UNIVERSITY OF CALIFORNIA
Los Angeles

A Computational Framework
Tracking a Moving Interface
in Arbitrary Dimension and Codimension

A dissertation submitted in partial satisfaction
of the requirements for the degree
Doctor of Philosophy in Mathematics

by

Chohong Min

2004



(© Copyright by
Chohong Min
2004



The dissertation of Chohong Min is approved.

Stefano Soatto

Russel Caflisch

Chris Anderson

Stanley Osher, Committee Chair

University of California, Los Angeles

2004

i



To my wife, Meehwa Oh,
who has supported me with love

il



TABLE OF CONTENTS

1 Introduction . . . . . . . . . . . ...
1.1 High Frequency Wave Propagation . . . . . ... ... . .....
1.2 Generalized Level Set Method . . . . . ... ... ... ... ...

2 Simplicial Isosurfacing . . . . . ... ... ... L.
2.1 Introduction . . . . . . . .. ...
2.2 Simplicial Interpolation . . . . . . . .. ...

2.2.1 Kuhn Triangulation . . . . . . ... . ... ... ......
2.2.2 Interpolation Procedure . . ... ... ... ... .....
2.3 Intersection of a Simplex and a Hyperplane . . . . . . . . . .. ..
2.4 Isosurfacing . . . . . . . . ..
2.5 Visualization . . . . .. . ... ...
2.6 Numerical Examples . . . . ... ... ... ... .........
2.6.1 A Singularity Resolvesin R® . . . . .. .. ... ......
2.6.2 A Singularity Resolvesin R® . . . . . ... ... ......
2.6.3 Algebraic Curvesin C* . . . . . ... ... ... ......
2.7 Conclusion . . . . . . ... e

3 Local Level Set Method . . . . . .. . ... ... ... .......
3.1 Introduction . . . . . . . .. .. ...
3.2 Adaptive Sampling . . . . . ..o o
3.3 Interpolation . . . .. .. ... ... ..

3.3.1 Triangulation . . .. ... ... ... .. 00
3.3.2  Simplicial Interpolation . . . . . . .. .. ... ... ....
3.4 Evolution . .. .. ... ...
3.5 Implementation . . . . . . . ... Lo oo
3.5.1 Implementation of Sampling . . . ... ... ... .....
3.5.2 Barycentric Interpolation on a Cube . . . . . ... .. ..

3.5.3 Barycentric Interpolation on a Multi-Resolution Grid . . .

3.6 Numerical Examples . . . . . ... ... o000

v

© N~ O e



3.6.1 Accuracy Test . . . . . . .. ... 32

3.6.2 Wave Reflectionsin R? . . . . . .. ... .. ... ..... 32

3.6.3 Wave Reflectionsin R® . . . . .. .. .. .. ... ..... 35

3.7 Conclusion . . . . . . . ... 36
References . . . . . . . 38



2.1
2.2
2.3
2.4
2.5
2.6

3.1
3.2
3.3

3.4
3.5
3.6
3.7
3.8

LIST OF FIGURES

Intersection of a 2-simplex and a hyperplane . . . . .. ... ...
Intersections of a 3-simplex and a hyperplane . . . ... ... ..
Approximation of the singular curve T CR? . . . . . . ... ...
Approximations of the nonsingular curve I C R? and 7(I") C R?

Approximations of I C R3 and #(I") CR® . . . ... ... ....

Projections of an algebraic curve in C* . . . . . . ... ... ...

Nested grids in R? . . . . . .. .. ... ... ...
Center points of a unit cube . . . . . . . .. ... ... ... ...

The piecewise multi-linear interpolation invokes discontinuity at
P. The interpolation values at P from grid cells A and B are 1
and O respectively. . . . . . ... ... o

Triangulation of a cubic subdivision by pullings in R* . . . . . . .
Projection of z outside into x* inside the domain . . . . . .. ..
Weak Barycentric Interpolation on a Dyadic Grid . . . . ... ..
Reflections in R? simulated on a 10243 grid . . . . . .. ... ...

Reflections in R? simulated on a 325 grid until 1.0 sec . . . . . . .

vi



2.1
2.2
2.3
2.4

3.1
3.2
3.3

LISsT OF TABLES

A triangulation of the intersection of a 2-simplex and a hyperplane
A triangulation of the intersection of a 3-simplex and a hyperplane
A triangulation of the intersection of a 4-simplex and a hyperplane

A triangulation of the intersection of a 5-simplex and a hyperplane

Accuracy test . . . . ...
Reflections in R? . . . . . . . . . . .

Reflections in R3 . . . . . . . . . . ..

vii

10
11
11
11



ACKNOWLEDGMENTS

I was so fortunate to have wonderful colleagues as Chiu-Yen Kao, Thomas Cecil,

Yen-Hsi Tsai and YonSeo Kim. Discussions with them often helped me to resolve
a clutter of ideas. Prof. Mark Green has been of great help whenever I have met
problems related to the algebraic geometry. I am indebted to Prof. David Ebert
and Chris Weigle for their amazing kindness. They reviewed my isosurfacing
paper very carefully and suggested a better way.

Mostly, I would like to thank my advisor, Prof. Stanley Osher for his enour-
mous encouragement and excellent guidance.

viil



VITA

1972 Born in Anyang, Korea.

1990-1997 B.S. (Mathematics), Korea Advanced Institute of Scicence and
Technology.

1994-1996 Communication Engineer, Korea Air Force.

1998-1999 Technical Staff, Samsung Data System, Korea.

1999-2000 Technical Staff, ObjectSoft, Korea.

1999-2000 Technical Director, VentureBrain, Korea.

2001-2002 Teaching Assistant, Mathematics Department, UCLA.

2002-present Research Assistant, Mathematics Department, UCLA.

PUBLICATIONS

Chohong Min, Simplicial Isosurfacing in Arbitrary Dimension and Codimension
Journal of Computational Physics 190:295-310 (2003)

Chohong Min, Local Level Set Method in High Dimension and Codimension
Journal of Computational Physics (accepted in Apr 14, 2004)

X



ABSTRACT OF THE DISSERTATION

A Computational Framework
Tracking a Moving Interface
in Arbitrary Dimension and Codimension

by

Chohong Min

Doctor of Philosophy in Mathematics
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Professor Stanley Osher, Chair

The level set method was originally introduced to track a moving interface of
codimension one, and recently generalized to arbitrary codimension. The gener-
alized level set method represents an interface as the level set of a vector valued
function, and invoked two computational problems. One is to construct and visu-
alize the level set of a vector valued function. The other is to efficiently advance

the vector valued function in high dimension

The purpose of this article is to introduce a unified theory and efficient numer-
ical algorithms solving the two computational problems. The numerical methods
constitutes a computational framework for tracking a moving interface in arbi-

trary dimension and codimension



CHAPTER 1

Introduction

Recently the level set method was utilized to track the propagation of high fre-
quency waves. By embedding the wave front into the phase space, the method
enabled the tracking of a wave propagation with superpositions or with compli-
cated geometries, just by solving a linear advection equation. However it invoked
two computational problems of isosurfacing and local level set method.

The subsequent two chapters introduce a unified theory and an efficient algo-
rithm of isosurfacing and local level set method. They were written not only for
the wave propagation but for a general setting that can track a moving interface
in arbitrary dimension and codimension.

1.1 High Frequency Wave Propagation

The numerical simulation of high frequency has been an important topic in many
areas that include geometric optics [OCK02, ERT02], seismic wave [QCO03] and
semi-classical Schrodinger equation [CLO03, ER03|. Since the superposition is
typical in wave propagations, the governing equations of the wave phenomenon
take the form of linear partial differential equation. Although numerical meth-
ods for linear partial differential equations have been fully developed, it is still
challenging to simulate the linear equation directly. According to the Nyquist’s
theorem [Nyq28|, the sampling frequency should be at least two times bigger
than the wave frequency to numerically resolve the wave properly, which forces
sampling % - 107 points in 1 meter to resolve the red light of 700 nm wavelength.

To reduce this enormous computational cost, the linear equations are asymp-
totically approximated to a Hamilton-Jacobi type equation ;

St‘f‘H(X,VS):O

For the wave equation, u;; = Au and the Schrodinger equation, 1), = Ay +

2
Vb, their corresponding Hamiltonians, H(x,p) are |p| and V(x) + %, respec-
tively [Whi74, CLO03|. Since two colliding wave fronts cross ignoring each other,
the wavefront propagation is not the viscosity solution, but the characteristic so-



lution of the Hamilton-Jacobi equation. The characteristic solution satisfies the
following ordinary differential equation ;

%X = V,H
p = _va

Osher et al suggested a new representation of the wavefront I'(¢) in R™ as the
zero level set of a vector valued function ¢(t) : R® x R® — R™! defined in the
phase space R" x R" [OCKO02|. Since the wavefront moves along the characteristic

—

curve in the phase space, the level set function ¢() satisfies the Liouville equation
G+ VpH - Vyd — Vi H - Vb =0

This representation allows us to track the wave propagation possibly with su-
perpositions or with complicated geometries, just by solving the linear Liouville
equation. Good results of this method have been reported in the simulations of
geometric optics [OCKO02|, seismic wave [QCOO03] and semi-classical Schrodinger
equation [CLOO03]. Actually this representation of the wavefront propagation can
be put to a more general setting that will be discussed in the next Section.

1.2 Generalized Level Set Method

The level set method presented by Osher and Sethian [OS88| tracks a moving
interface of codimension one by representing the interface as the level set of a
scalar valued function. Ambrosio and Soner theoretically extended the method
to arbitrary codimension, and still used a scalar valued function to represent an
interface [AS96]. It was pointed out that the representation of a scalar valued

function is numerically unstable for locating isosurface, and the instability was
fixed by employing a vector valued function [BCM99, OCKO02|.

In this generalized level set method, an isosurface I'(t) C R" of codimension
m is represented as the zero level set of a vector valued function ¢(t) : R" — R™.
If the interface I'(t) moves with a velocity V' : R™ — R", the method tracks the

interface by solving the following advection equation.
b + (17‘ : V) =0

This generalized level set method invokes two main computational problems;
how to construct and visualize the level set of ¢ : R" — R™, and how to efficiently
advance the level set function ¢(¢) in high dimension. When the codimension m is
one, these problems are throughly studied under the names of isosurfacing [LC87,



BK96, BWCO00] and local level set method [PMZ99, AS95, Str99b| respectively.
For the higher codimension, we have just begun to see their developments.

The following two chapters introduce unified theories and very efficient algo-
rithms of isosurfacing and local level set method in high codimension. These two
methods constitutes a computational framework tracking a moving interface in
arbitrary dimension and codimension.



CHAPTER 2

Simplicial Isosurfacing

The level set method has been a very successful tool capturing a moving interface.
The final step of the method is to construct and visualize the isosurface of a
discrete function ¢ : {0,---, N}" — R™. There have existed many practical
isosurfacing algorithms when n = 3,m =1 or n = 2,m = 1. Recently we have
begun to see the development of isosurfacing algorithms for higher dimensions and
codimensions. This paper introduces a unifed theory and an efficient isosurfacing
algorithm that works in arbitrary number of dimensions and codimensions.

The isosurface I' of a discrete function ¢ is defined as the isosurface of its
simplicial interpolant ¢ : [0, N]® — R™. With this simplicial definition, I is
geometrically a piecewise intersection of a simplex and m hyperplanes. I is
constructed as the union of simplices. When n =m + 1 or m + 2, I' is projected
down into R? and can be visualized. For surface visualizations, a simple formula
is presented calculating the oriented normal vector field of the projection of I'
into R?, which gives light shadings.

2.1 Introduction

The purpose of this paper is to construct and visualize the isosurface of a discrete
function in arbitrary dimension and codimension. A discrete function ¢ : Z" —
R™ is meant to be a vector valued function defined on a uniform grid in R",
which is identified as Z" by translation and scaling. Geometric objects such
as curves and surfaces have been successfully represented as the isosurface of
a discrete function. This implicit representation enables us to easily handle a
moving geometric object, because updating a discrete function may have the same
effect as moving the geometric object. This is the idea of the level set method
presented by Osher and Sethian in 1989 [OS88|. They approximated an interface
in R" moving with curvature dependent speed by simply updating a discrete
function ¢ : Z" — R. In a recent application of the level set method to geometric
optics [OCKO02|, wave fronts in R were lifted into R® to remove singularities
and represented as the isosurface of ¢ : Z°> — R3. Ambrosio and Soner [AS96]
extended the theory of the level set method to arbitrary dimension. Based on



the extended theory, Lorigo and Faugeras et al [LFGO00| used the isosurface of
¢ : Z® — R? on the segmentation of blood vessels. Of all the successful methods
above, the final step is to construct and visualize the isosurface of a discrete
function ¢ : Z™ — Z™, which is the purpose of this paper.

Before discussing the construction of the isosurface of a discrete function, we
must give the definition of the isosurface. Since a discrete function is defined
only on grid points, an interpolation should be given to define the isosurface of
a discrete function as the isosurface of its interpolant. Historically there have
developed two types of interpolations in parallel; one is piecewise interpolation
on cubes and the other is on simplices. Lorenson and Cline in 1987 presented
a cube-based isosurfacing, marching cubes which works in R* [LC87|. Bhani-
ramka, Wenger and Crawfis extended the marching cubes to arbitrary dimension
[BWCO00]. On the other hand, Carneiro, Silva and Kaufman suggested a simplex-
based isosurfacing algorithm, tetra cubes which works in R? [BK96|. Weigle and
Banks proposed a simplex-based isosurfacing algorithm that works in arbitrary
dimension and codimension [WB96|.

The two types of isosurfacing algorithms have very different properties. Sim-
plicial interpolation is naturally defined as the unique linear interpolant on a
simplex, but cubic interpolation on a cube is often ambiguous and so is the def-
inition of an isosurface. This is because a cube has 2" vertices, while a simplex
has (n + 1) vertices in R". For this reason, Montani and Scorpigno modified the
marching cubes algorithm to remove the ambiguity of cubic interpolation [MSS94]
and Bhaniramka et al in their paper [BWCO00| extended their modifications to
arbitrary dimension. Given a discrete function on a uniform grid, an isosurfacing
algorithm based on cubic interpolation iteratively applies to each grid cell. But
for a simplicial isosurfacing to be used, each grid cell should be decomposed into
simplices. It is not known yet what is the minimum number of simplices for the
decomposition of a cube [HA96|]. Most optimal decomposition algorithms split
a cube into O(n!) simplices [Hai91, Sal82|. So the simplicial isosurfacing should
iterate O(n!) times more than cubic isosurfacings. If we compare programming
complexities, we see that simplicial isosurfacing is much simpler than cubic iso-
surfacings. In R?, 2 types of isosurfaces exist on a 3-simplex, but 14 types on a
3-cube |LC87|. In R?*, 2 types of isosurfaces exist on a 4-simplex, but 222 types
on a 4-cube [BWCO00|. In R", [”TH] types of isosurfaces exist on a n-simplex, but
it is hard even to classify the types of isosurfaces on an n-cube [BWCO00].

Weigle and Banks proposed a simplicial isosurfacing algorithm that works
in arbitrary dimension and codimension [WB96]. We followed their framework
to define the isosurface of a discrete function as the isosurface of its simplicial
interpolant. As they pointed out in their paper [WB96|, the isosurface I' of a
discrete function ¢ : Z™ — R™ is then a piecewise intersection of a simplex and



m hyperplanes. We introduce a new construction algorithm of I' that numerically
costs O(1) in time and space for each simplex. Our algorithm is explicit, while
that of Weigle and Banks is recursive.

In Section 2.2, the simplicial interpolation algorithm is briefly reviewed. With
the simplicial definition, the isosurface of ¢ : Z™ — R™ is a piecewise intersection
of a simplex and m hyperplanes in R"”. In Section 2.3, we give the triangulation
tables of the intersection of a simplex and a hyperplane. A counting theorem
is stated to prove the optimality of the triangulation tables. From the triangu-
lation tables, an intersection of a simplex and any number of hyperplanes can
be constructed as the union of simplices. In Section 2.4, our main isosurfacing
algorithm is presented. To visualize it, the isosurface in high dimension is often
projected down to R3. In Section 2.5, we discuss a visualization of the projected
isosurface. In Section 2.6, several numerical examples are given. In Section 2.7,
we summarize our algorithms and discuss future work.

2.2 Simplicial Interpolation

We introduce some definitions in computational geometry to review the simplicial
interpolation algorithm [AS85, Kuh60]. An affine set is a translation of a vector
space. A hyperplane is an (n — 1)-dimensional affine set in R". A set of points is
called affinely independent, if it is a translation of a linearly independent set. An
m-simplex is the convex hull of (m + 1) affinely independent points, which are
called vertices of the m-simplex. An [-simplex is called a face of a m-simplex S,
if its vertices are vertices of S. A triangulation T of D C R"™ is a finite collection
of m-simplices such that U,cro = D and oy N oy is empty or a common face of
o1 and o9, if 01,090 € T. An affine map is the composition of a linear map and
a translation. An n-cube is the direct product of n intervals. A polytope is the
convex hull of a set of finite points. Two sets are affinely isomorphic, if there
exists a bijective affine map between them.

The simplicial interpolation is an operator A from discrete function space
C(Z™ : R™) to the continuous function space C'(R™ : R™). By a discrete func-
tion ¢ € C(Z™ : R™), we mean a vector valued function defined on a uniform
grid, which is identified with Z" by scaling and translation. To define the sim-
plicial interpolation A, an n-cube decomposition algorithm should be given. We
choose the canonical Kuhn triangulation algorithm to decompose an n-cube into
simplices.



2.2.1 Kuhn Triangulation

Let us define S,, as the set of all permutations of {1,---,n}, i.e. bijective maps
from {1,---,n} onto {1,---,n}. Let us define the standard n-cube C' = [0, 1]",
Given a permutation J € S,,, we define a set C; as

Cr={zelC|1>w50) 221y >0}

Then C; is an n-simplex with the following vertices

Uy = (07...,0)
v = Vo + ey

Up = /l_)nfl—i_eJ(n)

er is the k-th canonical base of R". C' = Ujcg,Cy, because for any r € C,
there is a permutation J such that x4y > -+ > 2 (). Since |S,| = n!, C is the
union of n! simplices.

A general n-cube C' = [ay, bi] X+ - - X[ay, b,] is affinely isomorphic to C' under an
affine map f: C — C such that f(x) = (u M) The decomposition

bi—a1’ ) bp—an
C = Ujesn_C’J is preserved to be a decomposition of C under the affine map f;
C=f"1(C)=Ujses, f*(Cy). Let us denote the set f~' (C;) as C;. Then C,
is an n-simplex with the following vertices.

Vo = (ala"' 7an>
v = o+ (byay —asy) - e
U = Upo1+ (bim) — @ym)) - €5(n)

Given a uniform grid on R”, we identify the grid as Z" by translation and
scaling. We define a grid cell C* = {x € R" | a; < x; < a; + 1} for each a € Z",
which is an n-cube. Each grid cell C* is decomposed into n! simplices C'J. Then
we have the following decomposition of R"™ into n-simplices;

R" = Uan"Ca = Uan" UJeSn Cf]L

Furthermore, a set of n-simplices {C | a € Z™,J € S,,} is a triangulation of R™
and called the Kuhn triangulation [AS85].

2.2.2 Interpolation Procedure

Given a discrete function ¢ : Z" — R™, its simplicial interpolant ngS : R* —
R™ is piecewise defined on each simplex (' in the Kuhn triangulation. In a



simplex C = conv|vg, - -+ , V), ) |ca is defined as the linear interpolant of ¢ at
{vo, -+ ,vn}. With the barycentric coordinates A = (Ao, -+, An) s.t. A > 0,Vi
and > A =1, ¢ is defined as

¢ (Z AM) = Z Aid(v;)

With the standard coordinates, there is a practical procedure to evaluate ¢?,
as described by Kuhn [Kuh60]. We assume that the uniform grid is Z". The
following procedure can be applied to a general uniform grid by translation and
scaling. Given z € R", a € Z" is defined as a; = [z;] Vi, and y € [0,1]" as
y =z —a. Let J be a permutation of {1,---,n} such that y;q) > -+ > ysm),
then

o(x) (1=ysm) - ¢(a)
-9

+ (o — ) (a+esn)

+ (Y- = Ysm) - b (atesqy ot esmo)
+ (Wsm) - d(atesqy+-+esm)+esm)

If ¢ is scalar valued, Vgﬁ on the simplex C' is easily calculated as

n _ ¢(v1)—9¢(vo)
Vo - S
_ o(v2)=o(v1)
V¢J(2) T by2)—ag) (2.1)
~ L b)) —(omr)
Vojm = W

Now, we show that the simplicial interpolation operator A is an operator from
discrete function space C'(Z" : R™) into continuous function space C(R™ : R™).

Theorem 2.2.1 QAﬁ :R™ — R™ is a continuous function.

Proof gzg is continuous on the interior of ('Y, because it is a polynomial. On C'7N

' ¢ has two possible definitions ¢ |ca and ¢ | s Since {C§} is a triangulation,
J/

C4NC% is a common face of C% and C%,. Every face of a simplex is also a simplex

of lower dimension. Since there is only one linear interpolant on a simplex, the

two definitions must be the same. [J



Now, we define the isosurface I' of a discrete function ¢ : Z" — R™ as the
isosurface of its simplicial interpolant ¢ : R" — R™. We assume that I' is the
zero isosurface of ¢ without losing generality. By this simplicial definition,

r = {xER”M@(m)zO}
= Usezn Uses, {2 € C3 | 4(a) = 0}
= Uaezn UJes, [Cf} N {¢A51 lca= 0} n---N {ng |ca= UH

Since each component ngSZ of qAﬁ is a first order polynomial on each C9, the set
{QZ;Z |ca= 0} is geometrically a hyperplane, and I' is a piecewise intersection of

a simplex and m hyperplanes. [' will be piecewise constructed as the union of
(n —m)-simplices in §4. Before constructing the I', the next section introduces a
triangulation algorithm of the intersection of a simplex and a hyperplane.

2.3 Intersection of a Simplex and a Hyperplane

Let an n-simplex S = conv [vy, -+, v,11] and a hyperplane H = {x € R" | ¢(z) = 0}

with a first order polynomial 1) : R — R be given . Let us first assume that H

does not include the vertices of S, i.e. ¥(v;) # 0, Vi. This assumption will be

removed later in this section. Then SN H is a polytope with vertices v;;, where
(vi) ¥(v;)

Vij = m “Uj — m ~vg, i () < 0,9(v;) >0 (2.2)

v;; is the interpolation point between v; and v; such that ¢ (v;;) = 0. The
intersection SN H is said to be type (p, q), if ¢¥(v;) < 0 for p vertices and ¢(v;) > 0
for q vertices. It is worth noting that all sections of the same type are isomorphic
to each other [Som58|. Hence a triangulation of one specific intersection of type
(p,q) can be applied to the triangulation of any intersection of type (p,q). An
intersection of type (p, ¢) is naturally isomorphic to an intersection of type (¢, p),
because {¢p =0} = {—1¢ =0}. Since H is assumed not to pass through any
vertex of S, p+ ¢ =n+ 1 and there exist ["TH} types of intersection between S
and H.

In this section, triangulation tables of the intersection are presented up to
dimension five. Triangulation tables of two and three dimensions are easily gen-
erated by the following Figures 2.1 and 2.2. Triangulation tables of four and
five dimensions are generated by applying the Delaunay triangulation [Zie95| to
a specific section of each type. Higher dimensional tables can be also generated
in such a way. In the Tables 2.1, 2.2, 2.3 and 2.4, vy,--- ,v,41 are the vertices of



1

Figure 2.1: Intersection of a 2-simplex and a hyperplane

V1 U2 V3 | W1 Wa
— — t Uiz U3

Table 2.1: A triangulation of the intersection of a 2-simplex and a hyperplane

a simplex S and wy, - -- ,w, are the vertices of a simplex in the triangulation of
the intersection of S and a hyperplane H.

We show that the preceding tables are optimal in a sense that the number of
simplices in each triangulation can not be reduced. First we quote a theorem in
Haiman’s paper [Hai91], then our statement follows as a corollary.

Theorem 2.3.1 Let Ay be a k-simplex and A; a l-simplex. Every triangulation

of A X A; uses exactly (klel!)! simplices.

Proof Since every k-simplex is affinely isomorphic to any other, let us pick the

standard k-simplex with vertices e, e, - - ,epy1 € R¥FL. Every simplex of a tri-

angulation of Ay, x A; has the volume ﬁ Since the volume of Ay x A\ is (L

kD)1
every triangulation of Ay x A; uses exactly (k;{ll!)! simplices. see [Hai91| for details.

O

Va

Figure 2.2: Intersections of a 3-simplex and a hyperplane
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V1 Uy U3 Vg | W1 W2 W3
— — — + | Vg Vg U3
— — + 4| Vi3 Vg Uy
V14 V23 U4

Table 2.2: A triangulation of the intersection of a 3-simplex and a hyperplane

Vr V2 VU3 Vg Us | W W2 W3 Wy
- — — — 4+ | V15 Uz U3z Uss
- — — 4+ 4+ | vy V5 Vg V4
V15 V24 V25 U34
V15 V25 U3s Usg

Table 2.3: A triangulation of the intersection of a 4-simplex and a hyperplane

V1 U2 V3 Vg4 Vs Vg | W1 W2 W3 W4 Ws

- — — — — 4 |UVig UV U3 Use Use
- — — — 4+ 4+ |vi5 Vg Vs V45 Uss
Vie V25 V26 U35 U5
Vie V26 U35 U4 Use
Vie V26 V36 U4s U4e
- - — 4+ 4+ + | V4 U5 Vig V3e V25
Vi4 V15 V25 U3ze Uss
V14 UVie V25 V26 Usg
V14 V24 V25 U34 Vg
Vg V25 V26 U3e Usg
Vig V25 U3g U3 Uss

Table 2.4: A triangulation of the intersection of a 5-simplex and a hyperplane

11



Corollary 2.3.2 Ewvery triangulation of (p, q)-type section uses exactly %

simplices.

Proof Since all sections of the same type are isomorphic to each other, we can
choose a specific section of (p, ¢)-type. Let a simplex S = conv [vy, - -+, Up4,] and
a hyperplane H = {¢(z) = 0} be given such that

W(vr) = U(vp) =
V(vp1) = ¢(Up+q) =

With the barycentric coordinates @ (A, -+ , Apsg) = D onrt Mk,

Y (x(N) =9 (Zp+q AkUp) = SN (vr)
= Yo =3P N

j=p+1

H,S, and HN.S are algebraically expressed with the barycentric coordinates.

N eH & P PN
z(\) €S < Zp+q>\k_1 Ak >0
l‘()\)GSﬂH = ZZ: f:+5+1)‘ :%, )\Z,)\ij

Since coordinates \; and A; are decoupled in the expression of SN H,

SNH =~ {(\,-,0) | X0 M =3, A >0}
X {()\P+17' o 7)‘p+q) | ?i_g-i-l >\] = %, )\J Z O}

Hence S N H is isomorphic to A,_; x A,_;. By the theorem above, every

triangulation of S N H should use % simplices.[]

By the triangulation tables, we can construct the intersection of an n-simplex
and a hyperplane as the union of (n—1)-simplices. Here is the construction proce-

dure. Given an n-simplex S = conv [vy, - -+, v,41] and a hyperplane H = {¢) = 0},
signums of ¢(vy),- -+ ,¥(v,41) are counted. If there are more positive signums
than negative, 1 is inverted ; v = —i. Let p be the number of negative

signums and ¢ be the number of positive, then S N H is an intersection of
type (p,q). The vertices of S are reordered such that ¥ (vy),--- ,9¥(v,) < 0
and ¥(vp41), -, ¥(vpg1) > 0. Interpolation points v;; (2.2) are calculated for
t=1,---,pand j = p+1,--- ,n+ 1. Referencing the triangulation table of
(p, q)-type, S N H is constructed as the union of some simplices of one lower
dimension.

SNH=S"Uu---ug (2.3)

12



Numerically only vertices of simplices are stored. We note that this trian-
gulation procedure is numerically finite in space and time, because the number
of simplices is bounded by the tables. Also the procedure is numerically stable,
since the only numerical calculation is to interpolate inner points v;;(2.2) be-
tween v; and v;. Practically if H passes through a vertex v; of S, we perturb ¢
by ¥ (v;) = €, where 0 < e < 1.

2.4 Isosurfacing

We define the isosurface I' of a discrete function ¢ : Z" — R™ as the isosurface
of its simplicial interpolant ¢ : R" — R™. We may assume that I' is the zero
isosurface of ¢ without losing generality. By this simplicial definition,

r = {xeRnyé(x):o}
= Uaezn Uses, {:c € C | plx) = 0}
= Ugezn Uges, [Cf} N {le lca= 0} ARERE {ng lca= OH

Since each component qgl :R" — R of ¢ is a first order polynomial on each
simplex C, the set {qu |C;: 0} is geometrically a hyperplane, and I' is the
intersection of a simplex and m hyperplanes. In §3, an algorithm was presented to
construct the intersection of a simplex and a hyperplane as the union of simplices
of one lower dimension. Weigle and Banks pointed out that the intersection of a
simplex and several hyperplanes can be constructed as the union of simplices by
successively applying the algorithm |[WB96|. On a simplex C9%, let us say H' =

{(;31 lca= 0},~ o, H™ = {qgm |ca= 0}. Then C¢N H'N---N H™ is constructed
by the following procedure.

CynH' = UL S5H ‘
CyNH'NH? = UL [SY N H? =Uj2 5%

CynH'N---NH™ = U [ NnH™ = Ui S™

We get a set of (n — m)-simplices, T, ; = {S™/ | j=1,-++,n,} such that
CsNT =CyNH" N---NH™ = Uger, ,0. We note that it is numerically finite
in time and space to construct the set 7;, ;. For example, the intersection of a 5-
simplex and 3 hyperplanes is constructed as the union of up to 6 x 3 X 2 number of
2-simplices, where 6, 3,2 are maximum number of simplices in the triangulation
tables of 5,4, 3 dimensions. That means n; <6, ny <6 x 3, and n3g <6 x 3 x 2.
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Iterating all the simplices C'7 in the Kuhn triangulation, I' is constructed as
the union of (n — m)-simplices;

I' = Usezn Uses, [F N Cf}]

2.4
= Usezn UJes, UaeTa,JU ( )

2.5 Visualization

In Section 2.4, an algorithm was introduced to construct the isosurface I' of a
discrete function ¢ : Z™ — R™ for any dimension n and any codimension m.
[ is an (n — m)-dimensional manifold in its smooth region. To visualize it, '
is often projected down into R?® under a projection map P : R* — R3. Since a
projection is an affine map, it maps a simplex to a simplex. From the isosurfacing
algorithm(2.4), P(I") is the union of projected (n — m)-simplices;

P(F) = UaEZ” UJGSn UO’GTa,JP(O_) (25)

When n = m + 1 or m + 2, P(') is the union of line segments or triangles,
which can be visualized by usual graphic libraries such as OpenGL. But, for a
surface visualization in R3, the normal vector field is needed for shadowings. Now
we present a simple formula calculating the normal vector field of P(I).

In a general framework, let P : R — AR”_’”*Q be a projection such that
P(zy, - ,xp) = (21, Tpma2). MR Vey, - Vo, form the normal vector
space of I' in smooth region. Let us define a vector field 7 : R® — R" as

Vﬁzgl Vﬂgl Cp—m42 VQBI *€n
=] : : (2.6)
V(ng vém "Cn—m42 vd;m =

ngj is calculated by the divided difference formula (2.1) and the determinant
is expanded with cofactors.

A Vﬁgz “Cn—m42 V¢32 " €n
i = Vi - : :
Vom enmiz == Vom- e,
. Vél * En—m42 ce Vél *€n
+H(=1)" Vo, - : :
vémfl “Cn—m+42 ngmﬂ &y
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Since 7 is a linear combination of V(ﬁl, e ,V(;Em, it is a normal vector field of
I'. By the property of determinant, 7-e; =0if j =n—m+2,--- ,n. Given a
tangential vector T'of ' at x € I', 0 = 7i(x)-T = 7i(x) - P(T). Since the projection
7 is surjective, it is also surjective in tangential vector space. Therefore 71 is
orthogonal to any tangent vector of m(I") and it is the normal vector field of P(I")
in R*~™*+!. For example, when ¢ : Z> — R? and P : R®> — R?, the normal vector
7 is given by

n o= ngSl V¢32 T €4 V€Z§3 c€5) — V€53 c €4 V€Z§2 €5
- V<52 V@ © €4 V953 “€5) — Vés = V&l * €5
+ V¢A>3 nggl - €y V@ “e5 | — Vﬁgz - €y V$1 - €5

2.6 Numerical Examples

Every example was implemented in C++ and run on a PC with 2.2GHz CPU and
512MB memory. All isosurfaces were constructed by the isosurfacing algorithm
in Section 2.4. 1-simplices or 2-simplices in the construction were visualized by
the OpenGL graphic library. For 2-simplices, the normal vector field in Section
2.5 was used for shadowing.

2.6.1 A Singularity Resolves in R?

Let a curve I' C R? be given by r = 1 + sin(70) in the polar coordinates. T is a
7-leafed curve and singular at the origin, where 14 curves meet. In this case, we
can resolve the singularity by adding a phase variable 6, as describe by Osher et
al [OCKO02] and Engquist et al [ERT02]. With a new coordinate system (z,y,6),
we define IV C R? as the solution of the following equations

{ x = (14sin(70)) - cos(0)
y = (14sin(70)) - sin(0)

Then I' = #(I), where 7(z,y,0) = (z,y). In this example, I' and I"” are

approximated as the isosurfaces of discrete functions v : {‘1, .-+ ,128}? - R and

¢:{1,---,128}3 — R? respectively, where a; = —1 +2- T Oy =27 - % and

Y(i,j) = \/ai + a5 —1—sin (7-tan1 (%))

ooy ai — (14sin(76y)) - cos(y)
00, 5. k) = ( a; — (1+sin(76,)) - sin(6y) >
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Figure 2.4: Approximations of the nonsingular curve I" C R?® and 7(I') C R?

2.6.2 A Singularity Resolves in R3

Let a surface I' C R? be given by (6, ¢) = 1+cos(2¢) in the spherical coordinates
(r,0,¢). I is a surface of revolution obtained by rotating 2-leaf curve around the
z-axis and it is singular at the origin. In this case, we can resolve the singularity
by adding phase variables 6 and ¢, as describe by Osher et al [OCKO02|. This
resolution is a direct generalization of the technique used in section 2.6.1. With
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a new coordinate system (z,y,z,0,¢), we define I’ C R5 as the solution of
equations

r = (14 cos(2p))-cos(f)-sin(p)

y = (1+cos(2p))-sin(0)-sin ()

z = (14+cos(2¢))-cos(p)

Then I' = w(I"), where 7w(z,y, 2,6, p) = (x,y, z). In this example, ' and I'" are
approximated as the isosurfaces of discrete functions v : {1,---,32}® — R and
¢ :{1,---,32}% — R? respectively, where a; = =2+ 551, 0, =21 - 2, ¢, =7

.
325 32
and

V(i,j, k) = \/ai + a5 +aj — 1 — cos <2tan_1 <%))
a; — (14 cos(2¢,)) - cos(6,,) - sin (p,)
¢(Zﬂ j? ka m, TL) = a; — (1 + cos (2Q0TL)) - sin (em) - sin (gpn)
ar — (14 cos(2p,)) - cos ()

Figure 2.5: Approximations of I' C R?* and n(I") C R?

2.6.3 Algebraic Curves in C?

Let an algebraic curve I' C C? is defined by {(z1,22) € C? | f(21, 22) = 0} where
f : C? — Cis a polynomial. In their paper [WB96|, Weigle and Banks pointed
out that I' can be represented by the isosurface of f : R* — R?, where

. [ Relf(z+iy,p+iq)]
f(z,y,p,q) = < Im|[f(xz+1y,p+iq)] )
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In this example, f is chosen as f(z1,20) = 23 + 22 — 1 and I' C R* is approxi-
mated as the isosurface of a sampled discrete function from f in 32% uniform grid.
The approximation of I' C R* is then projected down into (z,y,p) and (z,y, q)
coordinates.

Figure 2.6: Projections of an algebraic curve in C?

2.7 Conclusion

We have presented an isosurfacing algorithm that works in an arbitrary number
of dimensions and codimensions. For a discrete function ¢ : {0,--- , N}" — R™,
the isosurface I' of ¢ is defined as the isosurface of its simplicial interpolant
¢ :10,---,N|™ — R™. Geometrically I' is a piecewise intersection of a simplex
and m hyperplanes. Triangulation tables are given of the intersection of a simplex
and a hyperplane. A counting theorem was stated to prove the optimality of the
tables. Referencing the tables, I' is constructed as the union of simplices. The
construction costs O(1) for each grid cell.

When n = m + 1 or m + 2, I' C R” is projected down into R? and can be
visualized. A simple formula is introduced calculating the normal vector field of
the projected surface, when n = m + 2.
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CHAPTER 3

Local Level Set Method

A new method is presented for numerically capturing a moving interface of ar-
bitrary dimension and codimension. The method is named the ’local level set
method’, since it localizes the level set method near the interface to significantly
reduce the computational expense of the level set method.

Following the framework of the level set method, an interface is implicitly
represented as the zero level set of a vector valued function. A spatial tree
structure is used to locally sample the vector valued function near the interface.
Using a Lipschitz stable interpolation and a semi-Lagrangian scheme, our method
is stable under both the maximum norm and the Lipschitz semi norm. Due to
this stability, the method does not need to reinitialize a level set function. Several
numerical examples with high codimension are successfully tested.

3.1 Introduction

The level set method in [OS88] has been a successful tool for simulating a moving
interface of codimension one, because of its simplicity and efficiency. Its successful
applications include multiphase flows [SSO94, FAX99|, surface reconstructions
[ZOF01, ZOMO0], and image processing [ROF92, CV01]|. One drawback of the
level set method is its high computational expense because it expands the domain
of computation from the interface to a grid in one higher dimension. To reduce
the cost, two main approaches have been employed. One approach is to restrict
the domain of a uniform grid near the interface [PMZ99, AS95|. The other
approach uses a multi-resolution grid to enable high resolution only near the
interface using a spatial tree structure, a so called quadtree in R? and an octree
in R?® [Str99b, DMRO1].

The level set method of codimension one [OS88] was theoretically extended to
simulate a moving interface of arbitrary codimension [AS96], where an interface is
implicitly represented as the zero level set of a scalar valued function, and applied
e.g., to a medical active contouring of codimension two [LFGO00|. However, the
theoretical extension to higher codimension is unstable for locating isosurfaces.
The instability was fixed in [BCM99| by representing the isosurface as the zero
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level set of a wector valued function, and successfully applied to a moving curve
in R3 with geometry dependent speed [BCM99| and recently to capturing a one
dimensional wavefronts in R?* and two dimensional wavefronts in R® [OCKO02].

A drawback of the level set method in high codimension is its inefficiency by
its expanding the domain of computation from the interface to a grid in higher
dimension. It is the purpose of this paper to introduce a numerical method
overcoming this drawback, while keeping the simplicity and versatility of the level
set method. Our method originates from [Str99b| in using a spatial tree structure
and a semi-Lagrangian scheme, and is a generalization of [Str99b|, because it can
deal with a moving interface of arbitrary codimension and does not require the
reinitialization procedure every step.

The key concept of our method is to put more grid points near the interface
and less grid points away from the interface, and implemented by using a tree
structure that enables a multi-resolution grid. A grid cell keeps being split if it
is near to the interface. The splitting condition can be easily formulated using
the Lipschitz constant of the level set function and the magnitude of the function
values, as shown in |[TCOO03, Str99b|. Another key concept is to make all the
building blocks in our method Lipschitz stable, because the sampling process in
our method heavily relies on the Lipschitz constant of a vector valued function.

A sampling algorithm is presented in Section 3.2 that adaptively samples a
vector valued function. In Section 3.3, an interpolation algorithm reconstructs a
Lipschitz continuous function from the sampled function. In Section 3.4, an evo-
lution algorithm of a level set function is introduced that is Godunov-type, i.e.,
a combination of the sampling algorithm in Section 3.2, a approximate solution
operator, and the interpolation algorithm in Section 3.3. A practical implemen-
tation of our method is given in Section 3.5. Our method is tested with several
examples in Section 3.6.

3.2 Adaptive Sampling

Let a vector valued function qg : RY — RR¢ be given with its level set I' C R,
Since the level set method eventually deals with I', not with ¢, it is desirable to
adopt a multi-resolution grid to enable a fine grid near I' and a coarse grid away
from I'. For this purpose, we employ a spatial tree structure, called a Quadtree
in R? and a Octree in R3, which has been a very successful tool in many areas in
which multi-resolution is needed [Sam90b, Sam90a).

If the interface I'(f) C R% moves with velocity V : R — R the level set
method implicitly tracks the interface as the zero level set of ¢(t) : R — R¢ by
solving a convection equation;
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Figure 3.1: Nested grids in R?

centers ([0, 1]*) centers ([0, 1]%) centers ([0, 1]*)

Figure 3.2: Center points of a unit cube

@+(V-v)$:0

Since the solution of this equation stays Lipschitz continuous if the initial
data is, it is valid to assume that ¢ : R? — R€ is Lipschitz continuous, that is

. |6@) - d)|
Lip(¢) := sup Tz =l
r#£y€ER Ylla

X < 00

Let a hierarchical grid {Gl}l:0 ., be given in R? such that G' has 2'¢

number of grid cells of equal size, and G'*! is a refinement of G'. Figure 3.1
illustrates a nested grid in R2. Given a grid cell C € G, let us denote its
parent cell in G'~! by prnt(C), the set of its children in G'*! by children(C),
its size by size(C), and the set of the center points of all the faces of C by
centers(C). For a grid cell C = []z1.... ala;, bi, centers (C) = [[, {a;, %32, b;}
and size(C) = /), (bi — a;)?. Figure 3.2 illustrates the set of center points of a

unit cube [0,1]¢ when d = 1,2, 3.

In the hierarchical grid {Gl}l:o .., we need to determine which cells are
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to be sampled. One rule of the determination is to guarantee that a parent cell is
sampled whenever its child is sampled. This rule implies that there is always an
hierarchical chain of grid cells from the root cell G° to a sampled cell, and make
the domain D form a tree structure, which allows fast access to its elements.
The other rule is to ensure high resolution of sampling near the interface I' and
low resolution away from I'. Satisfying these two rules, a very useful sampling
algorithm, known as Whitney decompositions, appeared in [Str99b| such that
“recursively split and sample any cell whose edge length exceeds its minimum
distance to I'”.

For a general Lipschitz continuous function gg : R — R¢, the Whitney de-
compositions can be generalized as

Recursively split and sample any cell satisfying 7).
The splitting condition 7 is given by

size(C)
4

O min o |60 < Lin (3)

n( ) Uecerrgg}s(C) Qb(v) 0 P Qb

Algorithm 1 is a concrete formulation of our adaptive sampling algorithm.

The algorithm starts with the root grid cell G°, and recursively constructs a
subdivision § = {C;} of G°.

Algorithm 1 subdivision of G° according to ¢: R - Re

Input: G° and 5: R¢ — R°

1 C=G%and S=0

2 S=8Su{C}

3 if C' ¢ G and n(C) is true
4. S=8§—-{C}

5. for all C" € children(C)
6. go to 2 with C' = ('
Output: S

From the subdivision S = {C;} of the root cell G°, a set D C R? is defined as
D = U,centers(C})
A sampled function R(g of 5 is accordingly defined as a restriction of gg :R? — R¢

to D, i.e. Rgz_g = gz? |p: D — R° The following is a proposition explaining the
properties of the sampling algorithm.
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Proposition 3.2.1 cvery grid cell intersecting I' is contained in the subdivision

S.

Proof Given a grid cell C' such that CNI" # @, let w € C'NT. Then there exist
a v € centers(C) such that ||v —w]|, < SIZZ(C), since the maximum distance in a
cube is its diagonal size. Then,

o(v) — d(w)|

—

(v) Lip(9) - |lv — w|!2

-

S L’[/p( ) szze

IN

‘ o0 e}

Therefore n(C') is true. Since C' C prnt(C), prnt(C)NT # @ and 7 (prnt(C'))
is true. Also every ancestor of C satisfies the splitting condition 7. Since the
algorithm 1 recursively constructs from an ancestor to its successor satisfying 7,
C is included in the subdivision S. UJ

By the above Proposition, the highest resolution is guaranteed near I'. If every

component ¢; of gb is a signed distance function to its zero level set {33 e R | ¢i(x) =

then the splitting condition is equivalent to a statement that the distance from C'
to I' is smaller than one fourth of the size of C. Therefore the memory size in a
grid G is about the order of I" which is (d — ¢) dimensional. Let N := 2!ma= then
}D N Gl| = O(N®°) for 0 < I < lpge. Combining all grids from [ = 0, -, ez,
the total memory size, |D| will be O(N9=¢ . log(N)). Compared to the mem-
ory size O(N?) of the uniform sampling, algorithm 1 significantly saves memory,
while maintaining its highest resolution near the interfaces by Proposition 3.2.1.

3.3 Interpolation

In Section 3.2, we discussed a sampling procedure from continuous functions to
discrete functions. Here we discuss the reverse, an interpolation procedure from
discrete to continuous. On a uniformly sampled function, piecewise polynomial
interpolation has been one of the best ways to achieve both accuracy and effi-
ciency. However its direct use on a multi-resolution grid would lead to Lipschitz
instability. Figure 3.3 shows a case where the piecewise multi-linear interpolation
invokes a Lipschitz instability on a multi-resolution grid in R2.
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Figure 3.3: The piecewise multi-linear interpolation invokes discontinuity at P.
The interpolation values at P from grid cells A and B are 1 and 0 respectively.

In Section 3.4, we shall introduce a semi-Lagrangian scheme that is a combina-
tion of the adaptive sampling in Section 3.2, approximate solution operator, and
the interpolation in this Section. The whole scheme needs to be Lipschitz stable.
For this purpose, we present a Lipschitz stable interpolation on a multi-resolution
grid.

3.3.1 Triangulation

Let ¥/ : D — R¢ be an adaptively sampled function with a subdivision S = {C;}
of G° generated by Algorithm 1. To enable a Lipschitz stable interpolation of 1/7,
the subdivision & needs to be refined into a triangulation. For this purpose, we
employ a well-known refining algorithm, pulling [Lee97|. A pulling of a point P
on a subdivision § = {C;} of G results in a subdivision 7 of G° that is obtained
by modifying each element of S as follows,

P ¢ C’lthenC'z eTl
P € C; then for every facet F of C; not containing P, conv(P, F) € T

Let us give the center points of every k-dimensional face of C; the label £,
0 < k < d. By sequentially pulling all the center points in order of non-increasing
label, the cubic subdivision {C;} is refined to a triangulation, 7 = {S;}, which
is a general triangulation procedure known as a complete barycentric subdivision
[Lee97, Bay88]. Figure 3.4 shows a cases in R?. Since the domain D is the union
of all center points of each C;, 7 = {S;} is a triangulation of the root cell G'with
vertices in D.
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cubic subdivision label 2 pullings label 1 pullings label 0 pullings
(triangulation)

Figure 3.4: Triangulation of a cubic subdivision by pullings in R?

3.3.2 Simplicial Interpolation

In Section 3.3.1, the domain of 2/7 : D — R° was triangulated into simplices
{T;}. Based on this triangulation, we define an interpolation, or a prolongation

771; : R — R¢ as follows,

n _ 73,‘7;|Tj (ZL‘) ,ZL‘GT‘j
Pt = { Pir) A O

Here z* denotes the nearest-point projection of x into GV, i.e., the nearest
point in G° to z, which is well defined since G is convex. Figure 3.5 shows some
cases of projections in R?. P |7, is defined as the unique linear interpolant of
1 on the simplex T;. The interpolation P is Lipschitz stable by the following
proposition.

Here we define the Lipschitz constant of a discrete function 1; : D — R¢ as

) |4 - dw)|
(e8]

Lip(¢) = max
wAveD  [lz = yll,
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Figure 3.5: Projection of x outside into x* inside the domain

-,

Proposition 3.3.1 The interpolation P is Lipschitz stable, such that Lip(Pv) =

—,

Lip(s)
Proof Since 771/7 is a linear interpolant on each simplex 7;, Lip (PJ|Tj> =

Lip (1/7 ]Tj) < Lz’p(z/?). On T; N T}, 731/7 has two possible definitions 731/7 |7, and

Py |7, Because {T}} is a triangulation, T; N T} is also a simplex. Since there
exits only one linear interpolant on a simplex, the two definitions must be the

same. Therefore P1 is continuous on G°. Since Lip (771; |Tj> < Lz’p(zﬁ) and Py
is continuous on G°,

Lip (PJ !Go) < Lip()

For any z,y € R, ||z* — y*||, < ||z — y||,. Therefore,

|Pi@) - Pity)|_ = |[Pé) - Pily)

< Lip(Pé o) - =yl

So, Lz‘p(PJ) Lip( ﬁ).

—. —,

< Since the domain of J is a subset of the domain of
Py, Lip(Py) = Lip(i5).0

3.4 Evolution

In this Section, we present an algorithm numerically capturing an interface in
high dimension and codimension. Let us assume that an interface I' C R? of
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codimension ¢ is moving with velocity V : RY — R?. It can be implicitly repre-
sented as the zero level set of ¢(x,t) : RY x Rt — R¢, where each component of
the ¢ satisfies the so-called level set equation

0 -
S50+ - Vi =0

for « = 1,...,c. In a uniform grid, the level set equation is usually dis-
cretized with higher order accurate ENO or WENO schemes in space and the
Runge-Kutta methods in time [HEO87, LOC96]|, but in a multi-resolution grid,
neighboring points may not exist, which makes it hard to apply conventional finite
difference schemes. Because of that, a semi-Lagrangian scheme has been used for
discretizing the level set equation on a multi-resolution grid when the codimen-
sion is one [Str99b]. We extend the techniques of [Str99b]| to higher dimension
and codimension.

Given ¢" : D" — RC, the next level set function @™ : D™ — RC is defined
as B B
F = (Ro SoP)d"

Here, P is the interpolation operator in Section 3.3, S is an approximate
solution operator, and R is the adaptive sampling operator in Section 3.2. Via
the characteristic curve of the level set equation, S is equivalent to an ODE solver
to the backward characteristic ODE, & = —V (x,t). We choose the Euler scheme
for an ODE solver, S, then we have

(SPG)(x) = (Po")(x — ALV (z,1™))

To adaptively sample qg”“ from SPQ;” : R? — R™, we need an estimate on
the Lipschitz constant of SP¢", which is given in the following proposition.

)

HSqun(x) — SP&”(y)HOO = HP&" (x - AtV(x,t”)> — Pg" (y - AtV(yj”))
< Lip (PQZ”) - Hx —y+ AL (V(az, ) — V(y, t”)) ‘
< Lip (") - (Il = ylly + At || P (a,em) - Vwﬁ )

Proposition 3.4.1

Lip(SP¢™) < Lip(¢™) - (1 + At - sup || VV (z, ")

zeRd

Proof By the definitions of S and P,

HOO
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Applying the mean value theorem to the vector valued function ‘7, we have

|V, ) = Vi vV (z 1)

< . _
< sw Nl =yl

z€R4

is the matrix 2—norm
2

that is the maximal singular value of the matrix VV. The proposition follows
from these two inequalities. []

Here, VV denotes the deformation matrix of ‘7, and HV‘?

3.5 Implementation

We discuss an implementation of our method that consists of an adaptive sam-
pling in Section 3.2, a Lipschitz stable interpolation in Section 3.3, and an evo-
lution algorithm in Section 3.4. Since the evolution is a combination of sampling
and interpolation, it is enough to discuss implementations of sampling and inter-
polation.

3.5.1 Implementation of Sampling

Since the sampling algorithm 1 recursively subdivides the coarsest cube G° €
R? a 2¢ branched tree is a natural choice for the data structure of the sam-
pling. Possible implementations of this tree structure are thoroughly discussed in
[Sam90b, Sam90a|. Among them, region based trees and matriz based trees are
the most appropriate for our purpose. The region based tree is fast for interpo-
lation but requires more memory for construction, while the matrix based tree
is slow for interpolation but requires less memory for construction. Each point
in a region based tree may be multiply defined, possibly 2¢ times, so it is hard
to modify the tree, but, each point in matrix-based tree is singly defined, so it
becomes easy to modify. Our algorithms, which consists of sampling and interpo-
lation, do not need any modification, but only need new creations of adaptively
sampled functions. For these reasons, we take a region-based tree as a choice of
the tree implementation.

Unlike the uniform sampling, we can not predict the memory size of the
adaptive sampling before doing it. Therefore the programming languages with
dynamic memory allocations are preferred, such as C++ or Java. We have chosen
C+-+ for better performance. An implementation of region-based tree is given
in the following, when the adaptive sampling is performed to a vector valued
function ¢ : R? — R® with d = 5 and ¢ = 3.

struct Node {
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int i1,i2,i3,i4,1i5;
int size;

};

struct Leaf : public Node {
float vs1[3]1[3]1[3]1[3]1[3];
float vs2[3]1[3]1[3]1[3]1[3];
float vs3[3]1[3]1[3]1[3]1[3];
s

struct Branch : public Node {
Node* children[2][2][2][2][2];
+;

The quantity node represents a cube, {x eERY|i; <wx; <ij+size,j=1,--- ,d},
and has two possible types, Leaf and Branch. If a node does need to be split, it
takes a type of Branch that has 2¢ number of children. If not, it takes a type of
Leaf, and its center points are sampled and stored. Since centers(C) = [0, 1, 1]*
for a cube C' = [0, 1]¢, it would sample 3?- ¢ number of center points for each leaf.

3.5.2 Barycentric Interpolation on a Cube

Any cube C C R? is affinely isomorphic to [—1,1]¢ under translations and scal-
ings. So, we need only to discuss an interpolation on [—1,1]%, and the general
case will follow by the affine isomorphism. Since centers([—1,1]¢) = {—1,0,1}%,
let us assume a function ¥ : {—1,0,1}¢ — Re.

Although the barycentric interpolation is defined as a piecewise linear inter-
polant on the triangulation of the domain in Section 3.3, we do not explicitly
triangulate a cube, but employ the following very efficient algorithm.

Given z € [—1,1]% the coordinates of = are sorted with a permutation J of
{1,---,d} such that
1> |zya)| = > |aya| =0

For a notational convenience, let us set ;o) = 1 and z;441) = 0 to have
}93](0)‘ > > !xj(dﬂ)‘. Define Fy = 0 and

Py = Py +sgn [z €50), fori=1,---,d

29



Here &; denotes the canonical 7" unit vector, and sgn(z) refers to the signum
of z, i.e. H(x) — H(—x) with the Heaviside function H. Then we have the
following barycentric decomposition of x.

r = Z?:l ;€;

= Zgzl T1:)€()

= X |216)| - sgm [256)] €5y
> e ’IJ(Z’)‘ [P = P
= Y [z ] = |zs6m]) B

Since the barycentric interpolant P [—1,1]% — R€ is a linear interpolant
on a simplex conv [Py, -+ , Py], we have the following formula.

P@Z(a:) = Z [|$J(i)’ - }xJ(iJrl)H J(P’)

)

Note that 1 (P;) is well defined, since P, € {—1,0,1}% for all i =0, - , d.

3.5.3 Barycentric Interpolation on a Multi-Resolution Grid

Let an adaptively sampled function ¥ : D — R® with D = U;centers(C;) be
given. This Section discusses an implementation of its barycentric interpolation
P : RY — Re. Since Py(z) for z ¢ GO is defined as Pip(z*) with z* € GY, it is
enough to discuss an interpolation procedure of PJ(x) with z € G°.

P@Z : R? — R is defined as the piecewise linear interpolation on the triangu-
lation of the domain D of J Since the triangulation is expensive to implement,
it is desired to circumvent the triangulation as done in the previous Section. The
complete barycentric subdivision, which is the algorithm triangulating D, sequen-
tially refines the subdivision {C;} of G° by pulling all the center points of {C;}
of label d,--- ,0. As a result, a cube may be subdivided by any neighborhood
sharing a face of dimension 0,--- ,d — 1. Since so many (22? in the worst case)
neighboring cubes are involved for the interpolation on a cube, the interpolation
procedure becomes expensive if we access all the neighboring cubes.

If we stop the pullings of the complete barycentric subdivision at the label
d—1, it may not be a triangulation in general and therefore invoke discontinuities,
but this provides a very efficient algorithm to implement and does not degrade
numerical results too much according to our experiments in Section 3.6. In Figure
3.4, the fourth picture indicates the complete barycentric subdivision, and the
third one indicates the partial barycentric subdivision that stops pullings at the
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label d —1. From these reasons, let us employ this partial barycentric subdivision
to obtain the following efficient algorithm.

Given z € G, it is not difficult to access the smallest cube C' containing z
in {C;}, because the subdivision {C;} forms a tree structure that enables a fast
access. Let us denote by P the center of C, by ) the intersection of the boundary
of C' and the line connecting P and x, and by C’ the neighborhood of C' sharing
the (d — 1) dimensional face with C' and containing (). Figure 3.6 illustrates a
case in R2. If C' is smaller than C’, then C needs to be subdivided by some center
points of C’. Otherwise, it would be enough to use the barycentric interpolation
only on C, which is already discussed in the previous Section. Here follows a
concrete formulation of the interpolation procedure.

Let the cube C be given with coordinates; C' = {y € Réa; < y; < b;}. Its
center point P is given by P, = “’T*bl fort=1,---,d. Let us define A € R as

)\ b; — P;
= min ——
1<i<d |z; — P

Then @, the intersection point between dC' and the line connecting P and x
is given by
Q=P+ Az —P)

Let C' be the smallest cube in {C;} containing @), then

—

Pi(z) = EW’) otz if size(C) <size(C")

(sz) o(P) + (1-%)-(731;) Q) if size(C)>size(C")

Barycentric interpolations on a cube, 731/7 |c and 771; |cr were given in Section
3.9.2.

3.6 Numerical Examples

Every example was programmed in C+-+ and run on a PC with 2.2GHz CPU
and 2GB memory. Since the adaptive sampling in Section 3.2 is uniform near the
interface by Proposition 3.2.1, an isosurfacing algorithm [Min03] on a uniform grid
was used to isosurface and visualize the level set of adaptively sampled functions.
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Figure 3.6: Weak Barycentric Interpolation on a Dyadic Grid

grid | L'error | rate
1282 | 0.0286 -

2562 | 0.0197 | 0.54
5122 | 0.0132 | 0.58
10242 | 0.00928 | 0.51

Table 3.1: Accuracy test

3.6.1 Accuracy Test

Our method employed the piecewise linear interpolation in space and the Euler
method in time, which would result in a first-order accurate method in a uniform
grid. Since a multi-resolution grid is used for the space discretization in our
method, the course parts of the grid negatively affects the fine parts, which will
weaken the first order accuracy. Here, we numerically test the accuracy of our
method.

11

As a test example, a circle of center (—g, —5) and of radius % is advected with

a constant velocity V = (1,1) until 7' = 0.625. Since the deformation matrix VV
is the zero matrix, the Lipschitz constant stayed the initial Lipschitz constant for
the whole time steps. Table 3.1 shows that the convergence rate of our method
is about a half.

3.6.2 Wave Reflections in R?

It is well known that a high frequency wave behaves like a particle, which can be
nicely represented as the Eikonal equation,

u +c(x) - ||Vu|| =0

However, the classical viscosity solution of this equation does not allow super-
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positions that are natural in the wave phenomenon. To overcome this deficiency,
Osher et al [OCKO02| substituted the Eikonal equation with its characteristic
equation that captures the wave fronts in phase space, which is

Qgt—i-(‘_/"v)ﬁgzo

with velocity

17(33, y,0) = (cosf,sinb,0)
As a test example, we take an initial wave front as a circle of center at (0, 0)
and of a radius % that is implicitly represented as the zero level set of

o 1 1
¢o(x,y,0) = (:p — icose,y — ésin6’>

We take a domain of [—1,1]? x [—, 7] whose boundary behaves a mirror, or a
reflector of the wave. To incorporate the reflection, we modify the interpolation
procedure in Section 3.3. Given ¢ : D — R? with (z,y,6) ¢ [~1,1]2 x [-7, 7],
Po(x,y, z) is defined as Po(z*,y*,0%) with (z*,y*,0%) € [-1,1]2 x [, @] such
that

2—x, z>1 2—y, y>1
=9 22—z, z<-1 9y =< 22—y y<-1
z, |z <1 y, lyl <1

—0, |z| <1land |y| >1
m—0, |x]>1and |yl <1
746, |z >1and |yl >1

0, |z]<1land |yl <1

. / 2 2 2 . .
The time step At was chosen as At = w. The Lipschitz constants

of ¢(z,y, 0, ") was increased by L™t = L"-(1 + At) with L° = ‘/75 The evolution
was simulated until 7" = 1.5.

0" =

Local Level Set Method Level Set Method
grid | space(MB) | rate | time(sec) | rate | space(MB) | rate
1283 61.4 - 250 - 33.6 -
2563 138 2.2 1160 4.6 268 8.0
5123 290 2.1 5045 4.3 2147 8.0
10243 594 2.0 21068 4.2 17179 8.0

Table 3.2: Reflections in R?
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Figure 3.7: Reflections in R? simulated on a 10243 grid
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3.6.3 Wave Reflections in R?

This example is an extension of the previous example to R3. Osher et al [OCK02]
substituted the Eikonal equation with its characteristic equation that captures
the wave fronts in phase space, which is

@-k(V-V)&zO

with velocity

—

V(z,y,2,0,1) = (cosfsin,sinfsin, cosp, 0, 0)

As a test example, we take an initial wave front as a sphere of center at (0,0, 0)
and of a radius % that is implicitly represented as the zero level set of

—

1 1 1
oo(x,y,2,0,9) = (a: — 5C0$9$in¢,y— ésinesinw,z— 5005@&)

We take a domain of [—1, 1]* x [—7, 7] x [0, 7| whose spatial boundary, 9[—1, 1]3
behaves a mirror, or a reflector of the wave. To incorporate the reflection,
we modify the interpolation procedure in Section 3.3. Given ¢ : D — R3
with (z,y,2,0,¢) & [-1,1]® x [-m, 7] x [0,7], Po(x,y, 2z, 0,1) is defined as
qu(x*,y*,z*,e*,w*) with (z*,y*, 2%, 0%, ¢*) € [-1,1]3 x [—=7, 7] x [0, 7| such that

2—a, a>1
a*=<¢ —2—a, a<-1 fora=ux,y,z
a, la] <1

—0, |z| <1and |y| >1
o m—0, |z]>1and |yl <1 1/)*_{7r—"¢1, |z| > 1
746, |z|]>1and |yl >1 B v, 2| <1

0, |x]<landlyl <1

Time step At was chosen as At = 0.5-1/Az2 + Ay? + A22 + Af2 + A2, The
Lipschitz constants of ¢(z,v, 2, 60,,t") was increased by L"*1 = L™ . (1 + At)
with L% = ‘/75 The evolution was simulated until 7' = 0.15.
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Local Level Set Method Level Set Method
grid | space(MB) | rate | time(sec) | rate | space(MB) | rate

85 3.0 - 3 - 0.4 -
16° 53 17.7 52 17.4 12.6 32.0
325 284 5.4 240 4.0 403 32.0

64° 1092 4.2 4257 17.7 12885 32.0

Table 3.3: Reflections in R?

3.7 Conclusion

We have introduced a new method that can track an interface in arbitrary di-
mension and codimension. By localizing the level set method near the interface,
our new method significantly reduced the high computational expense of the level
set method, while keeping the simplicity and efficiency of the level set method.

Our method is stable under both the maximum norm and the Lipschitz semi-
norm. Due to its Lipschitz stability, the method does not need any reinitialization
of level set function. However, without reinitializations, the Lipschitz constant of
a level set function might keep increasing by the estimate in Section 3.4, which
makes the method a bit less efficient. Numerical results show that our method is
a half order accurate.

In the future, the author expects to employ the reinitialization algorithms
in [OCKO02, Str99a| to the tree structure in our method to improve the memory
efficiency, and intends to improve the accuracy of our method.

36



Figure 3.8: Reflections in R? simulated on a 325 grid until 1.0 sec
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