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Daniel Kraft: A Level-Set Framework for Shape Optimisation

Abstract

The level-set method is widely employed for a range of problem settings, including shape optimisation
and free-boundary problems. It allows for a natural and very flexible description of shapes and changes
to them. Most of the time, however, it is applied for shape optimisation without a sound justification.
In this thesis, we build a solid theoretical framework for shape optimisation using the speed method in
the level-set context. Particular focus is put on the connection between the classical level-set equation
and the theory of optimal control. This connection allows us to interpret the level-set equation as
a Hamilton-Jacobi-Bellman equation and, in consequence, express the shape evolutions in terms of a
Hopf-Lax formula. This forms a strong theoretical justification for Sethian’s Fast Marching Method
and our generalised Composite Fast Marching. Furthermore, based on this representation, we are also
able to derive new results about shape-sensitivity analysis, non-fattening and other questions of general
interest. We develop a complete gradient-descent method and apply it to image segmentation and PDE-
constrained shape optimisation. In the context of this gradient descent, we also discuss ways to handle
geometric constraints. The gradient descent is, however, prone to the well-known “zig-zag behaviour”.
To avoid this issue, we propose also a novel method that can be interpreted as a self-consistent gradient
flow and is much more efficient. Main components of our numerical code are released as free software in
an extension package for GNU Octave.

Keywords: Level-Set Method, Shape Optimisation, Speed Method, Hopf-Lax Formula, Fast March-
ing Method, Shape-Sensitivity Analysis, Geometric Constraints, PDE-Constrained Optimisation

Kurzzusammenfassung

Fiir viele Probleme mit freiem Rand und der Formoptimierung lasst sich die Niveaumengenmethode
erfolgreich einsetzen, um auf natiirliche Art und Weise Geometrien, Formen und ihre zeitliche Evolution
mathematisch zu beschreiben. In den meisten Anwendungen wird die Methode allerdings ohne ausreichen-
de theoretische Rechtfertigung beniitzt. Mit dieser Arbeit mochten wir eine solide theoretische Basis fiir
Formoptimierung mit der Geschwindigkeitsmethode und Niveaumengen schaffen. Unsere Ergebnisse ba-
sieren auf einer Interpretation der klassischen Levelset-Gleichung als Hamilton-Jacobi-Bellman-Gleichung
eines Kontrollproblems, wodurch wir eine Hopf-Lax-Darstellungsformel fiir die geometrischen Evolutio-
nen herleiten konnen. Dieses Ergebnis liefert nicht nur eine starke theoretische Grundlage fiir Sethians
Fast-Marching-Methode und unsere verallgemeinerte Composite-Fast-Marching-Methode, sondern kann
auch verwendet werden, um neue theoretische Ergebnisse zu beweisen. Im Speziellen kénnen wir damit
einen neuen Zugang zur Analyse von Formsensitivitdt aufbauen, neue Ergebnisse fiir Non-Fattening her-
leiten und weitere grundlegende Fragen, die sich in unserem Kontext ergeben, beantworten. Wir wenden
unsere Erkenntnisse auch an, um ein vollstdndiges Gradientenabstiegsverfahren fiir Formoptimierung zu
implementieren. Dieses Verfahren haben wir sowohl fiir Bildsegmentierung als auch Formoptimierung mit
Differentialgleichungsnebenbedingungen getestet. Zusétzlich besprechen wir auch, wie man geometrische
Nebenbedingungen in unser Verfahren einbauen kann, und entwickeln eine génzlich neue, effizientere Op-
timierungsmethode, die als selbst-konsistenter Gradientenfluss interpretiert werden kann. Wesentliche
Teile unseres numerischen Codes sind als freie Software in einem Erweiterungspaket fiir GNU Octave
verdffentlicht.

Schlagworte: Niveaumengenmethode, Formoptimierung, Geschwindigkeitsmethode, Formsensitivitét,
Geometrische Nebenbedingungen, Optimierung mit Differentialgleichungsnebenbedingungen
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1 Introduction

Shape optimisation is a beautiful field of study. It lies at the intersection of various subjects in mathemat-
ics, such as geometry, measure theory, optimisation and differential equations. This makes it particularly
interesting and challenging from a theoretical point of view. The seminal research on this field has been
done by Murat and Simon in [64]. Since then, of course, a wealth of applications ranging from structural
optimisation to obstacle problems, computer vision and medical imaging has appeared in the literature.
Let us just refer to 73], [75], [49] and [69], respectively, as some works representing these topics.

The main difficulty in shape optimisation is the fact that the concept of a “shape” is complicated
and cannot be described by, say, an element of a vector space. Most optimisation methods are based
on the latter. It is, thus, imperative to find a convenient way to encode geometric information in forms
more accessible to mathematical analysis and algorithmic treatment. See Chapter 2 of [30| for a broad
discussion of various methods to do so. A lot of works, particularly from engineering fields, use a (finite-
dimensional) parametrisation of the geometry. With this approach, one can optimise the parameters
with suitable schemes for finite-dimensional optimisation. This idea is employed, for instance, in [44]
and [68]. These early works directly use the vertices of a triangulation of the domain as optimisation
variables. More recent papers (e. g., [82]) employ more sophisticated parametrisations like splines, but
are still based on the same idea. Alternatively, it is also possible to characterise a shape as the image
of some reference domain under a particular transformation. For instance, one can choose the unit
sphere as reference domain and consider all shapes that can be produced by a diffeomorphism from it.
See Section 2.8 of 78] for a basic discussion. This so-called method of mappings leads to optimisation
problems that are infinite-dimensional but still staged in a vector space. They are related to optimal-
control problems in infinite dimensions, and can be solved with similar techniques. In general, let us
refer to the monographs [44], [46], [68], |[78] and [86] for a thorough treatment of shape optimisation in
this classical context.

Both of these approaches, however, are quite limited in the range of shapes they can describe. Finite-
dimensional parametrisation of the shape allows, by its very definition, only a limited number of degrees
of freedom. For the transformation approach, one usually requires a certain degree of regularity of
the transformation mapping, as it is not possible to solve the optimisation problem otherwise. This
usually forbids changes in topology during the transformation. To gain extra flexibility, this work is
focused on yet another approach: the level-set method. Since it was introduced by Osher and Sethian
in |67], it has been widely used for shape optimisation and free-boundary problems. See, for instance,
the work in [20], [66], [70], [75], [87] and a series of papers by Allaire, Jouve et al. starting with [2].
While there exists a sound and very general theory of shape evolutions in the level-set context (see [41]),
the fundamental connection to shape-sensitivity analysis and optimisation has generally been neglected.
Some work has been done in this direction only in recent times, see [14] and [16]. We feel, however, that
there still remain a lot of open questions to address.

Consequently, it is the purpose of this work to build a solid measure-theoretic and geometric foundation
for the level-set method in the context of shape optimisation. We start with a review of the level-set and
speed methods in The classical level-set equation introduced there can be interpreted
as the Hamilton-Jacobi-Bellman equation of an optimal-control problem. We exploit this connection in
to derive a Hopf-Lax representation formula for the time evolution of shapes in our setting.
This follows the idea of Sethian’s Fast Marching Method (see [76]). Employing this result not only
for numerics but also for theoretical analysis, we are able to show some new results in
They include, in particular, a very general framework for shape-sensitivity analysis. Our results need
much weaker assumptions on the regularity of the involved domains and speed fields than classical
approaches. This fits very well in our framework since the core advantage of the level-set method itself is
precisely to allow a wider class of shapes. analyses some measure-theoretic properties of our
evolving domains (concerning, in particular, their perimeters). This is motivated by the shape calculus
of [Section 4.2, In|Chapter 6 we develop a gradient-descent method for shape optimisation based on our
level-set framework and give a numerical demonstration on a model for image segmentation. Analysis
of this problem is continued in where we examine a novel optimisation method that is more
efficient and can be interpreted as a self-consistent gradient flow. finally, is devoted to the
study of PDE-constrained shape optimisation with our methods.




2 The Level-Set Method

This chapter is dedicated to the discussion of the basics of the level-set method as introduced in [67]. We
use this technique to describe shapes and to evolve them over time in conjunction with the speed method.
Most of the content of this chapter is well-known in the literature. We review it here, nevertheless, for
convenience.

Definition 1. Let ¢: R™ — R be continuous. Interpreting ¢ as a level-set function, it describes the sets
Q={reR"|¢(x) <0} =¢ ' ((~00,0)) and I'={z € R" | ¢(z) = 0} = 6" ({0}).

We will also consider time-dependent level-set functions in the future. In this case, ¢: R™ x [0,00) = R
and we write
Oy ={z e R" | ¢(z,t) <0} and Ty ={x € R" | ¢(z,t) =0}

for the corresponding sets at some time ¢ > 0.

It is immediately clear that 2 C R™ is an open set, which most often corresponds to the domain
under consideration (i. e., the geometric variable to be optimised). T'is closed, and clearly 0Q C T
Note, though, that the reverse inclusion does not always hold: The function ¢ may have large regions
of zero value, which do not belong entirely to the topological boundary of 2. This effect, if it occurs, is
called fattening. It is often undesirable in practice and will be further discussed in

Given a level-set function ¢, unique sets Q and I' are defined by It is important to
highlight, though, that this is not entirely true the other way round: For a given domain {2, one can
always construct a level-set function that describes it. This ¢, however, is obviously not unique. To get
at least one possible level-set function for a given set €2, a widely used construction is the signed distance
function sdq:

—dist (z,090) for x € Q°,
sda(x) = 0 for z € 09, (1)
dist (z,09Q) for z & Q,

where x € R™ and € is assumed to have a non-empty boundary. Here,
dist (2, 09Q) = inf | —y| = min |z —
(,09) = inf [z~ y| = min o -~ y|

is the distance of = to the boundary of €2, either from the inside or the outside. The signed distance
function sdq assigns negative values to interior points of €2, positive values to exterior points and zero
to points on the topological boundary. Consequently, it is a prime candidate for the construction of
a level-set function of 2. Also note that the signed distance function of any set is always Lipschitz
continuous with constant one. This elementary result can be found in (2.3) on page 268 of [30]. For
a detailed discussion of distance functions in general, see also Chapters 6 and 7 of [30]. The following
properties are an immediate consequence of the definition in

Lemma 1. Let A,B C R" be open and ¢a,¢p be corresponding level-set functions. We denote the
exterior of A by A =R"™\ A. Then
$ac = —da, daup =min(¢a,dp) and panp = max(da, ¢p)

are level-set functions describing A°, AU B and A N B, respectively. The same holds for the signed
distance functions.

With the help of we can perform basic set operations directly on the level-set functions.
This can be useful for the construction of domains in the level-set framework. Before we dive into more
involved topics, we want to give two simple examples:

Example 1. For the unit ball Q; = B; (0) C R?, the signed-distance function (and thus a possible

level-set function) is
sdo, (z,y) = Va? +y* — L.
An alternative level-set function describing the same domain is

o1(z,y) =2 +y° — 1.

With similar constructions, general ellipsoids can be described.



Figure 1: The speed method in normal direction. In the shown situation, F'(a) < 0 < F(b) < F(c).

Example 2. The unit square 5 = (—1,1)? C R? has

sdq, (z,y) = max(|z], y[) — 1

as its signed distance function. It is possible to construct the signed distance functions of arbitrary
polygons by intersecting half spaces. For the latter, the signed distance functions are affine and can be
constructed easily. This example also shows that non-smooth domains can be described perfectly well
by the level-set framework.

2.1 The Level-Set Equation

In order to perform shape optimisation, we are not only interested in describing shapes alone: It is also
important to handle changes to them. Various approaches exist in the literature to do that. We restrict
ourselves to the so-called speed method, which we will adapt to fit into the level-set framework. The idea
is to transform the boundary of Q continuously according to some vector field (the “speed field”). Let
us assume for our motivation that the boundary of €2 is smooth; this assumption can be dropped in the
formal context that will be used afterwards. Since movements in tangential direction to the boundary
do not change the geometry itself (they only lead to a reparametrisation), we are only really interested
in mormal transformations of the boundary. Because of this, we can actually use a scalar function
F: R™ — R to describe the speed field. For each x € R, F(x) gives the speed with which the boundary
of © moves in normal direction when it crosses z. Positive F(z) > 0 means outward movement (the
domain grows), while F(z) < 0 corresponds to local shrinking of the domain. See also for a
schematic sketch of this situation.

We will always assume that F'is Lipschitz continuous and has compact support. The latter assump-
tion is no restriction in practice, since we are mostly interested in bounded domains anyway. This, in
particular, also implies that F is bounded. We will denote the corresponding bound by F. In other
words, we assume that |F(z)| < F for all z € R™. Lipschitz continuity will be necessary to show some
results later on, and it also helps to avoid unstable situations:

Example 3. Let Qp = (—o0,—1) be the initial domain. We consider the (non-Lipschitz continuous)
speed F(z) = /|z|. If we let Qy evolve according to this speed field, the upper boundary moves to the
right. The time it takes to reach zero can be calculated as

|
to = ——dx = 2.
0 /—1 F(x)

This means that §2; reaches an equilibrium (oo, 0) for ¢ > 2. However, if we disturb this domain to
Q' = (—o0,€), € > 0, it will continue to grow. In other words, the equilibrium is unstable. This is very
undesirable in practice. Imposing Lipschitz continuity of F' avoids this situation, as it guarantees that
the moving boundary can never reach zeros of F' in finite time. It is only possible to approach them as
t — oo. This will be shown later in [Lemma 17



Level sets together with this speed method allow for a wide range of changes in the topology of €.
Merging two connected components of Q (or two holes) into one is easy. Creating a new component
requires splitting it off from the existing domain, while creating a new hole is only possible by wrapping
around it. These situations are harder to produce algorithmically in shape optimisation, but nevertheless
supported by the underlying level-set method. Examples for both types of topology changes are shown
in[Figure 2} Note that these topology changes are not possible if the speed method is used in the classical
setting, where the initial domain is transformed in a diffeomorphic way by flow maps. The regularity of
these mappings forbids changes in topology. See also where we discuss which shapes can be
reached by our speed method from a different perspective.

So far, however, we have not discussed how the evolving domains can actually be calculated. This is,
of course, a very crucial part of the full picture. Since the domain is described with the level-set method,
we actually calculate the evolution of the level-set functions ¢(-,t) describing € for each ¢ > 0. For
an informal derivation (a more rigorous discussion will be done later), we follow a point z(t) € T'y as it
moves according to the given speed field. Since it follows the boundary of €2, we know that

p(x(t),t) =0

must hold for all £ > 0. Assuming that everything is smooth enough, we can apply implicit differentiation
to this relation. This gives

Vo(x(t),t) - &(t) + dp(x(t),t) = 0.

Since the movement of x follows the speed field in normal direction,

. Vo(x(t), t)
— F(z) - :
M= EE) G o)
Hence, we arrive at the level-set equation
¢+ F(x) V| =0. (2)

This non-linear, first-order parabolic differential equation is one of the core subjects for discussion in
the following. By solving as an initial-value problem (starting with ¢(z,0) = ¢o(x) for x € R”
and ¢o describing the initial geometry), we can propagate level-set functions and thus the described
geometries according to a chosen speed field F'. This forms a natural basis for various approaches to shape
optimisation that can be developed. In the following, we will assume that ¢ is Lipschitz continuous.
Without losing any geometrical information, we can always choose the (Lipschitz continuous) signed
distance function of the initial geometry 2y as ¢¢ to fulfil this requirement.

Note that the wider literature describes different variants of as “level-set equation”. A common
generalisation is to allow the speed F' to depend on the boundary’s curvature (e. g., for mean-curvature
flow problems) or other geometrical properties of ;. In this context, the analogue of appears already
as (2.13) in [67]. See also Section 1.6 in [41]. In the context of this thesis, we will, however, always consider
the level-set equation in the form Allowing F' to depend on space but not the geometry itself will be
a natural choice and quite sufficient for the situations we are interested in below. Let us just remark that
the idea investigated in can be related to the evolution of 2 with respect to a shape-dependent
speed field. We will, however, not use the level-set equation in this context.

2.2 Viscosity Solutions

We now analyse the level-set equation in more detail. In particular, it will turn out that we can
not expect classical solutions to this differential equation. Instead, the concept of wiscosity solutions is
the one that yields unique solvability of the level-set equation without requiring too much regularity
for the domains we want to describe. To get there, note that signed distance functions are, in general,
not differentiable (everywhere in space). They are Lipschitz continuous and thus differentiable almost
everywhere according to Rademacher’s theorem (see Theorem 2 on page 81 of [37]), but they usually
have kinks or other singularities on a lower-dimensional subset of R™. Furthermore, even if we exclude
signed distance functions for a moment, we have to assume additional regularity of a domain in order
to guarantee smooth level-set functions. We do not want to do this, since the support of less regular
domains is, in fact, a big advantage of the level-set method. Hence, we can not require that ¢ should
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in the background. See also [Figure 15| and [Figure 16
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Figure 3: Two almost-everywhere solutions for the initial-value problem in [Example 4

solve in every point in the classical sense. Lifting this requirement, we could demand that ¢ must
solve the equation only almost everywhere. This seems natural, given the nature of signed distance
functions. However, one can easily discover that this requirement is, on the other hand, too lenient:
While almost-everywhere solutions of allow non-smooth domains and signed distance functions, they
are not unique. This can be seen already by a very simple example:

Example 4. Consider n = 1, ¢o(x) = |z| and set F(x) = 1. In this situation, the level-set equation
takes the form

¢(:E’t) = |V¢($»t)‘ ’ (3)
r € Rand t > 0. It is easy to see that

o1(z,t) = |z] —t as well as ¢o(x,t) = max(|z| — ¢,0)

are differentiable almost everywhere. They satisfy the initial condition ¢1(-,0) = ¢2(-,0) = ¢o and,
where they are differentiable, also solve These functions are shown in Similarly, one
can actually construct an arbitrary number of distinct almost-everywhere solutions of the initial-value

problem defined by and ¢g.

The correct balance is found within the framework of viscosity solutions. See [25], [26] and [62]. With
this solution concept, non-smooth solutions similar to signed distance functions are allowed, but we also
get uniqueness for the solution of the level-set equation. (Which will be shown in below.)
Let us start by defining viscosity solutions:

Definition 2. Let F be given and define @Q = R™ x (0,00) to be the open space-time cylinder. We say
that ¢: @ — R is a viscosity subsolution of the level-set equation [(2)|if ¢ is upper semi-continuous and

P(z,t) + F(z) [V(z, 1) <0

for each test function 1 € C1(Q) and (x,t) € @Q that is a local maximum of ¢ — 1. Similarly, a lower
semi-continuous ¢ is called a viscosity supersolution if

P, t) + F) [V (e, t)] = 0

for each v and local minimum (z,t) of ¢ —. If ¢ is both a sub- and supersolution, it is called a viscosity
solution. In this case, ¢ is continuous.

In this way, we can define a solution of the differential equation without ever making use of
derivatives of ¢. To motivate|[Definition 2|a bit more, assume for a moment that ¢ actually is differentiable
at some (z,t) € Q. If we have ¢ such that (z,t) is a local extremum of ¢ — 1), then

Y(x,t) = ¢(x,t) and Vip(z,t) = V(x,t)

due to the necessary optimality condition. Hence, if ¢ is a viscosity solution according to then
is actually fulfilled pointwise whenever ¢ is differentiable. Assuming that ¢ is differentiable almost

12



everywhere, this implies that viscosity solutions are a stronger concept than almost-everywhere solutions.
On the other hand, they are weaker than classical solutions, unless ¢ is differentiable everywhere (in which
case both concepts are equivalent).

Note that malkes only use of the derivatives of the test function v, so that shifting 1 by a
constant offset does not change anything. Because of this, we will assume, without loss of generality, that
d(x,t) = (z,t) at the local extremum. Consequently, this means that ¢ touches ¢ in (z,t) from above
and from below if ¢ is a viscosity sub- and supersolution, respectively. See also Similarly, one
can also require that the extrema in are strict: If ¢ — 1 has a (non-strict) local maximum
at (z,t) € Q, then ¢ — 1 has a strict local maximum at the same point if we define

By, s) = b(a,t) + (s —t)* + |y — af*.

The derivatives of ¥ at (z,¢) are not changed by the added terms. The same argument can, of course,
also be applied to the case of a local minimum.

Furthermore, note that actually only relies on the first-order Taylor expansion of ¢.
Consequently, we can rewrite the definition to make this explicit. In order to do so, let us introduce the
notion of semijets:

Definition 3. Let ¢: Q@ — R and (z,t) € Q. Then DT ¢(z,t) is the set of all (p,a) € R" x R such that
¢y, s) < dla,t) +als —t) +p-(y—z) +o(ls —t|+ [y — z)) (4)
as (y,s) — (z,t). Similarly, (p,a) € D~ ¢(x,t) if and only if
¢(y,s) = la,t) +als —t) +p-(y —x) +o(ls —t|+ [y — z])
as (y,s) — (z,t). The sets D¥¢(x,t) are called the first-order (parabolic) semijets of ¢ at (x,t) € Q.

With these notions, we can now give an alternative definition of viscosity solutions. We will show in

that it is equivalent to This allows us to get rid of the auxiliary function 1,
which will be handy later on.

Definition 4. ¢: Q@ — R is a viscosity subsolution of if ¢ is upper semi-continuous and
a+ F(z)[p| <0

for all (z,t) € Q and (p,a) € DT ¢(x,t). Similarly, ¢ is a viscosity supersolution if ¢ is lower semi-
continuous and
a+F(z)|p| 20

for all (x,t) € Q and (p,a) € D~ ¢(x,t).

If we assume again that ¢ is differentiable at some (z,¢) € D, then an immediate consequence of
Definition 3lis that .
D*(a,t) = D~ o(,1) = { (Vo(w.1) d(x.1)) | (5)

are singletons and “equal” to the classical derivative of ¢. In this case, implies, as before,
that must be fulfilled classically at (z,t). Note that also holds in the corresponding sense if ¢ is
only partially differentiable.

Example 5. To clarify the definitions above, we give an example. For simplicity, we will demonstrate
the idea behind semijets for the elliptic, one-dimensional case. I. e., instead of space and time as used
above for the parabolic semijets, let us assume that our function depends only on a one-dimensional
space variable. This is easier to interpret, and there is no qualitative difference to the parabolic situation
of the definitions above. Thus, consider the function ¢(x) = |z|. Since ¢ is differentiable everywhere
except for x = 0, it is clear that

if z <0,

1#¢@%=WK@}={{EH if 2 > 0.
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a) 1 candidates ) D= ¢(0) = [—1,1] (c) DT¢(0) =0

Figure 4: The semijets together with candidates for the function v in |Definition 2| for the case of
Example 5| Here, ¢(x) = |z|.

For z = 0, we have D~ ¢(0) = [~1,1]. On the other hand, D*¢(0) = (. To see this, assume that
p € DT $(0). Then
p(x) = |z| < px +o(x)

as x — 0. Dividing both sides by |z| and taking the limit yields 1 < p or 1 < —p, depending on the side
from which = approaches zero. This, however, can not be fulfilled for both sides at the same time, leading
to a contradiction. Possible functions v touching ¢ from below (for are shown in [Figure 4a]
It can be seen in that there are various elements in the semijet D~(0), corresponding to lines
that are entirely below the graph of ¢. On the other hand, it is not possible to draw any straight line or
smooth function that is fully above the graph around x = 0. See In general, whenever ¢ has
a kink, either the condition for being a subsolution or that for being a supersolution is trivially fulfilled
because one of the semijets is empty.

In both definitions of viscosity solutions, the idea is that we work around the problem that derivatives
of ¢ may not be defined. This is done by requiring that the differential equation must be fulfilled for some
approximation of these derivatives. The approximation, in turn, is given by the semijets for
and by a smooth function touching ¢ for We have not yet shown that both definitions are
really equivalent. This will be done now. The argument employed is based on Section 7 of [25]. The first
step is to get a better grasp of the “small-o error” in

Lemma 2. Let ¢ be upper semi-continuous, (z,t) € Q and (p,a) € DT ¢(x,t). Then there exists a
continuous, non-decreasing function g: [0,00) — [0,00) with g(r) = o(r) as v — 0% and

9(r) = oly,s) — ¢z, 1) —a(s —t) —p- (y — x) (6)
for all (y,s) € Q with |s —t|+ |y — x| <.
Proof. Motivated by we define first

3(r) = max { (6(y,5) — oz, 1) ~a(s =) = p- (y =) | .5) € Q, s —t|+|y—a| <7}

The maximum exists, since ¢ is upper semi-continuous and the set of admissible (y, s) is compact if r is
small enough. The notation h* denotes the positive part of an expression h, see also below. Note
that g: [0,00) — [0, 00) is, by definition, non-decreasing and g(r) = o (r) as » — 0T. It also satisfies @
already. However, ¢ is not yet necessarily continuous. Thus it remains to construct g as a continuous
majorant of § while not violating any other of the required properties.

The idea of the construction is as follows: We divide the domain [0, 00) into a sequence of intervals,
and replace ¢ by its maximum value on each of these intervals (which is achieved on the right-most point
since ¢ is non-decreasing). This yields a step function which is still not continuous, but for which we
know that the only discontinuities are jumps at the interval boundaries. We can fix these discontinuities
by connecting the steps to each other with a continuous line. All of this can be done without violating
the o (r) requirement. This construction is sketched in and will now be formalised:

14
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(a) The original g. (b) The step function. (¢) The continuous g.

Figure 5: The construction of a continuous majorant ¢g from the discontinuous g in the proof of

For k € Z, we define a;, = 2% and I, = [ak, agt+1]. This gives the following decomposition of the
domain of g:

[0,00) = | J v U {0}

keZ

For I, we also define its midpoint my = (ar + ag41)/2. Then, set

0 ifr=0,
g(r) = glaks+1) for r € [ag, my],
9(ar+1) + (9(art2) = glar+1)) - (r — mu) /(ars1r — mi)  for v € [mi, arqa].

It is easy to see that this definition yields a non-decreasing function g that is continuous on (0, c0).
Furthermore, g > g, so that, in particular, also @ holds. Note also

g(r) < glakt2) = g(4ay) < g(4r)

for r € Ij,. This implies g(r) = o (r) for r — 07, and thus also continuity at 7 = 0. Hence, the constructed
g has all the required properties. O

With this auxiliary result, we can now show that both definitions for viscosity solutions are really
equivalent. This allows us to use one or the other, depending on what is more convenient at the moment.
See also Remarks 2.3 in [26].

Theorem 1. Let ¢ be upper semi-continuous and (x,t) € Q. Then

Dt ¢(x,t) = { (Vw(x,t),z/}(sc,t)) ‘ Y € CHQ), ¢ — 1 has a local mazimum at (a:,t)} .

The analogous result holds for D™ ¢(x,t) if ¢ is lower semi-continuous.
As an immediate consequence, [Definition 2 and[Definition J] are equivalent.

Proof. Assume first that ¢ € C1(Q) and that ¢ — v has a local maximum at (x,t). Without loss of

generality, let ¢(z,t) = ¢(z,t). If weset p = Vi)(z,t) and a = ¢(z,t), we have to show (p,a) € Dt ¢(x,t).
For this, we will verify that holds. Since 9 is differentiable, we know that

Py, s) =v(@,t) +als—t)+p-(y—=z)+o(ls— 1l + |y — =)
as (y,s) — (z,t). Together with
Oy, 8) = (Y, 5) < dla,t) —(x,t) =0
for (y, s) close to (x,t), this implies
Now, conversely, let (p,a) € DT ¢(z,t). We have to construct ¢ € C*(Q) such that Vi(x,t) = p,

¥(z,t) = a and ¢ — ¢ has a local maximum at (z,t). Let g be the function constructed in
Define

amzl/rmmm,

r
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which is differentiable for r > 0 with

G'(r) = M, 7}2/2Tg(p)dp§ 2-9@?—9(?) _ gsav“).

Since g(r) = o(r), it follows that

lim G(r) = lim G'(r) =0

r—0t r—0+
for r — 07. Hence, we can continuously extend G by setting G(0) = 0. Furthermore, since g is
non-decreasing, we see that the limit » — 0T gives

G(r) - G(O) _ rg(2r)

r - 72

— 0.

0<

This means that also G’ is continuous at » = 0 with respect to the (one-sided) derivative G'(0) = 0. This
allows us to define

Uy, s) = ol t) +als —t) +p-(y—2) + G (ls —t[+ |y — z[),

where we know, in particular, that ¢ € C*(Q). Also, Vi(x,t) = p and z/}(a;,t) = a as required. Since
G(r) > g(r) and [(6)] holds for g, the difference ¢ — 1) has a local maximum at (z,t). The result for
D~ ¢(x,t) can be derived by the same arguments, or by applying the shown result to —a. O

2.3 The Comparison Principle

For the reader familiar with potential theory and harmonic functions, the terms “subsolution” and
“supersolution” introduced above probably ring a bell. In this classical field, sub- and supersolutions
of the Laplace equation (also called sub- and superharmonic functions) are introduced as functions that
lie “below” and “above” a solution (harmonic function), respectively. These notions are useful for the
investigation of the Dirichlet problem for the Laplace equation, and can also be applied to the initial-value
problem associated with the heat equation. See, for instance, |36] or Section 3.3 of [45]. Very important
in the study of harmonic functions as well as sub- and supersolutions are their mean-value property, the
mazimum/minimum principles and the comparison principle. As we will see in this section, a similar
concept also applies to our viscosity solutions of the level-set equation. Besides showing uniqueness of
the solution for the initial-value problem, the comparison principle will also be of tremendous utility for
various later results:

Theorem 2. Let ¢,1: Q — R be a sub- and supersolution of respectively. Assume for the initial
data ¢(-,0) < (-,0) on R™. Then ¢ < on the whole of Q.

Before we prove the comparison principle in the remaining part of this section, we can use it imme-
diately to show uniqueness for viscosity solutions of the level-set equation:

Corollary 1. Let ¢g: R™ — R be continuous. If a viscosity solution of the level-set equation |(2) exists
with initial value ¢g, it is necessarily unique.

Proof. Assume that ¢,1: R"” — R are two solutions with ¢(-,0) = ¥(-,0) = ¢o. In this situation,
the conditions of are fulfilled and thus both ¢ < 1 and ¥ < ¢. Hence ¢ = ), showing
uniqueness. O

Let us now continue with the proof of As always, recall that we assume F to be Lipschitz
continuous and compactly supported. The proof technique can be considered a “standard argument”
in the study of viscosity solutions, and follows the method sketched in [25]. Some details are tailored
more specifically towards the concrete situation of interest to us, though. The main idea goes like this:
Due to semi-continuity, the function ¢ — 1) attains a maximum on compact sets. Leaving aside the
technical difficulty that @ is unbounded and thus not compact for a moment, we aim at showing that
this maximum is non-positive. If this can, indeed, be established, the desired result ¢ < v is shown. To
prove this, one uses a trick called variable doubling: Instead of looking at ¢ — 1 directly, we introduce

eyl (- s)?

\Ile(x7y7t’ S) 26

(7)
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as a penalisation term and consider maxima of

¢($, t) - 1/)(% 5) - \Ile(xa Y, t’ S) (8)

for € > 0. In the limit € — 0, the penalisation ensures that maximum points must lie on the diagonal
—2
N={@ty)eQ |a=y t=s} (9)

This removes the “doubled” variables again. When we fix y, s or x, t, can be applied to [(8)]
since W, is continuously differentiable. If this is done correctly, one can derive the necessary estimates
to show that the maximum must be non-positive.

We will now proceed to execute this strategy rigorously. As a first step, we show a useful result about
maxima penalised by V.:

Lemma 3. Let &: @2 — R be upper semi-continuous and bounded from above. Consider V. given
according to and define
M, = sup (®(z) — U (2))
ZG@Q
Jor every € > 0. If (2¢) . C @2, e — 0, is a family of mazimising arguments with Me = ®(z.) — U (z.),
then
lim ¥.(z.)=0.

e—0t

Furthermore, if 2 € @2 is an accumulation point of (z¢).so in the limit ¢ — 0, then 2 € N and
®(2) > ®(2) for all z e N.

Proof. Note that A/ defined in @ is precisely the set of zeros of W, for arbitrary e. Furthermore, it is
easy to see that M, < M, if e < p. It follows that

sup ®(z) < M, < M; < o©
zeN

for all € < 1. This, in turn, implies together with the monotonicity of M, that My = lim,_ o+ M, exists
within the same bounds. Hence,

Moc 2 @(z) = Waclze) = Bze) = 3Welz0) = Bz0) = Weled) + 5 Welze) = Mo+ 30c(z0)

This gives
0< VU (2e) <2(Mg. — M) — 0

in the limit € — 07. Thus ¥.(z.) — 0.
Now, let 2 be an accumulation point of (z)
with z. — 2. Note that

e>o- L e., assume that we consider some sequence € — 0F

U - 2 2
. B .
(z,y,t,8) =€V (z,y,t,s) = |z —y| +2 (t—2s)

is a continuous function that does not depend on € any more. Thus

0= lim e ¥ (2.) = lim \i!(ze) = \il(é)

e—0T e—0t

This implies that 2 € A/. Finally, upper semi-continuity of ® yields

®(2) > limsup @(z.) = limsup (P(z.) — ¥c(2.)) = limsup M, > sup ®(z).

e—0t e—0Tt e—0t zEN
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Note that a more general version of can be found as Lemma 4.1 on page 11 of [25], but the
version shown above suffices for our purposes. The next step is to show comparison under additional
assumptions, which remove the technical difficulties related to the unboundedness of ). For R > 0, we
define

Qr = {(x,t) 6@‘ t < R and |f£| < R} :BR(O) X [O,R)

Let us for the moment consider the situation only on this restricted domain. The following result contains
the core idea of the comparison proof (the variable-doubling argument), without being encumbered too
much by technical issues that will be resolved later:

Lemma 4. Let R > 0 be fived and ¢,v: Qr — R. We assume that 1) is a viscosity supersolution of
and that ¢ is a subsolution of

¢(z,t) + F(x) |[Vo(x,t)| + ¢ =0 (10)

for some ¢ > 0. Furthermore, let

lim ¢(z,t) = lim ¢(x,t) = —o0 and lim (x,t) = lim (x,t) = oco.

t—R— |z| =R~ t—R— |z| >R~

If ¢(-,0) < 9(-,0), then ¢ < 9 throughout Qg.

Proof. Choose a sequence ¢ — 0F. For each ¢, we consider the maximum of
he(z,y,t,8) = ¢(2,t) —¥(y, s) — Ve(2,9,t, )

on the compact set Q%. Note that h. is upper semi-continuous even at the boundary of Q% in the
context of the extended real numbers, so that we can choose maximum points z. = (Ze, Y, te, S¢) € Q%
with he(ze) > he(z) for all z € Q%. Let now 2 € Q% be an accumulation point of the sequence (z),-,-
Without loss of generality, assume that z. — 2 as ¢ — 07 by choosing an appropriate subsequence.
If we apply to the upper semi-continuous function ¢ — 1, we find that 2 € M. Due to the
assumed divergence of ¢ and ¢ for t — R~ or |z| — R, we further know that also £ € Q% must
be the case. In other words, # has the form (&,%,%,1) with (&,#) € Qg. Since the lemma also yields
é(y,s) — U(y,s) < ¢(&,t) — (&,1) for all other points (y,s) € Qpg, it only remains to verify that
o(z,1) < (1) is fulfilled.

If £ = 0, this follows from the assumption that comparison holds for the initial data. As we will now
see, this situation is, in fact, the only possibility: Assume to the contrary that ¢ > 0. Then (Z,%) is
strictly in the interior of Qr. The same must also be true for all maximisers z. with € small enough.
Hence, since (x.,t.) is a local maximiser of

(Ivt) — h(:l?,ye,t,se) = ¢(I7t) - 1/’(2157&) - \Ile(:E,ye,t,Sg),

we can use the subsolution properties of ¢ as given in to conclude
ov te—s Te —
atf + F(z) |V, | +c= f + F(:cs)M +¢<0.

A similar argument applied to the local minimiser (y., s.) of —h(z, -, t., ) yields

te — Se |‘T€ 7y€|
€

+ F(ye) > 0.

Subtracting the second from the first inequality gives

(Fle) - Fu) =¥ < o o (Pl - Pl

€ €

> c.

Denoting the Lipschitz constant of F' by L, we can further conclude

2
M < |F(ye> - F(-Te)' |I€ y€| < L|x€ y€| < 2L - \IIE(’ZE)'
€ € €

c< (F(ye) - F(xe))

This, however, leads to the contradiction 0 < ¢ < 0 in the limit € — 0T, since ¥ (2.) — 0 by O

18



In order to finish the proof of it remains to remove the additional assumptions made in
For this, we will add auxiliary terms to the original sub- and supersolution. In order to do
so, we need the following result:

Lemma 5. Let ¢,¢: Q — R, (z,t) € Q and assume that ¢ is differentiable at (x,t). Then

DH(¢+¥)(a,t) = Dol 1) + (Vib(a, 1), v(x, 1))
D™(¢+¥)(@,t) = Dol 1) + (Vib(a, 1), d(x, 1) )
Proof. Let (p,a) € DT ¢(x,t). This means that
6(y,5) < (1) +als — 1) +p- (v~ 2) + 711(y, ).
Similarly, differentiability of ¢ at (x,t) implies by definition
V(. s) = V(1) + e )(s = 1) + V(1) - (y — 2) +72(y, ).
Here, 1 (y, s) and 2(y, s) are both o (|s — ¢| + |y — |) in the limit (y, s) — (z,¢). Hence,
(6+¥)(w:5) < (6 +0)(@, 1)+ (a+8(@,1)) (s =)+ (p+ Vi(a.8) - (v = 2) + 11, 5) + 7 (y, ).

Since also m1(y, s) + r2(y,s) = o(|s — t| + |y — x|), this yields the required
(p+ V(@ t),0+ (1)) € D (6 +v)(w, 1)

The other inclusion follows by applying this result to ¢ = (¢+1) —1. The statement for D~ (¢ + 1) (z, t)
can be deduced by an analogous argument. O

Now, we have all the required ingredients to give the proof of Let ¢ and 1) be given as sub-
and supersolution of Assume that, in contradiction to the comparison principle, ¢(x,t) > ¥ (z,t)
for some (z,t) € Q. Choose R > 0 such that t < R, |x| < R and supp (F) C Bpry2 (0). For arbitrary
c,e,6 > 0, we define the modified solutions

&%$=¢m$—mx—st—R_wF

U(y,s) = U(y,s) + 2cs + + .
R R— |y’
Take note that they are well-defined and that the additional terms are differentiable on Qr. Thus,
implies that any (p,a) € DT ¢(y, s) can be written as
20y €

p=p-——2  a=a—-2c— ——
(R — y)? (R — )

where (p,a) € D" ¢(y, s). Furthermore, a + F(y) |p| < 0 because ¢ is a subsolution of Hence,

28y
R~ [yP)?

2000yl o, Fly 200yl
Ry = G

Since supp (F') C Bg/2 (0), the last term on the right-hand side can be made smaller than c if only § is
chosen sufficiently small. This is possible uniformly for all (y,s) € Qr. Thus, we have shown that for
arbitrary ¢, e > 0, the parameter § can be chosen so small that ¢ is a subsolution of By a similar
argument, 1) will be a supersolution of for the same choice of parameters. Since ¢ and ¢ fulfil all
requirements of [L we can conclude that QS(:E t) < w(x t) for all ¢,e > 0 and ¢ small enough.
This, however, contradicts ¢(x,t) > ¢ (z,t) in the limit ¢,e,§ — 0F.

~ ~ €
a+F(y)|pl=a—2c— o5+ F(y)

(R—t)? P

<a-2c+ F(y)|p| + |F(y)]
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2.4 Perron’s Method and Existence

In the previous section, we established the comparison principle for viscosity solutions of the level-set
equation. This important property ensures uniqueness of solutions. Now, we will discuss the question
of existence of a solution. There are various approaches to show existence of viscosity solutions. The
oldest is the so-called vanishing-viscosity method, which is the origin of the term “wviscosity solution”.
We will, however, apply an alternative strategy: Perron’s method. This approach is quite flexible and
can be applied to much more general equations than but we will concentrate on this particular
situation for our discussion. Note that Perron’s method is, like the comparison principle on which it
builds, also classical for harmonic functions. See, for instance, Section 3.6 of [45]. It was generalised to
Hamilton-Jacobi equations and viscosity solutions by Hitoshi Ishii [48]. The presentation here follows
mainly Section 4 of [26], but is simplified to the first-order case where possible.

The method works, very roughly, like this: One can show that the notion of a subsolution is stable
under the supremum operation. In other words, the supremum of any family of subsolutions is itself again
a subsolution. We will formalise this result as On the other hand, when one has a subsolution
that is not already also a supersolution, one can construct another subsolution that is strictly above it.
This construction is given in the proof of Taking both results together (and simplifying a bit),
we can conclude that the supremum of all subsolutions gives us a solution. The final result is formulated
in and then applied to deduce existence for the level-set equation in

As our first goal in this process, we want to show that the supremum of subsolutions gives again a
subsolution. For the proof of this result, we need the following stability property of the semijet:

Lemma 6. Let ¢: Q — R be upper semi-continuous, (z,t) € Q and (p,a) € DY ¢(z,t). Assume that
(Dr)pen : @ — R ids a sequence of upper semi-continuous functions and that ((xy,tr))ey C Q@ is a
sequence of points such that (xy,ty, dr(xk, tr)) — (x,t, ¢(x,t)). Furthermore, let

liglsupébk(ymsk) < o(y,s) (11)

for all (y, s) € Q and sequences with (yk,sk) — (y,s).
Then there exists a sequence ((fck, fk)) C Q and, for each k € N, an element (py, ax) € Dt dp (@, tr),

such that

keN
(@, k) = (2,), Or(Er, tr) — ¢(z,t) and (pr,ar) = (p,a).

Proof. Since (p,a) € D" ¢(x,t), we can apply to deduce that there exists ¢ € C*(Q) such
that ¢ — 1 has a strict local maximum at (z,t) and (p,a) = (Vw(:v, t), ¥ (z, t)) Hence, there exists r > 0
such that
(b(y’ S) - w(ya S) < ¢($, t) - ¢($a t)

for all (y,s) e U ={(y,s) € Q| |s—t|+ |y — x| <r}. Equality holds only for (y,s) = (z,t). Note that
the set U is compact if r is small enough. Furthermore, we assume, without loss of generality, that
(zg,tx) € U for all k € N.

For each k, choose (iy,%r) as a maximiser of ¢y — 1 over U. This can be done since ¢y, is upper
semi-continuous. We get, in particular,

O(@n, te) = Y(en, te) < On(dn, k) — (&, i) (12)
for each £ € N. Assume that we consider some convergent subsequence of ((i‘k,fk))k ey With limit
(#,1) € U. Then passing to the limit inferior in and using yields

B, 1) = (e, 1) < lninf o (0, ) = 0(@,6) < lmsup gu(on, ) = ¥(@,1) < 9(8,0) —v(@.H.  (13)

Since, on the other hand, (z,t) is the unique maximum of ¢ —+ on U, we can conclude that (z,) = (z, ).
Thus, each convergent subsequence of ((ik, fk)) pen has the same limit (namely (z,t)), which implies that

(&x, %) — (x,t) must hold without the need for any subsequence.

Note that r is fixed and the neighbourhood U does not shrink as k — oco. This means that the
maximum points (2, £ ), converging to the “centre” of U, can not lie on the boundary except for finitely
many k. This means that each (&, Ltk) is a local maximiser of ¢, — 1, and thus defining

(pr,ar) = (VWi“k,fk)ﬂﬁ(ikvfk))
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ensures (py,ay) € Dt én(@r, ) by Since 1 is continuously differentiable, the convergence
(Zg,tg) = (x,t) implies (pg,ar) — (p,a). Finally, ¢r(&x, tx) — &(z,t) follows from O

When taking the supremum of subsolutions, we have to be careful with semi-continuity. The supre-
mum of upper semi-continuous functions need not be upper semi-continuous itself (see[Example 6|below).
To fix this, we need semi-continuous envelopes:

Definition 5. Let ¢: @@ — R be arbitrary. We define the lower and upper semi-continuous envelopes as
¢s(x,t) = lim inf{d(y,s) | |s —t|+ |y —a[ <7},
r—0t

¢*(z,t) = lim sup{d(y,s) | s —t[+ |y — x| <7}
r—0t

for (z,t) € Q. Tt is clear that ¢. < ¢ < ¢*.

If we assume that ¢ is bounded, it is easy to see that the envelopes defined in this way are, indeed,
well-defined and finite. Furthermore, ¢, and ¢* are lower and upper semi-continuous, respectively. (See
also (4.1) and the corresponding remarks in [26].) The need to introduce these semi-continuous envelopes
is also the reason why we cannot simply take (zy,t;) = (z,t) in the formulation of Lemma 6| and have
to allow for a non-trivial sequence instead. We can give a short example that demonstrates that this
technical construction is really necessary:

Example 6. For simplicity, we consider functions ¢;: R — R instead of allowing for space and time.
This does not change anything important for the point to be made, though. For k£ € N, define

[0 ife<1/k {0 ifz<o,
¢k(a:)_{1 itz >1/k 9 ‘W’)_{ 1 ifz>0.

Then ¢y, is upper semi-continuous for each k, and ¢ = sup,cy ¢r. However, ¢ itself is not upper semi-

continuous! We have to consider
0 ifx<0,

‘b*(x):{ 1 ifz>0

instead to get an upper semi-continuous “supremum function”. Because of this, note also
lim ¢4(0) = 0# 1 = ¢*(0).
k—o00

We really have to choose a non-trivial sequence (zx),cn — 0 to get limy_, o ¢r(zx) = ¢*(0). One possible
choice of such a sequence is z = 1/k.

We can now show that the envelope of the supremum of a family of subsolutions is, indeed, again a
subsolution of the level-set equation:

Lemma 7. Let F be a family of viscosity subsolutions of [(2) Set ®(x,t) = sup{¢(z,t) | ¢ € F} for
(z,t) € Q. Then ®* is also a viscosity subsolution of[(2)}
The corresponding statement also holds for the infimum of a family of supersolutions.

Proof. Let (z,t) € Q. We will first show that there exists a maximising sequence ((z, tx, ¢r)) ey C @XF
with (z, 1) — (2,t) and ®*(x,t) = limp_oo Pr(Tx, tx). For this, choose some sequence (ex); oy > 0 with

er, — 0 as k — oo and fix k € N. Due to [Definition 5| there is (zg,tx) € @ with [tx — t| + |2k — x| < €
and
O (x,t) — e, < P(ag, tg) < D*(x,1).

By definition of ®, there further exists ¢y € F such that
Qg tr) — e < dn(an, tr) < P(ak, ).

Hence
@*(w,t) — 26k S (I)({Ek,tk) — €k S ¢k(xk7tk) S @(mk,tk) S (I)*(IL'ﬂf).

This implies (xg, tk, Pk (T, tr)) = (z,t, ®*(2,t)) in the limit £ — oco.
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a) ¢« and ¢ around (z,t). ) The constructed ¢,..

Figure 6: The construction used in the proof of

Now, if (yk, sk) — (y, s) for k — oo and some (y, s) € @, then clearly

lim sup ¢, (Y, i) < limsup ®(yx, sg) < limsup * (yg, si) < P*(y, s).

k—o0 k—o0 k—o00

Thus, for each (p,a) € DT ®*(x,t), we can applywith ¢ = ®*. For k € N, choose (&, 1) € Q
and (pg,ar) € DV ¢r(@k, 1) according to the lemma. Since ¢y is a subsolution of we know by

[Definition 4] that
ap + F(i‘k) |pk| <0.

Passing to the limit £ — oo and using continuity of F', this yields a + F(x) |p| < 0. Hence, ®* is itself a
subsolution of the level-set equation. O

The next step is to show that a mazimal subsolution must also be a supersolution. Or, in other words,
if we have a subsolution that fails to be a supersolution, then we can construct another subsolution that
is strictly above it. Again, we have to be careful about semi-continuity. So assume that ¢: @ — R is
a subsolution of the level-set equation, but that ¢, is not a supersolution. This means that there exist
(x,t) € Q and (p,a) € D™ ¢.(z,t) such that a + F(x) |p| < 0. The proof of the following result gives the
construction of a subsolution strictly above ¢:

Lemma 8. Let ¢: (Q — R be a subsolution of and assume that ¢, is not a supersolution. Then there
exist (z,t) € Q and rg > 0 such that for each 0 <1 < ro, we can find a subsolution ¢, of with

sup (¢T(y7 S) - ¢(yv S)) >0
(y,5)€Q

as well as ¢ > ¢ in Q. Furthermore, the change is only local, meaning that ¢,(y,s) = &(y, s) for all
(y,5) € Q with |s — ] + |y — x| > 1.

Proof. Let (z,t) € Q and (p,a) € D~ ¢.(x,t) be given as in the discussion above, i. e., a + F(x) |p| < 0.
According to there exists ¢ € C1(Q) such that ¢, — 1 has a strict local minimum at (z,t)
and with (p,a) = (Vi (x,t), 1/1(x,t)> Assume, without loss of generality, that ¥ (xz,t) = ¢.(z,t). Then

we can find r; > 0 small enough such that ¢.(y, s) > ¥(y, s) whenever |s — t|+|y — z| < r1, with equality
only for (y,s) = (z,t). Furthermore, continuity of F' and the derivatives of ¢ implies that there exists
another neighbourhood {(y,s) € Q | |s —t| + |y — x| < 12}, 12 > 0, where

Dy, s) + Fy) [V (y,s) <0 (14)

holds. We choose 19 = min(ry,r2,t/2). The last condition ensures that this common neighbourhood lies
strictly inside of Q.
Now, let 0 < r < g be given arbitrarily and define the compact set

r
U={wseqQ|s<ls—tl+ly-al<r}
Since ¢, — 1 is lower semi-continuous, we can define

0= min (¢«(y,s) —¥(y,s)).

(y,s)eU
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Note that ¢ > 0, since (x,t) ¢ U is a strict minimum of this function with minimal value zero. This
definition ensures that

Vs(y,s) = V(y,s) +0 < du(y,s) < 9y, s) (15)

for all (y,s) € U. Due to[(14)] 5 is a classical solution and thus also a viscosity subsolution of at
least locally around (z,t). Thus, [Lemma 7|implies that

_ max(gb(y, S)awé(yas)) if |S_t| + |y_$| S T,
Oy, 8) = { o(y,s) else (16)

is a viscosity subsolution of See also [Figure 6b| for a sketch of this construction. Note that

implies that the two cases in the definition of ¢, “overlap” on the set U. This guarantees that ¢, is
really a viscosity solution even at the interface between the two regions.

The only remaining thing to show is sup(¢, — ¢) > 0. Roughly speaking, we expect this supremum
to be at least 0 as the difference between 15 and ¢, at (z,t). However, a closer investigation is necessary
since ¢(x,t) could be strictly larger than ¢.(x,t). Thus, let ((xg,tx)),cy C @ be a minimising sequence
such that (xg,tr) — (x,t) and ¢(xg,tp) — ¢«(z,t). Since ¢(x,t) = ¢.(z,t) and ¢ is continuous, it
follows that

d(xp,te) < Y(Tk, tr) + 0 = s(ap, tr)

for all k sufficiently large. Consequently, ¢, (xg,tr) = ¥s(zk, tr) by definition in|(16)] Hence

lim (¢ (2, tr) — o(ar, th)) = kli_)ngo(%(zk,fk) — ¢z, tr)) = Y(x,t) + 6 — gu(x,t) = 0.

k— o0
This, finally, shows sup, oeq(¢r(y,s) — ¢(y,s)) > > 0. O

We are now able to formulate and proof Ishii’s version (see [48]) of Perron’s method, which is the
main result of this section:

Theorem 3. Let the initial level-set function ¢o: R™ — R be given. Assume that ¢,0: Q@ — R are a
sub- and supersolution of the level-set equation, respectively, and that they satisfy the initial condition

Then the function

®:Q - R, ®(x,t)=sup { o(x,t) ‘ &< < and ¢ is a subsolution of} (18)

solves the initial-value problem with initial data ¢g in the viscosity sense.

Proof. Note that ® exists, since the set in [(18)|is not empty (it contains, in particular, ¢). Observe
further that
P <P, <O OT <P

For ¢ = 0, this implies with |(17)| that
D, (2,0) = &(x,0) = D" (2,0) = ¢o(x)

must hold for all € R". Hence, ® as defined in [(18)|satisfies the initial condition. [Lemma 7]implies that
®* is a subsolution of Due to the comparison principle , this further implies ®* < ).
Hence, ®* is itself admissible in the supremum in which yields ® = ®*. Thus, ® is already upper
semi-continuous and itself a subsolution to the level-set equation.

Assume now for a moment that ®, is not a supersolution of In that case, allows us
to find some small r > 0 and another subsolution ¢, strictly above ®. If r is chosen small enough, ¢,
satisfies the initial condition. Thus comparison implies ¢, < %, which means that ¢, is admissible for
the supremum in This, in turn, leads to ® > ¢,, which contradicts sup(¢, — ®) > 0. We conclude
that ®, must be a supersolution of the level-set equation. Invoking comparison one final time, this yields
® < ¢, < &, which shows that @ is also lower semi-continuous and thus a supersolution itself. O

In order to show the existence of a solution of the level-set equation it now suffices to construct
a subsolution and a supersolution that satisfy the initial condition:
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Corollary 2. Let F,¢o: R" — R be Lipschitz continuous and F have compact support. Then there
exrists a unique viscosity solution ¢: QQ — R of the level-set equation satisfying ¢(-,0) = ¢g on R™.

Proof. Uniqueness was already established in We will now show existence. Denote the
Lipschitz constant of ¢g by L and define

Qﬁ(l‘, t) = ¢0(Z‘) - FLt’ W%t) = ¢O(x) + FLt.

Recall that we use F' to denote a bound for |F|. It is easy to see that ¢ and 1) are continuous (even
differentiable with respect to t) and satisfy ¢(-,0) = 9(-,0) = ¢o. Thus, holds and the result follows
from if we can show that ¢ and v are a sub- and supersolution of respectively. For
this, let (z,t) € Q and choose (p,a) € DV¢(x,t). Differentiability of ¢ with respect to ¢ implies that
a = ¢(z,t) = —FL must hold (recall .

To get a hold on |p|, define y, = z — 7p. Then, by definition of D" ¢(x,t), it follows that

O(yr,t) — dla,t) <p- (yr —x) +0(r) = —7|p|* + 0(7)
for all 7 € R. Using the definition of ¢, this further implies

$o(yr) = Polz) _ _ ipl?

lim sup
T—0t1

in the limit 7 — 07. Lipschitz continuity of ¢q yields |¢o(y,) — ¢do(z)| < L |p| T, so that

ipl? < — Timsup ¢o(yr) — ¢o() < limint |¢o() *beo(%)\

0+ T 70Tt

< Llp|.

Hence |p| < L. Taking all together, we conclude
a+ F(z)|p|=—FL+F(x)|p| < —FL+Fp| < 0.

This shows that ¢ is, indeed, a subsolution. With a similar argument, one can also show that ¥ is a
supersolution of O

2.5 Basic Solution Properties

Above, we have introduced the level-set equation With the appropriate concept of viscosity solutions,
we have established that the equation admits a unique solution ¢ that describes the time evolution of
the level-set function. In this section, we will derive some basic but very useful properties of the solution
¢. Recall that we are actually interested in the evolving geometry Q; = ¢(-,¢) " ((—o0,0)) and not the
detailed level-set function itself. However, in order to use the level-set approach, we have to choose some
level-set function ¢ that represents the initial geometry €2y. Consequently, the question arises how much
influence this ambiguous choice of ¢y has on the resulting evolution of 2. We will see in
that ¢g influences @(-,t), but that ; only depends on € and not the particular form of ¢q. This is,
of course, a very good justification for using the level-set method to describe propagating geometries.
The proof of this important property follows [41], where it is found in Theorem 4.2.8 on page 172. The
second main result of this section, will allow us to consider only speed fields F' > 0 in the
following. Any evolution with a general speed field can always be expressed in terms of evolutions where
the speed is non-negative. The latter have the desirable property that the evolution of £2; is monotone
(i. e., 4 C Q; for t < s), which simplifies many considerations.

The first step towards is to show that the level-set equation is invariant under a change
of variables. To motivate this result, assume for a moment that § € C*(R) is increasing and ¢ a classical
solution of Since 6’ > 0 in this case, the chain rule for ¢~) = 6 o ¢ implies

b+ F(@) [V6| = 0/(0)d+ F(@) 10/(6)V6] = 0'(9) - (6 + F(x) |V9]) = 0.

This shows that also é is a solution of in this situation. Dropping the assumptions of differentiability
and formulating everything in the correct viscosity-solution framework, this statement reads as:
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Lemma 9. Let 6: R — R be continuous and non-decreasing. Assume that ¢: Q@ — R is a viscosity sub-
or supersolution of. Then also 0 o ¢ is a sub- or supersolution.

Proof. We show the result for ¢ being a subsolution. For supersolutions, an analogous argument can be
applied. As a first step, assume that § € C'(R) with #’ > 0. This implies that its inverse h = =1 exists
and also satisfies h € C1(0(R)) as well as b’ > 0, where #(R) is an open interval. Assume (x,t) € Q and
1 € CH(R) such that (§o¢)—1) has a local maximum at (z,t). Without loss of generality, we may assume
that the maximal value is zero. In other words, (6 o ¢)(y,s) < ¥(y,s) for all (y, s) in a neighbourhood
of (z,t), with equality for (y,s) = (z,t). Applying the strictly monotone inverse h on a neighbourhood
of 0(¢(x,t)), this implies ¢(y,s) < (ho)(y,s). With the notation ¥ = h o1, it follows that ¢ — ¢ has
a local maximum at (z,t). Since ¢ is continuously differentiable and ¢ is a subsolution of the level-set
equation, implies that

b t) + F@) |Vl 0] = H(6(@,1) - (1) + F2) [T, 0)]) <0.

Thus (2, t) + F(z) [Vip(z, )| < 0, which shows that 6 o ¢ is, indeed, a subsolution.

Secondly, if 0 is not differentiable, we can always find a sequence (6;), < C C*(R) of smooth functions
with 6], > 0 that approximates 6 from below. To do this, we can proceed as follows: In a first step, we
apply some standard mollifier to 6. It is easy to see that this preserves monotonicity. Secondly, we shift
the resulting function down, so that it is below 6. Finally, we can enforce strict monotonicity by adding
a smooth, bounded, strictly increasing function (like arctan) to it. This all can be done in such a way
that we get 0 = sup,cy 0 and thus also 6 o ¢ = sup,cn(0k © @). By the first part of the proof, 6 o ¢ is
a subsolution for every k € N. According to this implies that also the supremum 6 o ¢ must
be a subsolution. (Note that the semi-continuous envelope is not necessary here since the supremum is
continuous anyway.) O

Next comes an observation: Let Q1, Q5 be two domains and ¢, ¢2 corresponding level-set functions.
While the ordering ¢1 < ¢o immediately implies €25 C €1, the reverse is, in general, not true. The
inclusion of the sets contains much less information than a strict pointwise ordering of the level-set
functions. Note, however, that this additional information contained in the level-set functions has no
meaning from a geometric point of view. Consequently, it is not of interest to us. If we allow to rescale the
level-set functions provided that the domains are not affected, we can ensure also the reverse implication.
The construction of a suitable change of variables is our next step:

Lemma 10. Let ¢1,¢p2: R™ — R be continuous. Assume that the inclusion
Q= ¢ ((=00,0)) € 17" ((—00,0)) = (19)

holds and that o is bounded. Then there exists : R — R non-decreasing and continuous such that
6(0) =0 and 0 o ¢1 < o on R™, while preserving the sub-zero level set of ¢1, i. e.,

(0061)" ((—00,0)) = Q. (20)
Proof. We define §(c) = 0 for ¢ > 0 and
0(o) =inf {o} U{p2(z) |z € R", 0 < ¢1(x) < 0}) (21)

for 0 < 0. As we will see below, this function has all required properties except, possibly, continuity.
Since ¢ is continuous and the set 29, where it is negative, bounded, we find that ¢, is bounded from
below. Consequently, the infimum in is always well-defined. It is obvious from the definition that
0 is non-decreasing. Let now x € R™ be arbitrary. If ¢1(x) > 0, the assumption implies that also
¢2(x) > 0. In this case
0(¢1(x)) =0 < ¢o(x)

is trivially fulfilled. Otherwise, for ¢1(x) < 0, the value ¢ () is admissible for the infimum in when
choosing 0 = ¢1(x). Hence, also in this case 0(¢1(z)) < ¢2(z). The equality is clear by definition
of 0, since 6(o) < 0 is equivalent to o < 0.

The only thing that is still missing is continuity of 8. And in fact, 8 as defined may be discontinuous.
We can, however, show continuity at zero: Assume that € is discontinuous at ¢ = 0. Obviously, since 6
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is constantly zero for o > 0, the discontinuity must happen from the left. This means that there exists
a sequence (0),cy < 0 with o, — 07 and such that 6(oy) — —e < 0. Furthermore, according to|(21)
there exists also a matching sequence (), C R" such that ¢1(xx) — 07 and ¢o(xx) — —e. Since this
sequence lies in the bounded set €2, it has an accumulation point & in this set’s closure. By switching
to an appropriate subsequence, we may assume xy — & as k — co. Using continuity of ¢; and ¢o, it
follows that

$1(2) = kli_)n;o d1(xg) =0 and ¢o(2) = kli)ngo ¢a(x) = —€.

This, however, means that the point & contradicts the inclusion [(19)] Finally, to get continuity on
(—00,0), we can apply the same idea as in the proof of [Lemma 2| (see [Figure 5] to construct a continuous
minorant of # that still satisfies all other conditions. O

Recall our goal of showing that the evolved shapes depend only on the initial geometry but not the
concrete level-set function ¢g. In order to do so, we would like to establish that an inclusion that holds
for the initial sets is preserved throughout the propagation in time. Using the previous results, this can
now be deduced:

Theorem 4. Let ¢1,¢2: Q — R be viscosity solutions of the level-set equation . Assume that
$1(-,0) " ((—00,0)) is bounded. If the inclusion

$1(1) 7 ((—00,0)) C da(-6) " ((=00,0))

holds for the initial time t = 0, then it also holds for all t > 0.

Proof. Let 0 be as in such that (0 o ¢2)(-,0) < ¢1(-,0). Then 6 o ¢, is also a viscosity
solution of accordin Thus, by the comparison principle , the inequality
0 o ¢p2 < ¢1 holds throughout Q. Let (z,t) € @ with ¢1(x,t) < 0. Then also 0(¢2(x,t)) < 0, which
implies ¢o(x,t) < 0 since 6(0) = 0 and 6 is non-decreasing. This finishes the proof. O

Applying this preservation of inclusions twice immediately leads to the desired result:

Corollary 3. Let ¢1,¢2: Q@ — R be two viscosity solutions of the level-set equation. Assume that they
describe the same set Qg C R™ at time t = 0 and that Qg is bounded. Then also the geometries described
by all evolved level-set functions coincide.

In the second half of this section, we will now show some very basic but still important properties of
solutions of the level-set equation. This will culminate in which shows that one can solve
the equation for the regions F~1 ((—00,0)), F~1({0}) and F~!((0,00)) separately and later combine
the solutions. This approach has certain advantages both for theoretical considerations as well as for
numerical solvers, which we will exploit later on. The first property we consider is monotonicity of the
solution with respect to the speed. Interpreting as a classical equation for a moment, it can be
written as ¢ = —F(x)|V¢|. This motivates us to expect that ¢(x,-) is either monotonically increasing
or decreasing in time for fixed x € R™, depending on the sign of F(x).

Lemma 11. Let ¢g be given. Then ¢: Q — R defined by ¢(x,t) = ¢o(x) solvesfor F=0.
Proof. Let (p,a) € DT ¢(x,t) for some (z,t) € Q. Then

d(y,s) —p(x,t) <als —t)+p-(y—2x) +o(ls—t|+ |y — ) (22)

for all (y,s) € Q by Consider, in particular, y = x and a sequence (sy),cy > 0 with s — t. The
left-hand side of [(22)[ vanishes since ¢ is constant in time, so that we can rearrange the relation to read

ask—t o(|sk —t|)
= sk — |sp — 1]

For s converging to t from above, this gives 0 < @ in the limit. For s — ¢t~ from below, it follows that
0 < —a, thus @ = 0 must necessarily hold. Hence a + F(x)|p| = 0 < 0 is satisfied, and ¢ is, indeed, a
viscosity subsolution of In the same way, one can also show that it is a supersolution. O
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Using the comparison principle, we can now deduce that a larger speed implies a smaller level-set
function. This, in turn, corresponds to a larger domain, as one would expect:

Lemma 12. Let F; > F5 in R™ and let ¢1,¢02: @ — R be solutions of the level-set equation for
F = Fy and F = F», respectively. Assume that we have ¢1(x,0) = ¢1,0(x) and ¢2(x,0) = ¢2,0(z)
matially. If ¢10 < @20 on R™, then ¢1 < @2 on the whole of Q.

Proof. We shall show that ¢, is a viscosity subsolution of also with speed F' = F5. Then the claim
immediately follows by comparison (recall [Theorem 2)). So let (p,a) € D¢y (z,t) for some (z,t) € Q.
This implies

a+ Fy(z)|p| < a+ Fi(x)[p| <0,

since ¢ is a solution of the equation with F' = F}. Thus it is really also a subsolution with F' = F5. [J

Lemma 13. Let F > 0 and ¢: Q — R solve[(2)} Then t — ¢(x,t) is decreasing on [0,00) for each fived
x € R". If F <0 instead, then t — ¢(x,t) is increasing in time. Furthermore, in these situations, the
sets Q described by ¢(-,t) as a level-set function grow and shrink in time, respectively.

Proof. Let FF > 0 and s > 0 be given. We have to show ¢(z,s) > ¢(z,t) for all x € R® and ¢t > s. If
s > 0, we can shift the initial time to s and use ¢(-, s) as initial function, so assume s = 0 without loss of
generality. By [Lemma 11|, we know that qNS(x, t) = ¢(z,0) solves With speed F = 0. Since F > 0= F,
Lemma 12| implies that ¢(z,t) < ¢(z,t) = ¢(x,0) for all t > 0. For the case F' < 0, a similar argument
applies. The last statement follows now immediately. O

Note that, due to the concept of viscosity solutions we use, the level-set equation has no time-reversal
symmetry. To see this, consider that a connected component of the domain that disappears cannot be
restored by reversing the time direction. However, there exists an interesting symmetry property with
respect to sign changes in F' and ¢, which will be useful later. The geometrical interpretation of this
symmetry is that instead of letting a domain, say, grow, we can equivalently let its complement shrink.

Lemma 14. Let ¢ be the solution of for some F and initial value ¢pg. Then —¢ solves the equation
for —F and with initial data —¢g.

Proof. The initial condition is obviously satisfied. Choose (z,t) € Q and let (p,a) € DT (—¢)(z,t). Then
(=0)(y,5) < (=¢)(@,t) +als —t) +p-(y —x) +olls —t| + |y — z)
holds for all (y,s) € Q. Turning around the signs, this is equivalent to
o(y,s) 2 ¢, t) —a(s —t) —p-(y—x) +o(ls—t|+ |y — ).
Hence, (—p, —a) € D~ ¢(z,t). Since ¢ is a supersolution of this implies that
—a+ F(z)|-p|=—a+ F(z)|p| >0 < a— F(x)|p| <0.

Thus —¢ is a subsolution when the speed is —F. By the same argument, one can also show that —¢ is
a supersolution. O

Before we proceed to the main result, let us introduce notation for the positive and negative parts of
an expression h € R:
h* = max(h,0), h~ = max(—h,0) (23)
It is immediately clear from the definition that both parts are non-negative and that the decompositions
h=h"—h",|h| =h* + h~ hold. Furthermore, at most one of h™ and A~ can be non-zero.

Theorem 5. For a general Lipschitz continuous F: R™ — R, define the open sets Qt = F~1((0,00))
and Q= = F~1 ((—00,0)). Let ¢T solve the level-set equation with speeds F¥ and —F~, respectively, and
the same initial data ¢g. Then

¢ (x,t) forx e QF,
d(x,t) =< ¢ (z,t) forxeQ, (24)
¢o(x) if Fz) =0
solves with speed F' and initial data ¢q.
Furthermore, ¢+ < ¢g < ¢~ throughout Q, and ¢ (x,t) = ¢o(x) for all x € QF and t > 0.
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Proof. The relation ¢ < ¢y < ¢~ follows immediately from since —F~ <0< FT and ¢q is
the solution for F = 0 by It is clear that ¢, as defined in satisfies the initial condition
é(x,0) = ¢o(x), since this condition is imposed on both of ¢*.

The next step is to show ¢+ (z,t) = ¢o(x) for all x € QF and ¢ > 0. For this, define

~ | ¢T(z,t) forxeQT,
e t) = { do(x) if F(x) < 0.

Take note that ¢ < ¢ < ¢g since ¢ < ¢. Because QT = F~1((0,00)) is open, it follows that ¢ is
upper semi-continuous: Let (z,t) € @ be arbitrary and choose a sequence ((2y,tx)),cny C @ such that
(zg, tr) — (x,t) for k — oo, If € QF, then z, € QF for large enough k. Consequently,

lim sup @y, tr) = limsup ¢ (v, 1) = ¢7 (2,1) = ¢(x, 1)

k—o0 k—o0

by continuity of ¢*. If, on the other hand, z ¢ QF, then

lim sup (ﬁ(xk,tk) < limsup ¢o(zk, tr) = Po(z,t) = é(w,t)

k—o0 k—o0

since ¢~> < ¢g is always the case and ¢q is continuous.

We proceed to show that gzNS is a subsolution of [(2)|with F*. This will then imply é < ¢+ by comparison
(see and thus further ¢+ = é. Let (z,t) € Q and (p,a) € Dt ¢(x,t). If 2 € QF, then note
that ¢ = ¢ in a neighbourhood of (z,t) since QT is open. Thus (p,a) is also in DT ¢™ (x,t), which
implies a + FT(x) |p| = 0 < 0 since ¢ is the solution for F*. Assume now z € R"\ QF, i. e., F(z) <0.
This implies F*(2) = 0 and thus ¢(z, ) = ¢o(z) constantly in time. In this case, we can show that a = 0
with the same argument as in the proof of Hence also a + F*(z)|p| = 0 < 0, which shows
that ¢ is, indeed, a subsolution of with speed F'T. Similarly, one can show that ¢~ (x,t) = ¢o(z) for
all z € Q= and t > 0.

It remains to verify that ¢ as defined in is actually a solution of with speed F. Take note
that with the considerations above, we have already shown that ¢ is continuous since they imply, in
particular, that ¢t (z,t) = ¢~ (x,t) = ¢o(x) whenever F(x) = 0 and ¢T as well as ¢ are continuous.
With the same argument that was used above for q~5, one can now also show that ¢ itself is both a sub-
and supersolution of finishing the proof. O

As a final remark, let us emphasise again that allows us to reduce a general speed to the
two situations F' > 0 and F < 0. These are much simpler, as they imply a monotone evolution of the

domain (see [Lemma 13)). Furthermore, by means of the symmetry shown in [Lemma 14} the case F' < 0

can itself be reduced to F' > 0. Thus, it is most of the time enough to consider only non-negative speeds.
We will often exploit this simplification in the following chapters.
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3 The Hopf-Lax Representation Formula

As we have seen above in the viscosity solutions of the level-set equation are of fundamental
importance for our purposes. Using concepts from optimal-control theory, one can interpret the level-set
equation as the Hamilton-Jacobi-Bellman equation of a particular control problem (Mayer’s problem, see
Section IIL.3 of [6] and . In this chapter, we will discuss this connection. This will allow us to
express the solution ¢ of the level-set equation via the Hopf-Lax formula Using this representation,
one can go further and deduce similar formulas for the described domains themselves. As we will see in
[Subsection 3.5.4] this allows for efficient computation of the evolved domains. Moreover, it is also useful
for theoretical considerations. We will be able to draw important conclusions from this representation
later on in The main results of this chapter are based on our publication [56].

3.1 Constant Speed

To motivate the discussion that follows, we will first consider the easier case of a constant speed, i. e.,
F =1 throughout R™. In this case, the argument is simple and we can clearly show the basic idea behind
the Hopf-Lax formula. Let 29 C R™ be some initial geometry. We assume that €2y is open and bounded
as always. Furthermore, recall and let sdg, denote the signed distance function of . Intuitively,
the situation with F' = 1 means that the boundary of the initial geometry grows over time with constant
speed in normal direction. If we consider a point = & )y, it will be reached by the advancing front I';
precisely at time sdq, (x). In other words, it makes sense to conjecture that

Iy =sdo, ' ({t}) and @, =sdg, ' ((—00,1)). (25)

A more general version of this formula, valid for arbitrary speed fields, will be formulated and shown
later in For now, we will argue that the level-set equation in our special case of constant
speed is solved by

¢(x,t) = inf{¢o(y) | |z —yl < t}. (26)
This is a special form of the Hopf-Lax formula As we will see for the general case in
the form implies Note that our illustrative argument below will only show that ¢ given by
is a viscosity supersolution of the level-set equation. The proof that it is also a subsolution will be
deferred until where the general case is treated. It is easy to see that ¢(-,0) = ¢ and also
that ¢ is continuous.

The main idea of our argument is to consider shifts of the initial function ¢y in some given direction:
Let h € R™ and define

bn(,t) = do(x — th).
It is well known (and can be easily shown) that this function solves the linear transport equation

o(z,t) +h-Vo(x,t) =0 (27)

if we assume sufficient smoothness and classical solutions. Even for non-smooth functions, this is still
true in the viscosity sense:

Lemma 15. The function ¢,, is a viscosity solution of,
Proof. 1t is clear that ¢, is continuous. Choose (7,t) € Q and let (p,a) € D¢, (x,t). Then
$o(y — sh) — ¢o(x —th) <a(s—t)+p-(y—x)+o(ls —t|+ [y — =)

in the limit (y,s) — (z,t). Let s — t and choose y such that y —z = (s — ¢)h. This makes the left-hand
side of the inequality above disappear. Dividing by |s — ¢| yields
s—t s—t o(ls—t|)

0<ag—— -h — + -h
_a‘57t|+p |87t|+ s 1] (a+p-h)

in the limit s — t*. Consequently, a + p-h = 0 < 0 must be the case. This shows, in particular,
that ¢;, is a viscosity subsolution of Using an analogous argument, one can show that it is also a
supersolution. O
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Figure 7: The infimum (lower envelope) of shifts of ¢ in all directions |h| < 1. This illustrates in
the one-dimensional case.

For the level-set equation with F' = 1, this result implies that all functions ¢, with |h| < 1 are
viscosity supersolutions: If (x,t) € Q and (p,a) € D~ ¢, (x,t), then

O=a+p-h<a+|p|h| <a+|p|

as in the proof above (and making use of the Cauchy-Schwarz inequality). Note also that the infimum

over shifts in all possible directions h with |h| < 1 results precisely in the Hopf-Lax formula|(26 )| defining
¢, as will be shown shortly in [Lemma 16| See [(28)| and the corresponding sketch in This

construction can also be compared to Huygens’ principle for wave propagation. Using we can
then conclude that also ¢ is a supersolution of the level-set equation.

Lemma 16. Let ¢ be given by . Then, for all (x,t) € Q,

o(r.t) = inf 3 (a.0) (28)

Proof. For simplicity, we denote the infimum in by ¢ and will show ¢ = ¢. Fix (x,t) € Q. Note
that the infimum defining ¢(z, ) in is actually attained. Hence, there exists y € R™ with |z — y| < ¢
such that ¢(z,t) = ¢o(y). When we define h = (x — y)/t, this direction satisfies |h| < 1 and is thus
admissible in the infimum in In addition, this choice yields

(@, 1) = ¢o(x — th) = do(y) = p(,1).

This implies ¢(z,t) < ¢(x,t), since the infimum is at most the value for this particular h.

_ The other way round, also the infimum in is attained. So pick hg with |hg| < 1 such that
(x,t) = ¢y, (x,t) = ¢o(x —thg). Then y = x —thy satisfies [ — y| < ¢ and is admissible in|(26)l Hence,
¢

(x,t) < ¢o(y) = ¢(x,t). This finishes the proof. O

3.2 Shortest Paths

In the special situation described in [Section 3.1} the signed distance function sdg, played an important
role for the Hopf-Lax formula |(26)l Let us now consider more general speed fields F, where we still
assume F' > 0 throughout this section. For this, we have to define a generalised metric instead of the
Euclidean distance. It will turn out that we need the shortest path length between two points when the
speed of movement is non-uniform and given by F. The current section is devoted to the discussion of
this generalised distance function. Its analysis is a classical topic in the theory of optimal control, where
this specific problem is termed time-optimal control:

min {¢ | £ cWh([0,1],R™), £(0) = z, &(t) = y and |¢/(7)] < F(&(7)) for almost all T € [0, ] }, (29)

where x and y are some fixed points between which we are looking for the F-induced distance. Note
that this is not the form of the distance as we will use it below, which is formulated in
Both approaches can be related to each other with arguments similar to those we present in
Following the classical arguments, one can see that the minimal time from some source y € R™ to other
points x is the viscosity solution of the Fikonal equation

Fx) [Vdy ()| =1, dy(y) = 0. (30)
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(Where the notion of a viscosity solution in the stationary case is defined similarly to for the
parabolic situation.) This equation is the Hamilton-Jacobi-Bellman equation of the time-optimal control
problem See, for instance, Section IV.2 of [6] for a thorough discussion of these matters. We will,
instead, focus here on a fundamental analysis of the shortest paths £ themselves. The results derived
will turn out to be useful later on. A presentation of optimal-control theory, dynamic programming and
viscosity solutions of Hamilton-Jacobi-Bellman equations will be given later for the level-set equation
itself in [Section 3.3

Note that there exists a vast literature about this problem, specifically for the case that FF > F > 0
throughout R™. See, for instance, 6], [17] and [62]. If the speed is bounded away from zero, the
Hamiltonian H(z,p) = F(x) |p| of the corresponding optimal-control problem is strictly convex. This is
a frequently assumed property. See, for instance, Theorem 5.3 on page 132 of [62] for an early result. In
our case, since we only have F > 0, the Hamiltonian is convex but not necessarily strictly so. As done
in we set QF = F~1((0,00)). Since nothing interesting happens for the time evolution on
R™ \ QT according to the theorem, let us focus our attention on Q throughout this section. However,
even on this set, F' > 0 does still not imply the existence of a uniform and positive lower bound on F.
With the help of we will, nevertheless, still be able to reduce our situation to the classical
one, so that we can apply Lions’ result: Lipschitz continuity of F’ implies that every path going near the
boundary of QF becomes “very long” (by travel time, since the speed is almost zero there). Thus, we will
see that those paths can not contribute as shortest paths and can be ignored. This allows us to effectively
assume a lower bound on F' when considering the problem locally, which is enough to characterise the
viscosity solution of

As a first step, let us clearly define what we mean by the “paths” (and their lengths) that we already
mentioned above in an informal way:

Definition 6. Let C C QF be a connected component and z,y € C. A path connecting = and vy is a
function £ € W1°([0, 1], R™) with £(0) =z, £(1) = y and &£(¢) € C for all ¢ € [0,1]. We write Xaq (z,y)
for the set of all such paths from z to y.

For £ € X,q (z,y), the Euclidean arc length is defined as

€ = / €(0)) dt

in the usual way. We can also define the corresponding F'-induced length of £ as

M E®)
1(5)_/0 e (31)

By the Sobolev embedding theorem (see, for instance, Theorem 6 on page 270 of [36]), each path
& € Xaq (z,y) is continuous. Furthermore, by the continuity of F' also F o £ is continuous, and thus this
function attains a minimum on the compact interval [0,1]. Since £ maps into C, this minimum must
actually be strictly positive. Thus, is well-defined with 0 < I(§) < oo. Also note that using the
fundamental theorem of calculus, one can easily show that the straight line

Sey(t) =2 +t(y — )

between z and y has the shortest possible Euclidean arc length: Let £ € X,q4 (z,y), then

6= [ €0l | [ €@ = e - ol = ool =I5

Another key observation is that one can always reparametrise a given path & such that |€/(¢)] = ¢
is constant for all ¢ € [0,1]. This corresponds to a parametrisation by arc length followed by a rescaling
of the time interval from [0, |£]] back to [0, 1]. It is easy to see that this operation does not change any
geometrical properties and leaves, in particular, || and [(£) invariant. In the following, we will most
of the time assume, without loss of generality, that this is done for the considered paths. With this
assumption, the path length becomes

A3
I(e) = /0 e (32)
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Finally, note that paths & € W1°°([0, 1], R") are Lipschitz continuous. We denote the optimal Lipschitz
constant by
£(t) — &(s)

Lip (§) = sup P—

t#s€[0,1]

For paths reparametrised by arc length in the way described above, it follows easily that Lip (§) = [¢].

Definition 7. For x € R", we set d (z,z) = 0. For y # z, if there exists a connected component C' C
with z,y € C, we define
d(z,y)= inf [
(@) €€ Xaa(w,y) ©)

Otherwise, we set d (z,y) = .

This defines a generalised distance d (x,y) € [0, 00] between any two points x and y. This distance
corresponds to the “shortest travel time” between the points under the speed field F'. If the points are
not in the same connected component of 7, then each path between them must necessarily pass through
intermediate points z with F'(z) = 0, which justifies the definition of d (z,y) = oo in this case. This will
be further clarified by the following result:

Lemma 17. Let C C QT be a connected component, X C C be compact, and choose M > 0. Then there
exists F > 0 such that for all x € X, y € C and & € Xaq (x,y), the condition F({(t)) < F for some
t € [0, 1] necessarily implies 1(§) > M.

Proof. Let ¢ € X,q (z,y) and assume that F(£(tg)) < F for some F > 0 and tq € [0,1]. From Lipschitz
continuity, we get
F(E(t)) S F+ €| Lp |t —tol.

But this also implies

. €l
F(ED) =~ E+ € Lrlto— 1)

for all ¢ € [0,%0]. Hence

wogg z | log(¢] Lty + F) — log(E)
“02/0 F(&(t))dtzg'/o FileLeto 0"~ Ir '

Now assume F'(z) > Fy > 0 for all z € X, which is possible by compactness of X. This implies, in
particular, F'(z) > Fy. Again by Lipschitz continuity, we have

F
Fy < F(z) = F(£(0)) < F+|¢|Lpty = |¢|Lpto > Fo—F > 70

if only F is chosen at most Fy/2. In particular, |{| Lpto is bounded away from zero with a constant
depending only on X. But this gives further

) 5 10808l Leto) ~log(E) _ log(Fo/2) ~ loa(E)
- LF - LF )

which can be made arbitrarily large by choosing £ small enough. The proof is now finished if we note
that the choice of F for the claim to be satisfied only depends on X and F but not the particular x, y
or £ under consideration. O

can be interpreted as a coercivity result: Since path lengths become infinite when ap-
proaching the boundary of QT such paths can never be relevant for the determination of shortest paths
and, consequently, the distance d (-,-). This allows us to restrict ourselves to compact subsets of QO in
these situations. As a first application of this feature, let us show the existence of a path with minimal
length if 2 and y are in the same connected component (i. e., d (z,y) < co). For this, we make use of
the theorem of Arzela-Ascoli (see Appendix C.7 of [36]) to get compactness, and use Lipschitz estimates
to show lower semi-continuity. To be precise:
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Lemma 18. Let z,y € R™ with d(x,y) < co. Let § € Xaq (2,Y), (§k)peny C Xad (2,y) and L > 0 be a
uniform Lipschitz constant for all §. Assume & — & uniformly and that all & are parametrised by arc
length. (We do not assume this to be true for £.) Then also £ is Lipschitz continuous and we have

1
1= [ 1€@)] dt < Lip(©) < iminf Lip (&) <

Proof. For simplicity, assume that limy_, o, Lip (§) exists. (If that is not the case, choose a subsequence
that converges to the limit inferior.) Fix t # s and note that
t —
) — &) | _ i |6 @) — Ek(s)
t—s t—s

k—oc0

< lim Lip (&)
k—o0

Since this is true for arbitrary ¢ and s, it also holds in the supremum to give Lip (§) < limg_, o Lip (k).
The remaining estimates follow immediately. O

Lemma 19. Let z,y € R™ and d(x,y) < co. Then there exists £ € Xaq (x,y) such that d (z,y) = 1(£).

Proof. By definition of d (x,y), we can find a minimising sequence ({x),cy With [(§x) — d (z,y). Assume
that each & is parametrised by arc length. This implies that there exists a uniform Lipschitz constant
L for all &, since each has Lipschitz constant Lip (§;) = |£x|. The arc lengths |¢x[, in turn, are bounded
uniformly because the sequence minimises /(&) and

Lip (&) _ (' |4l
e s/o e =1

By the theorem of Arzela-Ascoli, there exists a continuous path £ that is the uniform limit of a
subsequence of (&),cy. Without loss of generality, assume that the subsequence is (&), itself, so that
&, — € uniformly. Furthermore, also £ is Lipschitz continuous with Lipschitz constant L by
Thus £ € Xaq (z,y). Note that, in particular, the image of £ has to lie inside of C' C QT. If this were
not the case, then would imply that the sequence (), <y has unbounded path lengths. This
would contradict the assumption that it is a minimising sequence. By definition of d (z,y), it is clear
that [(§) > d (z,y). It remains to show that also I(§) < d(z,y) = limg_,o0 [(&x) holds.

For this, define g(1) = 1/F(&(7)). Since the image of ¢ lies inside of Q1, we know that F o £ is
bounded away from zero. Hence, g is Lipschitz continuous with some constant L,. Assume that we
have some partition Z of [0, 1] into intervals I; = [t;, ¢;4+1] and that Z has fineness h = sup;(ti+1 — t;).
Choose € > 0 arbitrary and pick K € N such that Lip (&; I;) < Lip (&; I;) + € for all intervals I; € Z and
k > K. This is possible due to (applied to the intervals I; instead of [0, 1]). Finally, since
&r — £ uniformly, we also have the uniform convergence g, = 1/(F 0 &) — g. Hence, we may assume
g(17) < gr(r) +eforall 7 €[0,1] and k > K.

Now, using again the estimates in we get:

1
[ st dr < 3 sup gt (s — 0 Lin (62 < 3 sup a(r) (/mk ) dr + (s — ) )

I; 6l—TEI I EITE i

Since g is Lipschitz continuous, we also know that

sup g(7) < inf g(7) + hL,.
rel; T€L;

Furthermore, clearly

o) [ 160 dr < [ o) G @l ar < [ (autr) + leiir)] dr

All that taken together yields

/1 9(7) dT<Z(/ G (7) + €) [E4(7 >\d¢+hL/|sk )| dr+ (tis1 — >e||g||oo)

I, €T

1
- / gk(r) [€4()] d7 + (€ + hLy) |&x| + € lgll
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Recall that e and Z were arbitrary. Thus, also h can be made small. Note that || is bounded for
k — oo. This now implies the claim, since

1

1) = [ o) 1€/ dr < timint [ () €h()] d = Jim 160) = d (2.0).

O

We continue by deriving some fundamental properties of and estimates for the path lengths and the
distance function d (-, -):

Lemma 20. Let z,y € R™ be arbitrary. Then
[z —y| < F-d(z,y).

Proof. For d(z,y) = oo and for =y, the claim is obvious. Thus, assume that x and y are in the same
connected component of Q1 and let £ € X,q (7,y). Then

oG €l eyl
(5)‘/0 F(g@))dtZFZ F

where we have used the assumption of a reparametrised £ and |(32)] O

This result gives an important estimate relating d (z,y) and |z — y|. If we use Lipschitz continuity
of F' in addition, also more precise estimates are possible especially for points close to each other. In
particular, we get the following localised version of

Lemma 21. Let x € Q" and y € R™. Then,

|z —y| < Lj’:(x) (eLFd(””’y) - 1) .
F

If, furthermore, Lp |x —y| < F(z), then also

1 F(z)
d(x,y) <I1(S; < —1lo
F(z) —Lpd(
— > _ F ivﬂ!) .
o=yl = Ly (1 ¢ )

As before, Sy € Xag (x,y) denotes the straight line between x and y.

Proof. If d (z,y) = oo, the first claim is clear. For the remaining case, we choose £ € X,q (z,y) arbitrarily.
Let £ be parametrised by its arc length |£|. Then |£| > |o — y| and Lipschitz continuity of F' implies

t
| ¢
0
for all ¢ € [0,1]. This yields

o |£\ € Fa) +]¢[Lp _ 1 o —y| L
5)‘/0 Fle(t /F Fla)+ Letg 7y los F(z) ZLFIOg(” F() )

which also holds in the infimum over all possible paths £. Thus

FE(t) < F(z) + Lp§(@) -z = F(z) + Lr < F(z) + Lyt [¢]

—y| L
Lrd(ey) > 1 lv —y|Lr
‘ =T TF@

which further implies the first estimate.
For the second estimate, note that d (z,y) < [(Sgy) as well as |Syy| = | —y|. Lipschitz continuity
tells us that
F(Szy(t)) = F(x) = Lr [Say(t) — 2| = F(2) = Lrt |z —yl,
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and by our assumption this expression is guaranteed to be positive for all ¢ € [0,1]. This implies also, in
particular, that S, lies entirely inside of Q. Thus we find

1 1
| Syl / |z —yl 1 F(z)
d(z,y) <I(S: :/ — T __dt < dt=—1o .
) S1E) = | RS, @) " Sy Fa@ - Letle - " L B F@ - Lele v
The third estimate is just an equivalent reformulation of the second one. O

The following is a variant of Theorem 5.1 on page 117 of [62], adapted for our problem [(30)

Lemma 22. d(-,-) defines a metric on each connected component of Q.

Proof. By d(z,2) = 0 for each z € R™. Let C C Q7 be a connected component, x,y € C
and © # y. For each £ € X,q (x,y), we can define £.(t) = £(1 — t), which yields &, € X.q (y,x) with
1(€) = 1(&.). Hence d(z,y) = d(y,x) holds also in this case. Let now z € C be given in addition. We

use to choose &1 € Xaq (2, 2) and & € Xaq (2,y) with
W&) +1(&) =d(x,2) +d(z,y).

Let us define £ as the concatenation of & and & with subsequent reparametrisation. Consequently,
f € Xad (xa y) and
d(z,y) <UE) =1U&)+1(&) =d(z,2) +d(2y).

It remains to verify that we also have non-degeneracy in the form of
dz,y)=0 = xz=y.
This, however, follows directly from O
Lemma 23. Let X C QT be compact and convex. Then
d(z,y) < Lz —y|
forall x,y € X, where L =1/F and F > 0 is the minimum of F over X.

Proof. Let F© > 0 be the minimum of F' on the compact set X and choose z,y € X. We consider the
straight line S, as particular path in X.q (z,y). Convexity ensures that Sg,(t) € X for all ¢ € [0,1].
The claim now follows with

1
‘Swy| |chy|
d(z,y) < 1(Sey) = dt < .
) <Um) = || i <

Lemma 24. d(-,-) is continuous in both arguments on each connected component of Q.

Proof. Let C C Q% be a connected component and x € C. By symmetry according to it is
sufficient to show that d, = d(-,x) is continuous on C. First, we show that d, is continuous at z itself.
For this, let (xx),cy C C with 2, — = as k — oo and pick § > 0 such that Bs (z) C C. This is possible

since C' is open. Assume for simplicity and without loss of generality that |z, — 2| < § for all k € N.
Since Bs (x) is compact and convex, we can apply in order to deduce

0 <d;(xg) =d(z,z) < L|zg — 2

for some constant L. Since the right-hand side vanishes with xz; — =z, we find that also the limit
dy(x) = 0 = d;(x) must hold. This shows continuity of d, at x.

Now let z,y € C be arbitrary. We will show that d, = d(-,y) is continuous at z. For this, choose
€ > 0. From the previous argument, we know that there exists § > 0 such that d (z,2’) < € if only
|’ —z| < §. Applying the triangle inequality and the reverse triangle inequality from for
some intermediate point ' € Bs (x), we get

d(z,y) <d(z,2") +d(2'y) = d(@@,y) >d(@,y)—d(@ ) >d(@,y) —e

and
d(@',y) <d (@) +d(x,y) <d(z,y) +e
Hence we find |d (2/,y) — d (z,y)| < € whenever |2/ — z| < §, which is the claimed continuity. O
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After this quite general discussion, let us get back to the task of solving For the case of a strictly
positive, uniform lower bound F' > F > 0, this is well-understood. In order to reduce our more general
problem to the known results, we will make use of As a first step, let us introduce a sequence
of cut-off speeds:

Definition 8. For given F > 0, we define F(z) = max (F(z), F). The notation Iy (¢) and dp(z,y) will
be used for path lengths and distances according to [Definition 6| and [Definition 7} respectively, based on
F instead of the original F'.

Note that F has no longer compact support, but this is no problem since F is still bounded as long as
the original speed field F' is bounded. This guarantees that all arguments go through nevertheless. The
distance dp(,y) is equivalent to L(x,y) given in (47) on page 116 of [62] when using n(z) = 1/F(x).
Theorem 5.1 on page 117 of [62] will be the main tool on which we build our results. There, it is shown
that dp(-,y) is a viscosity solution of if the speed F is replaced by F. We will now work on reducing
our situation to the case where the result of [62] is applicable.

Lemma 25. Let C C QT be a connected component and X C C be compact. Then there exists F > 0
such that d (z,y) = dg(z,y) for all E' € (0,F] and z,y € X.

Proof. Let F be the cut-off speed for some F > 0. Then clearly F(z) < F(x), which implies I1(€) < I(€)
for every path £. Hence also dp(x,y) < d(z,y). It remains to show that our assumptions actually imply
equality. Furthermore, if we show the result for a single F' as cut-off threshold, it must also hold for all
smaller thresholds. This is the case because F' < F implies d (z,y) = dp(2,y) < dp(2,y) < d(x,y).
Thus, it remains to show that d (z,y) < dp(z,y) holds for some threshold F > 0.

Set M = max, yex d(z,y), which is well-defined and finite because of and since X is
compact. We now apply [Cemma 17]for this M to get a corresponding positive threshold F. We can assure
F(z) > F > 0 for all z € X by decreasing F further as necessary. Now, assume that dp(z,y) < d(z,y)
for some z,y € X. Choose a minimising path & € Xaq (x,y) with Ip(§) = dp(z,y). Consequently,

1p(§) < d(x,y) <IU(E).

This, however, implies that there exists ¢ € [0, 1] with F({(t)) < F. If that would not be the case, then
F(&(t)) = F(&(t)) for all ¢ € [0,1] and thus the lengths would have to coincide. Define now

to = inf {t € [0,1] | F(£(t) < F} = min { € [0,1] | F(£(1)) < ).

which is well-defined because the set is non-empty and F' o £ is continuous. Furthermore, we have
F(&(t)) > F for all t € [0,19] and, consequently, FI(£(t)) = F(£(t)). Also, tog > 0 because x € X and

thus F'(£(0)) = F(z) > F. Define now a new path & (t) = &(t/to). We have & € Xaq (x,(to)) and
1(&1) = lp(&1) because F equals F' along the path. Since F(€(1)) = F, we can apply now to
&1 to deduce I(&1) > M. This is a contradiction, since

p(§) = lp(&) = U(&) = M
and we know [p(€) < d(x,y) < M. O

Theorem 6. Let C C QF be a connected component and y € C be fized. Then dy(-) = d(-,y) is a

viscosity solution of |(30) in C\ {y}.

Proof. Note that d, is continuous on C by and that the boundary condition is satisfied
because of dy(y) = d(y,y) = 0. It remains to show that d, satisfies F/(z)|Vd,(z)| = 1 in the viscosity
sense. For this, let z € C \ {y} be fixed and p € D*dy(x). Now choose Y C C compact, connected,
with smooth boundary and such that x,y € Y°. Choose I for Y according to and such that
F < min,cy F(2) in addition. Then F = F on Y and d,(z') = d (2/,y) = dp(2',y) for all 2/ € Y. The
latter property holds, in particular, also in a neighbourhood of x so that p € D¥dp(z,y) must be true.
Since dp(-,y) solves with ' in Y°\ {y} in the viscosity sense according to Theorem 5.1 on page 117
of 62|, this implies F(z)|p| = F(z)|p| < 0. This, however, is all we need to show that d, is a viscosity
subsolution of on the whole of C'\ {y}. By a symmetric argument one can also show that it is a
viscosity supersolution. O
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We conclude this section with a final auxiliary result that will be useful later:

Lemma 26. Let X C R" be closed, x € X and assume that d (z,y) >t for somet >0 and ally € 0X.
Then d(x,y) >t for ally ¢ X. More precisely: If y ¢ X and 6 > 0 are such that Bs (y) N X = 0, then
d(z,y) >t+46/F.

Proof. Let y ¢ X, then there exists ¢ > 0 such that B; (y) C R™\ X since R”\ X is open. Consequently,
|#/ —y| > &6 > 0 for all 2/ € X. Clearly, y # z and if z & QF, y € Q" or they are not in the same
connected component of QF, then d(z,y) = oo > ¢ holds. So assume that z,y € QT are in the same
connected component and choose & € X,q (z,y). Since £ is continuous, the set €71 (X) C [0,1] is closed
and since it is also bounded, it is compact. Define thus

to =max{t € [0,1] | £(t) € X} and yo = &(to).

Then yo € X and, furthermore, yo € 0X since every sequence ({(tx)) ey With tp — t& from above
is in R™ \ X and converges to yo. Denote the two parts of £ up to and starting at yo by & and &a,
respectively. Then & € Xoq (z,90), &2 € Xad (Yo, y) and 1(§) = 1(&1) +1(&2). Since yo € 0X, we know by
our assumption that [(£1) > d (z,yo) > t. Furthermore, implies that

lyo — ¥ 4
&) > d(yo,y) > L= > 2
(&2) 2 d(yo,y) 2 =—— 2 %
Both estimates together imply (¢) >t + §/F. Since £ was arbitrary, also d (z,y) >t + §/F > t follows
by taking the infimum over all possible paths. O

Note that can be interpreted as a variant of the classical minimum principle: If x € R" is
fixed and Y C R™ open with z ¢ Y, then d (x,-) attains its minimum over Y at Y. (The complement
R™ \ 'Y takes the role of the closed set X in the lemma.) A corresponding maximum principle does,
however, not hold in general: If F(y) is very small or even zero, then all paths connecting = to y may
have a larger length than paths “circling around” y. In this case, d(z,y) can, indeed, have a local
maximum at y. See also [7], where a more general result is derived for viscosity solutions. The Eikonal
equation, in particular, is covered by Example 5. A discussion of the classical minimum and maximum
principles for harmonic functions can be found in Section 2.5 of [45].

3.3 Mayer’s Problem and the Hopf-Lax Formula

We are now ready to derive a general form of for the case of F' > 0. The basic idea that is illustrated
in can still be applied. However, instead of shifts along straight lines (which are the shortest
paths for F' = 1), we have to consider the shortest paths introduced in The Hopf-Lax formula
then becomes:

¢(z,t) = inf {¢o(y) | d(z,y) <t} = min{do(y) | d(z,y) <t} (33)

Existence of a minimiser follows from continuity of ¢¢ and d(-,-). The aim of this section is to prove
that the formula gives, indeed, the viscosity solution of the level-set equation This will be done with
tools from the theory of optimal control. We mainly follow the arguments outlined in Section IIL.3 of [6].
In the literature, the considered situation is usually more general than what we need, though. Thus, the
discussion below is tailored (and simplified) specifically to our needs.

In the previous we considered the paths £ € X,q4 (x,y) introduced in In
particular, among the fixed quantities were both ends z, y of the path, and we were interested in the
path lengths [(£). For the current considerations, this changes. The new question is: Which points y are
reachable from a given source x in a fixed time t¢ To accommodate for this change, we introduce a new
set of paths:

Definition 9. Let x € R™ and ¢t > 0. We define
Sy () = {& e Wh>([0,t]) | £(0) =z and [€'(7)| < F(£(7)) for almost all 7 € [0,]} .

The set of all possible end points £(t) that can be reached with some ¢ € S; (x) is usually called the
reachable set from x in time t,

Ry (x) ={£(t) [§ € S (2)}
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If F(x) =0, then S; (z) = {&}, where & is the path that is constant at z, i. e., §(7) = z for all 7.
Consequently, R; (x) = {x}. Furthermore, for £ € S; (z) the path length can be estimated by

CEOL [
1= [ gy s ) 1=t

Using these paths, we can now introduce the so-called Mayer problem: Find £ minimising

Vied) = inf oo(e() = inf onfw). (34

This is a classical example problem in the field of optimal control. See, for instance, the introductory
discussion on page 147 of [6]. Given some fixed x € R™ and ¢ > 0, the minimal value that can be
achieved is denoted by V(z,t). The function V is called the value function of the Mayer problem. One
can immediately see from the definition that V(z,t) = ¢o(x) for all t > 0 and all z with F(z) = 0,
and that V(z,0) = ¢o(z) for all z € R™. We will see below that the level-set equation is precisely the
Hamilton-Jacobi-Bellman equation of this Mayer problem. Its value function V solves this equation in
the viscosity sense, and we will see that V' coincides with our Hopf-Lax formula For this, we have
to relate Sy (x), Ry (v) and Xaq (x,y):

Lemma 27. Let x € R™ andt > 0. Then
Ry (2) ={y e R" [d(z,y) < t}.
Consequently, if ¢ is defined by the Hopf-Lax formula then V = ¢ holds.

Proof. Let y € Ry (x). Then there exists £ € S; (z) with £(¢) = y. Since I(§) < t, this yields d(z,y) < t.
(After rescaling the time to the reference interval [0, 1], we have £ € Xoq (z,y).) Conversely, let y € R™
with d(x,y) <t be given. According to there exists & € Xaq (z,y) with [(§) = d(z,y) < t.
As before, we can assume that |&'(7)| = [£| for all 7 € [0,1] by reparametrising £ according to the arc
length. Consider now the initial-value problem

s(0) =0, $(r)=

Since F' and £ are Lipschitz continuous, the Picard-Lindel6f theorem implies that there exists a unique
solution s. Because its derivative is always non-negative, s is increasing. Thus, the solution exists at
least until time 7(, where s(79) = 1 holds. (For 7 > 79, the function s is not defined any more because £
lives only on the interval [0,1].) We set (1) = £(s(7)) for 7 € [0, 79]. Note that this construction ensures
£e Sr, (). Furthermore, since 5(70) = {(1) = y, we have just rescaled time without changing the path

itself. Thus o 1er . o
tzz(g):z@:/o Ww—/o Ldr = .

Hence, we can extend £ to a path in S, () by adding a constant piece at the beginning or end. This
finally implies y € R; (x). It remains to verify that V' = ¢, but this follows immediately since the already

shown statement makes and equivalent. O

Similarly to we can again show that the infimum in[(34)|is actually a minimum and that
an optimal path exists:

Lemma 28. Let x € R and t > 0 be given. Then Ry (x) is compact and there exists & € Sy (z) with
V(z,t) = ¢o(&(¢)). In other words, the infimum in is actually attained.

Proof. Closedness of R; (x) follows from and the fact that d (-, -) is continuous. The reachable
set must also be bounded, since y € R; (z) with y = £(¢) and £ € S; (x) yields

ly—a| <F-1(&) <Ft = |yl <|z|+Ft.

(This follows by the same argument that we used to prove ) Furthermore, compactness implies
that there exists a minimising y € R, (x) with V(z,t) = ¢o(y). By definition of R, (), there also exists
¢ € S¢ (x) with £(t) = y. Consequently, we have V(x,t) = ¢o(£(t)), which finishes the proof. O
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A very important property of the value function is the so-called dynamic programming principle:

Lemma 29. Let x € R™ and t > 0 be arbitrary. Then

Viwt) = it V(ER), 1~ ) (35)

for all h € [0, 1].

Proof. allows us to choose an optimal path € Sy () such that V(z,t) = ¢o(£(t)). We can
split the path at time h into a piece &; € Sy, (z) and the remaining part &, € S;_p, (51 )) Since 51 is
admissible for the infimum in and &, a particular path in the infimum that defines V(£(h),t — h),
we find that

V(w,t) = ¢o(E(t)) > inf inf  @o(&2(t —h)) = inf V((h),t—h)

§1€Sh(x) £2€S:—n(&1(h)) §€Sh(z)

must hold. For the reverse inequality, let ({x), .y C Sk (x) be a minimising sequence for the infimum

n For each k € N, we can apply to V(§k(h),t — h) to get & € Si_p (€x(h)) with

V(€x(h),t — h) = ¢o(Ex(t — R)). The concatenation of & and & gives a path £, € S (z), so that

V(z,t) < liminf Po (& (t)) = lim inf Po(éx(t —h)) = Jm V(€(h),t —h) = geisnhf(z) V(&(h),t = h).

O

The dynamic programming principle was introduced by Bellman in the seminal article |9] and
later described in his book [10]. See also [11] for a thorough discussion. The idea behind it is as follows:
To evaluate the value function for some time ¢, we can first calculate it throughout space at a smaller
time ¢ — h. When this is done, we solve another optimisation problem (the infimum in , but with
shorter time horizon h. This allows us to combine the solutions of both smaller problems and arrive
at the solution of the full problem we are interested in. The same idea, based on discrete optimisation
variables, is also applied in computer science. This technique makes it possible to find efficient algorithms
for a wide range of computational problems. See, for instance, Chapter 15 of |23].

In our context, however, is mainly an intermediate result. The Hamilton-Jacobi-Bellman
equation (which is for us the level-set equation can be seen as a differential version of the dynamic
programming principle. Investigating this relation further will lead us to the conclusion that the value
function V' is a viscosity solution of Using dynamic programming, we can derive other important
properties of the value function:

Definition 10. The value function V' satisfies suboptimality if s — V({(s),t — s) is increasing for every
& € Si(x). If a path £ € S; () exists such that s — V(£(s),t — s) is actually constant, it also satisfies
superoptimality.

It is easy to see that V should, indeed, have suboptimality: The larger s is, the longer is also the
fixed initial segment of the path. Since only the remainder of the path is optimised in S;_4 (£(s)) to get
V(&(s),t — s), the resulting optimal value can only get worse (i. e., larger). Superoptimality is a direct
consequence of the existence of an optimal path according to Let us now give a formal proof
of these intuitive arguments:

Lemma 30. V satisfies sub- and superoptimality.

Proof. We show suboptimality first. For this, let ¢ > 0 and £ € S; (z) be given. Choose 0 < r < s < .
According to the dynamic programming principle [(35)| applied to £(r) and h = s — r, we know that

V(E(r),t—r)= _ inf V(é(s—r),t—r—(s—r)).
€S (&(r))

This is, of course, at most the value achieved with a particular choice of 5 . If we use the piece of &
restricted to the time interval [r, s] as &, we have (s — r) = £(s) and thus

V(f(?‘), t— T) < V(g(s)a t— 8)
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This shows suboptimality.

For superoptimality, let £ € S; (z) be the optimal path from such that V(x,t) = ¢o(£(t)).
We have to show that s — V(£(s),t — s) is constant. By suboptimality, we have for arbitrary s e [0,¢]:

V(z,t) = V(£(0),t = 0) < V(E(s),t — s) < V(E(t),0) = ¢o(&(1)) = V(a,1)
Hence, equality holds throughout, and superoptimality is shown. O

Another important fact is continuity of the value function. We will see later in and
that ¢ defined by the Hopf-Lax formula is, in fact, Lipschitz continuous. Thus, let us
postpone the proof of continuity until then. For now, let us check all other requirements of
This can now be done based on sub- and superoptimality:

Lemma 31. V is a viscosity subsolution of.

Proof. Let (z,t) € Q and ¢ € C*(Q) be such that V —1 has a local maximum at (z,t). Consider first the
case F'(x) = 0: In this situation, V' (z,-) is constant in time. Thus, based on the same argument as
1/}(x, t) = 0 must hold as a necessary optimality condition. But then, clearly 1/1(x, t)+ F(x) |Vy(x,t)| =0
is also true. So assume F'(z) > 0 now. Choose 0 < h < t and £ € S}, (x) arbitrarily for a moment. Then
V(z,t) < V((h),t — h) by dynamic programming (or suboptimality), and

V(f(h),t - h) - 7/1(§(h)7t - h) < V(:Z?,t) - ¢($,t)

since (x,t) is a local maximum. Taking both inequalities together, we arrive at

¢($7t) - w(f(h’)vt - h) < V(x7t) - V(S(h’)?t - h) <0. (36)

Let p € R™ be such that p- Vi)(x,t) = — |Vip(x,t)| as well as |p| = 1. (Normalising the gradient if it
is non-zero and choosing an arbitrary vector if it is zero.) Choose £ as the solution of

§(0) =, &(r)=F(E(T) p

for 7 € [0,h] and note that this implies, in particular, & € Sp (x). Since ¢ and ¢ are continuously
differentiable, we can write

0 2 ()= (&R, 1) = (o= T, )€ O):hbo () = h (e ) + Flo) [Vt + 22 ).

Dividing by h and taking h — 07, this yields the necessary inequality to show that V is, indeed, a
viscosity subsolution of O

Lemma 32. V is a viscosity supersolution of.

Proof. Let this time (z,t) € Q and 1 € C'(Q) be such that V — 4 has a local minimum at (x,t). Using
superoptimality and proceeding similarly to the proof of we can conclude as an analogue to

[(36)] that
0 < ¢(.T,t) - ¢(§(h)at - h)

for 0 < h < t. In this case, £ € Sy (z) is not arbitrary but instead the particular path for which
superoptimality holds.

Since 1 is continuously differentiable and £ is absolutely continuous, 1 o ¢ is absolutely continuous as
well. Furthermore, we have the almost-everywhere derivative

O () — 0(ER). £~ ) = D).t — ) — TE).E— )€ )

Hence, according to Theorem 7.20 on page 148 of [74],

h .
wlast) (et =) = [ (et = 5) = VoAEls) =) €15)) ds
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Since |£'(s)| < F(&(s)), we get

h
0< (o t) = ve().t = 1) < [ (et = 5) + FE() [V0AEs) £ = 9)]) ds
Note that the integrand is continuous. Thus dividing by h and letting h — 07 leads to
0 < 4(,t) + Fz) V(1)

which shows that V' is a supersolution of the level-set equation O

Taking [Lemma 31| and [Lemma 32| together, we have shown that the value function V solves the level-
set equation In other words, the level-set equation is really the Hamilton-Jacobi-Bellman equation
of Mayer’s problem. But even more interesting for us is the final conclusion if we use as well:

Corollary 4. Let F,¢y: R — R be Lipschitz continuous and assume F' > 0. Then ¢ defined by the
Hopf-Lax formula 18 the viscosity solution of the level-set equationfor mnitial data ¢q.

This formula can also be derived for the case F > F > 0 from Theorem 3.1 on page 140 of [17]. To
remove the required lower bound F and show one can then proceed with cut-off arguments
as in the proof of However, we believe that the derivation based directly on the Mayer
problem is the most straight-forward argument. A similar derivation based on control theory is also
given in [39], leading to Theorem 3.1 in the paper.

3.4 Representation of the Level-Set Domains

Based on the representation formula shown for the level-set function ¢ in the previous section,
we will now proceed to derive corresponding formulas describing the evolving sets €, I'; and I'; U £
themselves. The crucial ingredient in those formulas is the distance between a point x and the initial set
(not just a single point as given by d (z,-)). This distance corresponds to the time it takes the evolving
front to arrive at x. Roughly speaking, we are now looking at the modified Eikonal equation

F(z)|Vdo(z)|=11in C\ (To Uyg), do(xz) =0 on TyU Q. (37)

As before, C C Q7 is a connected component. In comparison to we consider no longer a single
point source y. Instead, the source is now the initial geometry I'g U 0g. Note, though, that we present
this equation here only as a motivation for the following considerations. We will come back to it later

in where we build a formal connection between dy as defined below and |(37)} In the mean

time, let us define the distance we need as follows:

Definition 11. Let F > 0 and denote the distance of by d (-,-). For z € R™, we set

= inf )(z) = inf .
do(z) = _jnf d(zy), do(z)= inf d(,y)

If C is a connected component of QT, then dj is finite on the whole of C' if and only if C' contains a
part of the initial domain I'g U €. If this is not the case, then the distance is infinite on the whole of C.
For dj, a corresponding statement is true.

Take note that it follows immediately from that do(z) < dj(z) must be true for all
x € R™. We will show now that strict inequality can only hold if I'y has non-empty interior. This is an
unusual situation in applications, although we have not excluded it so far. Also note that the infimum is
actually a minimum if we take it over a closed set. (The range of potential minimisers y is automatically
bounded since we have |F| < F, which means that points too far away can never minimise the distance.

This follows from )

Lemma 33. Let 0 < F < F and x € R"™ be arbitrary. Then there exist y € To U Qg and y' € Qo with
do(fﬁ) = d(xa y) andﬁ)(x) - d(.T, y/)‘
Furthermore, if Qo = To U Qo and either x € QT or x ¢ Ty, then do(x) = dj(x).
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Proof. Let x € R™ be given. Consider the case z ¢ QT first. If z € T U Qo, then dy(z) = d(z,x2) =0
and the claim is true. If this is not the case, then do(z) = d(x,y) = oo for all y # x and the claim
also holds. The same argument can be used for €y and dj. For the second statement, we only have to
consider z & Ty since z ¢ QT by assumption. But then either do(z) = djj(z) = 0 if € Qy, or otherwise
do(x) = djj(z) = oo since then = & I'g U Q.

Now, assume that z € C where C C Q7 is a connected component. If do(z) = oo, then also
C N (TyUQ) =0 and we can choose y to be any element of 'y U . The same applies if dj(z) = co.
So assume from now on that do(x) and df,(z) are both finite. This together with implies that
there exists a compact set X C C such that

do(z) = d(z,y), do(z)= inf d(z,y). (38)

inf
yeXN(ToU) yeXNQo

To see this, choose y € C arbitrarily for a moment. Then d (z,y) < co. According to there
exists £ > 0 such that d (x,9) > d(x,y) for all § with F(j) < F. Thus, defining X = F~! ! F,F])
ensures If this set is not bounded, we can, furthermore, choose some radius R > 0 such that
d(z,g) > d(z,y) for all § with |z — g| > R based on This allows us to use the compact set
X N Bg (z) instead of X itself.

Note that d (z,-) is finite and continuous when restricted to X. By taking a minimising sequence and
using this continuity as well as compactness of the sets X N (T UQg) and X Ny, we see that the infima
in are actually minima. If Qg = To U Qg and y € T'g U Q) is chosen with do(z) = d (x,y), then

do(x) = d (x,y) > dy(x) > do(),
showing equality between dy(x) and dj(z). O

Theorem 7. Let F > 0. Then the evolving sets can be represented as

TuQy = {zeR"|[dy(x) <t},
O = {zeR"|d)(z)<t},
Iy = {zeR"[do(z) <t <dy(z)}

for allt > 0. If Qg = To U Qq, then the last relation states that

Iy ={zeR"|do(z) =t} U T\ Q") (39)
Proof. We use [Corollary 4| to express ¢ by [(33)] Let z € T’y U ;. By definition, this means ¢(z,t) < 0.
Hence|(33)|implies that there exists y € ToUQg with d (x,y) < t. This, in turn, yields do(z) < d (z,y) < t.
The other way round, let do(z) < t. By [Lemma 33] there exists y € T'o U Qo with d (z,y) = do(z) < t,

such that ¢(xz,t) < ¢o(y) <0 by |(33)|and thus x € I'; U ;.

Now assume that dj(z) < t. Applying again, we find that there exists y € Qg with
d(z,y) = dj(z) < t. Thus, continuity of d (z,-) implies that there also exists y' € Qy with d(z,y’) < t.
Hence yields ¢(z,t) < ¢o(y') < 0 and, consequently, = € ;. If, on the other hand, € Q; and thus
¢(x,t) < 0, there exists y € Qg with d (z,y) < t. This implies at least df,(z) < d(x,y) < t. Let us for
a moment assume that dj(z) = ¢. In this case, d (x,y) = ¢ must hold, and also d (z,§) > ¢ must be the
case for all § € Q. Since g is open, there exists a small radius § > 0 such that Bs (y) C Q. Define
X = R"™\ Bs(y), which is closed, and note that = € X because otherwise = € Q¢ and this would lead
to a contradiction with 0 = d(x,2) >t > 0. Since X = 9B; (y) C Qo, we know that d(x,y) > t for
all § € 0X. This, however, implies d (z,y) > ¢t with which is a contradiction. Thus we have
shown that dfj(x) < t must be the case.

For the third equality, note that I'y and €2; are clearly disjoint, so that the relation

Iy =T UQ)\Q ={z €R"|dy(x) <tand not dy(z) <t} ={z € R" | do(z) <t < djy(z)}

holds. Finally, assume that we know Qo = Iy U g in addition. Consider z € R". If x € Ty \ QF, then
d(z,t) = ¢o(x) = 0 and thus = € Ty by This shows that Ty \ Q7 is always a subset of both

sides of Consider now the case # & T'g \ Q7. For these z, implies that do(z) = djj(x),
and thus|(39)| holds as well. O
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A part of the statement of can be found already in Theorem 3.2 in . Note, however,
that we are not aware of any actual further conclusions derived from such a Hopf-Lax formula towards a
framework for shape-sensitivity analysis or shape optimisation in general. Drawing such conclusions to
derive new results in this direction is one of our main contributions, which we present in

To conclude this section, we will now combine [Theorem 7| with [Theorem 5| to give formulas for the
case of arbitrary signs of F. For this, we define Q= = F~!((—00,0)) and Q* = F~1 ({0}). We also
introduce the notation

Qf =R"\ (o UQg) = ¢~ " ((0,00))

and assume for simplicity that we are in the case Qg = I'g U Qg. Then R™ = Qo U Ty U Q) is a disjoint
decomposition of R™ into two open sets and the interface I'y between them, which has empty interior.
Next, we define a modified version of dy from for this extended situation:

_ inf,eryun, d(z,y) for z € QF,
D(z) = { —infyer,uq, d(z,y) forz € O~ (40)

Here, d(-,-) is defined according to the metric discussed in for the speed chosen as |F| > 0.
Since there is no meaningful way to define D on Q7 we leave the distance undefined there. In the
following, we never need the values of D on this set. On QF, where F is positive, the front moves
outwards. In this case, D gives the time it takes the front to reach points outside the initial geometry.
For Q= with negative F', the front moves inwards and D is negative inside the initial geometry. There,
—D is the time until an originally interior point is hit by the front and later no longer part of €2, at
all. This convention for the sign of D gives it somewhat the characteristics of a signed distance function
of the initial geometry (although with respect to the metric d(-,-) induced by |F| instead of the usual
Euclidean distance). The composite distance D defined in this way is depicted in [Figure 8| Note that
D blows up towards % (the vertical line 2 = 0 in the example), which is a consequence of [Lemma 17
Since this corresponds to slow movement of the evolving boundary, it does not create any numerical
difficulties. Take note that D = dy on Q% by its definition in On Q7 the function D is defined in
a similar way. This implies that most of the local properties of dy that we will derive in the following

(e. g, [Lemma 34)) carry over to D.

Corollary 5. Let F be Lipschitz continuous and have compact support. Assume that Qo =g U Qo and
use the notation above. Then

Q = {zeQ"| D) <t}u(QnQ)U{zecQ | D(x) < —t},
r, = {a:EQ+|D(x):t}U(FoﬂQZ)U{xEQ_’D(x):—t},
ruQ = {2eQ| D) <tju(TouQ)NQ)u{zeQ | D)< -t}

for allt > 0. Note that we no longer require that F' > 0 or F' < 0 throughout R™.

Proof. Since the level-set function ¢(z,-) is constant in time for each z € Q% according to
it is clear that the formulas hold for those z and we only have to consider z € QF. Let 2 € QF. Then
tells us that ¢(z,t) = ¢1(x,t), where ¢T solves with F'T = max(F,0) > 0. In particular,
the evolving sets are the same as those generated by ¢ when inside of Q7. Take note that D(z) = dg(x)
in this case, since d (z,-) induced by | F| is the same as d («,-) induced by F'™ using arguments based on

Nt ={zecQf | dy(x) <t} ={2e€Q" | D(x) <t}

follows by applied to F'*. The other relations follow in the same way.

It remains to consider the case x € Q. In this situation, [Theorem 5| and [Lemma 14| imply that
¢(z,t) = —¢~ (,t), where ¢~ solves with '~ = —min(F,0) > 0 and initial data —¢y. Since this
initial level-set function corresponds to the initial geometry €2, the distance for applying is
—D(x) in this case. This yields

2 € & ox,t)>0 & ¢ (x,t) <0 & —D(x)<t & D(z)>-—t.

In other words,
QNQ ={zeQ | D(x) < -t}

when taking the complement. The same can be done for the other sets as well. O
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Figure 8: Demonstration of the composite distance D of and the representation formula of

for an examp

-4 -2

The speed field, initial domain Q¢ (blue) and resulting shape evolution (black).
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(b) The composite distance D of |(40)

le with positive and negative speeds.
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The Hopf-Lax formula derived above in will be used in to draw some con-

clusions about the evolution of {2y in time. Besides these theoretical purposes, it can also be employed
directly for the numerical computation of evolved domains. This will be discussed now, particularly in

[>ubsection 3.5.41

3.5 Numerical Time Evolution

In the final section of this chapter, we will discuss how the time evolution of a geometry can be numerically
calculated using our level-set framework. [Subsection 3.5.1| briefly describes how explicit time stepping
can be used together with a suitable spatial discretisation to solve directly. However, it is also possible
to use the Hopf-Lax formula presented before in combined with the Fast Marching Method
introduced by Sethian in [76]. This yields a very efficient algorithm. We present numerical examples
computed with this approach in [Subsection 3.5.4] The code written during this research, implementing
all of the aspects discussed in the following, has been released as free software. It is available as the
level-set package [59] for GNU Octave [35].

3.5.1 Explicit Time Stepping

The most straight-forward way to solve the level-set equation is to discretise in space and time, after
which standard time-stepping schemes for the solution of differential equations can be applied. It is even
possible to use the simplest scheme, namely the explicit Euler method:

o+ = gt — At B | Dot (41)

Here, At denotes the discrete time step, ¢f is the discretised value of ¢ at time ¢; and some point x; of
a spatial grid, and F; the speed F(x;) at this grid point. For two-dimensional situations, let us use the
notation x;; and ¢fj instead. In this case, 7 and j correspond to row and column indices in the spatial
grid, respectively. D¢F is the spatial discretisation of Vé(x;,t). Since the level-set equation propagates
a front in time, there exists an intrinsic direction for the flow of information. The discretisation scheme
for D(;Sf must be chosen carefully to respect this direction. This can be achieved with a so-called upwind
scheme. These are commonly used in the discretisation of hyperbolic problems (like the wave equation),
where a direction of propagation plays an important role as well.

To motivate this need further, consider the case of ' = 1 and some monotonically increasing, one-
dimensional initial profile ¢y. One can quickly deduce from that the time evolution in this case is
just a shift of the profile to the right. The corresponding discrete situation is depicted in [Figure 9] Since
the continuous behaviour leads us to expect ¢f+1 = ¢é€—1 for a time step At = h, information should,
again, be propagated from left to right. In this example, we can achieve this behaviour using backward
differences, since then

k+1 k — 1k k ’¢f — ?—1’ k
¢i :¢i—At|D ¢i|:¢i—At'f: i—1°
Here and in the following, we use the notation
_ bi — ¢i1 Git1 — @i
D¢ = Z0L prg, = YL
¢ h ¢ h

for backward and forward finite differences. In the two-dimensional case, quﬁij and Dj: ¢:; are used for
the differences in = and y direction, respectively. No other spatial discretisation (e. g., the commonly used
central differences) is able to reproduce the exact shift of the profile in the discrete case. Note that the
direction of the differences has to be adapted if the sign of F; changes or if the profile is (locally) decreasing
instead of increasing. The simplest such upwind scheme, formulated now for a general situation in two
dimensions, is the following:

V(VE6u)" + (Vioy) i E >0,
\/ (Vi)' + (Vydy)® if F; <0, where (42)
max(D7F ¢;;,0)% 4+ min(DE¢;;,0)% and (V;t@j)Q is defined similarly.

|Deij| =

(Vi dij) ’
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Figure 9: Application of the upwind scheme leads precisely to a shift if the initial profile is monotone.
This is what one expects for the exact solution as well.

For n # 2, the discretisation scheme can, of course, be generalised in the straight-forward way. This
scheme is implemented in [59] and used for the demonstration in It is already used in [67]
and discussed explicitly in Section 6.4 on page 65 of |77]. Let us remark that there exist also upwind
schemes of higher order, such as those described in Section III of [67]. For simplicity, we will, however,
only use the first-order scheme in the following. It is sufficient for our purposes.

shows the numerical behaviour of the upwind scheme in comparison to central dif-
ferences in two situations. For both methods, all parameters (in particular, grid size and time step)
are equal. In the speed is chosen as I = 1. One can clearly see that the upwind scheme
(blue curve) leads precisely to shifts of the initial profile (black) in the proper directions (depending on
whether the profile is increasing or decreasing). The use of central differences (red line), on the other
hand, leads to large, spurious oscillations in the numerics. The same can be seen in Here
F = —1 is chosen, so that the initial square shrinks over time. Again, the result with the upwind scheme
is clearly far superior to the one based on central differences.

It is also important to note that the time step At must be chosen small enough to satisfy the Courant-
Friedrichs-Lewy condition

At<c- i, (43)

Fn

where n is the space dimension and F an upper bound for the speed. For ¢ < 1 this condition ensures
that no propagation over distances longer than a grid spacing A occurs during a single time step At. This
is necessary for the finite-difference approximation to actually have a chance to converge to the exact
solution. The original discussion of this requirement can be found in Section II.2 of [24]. For a modern
reference, see Section 10.7 of [61]. The standard choice for the constant is ¢ = 1, but different values can
be used to fine-tune the time step in special situations.

To conclude this subsection, let us give a basic numerical example: We consider a circle as the
initial domain ¢ and let it evolve according to the speed field FF = 1. This simply leads to the
circle’s radius increasing uniformly in time, so that the exact solution is known. The Hausdorff distance
(see below) between the exact solution and a numerical approximation obtained with the
time-stepping scheme described above is plotted in One can clearly see that the numerical
approximation converges to the exact solution if the time step is made sufficiently small. The minimal
error is achieved when we choose ¢ &= 3. We are not fully sure why this is the case and why the error seems
to increase back to approximately h when c is decreased further. A possible explanation is that this is an
artefact from the numerical approximation of the Hausdorff distance. In particular, this approximation
relies on the signed distance functions of the two sets (see [57]). The distance function of the exact
solution is known precisely, but we have to approximate it for the numerical solution with the scheme
described below in [Subsection 3.5.2] It seems very plausible that this approximation is only accurate up
to, approximately, the grid spacing h and that this leads to the observed “error” in for very
small time steps.
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(a) The level-set function ¢ for a one-dimensional situation.

[ Tinitial Domain
[_IcCentral Diffefences
4r ( T TOpwind Schéme
Py J
ol i
2 -
al \ ) i
| | 1 | |

(b) The evolved domain §2; in two dimensions.

Figure 10: Evolution of the level-set equation in time using the upwind scheme (blue) as well as
central differences (red) with otherwise equal parameters.
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Figure 11: Difference between a circle evolved with time stepping and the exact solution. The z-axis
shows the time step (actually, the choice of ¢ in|(43)). The error in the resulting shape is measured via
the Hausdorff distance in units of h.

3.5.2 The Fast Marching Method

While the time stepping method described in works to compute evolved geometries, we
would like to take advantage of the Hopf-Lax formula shown in instead. In order to do so, the
main difficulty is the computation of the F-induced distance function dy to the initial geometry. This
means that we have to solve the Eikonal equation with boundary values prescribed on I'y. Note
that we will assume F' > 0 throughout the current subsection. Later on in [Subsection 3.5.4] we make
use of to discuss general speed fields. In order to arrive at a numerical approximation, we
have to define again a discretisation scheme for |Vdy(z)|. One can use but it will turn out to be
more convenient to use a slightly different upwind scheme. In particular, let us use

2 1

_ 2 _
max (Da: do(l‘ij), —D;d()(.’lﬁij), 0) + max (Dy do(mij), —D;_do(.%‘ij), 0) = ﬁ
ij

(44)
together with suitable conditions for boundary values as the discrete form of (As before, this
equation for the two-dimensional case can be generalised to an arbitrary number of dimensions in the
straight-forward way.) This scheme is used in [72], where the following convergence result is shown: The
solution of converges for h — 0% to the viscosity solution of the Eikonal boundary-value problem
It is, again, possible to define also higher-order schemes. This is discussed in Section 8.8 of [77],
but we will concentrate exclusively on the first-order scheme below.

The discretisation yields a quadratic equation for each grid point x;;. This equation expresses
do(z;) in terms of the values of dy at neighbouring grid points. The resulting system of equations can
be solved iteratively by updating dy throughout the grid, using the current values for the neighbours.
This method is applied in [72], and it turns out that no more changes are made after a finite number of
iterations. However, one can make another observation: The upwind nature of ensures a specific flow
of information, similarly to the situation in [Subsection 3.5.1] In particular, by construction only those
neighbouring values do(xi+1,;), do(x; j+1) actually appear in whose values are less than do(z;;).
Furthermore, when one uses the larger solution of the quadratic equation, the resulting value of do(x;;)
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will be not less than the neighbouring values used as inputs. Thus, if one chooses the right order of grid
points (increasing in distance to the boundary), a single iteration is enough! This observation is the
basis for the so-called Fast Marching Method introduced by Sethian in [76]. See also Chapter 8 of [77].
The implementation details used in [59] are based on the technical report [5].

Before discussing the Fast Marching Method itself, we want to introduce Dijkstra’s algorithm |32].
This is a fundamental method to find the shortest path from some initial node xg to all other nodes of a
graph. (Actually, the algorithm computes the shortest distances to all the other nodes—corresponding
to the value function in optimal control. The shortest path itself can then be constructed easily in a
follow-up step.) The algorithm works like this:

1. Start with some set A of nodes for which the shortest distances are already known. (Initially, this
is just A = {zo} with distance zero.)

2. Try all edges that connect nodes in A to nodes not in A. Find the node y ¢ A for which the
resulting distance to xg is smallest.

3. Add y to A and repeat until A has grown to a connected component of the graph.

With a little consideration, one can see that this algorithm works if the graph has no edges with negative
weight. The distance calculated for y must, indeed, be the correct smallest possible value. In order to
speed up the algorithm, note that it is not necessary to start with the search for y from scratch at every
iteration: One can keep track of all points connected to A by a single edge as “candidates”. If a binary
heap (see pages 144-149 of [55]) is used to store them according to their resulting distances, it is very
efficient to find y (just use the heap’s top element). Afterwards, when y is added to A, all new nodes
that can be reached from y with a single edge are added into the heap. If some of these nodes are already
there but the path via y is shorter than the previously best one, they can be “bubbled up” in the heap
after decreasing their trial distance. Keeping this strategy in mind, it makes sense to divide all nodes
into three disjoint subsets depending on their current state in the running process:

Alive Nodes for which the shortest distance is already known definitely. This is the set A from above.

Narrow Band Nodes which are already in the heap. These are the candidates for the selection of y.
The name comes from the fact that they are connected to A with a single edge, thus forming a
“narrow band” around the alive set A.

Far Away All other nodes, for which not even a tentative distance is known yet.

But how does all this work in our situation? Unlike shortest paths on a graph, we have no explicitly
defined edges. The actual shortest path (as a continuous curve in space) connecting two arbitrary grid
points will, most of the time, not go along grid lines or through other grid points. However, in some sense
“implicit edges” can be defined: For each point that is a grid neighbour of the alive set, we can use
to compute a trial distance. In other words, the narrow band is composed of all grid neighbours of the
alive set. Whenever a new point y is added to A, we add all of its neighbours in the grid (which are not
yet alive) to the narrow band and recompute their distances from We follow the suggestion made
in [5] and only use distance values of neighbours that are already alive. All other points are assumed to
have a larger distance, such that the corresponding terms in vanish. As before, a binary heap can
be used to keep track of all narrow-band points. An additional requirement on the used data structure
is that we must be able to recalculate the distances of neighbours of a newly-alive grid point. For this
to work out, one needs a way to quickly locate the heap entries corresponding to certain grid points.
Thus, it is necessary to add a pointer to the heap element to each grid point’s data. In the same way,
each heap element must (of course) identify the grid point it corresponds to. Hence, one needs a data
structure with a two-way mapping between heap entries and grid points.

All together, we arrive at a variant of Dijkstra’s algorithm that correctly computes the shortest
distances between grid points; this is the Fast Marching Method. With the suggested binary-heap
technique to keep track of the narrow band, its total run-time complexity is O (N log N), where N is
the total number of grid points. Considering that O (V) is the minimum requirement to even store the
distance for each grid point (let alone compute it), this is clearly a fairly efficient algorithm. See Section 4
of [76] for a proof that the distances calculated in this way actually solve our system of quadratic
equations. Hence, the algorithm really results in a numerical approximation for the viscosity solution of

the Eikonal equation [(37)]
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3.5.3 Initialising the Narrow Band

After introducing the basic idea of the Fast Marching Method above in [Subsection 3.5.2] we have yet to
discuss how the initially alive points are initialised. With them, an initial narrow band can be constructed
by updating all distances for neighbours of those initially alive points with This initialisation
encodes the information about the initial geometry in a form that can be used and propagated by the
algorithm. A possible but very crude “naive” initialisation could just add all grid points inside the initial
domain g as alive with distance zero. This, however, is obviously not a very accurate method. It
is only mentioned here because we will compare it below to the more sophisticated methods that are
implemented in [59]. Let us now discuss these. We assume that all information that we have about the
initial geometry g is its level-set function ¢y on the grid points. With this knowledge, we can locate
grid cells that are intersected by the initial boundary I'y: Whenever ¢y has not the same sign on all
vertices of a grid cell, this cell is intersected by I'g. On such a cell, we approximate ¢¢ in an affine way in
each coordinate direction. In two dimensions, this corresponds to a bilinear model. From this model, we
can compute approximate intersection points between I'g and the grid lines. This allows us to construct
a polygonal approximation of I'y. For instance, in the situation depicted in this yields

=9 409 (45)

¢(c) — ¢(b) ¢(c) — ¢(d)
for the distances z and y to the grid point c. (Note that ¢(c) > 0 > ¢(b), ¢(d) in the shown situation.)
From z and y, in turn, we may estimate do(c): This can be done in a way similar to the distance update
of the Fast Marching Method. Except for pathological situations, it is plausible to assume that the
proper upwind discretisation of |Vdy(c)| involves differences in direction towards T'g. Thus, |[(44)| becomes

(M)Q N <do(c) ydo(d/))2 _ F(lc)2

in this case. Since b’ and d’ are, by definition, on Ty, we know do(b") = do(d’) = 0. Hence, we can solve
this equation for the unknown dy(c), which yields

1 1y 1 - L Ty
do(c)z. <:172 + y2> = F(C)2 = do(c) = F(C) 7\/‘W (46)

Geometrically, this result for dy(c) corresponds to the altitude of the right triangle b'—c—d’. If we assume
that I’y is approximated by a straight line '—d’, this is exactly what we expect. Furthermore, this method
of approximating dy near I'g is straight-forward to apply in arbitrary dimension and fits in nicely with
the Fast Marching Method itself. Thus, it is used as the standard initialisation method in [59].

There are, however, situations when this method does not produce the desired result. For instance,
consider In this case, the standard initialisation method will set b and d to be initially
alive. Let us, for the sake of simplicity in this demonstration, assume that the grid spacing is h = 1
and that the intersections with 'y lie precisely at the midpoints of the grid edges. Furthermore, we
assume F(b) = F(c) = F(d) = 1. In this situation, the standard initialisation method based on
yields do(b) = do(d) = 1/2. The point ¢, which is “diagonally away” from the initial boundary I'g, is not
initialised. Instead, do(c) will be calculated from do(b) and do(d) during the Fast Marching procedure
itself. For our example situation, one can easily see that the final result will be

(do(c) — do(b))? + (do(c) —do(d))> =1 = do(c) = % n \/g

On the other hand, the actual distance of ¢, if we assume again that T'g is approximated by the straight
line b'—d’, is different: Using basic geometry, one finds that this distance is 3/ V/8. This effect is also
observed in Section 4 of [5]. There, it is attributed to the fact that the Fast Marching Method as
formulated by us does not account for curvature in the front. This can be overcome by using a higher-
order discretisation instead of However, we suggest the following alternative initialisation method
instead: Construct the boundary polygon and use it to initialise the distances for vertices of boundary
grid cells. Each such point is set to be initially alive, with dy given by the Euclidean distance to the
boundary polygon weighted by the local value of the speed field. This distance can be computed exactly
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(a) Initialisation of do(c) via|(44) (b) The case of a “diagonally away” point.

Figure 12: Initialisation of the narrow-band values for a single grid cell. Full dots are grid points inside
of Qg, non-filled dots are outside of the initial domain.

by looking at the edges of the boundary polygon in (at most) all four grid cells adjacent to the vertex
in question. In our situation of [Figure 12b] do(b), do(d) and do(c) will be initialised from the edge b'~d'.
For two space dimensions, this method is implemented in [59] and can optionally be used instead of the
standard initialisation procedure.

We will now compare both methods (as well as the “naive” method described in the beginning of this
subsection) to each other. For this, we chose a coarse grid so that introduced artefacts are larger. On this
grid, we performed various shape evolutions utilising the different initialisation schemes. The results are
shown in [Figure 13 and [Figure 14t The simplest situation is There, the smaller black circle is
propagated to grow to the larger one. Both the standard initialisation (blue) and the initialisation using
the boundary polygon (green) perform very well, despite the coarse grid. Only the naive initialisation
is clearly not as good, which does not come as a big surprise. For the black circle was
repeatedly shrunk and grown again by h/10. To achieve this effect, we solved the Eikonal equation
for alternating positive and negative speed fields. Since these evolutions cancel out exactly, the expected
final result is the initial black curve itself. Note that movements of the boundary by less than a grid
spacing are, of course, already a quite difficult situation for the numerical approximation. Despite this
fact, both methods performed relatively well. The standard initialisation lies closer to the exact result
than the initialisation from the boundary polygon, but the green curve leads to less distortions of the
geometry itself. Depending on the problem, this may be a desirable property. Due to the limitations
described below, this test makes no sense for the naive initialisation method. finally, shows
the same growth as but now performed as a series of 10 or 100 smaller steps. Here again,
each small step moves the boundary by (much) less than a grid spacing, after which the narrow band
is reinitialised for the new initial shape. Note that the naive initialisation is not able to capture any
movements smaller than a grid cell at all and repeatedly cancels out all growth during the previous
step, so that the only growth visible in the end is the one during the very last step alone. This explains
why the red curve shows no meaningful growth with respect to the initial geometry at all. Both other
methods work quite well. leads to a similar conclusion as Initialisation from the
boundary polygon gives a more faithful representation of the geometry, while the standard initialisation
yields a result that is closer to the exact solution. Note, though, that the latter effect is not universal.
For [Figure 14a] for instance, the green curve is clearly a better approximation in all aspects than the blue
one. All in all, we can conclude that both proposed initialisation methods have their merits and work
quite well. Depending on the actual situation, one or the other may be more suitable. For the shape-
optimisation problems solved later, the initialisation based on the boundary polygon usually performed
better in our numerical experiments. For these problems, it is seemingly beneficial to avoid artificial
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distortions as much as possible.

Sethian proposes an entirely different initialisation scheme in [77]: One can start from some initial
level-set function ¢g of 2y and perform time stepping on it as described in [Subsection 3.5.1] Then, for
points near to the initial boundary, dy can be initialised by the time at which the evolving front arrives.
Ideally, this only requires time stepping to be performed for a very short time interval. Afterwards, the
Fast Marching Method can be used to calculate the distances of points further away from I'y. We did
not implement this, though, since it seems overly complicated. Furthermore, especially for a situation
where the magnitude of F' varies greatly, one may be forced to perform a large number of time steps.
This, somehow, negates the entire purpose of Fast Marching. A further justification of our decision is the
following thought: Consider again the situation of for the initialisation of dy(c). As before, it
is plausible to assume that the upwind discretisation of |Vdy(c)| consists of the finite differences towards
T'y. In this situation, the time step with the upwind discretisation is given by

o (e) = ¢*(c) — At - F(c) - \/<¢k(0) ; <15’“(b)>2 . <¢k(c) ; ¢k(d)>2-

If we express this again by x and y of and require that ¢**1(c) = 0, we can calculate the arrival
time of the moving front at c:

1
do(c) = At = —— Y

F(c) /22 4 42
This result, however, is precisely what one gets also from the standard initialisation We would
like to stress, though, that this is not a conclusive proof that Sethian’s method is precisely the same
as the one we propose. (Which is, depending also on the implementation details, not true in general.)
But it gives a good indication that both methods are related. Given that both time stepping and the
initialisation from the Fast Marching update equation rely on a similar upwind discretisation, this
is not surprising.

3.5.4 Composite Fast Marching

Having discussed the Fast Marching Method now in detail, we know how the Eikonal equation for dy
can be solved numerically for the case F' > 0. This, finally, allows us to numerically construct evolved
domains €2; by putting all pieces of the puzzle together: Let ¢g be given as a level-set function of the initial
geometry 0y and F': R™ — R as a speed field with arbitrary signs. In order to handle positive as well as
negative speeds, we use (based on to combine results in QT = F~1((0,00)) with
results in 2~ = F~! ((—o0,0)). This leads us to a Composite Fast Marching method. In particular, we
employ Fast Marching twice: Once in Q1 and once in 27, where —F is used as a second (again positive)
speed field. In this way, we are able to construct D as defined in numerically on QT UQ~. Whenever
a connected component of Q1 or O~ does not contain parts of I'g, it may happen that Fast Marching
is not able to calculate distances to all points in this connected component. If this is the case, it means
that no admissible paths exist to those points. We set D to oo there. This method is implemented
in 1s_solve_stationary of [59]. Let us also refer to [19], which presents a further generalisation of the
Fast Marching Method to speed fields with arbitrary signs that may even depend on time. We will,
nevertheless, stick to our method of handling sign changes in the speed field based on Since
we are not interested in time-dependent speeds, this seems more natural and easier to implement. It is,
furthermore, useful for theoretical conclusions in [Chapter 4] as well, not just for numerical computations.

With D computed, it is straight-forward to give a level-set function ¢(-,t) for the evolved shape €
at any time t > 0: Following we may choose

D(z)—t if F(x) >0,
¢(z,t) = ¢o(x) if F(x) =0, (47)
D(zx)+t if F(z) <O.

This is the level-set function returned by 1s_extract_solution of [59]. Note that ¢ defined in this way
may contain infinite values if D is computed as described above. Since only the sign of ¢ is relevant
from the geometrical perspective of encoding €2, this is fine. Also our code in [59] is designed to handle
infinite values in level-set functions well. If one does not want to do that, however, it is straight-forward
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Figure 13: Demonstration how the shape evolution depends on the method used to initialise the narrow
band. The black curve shows the exact initial and expected final shapes. Red is the numerical result using
the “naive” initialisation and blue for the generic initialisation method based on the update equation
The green line shows the result if the boundary polygon is used to initialise the narrow band.
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Figure 14: Continuation of We show the evolution of but now the propagation is

done in a series of small steps. Note that each small step moves the boundary by less than a grid spacing
(especially in the bottom).
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Figure 15: Evolution of a circle (blue) in a speed field with sign changes. The speed field is indicated by
the colour map in the background. The black lines show the evolved shapes €); for various times ¢ > 0.
Note the splitting of components at the last shown time. See also

to adapt our method in such a way that values of ¢ are always finite. Let us now also point out a very
nice property of this method for evolving €2y in time: The most expensive part of the calculation is the
construction of D. (But also that is quite efficient with Fast Marching, as discussed in [Subsection 3.5.2])
This computation does not depend on ¢. The explicit time is only required in the final step, when
we apply This last step, though, requires nothing more than a simple evaluation of and is
thus very cheap. Consequently, our method is especially efficient if {2; must be computed at multiple
times t for a single speed field F'. This is, for instance, the case when performing line searches during a
shape-optimisation procedure such as the one discussed below in

Let us now, finally, present computational results for several speed fields and geometries: [Figure 2|
[Figure 8a} [Figure 15| and |Figure 16| all show geometrical evolutions calculated with our implementation
of Composite Fast Marching in [59]. These examples show very well that the method is robust and
flexible, so that it can handle various situations including sign changes in F'. Even discontinuities of the
speed field pose no numerical problems in these examples. We have to point out, though, that we have
no theoretical justification for using speed fields that are not Lipschitz continuous.

55



(a) Refraction from thinner to denser medium.

0.8

0.6

(b) Diffraction around an obstacle.

Figure 16: Continuation of |[Figure 15| Movement of a front (shown in blue at the initial position) through
a medium with varying speed of propagation.
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4 Conclusions from the Hopf-Lax Formula

Let us now discuss some important conclusions from and applications of the Hopf-Lax representation
formula shown above in [Theorem 7| and [Corollary 5| Equipped with this powerful tool, we are now able
to derive new results about non-fattening, shape-sensitivity analysis, Lipschitz continuity of the evolved
level-set function ¢ and the effect of perturbations in the speed field or initial domain. These results are
published in [56] and will also be presented below. Particularly the shape calculus of is very
important for level-set based shape optimisation. In addition to the results also given in [56], we include
considerations about the Hausdorff distance between evolved surfaces and the reachability of shapes with
our speed method at the end of this chapter. They are also of particular interest for shape optimisation.

4.1 Measure-Theoretic Non-Fattening

When the level-set approach is used to describe geometries, the set I'; as given in is usually
thought of as the “boundary” of the geometry one is interested in. With this interpretation, one definitely
does not want I'; to become “fat” in any way (for instance, developing interior points or having non-
zero measure). A classical result showing non-fattening in the former, topological sense under certain
conditions is presented in [8]. We are not aware of any results with respect to the latter, measure-
theoretic notion of non-fattening. Based on the representation of the evolving sets derived in
the issue of non-fattening can now be investigated with relative ease.

Lemma 34. Let QF = F~1((0,00)) as before, C C QF be a connected component and assume that dy
is finite on C. Then dy is locally Lipschitz continuous on C and, in particular, differentiable almost
everywhere in C. The same holds for dj.

Proof. We can assume F' > 0 throughout R" without loss of generality, as we only consider QT anyway.
We also restrict ourselves to dy here; the same arguments can be applied for df, as well. Note that if local
Lipschitz continuity is shown, differentiability almost everywhere follows by Rademacher’s theorem (see
Theorem 2 on page 81 of [37]).

Let X C C be compact and convex. Since F' is continuous, we can introduce F > 0 as the minimum
of F over X. We will show now that dy has the Lipschitz constant L = 1/F on X. For this, let z,y € X
be given. We can choose zo € T'o U Qg with do(z) = d (z,70) by [Lemma 33} Note also that dy(z) < oo
according to our assumption, and that d(z,y) < L |z —y| as shown in |[Lemma 23, Thus, the triangle
inequality implies

do(y) < d(y,w0) < d(y,z) +d(z,20) < do(z) + Lz —y|.

If we exchange the roles of x and y, the same argument can be applied to derive an estimate the other
way round. Taking both inequalities together, we get |do(x) — do(y)| < L |x — y|. O

As a next step, recall the Eikonal equation with boundary values on I'g U €y. Without any
mathematical analysis, we have used it to motivate the distance dg from Now, we will see
that do actually solves the equation in a certain sense. This turns out to be a useful tool for the proof of
our non-fattening result Of course, corresponding properties always also hold for df, when
the boundary values are prescribed on € instead of I'g U Q.

Lemma 35. The function dy is a viscosity supersolution of|(37)

Proof. Recall that
do = inf dy

yeloUQo

is defined as pointwise infimum of a family of functions d,(-) = d(-,y). Each dy is a viscosity solution
of according to Thus their infimum is also at least a viscosity supersolution of the
equation. (See, for instance, Lemma 2.4.5 on page 101 of |[41] for this well-known property of viscosity
solutions. Compare also above, which was shown for the parabolic case.) Since do(z) > 0
is fulfilled for all x € R™, it holds, in particular, for z € I'g U €y. This shows that also the boundary
condition is satisfied. O

Lemma 36. The function dy solves almost everywhere. In particular, F(z)|Vdo(z)| = 1 for all
x € QF\ (ToUQ) at which dy is differentiable.

57



Proof. Fix z € Q1 \ (Tg U Q) such that do(x) < co and Vdy(z) exists. Note that F(z)|Vdy(z)| > 1
according to and thus also, in particular, Vdy(z) # 0. We have to show F(z)|Vdy(z)| < 1.
Define py = Vdo(z)/|Vdy(z)| and note that |Vdy(z)| = Vdo(x) - pp, which is the directional derivative
of dy in direction py. For € > 0, consider B, (z). If € is small enough, this is a compact and convex
subset of Q1. so that yields that dy is Lipschitz continuous on B (z). The Lipschitz constant
is L =1/F,, where F, = min F(y). By continuity of F, L. — 1/F(x) as e — 0. Hence

yEBe(x)
. do(x +epo) —do(x) _ . |do(x +epo) —do(x)| _ . 1
d, =Vd “po =1 <1 < lim L= ——,
IVo(@)] = Véo(z) -po = lim, c < : S
which completes the proof. O

will be strengthened below in where we are also able to provide directional
information about Vdj along optimal paths. The advantage of however, is that its statement
is true whenever Vd exists. The later result only applies along the path, which is of no help for our
analysis of non-fattening as the image of the path has measure zero.

We now need a general lemma about the measure of level sets of Lipschitz continuous functions:

Lemma 37. Let Q C R™ and f: Q — R be Lipschitz continuous. Then
vol (f~1 ({0})) = vol ({z € Q| f(z) =0 and f is differentiable at x and V f(z) = 0}), (48)
where vol (+) denotes the n-dimensional Lebesgue measure of the preimage sets.

Proof. This follows immediately from Lemma 7.7 on page 152 of [42]. O

shows that if a level set of some Lipschitz continuous function “fattens” in measure, then
there must also exist a set of positive measure on which its gradient exists and vanishes. This can not
happen for our case of dy, since we know that it solves almost everywhere. This is the central
argument in the proof of our main non-fattening result:

Theorem 8. Let vol (I'y) = 0. Then vol (T'y) =0 for all t > 0.

Proof. Note first that vol (I'g) = 0 implies, in particular, Qy = T'o U Qq. If this were not the case, then
I'y would have interior points and thus non-zero measure. We now apply to express I'; and
calculate its measure. Note that the part I'y NQ* = I'g N Q% can be ignored, since it has zero measure by
assumption. Thus, consider I'y N QT = D~! ({t}) first. Since D = dy in O, [Lemma 34| and [Lemma 36]
apply. These results together imply that VD(x) # 0 for almost all z € T'; N Q™. Consequently, it follows
from that vol (I N Q1) = 0. The same argument can also be used for vol (I'y N 27), so that
we have finally shown vol (T';) = 0. O

We conclude this section by using our representation formula to show non-fattening also in a topo-
logical sense. This result is similar to the classical result of [8]. Note, however, that our result concerns
the sets for each instant in time separately, while the result of [§] considers the topological properties of
the evolving sets in space-time. The property that we show is strictly stronger, although [8] considers a
more general situation.

Theorem 9. Let F > 0 and assume that Qg =Ty UQq. Then Q =T, UQ, for all t > 0.

Proof. Note that Q, C I'; U, follows immediately from |Definition 1|because ¢ is continuous. Hence, we
only have to show I'; UQ; C ;. Let us use[Theorem 7|to express the evolving sets. The case F(z) = 0 is
easy: If x € T UQy, then 2 € Ty U Qg since these sets are stationary in time on Q%. Hence z € Qy C Q;
by assumption. (Recall that F' > 0 implies monotonic growth of the domains according to )

For the remaining case, let = € (I';y U£;) N QF. Since nothing is to be shown if x € Q;, assume
that x € Ty. Thus do(x) = ¢ by [Theorem 7l [Lemma 33| implies that there exists xg € T'g U Qg with
do(x) = d (zg,7) = t. Assume that x ¢ €);, which means that there exists § > 0 with Bs () € Q7 \ Q.
In other words, do(y) > t for all y € Bs(x). Note that this also implies d (z,y) > t for all those y,
since do(y) < d(x0,y). Consider now the closed set X = R"™ \ B;s (x), for which we know 2y € X and
d(zo,y) > ¢t for all y € 0X = dBs (z). Thus implies d (x,x) > ¢, which is a contradiction.
Hence we have shown = € Q. O
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For the case of F' <0, a similar statement can be shown by applying and taking comple-
ments of all involved sets:
(Fo @] QQ)O =Qy = (Ft U Qt)o =

It is, however, not possible to get both results at the same time, and also not to get one of them for
changing sign of F. This is demonstrated by the following example:

Example 7. Let ¢g(x) = |z| — 1, such that Qo = By (0) and I'g = 9. Choose F' < 0 with compact
support and Lipschitz continuous such that F'(z) = —1 for all + € B;4.(0) with some ¢ > 0. Then
0 = B1_+(0) is a shrinking circle that disappears for ¢t > 1 entirely. This implies that we have, for t = 1,

Similarly, if we choose Q¢ to be B (0) \ By (0) and F > 0 with supp (F) C B2 (0) and F(z) = 1

for all x € Biy.(0), then @ = B2(0) \ Bi—+(0) and the hole disappears at ¢ = 1. In this case,
(T1UQ1)° = B2 (0) # Q1 = B2 (0) \ {0}.

4.2 Shape Sensitivity of Domain Functionals

If one considers a functional depending on the evolving sets, one is often also interested in its derivative
with respect to time in the shape propagation. This leads to shape derivatives, which form the foun-
dation for level-set based schemes for shape optimisation as investigated in this work. In the applied
literature such as [34], [75] and [80], the shape-sensitivity formulas are not always rigorously justified or
rely on smoothness assumptions on the domain which may not be fulfilled in practice. Based on our
representation formula of we are able to rigorously derive such a shape derivative for an
important class of domain functionals. This result can be applied to the mentioned and other problems.
We will do so later in [Chapter 6] and [Chapter 8 Note specifically that our shape calculus requires no
reqularity assumptions on the domain €2 besides being an open set and having a boundary with measure
zero. We are not aware of any other result that has this feature. Recall also that we use a scalar speed
field, which defines the direction of movement via the normal direction of the domain itself. Classical
shape-sensitivity analysis as discussed, for instance, in Chapter 9 of [30] usually requires a vector-valued
velocity field which is completely independent of the geometry. This is a much stronger assumption
than ours: Consider, for instance, the simple case F' = 1 and some initial )y that has a corner (e. g.,
a square). Our approach is perfectly able to handle this situation, since the scalar speed field is obvi-
ously completely smooth in this situation. A corresponding velocity field describing the same outward
movement, however, must necessarily be discontinuous at the corner due to the discontinuous normal
direction there. Thus, standard shape calculus is not applicable for such a propagating geometry.

In this section, we will always assume that vol (T'y) = 0 holds for all times as per For
f € LL (R™), we define the domain functional

loc

ity = [ fda.
Q¢

With the help of the co-area formula (Theorem 2 on page 117 of [37]) and [Corollary 5| the functional
J(t) can be expressed in terms of the composite distance D defined in |(40)

Theorem 10. If[Corollary § holds for Q, then

t t
3(t) = 4(0) +/ / Ffdods +/ / Ffdods (49)
0 Jatrnp-1({s}) 0o Ja-nD-1({=s})

for all t > 0. Based on this expression can also be written more compactly as

i) :j(0)+/_;/D1({ | Fldods

Proof. For t = 0, the claim is clear. So assume t > 0 fixed now. We use the decomposition of {2, that is
given in as well as the representation

j(t):j(O)+/Q\Q fd:c—/Q\Q fda. (50)
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Note further that
2\ Q=" ND71((0,1))

is the part of {2; that an outward-moving boundary has created over time, while
Q\ % =9 ND 1 ((~t,0))

is the subset that an inward-moving boundary has removed from 2.

Consider the first of these sets now and recall that D is locally Lipschitz continuous on Q+*ND~1 ((0,))
according to [Lemma 34} Furthermore, |VD(x)| = 1/F(z) holds for almost all z € Q* N D~1((0,t))
because of [Lemma 36| Let (Ay),cy be a sequence of compact subsets of Qt N D~ ((0,t)) converging in
measure to QT N D~ ((0,t)) as k — oco. Such a sequence exists by regularity of the Lebesgue measure
(Theorem 2.20 on page 50 of [74]). Since these sets are compact, D is Lipschitz continuous when restricted
to each Ag. We define xx to be the characteristic function of Ay, x that of QF N D=1 ((0,¢)) and set

gr = X1 Ff. Then g, € L'(R") for each k € N since F has compact support. Also, x — x as k — oo in
LY(R™). Hence the co-area formula yields

t
/ fdx:/ |VD|gkdx:// Xkadads:// Ffdods.
Ay, R R JD-1({s}) 0 JAynD-1({s})

Using Lebesgue’s dominated convergence theorem, we can pass the limit & — oo to obtain

t
/ fdx:/ / Ffdods.
Q+ND=1((0,t)) 0 JotnD-1({s})

For the set Q= N D~1 ((—t,0)), basically the same argument can be applied when we take the correct
signs into account. As above, we proceed assuming that D is Lipschitz continuous by using suitable
compact cut-off sets and the dominated convergence theorem. Here, x is the characteristic function of
Q~ND~1((~t,0)) and we define g = x |F| f = —xFf. Then |VD(x)| =1/ |F(x)| = —1/F(z) for almost
all z € Q= N D~ ((—t,0)), since —D is the solution for speed |F| = —F in this part of the domain
according to Hence, again using the co-area formula, we get:

/ fdxz/ |VD|gdx:// X |F| fdods
Q-ND—1((—t,0)) R RJD=1({s})

0 t
:_/ / Ffdads:—/ / Ff dods
—tJo-nD-1({s}) 0 JQ~ND-1({-s})

Using this now in gives the correct term of O

As an immediate corollary of [Theorem 10] the shape derivative of j can be calculated in direction of
a particular deformation described by a speed field F'. This quantity is often called Fulerian derivative
in the literature (see Section 2.11 of [78]).

Corollary 6. The functional j is differentiable for almost all t > 0 and the derivative is given by

J'(t) :/ Ffdo+/ Ffdo. (51)
QtND—1({¢t}) Q-ND-1({-t})

Proof. This follows by using the Lebesgue differentiation theorem (Theorem 13.15 on page 278 of [85])
on j in the form of where the dependence on ¢ is only in the upper bound of the one-dimensional
outer integral. The co-area formula guarantees that the integrand is really a function of L'(R) as is
required for the differentiation theorem. O

Note that the argument employed by the proof of unfortunately only implies differentia-
bility for almost all times and not full differentiability at every t. For this, one would have to show in
addition that the derivative given in [] can be continuously extended to all ¢ > 0. This question will
be discussed (and partially resolved) in [Chapter 5| below. See also [Lemma 63} For shape optimisation
based on a gradient-descent scheme as investigated in [Chapter 6} particularly j'(0) would be interesting.
It is not clear by alone, though, that this derivative exists. Hence, our subsequent analysis
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will be based on instead of so that we can formulate results that hold without

an “almost all” qualification. These results state absolute continuity of the shape functionals. This, in
turn, allows to deduce the existence of a weak almost-everywhere derivative in the same way as done in

the proof of

For the remainder of this section, we assume for simplicity that F' > 0 is non-negative. It is straight-
forward to apply the full statement of in order to generalise the results to arbitrary signs of
F. For a fixed speed field F, let ; and T'; describe the evolved domain as per We consider
now a more general shape functional

T =T = | f(e,00)dr. (52)

The integrand f(-,2) is assumed to be integrable for any fixed domain 2. Furthermore, let us, for now,
assume that it has a weak shape derivative f’ in the sense that

t
Fa.90) = f(a.90) + [ £/w.0.)ds (5)
0
holds for all z € R™ and ¢ > 0. The function f’(-,Q) must also be integrable for all fixed domains 2.
Under these assumptions, we can derive a total shape differential:
Corollary 7. Let J and f be as above. Then J is absolutely continuous, i. e.,

J(t) = J(0) +/Ot J'(s)ds = J(0)+/Ot </F Ff(a:,Qs)daJr/Qs f’(x,Qs)dx> ds. (54)

s

Proof. By integrating over ;, we find

J(Q) = o f(:C,Qo)dx—l—/Qt/Olf’(aﬂs)dsdx.

Applying [Theorem 10| to the first term (where € is now fixed) and Fubini’s theorem to the second, this
further yields

¢ t
J(Qt):J(QO)+/O /F Ff(CU,Qo)d(TalS-&-/O A I (2,9Q) dz ds.

Note that this result already looks almost like the claimed |[(54)l However, it has € instead of Q5 in the
middle term and £2; instead of {25 in the last one. Consequently, it remains to show that

/ot/psF(f(x’Q”‘f(x’QO” dads:/;( [y o [ Fa2)de) ds.

With the corresponding shape derivatives for the differences, we can turn this equation into

/Ot/F F/OSf’(z,QT)deads=/Ot/:/F Ff'(x,9Q,)do dr ds. (55)

Using Fubini’s theorem again on the left-hand side and renaming s and 7 on the right-hand side, this is

further equal to
t s topt
///Ff’(x,QT)dodes:///Ff’(x,QT)dadsdT.
0 0 s 0 T Ty

Since both sides of this equation only express different ways to integrate over the same right triangle in
the (s, 7)-plane, this shows that [(55)| and thus the claim are true. O

Our result matches the classical formulas for shape derivatives. Compare it, for instance, to
(2.168) on page 113 of |7§]. Note, however, that we were able to obtain it without employing domain
transformations and without requiring regularity of the domain! To conclude this section, let us now
investigate under which conditions holds for a special class of shape-dependent integrands. For this,
we first need a general-purpose chain rule for absolutely continuous functions:

61



Lemma 38. Let f: R¥ — R be continuously differentiable and g, ..., gr: R — R be absolutely continu-
ous. We consider

h: R =R, h(t) = f(g1(2), .., gx())-

Then h is also absolutely continuous and

k
h'(t) = Zaif(gl(t),~~~,gk(t)) - (1) (56)

Proof. This follows from part (ii) of Theorem 4 on page 129 of [37]. O

In applications such as the one discussed in it is common that the shape dependence of
the integrand f is due to some number of shape-dependent quantities. For instance, the integrand may
depend on the volume vol (2) of the current domain or other, related values. For these integrands, we
can use the results above to derive their shape derivatives as well. In particular, we are interested in
integrands of the form

f(2,9) = f(2,Q1(RQ), ..., Qr(2)). (57)
If the @’s have shape derivatives themselves, can be used together with In this

situation, J is again absolutely continuous with respect to ¢ and we get

t k
J@):Jm)+%;(A:Ffmr+§:A;aJ-Qﬁm>d& (58)

Thus, if all the @’s are domain functionals of the form [(52)] [(57)| themselves, we can recursively apply
(58)| to find shape derivatives. As long as there are no circular dependencies among the various shape-
dependent quantities (i. e., the dependency graph is a tree), this process will work fine.

4.3 Lipschitz Continuity with Optimal Constants

It is a well-known fact that viscosity solutions of an initial-value problem (like the level-set equation
often preserve Lipschitz continuity of the initial function ¢g. Usually, this property is deduced from the
comparison principle. See, for instance, Theorem 3.5.1 on page 139 of [41] or the related result in [50]
for bounded domains. Following a slightly different route, we can also use our representation formula
to show Lipschitz continuity of ¢ both in time (see and spatially (in .
Based on the construction given in we can even demonstrate that our results are sharp. Let
us specifically emphasise that the results of this section are only based on the explicit representation
formula for ¢ and do not rely on the fact that ¢ is a viscosity solution of the level-set equation.
This closes the gap we left open so far in where we did not yet show continuity of the value
function V = ¢.

Before we can show Lipschitz continuity of ¢ in time, we have to consider how admissible points in
the minimum of change if the upper bound ¢ is modified.

Lemma 39. Let F(z) > 0 for some = € R". Assume that |F| < F, a' € R" and s,t > 0 with
d(z,zt) <t. Then there exists 2° € R™ with d (x,2%) < s and |z* — 2| < F |t — s|.

Proof. Consider first the trivial case s = 0: We can pick z® = z and know by that
|2° —af| = |z —af| < F-d(2,2") <Ft=F|t—0].

Thus, assume now s > 0. Similarly, also the case s > d (z,2!) is trivial, as one can choose z* = x?.
Consequently, we assume further s < d (z,z*) < ¢ from now on. Choose a minimising path £ € X.q (z, 2°)
with 1(¢) = d(z,2"). Since € and d are continuous, we know that 7 — d (x,£(7)) is continuous as well
and ranges from zero at 7 = 0 to d (x,z!) > s at 7 = 1. Thus, the intermediate-value theorem implies
the existence of 7o € (0,1) and z° = £(7p) with d (z,2°) = 5. Denote by € the part of £ between z* and

x!, i. e., for times in [1p, 1]. Then we get

d(a,2*) +1E) =s+1E) <) <t
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since d (z,z*) is the shortest distance between x and z*, while the initial part of £ is just a particular
path. Hence we get also

which further implies that .
|2° —a'| <F-U(§) < F|t—s|.

Theorem 11. Let |F| < F on R™. Then
|¢($,8) - ¢(x7t)‘ < L¢'0F' |t - 5|
for all x € R™ and s,t > 0.

Proof. Let © € R™ and s,t > 0. If F(z) = 0, then ¢(z,t) = ¢(x,s) = ¢o(z), thus this case is trivial.
If F(z) < 0, we can use to reduce the situation to the case of Fi(x) > 0. Thus, assume
F(x) > 0 without loss of generality now. Pick z' as minimiser of such that ¢(z,t) = ¢o (z') and

d(x,z') < t. Using we can define z° corresponding to s. Then, using again and the
Lipschitz continuity of ¢g, we get

$(w,8) < go (¢°) < o (¢') + L, |2° — &' < d(a,t) + Ly, F - |5 — 1.
Using a symmetric argument with s and ¢ exchanged completes the proof. O

Next, we can show spatial Lipschitz continuity in terms of the distance d. This is a consequence of
((33)| and Lipschitz continuity in time. Note that d is itself Lipschitz continuous where F' is bounded

away from zero (recall [Lemma 23|). Consequently, [Theorem 12| below actually gives a Lipschitz constant

that is uniform for all times in these cases. However, where F' may become zero or change its sign, this
result makes no statement and the subsequent must be applied instead.

Theorem 12. Let z,y € R", t >0 and |F| < F. Denote by L = Ly, F the temporal Lipschitz constant
of ¢ according to[Theorem 11 Then

|6(,t) = ¢y, 1) < L-d(z,y).

Proof. The claim is trivial if x = y, so assume x # y. Moreover, if F(z) = 0, F(y) = 0 or they have
different signs, then d (z,y) = oo and nothing is to be shown. The case F(x), F(y) < 0 can be reduced
to F(x), F(y) > 0 with the help of [Lemma 14} so assume F'(z), F(y) > 0 from now on. For the trivial
case of t =0, we get

|6(2,0) = ¢(y,0)| = |¢o(2) — Go(y)| < Ly |z — yl < Lo, F - d(,y),

where the last estimate is due to [Lemma 201
Consider now ¢t > 0 and note that ¢ is given by If we choose z! and y* as minimisers for ¢(z,t)
and ¢(y, t), respectively, we get

¢z, t) = ¢o (z), 6(y,t) = ¢o (y') and max (d(z,2"), d(y,y')) <t.
Define s = d (z,y") and note that our assumption of Lipschitz continuity of ¢ in time gives
¢('/Eat) - L |t - S| < (b(l',S) < (bo (yt) = ¢(y7t)7
so that further
Consider first the case d (z,y') > t. Then
‘t— d(x7yt)| =d(z,y") -t <d(z,y)+d(y,y") —t < d(z,y),
which gives

(b(x’t) < ¢(y7t) +L- d(l‘,y)
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In the second case of d (z,y") < t, we get

o(x,t) < ¢o (v') = oy, 1) < d(y,t) + L-d(x,y)

since y! is admissible also for x in If we repeat this argument now with x and y exchanged, the
claimed Lipschitz continuity follows. O

Let us continue with the final goal of deriving a spatial Lipschitz constant with respect to the usual
Euclidean distance |z — y|. As a first step towards this result, we can show it in the case that F'(z) =0
holds at least for one of the two points involved. This is a very important piece of information, as it
complements the earlier result in which handles the situation within the support of F.

Lemma 40. Let z,y € R", t > 0 and assume that F(x) = 0. If y* € R"™ realises the minimum in
for ¢(y,t), then
|y —y| < (" = 1) |z —y]
and, furthermore,
|6(2,) = Gy, 1) < Lgpe™ " -z —y.

Proof. If F(y) = 0, then y* = y is the minimiser of which makes the first estimate trivial. The
same is true if ¢ = 0. For F(y) < 0, we can use to convert the situation to the remaining case
of F(y) > 0 as before. Note that F'(y) < F(x) + Lp |z —y| = Lp |x — y|. Combining this with the first
estimate of yields

|y7yt| < %ﬁ)(eLthl) < (eLFtil) Iz —y|.

For the second part, we use this result in combination with |(33)[to get

lp(z,t) — ¢y, 1) = |do(z) — do (¥')| < Ly, (lz —yl + |y — ¥'])
< Ly, (Jo =yl + ("7 = 1) [z —y[) = Ly,e"™" - |z —y|.

O

Lemma 41. Let z,y € QT and t > 0. Assume that ¢(y,t) = ¢o (y*) with d (y,y?) < t. Then there exists
' € R™ with d(x,2') <t and |2’ — y'| < eLrt|z —y|.

Proof. If d (x,y*) < t, we can choose 2’ = y'. Also, if F(y) < Lg |z —y|, we can use 2’ = x. In this
situation, the first estimate in gives

F(y)

L—(eLFt—l)§|x—y\-(1+eLFt—1):eLFt|m—y|.
P

|2 = | < |z —yl+ |y -y | < o —y| +
Thus consider now the case d (z,y") > ¢t and F(y) > Lr |z —y|. Let s = [(S,,) denote the path length
of the straight line Sg, from z to y. The third estimate in implies

|z —y| >

)

F(y) —sLp
ﬁ(l—e br)

which is equivalent to

Lp |z —y|
F(y)

Apply to choose &, € Xaa (y,y") with I(§,) = d(y,y") < t. We will construct z’ on the

path ¢ that is formed by first following S,, from 2 to y and then moving along &, from y to y*. Note
that S, is entirely inside of QF since F(y) > L |z — y| and

(1—e5tr) < (59)

F(Say(r)) =Flx+7(y—2) = F(y) — Lp(l —7) |z —y[ >0
for arbitrary 7 € [0, 1]. The path & can be expressed explicitly as

B Szy(27)  for 7 €(0,1/2],
£(r) = { &(2r—1) forTe[1/2,1].
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s—1
e + +
S s t—s <s
(a) The case t < s. (b) The case t > s.

Figure 17: Sketches for the situations in the proof of Indicated is always the path length

according to [ in

Denote for a moment the length of £ restricted to [0,7] by A(7) and note that X is continuous. Since
A1) =1(¢) > d(x,y") >t and A(0) = 0 < ¢, we can find 79 € (0,1) with A\(79) = ¢t. Choose 2’ = £(19),
so that d (z,2') < (7o) = t. It remains to show |2’/ — y*| < elF! |z — y|. For this, we have to consider
two cases depending on which segment of £ the point 2’ comes to lie on. The path £ is sketched for both
situations in

If 79 < 1/2, then o’ is still part of the straight initial piece of £ as shown in This means
that ¢t < s = (S;y) as well as |z —y| = |x — 2’| + |2’ — y|. Equality holds here because z, 2’ and y are
collinear. Since the path length from &’ to y on S, is the remaining s — ¢ and thus also, in particular,

d(z',y) < s —t, we can again employ to find

o — gl < %ﬂ;’) (eLFd(m',y) _ 1) < F@) <6<H>LF B 1>.

Together with Lipschitz continuity, this yields
F(y) < F(a') + L |¢' —y < F(a') (1407050 — 1) = P(a/)el=0Er (60)
and, consequently, F(z') > F(y)e!*=*)Er  Furthermore, since
F(a') 2 F(y) = Lr |2' —y| > Lr(lz —y| — |2’ —y|) = Lr 2" — =,
the third estimate of [Cemma 21]is applicable again and gives

F(x') —tL F(y) t—s)L —sL FY) et —sL
|x/—$|2?(1—6 F)Z?(e( )F_e F>:TF(€F_1)€ .
All together, we have
2 =y <l —yl+ |y =o' | =z —yl+ |y — | — |z — 2|

<lo—yl+ S errt 1) = DO (et g ot

Lp
r
=lz—y|+ 755) (eLFt — 1) (1 - efSLF)
F(y) /et Lp |z -y Lpt
<lz—yl+ === (""" = 1) ———= ="z -y,
|z =yl LF( ) ) lz =y

which finishes the proof for this case. The last estimate is due to |(59)
Now consider 75 > 1/2, which means that ¢ > s and that 2’ lies on &, between y and y'. Take a look
at [Figure 17b| Consequently, if we consider the piece of £, between y and z’ (for times in [1/2, 7)), its
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path length is ¢ — s > 0. Since y* = &,(1) and [(§,) < ¢, we know that the length of the remaining piece
of &, between 2’ and y' is at most s. Thus

F(l’/) Lrs F(l‘/) sL —sL
2" — '] §?(6 " *1):TF€ T(L—emtr)
by [Cemma 21] Using [(59)] this yields
F@') ppLrlz—yl _ F(@)

o — | < e [z —y (61)

- Lr F(y) F(y)
Similarly to the last case and [(60)} we can combine and the Lipschitz continuity of F' to obtain
F(a') < F(y) + Lp |2’ —y| < F(y)el>Er,

which allows us to rewrite |(61)| to
|2’ —yt| < etbr |z — .

Now we have everything together to show spatial Lipschitz continuity:

Theorem 13. For all x,y € R™ and t > 0, we have the Lipschitz estimate

|p(w.t) = ¢y, t)] < Lgye"r* o —y|.

Proof. 1f F(z) = 0 or F(y) = 0, the result follows from [Lemma 40} If F(z) and F(y) have different signs,
we can split the straight line S;, between x and y at some point z that has F(z) = 0, use
and apply twice to get the claimed Lipschitz continuity. Also, if ¢ = 0, the result follows since
@(-,0) = ¢p is Lipschitz continuous. Thus it remains to consider, without loss of generality, the case

F(z),F(y) >0 and ¢t > 0. Let y* € R with d(y,y") <t and ¢(y,t) = ¢o (y*) be a minimiser of [(33)|
h

Using [Lemma 41| we get 2/ € R™ with d (z,2’) < t and |2/ — yt| < eEFt |z — y|. It follows that
o(x,t) < ¢o (') < do () + Lo |2" —y'| < by, 1) + Lope"™" - |z — y],
which gives the claimed result when the same argument is applied again with = and y exchanged. O

We will now conclude this section with an example that demonstrates that the constants given in
[T'heorem 11| and [I'heorem 13| are sharp:

Example 8. Let Ly, Lr,a > 0 be given. We define ¢p: R = R by

0 ifz<0,
oo(z) = —Lg,x  for z € [0,2a],
—2aLg, if x> 2a

as well as F': R — R by
Lpx for z €[0,a],
F(z)=< Lp(2a—2z) forz € [a,2al,
0 else.
These functions are sketched in Note that ¢y and F are Lipschitz continuous with Lipschitz
constants Ly, and Lp, respectively, F' has compact support on [0, 2a] and that F' > 0. Furthermore,

|F(z)| < F =alLp

for all z € R. This means that the parameter a can be used to choose the maximal value F of F inde-
pendently of the Lipschitz constants. Thus all quantities that appear in the proven Lipschitz constants
can be influenced by the parameters in this example. This situation fulfils all assumptions we have made
for the theoretical considerations above, so that our results apply here. If we denote the solution of

by ¢ as usual, [Corollary 4| holds and thus ¢ is given by |(33)|
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CLLF -T L
T ) — x
a 2a
—20,L¢0 - ¢
0

Figure 18: The situation of

If 2 or y are not in (0, 2a), then clearly d(x,y) = 0o if 2 # y and d (z,y) = 0 for z = y. In the case

x,y € (0,2a), we have
Yy 1 d
[ rg)

Note that there is no real choice for different paths in one dimension. The absolute value ensures that
the expression is correct even for y < x, when the integral itself is negative. Also note that d (x,y) — oo
for y — 2a~ and that ¢q is strictly decreasing on [0, 2a]. This implies that for x € (0,2a) and ¢t > 0, the
minimiser of [(33)]is always the unique z* € [z,2a) with d (z,2!) = t. Assume z € (0,a] and 2’ € [z, a].
Then F(§) = L€ for £ € [x,2'] and we can solve the integral to get

d(xvy) =

© logz’ —logx
d(z,z") = / 9 d¢ = Ir . (62)

Thus, if t < d(z,a), we know that x' € [z,a] can be found by solving d (z,x!) = t together with
for the unknown z*. It is trivial to see that the result is #* = ze’F*. Therefore, we have shown that for
every x € (0,a) and t > 0 small enough, the evolved level-set function is given by

oz, t) = ¢o (xt) = ¢o (xeLFt) = —L¢OaﬁeLFt. (63)

We will now take derivatives of in order to verify that this solution does, indeed, realise the
Lipschitz constants we have shown. Note that for arbitrarily large ¢, there always exists « € (0,a) with
t < d(z,a) so that can be applied. Taking the derivative with respect to x shows that the maximum
Lipschitz constant according to is, indeed, tested with this example. For the time derivative,
we get

99 L

—(x,t)| = Ly, Lraxe’r?

¢ ¢ )‘ goLr

as lower bound on the Lipschitz constant, which is valid at least for every x € (0,a) and 0 <t < d (z,a).
Clearly the largest bound is achieved if x is as large as possible, which means just so large that t = d (z, a).
By taking into account, this is at = ae~*#*. Consequently, the temporal Lipschitz constant must
be at least

L¢OLFG€_LFt€LFt = aLFL% = FngO.
This matches the result from [Theorem 11}

4.4 Propagation Speed of Perturbations

Since F' in the level-set equation describes a speed of movement, it is intuitive to assume that the
maximal speed F' is also the maximal speed with which perturbations in the initial geometry and/or
the speed field itself can propagate. With the help of the representation formula |(33) this result can
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be proven easily. We will assume here that a perturbation happens on some set A C R™ and that we
consider a point x € A with Euclidean distance § > 0 to A4, i. e.,

0 =dist (z,A4) = i2£ |z —y| > 0. (64)
y

The first result concerns perturbations in the initial geometry:

Lemma 42. Assume 0 < F < F. Let ¢g and ¢~50 be two initial level-set functions and ¢, é be the
corresponding solutions of for the same F in both cases. Assume that ¢o(x) = ¢o(x) for all x & A,
and that x € R™\ A is given with § > 0 defined according to | Then ¢(x,t) = ¢(x,t) for all t < §/F.

Proof. We may assume that F'(x) > 0 because ¢(z,t) = ¢o(z) :7¢0 (z) = ¢(z,t) otherwise, which makes
h

the statement trivial. From [Lemma 20| we know that |z —y| < F - d(z,y) for all y € R”. In particular,
this implies for all y € A:

Choose now ¢ < 0/F and z with d (x,z) < t. It follows that z ¢ A and thus ¢o(z) = ¢o(z). The claim
follows now using the form [(33)| for the solutions as implied by |Corollary 4 O

Next, we consider what happens when the same initial geometry propagates with two different speed
fields F' and F:

Lemma 43. Let 0 < F,F < F be two different speed fields. Assume, furthermore, that F(x) = F(x)
Jor all x ¢ A and let ¢o describe some initial geometry. We denote by d and d the distances induced
by F and F, respectively, and by ¢ and ¢ the solutions of Jor both speed fields with the same initial
function ¢o. For x € R™\ A, let § > 0 be as m | Then ¢(z,t) = ¢(x,t) for all t < §/F.

Proof. The claim is clear if F(x) =0, so assume F(z) > 0. Let t < §/F be given. Since x € A, this also
implies F'(z) = F(x) > 0. We want to show that

yeR [d@y) <t} ={yer”

dxy) <t} (63)

which then implies the claim via |(33) and [Corollary 4 Choose y € R™ with d(z,y) < t < §/F.
Let £ € Xaq (z,y) be some admissible path with [(§) < 6/F. Assume there exists ¢y € [0, 1] with
z =£&(tyg) € A. But then I(§) > d(x,2) +d(z,y) and

>7

o — 2]
d(z,2) >
(@) = =

’11

by |L which is a contradiction. Thus & never touches A and, consequently, I(€) = [(€). This
implies that every (short enough) path contributing to the infimum for d(z,y) is also admissible for

d(z,y) with the same length. Hence d(z,y) < d(z,y), showing inclusion from left to right in The
inclusion from right to left works just the same. O

As a final result, let us combine [Lemma 42] and [Lemma 43| into a single theorem:

by be two initial level-set functions. Denote the corresponding

solutions of. by ¢ and ¢, respectwely Assume that F(x) = F(x) and $o(x) = (;30(30) for all z ¢ A.
Then for each x € R™\ A with § > 0 defined as per we have ¢(z,t) = (z,t) for allt < 5/F.

Proof. 1t is enough to consider z ENR"\Z and t < 6 /F since ¢ and ¢ are continuous. Thus, let x € R"\ A
and t < §/F. Note that F(x) = F(x) and that we can reduce the general case to that of F, F' > 0 by

using [Theorem 5| We introduce an “intermediate solution” (2) as the solution of with F' and éo.

Lemma 42| implies that ¢(z,t) = ¢(z,t). Furthermore, implies also ¢(z,t) = ¢(x, 1), so that

the claim is shown. O
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Note also that the upper bound ¢ /F can be further improved if necessary: Instead of estimating F
and F' very roughly by F', we can define

d(er)==;ggd(w7y)==;ggcﬂw,y)

Equality between the definition with d and that with d is due to which implies that the
shortest paths must be outside of A. Following the proof of closely, one can see that it
remains true for all t < d(x, A). Since d (z, A) > §/F in general, this leads to a stronger statement.

4.5 Distances between the Evolving Surfaces

It is, of course, intuitive that €; and I'; should converge to Qg and I'g, respectively, for ¢ — 07. Let us
now consider this question. Before we can do so, we have to actually define an appropriate notion of
distance between these sets. There exist various concepts that define such a distance in the literature.
See, specifically, [30]. Let us first consider the Hausdorff distance:

Definition 12. For A, B C R™, we define the one-sided distance as

di (A — B) = supdist (z, B) = sup inf |z —y]|. (66)
z€A rcAYEB

With it, the Hausdorff distance is the symmetrised expression
dy (A,B) =max(dyg (A — B),dy (B — A)). (67)

There exists a vast literature about the Hausdorff distance. See, for instance, Subsection 6.2.2 of [30]
for a basic introduction. The Hausdorff distance can also be directly related to level-set and distance
functions on a grid, as we have done in [57]. Note that, in general, diy (A — B) # dg (B — A). (See
[Figure 19| and [(68)| below for such a situation.) Thus, the symmetrisation step in is necessary.
Also note that both distances dg (Qg, ;) and dy (T'o,T';) may be interesting depending on the situation.
There is no clear relation among them: Consider the situation shown in For these sets A and
B, it holds that

dy (aB — 8A) >dy (A — B) >dy (0/4 — (9[3) > dy (B — A) =0. (68)

It is possible to define a speed field such that B = €y and A = §; is an evolved shape. The other way
round, however, is also possible: At least if we introduce a small enough and smooth cut at the dashed
line (which does not change the Hausdorff distances and qualitatively), we can also define a speed
field such that A = Qp and B = §2; for some ¢ > 0. Choosing the negative distance function of B, i. e.,
F = —dist (-, B), leads (approximately) to this behaviour. This shows that all relative orders are possible
for the distances between g, ; and the boundaries I'g, I';.

Thus, we have to consider both the distances between the open domains and the boundaries in the
following. It turns out that the results we are interested in hold for both, and can be shown with similar
arguments. For simplicity, we assume Qg = 'y U Qq throughout this section.

4.5.1 Continuity of the Hausdorff Distance

Our first goal is to discuss under which conditions we can expect convergence of dg (o, ;) and
dp (Tg,T4) to zero as t — 0T. Tt is relatively straight-forward to consider continuity of the distance
from the evolved set to the original shape:

Lemma 44. Lett >0 and |F| < F. Then
max (dg (2 — Qo) , dg (T — Ty)) < Ft.

Proof. Recall |z —y| < F-d(z,y) from We use this in the following to estimate the Euclidean
distance in by the F-induced distance. Let first z € ;. If € Qg as well, then inf cq, |z —y| =0
and nothing remains to be shown. So assume x & Q. By this can only be the case if z € QT
with D(x) < t. Then,

Ft>F-D@)=F- inf d(zy)=F- inf d(z,y)> inf |z -y
() %gwomy) £h<xw_£hm Yl
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Figure 19: Possible situations for the (one-sided) Hausdorff distances between open sets A, B and their
boundaries 0A, dB. Here, A is the large circle and B C A is the dark part. The set A\ B is light
grey. The outer line is 0A, while OB is given by the interfaces between light and dark regions. Arrows
indicate the various one-sided distances as per The colours of the arrows correspond to the coloured

expressions in

Taking the supremum over all x € ; implies the claim.
Let us consider the case x € I'; now. If x € Q% then the situation is trivial. So assume first z € Q.
Then = & Qq, which implies
inf d(z,y) = inf d(z,
ity dlz,y) = inf d(z,y)

with an argument based on Thus,

Ft=F -Dx)=F- inf d — T inf > inf |z —vyl.
() e, (z,y) Jnf (z,y)_ylgro |z -y

Similarly for € Q7 If we write Q) = R™ \ (T'o U ) as above, we can conclude z ¢ Qf and

Ft=-F-D(x)=F- inf d —F- inf d(z,y) > inf |z —yl.
(x) yeint o (z,y) inf (z y)fylgro lz —yl

This finishes the proof if we take again the supremum over all z € T';. O

can be understood intuitively by considering that each point 2 € I’y must be connected to
some zg € ['g by a continuous path. For the distance from the original domain to the evolved shape, no
such condition is automatically fulfilled. In this case, points on I'y can vanish instantaneously for ¢ > 0
when, for instance, holes disappear or lower-dimensional structures collapse. To avoid these situations,
we need an additional condition:

LoNQt =9{z e Q| D(x) >0} nQT (69)

This roughly resembles (4.4) in . It ensures that each point in I’y is actually propagated to somewhere
and cannot simply disappear immediately. Note that inclusion from right to left is always true in
The interesting direction is from left to right. Furthermore, we do not need to require the analogous
condition for I'yNQ~, since it is automatically satisfied due to Qg = I'oUQ: Let 2 € TyNQ~, which also
implies = € Q. It follows that there exists a sequence () C Q0 N Q™ with 2 — 2 as k — co. For
this sequence, D(zy) < 0 is true for all k¥ € N, while D(z) = 0. This implies z € 0{z € Q= | D(z) < 0}.
A sufficient condition for can be formulated in terms of the density of q:

Definition 13. Let « € T'y. We say that Q has density p € [0,1] at x¢ if

. vol(B, (z) N Q)
SN
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The density is a well-studied quantity in geometric measure theory. See, for instance, page 158 of [4].
Points with density zero and one are called the measure-theoretic exterior and interior of £y, respectively.
Points with density inbetween form, thus, the measure-theoretic boundary of £2y. This yields:

Lemma 45. Assume that vol (I'g) = 0 holds. If the density of Qo is strictly smaller than one at each
point of Ty, then the condition is satisfied.

Proof. Choose zg € I'oNQT and r > 0 arbitrarily. We have to show that there exists some x € QT with

D(z) > 0 and |xg — z| < r. Since the density of Qg at xg is strictly less than one and vol (I'g) = 0, there
exists ¢ € B, (xo) with x € R™\ (I'o U Q). Hence, D(x) > 0 by definition in O

Note that the converse of does not hold. It is very well possible to have points with density
one that are still evolving properly and do not vanish immediately. See, for instance, With
the additional condition we can now analyse convergence of the Hausdorff distances dp (o — €2)
and dgy (FO — Ft)I

Lemma 46. Let Qg be bounded. Then dg (Qo — ) — 0 ast — 0.
Furthermore, condition s equivalent to

lim dH (FO — Ft) =0.

t—0+

Proof. Fix € > 0 and note that the open balls B, (x), € Qq, define a cover of the compact set Qq. Thus,
there exists a finite subset X C € such that Qy C UmeX B, (z). Furthermore, for each z € €, there
exists t, > 0 such that x € Q; for all t € [0,¢t,). This is clear for x € Qt U Q. It follows for x € O~
since D(x) < 0 in this case. Thus,

dist (y, ) = inf jy—9¢/|<|ly—z|]<e (70)
Yy EQ

for all x € Qp, y € B. () and ¢ € [0,t;). Let us now define ty = mingex t, > 0 and choose y € Qg
arbitrarily. Since we have a cover of Q, there exists ¥y € X such that y € B. (zo). Thus, holds for
all t € [0,%9). As y € Qo was arbitrary, this shows dg (29 — Q) < € if ¢ is small enough.

If holds, we can repeat this argument also for dy (I'g — T't): As before, let € > 0 be given and
consider some = € T'g. If F(x) > 0, we can use to conclude that there exist 2’ € B, (x) and t, > 0
such that D(z') = t,. By the intermediate-value theorem, this also means that there exists 2t € B, (x)
with D(z') =t for each t € [0,¢,]. Hence, Be (x) NIy # () for all t € [0,t,]. In the case F(z) < 0, we can
use an argument similar to the one above to come to the same conclusion. For F'(x) = 0, the situation
is even easier; then, x € I'y for all ¢ > 0. Proceeding with compactness as before, there is a finite set
X C TI'g with T'g C |J,ecx Be (7) and tg = mingex t, > 0. If we now pick = € I'g, there exists 2’ € X
with |z — 2’| < e. Furthermore, if ¢ € [0, t], then there is also y € B, (¢') NT';. Thus,

dist (z,Ty) < |x — 2'| + dist (2, Ty) < |z — 2| + |2/ — y| < 2e.

This shows dg (Tg — I't) — 0 in the limit ¢ — 0.

Let, finally, dg (Tg — T¢) — 0 as ¢ — 0F. Pick 29 € Ty N QT and r > 0 small. Reducing r as
necessary, we may assume that B, (xg) C Q*. Choose t > 0 small enough, such that dy (To — T';) < r.
This means, in particular, that there exists « € I'y with |z¢g — x| < r. Since D(z) =t > 0, this is all that
we need in order to show O

Summarising the previous results, we have shown the following continuity of the Hausdorff distance:

Corollary 8. Let Qg be bounded, Qo = To U Qo and[(69) hold. Then

lim max (dg (Q0,€%), dg (T'o,T'¢)) = 0.

t—0+
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4.5.2 Monotonicity of the Hausdorff Distance

Another interesting consideration is that of monotonicity of the Hausdorff distances ¢ — dg (Q0,Q4),
t — dy (Do, Ty) and the corresponding one-sided distances. It can be easily seen from that
Q; evolves monotonically in time. Depending on the sign of F' in some region, it either grows or shrinks
there. It can never change the direction of evolution. This allows us to conclude:

Lemma 47. The function t — dy (0 — Q) is increasing in t.
If F >0 or F <0 throughout R™, then also t — dy (o — Q¢) is increasing.

Proof. Let us start with an auxiliary observation: Assume ¢ > 0 and z € Q;. According to
we know that « € Qp and thus dist (x,€Q) = 0 if F/(x) < 0. Hence,

dy (¢ — Qo) = sup dist (z,Qp) = sup dist (z,Qp) .
zEQ TEQ N

Now, let 0 < s < t. This implies Q, NQT Cc Q; N QT and thus

di (Qs = Qo) = sup dist (z,Q) < sup dist (x,Q) =dm (% — Qo).
zeQ NNt zeQNOQ+
If FF >0, then Qg C Q; for all t > 0 and dy (o — ) = 0. This case is trivial. So assume F' < 0,
let 0 < s <tandzx € Qy Note that Q; C Qg C Qp. Furthermore,

. _ < i ol e .
dist (x, Q) ylené |z —y| < ylenét | — y| = dist (x, Q)
Thus also dg (Qo — Q) < dg (Lo — ). O

Unfortunately, the requirement that F' must have a fixed sign throughout the domain is necessary
for the second part of As with continuity, the situation from the original to the evolved
shape is more difficult. If we drop the assumption of a unique sign for the speed field, monotonicity of
dg (o — ) is no longer given:

Example 9. Consider a situation as shown in In this case, dg (Qp — ;) increases initially
with ¢, since the part of )y inside Q~ shrinks. However, over time the ring “closes”. This has the effect
that the bottom part of Qo N Q™ is, again, close to €; and the distance decreases. The time evolution
of the one-sided distance dg (29 — €2;) is shown in It is even possible to modify the initial
geometry slightly to see that also dg (0, Q) may exhibit the same, non-monotonic behaviour.

The fundamental “problem” that makes this possible is the following: The sets themselves behave in
a monotone way. However, the minimiser for some distance dist (x, ;) with z € Q¢ can jump around
as the sets evolve. This is precisely what happens in the example.

Let us now consider the distance between the boundaries I'y and I';. Here again, no monotone
behaviour can be guaranteed: With a closer look at one can see that the extremising points
are actually on the boundary. Thus, the same example shows that dy (I'g — I';) is not monotone either.
For dp (T; — T), let us give two counterexamples that do not even need a sign change in the speed
field. The first is based on the same underlying issue as namely that the closest point of the
target set can jump:

Example 10. Consider a one-dimensional situation such as g = R™\ [0, 1]. (We may also introduce a
suitable cut off in the distance to get a bounded set, of course.) Then I'g = {0, 1} is the initial boundary.
Set F(xz) = x on [0, 1], with some appropriate continuation and cut off on the outside. This situation
is depicted in Since F(x1) = F(0) = 0, this part of the boundary is fixed during the time
evolution. The other boundary point x2 = 1, on the other hand, moves towards the origin over time. The
time ¢ to reach some point z(t) € (0,1) can be computed similarly to [(62)] which gives t = —log z(t).
Thus, z(t) = e~% and Ty = {0,e~}.

Considering ¢t — dg (I'y — T'y), we see the same effect as in For small ¢, the evolved
boundary point z(t) is still closer to o than to z1. As ¢ grows, however, it gets closer to 1 at one point.
Thus the one-sided distance

t—dg (Tt = Tp) = min (1 —et, e_t)

is not monotone.
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(a) The speed field F' and initial geometry Qq.
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(b) Time evolution of dgr (20 — Q).

Figure 20: Non-monotone behaviour of t — dg (9 — ;) if F is allowed to change sign. See
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Figure 21: The situation of [Example 10} The boundary point x; = 0 is stationary, while the right
boundary x(¢) is initially at zo and moves towards the origin over time.

Iy

Figure 22: Non-monotonicity of 7 — dg (I'; — T'g) due to topology changes as described in [Example 11
The evolved contours I'y and I'; at times 0 < s < t are shown together with the corresponding longest

distances dy (I's — I'g) and dy (I'y — T).

Another example is the following, which is based on a change in topology where one part of the
boundary vanishes at a certain time:

Example 11. Let )y be a ring-shaped initial geometry and define F' > 0 to be large around the hole
of the ring and small at its outer boundary. In this situation, the hole shrinks rapidly while the outer
boundary grows only slowly. If we choose 0 < s < t in such a way that the hole vanishes between the
times s and ¢, we get a downward jump in 7 — dy (I'y — I'g) when this happens. This is shown in

Figure 22| (Note that in this situation, the condition [(69)|is not fulfilled at the instant in time when the
hole vanishes. Thus, the jump is not in contradiction to [Corollary 8|)
4.5.3 The Distance in Measure

Another possibility to define a distance between sets is via the volume of their symmetric set difference:

Definition 14. Let A, B C R™ be open. We define the symmetric set difference as
AAB=(A\B)U(B\A)

and the distance in measure between A and B as vol (A A B).
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Figure 23: The smoothing effect of an evolution with F' = 1. The initial set 2y is dark, the added part
Q; \ Qo is light grey. The black line shows the resulting boundary T';.

This concept is equivalent to the L!-distance between the characteristic functions of A and B. See
also Section 5.3 of . It is much simpler than the Hausdorff measure, since it is a-priori symmetric and
it is inherently useful only for the domains and not the boundaries (as the latter usually have measure
zero anyway). Thus, there are a lot less cases and technical difficulties to consider than before:

Corollary 9. The function t — vol (Q¢ A ;) is absolutely continuous and increasing on [0, 00).

Proof. This is a direct consequence of [Theorem 10| and, in particular, We simply use f = 1. O

4.6 Reachable Shapes

When we use the level-set method to evolve geometries as part of an optimisation procedure, the following
question is of interest: Which kind of shapes can actually be reached by propagating some given initial
geometry along any speed field? This is important, because it determines the class of shapes among
which an optimum can be found. In the current section, we will address this question in two steps: First,
in [Subsection 4.6.1f we will see that all evolved shapes with a Lipschitz continuous speed field possess a
certain type of regularity. This, in turn, implies that not all open sets can be evolved shapes. Second,
we will discuss possible relaxations of our situation in[Subsection 4.6.2] It is possible to reach every open
set in the limit ¢ — oo, and it is also possible to rescale the speed field to get the same effect with a finite
end time. The rescaling, however, may result in a speed field that is no longer Lipschitz continuous. Its
regularity will be discussed in [Subsection 4.6.3] where it turns out that one can reach a wide class of
additional shapes with speed fields that are not Lipschitz but at least Hélder continuous.

Note that we will always concentrate on local regularity of the desired shape. There are also certain
restrictions on which shapes are reachable based on global properties (in particular, the topology). These
are, however, an entirely different matter. Thus, let us, for simplicity, assume that F' > 0 is non-negative
and that the initial geometry €2y is a subset of the desired shape throughout this section. We can also
assume that both shapes are connected. It is possible to use [I'heorem 5| and other techniques to extend
the results below to more general situations. Finally, let us assume Qg = I'g Uy throughout this section.

4.6.1 Density Regularity

Let us, for a moment, assume F' = 1. This situation was already discussed in A possible
interpretation of the solution formula is the following: The evolved set €2; for some t > 0 is formed
from Qg by drawing with a blunt, circular pen of radius ¢ along the initial boundary I'y. This obviously
implies that ; has a “smoothed” boundary as shown in [Figure 23| Even if F' is not constantly one,
Lipschitz continuity has the effect that this picture is still correct at least qualitatively. Note, in partic-
ular, that outward-pointing corners are not possible. (If the speed field is positive; for negative speed
fields, everything is turned around and outward-pointing corners are possible, while inward-pointing ones
cannot occur.) This is our main result of the current subsection, which will be proven below:

Theorem 15. Let the speed field F' be Lipschitz continuous, t > 0, x € T'y and F(x) > 0. Then Q has
density at least 1/2 at x.
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Figure 24: The notation and geometric situation of

To prove we need some auxiliary results first. Let us start with an extension of
and It can also be interpreted as a variant of superoptimality as shown in above.

Lemma 48. Let t > 0 and x € Ty N Q. Then there exists xg € Ty with t = do(z) = d(z9,z).
Furthermore, for each s € (0,t), there is x® € I's such that do(x®) = d(zo,2°) =t — s and d (2°,2) = s.

Proof. Existence of z( follows from (Recall that we assume Qg = I'o U Qq.) According to

we can find € € X,q4 (%o, x) such that [(§) = d (zg,x) = t. Let now s € (0,¢) be given. By the
intermediate-value theorem, there exists t; € (0, 1) such that the restriction & of £ to times in [0, 4] has

1(&1) =t — s, while the remaining part & has I(§3) = s. Set x® = £(¢5). This implies & € Xaq (20, 2°)
and & € X,q (2%, x). Clearly also

do(z®) < d(xg,2°) <1(&) =t —s and d(z°,z) <I(&) = s.
Since do(z) < do(2°) + d (z*,z), we find
t=do(z) <dp(z°)+d(z°,z) < (t—s)+s=t.
Thus, equality holds throughout. This implies the claim. O

Next we present an argument based on geometry and the estimates of For this, let
2%,y € R" and x € Q7 be given. Assume d (2%, 2) = s and let us introduce the notation

o=lo*—al, 6=|o*—y| and p=|z—y|.

Denote the angle z°—x—y by ¢. This situation is depicted in |Figure 24, The dashed line corresponds
to By (¢®). This can, roughly, also be seen as {2’ € R" | d (z°,2') < s}. Hence, it seems plausible that
d(z®,y) < sif p< o and ¢ < w/2. A rigorous estimate is the following:

Lemma 49. Consider the situation described above. Assume ¢ € [0,7/2) and Lo < F(x®), where L is
the Lipschitz constant of F'. Then

pL
2F (x#)

cos ¢ > (1—e 59) (et —1) (71)

is a sufficient condition for d (z*,y) < s.

Proof. With the third estimate of we get o > F(z°)/L- (1 — e ). Thus, |(71)| implies

F(I‘S)z
1z, U

20 -cos¢p > p+ - e*LS)2 (eQLS — 1) ,

which can be written equivalently as

s5\2
p? —20p-cosd < F(EQ) (1 — e_Ls)2 (1 — e2Ls) .
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According to the first estimate of

< F(ZIZS)2
~ L2

2 _ (S .2 Ls _ 2 S22Ls _7L52
o’ =|x | (e )" =—5=e*(1—-e")".

Adding the last two inequalities and using the law of cosines yields:

F(Z‘S)2
L2

62 =02+ p* —20p-cosh < (1—e_LS)2 & |7 -yl < ——

This is equivalent to

1 lo Fla’) <
L gF(l'S)—L|1'S—y|
so that the second statement of finally yields the desired

S,

F(x*)
F) =Ll —y] °

1
d(z*y) < 7 log s.

O

We have now everything together to provide the actual proof of [Theorem 15 So let ¢ > 0 and
z € Ty NQT be given. For s € (0,t), choose x* according to [Lemma 48 i. e., do(z®) = t — s and

d(zf,z) = s. If s is small enough, we can achieve

O<M<F(ms)§2F(9&).

5 =
This implies an upper bound for the right-hand side of [(71)| so that also

F(x)
Lp

cos ¢ > pL (1 - eiLS)_l +

_efLs 62LS—
o (1- ) (- ) ™)

is sufficient for d (z*,y) < s. Since
do(y) < do(z°) +d(2°y) <t —s+s=t,

this implies, in particular, also y € €.

For any given p > 0, set s = p3/%. Note that the right-hand side of goes to zero with this
substitution if we let p — 0%. In other words, we have shown: For any e > 0, there exists pg > 0 such
that y € Q, for all p € (0, po) and y € OB, (z) on a spherical sector with aperture 7/2 — €. It remains to
estimate the volume of all those y’s. For this, let us state a basic geometric fact that will be shown later

in There exists a continuous mapping r with (7/2) = 1/2 and such that r(¢) - vol (B, (z))
is the volume of the spherical sector with aperture ¢ and radius p. Thus,

vol (B, (x) N &) > r (g - 6) -vol (B, (z))
for all p € (0, pp). Since € was arbitrary and r is continuous, this implies

vol (B, (z) N §Y) T 1
o T vol(B, (@) (5) )

Thus, is shown.
We will now also see that can be “turned around”: At least for certain x € I'y, we can

use it to conclude that the density of £ can be at most 1/2 at xg. This part of the boundary will be
characterised later on as the backwards reachable set (see|Definition 20)). A similar result will be derived
in The bound there is actually weaker, but it holds uniformly in a certain sense.

Corollary 10. Let F > 0 be Lipschitz continuous and xo € T'g N QT such that there exists x € R™ with
0 < do(z) =d(xo,z). Then Qo has density at most 1/2 at xg.
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Proof. Let such xg and x be given and set t = d (xg,z). With Qy = R™\ (T'; U ), we define
O, ={y e R" | d(yo,y) <t for some yy € O} .

Roughly speaking, we use the evolved set at time t as new initial geometry and let it evolve “backwards”
according to the same speed field (compare also [Lemma 14)). Define Iy = 8¢ = o(R™ \ €;) = I'; and
I, = 09. Since x € I'y, we know that = € I'{j as well. This, in turn, implies zy € I'}. Note that
applies to €2}, so that Q) has density at least 1/2 at zg. If we can show that Qy and
are disjoint, this implies the claim. Thus, assume y € Qy N Q. Since y € Q}, there exists yo € Q) with
d (yo0,y) < t. By y € Qo, this implies yo € 4, which is a contradiction to the definition of €. O

4.6.2 Speed Rescaling

We have just seen in[Theorem 15|that time evolution along a Lipschitz continuous speed field necessarily
produces a certain regularity of the resulting domain. This also means that it is not possible to achieve
an arbitrary open set as the result of such an evolution. In this subsection, we will discuss possible
relaxations of the assumptions that allow more shapes to be reached. Note that it is trivially possible to
reach an arbitrary open shape {25 from an initial domain Qg C Q4 if the speed field is not required to
be continuous. One can, for instance, simply use the characteristic function of 4. Discontinuous speed
fields are, however, quite an extreme situation. In the following, we will assume that the speed field
remains continuous but may no longer be Lipschitz continuous. In this case, some parts of our theory
about viscosity solutions for the level-set equation break down. It is, however, still possible to use
the Hopf-Lax formula (in particular, directly to define evolved shapes.

Before we can start with the actual discussion of reachable shapes, we need a technical lemma. It
allows us to approximate bounded, open sets by compact subsets in the Hausdorff distance:

Lemma 50. Let Q C R"™ be open and bounded. Then, for arbitrary € > 0, there exists a compact subset
K CQuwithdy (Q,K)=dyg (2= K) <e.

Proof. Since we will construct K as subset of Q, it is clear that dgy (2, K) = dg (2 — K) and we only
have to consider dy (2 — K) in the following. Let € > 0 be given arbitrarily. Since 9€ is compact, there
exists a finite subset X C 0Q such that we get 92 C |J, y Be/s (z). For each x € X, there further exists
¢y € Q with |z — ¢;| < €/3. Since § is open, we can, in turn, find r, > 0 with B, (¢;) C . We now
define p’ = mingex r, > 0, p = min(p’/2, €/3) and

K=0\J B,(2).
z€00

Then K C € is clearly compact. Consider y € Q\ K arbitrarily. For it, there are z € 9Q with |y — z| < p
and z € X with |z — 2| < €¢/3. Let ¢, € Q denote the point constructed above for this z. Note that
B, (c;) C © implies that ¢, has distance at least p’ to the boundary of 2 and, consequently, ¢, € K.
This yields the estimate

dist (v, K) <|ly—ca| < |ly—z|+ |z —x|+ |z —cz| <p+¢€/3+¢€/3<e
Since y was arbitrary, the claim follows. O

We are now ready to prove our first result about reachable shapes. It shows that arbitrary shapes
can be reached in the limit t — oo:

Lemma 51. Let Q4 C R™ be open, bounded and connected. Furthermore, assume that Qo C Q4 and that
F:R"™ = R is continuous. If F >0 on Q4 and F =0 else, then

Qq=J . (73)

t>0

In particular, Q; — Qg for t — oo both in the Hausdorff distance and in measure.
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Proof. Note that the structure of F' implies Qg C Qs C Q; C Qq for any 0 < s < t. Let z € Q4. Since Q4
is open and connected, it is, in particular, path-connected. Since 2y C g4, there definitely exist xg € Qg
and a path & € X,q (zg, z) connecting x to Qp. Thus, do(z) < I(§) < co. This implies that x € €, for all
t > 1(£). Hence, is shown.

Convergence in measure follows directly from Lebesgue’s dominated convergence theorem. For con-
vergence in the Hausdorff distance, observe the following: If K C Q4 is compact, there exists some ty > 0
such that K C €, for all ¢t > ty. This yields

dy (Qt,Qd) =dy (Qd — Qt) <dg (Qd — K) .
The claim now follows, since the last distance can be made arbitrarily small according to O

A particular speed field F' that can be used in is the distance function of R™ \ Q4. It has
precisely the right properties. In fact, as long as the topology of o matches that of 2, close enough,
one can also use the negative signed distance function of €03 even without requiring Qg C Q4. If the
set Qg \ Qg is not empty, this speed field F' = —sdq, is negative there. Therefore, Qg \ 24 vanishes for
t — oo in the same way as Q4 \ o vanishes according to

The main “feature” of however, is that the statement holds in the limit of large times. It
is far more interesting to reach a target shape at a precise, finite end time. To achieve this, let us try
to rescale the time. A similar approach is also described on page 20 of [41], although it is based on a
level-set equation. Our scheme directly utilises the Hopf-Lax formula. The basic idea is the following:
Let € be some optimal path as per Assume, without loss of generality, that £ is parametrised
by arc length, i. e., |¢’| = 1. This path then defines dy for all of its points, which yields

d 1
@do(f(t)) = FEWD)

for all ¢t € (0,1) and points £(t) on the path. If we now multiply the speed field F' by some factor, this
corresponds to scaling the derivative of dy. When the rescaling factor is constructed in the right way,
this allows us to rescale dy itself (and thus the evolution time). Note that the rescaling factor must not
depend explicitly on x, since the scaling must be uniform across all minimising paths. It can, however,
depend on the arrival times (i. e., do(z)).

This process creates, of course, technical difficulties. Let us now address them and execute the
rescaling rigorously. As a first step, we need a variant of [Lemma 30 that gives us also information about
the directional derivative of dy along a minimising path. A further difficulty when considering Vdy along
a path is that the image of the path has measure zero, so that the almost-everywhere derivative we get
from Lipschitz continuity and Rademacher’s theorem does not help us. For optimal paths, however, we
can still show the result using an idea similar to superoptimality:

Lemma 52. Let © € Q1 be given such that do(z) < co. Assume xg € Ty and that & € Xaq (vo,7) is
an optimal path with do(x) = d (xg,z) = 1(§) as per|[Lemma 19 and|Lemma 35 Assume that the path is
parametrised by arc length. Then dg o € is continuously differentiable on (0,1) with

(dO © f)/(t) = F(lggt)) :

Proof. Take a close look at the proof of This argument actually proves that we can pick a
single optimal path & and then choose z* for every s € (0,t) on the same path. In other words, we get
for arbitrary ¢ € [0,1]:

do(z) < do(&(1)) + d (£(1), ) < d(20,€(t)) + d (§(t), x) = U(§) = do(x)

Thus, equality holds throughout and we find that do(£(¢)) = d(x0,&(t)) for all ¢ € [0,1]. Furthermore,
this distance equals the path length of & restricted to times in [0,¢]. With this reasoning, we can also
show the following: For t € (0,1) and h € (0,1 —t), denote the part of £ restricted to [t,t+ h] by £&. Then

g t+h |§|
dof(t-+ ) — dofé(®) =1 (€) = [ ds
¢ F(E(s))
The same holds also if h € (—t,0) is negative. Note that the integrand is continuous. Dividing by h and
letting A — 0, this implies the claim. O
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We can now state and prove the main rescaling theorem:

Theorem 16. Let ¢: [0,5) — [0,T) be continuously differentiable with ' > 0 and thus strictly increas-
ing and bijective. Let F' be some continuous speed field. For x € QF, we denote the arrival time based
on this speed field by t(x) = do(x). If we define the rescaled speed field

F(z) =4/ (¢~} (t(2))) - F(a), (74)
then (s(x)) < t(x) holds for the arrival time s(x) based on the speed field F and all z with do(z) < T.

Proof. Let us define the rescaled function o by o = ¢! o t. Note that (a variant of) applies
to this function. Choose z arbitrarily with do(z) < T. If do(x) = 0, then = € o and the statement
is trivial. So assume 0 < t(z) < T from now on. There exist xg € T'g and £ € X.q (29, z) such that

1(€) = d(zp,z) = t(x). For this path, yields

V) = () () - (o ey = L 6 e
(70)(r) = (W) (EEN - (O = ey Fietn) ~ Feelr)

for all 7 € (0,1). Let us denote the path length of £ based on F by l~(§) Then, using the fundamental
theorem of calculus,

(@) <16 = [ e ar = [Nooe(0)ar = o) - o(c(0) = o(w)

This finishes the proof, since 4 is increasing and thus ¢(s(z)) < ¢¥(o(z)) = t(x). O

We only get the inequality ¥ (s) < t since it is not a-priori clear whether the path £ which is optimal
for F is also optimal for the rescaled speed field F. In the proof of we have only analysed
how the scaling affects the length of this particular path. Note, though, that the rescaling is, in principle,
symmetric. We can apply it again in the other direction to show equality. The only difficulty is the fact
that the original arrival time is part of the scaling factor in

Corollary 11. Consider the situation of [Theorem 16 and assume, in addition, that 1 is twice differ-
entiable and either convex or concave. Then (s) = t holds. Consequently also Q, = Q) for all

o €[0,S), where Q. denotes the evolved shape according to F.

Proof. Let us assume, without loss of generality, that v is concave. If it is convex, we can apply everything
to ¢~ ! instead. Define another rescaled speed

Fa) = (7Y (6(s(2)) - Fla) = )

W' (s(x))

Since 1 is concave, ¢’ is decreasing. Hence, ¢/(s) > /(¢ ~1(t)). This implies F' < F. Let us denote
the arrival time for the speed field F' by ¢. Then, due to F < F, we know that ¢ < f. Furthermore,
if we apply again for F, we find ¢~ 1(t) < s. Taking both inequalities together, we have
t <t <p(s). This shows 1)(s) = t. For the evolved shapes, consider

1€, & s(x)<o o tx)=1iy(s) <ylo) & zc Qo)
O

Let us finally make use of to address the question of reachable shapes. Take note that
we only need for this, not the sharper statement of

Corollary 12. Let Q4 and F be as in[Lemma 51 and consider the situation of [Theorem 16, Assume,
furthermore, that T = oo, 4. e., lim._,g- ¥(7) = co. Then Q, = Qg for allo > S.

Proof. Note first that F' = 0 on R™ \ Q4, which carries over to F and ensures that Q, C Q, for all . We
have to show the reverse inclusion in case of ¢ > S. Choose x € 4. As in[Theorem 16}, let us denote the
corresponding arrival times for F' and F by t(z) and s(x), respectively. Due to [Theorem 16L we know
that s(z) <~ (t(z)) < S. Hence, z € Q, for all o > S. This finishes the proof. O
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Figure 25: Example of a speed field rescaled according to The initial geometry is the small circle,
the target shape 4 the square. Some intermediate evolution steps are shown as well.

4.6.3 Holder Continuous Speed Fields

To conclude the discussion about reachability, let us check what regularity we can expect from a speed
field rescaled according to[Theorem 16] Throughout this subsection, let us assume that the original speed
field F' is the distance function of R™\ Q4 and choose ¥(t) = tant. This choice fulfils all requirements of
Theorem 16L |Corollary 11| and |Corollary 12l In particular, it gives (0, /2 = 4. The rescaled speed from
(74)|is in this case:

F(x) = tan’(arctan(t(z))) - F(z) = (14 t(2)?) - F(z) = (1 +do(2)?) - F(z) (75)

Note that this is easily accessible also in a numerical setting. The arrival times dy can be calculated with
the Fast Marching Method described in [Subsection 3.5.2| (as can F', which is a distance function itself).
The effect of this rescaling is illustrated in [Figure 25t The plot shows a speed field constructed by
with the goal to transform a circle into a square. Take note that forbids such a “squaring
the circle” for Lipschitz continuous speed fields, since the square has density 1/4 at the corners. It is,
nevertheless, possible by the rescaled speed shown in the plot. The black contours indicate also some
intermediate evolution steps. One can numerically verify the statement of for them.

Let us now go back to the question of regularity of a speed field F rescaled according to Of
course, the interesting situation here is behaviour near the boundary. According to the
functions dy and thus also F are locally Lipschitz continuous in the interior of £y anyway. Thus, we have
to consider F' near 8€)y. We want the rescaled speed to go continuously to zero there. Furthermore,
recall that the possibility to produce (outward-pointing) corners is precisely what sets a rescaled speed
field apart from a Lipschitz continuous one. Thus, considering the decay of F at corners is the most
critical thing to do. In fact, one can even see in that F vanishes most slowly towards the
corners. Unfortunately, continuity at a corner is not true in general. If we are looking at a cusp, then a
rescaled speed field according to fails to be continuous:

Example 12. Consider a cusp formed by two touching circles as shown in Assume that this
is part of the boundary of €2;. The global structure of €2; and the initial geometry €y are not important
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Figure 26: The situation and notation of |[Example 12

here. Let us consider, in particular, F', dg and F along the dashed line. We characterise points on this
line by their distance ¢ from the cusp, as shown in the figure. The initial speed field (as distance function
to the boundary of ) is then

F(8) = F(z(6)) = VR2+ 62 — R.

(Compare also [Figure 28bl) Since the speed F' is largest on the dashed line, we may assume that Qg is
such that all shortest paths to points x(d) go along the dashed line. In this case,

dé'.

do
do(6) = do(x(8)) = do((0)) + d (x(0), x(8)) = do(z0) + /5 F(5')

This integral, however, diverges so strongly for § — 0% that F(8) = (1 + do(6)?) - F(8) does not vanish
in the limit § — 07. A numerical evaluation of this rescaled speed field is shown (for some values of the
parameters) in While the function is continuous on (0, dy), it does not vanish for 6 — 0% and
is thus not continuous across the boundary of €.

The problem in the situation of [Example 12]is this: Due to the cusp, there is no guaranteed minimal
increase of the original speed field F. Even if F' is not required to be a distance function, this situation
can still not be avoided: As long as F' is assumed to be Lipschitz continuous, it can always be bounded
from above by the distance function to R™\ 4 since F' = 0 on this set. This leads to the same conclusion
as in the example. Thus, we have to make an additional assumption on 4 to avoid a discontinuity in
the rescaled speed field:

Assumption 1. Let Q4 be bounded. We assume that there exists a compact set K C 04 and a constant
¢ > 0 such that: For each x € 4, there must be z;, € K and a path £ € X.q (2, z) such that

VE(§(t) - €'(t) > cl¢'(t)] (76)
for almost all times t € [0, 1].

This assumption ensures that each point of €4 can be connected to some compact set (on with dy
is uniformly bounded) with a path that ensures a certain minimal gradient of F. This is the case for a
wide range of shapes. In particular, it allows non-cusp outward-pointing corners as in [Figure 25} while it
excludes the situation of [Example 12} This is illustrated for the square Qq = [—1,1]> C R? in|Figure 28a}
We can choose K = {0} to be the singleton containing only the square’s centre. For some other point
in 4, we can use a path as indicated in the figure. Since it follows the gradient of the distance function
until it reaches a diagonal of the square, the directional derivative is one along this initial part of the
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Figure 27: Evaluation of the rescaled speed field F (6) in|Example 12| with numerical quadrature. Clearly
F(5) A 0for § — 0F.

path. But also afterwards, following the diagonal, the derivative is still uniformly positive as well. This is
unlike a cusp, where the gradient along the “ridge” has no uniform lower bound as depicted in[Figure 285
Based we can now immediately show:

Lemma 53. Let hold. Then there exist constants d, M > 0 such that
-1 M
d <d+ -1 14+ —— 77
o) <+ s (14 7757 o

for all x € Qgq.
This implies, in particular, also the following Holder estimate: Let a € (0,1) be given and consider
the rescaled speed field F fmmm Then there exists C > 0 such that

|F(@)| < € sdgng, ()" = C - F(a)" (78)
for all x € Qq.

Proof. Let x € Q4 be given. Choose 2, € K and £ € X,4 (z, 1) according to|Assumption 1} Without loss
of generality, we can assume that £ is parametrised such that |¢/(¢)| = |£] for all ¢ € [0, 1]. Furthermore,

due to|(76)| this also implies
Pe) / VE(E(r) - €(r) dr > F(z) + ctle]. (79)

Hence, if we set d = Sup,e i do(y), it follows that

doe) < o)+ o) < [ i< [l an=a s (14 65 ).

Since F is bounded on the compact set 4, the relation also implies that [£| can be uniformly
bounded. If we define M accordingly, [(77)| follows. For [(78)] just note that the right-hand side of [(77) -
vanishes in the limit z — 9 if multiplied by any power F(x)!~<.
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(a) For a square as g4, the indicated path ensures|(76)

(b) No uniform lower bound exists for the gradient along the ridge in case of a cusp.

Figure 28: Illustration of [Assumption 1| for the case of a square (where the assumption is satisfied) and
a cusp (where it does not hold).
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The estimate means, roughly speaking, that F is Hélder continuous (with arbitrary exponent
less than one) towards the boundary. To see this, recall that F(x) = |z — x| for some zy € 94 and
that F(z¢) = 0. To conclude our analysis, let us finally extend this result and show that the rescaled
speed field F is, indeed, Holder continuous:

Theorem 17. Let hold. Then the rescaled speed field F fmm is Holder-a continuous

for any a < 1/2.

Proof. Let xz,y € Qg be fixed, 8 € (0,1) and consider the straight line S;,, connecting both points to each
other. Without loss of generality, let us assume that |x — y| < 1. This is the interesting case. Assume
first that F(S;y(70)) < |z — y|? for some 7y € [0,1]. This implies that there exists zy € 9y such that
F(Sgy(10)) = |20 — Say(70)| and

max (F(x), F(y)) < max (|z — o], [y = 70]) < |2 — y| + |20 — Sy (70)] < 2|2 — 9"
Using [Cemma 53} this yields

|F(@) ~ Py)| < |F@) = Flao)| + |F(wo) = Fy)| = |P@)| + |[Fw)| < 24eC o —y*® (s0)

for any o < 1 and some corresponding constant C'.
Now, assume that F(Syy (7)) > |z — y|? for all 7 € [0,1]. This implies

S, _
Sovl o) + 1o — "

do(y) < do(x) + ol

Doing the same calculation the other way round, we get the Holder estimate |do(z) — do(y)| < |z — y|* 7.
This implies for |(75)]

F) = (14 o)) F) < (14 (doGo)+ b= o)) (@) 1o =)
(s1)
= P+ (14 (dolo) + b =) ) o —al+ (= o' 4 20(0)) FGo) o '

Recall (77)} which implies that dy(z) and with it the corresponding terms on the right-hand side of |(81)]
are bounded when multiplied with any power of F'(z). Since

2 —y|* < |z —y|*” < F(a)®,

this is also true for any power of | —y|. Again using this argument also the other way round, this
implies a Holder estimate of F.

Let us now summarise the results we have: In the first case, implies that F is Holder continuous
with any exponent less than . In the second, gives Holder continuity with exponents up to 1 — 5.
Thus, if we choose 8 = 1/2, we have shown the claim. O
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5 Perimeter of the Evolving Sets for Constant Speed

Unfortunately, the shape calculus presented in[Section 4.2]still has a small gap: We have only derived weak
shape derivatives in the sense of absolutely continuous functions. Based on Lebesgue’s differentiation
theorem, this allows us to conclude the existence of a classical derivative for almost all times in the
shape evolution as in the proof of While this may be a good justification in practice, it is
still very interesting to investigate whether or not the derivative actually exists everywhere. This is the
case if the weak shape derivative can be extended continuously to all times ¢. If we assume that the
integrand F'f in this expression is continuous, the crucial question is whether or not the surface measure
of T'y depends continuously on t. We believe that this is true under reasonable assumptions, but are,
unfortunately, not able to give a full proof.

More generally, the regularity of level sets is a classical research topic. This can be seen already in
the context of Sard’s theorem and the co-area formula (see page 112 of [37]). For recent work in this
direction, let us refer to [1]. Our situation is similar: By the evolving boundary I'; can be
written precisely in terms of the level sets of the distance function D. There already exists literature
about the measure of level sets of distance functions, see, for instance, [18]. Research of this subject can
be motivated directly by the famous paper [3] of Almgren, Taylor and Wang. Note carefully, though,
that all of these results share the property that they are, more or less, based on the co-area formula.
Consequently, they hold only for almost all level sets. This is of no use in our case, since we need
statements about all times ¢ of the shape evolution in order to derive continuity.

Our own paper [60] discusses an alternative approach in this direction, which is directly based on
fundamental geometric and measure-theoretic arguments. The resulting statements are true for all level
sets. In this chapter, we present these results. For this, let us concentrate on the effect of the initial
geometry and not the speed field. Thus, we assume constant outward motion (i. e., F' = 1) throughout
most of this chapter. For simplicity, let us also study only the case of a non-fat initial boundary, which
means g = I'p U Q. This situation was already discussed in Recall that the evolved sets
@, and I'; are given by the level sets of the distance function sdq, to the initial geometry as per
While this was not fully proven in itself, it follows easily from the general Hopf-Lax theory
presented later on and, in particular,

To motivate the following considerations, we start with an example in It shows that
blow-up of the perimeter of Q; can happen for ¢ — 07 even if €y is a smooth Caccioppoli set. After
investigating some auxiliary properties of spherical sectors in we are able to show that all
evolved sets €2; have finite perimeter if (g is bounded. This will be done in [Subsection 5.3.1f with the
help of an inverse isoperimetric inequality that we can prove for a special situation. The upper bound for
the perimeter, however, diverges like 1/t for t — 0. This matches our observations from the motivating
example formulated in [Theorem 18 Under an additional uniform-density assumption, we will improve
the result in [Subsection 5.3.2| to arrive at a uniform bound for t — 0*. Note, however, that these results
do not yet yield a full proof for continuity of the perimeter. We develop, however, useful tools for further
steps in this direction. At the end of this chapter, we will briefly discuss in how these tools
may be used in the future to prove continuity of ¢ — P (€;). We also give some ideas on how to generalise
the results to the case of non-constant speed fields.

5.1 Motivating Example for Perimeter Blow-Up

Before we start working towards the main results of this chapter, let us give a motivating example. It
shows why it is necessary to introduce the notion of uniform lower density in [Subsection 5.3.2| together
with the complexities it creates.

There is a classical textbook example for elementary geometry: Let a rope be put tightly around the
Earth’s equator. If the rope is now prolonged by a single metre, how far will it be above the surface?
With a trivial calculation, one arrives at the surprising result that the distance is not negligible. In fact,
the relationship between the changes in a circle’s radius and its perimeter is independent of the circle’s
size. We can exploit this fact not just for huge but also for tiny circles. This allows us to show that the
perimeter of €; can blow up for ¢ — 0 even if Qg has finite perimeter and is bounded:
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Figure 29: The notation and initial set 2y used in |[Example 13| 2y consists of the union of all grey balls.

Example 13. Consider D = [0,2] x [0,1] C R? as hold-all domain. For k = 0,1,..., define

(lk)z 1 _k 27k
=-.1 d Ny =
1 4 6 an k (lk)Q

lh=47" 1=

Based on these definitions, we choose §) as an infinite union of balls as depicted in[Figure 29 Specifically,
Q) is constructed by splitting D first into a sequence of vertical strips with widths 27%. Each strip is
then further divided into squares of size [, X l;. Into each such square, we put a ball with radius r;. For
each k, there is a total of Ny such squares and balls.

Each ball at level k has perimeter 277y, so that the total perimeter of )y is given as

oo 8 k
ZNk 27T7‘k = 2 Z (16) =T.

Thus, €2y is a bounded set of finite perimeter. It is also clear that it has a smooth boundary, since it
consists entirely of balls. However, since the radii of the balls become arbitrarily small, the curvature
of I'y is not bounded. For the time evolution of 2y, note that each circle grows outwards and is a circle
of radius r, + t at time ¢. This works as long as ¢ is small enough, so that the circle does not yet hit
another growing circle. If we let ¢5 be the time at which the circles of level k hit their enclosing squares,
we find that l ) . ) )
k - —k —k —k —k

tk—2 Tk—24 4~16 —2~4 (1 2'4 >Z4-4 . (82)
The other way round, this means that for times ¢ < g, all circles up to (and including) level k& have
certainly not touched any others. Let ¢ > 0 be given and m such that t,,41 <t < t,,. If we use only
circles up to level m to estimate the perimeter of €y, this yields

- 1 8mtl—1 o«
k m+1
P () Z;— k- 2m(ry + 1) >27rk§0th>2ﬂ'tm+1k§08 > 24mﬂfzﬂ(z —1). (83)

Note that we can see already here that this expression is unbounded for ¢ — 0T, since this limit corre-
sponds to m — oo. To get a more precise estimate, we can rewrite |(82)| to get

4m > ! o 2m > ! = omtl > ! > 1
T Aty 2Vt T 2Vl T 2Vt

Combining this result with |(83)| finally gives
s 1
P)>—|——-1
( t) = 14 (2\/% ) )
which diverges like 1/v/t as t — 0T and certainly becomes unbounded.
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If one considers the calculations in carefully, one can see that the base number in the
definition of I;, (four in the example) influences only the constant in front of the final estimate as long as
it is larger than two. The exponent 1/2 determining the rate to be 1/1/t comes from the fact that each
level of balls gets assigned only half the area that was assigned to the previous level. We can increase
this fraction as long as it is less than one if we still want to get a bounded set as result. This line of
thought can be extended to the following result:

Theorem 18. Letn > 2 and 0 < s < 1 be given. Then there exists a Caccioppoli set Qg C R™ bounded
and with smooth boundary, such that

C
P () > =
for some constant C and t > 0 small enough. This gives, in particular, a rate of divergence for t — 0T,
Proof. We replicate the construction of For the desired result, choose some a > 1 and set
f=a""1e(0,1).

Note that fa™ > fa = a® > 1. We define

1™ —kn
ly=a7% r = () = a4 and N = [fka”'ﬂ.

This leads to a total volume of all (I;)™-cubes of

ZNklknﬁz:: fk nk—l-l ka—FZ 1f+1—1cr”<oo'

= k=0

Hence, since f < 1, we can fit everything into a bounded set as before. Clearly, €}y has again a smooth
boundary. Its perimeter is also finite since

= CZ Nk(Tk)n71 S OZ (fkank + 1) Tk

k=0 k=0
c( 1 1
(ka-i‘z ) (1—f+1—an)'

On the other hand, we still find that balls at level £ have not yet hit anything else until time

Thus, for ¢t > 0 with t,,41 <t < t,,, we know that

(m+1) m
P () >CZNk (rk+ )" > Ctms)" ZNk>C<a ) Z(fa")k

k=0 k=0
C —(m m+1 mt+l 1 C , .
= g ety e s S (G - ) = (@) ),

where we have defined the constant C” suitably. From it follows that

amtl > # > l = (as)m+1 > 4;
= Uy At =
Combining this with the estimate for P (€2;) above shows the claim. O

88



Vv

) Based on ¢ accordlng to Deﬁnltlon 15 (b) Defined via the ball Bs (x and
Figure 30: Definitions of the sector Sy(xo, ).

5.2 Auxiliary Geometric Results

In order to show our main results in [Section 5.3| (in particular, [Theorem 20|, we need some auxiliary

results. They are only based on elementary geometry and will be prepared in this section. The basic
object studied is what we will call a sector below:

Definition 15. Let zg,z € R", 29 # x and ¢ € [0,7/2]. We define
Sg(@o,2) ={y € R" | 0 < |zo — y| < |wo — [ and (y — z0) - (x — x0) > |20 — y[ |wo — [ - cos P} .

We will often set ¢t = |zg — x| to be the sector’s radius. The set Sy (zo, ) is an open sector of the ball
with centre z¢ and radius ¢. The value of ¢, which corresponds to the maximum allowed angle x—zq—y,
defines the sector’s aperture.

Besides using the angle ¢ directly, we will also need to define such a sector via an auxiliary ball Bs (z)
for § < t. The idea is depicted in In this case, the sector’s aperture is defined indirectly via
0. Tt is chosen as the angle at which the ball around x intersects the larger sphere with centre xo. With

basic trigonometry, one can derive
62

(6) = arccos (1 - 2#) (85)

for the corresponding aperture angle. In the following, we will only need two basic properties of this
explicit function: § < t¢(d) holds for all 6 and t¢(5)/d — 1 in the limit § — 0T. In other words, t¢(5) ~
asymptotically for small 4.

The first part of our geometric analysis of sectors is concerned with determining their volume, i. e.,
n-dimensional Lebesgue measure. For this, let us state the following fundamental geometric facts:

Lemma 54. Let n > 2. The volume of a ball with radius p > 0 is given by
7.l_n/2
vol (B, (z)) = wpp"™, where w, = T2 +1)"

This holds obviously for arbitrary x € R™.
Furthermore, there exists a mapping r: [0,7/2] — [0,1/2] which is continuous, bijective, strictly
increasing and satisfies

vol (Sg(z0, 7)) = r(¢) - vol (B (0)) = 7(¢) - wnt” (86)
for all xo,x € R™ and ¢ € [0,7/2]. Here, we have set t = |xg — x| as before. In addition,
7’((25)
li 0 87
¢gg+ pn—1 ~ (87)

exists and is strictly positive.
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Proof. The volume of n-dimensional balls is a well-known result. See, for instance, Theorem 26.13 on
page 666 of [85]. In order to compute the volume of Sy(xo, ), we use spherical coordinates:

Y1 = T-Ccos¢py,
k—1
yp = T-HSin¢i'COS¢kfork:27""n_2’

i=1

n—2
yn-1 = 1 [[sing;-sing, 1,
i=1

n—2
i = v [ singi-cosgums
i=1

For a derivation of spherical coordinates particularly suited to our purposes, see [12]. Based on the
derivation given there, it is easy to see that

Sd;(l'o,{l?) = {xO +y cR" | Y= y(r,¢1, .. '7¢n71)7 re (07t)7 ¢1 € [07¢)} .

The other angles are drawn from their full range, i. e., ¢ € [0, 7] for k =2,...,n—2 and ¢,—1 € [0, 27).
Since the Jacobian determinant of this transformation to spherical coordinates is

n—2

det J(ryd1, ...y 1) = L (sin qbi)"_i_l,
1

i

we find by simple integration that

t ) n—=2 .r ) 27
vol (Sy (o, x)) :/0 rLdr ~/0 (sin ¢1)" 2 depy - H /0 (sin¢;)" " dg; -/0 dppn—1.
i=2

Note that the integral over r is trivial to compute. The integrals over ¢, ... ¢,_1 result in a dimensional
constant. If ¢ is chosen as 7, we recover the full volume of By (x¢). Thus,

ff(sin ¢I)n—2 d(b/
f()ﬂ- (sin ¢/)n—2 d¢/

fulfils All other claimed properties of the function r follow from this expression. O

() =

We can also relate the surface area of a sector’s base to its volume. This result will be used later

when we prove [Theorem 20| It follows immediately from and, in particular,

Lemma 55. For fixed t > 0, there exist 5g > 0 and a dimensional constant C such that

vol (S¢(5) (zo, x))
t

5"_1wn,1 S C

for all § € (0,00) and arbitrary xg,x € R™ with |zg — x| = t.

Proof. By there exist ¢ > 0 and C’ such that ¢"~' < C’r(¢) holds for all ¢ € (0,¢g). Since
d < t¢(d) according to it follows that

1(S
5" i1 < GO 1 < O (p(8)) -t = ¢t TS0 ),

This estimate holds as long as ¢(d) € (0,¢0). Since ¢ is fixed and t¢(d)/6 — 1, we can choose dg > 0
suitably such that this condition is satisfied for all € (0, o). O
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Yo

Figure 31: The hyperplane H separates both the balls and the full sectors from each other when

holds. This is the main idea in the proof of

Finally, let us consider two sectors Sy(zo,x) and Sg(yo,y). The angle is the same for both, and we
assume that ¢ = ¢(9) for some & > 0. Let also t = |xg — x| = |yo — y|. We are particularly interested in
the situation

Bs(z)NBs(y) =0 and ¢ < min(jzo — y|,|yo — z|). (88)

A main ingredient for the proof of is the fact that this condition is sufficient for both sectors
to be disjoint. This is illustrated in If the balls are disjoint, we can construct the hyperplane
H that divides the line x—y at its midpoint and is perpendicular to it. This plane has the property that
all points “above” it are closer to x than to y, and vice-versa for points on the other side. Thus,
implies that xg is on the same side as x, while yo must be on the other side together with y. Hence, the
plane separates the convex sets Sy (o, ) and Sg(yo,y) from each other, which means that the sectors
must be disjoint. This is the main idea behind the following result:

Lemma 56. Let 6 > 0 and xo,yo,z,y € R™ with t = |z — x| = |yo — y| such that holds. Then
S5y (o, ) N S5y (Yo, y) = 0.

Proof. With a proper translation, we can assume, without loss of generality, that y = —x. Because
B; (z) and Bs (y) are disjoint, the hyperplane

H={peR" |z p=0}
separates both balls (see [Figure 31)). Furthermore, by [(88)] we know
w0 — 2f* =2 < |wo — y|” = |wo + 2.

Multiplying this inequality out, we find 0 < x - x¢. This means that z and x( are on the same side of H.
Similarly, we also find that y and yy are on one side of H. Since y = —z, this means

0<y-yo & x-yo<0.

Hence, x¢ and yg are on different sides of the hyperplane H. Thus, H separates also the convex hulls
of Bs (z) U{zo} and Bj (y) U {yo}, which contain Sy (zg,z) and S4(yo,y), respectively. This shows that
the sectors are, indeed, disjoint. O
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5.3 Estimates of the Perimeter

With all the preparations of in place, we can now proceed to show the main estimates. As
before, let us assume that ¢ C R™ is an open set. We denote its boundary by I'g = 9 and introduce
dp = sdq, as the distance function of y. Recall also the definitions of 2; and I'; from An immediate
consequence of the definition of the signed distance function in is the following property of dy:

Lemma 57. For each x € R™\ €,

do(x) = inf |o—yl. (89)

Furthermore, there exists o € T'g with do(x) = |z — 0|

In the following, we are interested in estimating the “surface area” of {2; for ¢t > 0. Before we can do
that, let us briefly recall the applicable concepts for defining such a surface area in the first place:

Definition 16. Let 2 C R™ be open. We define its perimeter as the quantity

P(Q) = sup { / div (v) da

¢ € C'(Q) has compact support and ||| < 1} .

The set 2 is said to have finite perimeter or to be a Caccioppoli set if P () < co.

See, for instance, Definition 3.35 on page 143 of [4] and Section 3.3 of this book in general for more
details about sets of finite perimeter. Furthermore, let us also introduce the Hausdorff measure following
Definition 2.46 on page 72 of [4]:

Definition 17. Let k € N and 2 C R™. For § > 0, we define

HE(Q) = inf{i (?)kwk

i=1

(oo}
QCLJUi7 d; = sup x—y|,di§26}.

i—1 z,y€U;

Here, wj, denotes the volume of the k-dimensional unit ball as in[Lemma 54] The value d; is the diameter
of the set U;, and it is allowed to be at most 26 in order for (U;), .y to be an admissible é-covering of 2.
Furthermore, the k-dimensional Hausdorff measure of €2 is then given by

HF(Q) = sup HE(Q) = lim HE(Q).
§>0 §—0t

Note that we define the Hausdorff measure in such a way that H"™ corresponds to the n-dimensional
Lebesgue measure. (For a proof, see Theorem 2.53 on page 76 of |[4].) This is the reason for including

wy in the definition. Other authors (e. g., [85]) do not add this normalisation constant, which results in
a notion of H* that is different from by a constant.

For the case of only one dimension, the situation is simple since sets of finite perimeter in one
dimension can be represented (up to a set of measure zero) as the union of a finite number of intervals:

Theorem 19. Let n =1 and g C R be open and bounded. Then T'y is a finite set for each t > 0 and
its cardinality is non-increasing with respect to t. Furthermore,

HO(Ty) < P (). (90)
If Q¢ has finite perimeter and t is sufficiently small, then both values are actually equal.

Proof. Let t > 0 and x € T';. implies that there exists xg € T'g with | — xo| = t. Assume,
without loss of generality, that zo < x. It follows that I, = (zo,x) C do~* ((0,t)). Furthermore, if y € T,
and x # y, then I, N1, = (). Since vol (I;) =t > 0 for each x € 'y and Q; is bounded, the cardinality of
I'; is bounded as H°(I';) < vol (€;) /t and thus finite. If we have 0 < s < ¢, the estimate implies

HO(Ty) < P () <HO(TS).

Hence it follows that the cardinality is non-increasing when we have established
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For assume that Qg has finite perimeter (the situation is trivial otherwise). According to
Proposition 3.52 on page 153 of [4], there exist p € N and p disjoint intervals J; = [a;, ;] such that
Qo € U, Ji. The two sets can only differ by a set of measure zero. Furthermore, P () = 2p. As
before, we can associate an interval I, C do~" ((0,t)) to each z € T'; and all I, are disjoint. If we assume
that I, = (xo,x), then xq = b; for some 1 < ¢ < p. Similarly, zo = a; if I, = (x, (). Because of

HO(Ly) < 2p =P (),
the relation follows. If we assume an ordering such as
a1 <bp <az <by<---<a,<b,

and denote by
L= inf (aj41—5b;)>0
1 p—1

the minimal distance between the intervals J;, then equality holds with H°(T';) = 2p for t < L/2. O

5.3.1 A Bound on the Hausdorff Measure

Intuitively, €2; is constructed from €y by adding a “layer” of thickness t onto I'g. Following this picture,
one can imagine that the volume of this layer should roughly equal ¢ times the surface area (i. e.,
perimeter) of either €y or ;. This argument can be made rigorous by estimating the volume in terms
of P () and then H"~(T;) in terms of the volume. The former will be done in [Subsection 5.3.2L We
will show the latter as our first main result in this subsection. This is, somehow, an inverse isoperimetric
inequality. Of course, in the general situation no inverse to the classical isoperimetric inequality (see
Subsection 5.6.2 of [37]) holds. In our case, however, it works because the considered volume is not
allowed to be “arbitrarily thin”.

Definition 18. For a fixed initial set g and ¢ > 0, we define the newly created volume to be

Ut< U Bt(x0)> \ Qo = {z €R™ | 0 < do() < t}.

z9€Tlo
We can now state and prove the first main result of this chapter:

Theorem 20. There exists a dimensional constant C' such that

vol (Uy)

P(Q) <H" Ty <C- .

holds for all t > 0.

Proof. The first inequality is a well-known fact about the relation between perimeter and the Hausdorff
measure. See, for instance, Proposition 3.62 on page 159 of [4]. We will now show the second inequality.
For this, let 6 > 0 be given. Then clearly I't C (J,cr, Bs (z). According to Vitali’s covering theorem
(see Theorem 1 on page 27 of [37]), there exists a countable subset X C I'; such that

Iy C | J Bss (@) (91)

and all Bs (z) are disjoint for z € X. Note that X is, in fact, finite if 2 and thus also I'; are bounded.
For each x € Ty, there exists a corresponding point xg € Ty with |2 — 20| = t according to
Furthermore, note that ¢ < |y — yo| for all y € Ty and yo € T'g. For z € X and its associated point
xo € g, let us define
Sx = S¢(5) (xo,:r).
Note that the condition |(88)[is satisfied for each pair (S;,S,) with z,y € X, so that all S, and S, with
h

x # y are disjoint by Also note that a basic geometric argument implies S, N Qg = @ for
small enough §. Thus, we find that each S, is contained in the newly created volume and get

Z vol (S;) = vol ( U SI) < vol (Uy). (92)

zeX reX
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Since the enlarged balls in|(91)| provide a particular 56-covering of I'y, we know that

C/
n—1 E n—1 n—1 E
H56 (Ft) S (55) Wn—1 § 5 T vol (S:E) .

zeX zeX

The last estimate and the constant C’ come from Together with this yields

1
H%JG})§5"4CH‘@EU9.

The bound on the right-hand side does not depend on § any more, so that we can take the limit § — 0T
to finish the proof. O

Having this first result, we can already show that all evolved sets 2, must be Caccioppoli sets:
Corollary 13. Let Qg be bounded. Then Q; has finite perimeter for all t > 0.

Proof. From the boundedness of €2y, we can directly conclude that also €2; and U; are bounded sets for
any fixed t. Thus, vol (U;) < oo and [Theorem 20| implies that H"~!(T;) is finite for each t. It follows
now again from Proposition 3.62 on page 159 of [4] that ; is a set of finite perimeter. O

Take note that the actual bound we get from [Corollary 13|diverges like 1 /t for t — 0F. It will be the
focus of the next subsection (in particular, [Corollary 14) to show a uniform bound in the limit ¢ — 0
under additional assumptions. Without these assumptions, however, we can not hope for any strong

improvement of As we have seen in the optimal upper bound must diverge
stronger than 1/t for any s € (0, 1).

5.3.2 Uniform Bounds

As we have seen above in the quantity vol (U;) /¢ is crucial as it gives an upper bound on
the evolved sets’ perimeters. Particularly interesting is the limit ¢ — 0%. As our second main result of
this chapter, we show in this subsection that there exists a uniform upper bound for t — 07 as long as a
uniform-density condition holds for the initial set {25. This condition prevents arbitrarily sharp corners
and cusps. To be precise:

Definition 19. Let A C I'g, c € (0,1) and tg > 0. We say that Qg has (to, ¢)-uniform lower density on
A if the estimate
0<ec< vol (B () N Q)
vol (B (x))

holds for all ¢ € (0,ty) and z € A. Similarly, Qo is said to have (tg, ¢)-uniform upper density on A if

(93)

vol (By () N Q)

S TAD) <l-c<l. (94)

When both conditions are satisfied together, Qo simply has (to, ¢)-uniform density on A.

For fixed x and in the limit ¢ — 07, the quotient in and gives the density of Qg at x that was
introduced in A related concept that is important for us is the so-called reduced boundary
FQ of an open set . (Roughly speaking, this is the set of all boundary points where a measure-theoretic
variant of the normal vector to the boundary can be defined. See Definition 3.54 on page 154 of [4].) This
set has the property that  has density 1/2 at all points in F$, as shown in Theorem 3.61 on page 158
of |4]. Note, however, that this is also true in the example constructed in Hence, uniformity
of the estimates is really crucial for our purposes in the following. Note that we are not the first to
introduce the concept of uniform lower density. It has been used already by others in a similar context.
See, for instance, Proposition 4.2 in [3] and Theorem 6 in |18]. The relation between uniform density
and other, more established geometric properties will be discussed in more detail in [Subsection 5.3.3]

For our estimate of vol (U;), we need to somehow get an upper bound on ¢ in terms of the perimeter
of . For a classical result in this direction, see (3.54) on page 156 of [4]. Unfortunately, this estimate
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(a) The set R? of [Definition 20 (b) The main argument in the proof of|Lemma 59,

Figure 32: The backwards reachable set and its regularity with respect to uniform upper density. The
dark grey region is Q. The point xg is on R? C Ty, with = € T'; such that |(96)| holds.

is local in nature and not uniform over the whole boundary of 4. Note, however, that [(93)[ and
together are equivalent to
min (vol (B () N Q) , vol (B: (x) \ Qo))

s vol (B, (2)) ‘ (95)

This relation can be combined with the relative isoperimetric inequality (see, for instance, Theorem 2 on
page 190 of ) to get the uniform estimate that we need:

Lemma 58. Let Qq have (o, ¢)-uniform density on A. Then there exists a dimensional constant C with

1

C) o Hn_l (Bt (!E) n }—Qo)

tn—l SC(

forallxz € A and t € (0,1).

Proof. Since we assume uniform density, implies that
¢+ vol (B (x)) = ¢+ wyt"™ < min (vol (B (z) N Q) , vol (B () \ Qo))

for all t € (0,tg). If we also apply the relative isoperimetric inequality, we get

n—1

1)" P (Q0: B, (2))

C

tn—l SC<

for some dimensional constant C'. This implies the result together with the well-known relation between
perimeter and H" ! that can be found in Theorem 3.59 on page 157 of . O

So far, we have assumed uniform density of 2¢. It will turn out, however, that it is enough to require
only uniform lower density. Uniform upper density is provided automatically if we choose the subset
A C Ty in the right way:

Definition 20. We say that g € Iy is backwards reachable for time ¢ > 0 if there exists x € R™ with
t < |zg — x| = do(x). (96)

The set of all backwards reachable points for time ¢ is denoted by R?.
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See [Figure 32a| for an illustration of the set R?: The point zo € R? is shown together with a possible
z € I'; that fulfils @l Note that only the red part of 'y is backwards reachable. Thus, we see that Rb
is actually more regular than Iy itself. In particular, Qo has alwayb uniform upper density on RY.
understand why this must be the case, take a look at Whenever g and z are as mdlcated
the ball B, (x) must be disjoint to Qg since otherwise do(x) <t would be the case. Thus, the volume of
By (z) N By (z¢) can never be part of €, which implies an upper bound for the density of £ at xo. (For
the shown situation, the density is actually 1/2. The maximal possible density would be achieved if also
the light grey area were part of y.) Let us formalise this argument now:

Lemma 59. Let t > 0 and R? be the backwards reachable set for time t. Then Qg has (t,c)-uniform
upper density on RY, where c is a dimensional constant.

Proof. Let e € R™ be arbitrary with |e|] = 1. We define

_ vol(B1(0) N By (e))
0<c= vol (B (0) < 1.

Now choose 79 € R? and 7 < t. We have to show that holds for B, (z¢) with the defined c¢. By
Definition 20, there exists x € R™ such that 7 < ¢ < |zg — x| = dgp(x). We can assume, without loss of
generality, that |zg — x| = 7. Considering [Figure 32b| this implies B, (z) N Q¢ = (. Hence:

vol (B (z0) N Q) . vol (B (z9) \ Qo) “1_ vol (B (z9) N B, (z))

vol (B, (o))  vol(B, (z0)) = vol(B, () ¢

O

Another important observation is that the backwards reachable set is already sufficient for the con-
struction of the newly created volume U;. This allows us to restrict our considerations to the more
regular R? instead of Ty itself later on.

Lemma 60. For 0 < s <t, R? C Rb. Furthermore,

Ut\USC U Bt(.’l,‘o).

ZOGRZ

Proof. The inclusion R? C R? is immediately clear from [Definition 20l Pick = € U, \ U, arbitrarily. By
we can find g € Ty with do(x) = |z — x|. Moreover, 2 & U, implies that do(x) > s, so that
xo € R.. Similarly, z € Uy yields do(z) < t and thus z € By (xg). O

With this result, all preparations are in place and we can proceed to the actual estimate of vol (Uy).
This is done in two steps: First, we estimate vol (Uz; \ U;). The regularity of the backwards reachable
set with respect to uniform upper density of €2y can be used for this situation. Afterwards, we build the
union of a sequence of such strips in order to get vol (Uy) itself.

Lemma 61. Assume that Qo has (to, ¢)-uniform lower density on T'g. Then there exists a dimensional
constant C such that

n—1

vol (Use \ Uy) < C (1 n i) Tt P ()

holds for all t € (0,tp).

Proof. According to we know that o has (t,¢')-uniform upper density on R? with some
dimensional ¢. Since it has uniform lower density per assumption, it has (¢, ¢”)-uniform density (both
upper and lower) with ¢’ = min(e, ¢’). Furthermore, note that
1 1 1
= = <
/!

c min(e,¢) ~ ¢ = ¢

Thus implies that



for all zy € R? with some dimensional C’. Taking it even further, this yields also

n

vol (Brar (@) = 10" - vol (Br(an)) < € (1 + i) £ H (B, (20) N F) (97)

for yet another dimensional constant C.

Making use of we know that
Ugt \ Ut - U Bgt (.To) .

IOGR?

With Vitali’s covering theorem (see, again, Theorem 1 on page 27 of [37]), we can construct X C R? at
most countable such that the sets By () are disjoint for xg € X, but still

Un \Ui C | Biot (o).
ro€EX

Taking the measure on both sides of this inclusion and using|(97), we finally find

n—1

vol (Up \Uy) < 3 ol (m) <C (1+ i) D3 1B (w0) N FQ)

To€EX ro€EX

S N
gc<1+c> t-’H"l(]-“QO)C(1+C) t-P(Q).

The simplification of the sum is justified because all sets B; (xg) are disjoint. O

Theorem 21. Let Qg have (to, ¢)-uniform lower density on T'y. Then

n—1

for allt € (0,t9) and a dimensional constant C.

Proof. Let t € (0,tg) be given. Then the disjoint telescopic decomposition

Ut = (Ut \ Ut/2) @] (Ut/g \ Ut/4) .= U (UZt/Qk \Ut/2’~)
k=1

holds. Together with this yields

n—1 n—1
e 1\ = > ¢ 1\ =
Vol(Ut):;vol(Uzt/gk\Ut/zk)§C’<1—|—C) P(QO)-;%ZC<1+C> t-P(Q).
This finishes the proof. O

When we combine [Theorem 21| with [Theorem 20| we finally get a uniform bound for #"~1(I';). This
result is very similar to Theorem 6 in [18], but note that it holds for all ¢ > 0 and not just for almost all:

Corollary 14. Assume that Qo has (tg, c)-uniform lower density on Ty and that Qo is bounded. In
particular, let Qo C Bg (0) for some R > 0. Then

HUTy) < C - (1+ P (Q) +t"71) (98)
for allt > 0. The constant C depends only on n, ty, ¢ and R but no other properties of ).

Proof. Note that the situation is clear for ¢t = 0 as long as we choose C' > 1. From we know
that vol (Uy) /t < C'P () for all ¢ € (0,tp). Furthermore, since Qg C Bg (0), note that Q; C Br4y (0).
Thus, for t > tq,

1 (U 1
VOl (Ut) S wn(R—i—t)” S C//(l _|_tn) VO ( t) S Ol/ (t +tn1> S C/// (1 _‘_tnfl) .
The claim now follows from [Theorem 20} if we combine both estimates for vol (Uy) /t. O
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5.3.3 Geometric Regularity Properties in the Literature

The main ingredient for the results in the previous is a particular geometric property of
the initial set {9, namely uniform density from [Definition 19] As pointed out above, this notion has been
used already by others to achieve similar results (see [3] and [18]). We are not aware of any applications
in a broader context, though. Thus, it makes sense to put it into perspective with similar geometric
properties that are more established in the literature and more widely used. In particular, a variety of
so-called (uniform) segment and cone properties is often used to characterise geometric regularity of sets.
For a thorough introduction, see Section 2.6 of [30].

Since uniformity plays an important role for the results of [Subsection 5.3.2] it makes only sense to
consider the uniform variants of those segment properties. (All non-uniform properties are fulfilled by
the example developed in since it is constructed only from circles.) Furthermore, the uniform
(fat) segment property alone also provides very little regularity. For instance, a cusp satisfies it while
it clearly does not have uniform lower density. Thus, let us focus on the uniform cone property. For
convenience, we recall Definition 6.3 on page 115 of [30]:

Definition 21. For zg,z € R™ and ¢ € [0, 7/2], define the open cone
Colwo,x) = {y € R" | [zo — yllwo — al - cos 6 < (y = 20) - (= w0) < |0 — al* }

This is similar to the sector Sg(xo,x) of studied above, but it describes a cone with flat
base, i. e., without a spherical cap.

Now, let 2 C R™ be open. We say that ) satisfies the uniform cone property if there exist t > 0,
¢ € (0,7/2) and p > 0 such that for all zy € 9N there is x € R™ with |xg — z| =t and

r+deQ = Cylzo+d,x+d) C
for all d € B, (0).

Since the uniform cone property ensures for each boundary point the existence of a cone that is
entirely contained in €2, we can use this cone’s volume as a lower bound on the density of 2. Thus, the
uniform cone property is a stronger condition than uniform lower density:

Theorem 22. Let 2 C R" satisfy the uniform cone property with t and ¢ as in|Definition 21, Then S
has (t,r(¢))-uniform lower density on Q. Similarly, if R™\ Q has the uniform cone property with these
constants, then Q2 has (t,7(¢))-uniform upper density.

Proof. Let xg € 0 be given. According to [Definition 21} there exists © € R™ with |xg — 2| = ¢ such
that Cy(xo,z) C Q. Note that Sy(zo,x) C Cy(xo,z) since

lzo —y| < |zo — 2| = (y—m0)- (& —x0) < |y — xo| - |# — 20| < |20 — x|
Thus, for each 7 € (0,t), clearly
B (z0) N Sy (x0, ) C Br (z0) N Cylxo, ) C B (z0) N Q.
Hence, we can estimate
vol (B; (z9) N Q) > vol (B; (z9) N Sg(xo,z)) = 7(¢) - vol (B- (z0))
based on This shows the claim. The proof for uniform upper density works analogously. O

Another concept related to our definition of uniform lower density are sets with finite density perimeter
as defined in [13] and Subsection 3.1 of [29):

Definition 22. Let 2 C R™ be open and h > 0. The h-density perimeter of Q) is defined as
1 (V. (092
V0LV (0)

P, (Q) = 5 ,
0<e<h €

(99)

where V. (09) is the e-envelope of 9:

Vo(09) = | Be(z) ={z € R" |sdpq(z) < €} (100)
€N

If P, () is finite, we call 2 a set of finite h-density perimeter.
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This can be interpreted as a relaxation of the (n—1)-dimensional Minkowski content (see, for instance,
3.2.37 on page 273 of [40]). To be precise, the Minkowski content results if the supremum in is
replaced by the limit e — 0. Tt is easy to see that V. () is related to the newly created volume U, of
The set U, is the part of V. () which is outside of Q. Hence, an argument similar to

the proof of can be applied to show that uniform density implies finite density perimeter.

5.4 Outlook

In the end of this chapter, let us give a brief outlook. In particular, recall what we have shown above:
For F = 1, we were able to derive upper bounds for the perimeters P (£2;) of evolved sets. This is
definitely a new and interesting result, but it does not fully solve the motivating problem. For this, two
more steps are necessary: First, we need to completely rule out jumps to get continuity of the perimeter;
upper bounds as we have shown so far are not enough. Second, the ultimate goal is to have this result
not just for F = 1 but for arbitrary (Lipschitz continuous) speed fields. While we do not yet have any
conclusive answers to these questions, we believe that it should be possible to resolve them positively
(at least under suitable additional assumptions). There are some preliminary arguments supporting this
claim, which we want to give below.

5.4.1 Showing Continuity

For the question of continuity of the evolved perimeters, note that we only have to deal with upper semi-
continuity. Lower semi-continuity is a direct consequence of the corresponding well-known property of
the variation measure. See, for instance, Remark 3.5 on page 119 of [4] and our later discussion in
Furthermore, it is also well-known that the perimeter is even differentiable for a sufficiently
smooth initial set 2y. In this case, the derivative can be expressed in terms of the mean curvature k:

O =P©@) = p(O)= [ wdo (101)
Iy
See Section 2.33 of |78] and the discussion in (focused on the case of a general speed field).
Let us now consider what happens in 2D if the boundary is only piecewise smooth with corners
between the smooth parts. Depending on the direction of the corner (outward- or inward-pointing),
there are two possible situations to consider. They are illustrated in With elementary
geometry, one can deduce that the change in perimeter (highlighted in red in the figure) is given by

AP — Aw -t for outward-pointing corners,
"] 2(1 —cosAw)/sinAw -t in the inward-pointing case.

(We use the convention that Aw > 0 for an outward-pointing corner and Aw < 0 otherwise. Note that
AP < 0 in the latter case.) This formula can also be used to define an extended curvature such that
still holds for p’(0). In addition to  for smooth parts of I'; as in this extended curvature is
a measure that also has Dirac-delta components concentrated on the corners.

To see why the perimeter of such a domain with piecewise smooth boundary should behave contin-
uously during the shape evolution, it remains to make two important observations: First, let us assume
that €y is convex. In this case, 'y is a single closed curve and the integral in always results in
p’(0) = 2m. This works both for smooth parts and outward-pointing corners. As long as there are only
finitely many components of £y, this implies continuity of the perimeter. (For this is not the
case. The individual components, however, actually are convex and have a smooth boundary.) Second,
note that AP is always negative for inward-pointing corners; furthermore, it is larger in magnitude than
the corresponding positive change for an outward-pointing corner with the same |Aw|. Hence, even if the
boundary curve is non-convex, the total derivative cannot exceed 27. This implies upper semi-continuity.

On the other hand, note that AP/t can get arbitrarily negative if w — 7~. The perimeter is still
lower semi-continuous, of course, but the derivative p’(0) is not bounded from below. This can be seen
with a simple example that exhibits a cusp:

Example 14. Let Qg be formed by two touching circles, such that a double cusp is produced. For
instance, let us choose
Qo =B (-1,0)U B (1,0).
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(a) Outward-Pointing Corner (b) Inward-Pointing Corner

Figure 33: Evolution of the perimeter at a corner. The change in angle at the corner is (in magnitude)
Aw. The grey area is the newly created volume due to the time evolution, the change in perimeter is
indicated in red.

If we evolve this initial geometry along F' = 1, the circles grow uniformly in time. At ¢ > 0, their radii
are 7(t) = 1 4+ t. The intersection points of both circles lie on the y-axis (due to symmetry reasons) and
can easily be computed as (0, £y(t)) " with

y(t) = /r(t)2 — 1= Vt(2 +1).

It remains to compute the perimeter of ;. For this, note that I'; consists of four symmetric circular
arcs. Each one of them was initially a half circle. Over time, it grows in radius but only covers the angle
m—w(t), where w(t) is the angle of the point y(¢) seen from the centres of the circles. Basic trigonometry
gives w(t) = arctan y(t) and thus

P(Qy)=4-rt) (m—w(t) =41 +1) (TF — arctan (x/t(2 + t))) .

This function is clearly not Lipschitz continuous and has, in particular, derivative —oc at ¢ = 0.

5.4.2 General Speed Fields

Finally, let us discuss the modifications required to extend the results of this chapter to more general
speed fields. Since one can always employ [Theorem 5] it is enough to consider F' > 0. Lipschitz continuity
is, in general, a quite strong requirement that allows us to treat the speed field as “almost constant”
in neighbourhoods that are small enough. Such an argument is used successfully, for instance, to prove
and to derive the results in [Subsection 7.2.2] Thus, there is hope that a general (Lipschitz
continuous) speed field does not introduce too many additional difficulties. It is plausible that the most
difficult situations when analysing the evolution of P (£2;) are caused by an irregular initial geometry
and not a non-constant speed field. Difficulties related to the initial geometry, however, are already
handled above. Of course, it is still by no means guaranteed that one can really carry through the proofs
above for more general speed fields. We were not yet able to do so. Nevertheless, let us, at least, give a
potential substitute for

Lemma 62. Let Qo have (to, c)-uniform density on I'y. Assume that F' has Lipschitz constant L and
that 0 < F < F. Then there exists a dimensional constant C such that

=t Lt
vol (Uy) <c 1 . e / Fdo
t c 1—Lt-ekt Jp,

for all t > 0 with Lt - et < 1 and tF - e** < ty.

Proof. The proof follows, for the most part, For simplicity, we do not bother with the
strips used there. Since we assume full uniform density of €y here, this is not necessary. Let us start
by analysing the newly created volume U; for the considered situation. Based on the first estimate in
we can deduce the inclusion

L

{y eR" | d(z,y) <t} C B, ) (x), where 7.(t) = (e" —1) <tF(z) - e™.
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The last inequality can be proven with a series expansion. Furthermore, note that U; = Q; \ Qg can be
covered by

Uy C U B, ) (z) C U Bs,., 1) (z).
zel'y rzeX

Here, we have used Vitali’s covering theorem again to find a countable subset X C I'g. This allows us,
in particular, to make B, () (z) and B, () (y) disjoint for all z,y € X.
By assumption, r,(t) < to for all z € I'y. Thus, can be used to conclude

vol (B0 (1)) < € (1> . rot) - H (B () N FQ)

¢
Lipschitz continuity of F' implies that
ly— x| <ry(t) <tF(z)- e = F(y) > F(z) (1 — Lt ™)

for all 2 € Ty and y € B, (1) (z). Both estimates together yield

n—1

vol (U) < Z vol (m) <C (i) ' Z 7o (t) - 1" (B ) (2) N FQ)

reX zeX
n—1 _
1\ = 1\ = F
sc() Y R | d0§0<) Y T
¢ vex By, ((@)NTo c b 1—Lt-e
This implies the claim. 0
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Figure 34: Our goal of the example optimisation problem considered throughout [Chapter 6|is to find
a shape matching one segment of a given grey-scale image. Here, the solution is shown with the red
contour. It consists of the dark ring and disc.

6 Gradient Descent for Shape Optimisation

In the previous chapters, we have discussed how to describe and also modify shapes in the level-set
framework. Furthermore, we have seen in that these results can, in particular, be used to
develop a shape calculus. We now finally turn our attention to actual shape optimisation based on this
foundation. See also for a more general framework for shape optimisation with level sets and for
an early work that captures already the basic ideas (although in a non-rigorous fashion). Throughout this
chapter, we will discuss and develop a gradient-descent method based on a model for image segmentation.
Our goal with this optimisation problem is shown in Given a grey-scale image, we want to
identify the shape of a segment, i. e., a region with approximately homogeneous intensity, of the image.
We do this by minimising the following shape functional:

J(Q) = /Q (u(z) —@)* dz — 2v - o - vol () (102)

Here, u: D — I C R is the grey-scale image. Typically, we consider D = [0,1]? and I = [0,1]. The set
Q C D is the shape we are looking for, which should be a part of the domain D on which the image u
attains an approximately constant intensity. The quantities w and o in are the mean intensity and
the standard deviation of the image over {2,

*—# u(x)dxr an 02:# uxfEQ x
UVOI(Q)/Q (z)d d Vol(Q)/Q(() )" do.

The variable v > 0 is a constant parameter. Thus, our goal is to minimise over all possible open
sets Q C D. We call D the hold-all domain and assume it to be bounded.

Note that this approach is slightly different from the usual meaning of image segmentation. We are
only trying to identify a single segment’s shape, which is a problem suited very well for demonstrating our
general optimisation framework. In the literature, image segmentation usually means to find all segments
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of the image. In other words, one looks not just for Q C D, but instead for a disjoint decomposition of
D into QL UQs U...UQyN. One can, however, extend the model in to include corresponding terms
for D\ Q as well. This leads to a so-called two-phase image segmentation. It is straight-forward to adapt
the techniques developed below to this situation. We have, in fact, implemented it as well. Furthermore,
using two sets )7 and €y as optimisation variables, we can even characterise four different phases. With
the Four-Colour Theorem, this is enough to describe all possible (regular) image segmentations. Again,
our theory and methods can be extended to this case as well. Such multi-phase image-segmentation
approaches were introduced in [81].

We would also like to point out that our model is not meant to be a state-of-the-art method for
image segmentation. Instead, it is just a convenient example problem for the discussion of the general
optimisation framework we want to present. Let us now briefly interpret the chosen cost functional J:
The first term in is a data-fitting term that penalises segments which do not have a nearly uniform
intensity. This term is already present in the classical Chan-Vese model for image segmentation described
in [21]. Instead of approximating the segment with a constant intensity u, one can also use higher-order
polynomials. See, for instance, [22]. This is, again, a straight-forward extension of the method discussed
in the following. Probably more interesting (and non-standard), however, is the second term in
Since it prefers €2 to become larger due to the negative sign, it creates a balloon force that prevents 2 from
collapsing to the empty set. The weight of this force is given by the parameter v and, more importantly,
by the standard deviation o of the image over the segment. In other words, if the constant intensity @ is
a poor fit for the actual image over €2, we increase the force. This may happen, for instance, if the image
is very noisy. In these cases, the stronger balloon force is needed to overcome the penalisation imposed
by the data-fitting term. When we have derived the shape derivative of J, we will see much better how
these two competing forces interact.

6.1 Shape Derivatives for the Example Problem

Our model is covered completely by the general shape calculus derived above in Thus,
we can calculate the shape derivatives (in the weak sense of absolutely continuous functions as before)
according to these rules. Let F' be some fixed speed field. For simplicity, we denote the weak shape
derivative in direction F' just by a prime. Recall our shape-dependent quantities:

= X ﬂ:# uazx, ar # u—71u)?dr and o= ar (u
vol(Q)f/Qd, vol(Q)/Q dx, Var(u) = vol(Q)/Q( )*d d Var (u)

Thus, the shape derivatives are:

vol (Q) = / F do,
r

ul:mll(sz)/FUFdo_Zf))ll((g));/Qudx:mll(m/F(u_u)Fda’
(/Q(u—u)de):/F(u—u)QFda—i—Qu'/Q(u—u)dw:/F(u—u)QFda,
Var (u) = %(Q)/F(u—u) Fdo — :;153)); /Q(u—ﬂ)zdx
1
= (w))

= ol (@) /F ((u— — Var (u

o= Vav;f 2u> - Va;((yu)/ = 5w @) /r ((u _aw - ") Fdo

Fdo

)

Using these results, we can now finally also compute the shape derivative of J in direction F:

dJ(Q;F):/F(u—u)2Fda—2'ya/FFdo—7/F<(u;u)2—0>Fda
:/F((u—ﬂ)z (1-2)=0) Fdo
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Note that dJ (€2;-), interpreted as functional operating on the speed field F', is supported on the bound-
ary I' of our domain 2. This corresponds to the well-known Hadamard-Zolésio structure theorem, see
Theorem 3.6 on page 479 of [30]. We will soon discuss this interpretation of the shape derivative as a
functional on speed fields in

Let us give a rough interpretation of this result: Assume that « € T and that F(z) > 0. This means
that propagation of € in direction F' adds x to the domain. For this situation, the integrand’s value at x
tells us how J changes when a neighbourhood of z is included into the image segment. (This concept is
related to topological derivatives, which appear naturally for our example in the shape differential
See the discussion later on in ) In particular, the sign of the integrand at x tells us whether
or not z “should” be included in the segment. This leads to the inclusion criterion

(u(z) —1)? (1 - g) < yo. (104)

In the case v < o, this condition is fulfilled if and only if u(x) is “close enough” to the current segment
intensity w. The right-hand side (proportional to o) defines the threshold that tells us how close that
actually is. The larger the variance of pixels in the segment already is, the higher is also the tolerance
for adding new pixels. This corresponds to our earlier interpretation of the balloon force generated by
the second term in If v > o, the inclusion criterion is always satisfied. In this case, the
balloon force is so strong that the tracking term in can never counterbalance it, no matter in how
bad a way the pixel u(z) fits to the current segment.

Note that the criterion really compares the standard deviation to the quadratic error term
(u(z) — w)?. Intuitively, it would make much more sense to compare the quadratic error to, say, the
variance. One can also construct cost functionals whose derivatives produce such a criterion. They are,
however, less interesting to consider as example models. Furthermore, the draft paper [51] also proposes
a pixelwise condition similar to in an ad-hoc way to define a post-processing step. It was found
there empirically that the standard deviation gives, indeed, much better results than using the variance
in the threshold condition.

6.2 Shape Gradients as Steepest-Descent Directions

As we have just seen, the expression dJ (2; F') from above can be used to compute the directional
shape derivative of J in some direction characterised by the speed field F'. Taking a closer look, we see
that it is actually a linear expression in F. If we choose the speed field from a suitable function space
‘H such that its trace on T' can be defined, then d.J (;-) defines a continuous linear functional on H.
In other words, it is an element of the dual space of H. This corresponds to the Jacobian matriz in a
finite-dimensional setting. For a scalar function J, the Jacobian is a row wvector. The gradient, on the
other hand, is a column vector. It lives in the same space from which also directions are chosen, not the
dual space. (Note that some authors do not make this distinction and interpret gradient and Jacobian as
the same thing. In contrast, for our discussion both of these objects will be seen as related but not equal.
We believe that this makes the underlying structure clearer. See also part (iv) of Remark 2.34 in [52].)
However, if H is a Hilbert space, we can use the Riesz representation theorem to associate dJ (Q;-) € H’
to some element G € H. The Riesz representative G is characterised by the variational equality

(F,G) = dJ (% F) (105)

which must be satisfied for all F' € H. In the following, we will call this G the shape gradient.

Since G is an element of H itself, we can interpret it as a speed field. This allows us to define
a steepest-descent direction, namely —G. In other words, the conversion from dJ (Q;-) to its Riesz
representative G provides a natural extension of the derivative functional that is concentrated on I' onto
the full domain 2. Of course, it is also possible to extend the derivative from the boundary onto the
domain in a more ad-hoc fashion. For instance, one can use the integrand in and transfer it onto
Q such that the extension is constant along normal directions. This, roughly, means that we fix the
speed field on T itself and then move each point on the original boundary with a constant speed for
the entire time propagation. (Actually, the movement of boundary points depends on the speed field
itself. If it is not constant throughout D, the movement will deviate from the normal direction over time.
One could try to apply a self-consistency idea similar to but this makes the situation even
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Figure 35: The input image u and current shape Q used for [Figure 36/ and [Figure 37

worse.) Our experiments, however, show that an extension like this produces very irregular speed fields
(see below). It is much better and more stable to use an appropriate shape gradient to define
a descent direction. If H is a space with high regularity, this has the additional effect that solving
for G is strongly smoothing and regularising. This is often beneficial, although a too smooth speed field
also carries the risk of not being flexible enough for the required shape changes. Compare
and to see the effect of this smoothing property in a practical situation.

So far, we have not specified what space H actually is. This choice is important, as it has a large
influence on the resulting speed fields. They, in turn, determine the performance of our descent method.
Canonical candidates for H are, of course, the Sobolev spaces H*(D) = W*2(D). (See, for instance,
Chapter 5 of for a broad introduction into this classical topic of functional analysis.) If k > 2+|n/2],
the Sobolev embedding theorem (see Theorem 6 on page 270 of ) implies that H is continuously
embedded into C1(D). Thus, every F' € H is, in particular, Lipschitz continuous and fits to our theory
developed in the previous chapters. Furthermore, since those speeds are then also continuous, the trace
on I' can clearly be defined. This works even without requiring any more regularity of I'; in contrast to
the trace theorem for Sobolev functions. Unfortunately, choosing such a large k usually turns out to be
not very practical. It requires higher-order approximations in the numerics and, in particular, smooths
the speed fields often too strongly. (See for a comparison of different spaces for the shape gradient in
a related setting.) We have seen good numerical results with H = H} (D), even though this choice is not
justified in theory. Choosing H{ (D) instead of H'(D) has the advantage that all speed fields get drawn
to zero near the boundary of the hold-all domain. This has the desirable effect that all shape evolutions
stay well inside D. Furthermore, one can also introduce an additional weighting factor 5 > 0 and use

(F,G), = /D (FG + B (VF,VG)) dx (106)

instead of the standard inner product on H}(D). By choosing 3 < 1, one can achieve some smoothing
but also allow more variations in the speed field than for § = 1. This turns out to be beneficial in
practice, as we have demonstrated in [58]. We will also discuss the choice of § for practical computations

in Section 8.3 later on.
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Figure 36: The shape gradient G for the situation of |[Figure 35(computed for H = H'(D). We use (-, ) P
from with different values of 3 as the inner product.
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Figure 37: The speed field for the situation of resulting from an extension of the trace functional
into the domain along normal directions.

Let us now briefly discuss the effect of various methods to construct a descent speed field with an
example. We use our image-segmentation model and look for a descent direction for the situation
shown in Since we expect the optimal shape to roughly correspond to the dark circle, the
boundary should be pushed outwards (positive speed) on the upper half and inwards (negative speed) on
the lower half. shows how the shape gradient G looks like if we use H = H'(D) with the inner
product defined according to The upper uses 8 =1, i. e., the standard inner product
of H'. As a result, G is smoothed very strongly. Instead of a negative speed in the lower half, it is
only slightly “less positive” there. This is clearly not an optimal direction. In the lower plot
we have used 8 = 1072, This gives enough smoothing to remove any effect of the noise in the original
image, but it also allows enough variation to cover the expected sign change in G. This speed field looks
like what one expects intuitively. finally, shows the result of extending the functional from
the boundary onto the domain along normal directions. This allows for very rapid changes along T,
which also capture the expected sign change nicely. The resulting speed looks reasonable in the upper
half. There, the main contribution of the trace functional is the balloon force and not the actual image
data. Since this is smooth and also the normal directions behave nicely (as g is just a circle), we get a
nice extension. However, in the lower half, where the trace functional is determined mostly by the noisy
image data, the extended speed field is quite irregular. If the original shape would be something less
smooth than a circle, this would exaggerate the irregularities even more.

6.3 The Gradient-Descent Method

With the steepest-descent directions discussed above in we can now turn our attention to
an actual optimisation method. By evolving the geometry at each step into the corresponding direction
and adding a simple line-search procedure, we arrive at a basic gradient-descent method for our shape-
optimisation problem:

1. Given a current shape ), calculate the corresponding shape-dependent quantities. In our case,
they are @, o and vol (Q2). With these, compute d.J (Qp;-).
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2. Solve the variational problem for the shape gradient G. We suggest H = H'(D) or alterna-
tively # = H;(D) with the inner product (-, -) ; from|(106)

3. Evolve ); according to the speed F' = —G for some time ¢ > 0. This can be done using the methods
developed in The step length ¢ can be chosen with a suitable line-search procedure.

4. Repeat with the new shape ); as g until the descent converges.

Methods like this are, of course, classical. See, for instance, Chapter 3 of [65] for a general discussion
in the finite-dimensional setting. For our situation, there are some subtle issues to consider: The image
u is only given on grid points (the pixels). The level-set function of the current shape g, on the other
hand, usually allows us to construct the boundary I'g as a polygon between the grid points. Thus, one
needs to define a suitable interpolation procedure in order to evaluate the shape derivative on I'y.
For the computation of the shape gradient with one has to solve the PDE that corresponds to the
variational problem. Let us defer a description of our numerical methods to

For determining the step length ¢, we employ the well-known Armijo rule (see also Section 3.1 of [65]).
In particular, we look for ¢ > 0 satisfying

Roughly speaking, this condition guarantees sufficient decrease of the cost with the current step. The
number 7 € (0,1) is a parameter that is usually chosen small, e. g., 7 = 10~*. With 7 = 1, the right-
hand side of corresponds to the linearisation of ¢ — J(€2;). Thus, since 7 < 1 is a relaxation of the
steepest descent, the condition is fulfilled for small enough ¢. See also and the discussion in
In order to find a suitable ¢, usually a backtracking strategy is employed: One starts with
some initial guess ty > 0, which can be just a constant or some multiple of the last successful step length.
Then, ty is repeatedly decreased by a factor o € (0,1) until is satisfied. In other words, one sets
t = o* -ty for the smallest k¥ € N that fulfils the condition. If the shape evolution is computed with
our Hopf-Lax formula introduced in note that the Eikonal equations for D only need to be
solved once. When this is done, it is very easy (and cheap) to compute €2, for multiple trial step lengths
according to Furthermore, also the computation of J(£2;) can be carried out independently for
different values of ¢. This allows us to try out multiple values of ¢ in parallel for a further speed-up and,
hence, take advantage of the multiple processing cores that are readily available with modern computers.

6.4 Line Search with Wolfe Conditions

Let us now take a closer look at the line search that is employed in a typical gradient-descent method
similar to the one described above in In particular, it is, of course, interesting to consider two
questions: First, whether it can be guaranteed that a step length that satisfies the imposed conditions
can be found. Second, whether the line search provably leads to convergence of the gradient descent to
a critical point. It turns out that while it is easy to find step lengths that satisfy the Armijo rule
with a backtracking strategy, this may lead to steps that are too short and do not guarantee convergence
to a critical point. Thus, we have to introduce an additional condition: For ¢ € (7,1), look for a step
length ¢ that satisfies

(AT (3 F)| < 0[] (Q; F) (108)

in addition to the Armijo rule The condition is called strong curvature condition. Both
conditions together are the (strong) Wolfe conditions. They are well-known and widely studied in
optimisation theory, starting with the seminal paper [84] by Wolfe. The Armijo rule guarantees
sufficient decrease of the cost, while the curvature condition ensures decrease in the directional
derivative. If the derivative is uniformly continuous, this implies also a certain minimum decrease of the
full gradient and leads to convergence to a critical point.

Our goal for the current section is to analyse the Wolfe conditions in the context of our shape-
optimisation framework. This creates, of course, many additional difficulties. Motivated by our shape
calculus of and the image-segmentation example, let us consider a problem of the form

dJ(Qt;F):/ Ff(x,Q)do, J(Qt):J(QO)+/th(QS;F) ds. (109)
I 0
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The integrand f is allowed to depend on the current shape €2;. Note, however, that the line search is
applied only after a descent direction has been constructed. Thus, we can assume that a speed field F’
corresponding to the considered direction is fixed. Consequently, we can write f(z,t) = f(z, ) to make
the integrand time dependent instead of shape dependent. We also need the following property:

Assumption 2. Let Qg be bounded and P (£2) < oo. We assume, furthermore, that (z,t) — F(x)f(z,1)
is continuous and strictly negative on I'g x {0}.

Note that this assumption (particularly continuity of f) is usually not satisfied for the image-
segmentation problem because the image w is not required to be continuous. Furthermore, a speed
field constructed as a negative shape gradient needs not necessarily satisfy F'f < 0 everywhere on I.
This can be seen, for instance, in Nevertheless, this assumption usually seems to be satis-
fied at least approximately in practice. Especially if the speed field is constructed based on the idea in

this is not a problem at all; a self-consistent gradient flow as per has Ff <0
automatically by |(119)l In this situation, the arguments of [Subsection 7.2.3| can be used to also show

continuity, so that holds.

Unfortunately, we do not know whether ¢ — dJ (4; F) is continuous. (This was discussed thoroughly
in ) The standard proof for the existence of step lengths that satisfy the Armijo rule relies on
continuous differentiability. On a closer look, however, it turns out that semi-continuity is enough. This
is something that we can show relatively easily for our shape derivative:

Lemma 63. Let hold. Then t — dJ (Q; F) is upper semi-continuous in zero, i. e.,
dJ (Qo; F) > limsupdJ (Q; F) .

t—0+

Proof. For ease of notation, let us write g(z,t) = F(z)f(z,t). Then g is continuous and g(z, 0) < 0 for all

x € Ty. Let us first consider ¢t — P () = th do. Since |Corollary 9|implies that ; — g in measure as

t — 0%, standard results imply lower semi-continuity of this function. See, for instance, Remark 3.5 on

page 119 of [4]. We will now exploit continuity of g to generalise this result to ¢t — dJ (; F) = th gdo.
For this, let € > 0 be arbitrary and define

Ue =V, (To) = {x € R" | sdp, (z) < €}

as the e-envelope of I'y (recall (100)). Note that I'y and thus also U, are compact. This implies that
g is uniformly continuous on U, x [0,T] for all fixed T > 0. Hence, we can choose § > 0 such that
lg(x,t) — g(y,s)| < € for all z,y € U, with |z —y| < § and s,t € [0,). By compactness of U,, there
exists a finite set X C U, such that
UeC | Bsja(2).
rzeX

Let us assume, furthermore, that this finite cover is made disjoint. This means that there are N € N
and Ay C Ue, k =1,..., N, such that all Ay are pairwise disjoint and still U, = UkN:1 Aj, holds. If we
construct the Ay in such a way that their diameter remains smaller than ¢, we know |g(x,t) — g(y, s)| < €
forallz,y € Ax, k=1,...,N, and s,t € [0,4). Note also that I'y C U, if ¢ is small enough, which follows
from [Cemma 441

Define now g = sup{g(x,t) | * € Ag,t € [0,d)} and note that g — e < g(z,t) < g holds for all
x € Ag, k=1,...,N,and for all t € [0,4). Since g(-,0) < 0 on the compact set I'g, we can assume that
€ is small enough to give 0 < € < infzer, |g(z,0)| and, consequently, g < 0. Thus, we can apply lower
semi-continuity of the variation measure to derive

/ gdo:/ (g—gk)da—l—gk/ daZ/ (g—gk)d0+gk~liminf/ do
ToNAg ToNAg ToNAg ToNAg t—0+ TiNAg

:/ (9 —9k) dU-l-limSLlp/ grdo > —6/ do—l—limsup/ gdo
ToNAg t—0t T'iNAg ToNAg t—0t TyNAg

for all k =1,..., N. Summing up over all disjoint Ay, this means
/ gdo > limsup/ gdo —e- P (Qp).
To t—0+t ry
Since P (€)p) is finite by assumption and e arbitrary, this implies the claim. O
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(a) Armijo rule|(107) (b) Curvature condition |(108)|in addition.

Figure 38: Existence of steps that satisfy the Wolfe conditions. The slope relaxed by 7 is shown. Steps

that satisfy the conditions are highlighted. See

Based on this continuity result, we can now show that there are, indeed, always admissible step
lengths that satisfy the Wolfe conditions. Our argument follows the standard one, as it is outlined

already in the proof of Lemma 2 in . The main idea is depicted in [Figure 38 Due to the parameter
Figure 38a

€ (0,1), the slope of J(£2;) at t = 0 gets relaxed as shown in Assuming continuity of
the derivative for a moment, this implies that all sufficiently small step lengths fulfil as shown in
red. Let us now require the curvature condition in addition. If J is bounded from below, we can
use the mean-value theorem to find a tangent to J(£2;) with the relazed slope 7 - dJ (2o; F'). This is
illustrated in Since ¢ > 7 is a weaker relaxation, we can conclude that holds at least
in a neighbourhood around this point. With the help of we can now carry out this argument
rigorously for our situation:

Theorem 23. Let[Assumption 4 hold. There exists to > 0 such that[(107) is fulfilled for all t € (0,to).
If J is, furthermore, bounded from below, then there exists t € (0,tg) such that|(108) holds in addition.

Proof. Since F'f < 0 on I'y by assumption, we know, in particular, dJ (o; F') < 0. Let us define
e=1—-7)|dJ(Q; F)|=—(1—-7)-dJ(Qo; F) > 0.
Due to there exists tg > 0 such that
dJ (Qo; F) > limsupdJ (Qs; F) > dJ (2 F) — €

s—0+

for all t € (0,tp). Integrating this inequality over the interval (0,t) yields
t
£ d] (Q: F) 2/ 4] (i F) ds — et = J(0) — J(Q) — et.
0

This, in turn, implies |(107)| since
J(Q) < J(Qo) +t(dJ (Q; F) +¢€) = J(Qo) + 7t -dJ (Qo; F) .

Assume now that J is bounded. Together with d.J (0; F') < 0, this implies that there exists T' > 0
such that the Armijo rule[(107)| does not hold for T. Also note that ¢ — J(€2;) is absolutely continuous.
By the intermediate-value theorem, there must be some ¢ € [tg, T'] such that equality holds in i.e.,

J(Q) = J(Q) + 7t - dJ (Q; F) .

Without loss of generality, we can choose the smallest such value. This ensures that the Armijo rule
holds for all s € (0,¢). Using again, we can conclude
1 t
0> E/ dJ (Qs; F)ds=1-dJ (Qo; F) > o0 -dJ (Qo; F) .
0

Thus, there are at least some s € (0,¢) with dJ (Qs; F') > o - dJ (Q; F'). This finishes the proof. O
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Let us now come back to the question about convergence to a critical point. As we have seen in
there are always steps that satisfy the Wolfe conditions. If we assume, as before, that .J is
bounded from below, the Armijo rule implies that at least one of the step length and the gradient have
to go to zero during the descent iteration. Since the gradient vanishing is exactly what we want, let us
assume, instead, that the step length ¢ becomes small. At this point, let us recall two important facts:
First, the curvature condition implies that the directional derivative in the fixed descent direction
is reduced at least by a constant factor during each step. Second, if we use the negative gradient as
direction, the directional derivative d.J (€o; F') at the initial geometry corresponds directly to the norm
of the gradient. The standard argument (see, for instance, Theorem 1 in [84]) continues like this: Assume
uniform continuity of the derivative, which implies

t—=0" = dJ(QuF)—dJ(Qo;F). (110)

Then, since dJ (Q; F) = dJ (Qo; F) and |dJ (Q; F)| < o |dJ (Qo; F)|, we get convergence of dJ (Qq; F) to
zero as t — 01 during the iteration. This, in turn, implies convergence to a critical point. Unfortunately,
it is not clear whether this approach can be applied in our situation. In principle, upper semi-continuity
of the derivative as per is all that we need to apply this argument. Full continuity per
is not necessary. However, we need semi-continuity to be uniform for all steps. This is not guaranteed
by our proof for which assumes a fixed geometry and speed field. Later on in we
will discuss an alternative approach that may allow us to circumvent this issue.

6.5 Numerical Examples for the Gradient-Descent Method

A numerical example of the gradient-descent method applied to our image-segmentation model is shown
in Note that we use only the Armijo rule for the line search as described in not
the Wolfe conditions discussed above in This works well in practice. The input image is
artificially created and has noise added. It it plotted together with the initial (blue curve) and final (red)
shapes in Note that a change in topology happens when the segment forms the ring. This
does not disturb the method at all. shows how the cost and gradient norm (blue and red)
decrease with the descent iterations. The cost is relative to an “exact” value that was computed for the
same noisy image by using the gradient descent starting from an “informed guess” for the initial shape.
In particular, the initial segment was chosen as the shape used when generating the image itself. The
gradient norm is the H'-norm of the shape gradient as discussed in The green dots show
the accepted step length ¢ satisfying the Armijo rule|(107)|at each iteration. We enforce a minimum step
length of t,,;, = 1073. Around iteration 50, this limit becomes active since the final shape is already
attained and the cost and gradient norm no longer decrease significantly. A very similar result can also be
seen in where a different image is segmented. Here again, the topology is changed and a hole
forms. Note, though, that this usually does not happen when the dark centre is part of the initial shape.
In the latter situation, the full disc is returned as the segment. This, however, is mostly a characteristic
of the underlying model and the concrete problem at hand. Both configurations are local minima, with
the one found in having a lower cost. It is also the more plausible segmentation considering
that our model tries to identify a segment with constant intensity.

However, the same gradient-descent method does not work very well for images with sharp edges.
See, for instance, the situation shown in Even though many more steps have been performed
than for the previous examples, the descent gets stuck very quickly and hits the step-size limit at t = ¢,
without actually reaching the final solution. The lower line of green dots in i8 tmin, as before.
The second line above it is at 2t.,;,, which is the first step size tried after a step with t¢,,;, has been
taken. In many iterations, the enforced step length makes the situation worse, so that the following step
is immediately accepted and “corrects” this again. This leads to these distinct two lines of green dots.
In order to understand why the gradient descent performs so poorly with sharp edges, it is useful to
consider the shape gradients that occur when the descent is stuck. The speed fields computed for two
consecutive iterations are shown in If one looks at even more consecutive steps, one finds that
the whole iteration sequence is a back-and-forth between situations similar to these two. In particular,
where the current shape is already at the image’s edge, the shape is repeatedly moved over the edge
and back. This can be seen clearly in the figure: The speed is negative (blue) in all these regions in

Figure 42al and positive (red) in [Figure 42b| The front is only moved consistently forward where it is
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(a) Initial (blue) and resulting (red) shapes on top of the segmented image.
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Figure 39: Gradient descent for image segmentation.
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Figure 40: Continuation of |Figure 39| with a different image.
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still in the process of closing around the hole. A consequence of this behaviour is that each step is forced
to be very short by the line search, so that the descent is not able to progress any further.

In fact, this kind of zig-zag movement is a general “feature” of gradient-descent methods. A possible
solution for this problem is the use of second-order methods. In our particular situation, we would like to
weight the speed such that it is decreased accordingly at image edges. This is precisely what a Newton-
type method would do, since the Hessian would, roughly speaking, consist of the normal derivatives of
the image data. This means that the gradient would be divided by a large value where the shape is close
to an edge and by a small value elsewhere. The drawback of such a method, however, is that derivatives
of the image data are required. For a noisy image, they are not easy to evaluate in a robust way. Because
of this, we propose an alternative idea to improve the gradient descent in

6.6 Geometric Constraints

Many applications for shape optimisation are based on a practical problem where the desired shape
cannot be chosen entirely freely. In such situations, it may be necessary to impose geometric constraints
on the admissible shapes. A problem with this characteristic has been tackled recently with the help of
penalisation in [54]. Our discussion of regularisation with the boundary length in is related
as well, since it enforces a certain smoothness of the boundary. In this section, we want to discuss ways
to enforce constraints directly, resulting in feasible gradient-descent methods. For this, let us consider
forbidden regions, i. e., for some B C D, we require that QN B = (). It is straight-forward to modify our
results to constraints of the form B C ( instead. See [53] for a practical problem that gives rise to both
types of constraints in a natural way. Section 5 of the paper also briefly discusses methods to deal with
the constraints, as does Section 2.13 of [52]. Below, we want to expand this discussion and give more
details, particularly about the underlying theoretical considerations.

When dealing with constrained shape-optimisation problems, there are, in general, two basic strategies
to ensure that the gradient descent stays feasible: One can either modify the shape after each step to
satisfy the constraints, or one can adapt the speed field before a step to ensure that it only leads
to feasible evolved shapes. The former approach is usually called projected-gradient method (see, for
instance, Algorithm 2.3 on page 105 of [47]). In the context of shapes, however, there is no canonical
way to “project” them to ensure feasibility. (It is, nevertheless, possible to define a “reasonable” shape
projection. This will be done in [Subsection 6.6.1}) Thus, it also makes sense to consider the second
idea: Based on it is clear that requiring ' = 0 on B ensures that B N ); is stationary
throughout the time evolution. In other words, feasible initial shapes always lead to evolved shapes
that also satisfy the constraints. A similar idea of projecting the speed field was already used in [66],
although for different types of shape constraints and without any deeper analysis. In our case, we want
to ensure that the speed field vanishes on the forbidden region. To do so, there are, again, two possible
strategies we want to discuss: The most natural way is to project the speed field in the same Hilbert
space H that is also used for the computation of the shape gradient with This is done in [53],
based, in particular, on Theorem 3 there. Projection in H ensures that the constraints are incorporated
into the descent method in a consistent way. It also has the feature that the speed field gets drawn to
zero continuously towards the forbidden region. While this leads to better regularity properties, it also
has a potential drawback: Due to it enforces small movements of the boundary close to the
forbidden region. In particular, the boundary will never fully reach B, leading to a kind of “interior-point
method”. Once the boundary gets close to B, it also takes a relatively long time to get away again.
Thus, let us also consider cutting off the speed in a way that avoids these potential issues:

FP(z) = { F(:C(; ieisaée B and F(z) > 0, (111)

The speed field FP can be seen as projection in L? instead of the Hilbert space H with higher regularity.
The particular form of however, also ensures that we force the speed to zero only when growing
towards B. On the other hand, a negative speed is allowed inside of B. This ensures that the evolving
boundary of Q is able to get away again after touching B. This projection is implemented (for more
general shape constraints) as 1s_enforce_speed in [59].

To summarise, we have identified three methods to handle shape constraints in our descent method:

e Projection of the speed in H, resulting in a continuous speed field,
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Figure 41: Continuation of for an image with sharper edges. Here, much more steps would
be required to find the actual solution. Note that the number of steps shown is already five times the
number used in [Figure 39| and [Figure 40}
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Figure 42: Speed fields at two consecutive iteration steps in the stuck descent of The current
shape is plotted with the black line.
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e projection of the speed in L? according to resulting in a discontinuous speed field FP, and

e projection of the shape after evolving it.

We will see in [Subsection 6.6.2] and, in particular, that the last two strategies lead to very
similar results under certain regularity assumptions on B. [Subsection 6.6.3) compares all three methods
to each other in numerical experiments. Let us, however, stress once again that the most consistent
method with respect to the gradient descent is the speed projection in H. It is the only strategy that
ensures that we end up with a descent in every step. The other methods tamper with the speed field
and geometry in a way that invalidates the directional derivative computed from which may lead
to problems with the line search and descent in general. This effect will be seen in the numerics, but we
will also see that the other two methods have their justification as well in certain circumstances.

6.6.1 Shape Projections

Assume now that  C D is some open domain, but that the constraint Q N B = () is not fulfilled. The
straight-forward way to fix this is, of course, to define the shape projection

() =Q\ B. (112)

If we assume B to be closed, then 7 () is again an open domain. However, the usual, more systematic
approach to define projections (in general) is to consider a minimisation of the form

Hglzi/n (9,9, (113)

where d® (-,-) is some kind of distance measure and Q' runs through all admissible shapes, i. e., all
open sets ' C D with ' N B = (). Let us consider [[113)| now with respect to both metrics for shapes

introduced in [Section 4.5] The distance in measure (recall [Definition 14) is easy to do:

Lemma 64. The set w () from|(112) is, up to changes of measure zero, the unique minimiser of[(113)
if d® (-, ) is the distance in measure. Consequently, it is also the unique minimiser among open sets.

Proof. Let £ be feasible, i. e., ' N B = ). Then necessarily
QNBCQ\Q CcQAQ,

so that also
vol (RA Q) >vol (2N B) = vol (QAT ().

Hence, 7 (Q2) is indeed a minimiser of [(113)|
To show uniqueness, assume now that Q' is also a minimiser of [(113)} which means

vol (QA Q) =vol (2N B) =vol (QAT(Q)). (114)
Note that the disjoint decomposition
QAQ =(QNB)U\QUQ\(QUB))
holds. Taking the measure and observing implies
vol ('\ Q) = vol (Q\ (2 UB)) =0.
Since by also
vol (" Am () = vol (' \ (2\ B)) +vol (Q\ B)\ ) = vol (Q'\ Q) +vol (2\ (' UB))

holds, this implies vol (' A (£2)) = 0 and thus we get uniqueness up to changes of measure zero. [
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(a) (b)

Figure 43: Shape projection according to with d® (-, ) chosen as the Hausdorff distance. The dark
strip is the forbidden region B, the light grey area the projected shape 7 (Q) of [(112)} The red line
indicates dg (Q — 7 (Q)).

Let us now consider the Hausdorff distance (see [Definition 12)) in |(113)|instead. This makes things
more complicated. First, we can immediately observe that uniqueness does not hold in general for a
minimiser of with respect to the Hausdorff distance. It is possible to add arbitrary disturbances
to any minimiser, as long as they are smaller in amplitude than the Hausdorff distance to €2. This is
illustrated with the blue parts in [Figure 43al Second, the minimiser of [[113)| may not be a subset of €.
Adding the blue part in [Figure 43b| actually reduces the Hausdorff distance with respect to using 7 (Q2)
alone (the light grey area). However, it makes, of course, sense to require that the projected shape should
be a subset of € if we only want to forbid certain regions. Thus, let us make the following assumption:

Assumption 3. Let B be bounded. Since 9B is compact, for arbitrary € QN B there exists y, € 0B
as minimiser of the distance, i. e., such that

|z — y,| = dist (x,0B) :yle%fB|m—y|. (115)

We assume that y, € Q° for all z € QN B.

This assumption excludes a situation like On the other hand, it is usually satisfied if Q
is produced from some feasible initial shape g by slightly moving its boundary. It allows us to show
that 7 (€2) is also a minimiser of [(113)| for the Hausdorff distance:

Lemma 65. Let[Assumption 5 hold or restrict the considered ' in[(113) to subsets of Q. Assume that
O\ B is not empty. Then m(Q) is a minimiser of|(113) with respect to the Hausdorff distance dg (-, -).

Proof. It QN B = () already, then 7 (Q) = Q and dy (2,7 (©2)) = 0. In this case, the result is clear. Thus
assume QN B # (. Since 7 (Q) C Q, we know that dg (7 () — Q) = 0. On the other hand,

dg (Q,7m(Q)=dyg (@ —=>7(Q)) =sup inf |z—y|= su inf |z —vyl.
5 (O (@) =dy (U w (@) =sup inf Jo—y|= s inf |y

Now assume that ' is admissible in[(113)] i. e., Q' N B = (. Again, we get

dy (,Q) >dy (Q — Q) =sup inf |z —y| > sup inf |z —y.
zeQ YEQ! zeQNB YELY

If now ' C Q, then also ' € 2\ B. Thus

dy (,Q) > sup inf |z—y|> sup inf |z—y|=dy(Q7(Q)).
zeQnB yeY z€QNB YENB

This finishes the proof for this case. So let hold and note that

sup inf |z —y|> sup min |z —y
weQﬂByGQ'| | zeQﬁBy€33| |

must be true since ' C R™\ B. Let € QN B be arbitrary. By the assumption, there exists y, € 0B
such that holds. Since y, € Q°, there exists a sequence (yx),cy C 2\ B converging to y, as k — oo.
This sequence also realises the minimum in the limit since the Euclidean distance is continuous. Hence

min |z —y| = |z — = lim - > inf —yl.
yeéB| Yl = |2 — yal kl%olz yk\_yég\Blw Yl
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This inequality remains intact if we take the supremum over all x € QN B, yielding the desired

dg (Q,Q)> sup min |z —y| > su inf |z—yl=dg(Q,7(Q)).
rO)> s el > b= = dn (5(0)

O

Initially, we defined the projection|(112)| mainly based on intuition. With [Lemma 64| and [Lemma 65}
we are now able to justify it based on the abstract shape projection |(113);

Corollary 15. Let[Assumption 3 hold and let Q\ B # (). Then the shape projection m () from[(112)

is the unique open set that minimises [(113) for the distance in measure. It is, at the same time, a
minimiser for the Hausdorff distance.

6.6.2 The Relation between Shape and Speed Projections

Following up on [Subsection 6.6.1} let us now compare the result of a shape projection with to a
projection of the speed field in L? according to Both methods are in contrast to a speed projection
in H, since they allow (and somewhat “encourage”) the constraint to become fully active. For simplicity,
let us assume F' > 0 here. This is the interesting case for forbidden regions. Let us denote the evolved
shape according to the projected speed FP by QF where ¢ > 0 is, as usual, the propagation time. Since
FP < F, it is clear by that the inclusion Q) C Q; holds. Noting that (%) is the largest
admissible subset of Q;, we can also conclude Qf C 7 (£2;). This inclusion is, in general, strict: With a
projected speed, the forbidden region creates a kind of “shadow” for the shape evolution. This effect is
not present if the shape is allowed to propagate unhindered at first and only projected later according
to|(112)] See [Figure 44 for an illustration.

The worst-case situation for this shadowing effect is a sharp corner, as shown in |[Figure 45| The
Hausdorff distance between QF and 7 (£;) for this situation is indicated with the red line in
A basic geometric argument quickly reveals that it is proportional to the evolution time ¢. If we exclude
this case, however, and assume that the boundary of B is smooth, it turns out that both approaches
yield approximately the same shapes for small step sizes, meaning that dg (QF, 7 (2;)) = o (¢). This will
be our main result of the current subsection, formulated and shown below in The kind of
smoothness required is a well-known geometric condition, which we recall briefly for convenience (see
also, for instance, Definition 3.1 on page 68 of [30]):

Definition 23. Let Q@ C R™ be open. Assume that for every point p € 9 there exist r > 0 and a
bijection h: Q — B, (p) such that both A and h~! are in C!. Furthermore, we require that

h(Qo) =002N B, (p) and h(Q_)=02NDB, (p).
Here, @ = B; (0) is the open unit ball and

Qo={z€Q|z,=0}, Q- ={ze€Q ]|z, <0}.
If this is the case, then  is said to be a C'-domain.

The main ingredient for the estimation of dg (QF, 7 (£2)) is the ability to construct paths between
points z,y ¢ B that do not cross the forbidden region B and are not too long. This can be achieved with
a C'-domain as illustrated in If we “zoom in” far enough towards a piece of the boundary, it
becomes almost flat due to the required smoothness. This makes it easy to construct a path £ € X,q (z,y)
that avoids B entirely. This idea can be formalised, which yields the main technical construction for the

proof of

Lemma 66. Let B be compact and such that B° is a C'-domain. Then for every ¢ > 0 there exists
a neighbourhood U of OB and a § > 0 such that for every x,y € U with |z —y| < § there is a path
€ € Xaa (z,y) with

< (@ +e)|z—yl.

If x,y & B, then also & is entirely outside of B.
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a) QP corresponding to a speed projection in L2.
t g ]

(b) Projected shape 7 (£2¢).

Figure 44: Comparison of the evolved domains QF and 7 (£;) (in black). The initial geometry is the
front shown in blue, which evolves with F' = 1 around a circular forbidden region.
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(a) The initial situation. (b) Evolution after some time ¢.

Figure 45: The shadowing effect for a corner. The forbidden region is black, the evolved shape QF is
dark and the additional set part of 7 (€2;) is light grey. The red line indicates the Hausdorff distance
between the two evolved sets.

Figure 46: Sketch of the transformation h from [Definition 23| mapping the reference domain @ (left) to a
neighbourhood of the boundary of B (right). We also show a possible path connecting = and y without
going through B.

Proof. Let us start with a standard compactness argument applied to dB: For every x € 9B, let 7,
denote the radius of the neighbourhood B, (z) given by Then we can choose a finite
subset Z C OB such that

OB C | JB..j3(2)=U.

z€Z

Choose §; = min.ez7,/3. Now let z,y € U and |z —y| < §;. Then there is some z € Z with
xr € B, s3(2). Since |z —y| < |z — x| + |z —y| < 2/3 -7, it follows that x,y € By/s,_ (2). Also note
the following: If we denote the bijection of for each z € B by hy, then all functions h,,
h.~', Dh, and Dh. ™! are uniformly bounded and uniformly continuous on their respective domains for
z € Z. We can, furthermore, find bounds that are actually independent of z.

Consider now some fixed z € Z and x,y € B,, (). Let us write h = h, for the bijection on B, (2).
We define the path ¢ € X,q (z,y) by

E(t) = (ho Sury)(t) = h(a' +t(y' — ")) = h(h™ () + t(h™ " (y) — b~} (x))).

I. e., we use a straight line in the transformed picture (on @), as shown also in [Figure 46| Obviously, if
x,y € B, then also £ will never be inside B. The fundamental theorem of calculus states that

1
y —2' =h7y) - h Y (z) = / Dh™ Yz + s(y — x)) ds.
0

(Note that B,._ (z) is convex, so that all intermediate values are in the domain of A=1.) This implies also
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the following estimate for the derivative of &:

[§'()] = D2’ + t(y" — 2"))(y' —2") = /0 Dh(a' +t(y — ")) Dh™ (z + s(y — x))(y — x) ds

1
<l|y — x| / HDh(m' +t(y —2"))Dh ™ (z + s(y — m))H ds
0
1
=y —z| / ||1 + Dh(x' +t(y' —2")) (Dh_l(x +s(y —x)) — Dh Y (h(2 +t(y' — 2')))) H ds
0
Here we have used the well-known relation between the derivatives of a function and its inverse,

(Dh(z' +t(y' —a')))"" = Dh~ (h(a' +t(y' — 2))).

Further estimation yields
1
€Ol <ly =l (14100 [ DA o+ sty =) = D0 + o/ =) ds) . (116
0

Also note that |€] can be bounded by the same quantity, since |£| = fol |€'(t)| dt by definition.

Thus, it remains to find a uniform bound for the norms in the right-hand side of The term
||Dh.|| ., can be bounded uniformly in z by compactness as discussed above. Furthermore, note that for
every 0’ > 0 there is 02 > 0 such that |z — y| < J implies

|2+ sy —x) — h(2' +ty —a"))| <&

for all t,s € [0,1], 2 € Z and x,y € B, (z). To see this, note h.(z') = = and that h, and h,” ' are
uniformly continuous. Thus, uniform continuity of Dh, ™! implies that we can have

1
”thHOO/O ||th_1(m + s(y —x)) — Dh, " (ho (2’ +t(y' — x’)))” ds < e

if only |z — y| < 0 = min(dy,d2). This finishes the proof. O
We can even get rid of the neighbourhood U in with a simple further construction:
Lemma 67. holds also for all x,y € R™ with |x — y| < J, dropping the condition x,y € U.

Proof. Choose § for € according to and let z,y € R™ be given with |z — y| < §. We consider
the straight line S;,. If it does not intersect B, then we can simply use { = S, with [{] = |z —y|. So
assume that =,y ¢ B but that S, intersects B at some point. Then there exist times 0 <¢; <ty <1
such that 1,22 € U \ B, where we have introduced the notation z1 = Sy, (t1) and xo = Sy, (t2). We
can, in addition, choose ¢; and t; such that S,, does neither intersect B on [0,¢1] nor on [t2,1]. Apply
now to get a path £ € X,q (z1,z2) that connects the two points without intersecting B. It is
clear that this is possible since we have |z1 — z3| < |z — y| < §. Then set &, to be the concatenation of
Szy on [0,61], € and Sy, on [ta, 1]. This yields

el = lz1 — 2| +[§] + |y — @2 <z —a[+ (L4 €) w2 — a1+ [y — 22| S (L +€) [y — ],
where we have used that the points x, 1, z2 and y are collinear. O

Based on we can now show the main estimate of dy (QF, 7 (Q)). For this, it mostly
remains to handle the speed field F. Due to Lipschitz continuity, this is not a big problem.

Theorem 24. Let Qg be bounded and assume that B is compact and such that B° is a C'-domain. Let
F be Lipschitz continuous, F' > 0 and infyep F(x) > 0. Then dg (QF, 7 (Q:)) =0 (t) ast — 0F.
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Proof. Note that our assumptions imply that there exists an open neighbourhood U D> B and F > 0
such that FF > F on U. Furthermore, since )y is bounded and F' continuous, we may assume, without
loss of generality, that F' < F. Since Q} C 7 (), we only have to consider dg (m (€2;) — QF). Let t > 0
be small and y € 7 (Q;) \ QF. Since y € Oy, there exist z € Qp and & € Xaq (z,y) with 1(&) < t. Note
that |z —y| < F-1(&) < Ft by so that |z — y| gets arbitrarily small in the limit ¢ — 0F.
Because y € QF, we can conclude that the path & must intersect B. By making ¢ and thus |z — y| small
enough, we can assume that x,y € U.

For any given € > 0, we can now apply to get a corresponding J. Assume that ¢ is chosen
small enough to yield |z — y| < . By reducing ¢ further, we can also guarantee (1 4 ¢)L |z —y| < F,
where L denotes the Lipschitz constant of F. For our z and y, [Lemma 67| gives a path £ € X.q (z,y)
with [£] < (1 + €) |z — y| and such that £() ¢ B for all 7 € [0,1]. Following the proof of [Lemma 21| for
¢ instead of Sy, we can derive the following estimates:

1 F(y) ) 1 (F(y)+le—y|>
1(6) < = 1lo , t>d(xz,y) > —log | —X 21
© = 78 (pir =i 9EE (r.0) 2 plog\ =)
Setting d = 1(¢) —t and A = L |x — y| /F(y), these estimates imply further
Ld F(y) F(y) e+ (LN
e’ —1< . —1= )
F(y) = (1+eLlz—y| F(y)+ Lz -y 1—ed— (1+€)A2

Because y € O, we know that [(£) > ¢ must hold. Hence, the intermediate-value theorem implies
that there exists some 7 € (0, 1] such that & split into & on [0,7] and & on [r, 1] implies I(§1) = ¢. Set
T =& (1) =&(0) = &(7). Tt is clear that Z € QF since I(&;) = t. Because z is in the interior of the open
set Qo, we actually also get 7 € Q. Since & € X,q (Z,y) and (&) = 1(€) —t = d, yields

- € € 2

By the same lemma, we also know

F(y)
L

Note that the right-hand side of [(117)|is increasing in A if |z — y| and thus A are small enough. Thus,
we can combine everything and use a series expansion to finally find

|£—y\§@([,et+0(t2)) <Fe-t+0(t?).

|z —y| < (e —1) & X<l -1

Taking the supremum over y in this inequality yields an estimate for dg (7 (€;) — QF). Since € can be
chosen arbitrarily small for the limit ¢ — 0%, this implies the claim. O

We require that inf,cp F(x) must be strictly positive to avoid a situation like If a line
with F' = 0 touches B, then we may get a qualitative difference between the time evolution of O} and
that of m (Q): In the shown situation, QF = Qq for all ¢ > 0 since there is no possibility for the initial
region to grow anywhere with speed FP. On the other hand, 2, will grow inside B and, at some point,
also reach the upper area outside of B. When this happens, 7 (€2;) contains parts of the quarter plane in
the north west. Let us briefly analyse this effect also more explicitly. For this, choose the speed field as

if z <0,
Fan={ frrd gos

Vai+y? ifz>0.

The forbidden region is the half-plane B = { (r,y) € R? | T > 0}. This matches the schematic illustra-
tion of [Figure 47 For Qg to reach the north-west region, we have to consider paths like £ € X.q (p, q)
shown in the sketch. Note that F' is constant along such a path, so that



Qo

Figure 47: Sketch of a possible situation where Qf and 7 (€;) do not match qualitatively in their time
evolution. The dark grey area is the forbidden region B. We choose F' = 0 on the horizontal line and
F > 0 everywhere else.

where 7 is the radius of the circular arc. In particular, the path length is independent of r. This implies
that it is not possible to reach the north west after arbitrarily small times, even tough p and ¢ can be
as close together as we wish. Hence, the statement of is actually still true for this situation
(since we take the limit ¢+ — 0%). We believe that it is possible to exploit Lipschitz continuity of F to
show that this must always be the case and that holds generally without the strict positivity
requirement. This is, however, only a minor detail. The qualitative difference between QF and 7 ()
that arises in a situation like is more important in practice than the fact that this can only
happen after some (possibly very small) time interval.

6.6.3 Numerical Experiments

To conclude this discussion, let us consider some numerical results. We have implemented all three
strategies for handling shape constraints discussed above. They are applied to the image-segmentation
problem with various kinds of forbidden regions. Note that we are neither aware of any other work
about image segmentation with geometric constraints nor of an actual application of such a problem. It
is, however, a very instructive model problem for an analysis of the behaviour of the descent methods.
Furthermore, we believe that geometric constraints in a segmentation model could be used to incorpo-
rate “outside information” into the segmentation process. This additional information could either be
provided by a human operator in a semi-automatic method or it could come from a second channel of
measurement data.

All computations are done with 2% of Gaussian noise added. We perform the descent run for 50 dif-
ferent random configurations in each problem setting to make the qualitative result more representative.
The cost evolutions are averaged over all runs, for which we employ the geometric mean since it fits better
to the logarithmic scaling of the y-axis. We chose a small minimum step length of ¢,,;, = 107° to ensure
that no effects of the constraints (which are our main object of interest) are obscured by time-stepping
artefacts. Since we do not know the true optimal cost, we use the smallest achieved value for a particular
configuration (over all iteration steps and with all three methods) as base value.

|[Figure 48| [Figure 49| and [Figure 50|show the results for three different configurations of the forbidden
region. For each case, the top plot shows the basic situation (initial geometry g, forbidden region B
and the approximate final solution). The bottom plot compares the averaged decrease of the cost value
for the three methods we consider. The first situation in has the “casiest” constraint. The
region B in this case is, in particular, smooth. Consequently, tells us that the results of
using the speed projection in L? and projecting the shape should be very similar. This statement is,
indeed, confirmed by [Figure 48D} The blue and red dots match quite well. The green dots, corresponding
to a speed projection in H'! instead, show a different behaviour: The decrease is more slowly here in
the beginning, which can be explained by the fact that the speed field gets drawn to zero where the
constraint is almost active and thus the whole descent is done in a more cautious fashion. This, however,
also leads to a (slightly) better minimal cost in the end. In the forbidden region is a triangle
with sharp corners. This set B does not fulfil the requirements of [Theorem 24] and we can see that also

124



1 T
[ Tinitial Gedmetry
[ |Forbidden| Region
[ solution
0.8 [ i
06 =
041 |
021 &
0 | 1 1 1
0 0.2 04 0.6 0.8 1

(a) The basic configuration in this example.

1e-2 7
¢ Speedin H1
® SpeedinlL2
® Projected Shape
o....
te g
1e-3 “5353, g
HEI
® g0 _
el
'.'g-
° L]
le-4 ° 7
. ®
L] 3
®
1e5 - : sieeeed
$ oo-!".‘...
:.o" N
L]
L]
16'6 1 1 1 1
0 10 20 30 40 50

(b) Average decrease of the cost during the iteration for all methods.

Figure 48: Comparison of the three methods for handling constraints. These are projection of the speed
in H!, in L? with|(111)| and projection of the shape with [(112)
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Figure 50: Continuation of with a forbidden region that consists of multiple, randomly placed
triangles. Each run has not only different noise, but also a different arrangement of the triangles.
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the corresponding cost descents in are not as similar as before. The blue and red dots clearly
diverge from each other around iteration eight, which is when the growing domain starts to wrap around
the corners of the triangle. This is in nice correspondence to our theory discussed in [Subsection 6.6.2}
The green curve shows the same behaviour as before, but much more pronounced this time. The decrease
is more slowly at the beginning, but the descent is more robust and leads to a much better result.

This effect can be seen and interpreted even better with the setting of Here, the forbidden
region is even more complex and difficult than before. [Figure 51| shows typical speed fields as they occur
in the descent with shape projection (Figure 51g]} and the speed projected in H* . In the
former case, we get very large speed values around the parts of B that are already surrounded by the
growing domain. This is the case since it would be good for decreasing the cost to include them in £,
and the speed field does not know anything about the constraints that forbid this. With a projection
in H', on the other hand, the speed field does include information about the constraints. Consequently,
the speed is small (and continuous) around those regions. Note that our descent algorithm computes
the directional shape derivative according to and uses it for the Armijo rule as the expected
cost decrease. This, however, only works when the constraints are correctly accounted for in the shape
gradient. Consequently, the Armijo rule expects a much larger cost decrease than we can actually achieve
for the situation of This leads to the effect that only the minimal step length is accepted
from this iteration onward, and the final shape looks almost the same as the black shape indicated in
This is clearly suboptimal. With the speed projection in H', on the other hand, the shape
from continues to evolve and results in the correct geometry shown also in One
can confirm this interpretation by lowering the relaxation parameter 7 in the Armijo rule|(107)|sharply.
This improves the performance of the shape-projection method in relation to speed projection in H*
considerably, and avoids a stuck situation as in Let us, however, remark that the opposite
effect is possible as well: If the forbidden triangles are placed such that they obstruct the growth of the
domain severely, it can happen that the speed projection in H' gets stuck (due to drawing down the
speed field) while using a shape projection converges to the optimal shape. Based on our experience
with these numerical tests, however, this seems to be a less common situation. Thus, the interpretation
given above is what causes the effect seen in the averaged plot
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(b) Projection of the speed field in H?.

Figure 51: Typical speed fields during the descent for the problem from [Figure 50
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7 Self-Consistent Gradient Flow

In the previous we have seen how a basic gradient-descent method for shape optimisation can
be developed. We have also seen that it is prone to inefficient zig-zag movement in certain situations.
Now, we want to mention a new and different approach to shape optimisation within our level-set
framework. The proposed method can be interpreted as a gradient flow. Particularly for images with
sharp edges (like 7 this method is more efficient than a plain gradient descent. Unlike Newton-
type methods, our approach does not need derivatives of the image data. This makes it potentially more
stable for noisy images.

7.1 Self-Consistent Speed Fields

The basic idea of our method relies on two crucial observations about the shape evolution of some initial
geometry €2y along a given speed field F":

e Recall that the value F(x) of the speed field at some position z € R™ defines the normal speed of
movement of the boundary I" at this point x. This, however, means that the value of F'(x) is only
significant at the instant ¢ in time when x € T'y.

e If I/ > 0, then the evolution of € is monotone. In particular, our domain always grows. This
implies that each point z ¢ g is reached by the advancing front at a precisely defined, unique
arrival time. In other words, for each such point there is a unique ¢t > 0 such that = € I';. For all
T < t, it follows that &€ T'; U Q.. If, on the other hand, 7 > ¢, then = € Q.. This ¢ is, in fact,

given by the distance do(z) of [Definition 11

Particularly interesting is the following conclusion, which can be drawn by combining both observa-
tions: If we are given some monotone shape evolution, then a single speed field is enough to encode the
propagation for all times. This is even true if the shape evolution is defined in terms of multiple speed
fields (e. g., descent steps) or with a time-dependent speed. (The latter situation has not been treated
rigorously above. This is, however, not important for our discussion.)

As above in let us assume now that we have an optimisation problem whose shape
derivative has the form

4] (2 F) = / Ff(z,9)do (118)
T

for some shape-dependent function f. We have already seen in that our image-segmentation
problem is of this type. Note, however, that we will have to make some assumptions on f later on in
before we can derive theoretical results. These assumptions are usually not fulfilled for the
image-segmentation problem. Nevertheless, the method still works very well in practice. This will be
demonstrated in We will, though, at least assume f < 0 already now. This ensures that
the resulting shape evolution is always monotonically growing. The idea can be adapted in a straight-
forward way for f > 0 and a monotonically shrinking domain as well. If the sign of f is not fixed (which
is usually the case in optimisation since we are looking for a zero of the gradient), the approach still
works in practice (see . Now, in order to solve the optimisation problem, we are interested
in a speed field that has the following property:

Definition 24. The speed field F is called a self-consistent gradient flow if
F(x)=—f(x,Q) (119)
for all t > 0 and = € T';. Here, §2; is the time evolution of €2y with respect to the speed field F' itself.

Clearly, F' defined in this way is a descent direction not only at 2 = Qg but all along the time
evolution, i. e., for all 2 = Q,; with ¢t > 0, as the shape derivative is negative by definition. In fact,
we have (in some sense) chosen F' to be the negative shape derivative. This is the same idea that was
already used in [75]. It motivates the claim that this speed field corresponds, somehow, to a gradient flow.
It has to be noted, however, that it does, in general, not correspond to the shape gradient introduced in
as the Riesz representative of the shape derivative. For instance, the smoothing effect due
to computation of the shape gradient by solving is not present in F' defined according to |(119)]
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Figure 52: Computation of F' = ¢(Fp) at some point x. The shape Q(z), on which the shape-dependent
quantities are based, is indicated with the dashed outline.

Another important issue is the following: In order to make sense of the condition we already have
to know some shape evolution on which ; and I'; can be based. In other words, one already needs
a speed field in order to apply In fact, for to be fulfilled, this condition needs to
hold assuming the shape evolution induced by the speed field F' itself. This is the reason for calling it
“self-consistent”. Thus, can not be used directly to compute such a self-consistent gradient flow.
What we can do, however, is to define an iteration: Given an initial speed field Fy, we can, indeed, use
to define another speed field F' = ¢ (F,). The self-consistent gradient flow that we are looking
for is then a fized point of . With certain assumptions, we will see in that such a fixed
point exists, the iteration converges to it and that all speed fields produced on the way are Lipschitz
continuous. The computation of F' = ¢(Fp) is depicted in[Figure 52} For some fixed = ¢ Qq, we compute
t = do(x). Next, the evolved shape Q(z) = Q, at this time is found. It corresponds to the snapshot in
the shape evolution when x lies precisely on the advancing front I';. As discussed above, the speed field
Fp is used to compute dy and the shape evolution. When this is done, we set

Y(Fo)(z) = F(z) = —f(z, Q(x)) (120)

according to This means that we evaluate the shape dependence of f for the domain Q(x). (Note
that the value of F' does not matter for x € y. Since we assumed a monotonically growing shape,
changes to the speed field in Q¢ will not influence the shape evolution at all.)

Of course, it is not possible in practice to compute all of the evolved shapes Q(z) for z € R™. Doing
so would, roughly speaking, correspond to performing a gradient descent with infinitesimally small time
steps. Even the computation for all points of a discrete grid has a prohibitive computational cost and
cannot be done practically. One can, however, compute just a handful of snapshots together with the
corresponding shape-dependent quantities. The shape dependence at some point x can then be found
by interpolating these values for the desired time do(z). The qualitative behaviour of the important
shape-dependent quantities in our case is plotted in for a sample time evolution. This shows
that they behave “nicely”, which means that it is, indeed, justified to apply some suitable interpolation
method in practice. Note that this is the case even though neither the speed field nor the image are
actually continuous for the example (due to the added noise). Later on, we will also see in and
that certain assumptions ensure that the shape-dependent quantities are actually Lipschitz
continuous with respect to the evolution time ¢. Thus, there exists also a theoretical justification for
the suggested interpolation approach. Hence, we are perfectly able not only to define ¥(Fp), but also to
compute it without too much difficulty.

7.2 Local Existence of a Fixed Point

We continue now with a theoretical analysis of the mapping ¢ introduced above. In particular, we are
interested in the following two questions:
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Figure 53: Behaviour of the shape-dependent quantities that appear in dJ (€; F) of the image-
segmentation model (see [(103)) during a sample time evolution. An affine transformation has been
applied to make the values comparable to each other.
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e Will ¢(F) again be a Lipschitz continuous speed field if F is Lipschitz continuous?

e Is there a fixed point of ¥? If we manage to find one, we have found a self-consistent gradient flow

according to [Definition 24

It will turn out in [Subsection 7.2.4] that the answer two both questions is “yes”. To show this, however,
we need some additional assumptions. Throughout this section, we will require that 0 < F < F,G < F,
where F,G: R™ — R are speed fields. The strictly positive lower bound is, unfortunately, crucial.
shows that we can not hope for Lipschitz continuity of ¢ (F) if no lower bound is present.
The initial domain Qg is assumed to be fixed. We further require Qy = I'g U o, i. e., assume that I'y
has empty interior.

In order to show existence of a fixed point (as well as convergence of the fixed-point iteration with ),
we want to apply Banach’s fixed-point theorem. A natural Banach space for the speed fields is C'(R™).
Thus, besides some further technical issues, we have to find a contraction estimate on ||9(F) — ¥(G)||
in terms of ||[F — GJ|_. Although the space C%!(R™) of Lipschitz continuous functions may look like an
even better choice at the first glance, it will be convenient to only require continuity in the underlying
space. We show actual Lipschitz estimates for ¢)(F') in a separate step. Let us also introduce the set

Ey = Vi (Q0) \ Qo = {z ¢ Qo | sdg, (z) < Ft} = {z € R" | 0 < sdq,(z) < Ft}.

Here, V, () is, as before, the e-envelope of Qg introduced in[(100)] The set E; is a (closed) band around
Qg that contains all points that can be reached in time ¢, based on the minimal speed F'. In other words,
E; C Qu(F)\ Q for arbitrary speed fields F' used in the evolution. Hence also do(x) < ¢ for all t > 0
and x € E;. In the following, we present some estimates that ultimately show Lipschitz continuity of
with respect to the speed field in the supremum norm. Furthermore, it will turn out that the Lipschitz
constant tends to zero with ¢ — 0% if we restrict ourselves to such a band E;. Consequently, we can,
indeed, ensure the contraction property on F; if only t is small enough. Thus, our results will be local
in nature. We will, however, also discuss a possible strategy to globalise them in certain cases in the

following Section 7.3

7.2.1 Lipschitz Continuity of Arrival Times

The first step in the evaluation of (F') at some x € E; is the computation of the arrival time dy(z).
This motivates us to consider how this time behaves if we change the speed field. In order to denote
arrival times for different speed fields unambiguously, we use dg(x; F') and do(x; G) for the arrival times
at = based on the speed fields F' and G, respectively. Then, the following Lipschitz estimate holds:

Lemma 68. Let t > 0 be fized and x € E;. Then
t
dol; F) — do(;G)| < = IF — Gl

Proof. For x € Ey, we can choose x € Iy and a path & € X,q (z¢, z) with [(§; F) = do(z; F). This works
due to [Lemma. 19 and [Lemma 33l Note that

RS (1R8] S
Fly) Gly) F(y)G(y) F?
for all y. Thus, using the path ¢ also for the speed field G, we find
1
_ A € 1 oy JEL
il 6) <66 = [ B ; G@@»M“Sd“5”+ LIF -Gl

It remains to estimate |£|. For this, consider the straight line Sy« connecting x to some x € To with
sda, (z) = |z — x{|. We know that |Széz| = |z — x| < Et by definition of E;. Hence

1 e B — (e |&L
L [ b =t6 P = o) <1 (S F) = [ et

F't
d <= =t
K
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Taking the estimates together, we have shown
t
do(7;G) < do(x; F') + I |F =Gl -

If we repeat this argument with the roles of F' and G exchanged, the proof is finished. O

One can easily see that a lower bound F on the speed fields is necessary already for this result:
Assume that there is xg € 'y with F(zg) = 0 but G(xg) > 0. Then, for a sequence zy — z, [Lemma 17]
implies that do(zg; F') — oo while dy(zx; G) — do(xo; G) < 0o. Thus, we can not hope for any Lipschitz
constant that works uniformly for all x in some E;. On the other hand, assume that F' and G are strictly
positive on I'y. In this case, continuity implies that a lower bound F > 0 exists also on some band E; if ¢

is chosen small enough, so that this requirement of is no real restriction. See also

7.2.2 Uniform-Density Estimates

In the next subsection, we show that the volume vol (Q2) as shape-dependent quantity is Lipschitz con-
tinuous with respect to the employed speed field (in the sense discussed in [Section 7.1f). [Theorem 21|
from can be used for this estimate. In order to do so, we need a uniform-density property not
only for Qg (which we can assume) but also for the evolved sets ;. Let us now investigate how uniform
lower density is preserved by a shape evolution. This is related to our previous result but
here we focus on uniform estimates of the density.

For simplicity, we discuss the case F' = 1 first in order to introduce the idea that will be used later
to prove the general case. In this situation, (o, ¢)-uniform lower density of Qg is completely preserved
for all times of the shape propagation. This is illustrated in In particular, let € T'; be
an arbitrary point of the evolved boundary and choose some radius p > 0. By there exists
xo € I'g with t = | — x9|. Whenever yy € B, (z0) N o, then the shifted y = yo + (z — ¢) must be part
of Q: If this were not the case, then do(y) > t. However, this contradicts

do(y) < d(y,y0) =y — yo| =[x — x| =¢.
Intuitively speaking, y has definitely been reached by the propagating front at time ¢ since it has, in
particular, been reached already by the elementary wave originating at yg. Thus, we have shown that

(Bp (x0) N Q) + (z — z0) C By (x) N Q.

This, in turn, implies the claimed preservation of uniform lower density.

We can also apply the same idea if F' is not constant. In this case, however, shifting a path slightly
distorts its length. As a consequence, uniform lower density is not fully preserved. In particular, the
constant ¢g is possibly reduced. This weaker result will be sufficient for our purposes, though. As a
preparation for the proof, let us estimate how the length of a path changes when it is shifted:

Lemma 69. Let F' have Lipschitz constant L. Choose d € R™ with |d| < F'/L, points xo,r € R™ and
some path & € Xaq (g, ). Denote by € € Xaq (w0 + d, v + d) the path shifted by d, i. e., (1) = &(7) +d
for T €[0,1]. Then

: 1(§)

=T e

Proof. Assume that £ is parametrised by arc length and that |£| = v. Then clearly also ’f ’ = v. Note
that by Lipschitz continuity

FE(r) 2 F(E(r) - L |E(r) - €(r)| = Fe() — 1dI L

= (e (1- gy ) = Feon (1= 15 ) >0

holds for arbitrary 7 € [0, 1]. This now implies

5 1 v . 1 v 1 o 1(€)
KQLAF@mdSAl%mﬂ—ﬂMFd%MMW'
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(a) Constant speed F' = 1. (b) General case as in the proof ofw

Figure 54: Preservation of uniform lower density during the shape propagation. The grey volume is part
of Qg and, after an appropriate shift, still part of ;.

This allows us now to show that uniform lower density of {2y carries, indeed, over to 2;:

Lemma 70. Let F have Lipschitz constant L. Assume that Qg has (po, co)-uniform lower density. Then,
fort >0, the evolved set Q0 has (po, ¢t )-uniform lower density. Here,

Proof. For t = 0, the statement is clear. Let thus ¢t > 0, z € T'y and p € (0, pg). According to
and there are xg € T'g and £ € Xaq (20, x) with I(§) = d (zg,x) = do(x) = t. We set

p

SL
= ————— d s=t-min(l, — ) <t 121
1+tLF/E<p and s m1n<,F>_ (121)

Furthermore, split £ at some point z° into § € Xaq (xg,2°) and & € Xaq (2%, x) such that [(&) =¢ — s
and [(&) = s. See also the sketch in[Figure 54bl Now, consider first the case < F/L. In this situation,

-t 1-5L)

For yo € Bs(wo) N Qo and d = yo — x¢, note that [d| < 4. Thus, we know from for
y* =2 +d=yo+ (z° —x0) and £ = & +d € Xaq (Yo,y°) that
- ! t(1-60L/F
1(§) < (&) ( /B) _,.
1= |d L/E = 1—0L/F

Hence y° € 4, so that we have shown the inclusion
(Bs (z0) N Qo) + (2° — x0) C Bs (z°) N Q. (122)

In the case 6 > F/L, we have s = t and z® = xg. Since F > 0 and thus Qy C £, the inclusion |(122)|
holds also in this situation.
As the next step, take note that

— F
|ys—a:|S\x—xs|+|x8—ys|<Fs+6§t5LF+6:p
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for all y* € Bs (¢®). This implies Bs (z®) C B, (x). Thus, since the shift is a rigid transformation and
preserves volumes, we finally get

6 n
vol (B, () N §) > vol (Bs (%) N §) > vol (Bs (x0) N Q) > co - vol (Bs (x0)) = ¢o - <p) -vol (B, (x)).
The claim now follows by expressing §/p with [(121)| O

7.2.3 Shape-Dependent Quantities

Let us now try to understand better how f in depends on the shape 2. We are particularly
interested in domain functionals. Hence, the most important step is to observe how the volume behaves
as shape-dependent quantity when the underlying speed field is varied. As we will see in it
turns out that the volume is actually Lipschitz continuous with respect to F' under certain assumptions.
This result can also be generalised to more complicated shape-dependent quantities of the form analysed
already in [Section 4.2 i. e., [(52)] [[57)] We will do that in

Our main tool in estimating volume differences is combined with the uniform-density
properties shown in However, we also need to get a handle on the perimeter of evolved
sets. This is the problem tackled, for the case F' =1, in Unfortunately, the results there are
not general enough for our purposes here. Thus, we have to assume the necessary properties for now.
We believe that our assumption is likely true in general, but do not yet have a proof for it.

Assumption 4. Let 9 C R" and L be given. We assume that there exist P and ¢, > 0 such that
P (F) <P

holds for all ¢ € [0,t,] and speed fields F' with Lipschitz constant L. Here, Q. (F) denotes the time
evolution of )y at time ¢ according to the speed field F.

Under this assumption, we can now apply to estimate the volume of a band of width p
around an evolved set €);:

Lemma 71. Let F have Lipschitz constant L and Qqy have (pg, ¢)-uniform lower density. Furthermore,

let hold. Then

n—1 —=\ n—1
_ 1\ ™ F

for allt €[0,t,], p € (0, p0) and with some dimensional constant C.

Proof. According to the evolved set € has (pg, ¢’)-uniform lower density with

7 —-n
! = 1+tL— . 123
c c( + F) (123)

Note that 0 < F < F implies the inclusion

Qt+p \(Tt - Upf’
where U 7 is the newly created volume according to |[Definition 18| based on €2, as the initial geometry.
Thus, implies

_ 1\ _ 1\

This finishes the proof if we use the explicit form of ¢ in [(123)| and [Assumption 4| for P (). O

With this result, we can now show a general Lipschitz estimate for the volume of the evolved domain.
This estimate allows both the times and the speed fields for the compared evolutions to be different:
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Lemma 72. Let F < F,G < F be two speed fields with Lipschitz constant L. Let Qg have (pg, ¢)-uniform
lower density and let [Assumption J] hold. Then

vol ((F)) — vol (2(G))| < vol (2(F) AQ(G)) < K (52 -max(s,t) - |F — G|l + |t — 5> (124)

for all s,t € [0,tg), where

n—1 —\ n—1
. Po = Iy~ F

and C is a dimensional constant.

Proof. The first half of |(124)|is a general property of the symmetric set difference: If A and B are two
arbitrary sets, then

[vol (A) — vol (B)| = |[vol (AN B) + vol (A\ B) —vol (BN A) —vol (B \ 4)|
<vol(A\ B)+vol(B\ A) =vol(AAB).

(This can be seen as a variant of the inverse triangle inequality.) Furthermore, set F = min(F, G),
G = max(F,G), t = min(¢, s) and § = max(t,s). Then

Q:(F) € Q(F) N Q%(G) € Q(F) U Q(G) € Qs(G).
This yields, in particular, the relation

0(F) AL (G) € (@) \ (F) = 25(G) AQy(F).

Note that ||FF - G| = Hﬁ' - GH and |t — s| = |f — 3|. This implies that the right-hand side of [(124)

is not changed if we formulate it using F, G instead of F, G and with £, § instead of ¢, s. Hence, we may
assume, without loss of generality, that ' < G' and ¢ < s. It remains to estimate vol (25(G) \ Q:(F)).
For this, choose z € Q4(G) \ Q(F) arbitrarily. Note that © € Ey with s’ = F/F - s and, per

assumption, s = max(s,t). Thus, gives
F F F
dof: F) < do(2: C) 4 g | = Gl < 5+ g8 1F = Gy = £+ Ly max(s, 1) [ F — Gl + 1 — 5]

If we set

F
p= g -max(s, ) | F = Gl ]t~ 5],
this implies « € Q44 ,(F). Hence, we have shown the inclusion
Qs(G) \ U(F) C Quyp(F)\ Qe(F).

Also, since ||F — G|, < F and |t — s| < ty, we know

<t 1+ E i <
P 0 F = po-
This means that we can apply to finish the proof. O

So far, we have considered, in particular, the volume as a simple shape-dependent quantity. However,
note that allows us to control the symmetric set difference Q;(F) A Q,(G) and not only the
volume difference. Based on this, we can generalise the result to other, more complex domain functionals.
Let us first define an abstract notion for the Lipschitz property
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Definition 25. Let @) be a shape-dependent quantity and Qg C R™ be an initial domain. We say that
Q is Lipschitz regular at Qg if there exists a constant C' such that

Q2 (F)) — Q(Q(G))| < C (max(s,t) - [|[F = Gl + |t = s])

for all L, an upper bound ¢y = to(L), all s,t € [0,9] and all speed fields F, G with Lipschitz constant
L. In particular, note that C' must be independent of L while ¢ty may depend on the Lipschitz constant.

The volume vol (-) is Lipschitz regular according to While the constant K in|(125)|depends
on L, we can always choose ¢y smaller in order to ensure, for instance, tcLF'/F < 1. With this trick,

K<TF (1 P (i) ' ) PC (126)

independently of L by making ¢y depend on L instead. Reducing ¢, a little also ensures that
holds for all s, ¢ € [0, tp] with the upper bound included. Similarly, also more general domain functionals
are Lipschitz regular if the integrand depends on the shape only via other Lipschitz regular quantities:

Lemma 73. Let Qq be bounded, have uniform lower density and let [Assumption 4| hold. Assume that
Q1,...,Qk are Lipschitz reqular at Q. Furthermore, let Q be a shape-dependent quantity according to

and i e.,
Q(Q)=/Qg(:c,Ql(Q),...,Qk(Q))dx_

If the integrand g: R™ x R¥ — R is Lipschitz continuous, then Q itself is Lipschitz reqular at Qq.

Proof. Let some Lipschitz constant L be fixed and choose ty as the minimum of all time intervals for
Lipschitz regularity of the Q’s and small enough that holds. Note that boundedness of £
ensures that all evolved sets Q;(F), with ¢ € [0,9] and F < F < F, are bounded themselves. Hence, we
may assume, without loss of generality, that g is bounded. For simplicity, we introduce the short-hand
notation g(x,Q) = g(z, Q1(Q), ..., Qx(R)).

Let now s,t € [0,t0] and F', G be given. By the triangle inequality, it follows that

QUF)) — Q(G))] < /Q NCRGIES / 9, Q4 (F)) da

Q:(G)

+/ l9(z, Q(F)) — g(2, Q(G))| da.
Q:(GQ)

The first term expresses the difference introduced by the explicit 2-dependence of @ via the domain of
integration, while the latter shows the difference due to the shape dependence of the integrand g itself.
If we denote the Lipschitz constant of g by Ly, we can further estimate both terms to get

k
[Q((F)) = QQ(G))] < vol (2(F) AL:(G)) - lglloo + Vol (2:(G)) - Ly Z |Qi(2(F)) — Qi(2:(G))] -

The claim now follows if we use for the symmetric set difference and the assumed Lipschitz
regularity of all @’s. (Note that vol (24(G)) is bounded independently of G and s.) O

Recall that the primary goal of the analysis above is to find a contraction property of the iteration
F — ¢(F). For this, we are specifically interested in the case that the times ¢ and s are not explicit but
defined implicitly as the arrival times at some fixed z € R™ \ Q. Let us write Q(z; F) = Q(%(F)) in
this situation, where t = do(x; F) and Q is some shape-dependent quantity. Using we can
easily arrive at the following conclusion:

Lemma 74. Let Q be Lipschitz reqular and fix the Lipschitz constant L. Choose t € [0,to]. Then
1
Q) - Qi@ < €t (14 1 ) IF = Gl

for all x € E; and speed fields F', G that admit the Lipschitz constant L.
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Proof. According to Lipschitz regularity, we have
Q(z; F) = Q(a; G)| < C (max(do(w; F), do(a; G)) | F = Gl + |do(w; F) — do(z; G)]) -
Since x € Ey, clearly max(dy(z; F'), do(x; G)) < t. Furthermore, implies
o(a; F) — do(; G)] < 1 IF = Gl
With this, the claim follows. O

7.2.4 Convergence of the Fixed-Point Iteration

With all the technical preparations in place now, we can finally show the two important properties of 1)
that we have claimed at the beginning of this section: Namely that iteration with i converges to a fixed
point and that there exists a uniform Lipschitz constant for all iterated speed fields and for the limit.
Let us recall and assume that the shape dependence of f is only via Lipschitz regular quantities
le cee ka i €.,

FIRYXRE SR, f(0,9) = f@,Qu(9),...,Qu(Q)). (127)
Denote by C' a constant for Lipschitz regularity that works for all Q’s and by to = to(L) the minimum
time interval. Furthermore, let 0 < F < —f < F and f have Lipschitz constant L 7. This ensures, first
of all, that any speed field F' defined via is between F and F. Thus, all iterated speed fields are
automatically bounded away from zero as we have assumed it above.

Note that this is a practically quite restricting requirement: Particularly for optimisation, we would
much rather allow a convergence towards zero, which occurs at a critical point. If we do not impose this
restriction, however, we can not guarantee that iterated speed fields are Lipschitz continuous and thus
consistent with our theory developed in the previous chapters. This can be seen in Never-
theless, the results of show that the self-consistent gradient flow still works for optimisation
purposes in practice.

Example 15. Consider the initial speed field

0 ifx <0,
Flz)=< 1 ifz>1,
z else.

Clearly, F' is Lipschitz continuous, bounded and non-negative. It does not, however, have a strictly
positive lower bound F > 0. Choose now Qo = (1,2). Then do(x) = 2 — 2 for all > 2, while

['rige]- [ 1=

for z € (0,1]. When Qg evolves in time according to F, the set grows with a constant rate to the right.
In particular, note that vol (€2;) > 1+ ¢. On the other hand, it takes the left boundary of the evolving
Q; infinitely long to move from one to zero. Thus, vol (€;x) defined via the arrival time at x is not
Lipschitz continuous in z: Define the sequence x, = 27* for k € N. Then clearly |z, — 21| =2"% =0
with £ — co. On the other hand, since

do(z) =

LTk—1

|do(zx) — do(zk—1)| = log = log 2,
we find that
vol (; zy) — vol (Q; x—1) > log2 4 0.
Thus, is, indeed, not true in this situation. It is now easy to choose f(2) = f(vol (©?)) in such
a way that ¢ (F) defined by [(120)| will not be Lipschitz continuous as well.

As a first step, let us show a generic Lipschitz estimate for (F). This works similar to
by combining Lipschitz regularity with an estimate for the arrival times. However, note that this time
the estimate is in space between = and y for a single speed field F, while had z fixed and two
different speed fields F' and G.
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Lemma 75. Let F' be a speed field with Lipschitz constant L and assume that f has the form described
above. This then implies

W(F) (@) — $(F) ()| < Ly (1 n ki) Je—y
for all x,y € Ey,.

Proof. Clearly dy(z) and do(y) are both in [0,¢g]. Hence Lipschitz regularity of all @’s implies
Qi(z; F) — Qi(y; F)| < Cldo(x) — do(y)]

fori=1,..., k. Recall that we assume a strictly positive lower bound F on the speed field F. With this
additional information, the proof of [Lemma 34| implies that dy has the (global) Lipschitz constant 1/F.
Since f is Lipschitz continuous and ¢ defined via [(120), we get the claimed

k

[(F) (@) = 0(F) ()| < Ly o =yl + Ly Y Qi@ F) = Qily; F)

i=1

C
< Ly (jo =yl +KC do(o) — o)) < Ly (14K ) -Jo =l

O

For proving convergence of the fixed-point iteration with ¢, we want to apply Banach’s fixed-point
theorem. For that, we need two ingredients: A contraction property of the iteration mapping v and an
invariant, closed subset of a Banach space. Let us define the latter now:

Definition 26. We denote the Lipschitz constant of [Cemma 75| by Lo, i. e.,

C
For ¢ > 0, we define
X (t)={F: E, — [F,F] | F has Lipschitz constant Lo} C C(E).

Furthermore, let us introduce

_ [(F) — (G|l o
I¥lxe = F,C?g)%(t) I1F -Gl

for the (a-priori possibly infinite) Lipschitz constant of the fixed-point operator 1.
It is easy to see that X (t) is a suitable set for our purposes:

Lemma 76. Lett > 0. The set X (t) C C(E;) is closed. If t < to with ty chosen according to Lg, then
X (t) is, in addition, invariant under application of ¥ and

1
9 <t L0k (14 7).

Proof. Tt is clear that X (t) C C(E;) and that the latter is a Banach space. Let (F}),cy C X (t) be a
sequence converging towards some F' € C(E;). To show that F € X (t), we have to show that the limit
F is Lipschitz continuous itself with the same constant Lg. To see this, let z,y € F;. Then

|F(z) = Fy)| < [F(z) = Fe(2)] + [Fr(z) = Fe(y)| + [Fr(y) = F(y)| < Lo |z —yl + 2 |F = Fill

for arbitrary k& € N. This implies that |F(z) — F(y)| < Lo |z — y| and thus F' € X (t). Invariance under
1 follows from The lower and upper bounds F and F' hold because they are true for — f.
It remains to estimate the Lipschitz constant of . For this, let € E; be arbitrary. Then

k
[B(F) @)~ V(G)@)] < Ly Y 1Qu(oi F) = Qulai ) < £,k (14 ) - [F = Gl

according to This implies the claim. O
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Note, specifically, that we can turn v into a contraction if we choose ¢ so small that H¢||X(t) < L
Taking all together, we have shown the following local existence of a fixed point:

Theorem 25. Let f have the form|(127) and let all shape-dependent quantities Q; be domain functionals
according to and|(57). The integrands may be shape dependent themselves if the shape dependence
is, again, of this form. Furthermore, assume that

o f is Lipschitz continuous and 0 < F < —f < F,
e g has uniform lower density, and

. holds.

Then there exists a time t > 0 such that v has a unique fixed point F* on Ey. Iteration with ¢ converges
towards F* starting from any speed field in X (t). All iterates and F* itself are Lipschitz continuous.
Any constant speed field with value in [E, F] is a suitable starting point for the fired-point iteration. The

speed field F* is a self-consistent gradient flow according to [Definition 24| for times up to t.

7.3 A Strategy for Globalisation

In the previous section, we discussed the existence of a self-consistent gradient flow locally around the
initial geometry €y. Let us now consider a possible way to globalise the result of The
strategy that we have in mind is the following: Use to construct a self-consistent speed
field F* in E, then propagate the initial geometry along F* for a time short enough to remain in FEj.
Afterwards, use the resulting geometry as new )y to construct another band, and so on. This idea is
precisely what we will employ for numerical computations in It is, however, also justified
from a purely theoretical point of view. We will see in that this idea can, indeed, be used
to construct a fixed point of ¥ on an extended area. Unfortunately, it is not guaranteed that even the
repeated addition of new bands leads to a self-consistent gradient flow on the whole domain. It may
happen that the widths of our bands shrink so fast that also the union of infinitely many of them is still
just a bounded set. We will discuss this situation at the end of the current section.

The first important piece of information is the following forward-in-time property: If two speed fields
are equal close to the initial geometry, this implies that dy is equal for both speed fields in that area
as well. Consequently, also evolved sets (and thus all shape-dependent quantities) are equal for small
enough times. This implies, in particular, that the property of F' being a fixed point of ¢ on E; can
never be destroyed by iterating with 1, even if we consider an extended area larger than Ej.

Lemma 77. Let F\G > 0 be two Lipschitz continuous speed fields and o C R"™ an initial domain.
Assume that F' = G holds on (0(F) N Q(G)) \ Qo for some t > 0. Then do(z; F) = do(x; G) for all
x € U(F)UQ(G) and Qs(F) = Q(G) for all s € [0,1].

Proof. Since dy is continuous, it suffices to show equality for z € Q(F) U Qi(G). So let, without
loss of generality, z € Q;(F) be given. If x € Qq, then clearly do(z; F) = do(2;G) = 0. So assume
x € W (F) \(TO According to |Lemma 19| and |Lemma 33|, there exist xg € Ty and & € X,aq (20, ) such
that do(x; F') = (& F) < t. Consider the set

S=A{r €0, 1) | F&(r)) # G(E(1)}

and assume that it is not empty. In that case, set 79 = inf S and note that 79 € [0,1). Furthermore,
by definition of S and 79, we know that F({(7)) = G(&(7)) for all 7 € [0,7p]. Thus, if we denote by
&0 € Xaa (%0,&(10)) the restriction of € to the time interval [0, 7], we can conclude

do(&(m0); G) < 1(60; G) = 1(&0; F) < t.

By continuity of dy and &, there exists 7 > 7y such that this inequality still holds. In other words,
(1) € (U(F) N Q(G)) \ Qo. The same is, in fact, true for all 7/ € (0,7]. This by assumption also
implies F(&(7")) = G(&(7')), which is a contradiction to the definition of 79. Thus, S must be empty.
This means that F' = G along the path £. Hence,

do(z;G) <U&EG) =UEF) = do(a; F).

141



Finally, with this result, we know that = € Q;(G). Thus, we can apply the same argument again with
the roles of F' and G exchanged. This implies do(z; G) > do(z; F') and thus equality.

It remains to show that the evolved sets are equal as well. So let s € [0,t] be given and choose
x € Q4(F). By the previous result, we know that do(z;G) = do(z; F) < s, and thus x € Q4(G).
Similarly, we can also show ,(G) C Q4(F). O

For the next step, we consider the situation that the initial set is changed to an already evolved
domain. This is what happens when we want to add a second band around the first. The first lemma in
this direction concerns the distance dg:

Lemma 78. Let F' > 0 be a Lipschitz continuous speed field and Qg be given. Fort > 0, we denote the
evolution of Qg by Q: as usual. Then

do(l‘; Qo) =1 + do(x; Qt)
for all x € R™\ Q¢ with do(x; Qo) < o0.

Proof. Let z* € Ty and & € Xaq (2%, x) be given such that do(z; Q) = I(£2). Furthermore, there also
exist 79 € T'p and & € Xaq (w0, 2%) with ¢ = do(a?; Qo) = I(&1). Thus, defining & € X,q (20, ) as the
concatenation of £; and &, we find

do(w;82) < U(E) = U(&1) +1(&2) =t + do(z;Q21).

For the other way round, choose zp € T'y and £ € X,q (20, ) with I(§) = do(z;Q0). Since = & Qy,
we know [(§) > t. Hence, by the intermediate-value theorem, there exists 7 € (0, 1] such that & as the
restriction of ¢ to [0, 7] has [(&) = t. Clearly z* = &(7) € Ty UQy. Let & € Xaq (2%, z) be the restriction
of £ to the remaining time interval [7,1]. Then

t+do(w; ) <t+d (2 z) St +1(&) = U&) +U&) = 1(E) = do(a; Q).
Thus, equality holds. O

Based on [Lemma 78] we can now show a general semi-group property for the time evolution of our
shapes. The semi-group property, in turn, allows us to analyse the behaviour of the iteration mapping
1) when the initial set is varied:

Lemma 79. Let F' > 0 be a Lipschitz continuous speed field, Qo C R™ be an initial domain and s,t > 0.
We denote the evolution of the already evolved set Qy for a further time of s by (4)s. Then

() = Qspe-
Assume further F' > F > 0 and consider the iteration mapping 1 as before. Then
Y(F; Qo) (2) = (F; Q) (x) (128)
for all x € R™\ Q.
Proof. Let z € (). By[Theorem 7] this means do(z; Q) < s. Hence[Lemma 78|implies do(z; Q) < s+t

and thus x € Q414. For the other inclusion, let € Q414 be given. Then do(z; Q) < s+ ¢t. Again by
we can now conclude that do(z;Q;) < s and thus z € (€;)s must be true. This shows the
claimed semi-group property.

Let now be F > F > 0 and = € R™ \ ;. The lower bound on F ensures that do(z) is finite. Set

s =do(x;€%). Then implies
do(.’)ﬁ; Q()) =t+ do(l’; Qt) =t+s,

so that Q(xz;Q0) = Qs4¢. On the other hand, Q(x; ;) = (2¢)s. The semi-group property ensures that
both sets are equal. Consequently also holds. O
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Based on the previous results, we can now conclude that it is, indeed, possible to first construct a
self-consistent speed field on some band E;, then evolve the domain according to this speed field, and
finally look for another band starting from the evolved domain. The resulting combined speed field is
then a fixed point of 1 on the extended band. In particular:

Theorem 26. Let Fy be a fixed point of ¥ on E (o) according to [Theorem 25 Let 7 > 0 and
Q. C E: (Q) be the evolved set according to Fy. Furthermore, assume that Fy is a fized point of 1 on

E, (Q2;). Denote the extended area by E = Es () U (2, \ Qo) and introduce F: E — R by

[ Fi(z) forzeQ,
F(z) _{ F;(x) else.

Then F is Lipschitz continuous and Y(F)=F on E.

Proof. Consider z € I'». Since both F| and F, are self-consistent gradient flows according to

note that
Fi(z) = = f(2, Q) = Fa().

This implies that F' is continuous across the interface I',. Both F; and F5 are Lipschitz continuous on
E; () and E (), respectively. Thus F' is Lipschitz continuous as well. For ¢(F), let us write

o= {5 S

It remains to show that F; = Fl and F5 = FQ on the respective subsets of F.

Choose first € Q.. Note that F} is defined on the whole of R™\ g, even though we know F} = ¢ (F})
only on F; (). By definition, F; = F on Q.. Thus implies that do(z; F1) = do(z; F) and
also Q(x; F1) = Q(z; F). Hence

F(z) = Fi(z) = ¢(F1; Qo) (2) = ¥ (F; Qo) (2),
which shows that F}; = F} on Q,. Let now z € E; (). Then
P(F)(x) = (F; Qo) (x) = ¥(F; Q) (x) = ¥(F2; Q) (z) = Fa(x)
according to and thus Fy = Fy on E, (Q,). This finishes the proof. O

Thus, we have seen that we can, roughly speaking, always extend the local region of by
yet another band. This allows us to enlarge it in theory with an infinite number of steps. This, however,
does not guarantee that the resulting region will be arbitrarily large. It may happen that the widths of
the extension bands shrink so fast that their sum remains bounded. In fact, a rough estimation of the
possible extension widths implies that this is a case we have to expect. Let us conclude this section now
with a discussion of this effect.

For this, we have to understand which quantities restrict the band width ¢ in Some of
the constants that appear in the calculations throughout describe only the properties of the
problem at hand. They are neither influenced by the fixed-point iteration nor the fact that our initial
geometry evolves from step to step in the extension process. Consequently, these constants are not of
special interest for our purposes here. In particular, the values of F, F', L £, nand k fall in this category.
Furthermore, let us include here as well. This is, of course, a very optimistic assumption:
In general, we should actually expect that the estimate on the perimeter of {2; depends both on g and
the speed field F. However, we have no information about how this dependence may look like besides
the statements for the case F' =1 in[Chapter 5] We believe that it is, nevertheless, a good idea to make
an optimistic assumption here since our final result for the extension area is still negative. All of these
quantities will be included in a generic constant M in the following.

The remaining property that ¢s important for our considerations below is uniform lower density of 2.
It is definitely conceivable that the domain gets more irregular with every extension step. In particular,
recall The evolved set Q; has (po, ¢;)-uniform lower density where pg matches the uniform
lower density of the initial g but ¢; gets reduced from the initial ¢y according to

Ia —-n
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This constant ¢, in turn, appears in the estimates of [Subsection 7.2.3| and [Subsection 7.2.4] Particularly
important is also K estimated in |(126)|

n—1

K<M- (1> ! (130)

c

According to this constant determines Lipschitz regularity of the volume functional. Via
[Cemma 73] it also influences Lipschitz regularity for more general domain functionals. Thus, let us use
for Lipschitz regularity in the estimates of [Subsection 7.2.4 From we know that the
Lipschitz constant of the self-consistent speed field in a particular step can be bounded by

n—1

L§M~(1> L (131)

c

Finally, we get estimates on the possible band width ¢: For ¢ to be admissible, the two main conditions
are the following: First, we have required that t¢cLF/F < 1 to derive and thus Second,
we need [|[9f x, in to be small enough to get a contraction. Thus, the resulting length is,

roughly, allowed to be
b= 1 . 1 1 N 1 n—1 (132)
=g minl o w ) =¢
if M is suitably large (but independent of the extension step as discussed above).

With all these estimates in place, let us now consider what a potential sum of all band widths can be.
For this, we have to combine |(132)| with [(129)} Recall that we require tLF/F < 1. With this additional

information, |(129)| becomes

¢ >co(l+1)™" = ;—2

Thus, the constant ¢ at the m-th extension step is ¢, = ¢o - (27")™. Consequently,

1 n-1 1 n—t 1 m
b = g e = %" '<2n1)

is an allowed band width at this step. As a geometric series, we finally see that

- 1 oo /1 \" 1 21 m
D B e B

m=0 m=0

(Under the assumption n > 2. For n = 1, the situation is not interesting. In that case, the evolving
domain has no chance to become “more irregular”, so that an infinite extension actually works.)
Another approach to the same conclusion is the following: If we introduce A(t) = log ¢;, the relation

(129)| can be turned into

F .
A(t) — A(0) = —nlog <1 +tL- > = At)=—- lim n log <1 +1tL-
F t—0+

=]
N——
\
[
3
| =
~

Since the expected behaviour of the extension steps is to have a band width that tends to zero, it makes
sense to consider ¢ as a continuous variable and, furthermore, the limit ¢ — 0T above. The quantity L on
the right-hand side of the differential equation depends on ¢(t) according to Note that ¢ € (0,1)
and thus A < 0. Let us introduce p = —\ > 0 instead. If we also redefine the generic constant M
accordingly, this yields

CA) = ) = M () " M exp (-”2%@)) — Mat®, (133)

Here, a = exp ((n — 1)/n). If n > 2, we have o > 1. In this situation, [(133)| blows up in finite time. This
corresponds to ¢ — 0T, such that the extension process gets stuck and the self-consistent gradient flow
exists only on a bounded region. For the situation n = 1, on the other hand, o« = 1 and the equation
has a solution for all times.
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Let us now briefly summarise what we have seen in this section: First, it is possible to perform
multiple extension steps according to after each other and to combine them to get an
extended self-consistent gradient flow. Second, however, it is not necessarily the case that this procedure
allows to define such a gradient flow on an arbitrarily large region. The crucial issue is how uniform
lower density of the geometry degenerates with each extension step. Thus, if we know for some reason
(or simply assume) that all iterated domains have a wuniform constant ¢, then we can, indeed, generate
a globalised version of the gradient flow.

7.4 Numerical Results

Following up on the theoretical analysis in let us now discuss numerical computations based
on the idea of self-consistent gradient flows. The numerical evaluation of i for a single fixed-point
iteration follows the description given already in In order to build a complete optimisation
procedure out of it, let us recall two important difficulties that arose in the theoretical analysis: First,
the result of is only local in nature. To work around this issue, we employ the strategy
described above in and, in particular, Instead of trying to really find a single

self-consistent speed field for the whole descent, we perform multiple steps:

1. Choose a step length ty that is small enough. For our purposes, it was always enough to consider
to simply as a fixed parameter in the algorithm. It could, however, also be chosen based on some
convergence criteria if necessary.

2. Choose some initial speed field Fy. A possible choice is the steepest-descent speed under the
assumption that all shape-dependent quantities are constant, i. e.,

FO(I) = 7]0(1’,90).

3. Evaluate ¢(Fp) numerically on a suitable neighbourhood of Q. Iterate 1 a few times until a fixed
point F* is found approximately.

4. Propagate Qg along F* up to time ty. Repeat the procedure with the new set as €.

The second difficulty to keep in mind is that all analysis above assumed 0 < FF < F < F. In the
context of an optimisation algorithm, we actually expect the speed field to converge to zero when the
shape approaches a critical point. Furthermore, it is very restrictive to assume that the shape only
grows throughout the optimisation descent. This assumption can be violated even if the initial domain
is a subset of the final optimal shape. We will demonstrate this situation on a simple example in
[Subsection 7.4.1] In this example, the real gradient flow is such that certain points x & €y come to
lie twice on the boundary of the evolving domain during the whole propagation: Once when they are
temporarily added to the current shape and once when they are removed from it again later on. It
will turn out, however, that these situations pose no problem to the multi-step optimisation strategy
described above. Each step is, of course, limited to monotone behaviour in the sense that each point
can, at most, either be added to or removed from 2y at a single instant in time. During the course of
multiple steps, however, the “direction of monotonicity” may change. This is another reason in favour
of a multi-step approach with a finite step length ¢y for each iteration. We will see below that it does,
indeed, work very well for practical shape optimisation.

Let us also briefly revisit the analysis of the Wolfe conditions (see[Section 6.4)) in light of this multi-step
algorithm: If ¢y at a particular iteration can be chosen to fulfil the Wolfe conditions (see ,
then the directional derivative d.J (£24,; F') corresponds, by definition of the self-consistent speed field F, to
the gradient norm of the next iterate. In this case, no uniform continuity is needed. Instead, the curvature
conditionimplies directly that the gradient norm decreases geometrically with each iteration. Note,
however, that there is no guarantee that the step length ¢y for which the fixed-point iteration produces
a self-consistent speed field is long enough to satisfy the Wolfe conditions. Furthermore, as mentioned
already, our assumption F' > F > 0 for the speed field breaks down if we try to analyse convergence to
a critical point. Thus, this is an interesting idea, but it needs further research.
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7.4.1 Demonstration in 1D

Before we turn our attention back to the image-segmentation problem of let us first consider
a modified version in only one dimension. This simplified problem allows us to demonstrate some basic
properties of our multi-step gradient-flow algorithm. In particular, we want to minimise the cost function

J(Q) = /Q (u(z) — ug)? da: + VO& oL (134)

This is similar to|(102)|of our image-segmentation model, but note that ug is assumed to be independent
of the shape Q here. Also the form of the balloon force with vol () is changed. Based on the results of

Section 6.1} we can easily compute the shape derivative of [(134)| to be

dJ (O F) = /F ((u —ug)? — vole)?> Fdo. (135)

In other words, moving I' across some point x is beneficial if and only if

v

lu(z) —ugl” < W.

From this equation, we can clearly see that this tolerance for adding points to the domain decreases if
the volume of 2 grows. This is a main feature of the new balloon force in comparison to the one used in
the original image-segmentation model

Shape optimisation itself simplifies a lot if only one space dimension is used. If, in particular, the
initial domain Q¢ = (ag, bg) is an interval, it is enough to track the movement of the interval’s boundary
points in time to describe the shape evolution. In other words, we only have to solve a two-dimensional
ODE instead of the level-set equation to compute the domain’s time propagation:

at) = —F(a(t), %) = —F(a(t), a(t),b(t)),
b(t) = F(b(t), ) = F(b(t), a(t), b(t))

with initial values a(0) = ag and b(0) = by. This is, of course, much easier. It even allows us to compute
the exact gradient flow just by using an ODE solver. The speed field corresponding to the steepest
descent depends only on the current shape’s volume vol (£2;) = b(t) — a(t) and follows from In

particular, we have
v

F(z,a,b) = B—af (u(z) — up)*. (136)

Let us simplify the problem even further: We assume that the “image” u is fixed as u(z) = . For this

situation, we expect that the optimal shape is given by an interval (a*,b*) = (ug — 0, up + ¢) symmetric

around ug. The width 26 depends on the parameter v and arises when the error term (u — ug)? = 62
and the balloon force /(b — a)? = v/(20)? are in equilibrium. This is the case for

5:</Z = CI/*:’U,()—(s7 b*ZU()+(5.

The numerical results for v = 51072 and the symmetric initial shape (ag, bo) = (0.4,0.6) are shown
in In this situation, the shape grows monotonically until it reaches the optimal interval
indicated by the vertical lines in The blue line shows the shape evolution according to the
self-consistent gradient flow. It matches the exact gradient flow (green line) almost perfectly. For this
situation with monotonic growth, only a single step of the procedure outlined above is necessary. The
speed field itself is shown in[Figure 55b} It vanishes at a* and b*. This corresponds to the behaviour that
the evolving shape converges to the optimal interval for ¢ — co. Let us also show that self-consistency
really makes a difference: The red line in both plots corresponds to the speed field chosen as the steepest
descent but with the shape dependence (i. e., the volume b—a) fized at the optimal shape. In this
case, we still see convergence towards the optimal shape, but in a clear contrast to the desired gradient
flow. Also note that convergence to the optimal shape itself stems only from the fact that we have
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(a) Evolution of the interval boundaries (z-axis) in time (on the y-axis). Note that the blue and
green curves are very close to each other and mostly overlap.
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(b) The speed fields for the shape evolutions in [Figure 55a

Figure 55: Shape evolution for the 1D problem according to the exact gradient flow (green), the
self-consistent speed field (blue) and the steepest-descent speed under the assumption of a constant
volume b* — a* (red). The vertical lines indicate the boundaries a* and b* of the optimal shape.
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Exact Flow
— Self-Consistent

Figure 56: The exact gradient flow (green) and the result of two steps with self-consistent speed field
(blue) for the 1D example problem in a non-monotone situation. Compare [Figure 55a

used precisely the optimal shape’s volume. This is something that can, of course, not be done in a real
computation when the solution is not already known a-priori.

It is also interesting to consider the same example with an initial interval that is not symmetric around
ug. The result for the choice (ag,bp) = (0.2,0.4) is shown in As before, the exact gradient
flow is depicted in green. One can clearly see that the lower bound a(t) behaves non-monotonically in
this situation: When € is small at the beginning, the balloon force is strong enough to grow the interval
at both boundaries. This is even true after the lower boundary crosses over the equilibrium value a*.
However, at some point, the expansion due to the upper boundary decreases the force until the lower
boundary starts to increase again. For t — oo, both boundaries converge towards their equilibrium
values from below. Note that this phenomenon occurs even though the initial interval is a strict subset
of the optimal shape. From a naive point of view, one might have expected a monotonic growth towards
the optimal shape. To handle this situation with our method, we need at least two steps. The blue curve
shows the result with a length of ty = 3 for the first step. One can nicely see that the evolution according
to the self-consistent speed field matches the exact gradient flow initially as before. However, as soon as
the lower boundary would have to turn around, it gets stuck instead. With the second step, the direction
of the lower boundary is reversed and it converges, as expected, to a* from below. This shows that the
multi-step procedure does, indeed, work well also for difficult situations with non-monotonic behaviour.

7.4.2 The Image-Segmentation Problem

Next, we apply the multi-step self-consistent gradient-flow method to the full image-segmentation prob-
lem of For the examples in this subsection, we always use a fixed step length of ¢ = 10.
The result for an image without sharp edges (see also is illustrated in The first
five steps of the evolution are shown in The result is already very close to the final shape.
Compare also the cost decrease in [Figure 57b| to [Figure 39bf For the gradient descent, roughly 50 steps
are required to bring the cost down to 107°. The same decrease is realised by the gradient-flow method
in only a tenth of this number of steps! Of course, each step for the gradient flow is more expensive as
it involves multiple fixed-point iterations with 1. For this example, however, four iterations per step are
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enough to reach a point where an increase in the number of fixed-point iterations does not cause any
noticeable difference in the result anymore. Thus, even if we take the fixed-point iterations themselves
into account as well, it still requires only 20 “operations” to converge to the final shape. The gradient
flow is also clearly more efficient in terms of computation time.

If one compares the resulting shapes between [Figure 39al and [Figure 57al a striking difference lies
in the regularity of the boundary. The gradient descent produces a much smoother boundary than the
gradient flow. To understand this effect, note that the problem itself (i. e., the cost function in
does not include any regularisation for the boundary at all. Since our input images contain noise, the
natural result of the optimisation procedure is thus an irregular boundary as seen in The
smoother boundary of on the other hand, is a result of the computation of the shape gradient
as discussed in

Let us now do the same comparison for the image of which has sharper edges. The gradient-
descent method does not work on this image, and the desire to find an alternative method was our main
motivation for the work on the gradient-flow idea after all. This, of course, leads to the question whether
the gradient-flow method performs better for this image. The answer can be seen in It does.
It requires more descent steps (the first six are shown in , but it still shows convergence to
the desired shape. The situation is also slightly more delicate with respect to the fixed-point steps, since
the sharp edges lead to larger Lipschitz constants for the shape-dependent quantities. For the shown
result, we used ten fixed-point iterations for each descent step. Nevertheless, it is clear that the method
works quite well, while we have seen in that gradient descent simply fails for this image due
to excessive “zig-zaging”.

7.5 Topological Derivatives

One of the major advantages that level-set methods have over other strategies is their flexibility with
respect to topological changes. This was already discussed above and demonstrated in[Figure 2| However,
even though our speed method is, in theory, able to change the topology, there are often situations where
these changes are not actually performed in practice. Often, the gradient descent of or the
gradient flow discussed in this chapter avoid topology changes and converge instead to a local minimum
with the same topology as the initial geometry. A main issue here is that the speed method is based on
transforming the boundary of the current domain. Thus, it is neither able to create holes in the interior
of € nor new components of the domain in R™ \ Q. A common method to overcome this difficulty is to
use an initial geometry with lots of components and holes. During the optimisation process, unnecessary
holes and components can then disappear or join together. See, for instance, [21] and [83].

For more systematic approaches, a concept called the topological derivative can be used. See, for
instance, the methods described in [15] and [69]. In particular, this quantity characterises how the cost
changes when new components of the domain are created. (It is also often defined as the change of
the cost when holes are punched into €2, but the basic idea is the same. For our discussion, we will for
simplicity concentrate on the situation of new components.) This is in contrast to the shape derivative
discussed so far, which describes the change of the cost when the boundary of € is moved. For some
xr € R"\ Q, a simple version of the topological derivative can be formally defined as

oy e J(QUB, (2) - J(2)
drJ (z) = lm, vol(B, (z))

The definition for x € Q and the creation of holes can be done in a similar way. While we do not want to
discuss technical details here, let us still describe, at least in an informal way, how topological derivatives
can be incorporated into our gradient flow. This results quite naturally in a hybrid method that performs
much better for some problems.

For our situation (with only domain functionals), the topological derivative actually matches the shape
derivative in some sense. In particular, if the shape derivative is given by then the topological
derivative at some point x is

drJ (Qx) = f(z, Q).

A heuristic argument to see why this is the case is the following: Consider the situation that x € T’
and F(z) = 1. The contribution of the particular point z to the shape derivative |(118)|is then precisely
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Figure 57: Application of the multi-step self-consistent gradient-flow method to our image-segmentation

problem. Compare also [Figure 39|
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Figure 59: The self-consistent speed field for the image-segmentation example discussed in [Section 7.5

f(z, Q). Furthermore, F(z) > 0 with € I' means that, from a local point of view, x is being added to
Q. This, in turn, is roughly just the meaning of the topological derivative at x.

Now, assume that we have found a self-consistent gradient flow F' according to In this
case, F(x) = — f(z,Q(x)) = —dpJ (Q(z); z). Instead of evolving Qq along F' to get the next iterate ; of
the geometry, we can instead use the following idea: Whenever F'(x) > 0, this means that the topological
derivative is negative at x. Consequently, it is beneficial for decreasing the cost to include those = into
the domain. Similarly, we want to exclude all x where the topological derivative is positive. Thus, we
can simply define

Q ={zeR"|F(z)>0} = (—F) " ((—,0)). (137)

This can be achieved by just interpreting —F as the level-set function for €, similar in spirit to
Depending on the problem at hand, one can build a suitable heuristic to decide when
to use instead of a shape evolution. For instance, whenever the descent seems to be converged, one
can try a step with to check whether this is really the case or it is just stuck in a local minimum.
This approach matches the strategy suggested in Subsection 3.4 of .

To conclude this section, let us demonstrate this idea on a simple example. We use the image-
segmentation problem in but define the initial geometry as a circle that is symmetric around
the inner black area. For this situation, both the gradient-descent and the gradient-flow method lead
to a suboptimal shape that does not exclude the centre. The corresponding speed field resulting from
our fixed-point iteration is plotted in On can clearly see that it (and thus the topological
derivatives) are negative where the hole needs to be created. The geometry that results by evolving Qg

along the speed field is shown in [Figure 60al In contrast, the domain according to|(137)| can be seen in
For the situation at hand, the latter is the superior solution.

7.6 Boundary Length and Mean-Curvature Flow

In the last section of this chapter, we would like to discuss how the idea of “a single speed field for the
whole evolution” can also be applied to other problems. In particular, an important generalisation of
the model problem [(102)[includes the perimeter of ) as an additional regularisation term. This prevents
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the effect of an irregular boundary that we have seen in [Figure 57al and [Figure 58al Going even further,
if the cost function is just the perimeter, it is well-known that the shape evolution corresponding to the
gradient flow is the so-called mean-curvature flow. It has been widely studied both theoretically and
from the point of view of applications. See, for instance, |[43]. The description of mean-curvature flow
with level-set methods is discussed, among others, in [41] and [67]. In particular, the normal speed F is
given by the (negative) mean curvature k of the evolving surface. The mean curvature can be computed
from a sufficiently smooth level-set function ¢ by the expression

k(@) = div (W> . (138)

V()]
(For a derivation, see (1.4.9) on page 29 of [41].) Thus, we can modify our level-set equation |[(2)|to read:
: : . (Vo
0=¢+F(z)|Ve| = ¢ —r[Ve| = ¢ —div iz [Vl (139)

While this equation has a singularity at V¢ = 0, one can still establish a suitable solution theory based
on viscosity solutions. This was pioneered by Evans and Spruck in a series of papers starting with [38].
It is also discussed in great detail in [41]. For numerical methods, we refer to [2§].

Our discussion is focused on a new approach instead: We would like to compute the mean-curvature
flow based on an Eikonal equation similar to This method, of course, has a major drawback:
Since it is based on the ideas described in this chapter, it only works as long as the evolution of the
shape is monotone. This is, for instance, the case for mean-convex geometries (meaning that  is positive
all over the surface). However, also many interesting cases are excluded by that requirement. On the
other hand, we believe that our new approach also has advantages that make it, nevertheless, interesting
to study: First, it may lead to more efficient methods for the computation of the mean-curvature flow.
This needs some further algorithmic work besides what we will describe below, but it is definitely an
interesting subject for further research. Second, a description of the mean-curvature flow in terms of
an Eikonal equation allows to apply new analytical tools just like our Hopf-Lax formula introduced in
allowed us to draw new theoretical conclusions in And third, this can be used
as a starting point to apply self-consistent gradient-flow methods to problems which have regularisation
terms based on the boundary length. Here, one can hope that the restriction to monotone evolutions
can be circumvented with a multi-step procedure similar to the one demonstrated in This
idea will be discussed briefly at the end of this section and is also an interesting area for further research.
Note that this section is intended only to demonstrate the ideas. No rigorous analysis will be done.

The basic idea of our method is the same as described in We want to define a speed
field corresponding to the steepest descent and make sure that it is self-consistent with respect to shape-
dependent quantities. For the case of mean-curvature flow, we have to set F(z) = —x(x). As before,
this value depends on the shape Q(z). In contrast to the situation analysed above, however, the shape
dependence is local this time: The curvature depends only on the shape of the boundary in a neighbour-
hood of z. It does not depend on things like the volume of € or other global quantities. Let us now
assume that some speed field F' is fixed. We use to describe the shape evolution. Excluding the
stationary case F'(x) = 0, this implies that a level-set function for the domain evolution is given by

o(x,t) = D(x) - t. (140)

Note specifically that the spatial dependence of ¢ is precisely the term D(z). Thus, the mean curvature
k(x) can be computed from D alone without any time-dependent terms. In particular, [(138)[implies

w(w) = div (%) ~ div (éggg) .

Recall also [(37)F The distance D depends on the speed field F' via the Eikonal equation
F(z)|VD(x)| = 1.

Consequently, we can conclude for a self-consistent situation:

D
— 5|VD| = —div <|§D> VD] =1 (141)
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In other words, the distance that defines the shape evolution for the mean-curvature flow solves the
mean-curvature Eikonal equation |(141)]

A possible way to solve numerically is to introduce a pseudotime and evolve towards a stationary
situation. For this, we introduce an artificial time dependence of D and propagate the parabolic equation

D, di VD n 1
T div [ == -
|VD| |VD| |VD|
in time (denoted by the variable 7). We can hope that it converges towards a stationary state Dy, for
7 — o0, which then solves Note that this equation is the same as the mean-curvature level-set
equation [(139)|except for the additional forcing term. Thus, we can apply the methods of [28] to solve it:

As a first step, let us introduce € > 0 as a small regularisation parameter. In order to avoid singularities
for VD = 0, we consider the regularised equation

D. , VD 1

—_—— :dIV =+ .
\VIVD|? + €2 VIVDP? +€ )  \/IVD[ + e

We solve this equation with finite elements and a semi-implicit time-stepping scheme (see also
for a description of our implementation of finite elements). In particular, let D* = Y, cjuy be
the finite-element discretisation of D at some time ¢;. Here, (u;), is the finite-element basis and (‘32)
are the time-dependent coefficients. With

(142)

ik

Dt D1 ; ;
Drm =g e 26 )

we see that the discrete version
Z+1 / vuk, V?J

1 X .
EZ(CZH—C;C)/LZCZ{E dac+/+dm
k \/|IVDH” + €2 \/ VD] + €2 \/|VD” + €2

of the weak form of [(142)[ must hold for all test functions v. To simplify notation, let us assemble all
coefficients (c}) , to a vector ¢ and define

UrUy Vuk, Vul
Mkl / dSC Kkl /

dz, fé:/de
\VIVDi[? + €2 VIVDi? + €2 VIVDiI[? + €2

Note that the matrices M and K can be computed by scaling the standard mass and stiffness matrices
accordingly. For linear elements, VD" and thus also the weights are constant on each mesh triangle.
Then, each time step corresponds to solving the linear system

(Mi —|—AT-Ki) T = Mic 4+ AT - L

Let us demonstrate the viability of this method: We use an elliptic initial domain €y and solve
on it with the method described above. The resulting distance D, which is the stationary state of
is shown (inside of ) in Its contour lines correspond to the shape at various times (as per
((140)]). One can clearly see that the shape first turns into a circle and later vanishes. This is the expected
behaviour according to [43]. The relative difference in L?-norm between consecutive pseudotime steps is
plotted in[Figure 61b} This clearly shows that the pseudotime iteration converges, indeed, to a stationary
state and thus a solution of

To conclude this discussion, let us now consider how the shape-optimisation idea introduced in the
beginning of this section can be combined with the mean-curvature approach. A combined method
promises a way to solve shape-optimisation problems that include perimeter terms as regularisation. Let
us, again, consider a base problem whose shape derivative is of the form If we add P (Q) as
additional term to the cost, the new shape derivative is

dﬂﬂwu:AFg@¢n+m@ma
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Figure 61: Solution of the mean-curvature Eikonal equation |(141)|for an elliptic initial geometry.
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Thus, the steepest-descent direction is
F(z) = —f(2,Q(x)) — ().

As before, k depends on the distance D, which, in turn, can be computed from the initial speed field
Fy by solving In order to find a self-consistent gradient flow in this situation, we have to find a
solution (F, D) to the mixed algebraic-differential equation

. (VD
F = (F) — div (IVD> , F|VD|=1. (143)

Here, ¢ denotes the fixed-point iteration mapping without perimeter regularisation as it was discussed in
and analysed in Of course, a first idea to solve is the following: As before,
do a fixed-point iteration. Instead of ¥, we could iterate with the extended right-hand side of this
time. This is possible, since one can compute D and then k from a given F. Unfortunately, however, this
method does not work. In practice, the numerical computation of x as a second derivative of D is too
unstable. To circumvent this issue, it was a crucial to switch to the weak form and an implicit solution
method when solving That way, we can exploit the smoothing effect of the inverse Laplacian
instead of computing explicit derivatives. It seems necessary to apply such a rewrite also for We
can, however, not present a complete method that does this yet.
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8 PDE-Constrained Shape Optimisation

A lot of the classical shape-optimisation problems considered in applications (such as, e. g., structural
optimisation) involve partial differential equations. For a general introduction, we refer to [44]. With
our image-segmentation problem analysed in [Chapter 6| and [Chapter 7] we have avoided the difficulties
that appear with these types of problems. This simplification allowed us to concentrate on and better
understand other, more general aspects of level-set based shape optimisation. In this last chapter, we
want to discuss how the gradient-descent method of can be applied to shape-optimisation
problems with PDE constraints. The results presented are based on our work in [58]. Let us also refer
to [53]; this paper is based on the same level-set fundamentals (and our code in [59]), but uses a slightly
different optimisation method. Note that PDE-constrained shape optimisation is a very challenging field,
such that a lot of “loose ends” remain for further research. Rigorous analysis of all involved difficulties
has been done only recently for selected problems, as in [16]. For this reason, the content of this chapter
is formulated only in an informal way, assuming necessary regularity as we go along.

Throughout this chapter, we consider a simple elliptic equation and a tracking-type cost functional.
Let D C R? be compact, B C D, f € L*(D) and ug € L?*(B). For a given domain Q, let u = u(Q) satisfy
the state equation

—Au+4u=finQ, ?:Oonrzaﬁ. (144)
v

Standard theory for the analysis of equations of this type is based on the weak form of It is
well-known that the unique solution u € H'(f2) satisfies

/Q (Vu, Vo) + ) da = /Q foda (145)

for all test functions v € H'(2). For a thorough discussion of the underlying theory, see [36]. Thus, it
is justified to consider

T0) = 3 [0(0) ~ wall2a ) + R () (146)

as a cost functional depending on €. The term R () is an appropriate regularisation term. We use the
boundary length to enforce a smooth boundary of €2, i. e., we set

R(Q)=a-P(Q)=a -HYT)

with @ > 0. We want to minimise over all sufficiently regular domains 2 with B C Q C D.
This inclusion constraint ensures that €2 is inside the hold-all domain D and fully contains the area of
measurement B. See [53] and for a discussion of geometric constraints. Note, though, that
these constraints are not the main focus of our interest in this chapter. They are inactive for almost all
situations considered below.

8.1 Computation of the Shape Derivative

Our goal is to apply the gradient-descent method described in to the minimisation problem
For this, we have to compute the shape derivative of the new cost function as a first step. Let
us, as usual, assume that we have a speed field F' and denote the evolving domain at time ¢ > 0 by ;.
Formally differentiating J(£2;) with respect to t, we obtain the Eulerian derivative

dJ (Q; F) = lim J(%) = J(0)

t—0+ t

:/B(u—ud)~u’(x;F)dx+dR(Qo;F). (147)

Here, we have assumed that the shape-dependent solution u of the state equation is shape differentiable.
In particular, let
u(w; Q) — u(z; Qo)

t—0+ t

exist for all z € )y. Before we analyse this term further, let us consider the derivative of the regularisation
term first. According to classical results (see, for instance, Section 2.33 of [78]), it can be expressed in
terms of the mean curvature k of the propagating surface as

dR(Q; F) = « / KF do.
To
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Let us now discuss the shape derivative v’ (x; F) of the state. We follow the classical idea as it is also
described in Section 3.2 of [7§], but use our scalar speed method and Note that H'(2) can
be considered as a “subset” of H'(D) when we restrict the functions to Q C D. Thus, we can consider
the weak equation with u,v € H' (D). Assume now that the shape derivative u/(-; F') exists and
is, furthermore, in H' itself. Let us also assume that u and v are regular enough to possess a weak
derivative on I'y in the sense of traces. For u, this follows from elliptic regularity as discussed below. In

this situation, we can apply [Corollary 7| to both sides of |[(145)[ to deduce

/ ((Vu, Vo) + wv) F do +/ (Vi (z; F), Vo) +u'(x; F) -v) do = fuF do. (148)
o Q0 T'o

Since this equality holds for all sufficiently regular v € H'(D), we have found a weak equation that
characterises u'(+; F'). It corresponds to a differential equation similar to but has a right-hand side
with support on I'g. Hence, given a direction F', we can evaluate u/(-; F') and thus the shape derivative
dJ (Qo; F') by solving the variational problem

While this is a perfectly valid characterisation of /'(+; F'), it is not the most practical. In particular,
recall that we need the mapping F +— dJ (Qo; F') in order to apply the method described in
With we have to solve a PDE for each direction F when evaluating d.J (Qo; F'). Luckily, this is not
necessary. An alternative is the so-called adjoint approach, as it is discussed also in Section 1.6 of [47].
In particular, let us assume that p € H'(D) solves the adjoint equation

/ ((Vw,Vp) + wp) dx = / (v — ug)wdx (149)
Q0 B

for each w € H'(D). This is the weak form of the equation

—Ap+p=(u—ug)xp in Q, % =0onTo = 0. (150)

Using the adjoint equation |(149)| together with we can express the first term on the right-hand
side of [(147)l which gives

/B(u—ud)-u’(:r:;F)dac:/Q (V! (x; F),Vp) +u'(z; F) - p) dx:/ (fp — (Vu, Vp) — up) F do.

To

This yields the full shape derivative (with regularisation) as
dJ (Qo; F) = / (fp— (Vu,Vp) —up + ar) F do. (151)
o

In this form, it is enough to solve the state and adjoint equations for u and p whenever the geometry
changes. Then, evaluation of the shape derivative in some direction is only a matter of integrating
along the boundary I'y. Furthermore, makes it clear that the shape derivative dJ (£p;+) is a linear
functional in the direction F.

Thus, we can proceed to implement a gradient descent method in the way described in
In particular, we are looking for G € H*(D) such that

/D (FG+ B(VF,VG)) dx = / ((f —w)p — (Vu,Vp) + ak) F do (152)

T'o

holds for all F € H'(D). Recall that u and p are the weak solutions of the elliptic equations
and with right-hand sides in L?(2y). Assuming a sufficiently smooth domain g, standard results
about boundary regularity (see, for instance, Theorem 4 on page 317 of [36]) imply that u,p € H?(Qp).
Consequently, Vu and Vp are in L?(T) by the trace theorem (e. g., Theorem 1 on page 258 of [36]).
If we further assume that the boundary is smooth enough for the curvature term, this means that the
right-hand side of is a functional in H~1(D). Thus, is well-posed. This variational problem
allows us to compute a shape gradient G and with it a descent direction.
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8.2 Aspects of the Numerical Computation

Before we present numerical results in we want to describe some aspects of our numerical
solvers. In particular, [Subsection 8.2.1| describes how a triangulation of {2 is computed from its level-
set representation. The basic finite-element discretisation used for the state and adjoint equations is
presented in [Subsection 8.2.2| For the shape derivative additional difficulties arise. They are
discussed in [Subsection 8.2.3| and [Subsection 8.2.4l In combination with the methods for shape propa-
gation described in this is everything that we need to apply the gradient-descent method of

Section 6.3 to the PDE-constrained problem

8.2.1 Generation of a Triangular Mesh

In contrast to the square grid that is used for the discrete level-set function (see , we use a
triangle mesh for numerical computations involving the state and adjoint equations. This is the most
common approach for finite-element discretisations. Furthermore, in this way we are able to resolve the
moving boundary of the level-set domain more precisely. The boundary is approximated by a polygonal
curve, whose construction is the first step when generating our mesh. Whenever the level-set function
¢ changes its sign between two neighbouring points of the rectangular grid, there exists an intersection
between I' as the zero level set of ¢ and the edge connecting the points. We approximate these intersection
points using an affine model for ¢ along each edge of the grid. The polygonal approximation of I" is then
found by connecting all intersection points in the appropriate order. This computation is implemented
in 1s_find geometry of our package [59]. Also note that we can define an orientation for the boundary
polygon. We do this such that 2 is always on the left-hand side when traversing the polygon.

Once the boundary polygon is found, it remains to split the domain into triangles in an appropriate
way. This is done by 1s_build mesh, which can be used in two modes: The first one only constructs a
mesh on the interior of 2. This is what we need for solving the state and adjoint equations. The “global”
mode, on the other hand, constructs a triangle mesh of the whole hold-all domain D. This is done in a
way that still resolves the boundary I' correctly. We need this mesh in order to compute shape gradients
as Riesz representatives as discussed in For this, we have to solve on the global mesh.
In both cases, squares of the original grid that are not intersected by I' are easy: They can just be split
into a pair of triangles along a diagonal. The triangulation of boundary elements, i. e., squares intersected
by the boundary T, is more challenging. As a first step, we look for edges of the square where I' enters
according to its orientation. These are, of course, only half the number of all intersected edges. Following
the edges of the square clockwise from such an intersection point, we traverse grid points inside of 2
until we find another intersection point at which the boundary edge leaves the square again. Then, we
have to distinguish four possible cases:

Inner Triangle There is only one entrance point and also only one inner point. In this case, the
boundary element is cut into a triangle inside of €2 and a pentagon outside.

Inner Trapezoid There is only one entrance point followed by two inner points. Here, I' cuts through
the square at parallel sides to produce two trapezoids.

Inner Pentagon Opposite to the inner triangle case, we can have one entrance point and three inner
points. Only one vertex of the square is outside of Q.

Narrow Pair It is also possible that ¢ has the same sign for points diagonal to each other. In this case,
we find two entrance points, each followed by a single inner point. This situation is ambiguous,
such that the values of ¢ on the grid alone do not allow us to determine whether the two points in
2 are connected through a narrow channel or not. Our implementation of mesh building assumes
that they are not connected.

These four cases are illustrated in [Figure 62] The entrance points are marked with red dots and the grey
parts correspond to the interior of €). For each case, we indicate how the parts are split into triangles.
An example mesh generated with this technique is shown in Taking all triangles together,
we get a global mesh for D. The mesh for € alone consists of only the green triangles. The polygonal
approximation of I' is shown in red as the interface between both regions. The depicted situation includes
all of the four cases. In particular, a narrow pair appears at the centre where the two circles nearly touch
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(a) Inner Triangle (b) Inner Trapezoid (¢) Inner Pentagon (d) Narrow Pair

Figure 62: Possibilities for splitting boundary elements into triangles. The interior of the Q) is grey, the
exterior white. Red dots indicate the entrance points of T'.

Figure 63: Example mesh constructed for a level-set domain. The triangles inside of €2 are green, those
for the hold-all domain blue. The approximation of the boundary I' is indicated in red.
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Figure 64: The reference triangle used to construct the FEM basis functions.

each other. Note that the generated triangles may be quite distorted. This is a result of the simple
mesh-generation strategy that we employ. In order to prevent numerical issues with triangles that are
too degenerate, we enforce a certain minimum ratio between the side lengths of each triangle. I. e., if an
intersection point between I' and the grid is too close to a grid point, it is slightly pushed away.

8.2.2 FEM Discretisation of the State and Adjoint Equations

The state and adjoint equations and are solved numerically with linear finite elements in a
nodal basis. While there exist various libraries for the numerical solution of PDEs like these with finite
elements, most of them are built and optimised under the assumption that the geometry of the domain
is fixed and, if anything, the coefficients of the equation change. This is, of course, not the case for our
shape-optimisation problem. Thus, we decided to use our own custom-made solver. It follows mostly the
standard procedure described, for instance, in Section 4.3 of [31]. Let us, nevertheless, briefly mention
some of the key concepts as they are useful later on in [Subsection 8.2.3| as well.
We use the reference element R C R? depicted in [Figure 64| and define the Lagrange basis on it:

y+1
2

z+y rz+1
po(z,y) = ———, pi(z,y) = 5 and p2(z,y) = (153)

2
For an arbitrary triangle T C R? of our mesh, there exists an affine transformation ¢r: R — T that
maps the reference triangle to 7" in a bijective way. Thus, we can define basis functions on T by

rT(2) = pi(vpt(x), i=0,...,2.

It is now easy to compute the local mass and stiffness matrices
(Mrp)i; = /TrzT(x)ro(x) dr and (Kr);; = /T <Vr?(x),Vrf(w)> dx fori,j=0,...,2

on the mesh triangle T'. This computation can be done by first integrating the reference basis functions
symbolically on R and then including the Jacobian of ¥ to transform the integrals according to
the change-of-variables formula. The right-hand side of can be approximated in a similar way by
a vector fr € R3.

As the next step, we have to use the local basis functions on each mesh triangle to build a global
basis. For this, we use node condensation with an assembly matrix A € R3¥ %N Here, K is the number
of mesh triangles and N the number of vertices of the mesh. In general, N < 3K so that the matrix
A is tall. Each column of A corresponds to a mesh vertex and each row to a local basis function on
one of the triangles. The matrix A now contains a one for each position where the vertex of a local
triangle corresponds to a particular mesh vertex. This construction ensures that local basis functions are
combined to global ones in such a way that continuity across the edges of adjacent triangles is enforced.
Let us assemble the local matrices and right-hand side into block-diagonal matrices Mg, K, € R3KX3K
and the vector f, € R*%. Then, the finite-element system corresponding to the state equation is

AT(My+K)A-u=ATf, (154)
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Figure 65: Relative L2-error of the approximated solution of the state equation with our FEM
solver. We compute a manufactured solution on different grid sizes. The z-axis shows h.

We have to solve it to get the coefficients u; of the approximate state. Since we use the Lagrange
basis, these coefficients correspond directly to the values of w on the mesh vertices, i. e., u; = u(z;),
i=1,...,N, for each node x; of the mesh. To test our solver, we apply it to a manufactured solution
of for various grid sizes h. (The grid size, in turn, is mostly proportional to the size of the mesh
triangles.) The result is shown in One can clearly see that it matches the expected O (hz)
behaviour of the L?-error (see Theorem 4.21 on page 130 of [31]).

The adjoint equation can be solved in the same way. The only difference is the right-hand
side. Instead of fﬂ fvdx we now have an integral over B C ). For simplicity, let us assume that B is
resolved exactly by the chosen mesh. Then, we have to evaluate the right-hand side f p gui dx for a global
basis function u; and with ¢ = u — ug being a known function. In contrast to the previous situation,
the integral is not over the full domain €2 but only over a subset of all mesh triangles. This can be
computed by masking out all triangles that are not in B. Note, though, that this has to be done before
assembly, since at this stage the basis functions can still be associated to individual triangles. Global
basis functions that live on the boundary of B contribute partially to this integral, and can thus neither
be masked out completely nor included completely after assembly.

Let us conclude this subsection with two remarks about solving in the context of shape optimi-
sation: Most of the time during an optimisation descent, the boundary is moved only slightly from one
iteration to the next. In order to resolve the boundary and these steps accurately, we have to use a fine
enough grid. It may, however, not be necessary to use such a fine grid for solving with reasonable
accuracy. Thus, one can try to develop an adaptive strategy that uses a fine grid only near the bound-
ary. It may be possible to implement such an approach relatively easily if the level-set method is still
performed on a uniform, fine grid, but the triangular mesh is made coarser in the interior (controlled by
some error estimator) when solving the FEM systems.

Another idea based on the same observation is the following: If the boundary is, indeed, moved only
slightly, the sparse system matrix is also only changed in “a few” places. In particular, for an M x M
grid, we may expect to have O (M 2) triangles while a slight change to the boundary only perturbs O (M)
of them (namely along the boundary I'). With this in mind, one can try to exploit this structure. In
particular, when a sparse Cholesky decomposition is known already for the last domain, one can try to
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update it with the methods introduced in [27] instead of fully computing a new decomposition. This
works, but it comes at a cost: In order to make the updates viable, one has to choose the order of the
unknowns in the linear system in a particular way. For a complete factorisation, on the other hand, the
order can be chosen arbitrarily to reduce the number of non-zeros in the factor. See, for instance, [71]. It
turns out that the approzimate minimum degree algorithm employed by GNU Octave [35] is so powerful
that the complete factorisation with this additional freedom is, in our tests, more efficient than the
update strategy. Nevertheless, we believe that it may still be possible to turn the update idea into a
more efficient solver with additional research and optimisations.

8.2.3 Approximation of the Shape Derivative

Once v and p are computed, the next step is to find the shape gradient and use it as descent direction.
For this, we have to solve numerically. Let us, for now, assume a = 0. The case a > 0 will be
discussed in the following [Subsection 8.2.4] We use linear finite elements as before, and the left-hand side
of can be discretised with standard mass and stiffness matrices as described in [Subsection 8.2.2
This subsection is dedicated to the discretisation of the trace functional on the right-hand side. If we
denote the normal and tangential vectors to the boundary I by v and 7, respectively, we can split the
gradient Vu into these two components:

ou ou
Vu = 77 + Y
Note that u solves [(144)| with homogeneous Neumann boundary conditions. Exploiting this fact, we find
ou ou ou Op
(Vu, Vp) = 7 (1, Vp) + W (v, Vp) = 7 B
Thus, the right-hand side of [(152)| becomes
op 0
/((f—u)p—p-“>ma. (155)
T 8’7' 87’

Here, u, p and f are known already by their coefficients in the FEM basis. Note that the choice of
linear finite elements implies that these discrete functions are still continuous and piecewise linear when
restricted to the boundary polygon approximating I". Furthermore, the tangential derivatives of u and
p can be computed from their coefficients just along the boundary polygon. This is in contrast to the
normal derivative and full gradient, which require knowledge of all coefficients on a whole mesh triangle
and thus also for basis functions supported on the interior of the domain. We can do this because of the
a-priori information on the normal derivatives that we have from the state and adjoint equations.

In order to assemble the right-hand side of the discrete FEM system, we have to evaluate the expres-
sion along a boundary edge E C I' and with F' set to one of the basis functions corresponding to
the end points of E. Up to rigid transformations, we may assume that £ = [0, \] and that the two basis
functions on E are

| »

q(s)=1-— ; and g2(s) =

Due to symmetry, it is enough to consider one of them; say, F' =

[ (022 Y antoyas

with @(s) = u1q1(s) +uaqa(s) for some coefficients u;, uy € R. The discrete functions f and f are defined
similarly. This integral can be computed symbolically. The result then allows us to assemble the FEM
right-hand side for based on the coefficients of u, p and f.

Let us demonstrate numerically that this scheme works: shows the relative errors made
when computing on grids of various sizes h. We use the unit square as domain and have chosen
the functions u, p, f and F' in such a way that the integral can be computed exactly. Furthermore,
u and p satisfy homogeneous Neumann boundary conditions. Besides the total error (blue), we also
show the error for just the term involving tangential derivatives (red) and the remaining part of the
integral (green). One can clearly see that all three terms converge with O (h2) The derivative term still
dominates the total error.

o >

1. All that remains now is to evaluate
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Figure 66: Relative error made by approximating numerically for different grid sizes. The error is
also computed separately for the L?- and derivative terms. The z-axis shows h.

8.2.4 Discretisation of the Curvature Term

The last remaining piece to discuss for the numerics is handling of the regularisation term in the shape
derivative. In particular, we have to approximate the integral

/F WF do (156)

with k being, as before, the mean curvature. In order to complete the FEM right-hand side of
we have to compute this expression for a polygonal I' and a FEM basis function F'. The key ingredient
here is a suitable way to express k. For our situation of a curve in the plane, the mean curvature is
just the standard curvature of this curve. It can be defined (in magnitude) as the derivative of the unit
tangential vector of the curve with respect to the arc length s as parameter:

‘6%(8)

nls)l = |55,

= [7(s)l

For a basic introduction into the geometry of curves, see [33]. In particular, Remark 1 on page 21 deals
with the curvature of plane curves. Let us rewrite |x| now in terms of the angle w(s) which the tangential
direction has with respect to some fixed reference direction. Choosing the z-axis as reference, we get

= (e ) = =B )

cosw(s) —sinw(s

= la(s)[.

In this form, we can even take the orientation into account to define the curvature with the proper sign.
Henceforth, let us use x(s) = w(s) as the curvature.

We have to employ this expression now in the discrete setting of our boundary polygon. Let us use
the notation depicted in for this: At some boundary point x;, we denote the approximated
curvature by ;. The preceding and following edges are numbered ¢ — 1 and i. The length of an edge j
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Figure 67: Notation used for the boundary polygon in |Subsecti0n 8.2.4l

is A; and its angle to the reference axis is w;. A straight-forward approximation gives

Wi — Wi—1

Xi+Xio1

R =~ 2
Thus, for the Lagrangian basis function r; corresponding to x;, we may use the approximation
Ky
/ Kkr; do ~ ? ()\1;1 + )\1) =W; — Wj_1-
r

It is interesting to note that we can arrive at exactly the same conclusion via a different approach:
Using k = w and integration by parts, we may rewrite [(156)| to

/anJ:/deazf/wa—Fda.
r r r Or

The boundary term vanishes since I' consists only of closed curves. For the FEM basis function r;
in the place of F, this integral and the tangential derivative can be evaluated as described above in
[Subsection 8.2.3| This yields

- Ori do = — (C%_l Aim1 — MM) = w; — Wi—1

r “or Aic1 Y

and thus an approximation equivalent to the result of the previous calculation. It is, of course, straight-
forward to evaluate this expression for the boundary polygon and compute |(156)| with it.

8.3 Numerical Results

We implemented the methods and solver described above in GNU Octave [35]. For the time evolution of
shapes, we used our level-set package [59] and the methods described in [Chapter 3| All computations
were done on a desktop computer of the amd64 architecture.

8.3.1 Shape Derivative and Finite Differences

First, let us validate our methods for computing shape derivatives. For this, we compare the derivative
computed with [(151)[ to a finite-difference approximation. The shape derivative is computed based on
[Subsection 8.2.3| and [Subsection 8.2.4) on a very fine 1,000 x 1,000 grid. In addition, we also evolve the
domain for a short time and compute the changes to the cost directly. We use the speed field shown
in as direction, which transforms a spherical initial domain into an ellipse. The relative
difference between both values is shown in One can clearly see the typical behaviour of
a finite-difference approximation: The difference quotient converges to the exact derivative as the step
length goes to zero, until it reaches a minimum value when the approximation gets worse again due to
numerical errors. We get almost the same result with and without the regularisation term.

The vertical line indicates the grid spacing h. Since our speed field has, very roughly, magnitude
one, this corresponds at least by order of magnitude to the time step at which the boundary is moved
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(a) The speed field defining the direction together with the initial domain (black) and the evolved
domain for a large time step (red).
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(b) Relative error between |(151)[ and finite differences for various lengths of the time step.

Figure 68: Comparison between the shape derivative computed with and a finite-difference ap-
proximation. The computation has been done both with (o« = 1) and without (o = 0) regularisation.
The vertical line in the bottom plot indicates the grid spacing h. See the discussion in [Subsection 8.3.1}
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about one grid cell. This is the step where one can intuitively expect the approximation to break down.
Interestingly, it even continues to work well for step lengths smaller by almost a factor of ten. All in
all, the results show that our implementations work as expected and are, indeed, able to compute shape
derivatives with good precision.

8.3.2 Regularisation of an Inverse Problem

Let us consider the effect of the regularisation parameter o next. As test problem, we use

(2% +9%)°

waley) = (& +9?) -

One can trivially compute a forcing function f from such that ug is an exact solution on the domain
Qex = B1(0,0). For our computation, we chose a square as initial domain and added 10% of Gaussian
noise to uy. Additional choices were tyi, = 1076 for the minimum step length, 1,000 descent iterations
for all runs, a 500 x 500 grid and

1 1
B:{(w,y)ERQ |x\§§and |y|§2}.

shows how well we are able to reconstruct ¢, from the noisy data for different regularisation
parameters . The plot in shows the reconstructed domains for selected parameter values.
IFigure 69b] in particular, shows the Hausdorff distance between the desired 2. and the reconstructions
as a function of a. Note that our cost functional is relatively insensitive to changes in the shape, so that
there is a wide range of shapes that bring the cost down to almost the same minimal value (non-zero due
to the noise). Thus, one can see that the resulting shape without regularisation (red) and also with small
a is still quite far from Qey. With increasing regularisation, the shape gets closer (blue and green in the
plots). However, if « is increased too much, the results become worse again; over-regularisation forces
the optimal shape to be too small. Of course, it is important to keep in mind that the regularisation
term we use (the boundary length) is, of course, very favourable for the reconstruction of the circle Qex.

Note that the regularisation creates additional numerical difficulties. Take a look at It
shows the evolution of the cost, gradient norm and the used step lengths for a particular descent run. As
one expects from such a run, the first few iterations are very effective at reducing the cost and gradient.
After that, the decrease continues, but only at a much slower pace. The step length is roughly constant
(around 107! in the example) throughout this phase. Two consecutive speed fields for this part of the
descent are shown in One can see that they try to move the domain in the right direction,
but the zig-zag behaviour already discussed in makes the descent inefficient. Compare, in
particular, The difference with however, is that a final phase follows afterwards:
There, the iteration gets completely stuck with mostly the minimum step length enforced. A typical
speed field is shown in Here, no longer any zig-zag movement happens. Instead, the force due
to the tracking term in the cost functional has decreased so much that the numerical approximation of
the curvature is the dominant driving force. This, however, can become unstable when no other forces
are present anymore. Small but sharp corners form (in the figure to the north east), which force the line
search to accept only the minimum step length. These corners have the additional detrimental effect
of actually decreasing boundary smoothness (although the regularisation should, in theory, increase it),
which leads to an increase of the cost and gradient going forward.

Obviously, this effect gets worse the larger « is. It also gets worse when 3 is chosen smaller, because
this leads to less smoothing of the speed fields. Hence, one has to find a good balance between o and
B. This is illustrated in For fixed o = 1072 and descent runs with various choices of 8, the
accepted step lengths are shown. The smaller 3 is, the earlier the minimum step length is enforced. The
best costs achieved throughout each of these runs are also smaller for larger values of 5.

8.3.3 Convergence of the Gradient Descent

Let us now show numerical results for a more interesting problem of shape optimisation. For the com-
putations here, we have turned off regularisation (i. e., @« = 0) completely. This allows us to focus on
the behaviour of the optimisation algorithm in terms of decreasing the actual cost functional |(146)| and,
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(a) Reconstructed domains in comparison to Qex (black).
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(b) Hausdorff distance between Qex and the reconstruction for various regularisation parameters.

Figure 69: Quality of the reconstruction of the exact shape Qe from noisy data for various regularisation
parameters. The reconstructed domains (top) correspond to the values of o marked with the respective
colour in the bottom plot.
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Figure 70: Behaviour of a typical descent iteration with regularisation turned on.

in particular, tracking ug. The basic situation is shown in For our choice of Qe and some
f, we computed an exact solution as ug with fem-fenics based on FEniCS . This ensures that
the data generation is done independently from our own solver. To this “exact” ug, we added 10% of
Gaussian noise. The forcing function f was chosen in such a way that it strongly penalises the domain
inside the hole of Qe. We use tmin = 1073 here to avoid getting stuck in the gradient descent, and
performed 2,000 descent iterations on a 500 x 500 grid.

The final shapes for different choices of 3 are shown in [Figure 74b] The corresponding cost evolutions
are plotted in [Figure 75| for the first 1,000 steps. One can clearly see that the choice of 8 matters: The
best result is achieved with 8 = 1072. For 8 = 1, the speed fields are too smooth and thus not flexible
enough to provide an efficient descent. Many more iterations would be needed to converge to an optimal
shape. With 8 = 1072, on the other hand, the resulting shape is quite irregular. The descent is converged
in this case, but 8 = 1072 leads to a better result. We also tried 8 = 10~!. In this case, the descent
converges within our 2,000 descent steps, but more slowly than with 3 = 1072. Apart from that, the
descent behaviour and final shape are similar to the situation with 8 = 1072 finally, shows
two typical speed fields as they appear in the descent for 3 = 1072: More often, the speed looks like
The domain grows slowly towards the bottom, following the geometry of Q.. From time
to time, however, a speed like is used when the domain is too far inside the hole and the
strongly penalising f forces it out again.
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Figure 71: Speed fields at two consecutive iteration steps for the descent of They still
correspond to the situation with step length around 107!.
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Figure 72: Continuation of This is at iteration 775 and shows a typical speed field where the
minimum step length is enforced.
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Figure 73: Step lengths accepted by the line search for different choices of the descent parameter S in
the situation of [Subsection 8.3.2]
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Figure 74: The example problem for shape optimisation discussed in |Subsection 8.3.3[
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Figure 75: Continuation of [Figure 74l Evolution of the cost, gradient norm and step length.
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Figure 76: Continuation of |[Figure 74l The two kinds of typical speed fields during the descent.
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