaces. Multiresolution meshes are
a popular tool used to approximate static curves and surfaces. They consist of a
hierarchy of increasingly detailed meshes. Each new mesh level is computed from the
previous one by first predicting a new point, for instance by using so-called subdivision
schemes, and then correcting the predicted point by a wavelet (or detail) vector. Only
the wavelet vectors need to be stored and because of the surface smoothness most
wavelet vectors will be small, lending the representation well to compression.

In our case we will use a special type of multiresolution mesh for the initial data.
These are called normal meshes. In the time-evolution of the interface, we relax the
constraints in the description but still use the basic multiresolution mesh setting.

2.1. Static case. Let us first consider a static curve in R? given by ~(s):
[0,1] - R%. We assume it to be twice continuously differentiable in s and non-self-
intersecting. In the normal approximation procedure proposed in [18] the original
curve « is described by successively finer approximations, in the form of piecewise
linear curves ; which connect the vertices xz; , k=0,...,27, on v. The process is
illustrated in figure 2.1. The initial approximation 7y is the line connecting the edge
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points z¢ o and z¢ ;. To construct the vertices at level j+1 from those at level j, we
first set & ;41 2r = x;,k; this makes the construction interpolating. We next compute a
point ;41 241 that lies in between the two old points x;; and x; ;1. This is done
by first computing a predicted point x7 . 551 as an average of the neighboring points,
. Ljk & Tjk+1

xj+1,2k+1:%' (2.1)
We then add a detail offset by drawing a line from z7 ; 5, in the direction orthogonal
to the line segment (z;,2;x+1). This line is guaranteed! to cross the curve segment
between x; 5 and x; 41 and we call this corrected point ;11 2k+1. As this procedure
continues, the polyline 7; comes closer and closer to v. We can interpret this as
a wavelet transformation similar to the notion of lifting [38], where 7, 5., is a

prediction of the real point x;y1 2111 computed based only on coarser information.
Then the detail offset

— . _ ¥
Wj k= Tj+1,2k+1 — Lj41,2k+1 (2.2)

is a wavelet vector, which is what we will call it henceforth.

In order to reconstruct the polyline ; we only need to store the edge points g g,
xo,1, and the wavelet vectors wj/ j for j' <j, since at each level the predicted point
is based only on coarser information. In fact, since also the normal to the segment
(%, k+1) again only depends on coarser data we just need to store the length |w; |
and one sign bit to characterize ; completely. The normal approximation thus allows
a purely scalar representation of the curve. We will call {w;} and {z;x} a normal
multiresolution representation of y(s). The construction also defines the break point
values {s; 1} in parameter space by the relation v(s;x)=x; .

As was shown in [6], the size of the wavelet vectors decays exponentially with
the level j. The prediction in (2.1) can be seen as the application of the simplest
of subdivision schemes, the “midpoint scheme.” The prediction can be improved by
using higher order subdivision schemes which take into account more neighboring
points, resulting in a faster decay rate of w; . We will need this when we construct
higher order schemes in section 6.1.

The fast decay of the wavelet vectors and the fact that one just needs to store
one floating point number for each vertex, instead of the standard 2- or 3-vector, give
normal meshes good compression properties [23, 29, 24]. The normal representation
permits the use of standard scalar compression codes. It also indirectly improves
compression rates since it contains little redundant parameterization information [24].

2.2. Dynamic case. We now consider the dynamic case when the curve
moves in a velocity field. The curve is then given by x(¢,s) at time ¢, and satisfies the
parameterized ODE

Ox(t,s)
ot
We assume that there is a normal approximation of the initial curve v(s) given by the

wavelet vectors {w, ;} and parameter space break points {s;}. We then define the
time-dependent vertices on the curve

=F(t,z(t,s)), 0<s<1, t>0, 2(0,8) =~(s).

zjp(t):=a(t,sin),  0<k<2,

IThere may be several points where the line segment crosses the curve. In that case we can take
any one of them.
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yandy, yandy,

yandy, yandy,

S S

Fic. 2.1. Example of the normal mesh algorithm using the mean value of adjacent points as
predictor.

such that
dszc(t)
dt
At t=0 we have by the definitions in (2.1) and (2.2) that

=F(t,x;x(t)).

Tji1,2k = Tj ks Wik =Tj41,2k+1— 5 (Tjk +Tjkt1), (2.3)
2

where wj ; is normal to x; 41—,k We take this expression as the definition of
wj 1, also for ¢>0. We thus relax the strict normality condition and in general w; j £
Tjk+1—Tjk for t>0. We obtain

dw; 1
T;’k =F(t,rj412K41) — §(F(t,xj7k) +F(t,75541))
Tip+x; 1
—F (t, % +w]—,k> — 5 (F(t250) + F(t241)- (2.4)

Setting

Gty zw)=F (t,y“ +w> _Fty) +F(t2)

2 2 ’
we thus have the following alternative system of ODEs

dl‘o 1

d.’l?o 0
’ —=F(t .
dt ( ,CC()’l)7 (2 5)

dt

dwjyk
dt

:G(tij,k7$j,k+l7wj,k)7 :F(t;x0,0)7
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which together with (2.3) describe the dynamics of the system.

REMARK 2.1. When F' is constant, corresponding to rigid motion, then all of the
{w; 1} are constant and the dynamics of the system is completely determined by the
motion of the edge points 20,9 and zo,1. When F'= Az is linear, then w’; , = Awj s, for
all 7,k and the equations for the wavelet coefficients decouple completely.

REMARK 2.2. Fine scales depend on coarser scales, but there is no dependence in the
other direction. This means that we can compute the different scale levels sequentially
from coarse to fine, one after the other.

REMARK 2.3. It is not possible to write a closed ODE system for w; j(¢) which
maintains the normality of the wavelet vectors. To do this, more information about
the initial curve is needed then the location of the initial marker points z; 1 (0).

3. Basic methods

In this section we will describe two basic methods for tracking the interface in a
rapid way, by solving (2.5) together with (2.3). The methods will be carefully analyzed
in section 4. It is well-known that for the normal approximation of curves described
above the wavelet coefficients w;; decay as 2727 when the curve is at least C?, see
Proposition 4.2 which was proved in [6]. The main motivation for the methods given
below is Theorem 4.3 in section 4.1 which shows that if the initial curve is described by
a normal approximation, then also the time derivatives of the wavelet vectors {w; }
decay as 2727 over a fixed time interval. An interpretation of this is that the evolution
of the system takes place on different time scales. Fine spatial scales change slower
than coarse spatial scales. Since the rate of change in w;j is much smaller at finer
than at coarser levels, we will use longer timesteps for the fine scales.

Let us define the methods more precisely. We denote the numerical approxima-
tions to be

x?,k%xj’k(tn)v w?,k%wj’k(tn)v tn =nAt,

where At is the reference timestep. We are interested in computing the solution up
to time 7' and we assume that there is a positive integer M such that T'= M At.
We also assume that the number of points is an even power of two, N =27 for some
integer J >0. Letting I; be the index set 0,...,2 and I; the index set 0,...,27 —1,
then z;;, is defined for all k€ I; and wj, for all k€ I;. These values are related via
the reconstruction

n _xyvk+$?,k+1 n k j n _.n kel 3.1
1'j+1,2k+1_72 +W; g, €1y, Tjt1,2k = Lj k> €1j. (3.1)

At different refinement levels j we will use different timesteps, denoted At;:=m;At,
where m; € 7+ and mg=1. We also require that mj1 =q;m; for some positive integer
¢;. (Typically in this method we take ¢; =2 to double the time step in each level, and
hence have m; =27.) We then consider two methods.

Method 1: forward Euler. On the zeroth level, for ¢,,,1 <T,
wo ot = a0+ ALF (tn,x5o),  xp] =xg +ALF (b, 27 ), (3.2)

and on level j >0, for ¢(,, 41y, <T and k:el_j,

(n+1)ym; _  nm;y nm; _nm; nm;
w; =w; " FAGG (b T T LW ) (3.3)

where {z; 1} are computed from {w;_1 } and {z;_1 1} using (3.1).
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Method 2: Runge-Kutta 2. This method is also known as Heun’s method.
On the zeroth level, for ¢, <T),

ki =F (tn,750) k1 =F (tn,3 1), (3.4)
k‘QZF(tTH_l,ng—i-Atkl), ko :F(tn_;,_l,J?gl +Atk‘1),
At At
xg—gl_xOO—i_ (k1+k2) JS(T)H{I _‘TO 1+ (kl +k’2)

At level j >0, for t(,41)m, <T and kel;,

b1 =G (tum, a0 2w ), (3.5)
ke=G (t(n-i-l)mj 7z§‘nk+1)mJ 7x§'7k111)mj nmJ +At; kl)

wgf}jl)mj =wj 7’ + A—(kl + k).
where, as in Forward Euler, {z,;} are computed from results at the coarser level
using (3.1).

The methods above define the values of wiy for n=0,m;,2m;,...,n'm; <M. If
we want to compute the shape of the curve at other time levels we need to add one
more reconstruction step. For nm;+r <M, with 1 <r <m; we define

n7nj+r_ nm; T ) nm; nm; nm;
W, =w; —|——m_AtJG(tnmJ, Tig 1 W) g ) (3.6)
J

for both methods. In particular, this is the only step taken for large enough j, where
mj > M.

3.1. Complexity and accuracy. Let us now derive the time complexity of
the methods above and make a non-rigorous analysis of their approximation errors.
For the complexity we suppose that we want to find the solution at the fixed time T
which is of order O(1). We start by noting that the complexity of a standard method
for the front tracking problem is O(N/At), since there are N unknowns that are each
moved O(T'/At) time steps. The accuracy is O(At?) for a p-th order method.

As was remarked above, in the fast methods the data for each level only depends
on the results from the previous level. Hence, once level j has been computed, the
results enter as a variable coefficient in level j+ 1. Method 1 and 2 can be implemented
in this way and the computational cost of the methods is therefore simply the sum of
the costs on each level. The number of unknowns on level j is 2/ and the number of
timesteps needed is first [T/At;| of the type (3.3) or (3.5) and then for j >0 at most
one step with (3.6). Supposing N =27, the total cost is then proportional to

J

;WQQJH)N;Z_::;JFN. (3.7)

We now counsider the accuracy of the methods disregarding the final step (3.6). Letting
7, denote the local truncation error in time step n for wavelet coefficient k£ at level
J, we assume that 77, is given by the (p+1)-th order derivative of the exact solution
for a p-th order method

d ’LU ik
- Atp+1 J»

gk dip+1
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We define ¢; as the global truncation error at level j,

gj= sup |z}, —zjk(tn)l
kel;
0<t, <T

Assuming stability, €; is bounded by the sum of all local truncation errors,

i |T/at]
’
€‘§Z Z max |77 |-
’ j’=0 n'=0 kely o

If we use the result from Theorem 4.3 and still assume N =27, the global error can
then be estimated as

J |T/At;]

=YY

kel;

wjk

Atp"!‘l d w] k
dtp+1

J
p Po—2j
7 OogCTAt ija )

Jj=0

TZM’

(3.8)
This is in fact essentially what is proved rigorously in Theorem 4.1 in section 4 with
p=1 for Method 1 (Forward Euler) and p=2 for Method 2 (Runge-Kutta 2).

In the standard configuration of the methods we will double the timestep in each
level, giving m;=27. Then, if T=0(1) and N=27, by (3.7) the complexity for
Method 1 is O(J/At+N)=0(logy N/At+ N) and by (3.8) the accuracy is O(At),
independent of N since the sum in (3.8) is convergent. Another possible choice is
to take m; =47, quadrupling the timestep in each level. By the same arguments the
complexity is then a little better, O(1/At+ N), and the accuracy is a little worse,
O(logy, NA).

We note that it is in fact possible to turn both (3. 7) and (3.8) into convergent sums
for Method 1. We can pick m; such that 27 <m; <22%; for instance m;=37, corre-
sponding to tripling the timestep in each level. This is not the only possibility though.
We recall the restriction that m;i1 =¢;m; with ¢; €Z. One can thus use different
factors in each level to obtain an arbitrary growth rate of m;, e.g. if ¢; =2,3,2,3,...
then m; < 67/2 22129 etc. These choices all give a complexity of O(1/At+ N) and
an accuracy of O(At). Although asymptotically yielding better accuracy for a given
cost, it is not clear that these choices are superior in practice to the simple doubling
m; =27 strategy, however, see section 5.1.

We would like to stress that the fast methods above have a complexity that is
significantly improved as compared to the standard methods, while still achieving
the same order of accuracy. In fact, when At <T/N the asymptotic cost of the fast
methods is of the same order as when computing the trajectory of only one marker
on the interface, despite the fact that we compute the dynamics of the whole curve.

REMARK 3.1. Disregarding the final time step (3.6) the fast algorithms compute the
wavelet vectors wiy for
j=0,...,J kel;, n=0,mj,...,nsm;,

with n;=|T/At;]. In total, if we take m; =27, then

T
> 2 {J ~O(log, N/At)
- At;
7=0
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wavelet vectors are computed. Given these, we want to construct an approximation
of the curve at a time level t,. We first reconstruct all z7, corresponding to the
computed w,, then time step with (3.6) wherever necessary and finally reconstruct
the curve at the chosen time level. Each of these three steps has an O(N) complexity.
We can hence conclude that if we use O(log, N/At) memory to store the computed
values, we can, a posteriori, get the computed interface for any time level ¢,, at a O(N)
cost, which is the optimal cost since there are N marker points on the interface. We
can therefore also think of the computed wavelet vectors as an efficient description of
the whole surface that the interface sweeps out in time, {z(t,s): 0<t<T, s€Q}C
R*T xR (the Lagrangian submanifold of phase space). In fact, the wavelet vectors are
obtained precisely on a sparse grid in (t,s)-space, which is known to be an efficient
format [45, 1.

4. Analysis of the method

In this section we analyze the errors in the methods proposed in section 3 and
derive an error estimate which confirms the simple analysis in section 3.1 when
the velocity field and initial curve is sufficiently smooth and bounded. The initial
curve z(0,s) =y(s) thus has the normal multiresolution representation {w; (0)}, and
{z;1(0)}. The total number of points N is an even power of two, and we define J
as the finest level so that N=27. The time-evolution of {w;} and the node points
{z;1} are approximated by Forward Euler (Method 1) or Runge-Kutta 2 (Method 2).
In the analysis we use the function spaces CP(1;{2), which denote all measurable
functions from ©; to Qy with continuous derivatives up to order p, and C} (Q1;92),
where all derivatives are also bounded. We can then prove the following theorem.

THEOREM 4.1.  Suppose there are positive integers M and q; such that T =MAt
and m;i1 =q;m; with mo=1. We assume that there is a constant C' independent of
J such that

J
Zm§272j <CcJ,
§=0
for some r >0, where p=1 for Forward Euler and p=2 for Runge-Kutta 2. If F €
CPP?(RT xR%R?) and v € C2([0,1];R?) then there exist unique solutions w; (t) and
z;k(t) in CPT3(RT) to (2.5) together with (2.3) for all times. Moreover, there are
constants C', D independent of J and At such that

J
sup |x7},k—x_]vk(tn)|SC’Athm?’Q*%, 0<J< (4.1)
kely

0<t, <T

= At

In the proof of the theorem we will first derive some estimates of the exact solution
in section 4.1. These lead up to Theorem 4.3 that shows the fast decay of the wavelet
vectors and their time derivatives, as well as a Lipschitz type bound on the function
G(t,z,y,w). With this result and a lemma on growth in recursions, Lemma 4.8, we
can subsequently prove Theorem 4.1.

REMARK 4.1. The condition on J in (4.1) is necessary in the proof to control the
effect of higher order spatial error terms in the reconstruction of the interface. These
could in principle become large when the numerical time stepping is underresolved.

_—Dp
It is, however, a mild restriction. We can take on the order O(2°2*""") points before
violating it. Arguably the restriction is technical; we never see any problems related
to it in our numerical computations.
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4.1. Estimates of the exact solution. In this section we will derive es-
timates of the exact solutions to (2.5) together with (2.3). The estimates are based
on a result from [6, 34] on the decay of the wavelet coefficients for a fixed normal
multiresolution description of a smooth curve:

PROPOSITION 4.2. Suppose {x;r} and {w;i} s a normal multiresolution rep-
resentation of the non-selfintersecting curve (s) based on the prediction (2.1). If
v € C?%([0,1];R?) then

lwik SC27%,  ajpa —wiel <C277, VReE,
where the constants C' and C' depend on ~(s) but are independent of j,k.

Proof. This is essentially the result from Lemma 1 and Theorem 2 in [34]. We just
need to note that the shortest distance |z;x+1— ;x| is majorized by the arclength
between the points, which is considered in [34]. ad

Our main result is that the time derivative of w; satisfies the same estimate
in j as the wavelet coefficient itself, and that these estimates can be extended to a
finite time interval. From this we also get a Lipschitz type bound on the function
G(t,x,y,w). The results are summarized in the following theorem.

THEOREM 4.3.  Suppose {z; 1} and {w; 1} is a normal multiresolution representation
of the non-selfintersecting curve v(s) based on the prediction (2.1). If ye C?([0,1];R?)
and FEC'gH'l(RJr x R%;R?), then there exist unique solutions wjk(t) and x;x(t) in
CP2(RT) to (2.5) together with (2.3) for all times. For 0<t<T and k€ I;,

Clz’ijC
dtt

<C(T)2™¥, 0<(<p. (4.2)

Moreover, if F € C2(RY xR%;R?), then for 0<t<T, and k€ I},

|G(t,xjr+e0,2j k1 +E1,WHEw) — G2k, T kr1,W)|
<C'(T) [(lw]4+277) (ol + lex]) + lew| + (g0l +1e1])?] - (4.3)

The constants C(T) and C'(T) do not depend on j, k and £, but may depend on T,
p, and bounds on the derivatives of F and ~y.

We first present a lemma on the time derivatives of the wavelet coefficients.

LEMMA 4.4.  Suppose FECerl(RJr x R%;,R?). Then there ewist unique solutions
w(t), x(t) and y(t) in CPT2(RT) for all times to the system of ODEs

dx dy dw
Z_F —Z=F
C=F(tr),  L=F(ty)

dt = G(tax7va)'

Moreover,

dfw

pra SCZ(|w‘+‘x_y|2)a 1<4<p,

where the constant Cy only depends on bounds on the derivatives of F'.

Proof. We note first that by the assumptions on F', standard ODE theory ensures
the stated existence, uniqueness and regularity of solutions. Next, let F} (t,z) = F(t,x)
and recursively define for £>1

Fg+1 (t,ﬂ?) :DIF@(t,w) F(t,x)—!—@th(t,x)
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Then Fy € C’Ifﬂj%(RJr x R%;R?). Moreover, we claim that

d@w x+y Fg(t,.]?)—f—Fg(t,y)
— =F] _ o 1<i<np.
dtt é(t’ z v 2 ’ st<p

This is true for /=1 and, if it is true for ¢ <r <p, then

dtlw d <F <t T+y _|_w> _F,,(t,z)JrFT(t,y))
T b

dir+t  dt 2 2

de | d dx d
—D,F, (tx;y +w> . (m;d? +‘§:> _ DuFr(ta)- Gi+DaFy(ty)- G

2
0 F(t, 0+ F.(t,
o (T ) OB (ta) +OF ()
2 2
Using the fact that
dz dy
T+ dw  F(t,x)+F(ty) T+y
At dt 4 T LGt =F(t~—F=
5 7 5 +G(tz,y,w) oy tw ),
we obtain
d 1w T+y z+y
D E(tx) F(t,2) + D F(ty) F(ty)
2
F.(t, F.(t,
+atFr(t’x+y+w)_8t ( $)+at ( y)
2 2
T+ Frii(tx)+ Frq(t,
_ r+1(t7 2y+w> +1( )2 +1( y)’

which shows the claim by induction. For 1</¢<p we note that F, € CZ(RT x R%;R?).
Setting A= (z—y)/2 we then obtain

Tty Ff(t7x)+Ff(t7y)
Fe\t=57 )~ 2 -

R (t,w;y)_Fz<t,w;y+A>;Fz<t,w;yA)l

< SIAPIDZF(t,) oo

This means that

Fy(t Fy(t
P (t,$;y+w> o af); o(t,y)

<

F <t,x;y+w) —F (t:g;yﬂ

F, F,
£ <t71‘+y> _Fy(tx)+ Fi(ty) ‘

2 2

1
<[DaFy(t, )] o [wl+ §|A|2 | D2 Fy(t,-))|

oo’

This shows the lemma with Cy=sup, max(’Dng(t7-)|oo/8,|Dng(t,~)|oo). a

We next show the Lipschitz type bound on G(t,z,y,w), which also includes a
quadratic term.
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LEMMA 4.5. Suppose F € CZ(RT x R%;R?). Then,

|G(t,x+ez,y+ey,w+ey) —G(t,x,y,w)|
<C(lwl+lz—yl)(lee|+ley) +lew] + (el + ey )],

where the constant C' only depends on bounds on the derivatives of F.

Proof. Throughout this proof the time ¢ is held constant; we will drop it from
most of the notation and simply let D= D, denote spatial differentiation. We start
by introducing Z(s):=x+se,, §(s):=y+se, and W(s) :=w+ se,,. Furthermore, let

SRNCES IR O C R S
Then
G(z+ez,y+ey,w+ey) —G(z,y,w)
= [ & ota6),506) 000+ [ LG50
_ OlDF(m(s)+w) s DF(E()) gw;DF@(S)) SV L DF(#(1) +(s)) - cuds
= 1DF(;@(s)+w)-s‘—DF(f(s))fds
. et - RECOEACDEDRER-00)
[ [ DR A DR+ 8el0) g,

+ [ DF(z(1)+w(s)) ewds
0

=:F1+FEy+Es+ Ej.

We now note that when F € CZ, then

1
|DF(2146,) 02— DF (1) - 02| = / D?F (1 +101)(61,02)dt| < |D*F|__[81]]02],
0

for any vectors x1,01,02. Applying this to E1,...,E3 we obtain the bounds

|Er|<Cilel|w],  [E2|<Cy osup []|Ag(s)],
s€[0,1]
|Es| <Ch sx[lp]IAsllAm(s)L |E4| < Colewl,
s€(0,1

where C1 =sup;>g |D:2¢F(ta‘)|oo and Co =sup;>q | Do F'(t,-)| - The result then follows
from the additional estimates
lex| + ey |

€z 1€ - L
Mj ‘€|§T’ sup [Az(s)| < sl —y[+]AL,

|Ac] <
) 2 se[0,1] 2
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and taking C'=max(Cy/2,C5). ad

We can now finally extend the result of Proposition 4.2 to a fixed time interval
[0,77].

LEMMA 4.6. Suppose F € CZ(RT x R%;R?). Then there exist unique solutions w(t),
x(t) and y(t) in C3(RT) for all times to the system of ODEs

dx dy dw

dt ( 7'T)7 dt ( 7y)’ dt ( ’x7y7w)

Moreover, there are constants C1 and Ca, which only depend on bounds on the deriva-
tives of F', such that

() = y(D)] < [2(0)=y(0)]e' 7, [w(t)] < (Jw(0)|+|x(0) —y(O)?) ', (4.4)

Proof. Existence, uniqueness, and regularity follows from Lemma 4.4. For the
difference x —y we have

Wﬂ(m—wﬂﬂt,m—F(w)) <2tz -yl

with C' =sup,~o| D, F(t,-)| . By Grénwall’s lemma,
() =y (0)* <]2(0) —y(0) >,
This shows the left estimate in (4.4) with C; =C". For w(t), from Lemma 4.4,

d|w|?
dt

where we can take C” =max(C1,2C") with C; being as in Lemma 4.4. Again by
Gronwall,

=2w" G(t,2,y,w) <2C (lw]? + ||z —y|*) <3C"|w|* + "z —yl*,

t
()2 < 3" uw(0) 2 + O3 / 3" () —y(s) *ds
0

t
< 630"t|w(0)|2 +CN|Z’(O) 7y(0)|4630”t/ 6(40'73C”)sds
0

t
§63C t|w(0)|2+C”|x(0)—y(0)|4esc t/ e—C’ Sds
0

= (IO +[2(0) = y(O) (1 - =)} 2.
By taking square roots of both sides we obtain the right estimate in (4.4) with
Cy=3C"/2. O

We can now conclude the proof of Theorem 4.3. Since FEC{?H(R"’ x R2;R?)
there are unique solutions x; () and wj;(¢) in CPT2(RT) for all times by Lemma
4.4. From Lemma 4.6 combined with Proposition 4.2 we get the estimates

lwj k()] <C272, |z k1 () =2 k()| <C'279 Vkel;, 0<t<T,

since p+1>2 and {2, ,(0)} and {w, »(0)} are a normal multiresolution representation
of the non-selfintersecting initial curve v& C?([0,1];R?). The estimate (4.2) then
follows from Lemma 4.4 and (4.3) from Lemma 4.5.
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4.2. Proof of Theorem 4.1. For the remaining proof we note that Theorem
4.3 ensures the stated existence, uniqueness and regularity of solutions z; (t) and
wj,k(t). We also introduce some additional notation. Throughout this section C' will
denote an arbitrary constant independent of j, k and n, although it may depend on
for instance T', p as well as bounds on F' and the initial curve. The error in the wavelet
vectors is denoted by

szzwj,k(tn)—w;-”k, 6;‘:sup|5;fk\,

s
kel

and we recall that the maximum error in the node points on level j is called

gj= sup |z (tn) =2}l
kel
0<t, <T

The relation between wavelet errors and node point error is given by the following
lemma.

LEMMA 4.7. Under the assumptions of Theorem 4.1 there are constants ¢, ¢’ and ¢,
depending on T and p, but independent of j and n, such that

8T < (1 eAt))8)™ + ¢ Aty (2795 422+ AB2Y) . 0<tpsrym, < T,
(4.5)
and, when 1 <r <m;,

5-?mj+r Scl/(a]’}mj +27j€j+5?)+C/At§272j, OgtnijrTSTv (46)
for both methods.
Proof. We use the following shorthand notation:
GjJC (t) = G(t7 Lj.k (t)7xj,k+1 (t)ij,k (t))v ;L,k = G(tn ) x?,kv‘r?,k+1 7w;'l,k) .

Forward Euler. Suppose 1<r<m;. For the Forward Euler scheme and the
reconstruction step (3.6) we obtain

+ T -
5;7:7]:] " =Wj k (tnmJ + mAtJ> —w;tzl] "
J
=8 A {Gm(tnmj)—Gj’kJ i, (4.7)
where Tj",:nj is the local truncation error for Forward Euler. It is well-known that

this can be estimated by the second order Taylor remainder term of the solution, and
therefore by Theorem 4.3,

1/ r 2 d*w; r 2
sup |7'Jnk|§§ (Atj> sup Ték SC(Atj> 272,
kel m; kel t m;
0<t, <T 0<t<T

Moreover, also using the second result in Theorem 4.3 we obtain

|Gk (tnm,;) =Gy
<C(|w k (trm ) +277) (124 (b ) = 25 37 | |2 k41 (brmy ) = 2 514 ])
/n/'"lj n’"lj ‘)2

+ |5;L,;:j |+ (|2 (tnm, ) Tk |+ |2 k41 (tnm, ) — T k1
<C (277 +6;™ +¢3). (4.8)



OLOF RUNBORG 379

Taking the supremum over k in (4.7) with r=m; now gives (4.5) with p=1. After
noting that rAt;/m;=rAt<T and that (rAt;/m;)* <max(1,T)At] for p=1,2 we
also prove (4.6).

Runge-Kutta 2 . For the Runge-Kutta 2 scheme we obtain

Akl +Ak2+ nm;

5('7;@+1)mj :wﬁk(tnmj +At;)— y;:—l) 6nmg +At; 5 Tik s

J,
where T;L;an is the local truncation error for Runge-Kutta 2, and

Aky =Gy (tnm;) =G

Ak2 =G (t(n—i-l)mj yLj, k(t(n+1)m]~ )7xj,k+l(t(n+1)mj)7wj k(tnmj ) + AtjGj,k(tnmj ))

*G(t(n-f-l)mj x(1L+1)m]’x§j;€—:11)mJ nm] + AL Gnmj).

The truncation error can be estimated as follows (see Appendix A):

w (t w (b
. 1< sup (PO 101
kel kel; 12 4

0<t, <T 0<t<T

up |Dij,k<t>wD < oAt
0<t<T
again using Theorem 4.3 and the boundedness of D, F',

Tk (t) + 25 k41 (1)
2

|DijJ€(t):‘DxF (tv +wj,k(t)>‘§0.

For Aky we have from Theorem 4.3

[Aka| <O [ tum, )+ Bt G b, )| +277)

n+1l)m; n+1l)m;
X (\l“j k(E(ns1ym;) — §k |+ 175 k1 (g 1ym; ) — §k+1) |>
187 4 Aty Ak
+1 . n+1
+ (Ixj,k(t(nﬂ)mj) —nglk 9 |2 k1 (e 1)ymy ) — §2+1)m’ |) }

SC [(|wj,k(tnmj)| +T|Gj’k(tnm].)| +2_j)€j +5;1,mj +T|Ak1‘+ﬁj] 5

since At =t,,; <T. Now, using the fact that |G} x(t)| = |w] . (t)| <C27* by Theorem
4.3, we have

|Ak‘2| <C (2_j6j —|—(S;Lmj -‘1-5?) =+ |Ak‘1|
We already estimated |Akq| in (4.8) above and the result (4.5) with p=2 follows. O

For the remaining part of the proof we need a lemma on the growth in recursions.

LEMMA 4.8. Suppose
Yn1 < (1+an)yn+ays +b,,  n>0.
Then, if a=0,

n—1 n n

Uni1<bn+ Y _b; [[ (tar)+yo [T (1+ax). (4.9)

j=0  k=j+1 k=0



380 FAST INTERFACE TRACKING

If a,=a, b,=0b for alln and a=0, then
1+a)"tt -1

Ynt1 <0y (1+a) +yo(1+a)" ! -
=0

+yo(14a)" . (4.10)

Suppose {an} and {b,} are positive real numbers whose sums have a bounded growth
rate,

A=Y ax <A, Bpi=)» b<Bn+1),  ¢>0,
k=0 k=0

for alln>0. Then if >0

A+l e*(A‘Fl) r+1
el <e B, +10), 0<n<|—— . 4.11
Yn+1> ( Z/o) (a(B+y0)> ( )

Proof. Suppose (4.9) holds for n<p. Then

p—2 p—1 p—1
Yp+1 < (1+ap)yp +bp < (1+ayp) bp*1+zbj H (1—|—ak)+y0H(1+ak) +0p
j=0 k=j+1 k=0
p—1 D P
=> b I Q+ar)+u [J(1+ar)+b,.
j=0 k=j+1 k=0

Since (4.9) obviously holds for n =0 the first result follows by induction. The second
result (4.10) is a direct consequence of (4.9).

For the last estimate, we define B_; =0 and let N(8), with 8>1, denote the
largest n for which y; <B(B;_1+yo) whenever 0 <j<n. Then

Consequently, from (4.9), when 0<n < N(f),

n—1 n n
Ynt1 <bn+Y by [ (+ar+(Br-1+y0)8a)+yo [ [ (1+ar+ (Br—1+y0)Ba).
i=0  k=jt+1 k=0

Since 1+z<e”,

n—1

Yni1 Sbp+ Z bje2=ki=i+1 (@t (Broityo)fa) 4y 3 k—o(ar+(Br-1tyo)fa)
=0

< (Bn +y0)622=0(ak+(3k71+yo)6a) < (Bn+y0)eA+ﬁaE;=0(Bk*1+yU)).

Moreover,

n

D (Beoi+yo) <BY K +yo(n+1) < (B+yo)(n+1)"*,
k=0 k=0

and we finally obtain

« n r+1
Ynt1 <eAth (B+yo)(n+1) (Bn+10).
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Thus, by construction,

| < eATPaBEi) (N1 (

B(Bns) +%0) <Yn(B)+ By s)+0)-

Taking f=exp(A+1) and abbreviating N = N(exp(A+1)) we obtain

o (A+1) )ril
)

1<(B4yo)(N4+1)TleATlq = N><
(B+yo0)( ) et a o(B+uy

Since, by construction, y, <exp(A+1)(B,_1+yo) for 0<n < N(exp(A+1)) the esti-
mate (4.11) follows. 0

We are now ready to finish the proof of Theorem 4.1. Taking v, as 6;”7” in
Lemma 4.8 we obtain from (4.5), (4.10) and the fact that 67, =0,

(14cAt;)" -1
CAtj

. ) ecAtj (n+1) -1
<d (27424 A2

UM <AL (27 +e2 4 Ath2Y)

c
SC(277gj+e5+Ath27),

for (n+1)At; <T. Thus, for any t, :=t,/m,+» <T, with 0 <7 <m; we then get from

(4.6),

67 <07 M 24 ef) + A2 <O (27 g5+ Ath27Y).

For odd points we have
n
Sup |35j+1,2k+1(tn)_Ij+1,2k+1|
kel;
0<t,<T

(o) =27 )+ @ k41 (tn) =27 44

Y 2 +wj,k(tn)_w?,k
kel;

|2,k (tn) =25 | |25 041 () =27 14|

I 5 +|wj ke (tn) —wi|
kel;

Since even points are the same on consecutive levels, x7 ;o =27, for all k€;,
the same holds for the error, 7., 5, =€’ and the above estimate therefore trivially
extends to all points,

ejr1<e;+ sup 07 <e;+C(277e; 4+ +Ath27%).
0<t,<T

We can then use (4.11) in Lemma 4.8 with a,=C2™", a=C, and b, =CAtL272",
Since then

A= iCQ‘” =2C.
n=0
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Fic. 5.1. Left: Solution ezample; curve plotted at t=0 and t=1. Right: Decay of wavelet
coefficients at t=0,0.25,...,2. Dashed line: 2727,

and
B, = icmgz—% = Atpczn:mzr% <CAtPn",
k=0 k=0
then
n e—(2C+1) T+1
Entt < e20+1 Atpcgm22_2k+€0 , 0<n< (C(C‘AtW) .

For both methods the edge points are solved with a standard p-th order method and
therefore e < CAtP. The result in the theorem then follows.

5. Numerical examples
In this section we will verify the theoretical results obtained above with a few
numerical examples. We consider the following test case. We take the velocity field

given by

_ sin(z)— 1
Flay)= ((:z: +%.2)cos(y)2+0.4)’ (5.1)

and we let the initial curve be a circle,

Ij,k(o) = <Z?§((§;T]]:§:j))), wjvk(()): [I*COS (27j7r)] Ij+172k+1(0). (52)

The result from a well resolved direct simulation of this problem at ¢=1 is shown
in the left frame of figure 5.1, where the vector field (5.1) is overlaid. In the right
frame the decay of the wavelet coefficients are plotted for various times, up to t=2.
It confirms the theoretical decay rate of 2727 at every fixed time, and also indicates
that the constant in the estimate grows with time.

All computations below were done in MATLAB with little effort spent on opti-
mizing the implementation of the fast method. Timings shown are wall clock timings
obtained by the tic and toc commands in Matlab on a standard desktop computer.
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Fic. 5.2. Error and timing for a fived time t=1 and reference timestep At=5- 10~4, doubling
in each refinement, m; =27. Error (left) and wall clock timing (right) as a function of N, for the
Fast Interface Tracking (FIT) and basic Forward Euler (FE).

Error

10°

At

Fic. 5.3. Error for a fized time t=1 and number of points N =512, doubling the timestep in
each refinement, mj=27. Error as a function of At, for the Fast Interface Tracking (FIT) and
basic Forward Euler (FE).

5.1. First order method. We begin to test the first order Method 1, based
on Forward Euler (3.2, 3.3). In figure 5.2 we show the error and wall clock timing as
a function of N, the number of marker points on the interface. The plots compare the
fast method with a direct Forward Euler simulation. In the left frame of figure 5.2 one
can see that the error of the fast method is around five times larger than the direct
method, but importantly, it is bounded as IV grows. Meanwhile, in the right frame the
the timings of the methods are compared showing that the fast method has almost
constant execution time while it grows linearly with N for the direct method. In
figure 5.3 the first order accuracy of the fast method is confirmed for a fixed problem
size N =512.

In figure 5.4 the error as a function of time is studied for varying N and At.
In each frame N is constant and the result for different At is plotted. As expected
from the theory, for sufficiently large IV the fast interface tracking will generate an
approximation with smaller error in shorter time compared to the direct Forward
Euler method. For this example the break even point is around N =256. This is of
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Fi1G. 5.4. Error and timings for m; =27 with different N and At, comparison between Fast
Interface Tracking (FIT, solid line) and Forward Euler (FE, dashed line). In each frame N is
constant and the result for different At is plotted.
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Fi1G. 5.5. Error and timings for different timestep ratios mj; with fixed reference timestep
At=1.5-1075.

course a rather problem dependent figure, but still shows that the fast method can also
beat standard methods for reasonably small problems, and that the constant in the
complexity estimate is not prohibitively large. Finally, in figure 5.5 we examine the
effect of varying the time step ratio between levels, i.e. the value of m;. For m; = 37,
corresponding to a tripling of the time step in each level, we should in principle have
an error and complexity that is independent of N, while for m; =27 and m; =47
the complexity and the error, respectively, should grow logarithmically with N. In
practice these differences are hard to discern, since the effect of the variations in
prefactors in front of the complexity is more significant when problems of moderate
sizes are studied. In the example in figure 5.5 the choice m; =27 is probably the best
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F16. 5.6. Error and timing for a fived time t=1 and reference timestep At=5- 10~4, doubling
in each refinement, m; =27. Error (left) and wall clock timing (right) as a function of N, for the
second order Fast Interface Tracking (FIT2) and basic Runge-Kutta 2 (RK2).
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F1G. 5.7. Error for a fized time t=1 and number of points N =512, doubling the timestep in
each refinement, mj =27. Error as a function of At, for the second order Fast Interface Tracking
(FIT2) and basic Runge-Kutta 2 (RK2).

because of the small error constant, even though it is a bit slower than the choices
m; =3 and m;=47.

5.2. Second order method. For the second order method (3.4, 3.5) we
make similar experiments and compare with a direct solution with Runge-Kutta 2.
The results corresponding to figure 5.2 are indicated in figure 5.6. In this case the
theoretical error estimate gives O(At?log, N) and the error thus grows with N. In
fact, at N =1000, the error is almost 100 times as large as with the direct solver. This
prefactor is considerably larger than in the first order case above, where it was around
five for the same problem. The execution time, on the other hand, is almost constant
in N as seen in the right frame of figure 5.6. The second order accuracy is confirmed
in figure 5.7. In all, the large prefactor makes this method less practical. We will
get back to this problem in section 6.1 below where better high order methods are
constructed.
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6. Extensions

We will now consider a few extensions to the basic methods in section 3. We do
not analyze these extensions in detail as in section 4, but rely on a simplified analysis
like the one in section 3.1. Here we generalize the setting and assume that the estimate
of the wavelet coefficients and their time derivatives satisfy |0} w; x| <C2~% (instead
of 2727) and that the number of unknowns at level j is N; (previously N; =27). The
finest level is denoted J and we always assume in this section that 7'/At; is an integer
for all j < .J so that we do not need to make extra time steps of the type (3.6) at the
end (thus avoiding the 74+ N” term in (3.7)). The same steps as in section 3.1 then
give that

1 &N !
~ Y ~ AP Po—Qj

cost A7 Z m;’ error ~ At ijQ , (6.1)

j=0 j=0
for a p-th order time stepping scheme. While the left estimate is straightforward,
rigorous justification of the right estimate for the extensions requires different tech-
niques than in section 4. This will not be done here, but will be considered in future

publications. We just note that numerical experiments confirm its validity.

6.1. Higher order methods. Higher order methods require an improved
prediction strategy compared to (2.1). Let us consider a p-th order time-stepping
scheme, where we still let IV; =27 and suppose @ =2. The cost estimate (6.1) then
shows that we need m; > C27 to have a significantly lower cost than N/At. But this
implies that

J
error > CAt? 22(”_2)j,
§=0

and there is therefore a “barrier” at p=2 beyond which the iteration becomes unstable
and the error will start to grow rapidly with N. Hence, it is apparent that the methods
used so far cannot be generalized to higher order than two if the wavelet decay rate is
fixed at Q =2. To overcome this barrier we must have wavelets that decay faster than
272 with Q> 2. Fortunately, this can be accomplished rather easily by using more
general subdivision schemes as predictor instead of the simple averaging of neighboring
points (2.1) used so far.

Subdivision is a procedure to iteratively create smooth curves and surfaces from an
initial coarse mesh. Consider the sequence {y; x}, which for fixed j can be interpreted
as the sample values of a piecewise linear function y;(¢) on a grid of size 277, hence
yj(k277) =y, . We introduce the subdivision operator S acting on infinite sequences,
S': 0> — (> such that

{wit1.6}=S{yjn}-

We limit ourselves here to linear interpolatory subdivision for which S is defined as
follows. For even points,

Yji+1,2k = Yj,k
and for odd points,

Yj+1,2k+1= g SeYjk+es
14
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6+

Predicted point X, 4-point scheme

\

Predicted point X, midpoint scheme

A -

9/16 -0 N\ws
-1/16 P

Yo

Fi1G. 6.1. Ezample of higher order subdivision: The “4-point scheme” [9] used to construct a
smooth curve from a coarse mesh (left) and as predictor for a normal mesh construction (right).
While midpoint subdivision corresponds to a straight line between the two closest neighboring points,
the 4-point scheme corresponds to a third order polynomial interpolating the four closest neighboring
points.

where {s;} is a sequence with a finite number of non-zero entries. For well-chosen
coefficients {s;} we obtain that y;(¢) converges to a continuous function y(t) as j
grows, see e.g. [2, 5]. The procedure is exemplified in the left frame of figure 6.1.
The smoothness of the limit function y(¢) is an important feature of the subdivision
process and depends crucially on S. As an example we can consider the averaging
of neighboring points we have used so far which corresponds to {s,}={1/2, 1/2}
and results in piecewise linear (Lipschitz) limit functions. This is usually called the
“midpoint” or “2-point” scheme.

In our case we will use the subdivision operator as a predictor in the normal mesh
procedure. We let {z},, ,}=S{x;x} be the predicted points, replacing (2.1), and
then as before define 41 2141 to be an intersection point between the curve ~(s) and
the line passing through 7, 5., ; that is orthogonal to the segment (z; 5,2,k+1). The
wavelet vector is the difference x;11 2x41 _‘r;+1,2k+1 =wjk, and wj i L2 k41— Tj k-
We still set xj+1,2k:x;+172k:mjyk for even points. This is illustrated in the right
frame of figure 6.1. It is thus a generalization of the previous simpler procedure based
on (2.1).

Examples of subdivision schemes include the Lagrange interpolation subdivision
schemes [8], which are natural generalizations of the midpoint scheme. The {s;}
sequences for these schemes are

e “4-point”,
(st} = (1,9, 9, -1}
S = — —
4 16 sy Iy Iy 9
e “6-point”,
(50} = ——{3, —25, 150, 150, —25, 3}
S = —_— —_ —_
4 256 ) ) ) ) ) )
e “8-point”,

1

= —5, 49, —245, 1225, 1225, —245, 49, —5}.
{se} 2048{ 5, 49, 5, 5, D, 5, 49, —5}
Prediction with higher order subdivision schemes will give faster decay of wavelet

vectors. It was for instance shown in [6] that if the curve 7(s) is in C?*([0,1];R?)
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for e >0 then
|wj | <C27 (@7, (6.2)

where @) depends on the subdivision operator in a nontrivial way, for example
e “4-point:” Q=3
e “G-point:” ()~3.83,
e “8-point:” (~4.55.
In the dynamic case we get an alternative description of the curve movement by
writing down the ODEs for the wavelet vectors {w; ;} as before. We have

*
Tj+1,2k =Ty k> Tjt1,2k4+1=Tj41 2p+1 T Wik = E :Sﬂj,kw +Wj k-
¢
Consequently,

dwjr  drji1 241 Az pye
— = ’ — sg—=——=F|1t,) spx; Wik | — seF(t,x; .
dt dt %: Tt Zé (T ke Wik %: (82 h40)

We conjecture that, as in the midpoint subdivision case, the estimate (6.2) also holds
for time derivatives of w; , in a fixed time interval, and that the error estimate in (6.1)
can be rigorously proved for higher order subdivision operators. The technique used
in section 4 needs to be refined, however, since the max norms of those subdivision
operators are typically not bounded by one, as it is for the midpoint scheme. This
will be the topic of a future publication.

From this analysis we then see that the p=2 barrier can be removed by taking
a higher order subdivision scheme with @ >2 as predictor. We exemplify the gain
by repeating the numerical experiment in section 5.1 and section 5.2, with velocity
field and initial curve as in (5.1) and (5.2). Now, however, we use the 4-point scheme,
with @ =3, instead of the midpoint scheme, with Q=2. The results are indicated
by FIT2-4 in figure 6.2 and figure 6.3, while the previous second order method from
section 5.2 is indicated by FIT2-mid. The improvement in accuracy is substantial;
the error is bounded in N and the prefactor has dropped to around ten. The method
is marginally slower.

6.2. Problems with higher codimension. We can also consider the case
when the interface has higher co-dimension than one. In particular we look at one-
dimensional curves in three-dimensional space, so that z(¢,-):R —R3. The approach
for this case is a simple generalization of the algorithm used so far. Instead of a
line normal to the vector x; 41 —; %, we consider the plane normal to this vector.
We then let 241 2x+1 be the point where the normal plane that passes through the
predicted point x7,; 5., plerces the interface. The wavelet vector is the difference
Tjt1,2k+1— $;+1,2k+1' The theory for this construction is very similar to the previous
case and the proof of (6.1) can in fact be done in exactly the same way as in section
4 since the proof of Proposition 4.2 in [34] goes through almost verbatim for curves
in higher dimensions as well. In particular, the wavelet decay is still 2727, giving the
same cost and accuracy formulas as before,

J o) J
cost ~ 1 2—, errorNAthjQ_Qj.

At - m]- -
Jj=0 J=0
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F1G. 6.2. Error and timing for a fized time t=1 and reference timestep At=>5-10"4, doubling
in each refinement, m; =27. Error (left) and wall clock timing (right) as a function of N, for the
second order Fast Interface Tracking with midpoint prediction (FIT2-mid), with 4-point prediction
(FIT2-4) and basic Runge-Kutta 2 (RK2).

—o—FIT2-mid| -
wil | o= FIT2-4
-«-RK2

RN

Error

10°

At

FIG. 6.3. Error for a fized time t=1 and number of points N =512, doubling the timestep in
each refinement, mj=27. Error as a function of At, for the second order Fast Interface Tracking
with midpoint prediction (FIT2-mid), with 4-point prediction (FIT2-4) and basic Runge-Kutta 2
(RK2).

As an example we take the velocity field

ysin(z) — 1
F(z,y,z)= | (x+0.2)cos(y)+0.4 |, (6.3)
cos(z+ay)

and let the initial curve be a circle in the z=0 plane,

cos(2mk277) '
xj)]g(O): sin(27rk2’j) 5 w]‘)]f(O): [1—COS (2_J7T)] Tj+1,2k+1 (O) (64)
0

The solutions at different times are plotted in the left frame and the decay of wavelet
vectors are plotted in the right frame of figure 6.4, respectively. The error and wall
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at t=0,0.25,...,1.

Right: Decay of wavelet
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F1G. 6.5. Error and timings for higher co-dimension problem, with same parameters as in figure

5.2.

clock timings of Method 1 compared to direct Forward Euler behave in the same was

as before. They are plotted in figure 6.5.

6.3. Two-dimensional problems.

6.6.

1. Start from two adjacent triangles.

Normal meshes can be generalized to
two dimensions in several ways. See [18] and [22] for some examples. Here we will
approximate the surface by a triangulation and use the following simple approach
based on face-splitting for refinements. To construct the normal wavelet vector and
to go from one level to the next we take the steps given below, illustrated in figure

2. Construct normals to the triangles, n; and ns.

3. Compute an average normal:

Naver =

n1+neo
[n1+na|”
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n
2 aver

(c) Step 3

(e) Step 5 (f) Step 6

F1a. 6.6. Steps in normal mesh construction. The surface to be approximated is indicated as a
transparent sheet.

-1 -1 -1 -1

Fi1G. 6.7. Example of the first levels in a mormal mesh construction, with No=9, Eg=16 and
To=8.

4. Let the predicted point be the middle of the connecting edge. Apply Naver
there and find the point where it pierces the surface. This gives the normal
wavelet vector.

5. Do the same thing for all edges.

6. Connect the new points to form a refined triangulation.

An example of the first steps in the normal construction of mesh for a half sphere
is shown in figure 6.7.

There is no rigorous result available that establishes the general decay rate of
the wavelet vectors for this approach. Since the predicted point is obtained in a
way similar to the midpoint predictor in the one-dimensional case, one can, however,
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expect that the generic rate would be the same 2727 here also, if the triangulation is
refined uniformly. This is also what we see in numerical experiments, c.f. the right
frame of figure 6.8. Given this decay rate, the accuracy of the method would also be
the same as in one dimension,

J
error ~ At ijQ*Qj.
j=0
As for the complexity, let the number of points, edges and triangles on level j be
denoted N;, E; and T} respectively. From the normal construction above it follows
that in each level the number of triangles is quadrupled. For each new triangle there

will be three new edges, and each old edge will be cut in two. Thus, the number of
new points equals the number of old edges. We obtain the recursions

Tj+1 :4Tj, Ej+1 :2E] +3Tj, Nj+1:Nj+Ej.

Solving this system of difference equations yields
. 3 2T
N;=No—Eg+Ty+2 (E0—2T0> +4170.

Hence, with this normal construction the number of points IN; grows as O (22j) and
the computational cost is

1
t~— —.
cos Atzmj

=0

It is therefore more difficult to maintain a low cost than before, when we had the

term 27 instead of 227. We need to take m; =4’ to avoid essential growth of the
computational cost with N;. Then

J logNj;

cost~ —~ .

At At

However, as seen in the one-dimensional case the accuracy for this choice of m; is
rather bad compared to smaller m;, see figure 5.5. We can still beat the O(N;/At)
complexity of a direct method by taking smaller m;, however. For instance, if we use
m; =27 as before,

J .
1 22 27 \/N;

j=

It would also be possible to construct refinement schemes with m; =37, That gives

(/37 Ny
At At

It should be noted that, as was proposed for the one-dimensional case, the situa-
tion could be improved by using higher order interpolatory subdivision schemes like
Butterfly [10, 46] for the predicted point.

For the numerical experiments, we use the same velocity field as in (6.3) and let the
initial surface be a half sphere with radius one centered at the origin z2 +y2 + 22 =1,

cost ~
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FIG. 6.9. Solution at t=1 with At=0.004, J=4 and N;=1089 using Forward Euler (left) and
Fast Interface Tracking with mj =47 (right).

z>0. The initial surface is triangulated as in figure 6.8. The solution computed
by the fast method, with m; =4J, and basic Forward Euler is shown in figure 6.9.
There is no discernible difference in the results. A more detailed look at the errors
and timings of the method is given in figure 6.10; the error curves are similar to the
one-dimensional case in figure 5.5, as expected, while the timings differ for m; =27,
where the computational cost now grows with N as predicted by (6.5). The first order
accuracy of the methods for a fixed N is confirmed in figure 6.11.

7. Conclusions and open problems

We have constructed fast methods for tracking the evolution of one- and two-
dimensional interfaces in a time-varying velocity field. When we are interested in the
location of the interface at a fixed number of points in time, the proposed methods
are much faster than standard methods, while still having the same order of accuracy.
To construct higher order methods more accurate prediction schemes are needed. We

have shown how this can be done in one dimension. It will be needed also in two
dimensions.
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Fic. 6.10. Error and timing for a fixed time t=1 and reference timestep At=0.001. Error
(left) and wall clock timing (Tight) as a function of N, for the Fast Interface Tracking with doubling
(m;=27) and quadrupling (m; =47) of time step in each level, compared with basic Forward Euler

Error

FiG. 6.11. Error for a fived time t=1 and number of points N;=1089, J=4 Error as a
function of At, for the Fast Interface Tracking with doubling (mj;=27) and quadrupling (m;=47)
of time step in each level, compared with basic Forward Euler (FE).

When computing over longer times the proposed methods will need to be improved
and augmented with additional steps. As in standard front tracking the representation
of the interface can deteriorate since the length or area of the interface can expand
quickly and the number of marker points used initially may not be enough to resolve
it. An adaptive mechanism which adds and removes marker points as the resolution of
the interface changes is therefore usually necessary in front tracking algorithms. Such
adaptivity will also be needed for the methods in this paper. In the multiresolution
setting we expect that this can be done in a natural way, given that the representation
is already dealing with scales. In fact, the ability of wavelets to detect local regularity
and singularities have made them particulary useful in adaptive schemes for PDEs,
where better resolution in non-smooth regions is obtained by using finer scale level of
the wavelets there, see e.g. [20, 4] for hyperbolic problems and [3] for elliptic problems.
In the front tracking setting it is the parameterization of the curve that becomes non-
smooth, not the curve itself. Finer levels would be added at the places on the interface
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where derivatives of x(t,s) with respect to s are large. This could follow the steps of
standard adaptive front tracking, adding new levels when the wavelet vectors or the
distances between marker points become too large.

The multiresolution representation can also deteriorate in another way; as time
evolves the wavelet vectors shift away from the locally defined normal direction and
wj,, is not normal to the line (z; 5,2 x+1) for ¢ >0, in general. Although Theorem
4.1 shows that for fixed times, the lack of orthogonality does not destroy the error
estimates, clearly the quick growth in time of the wavelet decay prefactors seen in
Fig. 5.1, 6.4 and 6.8 also implies growth in the error constant C’ in (4.1). Eventually,
for large enough times, the method will not be useful anymore. Therefore, when
solving the interface tracking problem for long times, reinitialization of the mesh to a
better form will be necessary at regular time intervals to bring down the size of those
prefactors. For one-dimensional curves, it would not be too difficult to return to
an exactly normal representation using interpolation of the fully reconstructed curve
(an O(N) operation). For higher dimensional manifolds this is a greater challenge,
although an O(Nlog V) algorithm was presented in [18] for surfaces in 3D. An exactly
normal representation may not be necessary, however, and one could for instance look
at ideas from computer graphics, where remeshing is a standard problem for finding
improved, but not necessarily exactly normal, representations of static meshes. See for
example [30]. There is also some existing work on remeshing for deformable surfaces
[25]; in fact, updating the representation continuously for a dynamically changing
mesh should be somewhat easier than doing it for a static mesh. It should be noted
that the deterioration of normality is a property of the continuous problem, not the
discretization, so, in principle, the time between reinitializations could be chosen
independent of At and N, and the reinitializations would then not affect the overall
complexity.

It would be natural to try to apply the proposed method also for more complicated
interface tracking problems, like geometric motions where the velocity of the interface
also depends on the local shape of the interface, e.g. the curvature. Then F in
(1.1) would be of the form F=F(t,z,zs,2ss,---). In its present form, the method is,
however, not suitable for these cases. Computing the velocity from just the wavelet
coefficients and the marker points on the previous level is no longer possible. One
also needs an approximation of the derivatives xg, x5, etc. This can be obtained by
reconstructing the whole interface and differentiating numerically along the interface,
but then all unknowns couple and one can no longer compute level by level, which
is necessary to obtain the speedup of the present method. Moreover, the special
relation between time and space scales, which is the fundamental reason why the
method works, may be different for these problems, i.e., Theorem 4.3 may no longer
be true. Thus, currently the method is primarily for passive transport and will not
work for geometric motion unless some new ideas come up.

Appendix A. Local truncation error for Runge-Kutta 2. The local trun-
cation errors for Runge-Kutta schemes are not as straightforward to derive as for
multistep methods. For completeness we therefore show here the error estimate used
in section 4 for Runge-Kutta 2. Let y(t) € C3(RT) be the exact solution satisfying
y' = f(t,y) € CZ(R*,R?). The local truncation error 7" is defined as the residual when
the exact solution is entered into the scheme, hence

At

" :y(tn)'i‘? [f (tnay(tn)) +f(tn+17y(tn) +Atf(tn7y(tn)))} _y(tﬂJrl)'



396 FAST INTERFACE TRACKING

By using the ODE we obtain

P =ytn) + S (00) Y ()]~ )

+% [f (tn+1,y(tn)+Aty/(tn)> —f(tn+1,y(tn+1))} .

The error has two parts which can be rewritten as follows. After expanding y and 3’
around t,, we get from Taylor’s formula with an integral remainder term that

Ey ;:y(tn)—l—A;[y/(tn)+y'(tn+1)]—y(tn+1):;’/Ols(l—s)ym(tn—i—sAt)ds.
Moreover,
8= S [ (b (0 + A5 (1)~ F (tmsr.0(000)) |
-5 OlDyf<tn+1ay(5))) (ultn) + Aty (1) = y(tas1) ) s

where §(s) = s(y(tn) + Aty (t)) + (1= $)y(tn+1). Hence,

N At 1
I<IB B < S [ ls1-s)lds sy (o)
0 tngtétn,+1

At
+ 5 1Dy () soly () - Aty (00) =y (ts)|

At? At?
<— sup [ (t)|+—IDyf(tns1,)oe  sup |y (t)].
12 4, <t<tni: 4 tn<t<tni1

REFERENCES

[1] H.J. Bungartz and M. Griebel, Sparse grids, Acta Numerica, 13, 1-121, 2004.

[2] A.S. Cavaretta, W. Dahmen and C.A. Micchelli, Stationary subdivision, Memoirs Amer. Math.
Soc., 93(453), 1991.

[3] A. Cohen, W. Dahmen and R.A. DeVore, Adaptive wavelet methods for elliptic operator equa-
tions: convergence rates, Math. Comp., 70, 27-75, 2001.

[4] A. Cohen, S. M Kaber, S. Miiller and M. Postel, Fully adaptive multiresolution finite volume
schemes for conservation laws, Math. Comp., 72(241), 183-225, 2003.

[5] I. Daubechies and J.C. Lagarias, Two-scale difference equations I. Existence and global regu-
larity of solutions, SIAM J. Math. Anal., 22(5), 1388-1410, 1991.

[6] I. Daubechies, O. Runborg and W. Sweldens, Normal multiresolution approzimation of curves,
Constr. Approx., 20, 399-463, 2004.

[7] L. Demanet and L. Ying, Wave atoms and time upscaling of wave equations, preprint, 2007.

[8] G. Deslauriers and S. Dubuc, Symmetric iterative interpolation processes, Constr. Approx.,
5(1), 49-68, 1989.

[9] N. Dyn, D. Levin and J. Gregory, A 4-point interpolatory subdivision scheme for curve design,
Comput. Aided Geom. Des., 4, 257-268, 1987.

[10] N. Dyn, D. Levin and J. Gregory, A butterfly subdivision scheme for surface interpolation with
tension control, ACM Trans. on Graphics, 9(2), 160-169, 1990.

[11] B. Engquist, S. Osher and S. Zhong, Fast wavelet based algorithms for linear evolution equa-
tions, SIAM J. Sci. Comput., 15(4), 755775, 1994.

[12] B. Engquist, O. Runborg and A.K. Tornberg, High frequency wave propagation by the segment
projection method, J. Comput. Phys., 178, 373-390, 2002.

[13] M.B. Giles, Multilevel Monte—Carlo path simulation, Oper. Res., 56(3), 607-617, 2008.



14]
[15]
[16]
(17]
18]
(19]
[20]
(21]

22]

(31]
32]
(33]

34]

OLOF RUNBORG 397

J. Glimm, J.W. Grove, X.L. Li, K.M. Shyue, Y. Zeng and Q. Zhang, Three-dimensional front

tracking, SIAM J. Sci. Comput., 19(3), 703-727, 1998.

J. Glimm, E. Isaacson, D. Marchesin and O. McBryan, Front tracking for hyperbolic systems,

Adv. Appl. Math, 2, 91-119, 1981.

M. Griebel and D. Oeltz, A sparse grid space-time discretization scheme for parabolic problems,

Computing, 81(1), 1-34, 2007.

J. Guckenheimer and A. Vladimirsky, A fast method for approximating invariant manifolds,

SIAM J. Appl. Dyn. Syst., 3(3), 232-260, 2004.

I. Guskov, K. Vidimce, W. Sweldens and P. Schréder, Normal meshes, Computer Graphics

(SIGGRAPH ’00 Proceedings), 259268, 2000.

H. Han, M. Ehrhardt and C. Zheng, Numerical simulation of waves in periodic structures,

Comm. Comp. Phys., 2008.

A. Harten, Adaptive multiresolution schemes for shock computations, J. Comput. Phys., 115(2),

319-338, 1994.

C.W. Hirt and B.D. Nichols, Volume of fluid (VOF) method for the dynamics of free boundaries,

J. Comput. Phys., 39, 201-225, 1981.

M. Jansen, H. Choi, S. Lavu and R. Baraniuk, Multiscale image processing using mormal

triangulated meshes, IEEE International Conference on Image Processing, Thessaloniki,
Greece, 2, 229-232, 2001.

A. Khodakovsky and I. Guskov, Compression of Normal Meshes, Geometric Modeling for

Scientific Visualization, Springer Verlag, 2004.

. Khodakovsky, P. Schroder and W. Sweldens, Progressive geometry compression, Computer

Graphics (SIGGRAPH ’00 Proceedings), 271-278, 2000.

. Kircher and M. Garland, Progressive multiresolution meshes for deforming surfaces, Pro-

ceedings of the Eurographics/ACM SIGGRAPH Symposium on Computer Animation, 191—
200, 2005.

. Krauskopf, H.M. Osinga, E.J. Doedel, M.E. Henderson, J. Guckenheimer, A. Vladimirsky,

M. Dellnitz and O. Junge, A survey of methods for computing (un)stable manifolds of
vector fields, Int. J. Bifurcat. Chaos, 15, 763-792, 2005.

. Lambaré, P.S. Lucio and A. Hanyga, Two-dimensional multivalued traveltime and amplitude

maps by uniform sampling of ray field, Geophys. J. Int., 125, 584-598, 1996.

. Lastdrager, B. Koren and J. Verwer, The sparse-grid combination technique applied to time-

dependent advection problems, Appl. Numer. Math., 38(4), 377-401, 2001.

. Lavu, H. Choi and R. Baraniuk, Geometry Compression of Normal Meshes using Rate-

Distortion Algorithms, Proceedings of the Eurographics/ACM SIGGRAPH Symposium
on Geometry Processing, Aachen, Germany, 52-61, 2003.

. Lee, W. Sweldens, P. Schréder, L. Cowsar and D. Dobkin, MAPS: Multiresolution Adaptive

Parametrization of Surfaces, Computer Graphics (SIGGRAPH ’98 Proceedings), 95-104,
1998.

S.J. Osher, L.T. Cheng, M. Kang, H. Shim and Y.H. Tsai, Geometric optics in a phase-space-

based level set and Eulerian framework, J. Comput. Phys., 179(2), 622-648, 2002.

S.J. Osher and J.A. Sethian, Fronts propagating with curvature-dependent speed: algorithms

based on Hamilton-Jacobi formulations, J. Comput. Phys., 79(1), 12-49, 1988.

D. Peng, B. Merriman, S. Osher, H. Zhao and M. Kang, A PDE based fast local level set

method, J. Comput. Phys., 155(2), 410-438, 1999.

O. Runborg, Introduction to mormal multiresolution analysis, B. Engquist, P. Lotstedt and

O. Runborg (eds), Multiscale Methods in Science and Engineering, Lecture Notes in Com-
putational Science and Engineering, Heidelberg, Springer Verlag, 44, 205-224, 2005.

C.C. Stolk, A fast method for linear waves based on geometrical optics, preprint, 2007.
J. Strain, Tree methods for moving interfaces, J. Comput. Phys., 151(2), 616-648, 1999.
J. Strain, A fast modular semi-Lagrangian method for moving interfaces, J. Comput. Phys.,

161(2), 512-536, 2000.

W. Sweldens, The lifting scheme: a construction of second generation wavelets, STAM J. Math.

Anal., 29(2), 511-546, 1997.

A.K. Tornberg and B. Engquist, The segment projection method for interface tracking, Comm.

Pure Appl. Math., 56(1), 4779, 2003.

S.0. Unverdi and G. Tryggvason, A front tracking method for viscous, incompressible, multi-

fluid flows, J. Comput. Phys., 100, 25-37, 1992.

V. Vinje, E. Iversen and H. Gjgystdal, Traveltime and amplitude estimation using wavefront

construction, Geophysics, 58(8), 1157-1166, 1993.

J.E. Welch, F.W. Harlow, J.P. Shannon and B.J. Daly, The MAC method: a computing tech-

nique for solving viscous, incompressible, transient fluid flow problems involving free sur-



398 FAST INTERFACE TRACKING

faces, Los Alalmos Scientific Laboratory Report LA, 3425, 1966.

[43] L. Ying and E. Candes, The phase flow method, J. Comput. Phys., 220(1), 184-215, 2006.

[44] L. Yuan and Y.Y. Lu, A recursive doubling Dirichlet-to-Neumann map method for periodic
waveguides, J. Lightwave Technol., 25, 3649-3656, 2007.

[45] C. Zenger, Sparse grids, W. Hackbusch, (ed.), Parallel Algorithms for Partial Differential Equa-
tions, Notes on Numerical Fluid Mechanics, Vieweg, 31, 241-251, 1991.

[46] D. Zorin, P.Schroder and W. Sweldens, Interpolating subdivision for meshes with arbitrary
topology, Computer Graphics (SIGGRAPH 96 Proceedings), 189-192, 1996.



