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Introduction

Contexts and motivations

This PhD thesis deals with the numerical approximation of the solution of time-
dependent first-order Hamilton-Jacobi equations, in the form

v+ H(x,Vv) =0  (t,x) € RT x RY
{ v(0,z) = vo(x) r € RY, (HJ)
where the hamiltonian H : RY x RY — R and the initial condition vy are usually, at
least, continuous functions. It is well-known that in general this problem does not admit
classical solutions (v € C!), independently on the regularity of the initial condition, since
its solutions may develop discontinuities in the gradient in finite time. Consequently, it
was necessary to introduce some appropriate definition of solution in “weak sense”. This
was done by Crandall and Lions in [CL83|, in which they introduce (and deeply study)
the definition of wiscosity solution, which precise statement will be given in Section [I.1]
using argument based on the vanishing method. The theory of viscosity solutions allows
the proof of existence and, more importantly, uniqueness in a wide range of situations,
even for more general hamiltonians, possibly dependent also on v, and for less regular
solutions (e.g. discontinuous solutions) or hamiltonians (e.g. with discontinuous data).
Although the theory is still undergoing technical developments, especially regarding the
above mentioned situations, in the case of continuous solutions, which is the main focus
of this thesis, it is in fact a well established matter, as witnessed by the books by Lions
IL82] and Barles [B98]. In particular, the latter contains a chapter on discontinuous
viscosity solutions. This theory also naturally extends to second order degenerate elliptic
equations, for which we mention the survey paper |[CIL92].

Moreover, it has been found that the viscosity solution is the natural concept to use in
many applications involving Hamilton-Jacobi equations, including for example optimal
control (the Bellman equation), differential games (the Isaacs equation), front evolution
(via the Level Set Method) and image processing (Shape from Shading and segmentation
problems). This will also be argument of the present work, mainly in Chapter , in which
we apply our scheme to the problem of the segmentation of an image.

The lack of smoothness of viscosity solutions makes it difficult to develop efficient
approximations. Starting from the 80’s, monotone finite difference methods have been
proposed by Crandall and Lions [CL84] using the fact that the solution of is the
integral of the entropy solution of a strictly related conservation law, which is valid only
in the one-dimensional case (see e.g. [CEN95|). For the possible extension of the previous
relation in higher dimensions we mention the work [JX98|. On this basis, monotone
finite difference methods conceived for the conservation laws have been adapted to the
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Introduction

approximation of the HJ equations and then extended to more general hamiltonians
by Souganidis ([So85al) and Barles (|[BS91]). However, monotone schemes are typically
very diffusive, a serious drawback when treating nonsmooth solutions, and are limited to
first order accuracy, in the sense of the consistency error, also in the case of very regular
solutions. Thus, if we want to achieve high-order consistency, at least in regular regions
of the solution, we have to look for non-monotone methods, then the real problem is to
prove convergence.

In order to summarize the previous discussion and focus on the analysis ahead, we
state the properties that should be satisfied by the “high-order” or “high-resolution”
schemes for the approximation of :

e at least second order accuracy in regions of the domain where the solution is
regular;

e high-resolution of the singularities, avoiding the usual “rounding” produced by the
first-order monotone schemes;

e the artificial oscillations introduced should rapidly disappear as the grid is refined.

The use of high-order schemes is preferable mainly because of computational cost rea-
sons, especially when working with multidimensional problems, since they allow the use
of coarser grids, but on the other hand, proving convergence becomes a really difficult
matter. A key tool for proving convergence of numerical approximations would be some
stability property of discrete solutions; for example, when working with continuous solu-
tions it is common to require the boundedness of the family of approximate solutions in
W1 so that the existence would follow by compactness by the classical Ascoli-Arzela
theorem. Such estimates, may be obtained easily for monotone schemes and with some
effort for high-order Semi-Lagrangian schemes (see e.g. [FEF14]), but in general are not
sufficient to infer convergence. In fact, at least to our knowledge, this theory is still lack-
ing a general stability concept, as the TV-stability for conservation laws for example,
that is able to secure the convergence of the numerical scheme to the viscosity solution
of the problem.

Apparently, a key to obtain some generality is to slightly loosen the monotonicity
property to the so-called e-monotonicity, precisely defined in the sequel. Some hints
on this generalization are already present in [BS91], while a formal definition has been
given, for example, in [CEF10] for second order equations, in [BEFKZ14] for stationary
equations and by many other authors for first-order evolutive equations, which will
be cited later in this introduction. Moreover, in the convex case an equally useful
concept is the discrete uniform semiconcavity, introduced in [LTO01], which allows to
prove convergence and, eventually with some further (not easy) computations, obtain
convergence estimates in the L' norm.

Despite the difficulties in proving convergence, in the last decades a lot of effort has
been directed by many authors on the development of efficient and high-order methods
for the solution of , using different approaches. As a first example, we cite a very
efficient class of finite difference schemes, the FEssentially NonOscillatory (ENO) and
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Weighted ENO (WENQ) schemes, which ideas have been developded for the treatment
of hyperbolic conservation laws, respectively, by Harten et al. in [HEOCS87| and by Jiang
and Shu in [JS96], and then extended to the case of (HJ]), using the recalled relation
between the respective solutions, by Osher and Shu in [OSh91] and, later, by Jiang
and Peng in [JP00]. ENO and WENO schemes are of high-order, in the sense of the
consistency error, and because of their reliability, have been quite successful in many
applications. Unfortunately, in the general case although there is numerical evidence
that they convergence to the viscosity solution of , till now and to the best of our
knowledge, there is no convergence proof for these classes of schemes. However, conver-
gence may hold for related schemes (see for instance [LS95]), while minor results have
been proven by Fjordholm et al. in [FMT12], where they show some stability prop-
erty of the ENO interpolation although the result is not sufficient to obtain the total
variation boundedness (TVB), and in [JP00], where convergence for smooth solutions
is proved. Among the other possible approaches, let us mention the semi-discrete cen-
tral upwind schemes of [KNPOQ1] (see also the references therein) and the discontinuous
Galerkin (DG) finite element schemes, introduced by Cockburn and Shu in [CS89] for
conservation laws and later extended to HJ equations. These methods, as the ENO
and WENO schemes, typically require the use of Runke-Kutta (RK) time discretiza-
tions to achieve high-order accuracy in time, which leads to the use of bigger numerical
stencils (that are the set of nodes used in the numerical scheme). In particular, the
RKDG methods are very flexible, being able to treat complicated geometries and differ-
ent boundary conditions, and have compact stencils, therefore are particularly indicated
for parallel implementation, but they require a stability condition which is usually costly
to enforce. In this brief list of contributions to the theory, a special mention is due to
the Semi-Lagrangian discretizations, developed by Falcone and Ferretti ([FE94|, [FF14])
and Carlini (JCFRO5|, [CEF10]), which allows the use of very large-time steps, do not
require the use of RK procedures, since they are based on some direct representation
formula for the solution, and have been proven convergent, in the convex case, for a wide
range of possible reconstruction procedures. The proof there relies heavily on the work
of Ferretti ([F02]), where a first hint on the e-monotonicity property can be found in the
hypothesis on the high-order reconstruction procedure, which has to be close enough to
the linear (monotone) interpolation.

Following on this idea, in recent years many authors faced the problem using the
e-monotone (or similar definitions) stability property in order to prove convergence,
mainly devising different procedures to “filter” an high-order scheme, possibly unstable,
with a convergent monotone scheme. This idea was already present in [LS95], in the
context of implicit schemes, and has been further developed by Abragall in [AQ9] and
Oberman and Salvador in [ObSal5|, for first-order stationary equation (in the latter
the main focus is on the eikonal equation) and by Froese and Oberman in [FO13], for
particular second order equations. Regarding the convergence of e-monotone scheme
for stationary equations we also recall the above mentioned [BFFKZ14|. In this thesis
we mainly follow the approach of Bokanowski, Falcone and Sahu in [BIFS16] on filtered
schemes for evolutive first-order Hamilton-Jacobi equations, in which a convergence
result with error estimate is given. In the present work we try to deepen the study
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of the filtering process in order to better exploit the possibility offered by the relaxed
stability property.

Finally, it is worth saying that the development of this theoretical framework (i.e.
convergence to the viscosity solution of HJ equations) has been widely driven by the
above mentioned applications to control problems, image processing and Fluid Dynam-
ics. Regarding the applications to control problems we refer to the book of Bardi and
Capuzzo Dolcetta [BCD97|, in which the focus is mainly on Hamilton-Jacobi-Bellman
equations, arising via the Dynamic Programming Principle in optimal control problems.

Another typical application of HJ equations, which will also be argument of the present
work, is the study and numerical approximation of fronts propagating in their normal
direction. This is done via the so-called Lewvel Set Method, first introduced by Sethian
in [Se83], [Se90] and Osher in [OSe88|, and briefly recalled in Section It is known
that this construction can be applied to model many physical problems, from crystal
growth to bubbles moving in a fluid, and so forth. Many efficient schemes have been
proposed in recent years, we mention the book of Sethian [Se90] for some examples
of finite difference schemes, the works of Bardi and Falcone [BF90] and of Falcone at
al. [FGL94] on the Semi-Lagrangian approximation for minimum time-problem, and
the paper of Bokanowski et al. [BCS13|, where the RKDG method is used. In this
thesis we apply the method for the problem of image segmentation, following mainly
the approach in [MSV93|, but proposing a slight modification in the velocity ¢, which
seems to produce a stable and reliable scheme. For another possible application of
HJ equations in the context of image processing, we mention also the widely studied
Shape from Shading problem, for which we refer to the book [HB89] and to the more
recent work of Falcone and Tozza [ET16] (see also the references therein), where Semi-
Lagrangian discretizations are used to approximate the solution of Lambertian and non-
Lambertian models. Moreover, they give a unified mathematical formulation of some
popular orthographic non-Lambertian models.

Contributions

Briefly speaking, the aim of this thesis is to develop convergent schemes to the solution
of which are of high-order in regions of regularity, deepening the study of [BES16]
on filtered schemes. The main novelty here is that the defined schemes have the desired
properties without the need to tune any parameter manually. This is done by the
introduction of a smoothness indicator function and a precise numerical formula for the
switching parameter . The new Adaptive Filtered Scheme has the form

SAwm); — SM(um);
en At ’

u}l'ﬂ = S (um); = SM(u); + ¢l AtF (
where ¢ is the introduced smoothness indicator function and €” is the new adaptive
switching parameter. For the latter, we design a procedure that automatically tunes the
value according to the regularity of the solution at any time step t,, which is measured
by the function ¢.
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In order to construct the smoothness indicator function, we first deeply review the
theory of the smoothness indicators defined in [JS96] and [JP00|, giving a precise proof
of their properties in Proposition The idea of the proof is inspired by the one of
Corollary 2 in [ABM10], but it is more general. Moreover, the formulation of our proof
easily generalizes to get similar results for higher degree derivatives. Another aim of
this precise analysis is to clarify some confusion we have encountered in literature, since
the scaling factor needed in the definition of these indicators, when working with HJ
equations which present discontinuities in the first derivative, is usually mistaken.

Then, differently from the usual WENO procedure, we use the information given by
the indicators to construct the function ¢, which basically measures the regularity of
the first derivative of a given function f. Moreover, we propose a genuinely multidi-
mensional version of the above one-dimensional definition on a cartesian grid, giving
also a very compact explicit formula for the case r = 2, which can be used for an easy
implementation. The defined 2D-smoothness indicators are able to precisely inspect the
regularity of the gradient of a function, as shown through some numerical test and by
the successful application in the construction of the 2D-Adaptive Filtered Scheme. To
our knowledge, this is a new contribution.

The main focus of our work is then to construct our new Adaptive Filtered Scheme
in one and two dimensions, extending the ideas in [BFS16] through a deeper inspection
of the e-monotonicity property. As previously stated, this is done basically using the
smoothness indicator function in order to define the numerical region of regularity at a
certain time t,, R", as the set of points on the grids in which it is “safe” to compute
the regularity threshold ", according to the devised formula. The (main) result of this
new formulation is the statement of Theorem [3.11] in which we obtain the same good
properties of the convergence theorem in [BFS16], but avoiding some hypotheses which
shadow the need to manually tune the parameter e, thanks to Proposition The
second consequence, which is mainly testified by the numerical tests at the end of the
Chapter [3] is that our scheme is able to exploit better the change in the regularity of the
solution, thanks to the tuning of the parameter €” at every time step according to the
detected regularity. This results in a better behavior in the numerical tests in terms of
both errors and stability properties, since our scheme is able to reduce the oscillations
otherwise allowed by the constant choice of € and achieves high-order computed orders
in all situations, without the need to introduce any limitator.

Particular attention is given to the class of high-order schemes obtained by the dis-
cretization of the Lax-Wendroff method, written compactly for our problem in Lemma
Using this formula, we are able to devise and successfully test an example of
fourth-order Lax-Wendroff scheme, which requires only a very compact five-points sten-
cil. Notice that WENO and ENO procedure of higher order usually require many more
points for their definitions. Moreover, when applying the Runke-Kutta method, the
stencil is increased ad every step required by the order of the time discretization.

Finally we apply our 2D-Adaptive Filtered scheme to the problem of the segmentation
of an image, in the setting of the level set method. The main novelty here is the
a new definition of the velocity ¢, in the aim of [MSV93|, designed to force all the
level sets to evolve according to the “same” law (in some reasonable sense). With this
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definition, justified by the method of characteristics, the velocity becomes anisotropic
and dependent also on v. More precisely, it is written as

C Vg (Y
C(ﬂj7y,7},vx,’l)y) =C <.T - d(U)Wv?J - d(’l}) ‘VZ{U) )

where ¢(z,y) is the velocity of the classical model, computed using the information given
by the considered image, and d(v) is a function that measures the (signed) distance
between the v-level set and the 0O-level set. Then, since this new definition could lead
to serious problems in the numerical implementation due to the low regularity of the
given data, we avoid most of these complications by proposing a simplified procedure,
which in truth should be better justified, especially at those points were the solution is
singular and the gradient it is not well defined. However, our simplified approach with
the modified velocity ¢ has given very promising preliminary responses, as shown by the
numerical tests at the end of Chapter 4l Moreover, the Adaptive Filtered Scheme seems
to improve evidently the results obtained by the simple monotone scheme, especially if
biomedical images are involved.

At the moment, the only work based on the topics of the present thesis, which is about
to be published, is the conference proceeding [FPT18|, ‘Adaptive Filtered schemes for
Hamilton-Jacobi equations’.

Nevertheless, as self-testified by this work, we are almost ready to submit a series of
papers containing the new contributions presented throughout these pages. For future
references, we would like to mention briefly the ongoing works, in which this thesis will
be divided as follows:

e [FPTal, ‘Convergence of Adaptive Filtered Schemes for first order time-dependent
Hamilton-Jacobi equations’, is based on the first parts of Chapter 2] and Chapter
and is centered on the proof of the convergence result for the one-dimensional
Adaptive Filtered scheme;

e [FPTH], ‘Smoothness indicators for multidimensional Adaptive Filtered Schemes’,
is based on the remaining arguments of Chapter [2] and Chapter [ that lead to
the construction of the 2D-Adaptive Filtered schemes, with main focus on the
definition of the multidimensional smoothness indicators;

e [FPTc|, ‘A High-Order Scheme for Image Segmentation via a modified Level-Set
method’, is devoted to the application of our approach to the problem of segmen-
tation, presented in Chapter [

Organization

The thesis is organized as follows.

In Chapter [1| we prepare the setting for the analysis of the following chapters. In
Section we briefly review the theoretical results involving existence and uniqueness
for in the continuous case, starting by the precise definition of viscosity solution and
the presentation of the classical method of characteristics. In Section we recall the
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fundamental properties of monotone schemes, following the pioneering work of [CL84].
Then, in Section we give a very minimal presentation of the level set method for
front propagation, using the notations in [FEF14], and finally, in Section [I.4] we discuss on
the applicability of space dimensional splitting methods on first-order Hamilton-Jacobi
equations.

In Chapter [2f we face the analysis of the smoothness indicators of [JS96] and [JPO0)]
and the construction of the smoothness indicator function ¢ necessary for the definition
of the scheme in the following chapter. In Section we prove the main theoretical
result on the regularity indicators and present various possible constructions for the
function ¢, mainly different w.r.t. the degree of the interpolating polynomials used in
the definition. Then, in Section we present the extension of the formulas in the 2D
case, giving an explicit formula for the case r = 2. Finally, Section is dedicated to a
series of numerical tests on 1D- and 2D- functions with varying regularity, in which we
show the implications of Proposition and the accuracy of the genuinely 2D extension
w.r.t. a more simple construction, based on the dimensional splitting of one-dimensional
indicators.

In Chapter [3] we define our new Adaptive Filtered Scheme in one and two space di-
mensions, proving a convergence result with error estimates. In Section we begin
by giving the first definitions and recalling the setting of the problem. Then, in Section
we proceed with the construction of the scheme, defining in detail all of its com-
ponents. Once all of the basic components have been defined, in Section we prove
the stability and convergence property of our scheme, stated by Proposition and
Theorem Subsequently, in Section [3.4] we extend all the constructions in order to
apply the adaptive tuning of €™ also in the 2D-setting. As a result, we define a scheme
which can be applied, for instance, in Chapter {] for the segmentation problem. Finally,
in Section we conclude our main chapter by presenting some numerical tests for one
and two dimensional problems, comparing the results obtained by the Adaptive Filtered
Scheme with those of the simple Filtered Scheme of [BFS16] and of the WENO scheme
of second /third order.

In Chapter 4] we conclude the thesis by presenting an interesting application, coming
from image processing concerns. In Section we begin by recalling the general setting
for segmentation problems, giving also some references on other possible approaches.
Then, in Section we first recall the theory of the level set method for image segmen-
tation, as presented in [MSV93|, whence we propose our modification in the definition
of the velocity ¢ and finally, we justify its definition by the method of characteristics.
Section 4.3|is focused on the discussion on the numerical issues arising with the modified
model, for which we propose a simplification in order to avoid most of the mentioned
complications, and on the presentation of our numerical implementation, in the form
of a sketched pseudo-code. Lastly, in Section we present a collection of numerical
test, on both synthetic and real images, with main focus on biomedical applications, in
which the effectiveness of the modified model and the improvements of the AFS over
the monotone scheme are clearly recognizable.

In Appendix [A] we collect some technical results needed in Chapter [2] for the proof of

Proposition [2.1]

ix






1. Background results

In this chapter we collect some background results useful for a complete understanding
of the ideas developed in the following chapters. We will begin by reviewing the clas-
sical theory of viscosity solutions for Hamilton-Jacobi equations, focusing our attention
mainly on the equation

vy + H(z,Vv) =0, (t,z) e RT x RY, (1.1)

where V (if not specified) denotes the gradient w.r.t. the x variable only, which will
be of primary interest in the rest of the thesis. Then, in Section we collect some
fundamental and well-known results on monotone schemes and finally, in the last two
sections, we present two closely related problems: the level set method in Section [1.3]
and the dimensional splitting in Section

1.1. Overview on first-order Hamilton-Jacobi equations

In this section we briefly review some classical theoretical results, avoiding to present
the details of the proofs in most cases. For a complete presentation we refer the reader,
for example, to the books [BCDI7], [B9g|, [FF14] and [EL0]

Let us consider a first-order evolutive Hamilton-Jacobi equation, which in the most
general case reads

{vt+H(t,1:,U,Vv):0 (t,x) € RT x RY (12)

v(0,z) = vo(x) r € RV,

where H : Rt xRY x Rx RN — R, at least, a Lipschitz continuous function, generally
nonlinear, called hamiltonian and vg € BUC(RY) is the initial condition (usually also
Lipschitz continuous in the sequel). We remind that BUC(Q2) denotes the space of
bounded and uniformly continuous functions on the domain €.

It is well-known that in general this problem does not admit classical solutions (v €
C1), independently on the regularity of the initial condition, since its solutions may
develop discontinuities in the gradient in finite time. Consequently, we have to look for
a suitable definition of solution in some “weak sense”. Here we only review the definition
for Lipschitz continuous functions (v € WH(RT x RY)), referring the reader to [B9S]
for the extension to the discontinuous case.

1.1.1. Method of characteristics

Before introducing the right definition of solution for (L.2)), let us recall that, under
suitable assumptions, classical solutions may be constructed locally by the so-called
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method of characteristics. In order to stay close to the majority of the literature on the
topic, we show the procedure considering a general first order equation

F(y,v,Vyv) =0 in Q C RY, (1.3)
then we give an example of classical solution for the simplified problem

— ; —_ R+ N
{vt—i—H(Vv)—O in Q=R" xR (14)

v(0,z) = vo(x) Vr € RV,

Fix a point § € Q, the idea is to find a curve y(s) inside Q along which the solution
v(y(s)) can be easily computed (in the time-dependent case, usually s = t and y(t)
connects 7 to y(0), then the initial condition vy can be used).

Let us consider a curve y(s) to be determined, and define z(s) := v(y(s)), q(s) :=
Vyu(y(s)). Next, we derive equations for y, 2z, and ¢. Clearly, we have

2(s) =y(s)-q(s) and  ¢(s) = % (Vyo(y(s)) = Dyu(y(s)) - 9(s),

where the hessian matrix ng is not known and should be “removed”. In order to cancel
it, we differentiate equation (L.3)) w.r.t. y, obtaining

VyF + F.Vyu+Div-VoF =0 < Div-V,F=-V,F—F,V,,

whence, it is enough to require y(s) = V4 F. Therefore, the characteristics of the
equation are obtained solving the system of ordinary differential equation

y = qua
2 =VqF-q, (1.5)
g=—F.q—V,F.

In the case of the evolution equation (1.2), we can rewrite this system in a slightly more
convenient form. Using the notations y = (¢,z) and ¢ = (pg, p) = (v¢, Vv), we have

F(y,z,q) =po+ H(y,z,p),

and the system ([1.5)) reads

. 1 : .
y:VqF:<va) <~ t=1 ©=V,H,

2=V¢F-q=po+V,H-p=V,H -p—H,
q:_ zq_va < pOZHzH_Ht7 p:_Hzp_vay

then, since we can choose s = t as parametrization and the equation for z does not
depend explicitly on pg, we can consider the reduced characteristic system

&= V,H, z(0) =z,
2=Vp,H -p—H, 2(0)=uv(z) (1.6)
p=—H,p—V.H, p(0)=Vu(zr),
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where now we added the initial conditions to close the problem.
Let us conclude this little digression by going back to our example problem (1.4)), for
which the system (1.6 simply reads

&(t) = Vp,H z(0) ==
2(t)=V,H -p—H, 2(0)=uvy(z) (1.7)
p(t) =0, p(0) = V()

which solution for the first and third equation is
z(t;x) =z +tVpH(Vug(z)),  p(t) = Vuo(z),

as can be easily verified. Therefore, the solution given by the method of characteristics
reads
v(t,x) =vo (7 (t2)) + ¢ (VpH - Vg — H(Vp)) (27 (1)), (1.8)

which domain in time depends on the invertibility of the map x — x(¢; z). In general, this
map can be inverted only for relatively small times ¢ > 0 and, consequently, the solution
v given by it is not globally defined. In any case, under suitably strong assumptions
on the functions H and g, the solution previously constructed can be globally defined,
as stated by the following theorem, proved in [L82].

Theorem 1.1. Assume H and vy in C2(RY) and convexr. Then, the function v defined
by @ 18 a classical solution of the problem .
1.1.2. Viscosity solutions

Since the equation is not in divergence form, we can not use integration by parts to
define weak solutions, as it can be done instead, for example, in the case of conservation
laws

N
ut+288mfi(u)20 (t,z) € Rt x RY,
i=1

which in one space dimension are closely related to (see e.g. [FF14], Section 2.4.).
Therefore, we are forced to use a different technique which leads to the definition of
viscosity solution, presented in the this section for the general case of .

First, we have to clarify what we mean for “weak solution” in this setting. Let us
consider an open set 2 C Rt x RV and reintroduce the shorter notation y = (¢, x).

Definition 1.2. A function v :  — R is called
i) classical solution for (1.2) in Q if v € C*(Q) and satisfies

v+ H(y,v,Vv) =0, Yy e Q;

ii) generalized solution for (1.2]) in Q if v is Lipschitz continuous in Q and satisfies

v+ H(y,v, Vv) =0, a.e. in Q.
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Unfortunately, this last “generalized” definition it is not enough to select a unique
solution for the Cauchy problem, as can be noted by considering the classical example

Ut+|vx|: 0, (tv$) eR* X R,
vo(z) = |x| zeR.

In fact, it is straightforward to verify that the functions vy (¢, ) = |x|—t and vy(t, x) =
(Jz|—t)* are both generalized solutions.

In order to select a unique solution we have to rely on the vanishing viscosity method
which, in particular, lets us characterize the solution according to the following

Definition 1.3. A function v € BUC(?) is a wviscosity solution of (1.2)) if and only if,
for any ¥ € C1(), the following conditions hold:

i) for any yo € Q local maximum point for (v — ¢)(y),

Pt(yo) + H (3o, v(yo), Vi (y0)) <0,
(i.e. v is a viscosity subsolution);

ii) for any yo € Q local minimum point for (v — ¥)(y),

Yie(yo) + H (yo,v(yo), Vb(yo)) > 0,

(i.e. v is a viscosity supersolution).

This notion of solution was first introduced by Crandall and Lions in [CL83]. It is
straightforward to show that Definition is coherent with the classical sense, that is,
if v € C1(Q), then v is a viscosity solution if and only if it is a classical solution.

Remark 1.1. In Definition we can assume, without loss of generality, that yg is a
strict maximum (respectively, minimum) point for (v — ¥)(y); in fact, it is enough to
replace ¢ with 1 (y) + |y — yo|?. Moreover, the test functions can be assumed arbitrary
regular (but at least C') and the maximum (resp. minimum) points can be chosen
global.

A fundamental property of viscosity solutions is the stability w.r.t. local uniform
convergence, differently from generalized solutions, for which it is possible to exhibit
examples of sequences that converge to functions which are not solutions of the problem
(in any sense!).

Here, in order to highlight a simple and direct implication of this property, we present
the result in the more general contest of degenerate elliptic equation, which have the

form
G (y,v, Vv, ng) =0 in Q,

where G : Q x R x RN*1 x SN+l 5 R is a continuous function that satisfies the
(degenerate) ellipticity condition

(yazaQa Ml) < G(yazaQa MQ) if Ml > M2a
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forally € Q, z € R, ¢ € RVN*L and My, My € SNt where SV*! is the space of
(N +1) x (N + 1) symmetric matrices, with the usual ordering

My > My < (Mi€,€) > (Mg, &) V& € RVTL

The definition of viscosity solution in this contest is analogous to ([1.3]). Then, we can
state the stability result.

Theorem 1.4. Assume that, for e > 0, v. € C(Q) is a viscosity subsolution (resp.
supersolution) of the equation

GE (y7 Ve, vaE; D;’Ug) - 0 ZTL Q,

where {Geteso s a family of continuous functions satisfying the ellipticity condition. If
ve — v uniformly on compact sets and G. — G uniformly on compact sets, then v is a
subsolution (resp. supersolution) of the equation

G (y,v, Vv, ng) =0 i Q.

Proof. (Sketch) We give the proof only in the case of subsolutions, with the other being
analogous. Under the hypothesis on v. and v, it can be shown that, if yo € 0 is a strict
local maximum point for v — 7, then there exists a sequence of local maximum points
for v. — 1, denoted with {y.}., such that y. — yo. At those points, by definition, we
have

G- (ya Ve (Ye ), Vgﬂl}(ye), D;w(ye)) <0,

then, exploiting the regularity of the test functions and the convergence hypothesis, we
can conclude

Ge (Yo, 0= (4e), Vgt (ye), Dyt (ye)) = G (30, v(10), Vit (o), Dy (y0))
whence
G (yo, v(y0), Vy¥o(30), Dy (y0)) < 0.
0

One of the most direct application of these result is the vanishing viscosity method
for first-order equations, represented by the sequence of equations

—eAve +u + H(y,ve, Vo) =0 in Q,
for which the function G, is given by
Ge(y,v,q, M) = —eTe(My ny)) + po + H(y,v,p),

where ¢ = (po,p) € RV*! and My N is the N x N matrix obtained by deleting the first
row and first column from M (we are considering only spatial derivatives).

Next, we give an equivalent definition of viscosity solutions which was the first in-
troduced in [CL83| and will let us prove easily the connection between generalized and
viscosity solutions. Before that, we have to introduce some standard tools of convex
analysis.
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Definition 1.5. Cousider a continuous function v : 2 — R and y € .
The subdifferential of v at y is defined as the set

Vouly) = {q e RV fimint WA Wm0 (2 7)o 0} .

2y 2 =yl -

An element ¢ € V™ u(y) is called subgradient.
Analogously, the superdifferential of v at y is defined as the set

V+v(y) = {q c RNAL. lim sup v(z) —v(y) —q- (2 —y) < 0} ‘
2y |z =yl

An element ¢ € VT o(y) is called supergradient.

It is good to point out that, if v is differentiable at y, then V*to(y) = V- o(y) =
{Vu(y)}. Without giving the proof, which can be found in [BCD97| (Lemma 1.7, p.
29), we characterize the previous sets in terms of test functions.

Proposition 1.6. Let v: Q) — R. Then,

i) q € VTu(y) if and only if I € CH(Q) such that Vi(y) = q and v — ) has a local
mazimum point at y;

i) q € V=u(y) if and only if I € CH(Q) such that V(y) = q and v — ) has a local

minimum point at y.
Now, it is rather natural the following
Definition 1.7. A function v € C(Q) is a viscosity subsolution of in O if
po+H(y,v(y),p) <0 ¥y e€Q, Yg= (po,p) € V'u(y).
In the same way, v € C(R2) is a viscosity supersolution of in Qif
po+ H(y,v(y),p) 20  Vy €, Vg = (po,p) € V u(y).
Finally, v is a wviscosity solution if satisfies both of the above conditions.

Thanks to this new characterization we can easily express the connection between
viscosity and generalized solutions, in fact we have the following

Proposition 1.8. Ifv: Q — R is a continuous viscosity solution of , then
v+ H(y,v(y), Vo(y)) =0
at every point where v is differentiable. Moreover, if v is also Lipschitz continuous, then

ve + H(y,v(y), Vou(y)) =0 a.e. in §.



1.1. Overview on first-order Hamilton-Jacobi equations

Proof. Let y be a point of differentiability for u. Then, V*o(y) NV~ v(y) # 0 since this
set contains Vu(y). Moreover, this intersection reduces to a singleton, so that

VFu(y) = Voo(y) = Vo(y).
Hence, by Definition [I.7] we have
0<wv+ H(y7 'U(y), V’U(y)) <0,

which proves the first assertion. Then, the second statement follows from the previous
reasoning and applying Rademacher’s theorem (which states that Lipschitz continuous
functions are a.e. differentiable, see e.g. [E10], pp. 280-281 for the proof). O

1.1.3. Existence and uniqueness results

In this section we collect some classical results of uniqueness and existence of viscosity
solutions, focusing our attention on the evolutive equation

v + H(z,Vv) =0, in RT x RY (1.9)

and giving some hints, if possible, on closely related generalizations. For a more detailed
presentation we refer the reader to [B9§].

In the following results we will require that H(z,p) satisfies the usual set of assump-
tions:

lim inf H(z,p) = +o0; (H1)
|p| =400 zeRN
H e BUCRY x B,(0)) Vr > 0; (H2)
Jw(-) : [0,400) — [0,400) modulus of continuity such that
|[H (2,p) = H(y,p)|< w(lz — y|(1 + |p])) Yo,y € RY,Vp € RY. (H3)

The main issue in the theory of viscosity solutions is to prove uniqueness, which also
shows the advantage over the concept of generalized a.e. solutions. This is done via
the so-called comparison principle, also termed mazimum principle, in the sense of the
following

Definition 1.9. Let u,v € C(RT x RY) be, respectively, a sub- and a supersolution for
(1.9). Then, we say that a comparison principle holds for u and v if

u(0,z) < v(0,z) Vo € RN = u(t,z) <v(t,z) V(t,z) € RT x RY.

In the case such a relation holds, the proof of uniqueness is straightforward. At this
point, we can state a first fundamental result.

Theorem 1.10. Let H : RY x RN — R satisfy , and , Let u(t,x),
v(t,z) € UC(RY x RY) be, respectively, a sub- and a supersolution of , then a

comparison principle holds for uw and v. Moreover, the same results holds if 18
replaced by the Lipschitz continuity in x, uniformly w.r.t. t, of u or v.
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Proof. (Sketch) In order to give a sketch of the proof we consider the slightly easier case
of u and v also bounded and, to lighten the notation, we name Q = R x RV, We argue
by contradiction assuming that v < v does not hold for all (¢,z) € €, whence 3\ > 0
such that
sup{u(t,x) — v(t,z) — 2Xt} =: 0 > 0.
Q

To exploit the definition of viscosity solution we resort to a “doubling of variables”
argument, defining

2 2
T—yl"+t—s
(o =y =5 o a o e2+15]2).

@E,a(t,x,s,y) :U(t, w)_v(87y)_)‘(t+s)_ -

The presence of the penalisation terms and the boundedness of the functions v and v
ensures the existence of a point (tc o, Tc . Se,as Ye,a) € 2 X Q such that

Ms,a = (I)E,a(ts,on L, Se,as ys,a) = glfé (I)s,a-

Consider the function

¢(t7 I) = u(t, JI) - (I)a,a (t7 Ty Se,as ya,a)7

which clearly is a test function such that u — ¢ achieves its maximum at the point
(te,a Te,a). Then, by definition we have that

2(ts,a - Ss,a)

2 —
5 + 2(¥t5,a H <$s,av (xe,a ys,a)
(9

A+ 5 + 204:135@) <0.
€

Analogously, defining the test function
@0(8, y) = (I)a,a(ta,ay Le,as Sy y) + U(S, y)
such that v — ¢ achieves its minimum point at (S¢ q,Ye,a), We get

2(ta7a - Ss,a)
52

2(1'&,04 - ya,a)

A+ =

- 20458701 +H (?/E,av - 2ay€,a> > 0.
Manipulating the previous relations and exploiting the hypothesis on H, eventually, we

can arrive to the inequality

with 7 modulus of continuity of H on RY x B, where K depends on R = max{||u||oo, ||V||co }
ed €.

At this point, it is enough to prove that the term on the right side of the previous
inequality tends to 0 as (¢, ) — (0,0) to get the contradiction A < 0. This can be done
proving that (all the limits are for (¢,a) — (0,0)):

2@eq — Y
20 < 0(20cal) 4 1(20kneal) 4 (1 — ool (1427272 4 20,
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o M., — 0;

hd ‘-rs,a - ys,a|+’ts,a - Se,oz|—> 05

_ 2 _ 2
° (oo —pesel ;'te’a seal) +O‘(’xe,aP"Hys,a‘2+‘t6,a‘2+’35,a‘2) — 0.

For the details of the computations we refer to [B9S]. O

If we consider a bounded domain of the form Q = (0,7 x €, with  bounded set of
RY | then it is possible to state an analogous result for the equation

v+ H(t,z,Vv) = 0. (1.10)

In the latter situation the comparison principle will refer to the parabolic boundary
9,Q = 90 x [0,T]UQ x {0} and will require only hypothesis . In particular, it is
worth noticing that no specific assumptions are made on the behavior of H w.r.t. p,
then we have a uniqueness result for the equation

v+ H(Vv) = f(t,x) in Q, (1.11)

with f continuous function on Q, assuming simply the continuity of H.

In the more general case in which the hamiltonian depends also on v a further hypoth-
esis is needed in order to avoid the formation of discontinuities. Usually it is assumed
that, for all 0 < R < 400, 3yg € R such that, V(t,z) € Rt xRN, —R < v <u < R and

N
peRY,
H(I‘,U,p)—H(ZII,’U,p) ZrYR(u_U)' (H4)

Let us consider now equation (1.10) in [0,7] x RY and assume
[H(t,z,p) = H(t,z,q)|<Clp—ql. VzeRY, te[0,T]epqeRY,  (H5)

then, the following finite propagation speed type result, which we present without proof
(see [B98], pg. 72), holds.

Theorem 1.11. Assume — and let u, v € C([0,T] x RN) be, respectively, a
viscosity sub- and supersolution. If w(0,x2) < v(0,z) in B,(0) for some r > 0, then
u(t,z) <wv(t,x) for all x in B._c(0), Ct <r.

Next, we focus on showing the existence of a solution in the viscosity sense. This
is usually done by the Perron method, which basically constructs a solution taking the
supremum of all the subsolutions of the problem. We give an example of application for
the Cauchy problem

— ; + N
{thrH(x,Vv)—O in RT xR (1.12)

v(0,2) = vo(x) Vo € RV,
Define the set

S={uec CR" xRY): u(0,z) = vo(x) Vx € RY, u(t,z) viscosity subsolution};
(1.13)
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then, the Perron solution is obtained choosing
v(t,x) = supu(t,x).
ueS
With this simple construction, we can prove the following existence result.

Theorem 1.12. Let H satisfy , , and let vg € UC(RYN). Then, there
exists a unique solution v(t,x) € UC(RY x RY) of the problem . If moreover

vg € WH(RN), then v(t,x) € WL(RY x RN). In particular, if C > 0 is such that
Vool © and  inf{H : |p|> C} > sup{|H|: |p|< [|[Vwvo||oo}
then ||Vav||o< C.

Proof. (Sketch) Let us give an idea of the proof of the existence in the case vg € WH°,

First, we notice that the set S defined by (1.13)) is not empty, in fact (H1) and (H2)
imply that 3Cy > 0, C; € R, such that

H(xz,p) > —Co V¥ (z,p) e RN xRN
H(z,p) <y VzeRN, Vpe Bg, R = ||Vvo|co,

then, defining M := max{Cy, C}}, it follows that v(¢,x) = vo(z) — Mt is a subsolution
in C(R*T x RY) such that v(0,z) = vo(z), whence v € S. Now, let

v(t, ) = supu(t, ).

ueS

The next step is to prove that v is a subsolution. This is done by considering the
definition v(t,x) = sup,c4 Vo and then proceed by induction on the cardinality of the
set A. First thing is to prove that the supremum of a finite set of subsolutions is a
subsolution, then consider a numerable set of subsolutions and, finally, an aribrary set
A.
The prove that v is a supersolution we proceed by contradiction. Then, if we assume
that v is not a supersolution, we can find (tg,29) € Rt xRY, § >0, 8 >0and r >0
such that

Yi(t,x) + H(z, Vo (t, 2)) < =, Yt x) € Br((to, 20)) t.c. [Varh(t,2)[< 6,

with ¢ such that v — ¢ has a maximum at (tp,zp). At this point, we consider the
function
ve(t, ) = max{v, v + ¢ — |t — to|*—|z — zo|*},

with € > 0 such that /e < r and for which
(0,2) & {(t,x) : v(t,x) < P(t,x) + e — |t — to|*—|z — 20|*}, Yz € RY.

Finally, exploiting the definition of € and the fact that function which are separately
subsolutions on open sets that cover RV are subsolutions of RY, we can prove that v,
is a subsolution and v.(0,z) = vo(x), that is v. € S. Moreover,

Us(t(]vx(]) = ¢(t0a I'()) +e= ’U(to,.’I)()) +te> U(tovx(])v

which contradicts the maximality of v. O

10
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For completeness of presentation, we recall also the property of the viscosity solution
in the simpler case , but in all generality (we need only the continuity of H). More
precisely, defining S(t) : BUC(RY) — BUC(RY), as the solution map S(t)(vo(x)) :=
v(t, x), of problem (1.4)), then the following result hols.

Proposition 1.13. Let H € C(RY), ug, vo € BUC(RY) and t > 0. Then,
i) [|(S(t)uo — S(t)vo) Moo < [I(uo — v0) " ||oos

i) [[S(t)uo — S(t)volleo< [|uo — vollsos

#i) infpn vg < tH(0) + S(t)vo < supgn vo;

i) |S(t)vo(z +y) — S(t)vo(z)|< sup,ern|vo(z +y) — vo(2)], pery € RY;

v) If vy is Lipschitz continuous with constant Ly, then S(t)vy is Lipschitz continuous
with the same constant, moreover, it holds

15 ()vo = S(7)volleo< [t — leléljg{lﬂ(p)li PI< L }-

For the proof of this last result we refer the reader to the paper [CL83| (in particular
see pp. 38-39), in which they also prove the existence of the solution through the
vanishing viscosity method (see also [CL84], p. 16).

1.2. Convergence result for monotone schemes

After having clarified the theoretical setting, we make a first step into the main topic
of this thesis, that is the numerical approximation of the solution of the problem

{vt—i—H(Vz}):O, in Q:=RT xRN

v(0,x) = vo(x), (1.14)

where H : RN — R s, at least, a continuous function and vy sufficiently regular. Notice
that we are considering the problem in the most simple case, in which the hamiltonian
depends only on the gradient. That is in fact a rather usual approach, since the main
numerical difficulties come from the nonlinear dependence of H on Vv. Moreover, more
general cases usually follow with minor modifications. Here we basically follow the lines
of [CL84], aiming to state a convergence result for first-order monotone schemes.

In the following, mainly to lighten the notation, we will present the result for the
case N = 2. Let us begin by considering a uniform grid in space (z;,y;) = (jAz,iAy),
J,i € Z, and in time t, = nAt, n € [0, N7], with (Np — 1)At < T < NpAt. Then,
we define the notation v, for the values of the exact solution at the point (tn,;,y:)
and u’fj for the relative values of the approximate solution. A generic two-level explicit
scheme will be written as

u" = Sa(u"), (1.15)

for some operator Sa, where A := (At,Ax, Ay) represents the dependence on the
discretization parameters. In what follows we use the shorter notation S, since it should
not cause any confusion.

11
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Remark 1.2. Notice that we are considering the unrealistic case of an infinite grid in
space (i,j) € Z?. That is because we want to avoid any discussion on the boundary
conditions, which should be treated separately. Alternatively, if we consider a bounded
domain, then we assume to possess also the external values of such set, if necessary.

Definition 1.14. A scheme (1.15)), dependent on d = (p + ¢) x (r + s) points, can
be written in differenced form if there exists a function h : R? — R, called numerical
hamiltonian, such that

_ + + )
SA(Wi—pjry- -y Uitgr1jrst1) = Wiy — Ath (DI ui—pjry ..., D Uiyqjvsils
+ +
Dy Uj—p,j—rs - - - ,Dy Ui+q+17j+s) 5 (116)
n n n n
+on . Yigx1 "% +om . Yix1,; 7%
where Dfu;'; := AT and Dyju;; = Ag

In the case of schemes in differenced form, the consistency condition can be stated in
a rather easy formulation, that is

Definition 1.15. A scheme ((1.15]) in differenced form is consistent with the equation

(1.14) if, for any a,b € R,
h(a,...,a;b...b) = H(a,b).

A particular class of schemes, that generally satisfy the previous definition, are the
so-called monotone schemes, which, following [CL84], we define as

Definition 1.16. A scheme SM of the form (1.15)) is monotone on [~ R, R] if S™ is a
nondecreasing function of each argument, as long as |Dfu"|,|D}fu"|< R, where with
DFu"™ we mean all the finite differences in (1.16]).

Remark 1.3. Notice that the a priori bound R on |v;| and |vy| is coherent with the
fact that the solutions of ([1.14) are generally Lipschitz continuous functions.

Now we are in the position to present the main result of this section, for which we
give a sketch of the proof, referring to [CL84] for the complete version.

Theorem 1.17 (Crandall-Lions([CL84])). Let H : R? — R be a continuous function and
vo a bounded and Lipschitz continuous function on R? with constant L. For \*, \Y > 0
and fized, let the scheme be consistent with , have differenced form and be
monotone on [—(L+1), L+ 1]. Assume, moreover, that the numerical hamiltonian h™
is locally Lipschitz continuous. Then, if v is the viscosity solution of, there exists
a constant Ccy, dependent only on sup|vg|, L, M and NpAt such that

lui's — v(tn, x5, y:)|< Cor(VAL), (1.17)

(Y

for 0 <n < Np and for all i, j, with Ay := RL and )\, := LL.
Az Y Ay

12
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Proof. (Sketch) The idea of the proof is strongly related to the technique used in the
proof of Theorem [1.10]
First, in order to lighten the computations, let us assume the further conditions

v(t,z,y) =0 for |z|+|y|— oo
uj'; — 0 for |i|+]j|— oo,

then, define the continuous domains Q = [0, 00) x R?, Q7 = [0, T] x R? and their discrete
counterparts Q¢ = {(t,,z;,y;) : 4,5 € Z,n € N} and Q?VT = {(tn,z5,y;) € Q% : n <
Nr}.

Fix T'> 0 and Ny € N such that (Np — 1)k < T < NpAt, the aim is to get an estimate
for [v(tn, i, y;) — uf;|- Let us assume that

sup {v(tn, i, y5) —ui;} =0 >0,
1,JEL
OSRSNT
then, the point is to find an upper bound for o (the proof of the lower bound is analo-
gous).
Define the function ¢ : Q x Qd — R, according to the following

¢(ta§73777) = U(t7§) _u?;j - %(t"i_*s) + (5M—|— %) /8 (é - 777 ! . S> )
where M = supj¢jcgz{|vo(§)|+T|H(0,0)[} +1, e > 0 and 3 a smooth function on R* xR,
such that 0 < 8 < 1, 8(0,0) = 1 and B(£,t) = 0 for [£|?+[¢t|*> 1. At this point, the
first step is to prove that there exists a maximum point (¢, &, So,70) € Qr X Q?VT for
1, whence, considering separately all the possible cases for ty > 0 and sg > 0, it can be
shown that an estimate of the form

o< C(At—i—Am%—Ay)%,

for some constant C' > 0, holds in any situation.
Finally, to recover the general case it is enough to exploit the finite speed of propa-
gation of both the exact and the approximated solution. ]

Next, in order to highlight the strict relation between monotone schemes in differenced
form and the exact solution map S(t)vg, we present also the properties of S™, referring
to [CL84] p.8, for the proof. Let us consider, only to simplify the notations, the one-
dimensional case and define the set

C={uel™(Z):|Asu;|< RAz,j € Z}.
Then we can state the following result.

Proposition 1.18. Let R > 0 and SM a monotone scheme on [—R, R], in differenced
form with numerical hamiltonian h™ bounded on bounded sets, such that SM : C —

[°°(Z). Then, if u,v € C and K € R,

13
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i) SM(u+ K)=SM(u)+ K;
i) |IS™ (u) = SM (V)]0 < [Ju = 0o
iii) [[ATSM(u)][oo< [[ATul|oo;
) SM(C) C C;
o) [(SM)" () = (SM)" (u)l[ o< jAEsUD < £|G(E)];
vi) |[(SM)" ()]0 < ||ul|co+nAt|H (0)],
where we used the notation ATu; = w1 — u;.

We would like to mention that, as a mere convergence results, Crandall-Lions theorem
(|CL84]) was generalized by Barles and Souganidis in [BS91]. Their theorem gives a
more abstract and general framework for convergence schemes, including the possibility
of treating second-order equations, although no convergence estimate is obtained. Since
it would involve various definitions for second-order equations, that go beyond the scope
of this first chapter, we avoid to present the precise statement of the theorem. Roughly
speaking, it states that any monotone, stable and consistent scheme converges to the
exact solution, provided there exists a comparison principle for the limiting equation.
We also mention the version of the convergence theorem for first order equations due to
Souganidis ([So85b]), in which an estimate of order v/At is obtained without requiring
the differenced form of the scheme, although several other (reasonable) conditions must
be met.

As we briefly recalled in this section, monotone schemes are indeed effective schemes
for the approximation of the solution of (1.14), being stable and convergent. Unfor-
tunately, by a simple Taylor expansion, it can be shown that monotone schemes are
limited to first order accuracy even for regular solutions. Thus, if we need higher-order
accuracy, we have to look for non-monotone schemes. This would be preferable, for
example, for multidimensional problems, where the use of coarser grids is of primary
importance.

In Chapter [3| we propose a procedure to couple the convergence property of the mono-
tone schemes and the high-order consistency of some other (possibly unstable) scheme,
in order to overcome this limitation and still obtain a convergent scheme. This is done
basically relaxing the monotonicity property to a less restrictive e-monotonocity, which
will be defined later in this thesis.

1.3. Fronts evolution via the level set method

In this section we review the bagic formulation of the Level Set Method, first in-
troduced in [Se85|, showing its reasoning and natural application to front propagation
problems. For a complete presentation we refer the reader to the book [Se96], here we
mainly follow the lines of [FF14].
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1.3. Fronts evolution via the level set method

The main advantage offered by this method, although it requires the embedding in a
higher dimensional space, is the possibility to follow fronts with complex evolution and
topology to high generality, thanks to the definition of viscosity solution of Hamilton-
Jacobi equations. As we will soon see, the problem of following a front in two space
dimensions evolving in its normal direction can be written in terms of a fixed level set of
the viscosity solution of a first (or second) order Hamilton-Jacobi equation of the form

(1.18)

{ v+ H(z,y,Vv) =0, (t,z,y) € (0,T) x R?
U(O,ZL‘,Z/) = UO(':Uay) ($7y) € R27

where vg must be a proper representation of the front I'g. More precisely, if we identify
the first configuration of the front as the O-level set of the viscosity solution, then we
require

Definition 1.19. Assume that Iy is a closed curve in R?, and denote by € the region
enclosed by I'g. A continuous function vy : R? — R is a proper representation of Ty if
and only if it satisfies the following conditions:

UO(CL‘ay) < Oa (:an) € QOa
Uo(%‘,y) =0, (x,y) € Iy, o (1.19)
vo(z,y) > 0, (z,y) € R?\ Q.

Now, if we assume that the front I'g evolves in the normal direction with velocity
¢(z,y) and orientation dependent on the type of evolution (outward for an expansion
and inward for a shrinking), we can easily derive the equation for the front I'; at a
generic time ¢ > 0. Let us denote a point P € I'; as P = (z(¢t,s),y(t,s)), where s is
a parametric representation of the front, then, since at every point the velocity V has
magnitude ¢(P) and direction n(P), in the case of an expansion we can write

V(P) = (&(t, 5),9(t, 5)) = c(P)n(P). (1.20)

Now, if we want to identify the front I'; with the 0-level set of the solution v of a Cauchy
problem with vy as initial condition, that is

Ty = {(z,y) : v(t,x,y) = 0},

we can derive the equation characterizing the evolution simply by computing the to-
tal time derivative of v (t,x(t,s),y(t,s)) and taking into account that this derivative
vanishes on a level set of constant value. Whence we compute,

0= %va,x(t, $),y(t,5))

= u(t, x(s,1),y(s, 1)) + Vo (t, 2(t,5),y(¢, ) - (2(t, 5),9(t, 5))
= v (t, P) + ¢(P)Vu(t, P) - n(P)
= v (t, P) + ¢(P)|Vu(t, P)], (1.21)
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1. Background results

where we have written the normal direction n(P) to the front I'; in terms of the function
vasn(P) = Vu(t,P)/|Vu(t, P)|. Since in this case the velocity ¢ depends only on (z,y),
we obtain a first order evolutive Hamilton-Jacobi equation of eikonal type

{ v+ e(z,y)[ Vo= 0, (t,2,y) € (0,T) x R? (1.22)

’U(O,x,y) :UO(xvy) (xay) ER2)

which solution remains a function at any time ¢t > 0 as long as the velocity c¢ is smooth
enough. On the other hand, the front I'; can have complex shapes (due to breaking
or merging) and also develop sharp corners, that is thanks to the definition of viscosity
solution which allows the selection of the correct solution even when singularities appear.

In the previous derivation we assumed for simplicity that the velocity ¢ depended only
on the position, but the same approach can be applied to more general velocities, such
as

e c(t,x,y), isotropic growth with time varying velocity
e c(t,z,y,n), anisotropic growth, dependent on normal direction

e c(t,x,y, k), Mean Curvature Motion, with k(t,z,y) mean curvature to the front
at time ¢,

e c(t,z,y,v), velocity dependent on the level set.

It is important to point out that, when using some of the previous velocities (e.g. the
definition for the Mean Curvature Motion), the model problem becomes

v + c(t, z,y, Vo, D?v)|Vu|= 0, (t,z,y) € (0,T) x R? (1.23)
U(07$7y) = U()(l',y) (l’,y) € RQ? ‘
where c(t,z,y, Vv, D*v) = —div (%), which is a Hamilton-Jacobi equation of

second-order.

It is noteworthy that the choice of the level set is arbitrary, and in fact all the level sets
of v are moving according to the same law. This fact will represent a major problem in
the application to shape recovery due to the discontinuity of the velocity field ¢, whence
a modification to the classical model will be needed (see Chapter [4)).

1.4. Dimensional splitting methods

We close this first preliminary chapter by describing a procedure useful to define nu-
merical schemes for multidimensional problems using simple one-dimensional schemes.
Unfortunately, such techniques can not be used in all generality, in fact a strong as-
sumption on the nature of the evolution must be required, that is the separability of the
hamiltonian H. Nevertheless, it is worth pointing out that, by the following procedures,
the number of points necessary to compute the schemes (termed as the stencil of the
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1.4. Dimensional splitting methods

scheme) increases linearly w.r.t. the number of spatial dimensions, whereas the cardi-
nality of the stencil of full multidimensional schemes usually increases as the power of
N, where N is the number of variables.

As before, we focus on the case N = 2 and consider problems of the type

{ vt + H(vg,vy) =0

v(0,z,y) = vo(z,y), (1.24)

where the hamiltonian is such that H(vg,vy) = Hi(vy) + Ha(vy), for a couple of one-
dimensional hamiltonians Hy, Hs. The first step is to consider the 1.D-problems associ-
ated with the dimensional splitting, that are

v+ Hi(vg) =0 and vy + Ha(vy) =0, (1.25)

and then to denote with Sy, S¥ and S}, the solution maps of, respectively, the 2D and
1D problems at time t.

The issue of the convergence of dimensional splitting methods has been approached
in the contest of Lie-Trotter products by Souganidis in [So85b], for general equations,
with H dependent on (¢, z,u, Du). The results of the paper apply directly to equations
of the form with H, H; and Hy continuous functions and, in particular, prove the
convergence of the Lie-Trotter splitting, that is

SKTv™ = S4,S%v", (1.26)
at each time t,,. More precisely, we have the following

Theorem 1.20. Let H, Hi and Hy continuous functions, with H = Hy + Hy and
vo € BUC(R?). Then,
HSTUQ — [SZtSZt]nUO‘ }OO —0

for At — 0 and n — oo, with nAt =1T.

Proof. For the proof we refer to the formulation of the theorem as in [So85b|, p. 218.
Conditions (F1)-(F6) follow directly from the properties of the viscosity solution map
(Proposition , applied successively first on S%, and then on S%,, and the composi-
tion of continuous functions. As an example, for (F3) we have that, for v € W1,

[5%,5%:(0)]] = ||S&ev — Hz ((S8,(0)), ) + O(AL)|| < |IS&,0ll + CrAL < Jlul|+CAL.

The same computations also prove condition (F7), in fact, let ¢ € C?(R?) be bounded
and with bounded derivatives, then

S%,Shed = ¢ — AtH1(¢g) — AtHs () + O(A),

whence o g

‘ W + H(¢a, by) ’ = O(At) — 0, (1.27)
for At — 0. Finally, the statement of the theorem holds true applying the cited theorem
in [So85D]. O
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1. Background results

In order to prove the applicability of other splitting methods, e.g. the well-known
Strang-Marchuk splitting, which at each iteration reads

SXM™ = %, 5%, S, v, (1.28)
2 2

it is necessary to require the convexity of H; and Hy and then apply the following
result, proved in [LR86|, which holds for generic splittings methods of the form H(z) =
Hy(x)+ Hy(x), with 2 € RV, We state the result using the notations in [LR86], avoiding
to specify the little differences implied, since they should be easily understood from the
contest.

Proposition 1.21 (Lions-Rochet([LR&6])). Let vo € BUC(RYN), Hy, Hy convex func-
tions, then, for all t,s > 0, it holds

Sty (8)SHy (8)vo = Shy (5)SH, (H)vo = Stry+sm2 (1)vo. (1.29)

Finally, the convergence of the splitting methods can be obtained applying succes-
sively the previous formula. Notice that Proposition implies a rather interesting
consequence. In fact, under such hypothesis, the splitting method is exact, in the sense
that it does not produce error in the time evolution. Consequently, we could take as
time step At the full length of the interval [0,7] and whence obtain a global splitting.
For example, using Lie-Trotter splitting, first we should solve

ur + Hy(ug) for (t,x) € (0,T) xR
u(0,z,y) = vo(z,y) for z €R,

and, as a second step, proceed with the solution of

v + Ha(vy) for (t,y) € (0,T) xR
v(0,2,y) = u(T,x,y) foryeR,

thus obtaining v(T, z,y) = Stvp.

Remark 1.4. The same results have been proven by Barles and Tourin in [BT(01] for
hamiltonians H (x,p) = Hy(x,p)+ Ha(z, p), with Hy and Hs convex functions in p € RV,
for all z € RY, and such that they satisfy the Lie bracket condition

[Hl(l',p),HQ(l',p)] = fo-h(:l?,p)VpHg(x,p) - va?(x7p)va1(xﬂp>' (1‘30)

Remark 1.5. 1t is worth to notice that if the hamiltonian H is separable simply as
H(z,y,uz,uy) = Hi(x,uy) + Ha(y, uy), then the Lie bracket condition is trivially sat-
isfied. Consequently, using Taylor expansions it can be shown that, for these kind of
equations, the Lie-Trotter splitting is in fact a second order method (in time), in the
sense of the consistency error. Moreover, if H; and Hy are convex functions in the sec-
ond argument, then by Proposition the dimensional splitting is exact and does not
introduce errors in the time evolution.
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1.4. Dimensional splitting methods

Now that we have ensured the reliability of the splitting methods in the contest of
Hamilton-Jacobi equations, we can pass to the problem of the numerical application,
basically substituting the exact solution operators with numerical schemes for the ap-
proximation of the one-dimensional subproblems. In the following we make a little abuse
of notation using Sa; to denote (also) the approximate solution operators, in order to
simplify the presentation, since it should not cause any confusion. As before, we choose
the Lie-Trotter splitting as leading example. We have

u"tt = §Y, SR ", forn=0,...,Np =T/At, (1.31)
for the local splitting, which is usually used in numerical implementations, or
uw(T, z,y) = S4.S7uo, (1.32)

for the global splitting, where with St we mean a large-time step numerical method,
such as for example, semi-lagrangian schemes (see [FF14] for a complete presentation of
this class of schemes), or a “full approximation”, in the sense of the time evolution, of
the relative subproblem on the interval (0,7").

It is worth noticing that using the presented methods, we can construct monotone
(convergent) schemes for (1.24)), using simple one-dimensional monotone schemes. Let

us begin by expliciting the scheme (1.31)),

”+% _ T ny _ Qx n n
Uy 4 = S3;(u )j = SXi Wig—greos Wy iy (1.33)
1 1 .
nt+l QY n+\ _ qu ntz nt3
U; 5 = Sp(u"2) =S5p, LA N TRRERN RN I
(A

then we can prove the following lemma.

Lemma 1.22. Let the one-dimensional schemes S%,, SX, have differenced form with
numerical hamiltonians hiw and héw, and be consistent with Hi1 and Hay, respectively.
Then, the resulting scheme can be written in differenced form and it is consistent
with H. Moreover, if the one-dimensional schemes are monotone on [—R, R], then the

full scheme is also monotone on [—R, R).

Proof. By hypothesis, we know that

1
n+3

_n M + n + n
u; 5 ? =gy — Athy (Dfu ..., D] Ui,j+r—1)

ivjiT‘,

and analogously,

1 1
ntl _  n _ M +, 3 +, "3
Uy = Uy Athy <Dy ui_l,j,...,Dy 25

Whence, composing the previous relations we have

n+l _ . n M + n +,n
’U,IJ —_ UZ’] - Athx (DCC Uiyjfr, e ’DI 'LLZJ+T71) -
TM + n + n P+ n + n
— Athy' (DFui iy, D udyy s DFui iy D udy i), (1.34)
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1. Background results

with Ey such that ES/[(U")” = hzjl\/[(u”Jr%)Z To show that such %é” can be easily written,

we explicit one of the arguments of hé\/‘[ depending on u",

n+% n+%
Dyt 2 s
y i Ay
_ pt+,n M + . n +. n
= Dy ui7j — )\y [hx (D.Z‘ ui+17]~_r, . 7D.Z’ ui-l—l,j-i—?“—l) —
M + n + n
_h:c (Da: ui,j—ra"'vD:v ui,j—i—r—l)] :

This shows that the scheme has differenced form with numerical hamiltonian
WM = h) 4 h)T.

For the consistency, assume that Dfuf; = a and Djuf,, =bfori—1<s <i+l,
j—r <m < j+r, then, exploiting the consistency of hM with Hy, we have from (1.34)

n+%
i—lj—r

1
n+3

+ —...= Dt —
Dy u - - Dy Uikl jpr—1 = b.

Successively, using also the consistency of hé\/" con Hy, we get
hW(a,... a;b,....b) = h}(a,...,a) + h)'(b,...,b) = Hi(a) + H(b) = H(a,b),

that is h™ is consistent with H.
The monotonicity of ([1.33]) follows from the fact that the composition of nondecreasing

functions is nondecreasing, and using, as proved in [CL84], || AT S, (u")||oo< [|AT " |oo-
0

The convergence of this class of schemes directly follows applying Theorem
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2. Smoothness indicators analysis

In this chapter we present a rather deep analysis of some well-known regularity in-
dicators, based on the divided differences of a function f. In Section we begin by
recalling the theory of the regularity indicators defined in |[JP00| for the construction
of the Weighted Essentially Non Oscillatory (WENO) schemes. Briefly speaking, these
indicators are defined as summations of weighted L? norms of appropriate approxima-
tions of the derivatives of the function. We will prove their properties depending on the
scaling factor Az®, a € Z, which depends on the order of the integrated derivative and
gives the weight to the corresponding L? norm. Through this study we also wish to
give general indications on how to correctly choose the regularity indicator, dependently
on the order of the discontinuous derivative. This is mainly because, when looking for
references for the present chapter, we have noticed that in various articles regarding
Hamilton-Jacobi equations, which focus on the regularity of the first derivative of the
solution, the scaling factor in the definition of the smoothness indicators is mistaken.
More precisely, since in [JP0Q], where the indicators for HJ are first used (377 in the
sequel), a precise formula of the definition is missing, most authors usually use the def-
inition in [JS96] for conservation laws (3" in the sequel). The idea of the proof is
inspired by the proof of Corollary 2 in [ABM10] and it is quite general. In fact, it could
be easily modified in order to get similar results on regularity indicators of higher degree
derivatives. Then, in Sec. we will show how to use those indicators as building
blocks to define our function ¢;, j € Z, which measures the regularity of the solution
in I; = (xj_1,2j41), needed for the construction of the Adaptive Filtered Scheme in
Chapter [3] Finally, in Section we will see how to generalize these constructions to
the multidimensional case, defining some new smoothness indicators which are able to
detect the discontinuities in the gradient of a function of two variables. At the best of
our knowledge, this is a new contribution.

2.1. One-dimensional case. The regularity indicators of
[JPOOQ] and [JS96]

Briefly speaking, the idea behind the definitions below is to use the magnitude of the
divided differences of a function f as indicator of regularity, similarly to the preceding
Essentially Non Oscillatory (ENO) procedure. The main novelty, w.r.t. the ENO idea,
is the scaling of the divided differences, which introduces a more direct dependence on
the discretization parameter Ax.

More in detail, let us start the analysis by directly giving the definition of the smooth-
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ness indicators for Hamilton-Jacobi equations (HJ) in the sense of [JP00] as

20 ] = Z N AzH=3 (P,El)(:z:)>2d:r, (2.1)

=2 " %j-1

and let us consider also the version for conservation laws (CL) of [JS96]

CL{f; 5] = / 20?1 (B0(@))” e, (2.

for k =0,...,7 — 1, where Py(z) is the Lagrange polynomial of degree r interpolating
a function f on the stencil Sj1 1 = {2j4k—r,..., 245} Notice that w.r.t. the definition
in [JS96] we have shifted the domain of integration of Az/2 in order to treat both
definitions - together. In the sequel we will drop the dependence on f and
on the point x; for more clarity, since it should not cause any confusion. Moreover, we
will often use the convention h := Ax.

Then as a first big step we prove our main result of this section.

Proposition 2.1. Assume f € C™T1(Q\ {zs}), with Q a neighborhood of xs, and

fl(x7) # f'(x}). Moreover, (just for simplicity) let fO(x) # 0, Vo € (Q\ {zs})
forl=1,2. Then, for k=0,...,r — 1 and j € Z, the following are true:

(i) s €2\ Sjer = B = O(Az?) and BF" = O(Ax?);
(ii) If 24 € Sjup = BSL = O(Ax?), while B = O(1),

(o]
where Sjip = {Tj—riks - Tjri} and Sjpr= (Tj—rih> Tjgk)-

Proof. Let us take r > 1 and without loss of generality, let 3 = 0 (to simplify the
notation).

Let us start by recalling that, using the Newton form of the interpolating polynomial,
fork=0,...,r—1and j € Z, we get

Pe(z) = f(@jmrsn) + > F@jmrihs - s Tjmpihpilwio (), (2.3)
i=1

where wi(x) = (£ — xj—pyk) - (& — Tj—pyr+i) and f[-] denotes the divided difference of

f, which are defined recursively as

flaw] = flzw), v=20,...,r

e flrvgr sty =l Tygi—a] _ cos
flzo, .. wyy] = 2R e, v=0,...,r—i, i=1,...,m

(2.4)

Let us proceed with the proof of 7). If we define the function fi,(y) := f(z;+hy), y € Z,
we can write

fh[ ..,k‘*TJri]

Fl@jmrs s Tjmrgrgi] = floj+(k=r)h, .. xj+(k—r+i)h] = il b ’
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2.1. One-dimensional case. The regularity indicators of [JP00| and [JS96]

where fp,[] denotes the undivided difference of fj,. At this point it is useful to notice
that, for [ =0,...,i (see Lemma in Appendix [A| for the proof),

i—l .
bt == = 3 (T GO e 0], (29

n
n=0

Moreover, if 0 ¢ §j+k, expanding with Taylor, it can be shown that for n =10,...,7—1
and h — 0, fyl(k—r+n),...,(k—r+n+0)] = bl fO(z;) (see Corollary [A.3)in Appendix
. Then, we can infer

o(hl) forl <i <,

fh[k—r,...,k—r+z’]—>{ W0 (2.6)

for i =1,
having exploited the relation Z;’:O (;)(—1)i*j =0, for i > 1 (see Lemma in Ap-
pendix [A]).

Now, if we define the polynomial

Qu(y) = Pulaj + hy) = fulk =)+ 3 fal(k = 1),y (k=7 +4)] q"‘;,(y), (2.7)
i=1 )

where ¢;(y) = (y—(k—1)) - (y— (k—r—1)), fa(y) = f(z; + hy), then we can rewrite

l IRNG:
P@) = (Qk( )=, =t (2:8)
Then, applying the change of variable y = (z — x;)/h in the integral in (2.1) or (2.2)),
we have 0
zj 2 2
he / " (P @) de=pe / (@Vw) ay. (2.9)
Tj—1 —1
where a = 21 — 3 or 2] — 1, respectively, and
r O]
=S fullk =1 = i) & ;,(y). (2.10)
i=l ’
Furthermore, keeping in mind m, we can write
0] ql 1 . QE91(9)
QW) = fullk =r),ooos (k= + —F}Zjﬁ v (b= )] =

i=[+1
= WO ()) + o(h'),
having noticed that, since ¢;_1(y) is a monic polynomial of degree [, we have ql(i)l(y) =1
From we have just seen, it follows

i [ (R0@) e = pee [ 0 (@) ay

_ potl (f(l)(xj)>2 +o(hOH),
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as we wanted. In fact, having in mind that by hypothesis f’, f/” # 0, if we consider, for
example,

T zj )
HJ _ Z/ hzl_d(P,gl))2d:c
1=2 7 %i-1
" 2
=302 (F0@y) "+ o(h?2) = Oh?),
1=2

and in the same way for the other indicator (notice that for B,?L the summation starts
from [ =1).

Remark 2.1. To prove this point, it could be sufficient to observe that using the
regularity of f in Q\ {xs} and the properties of the interpolating polynomial (which we
have just proved) we get

P,gl)(a;) = fO(2) + O(h 7, forz; 1 <z <z k=0,...,7r—1.
Moreover, expanding with Taylor, it holds
fO(@) = f (2)0(h)" " + o(h™ ), (2.11)
where m = max{s + 1,1} and s = max{k : f@(z;) = 0, Vi < k} (s < r). Then,
integrating (remembering that by hypothesis s =0 = m =),
he / K (P (x)>2 dw = hett (0 (a:j))Q +o(h*th),
zi1

as before.

Let us continue with the proof of 42). In this case the proof is a little more complicated
and it is better to treat separately the following two cases:

(a) 0 is a point of the grid {z;}, i € Z;
(b) 0 € I; = (-1, ;) for some i € Z.

Case a. By assumption 0 € 4, for at least one £ = 0,...,r — 1, then, for each fixed k,
there exists an integer js € {k —r +1,...,k — 1} such that x; = —jsh (for jo =k —r
and js = k we fall in the case treated previously). Substituting in (2.3)),

Po(x) = f((=js+E—m)h) + > fl(—js + k= )by, (=js + k — 1 + i) hlw; 1 (),
=1

with wi(x) = (x+ (js—k+r)h)--- (x+ (js —k+r —i)h). As we have done in the proof
of ¢), if we define the function fi,(y) := f(z; + hy) = f(h(y — js)), we can obtain the

relations — with Qg)(y) defined as in .
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At this point, it is useful to notice that (2.5) for I = 1 reads, fori =1,...,r,

N \ VI . .
full = sl = 0= 3 (T ) GO AR = L

=0~ 7

In order to simplify the notation let us define is := js — k + r, that is to say the index
is € {1,...,7—1} such that z; + (k —r +is)h = 0. Then, by assumption, we can write
for all ¢ > t := max{is,l — 1},

L =i i . .
fult = st == 3 (U7 )OI ) (e 1)

i=o 7

i—1 .
1—1 i . .
#30 (1) 0T A L
J=is
Since for h tending to 0 we have

f((z+1Dh) = f(zh) hf'(0F) if 2>0
h - { hf'(07) otherwise

fulz+ s, z+ds+1]=h

we can conclude that

1s—1
fulk=r, . (k=—r+ i) =h |
j=0

J
i—1 i1 o
) eyen
%)
i—1 .
S ITCCREFACRID S G ISV
Z'S— 2

B [F(O0F) — f(07)] ( )(—1)”’5“ 40,

where we have exploited the relations Z;’:O (;)(_1)i_j = 0 and 337, (;)(_1)i_j -
("S1)(=1)"", for 0 < 1 < i by LemmalA1] (Appendix [3).

Furthermore for [ < i < iz, as we have seen in the first point %) of the proof,

1s — 1

flk = (b r e D) RS ( - 1) (—1) L f(07) = ofh)
> (' |

which also follows directly from the first relation we have just reminded.
From what we have done so far we can deduce, recalling that ¢ := max{is, | — 1},

T 2 0 r (l) ?
ha/J (p,gl><$>) dx:ha—%l/l < 3 fh[k;—r,...,(k—rﬂ)]qli—,l)
Tj—1 - '

i=t+1
~ Couh® 2 [£1(0%) = £/(07)]7,
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O]

2
where C,p = ff’l (Z::t-i-l (2'1821)(_1)1'—1'5—&1‘12!1) . Then, passing to the limit, we finally

e [T O, \2, [ O®h ifa=20-1
%ﬂﬁiéﬂ(%(@>dx_{ou) if o = 20— 3

obtain

which is the thesis for case a.

Case b. By assumption there exists an integer j; € {k —r + 1,...,k} and a number
0 < as < 1 such that z; = (—js + as)h. It is clear now that we can repeat the same
constructions of the previous case defining the function f,_ 5(y) := f(h(y —js +as)) and
using it in place of f. To obtain it will suffice to apply the change of variables
y = 7 + js — as. Then, defining is = j, — k +r, for i > ¢ := max{is, [}, we get

1s—2 _1 o
jgﬁm—rwnxk—r+ny_§:< )QJYJ]ﬁ%M%—r+jL%—T+j+1ﬂ

AN

# (L) U b~ 1.0

+§:<. ) D o nl(k =7+ 4), (k=7 +j+1)].

(2.12)

Now, noticing that
faonlis =1, 3s] = f(ash) — f((as_l

— ash < - ) o <f(0) zlf_«;:); 1)h))
~ ashf (0+) — as)hf'(07)

= ash [f'(0 ) U)ﬂ+hf()

and that '(0M)
. . hf'(0 ifz>1
fas,h[z+js_1>z+]8]—>{ hf’((]_) ifzg—l,

we can infer that if i« = i5 (in this case in (2.12)) on the right side of the equation we
have only the second term), then f, plk—7,...,(k—r+%)] = ash [f'(07) — f/(07)] #0,
while if § > 4,

1 —2

Janlk =7, . (k=r+3)] =k [f(07) = f'(07)] [(

_q)i—istl
B [

+ as (ZS—_ll> (_1)1'1‘5] :

The last quantity, as it can be eagily shown, it is null if and only if as; = il.:if ; more
precisely, for k fixed there exists an integer ¢ > ¢ such that f, p[k—r,...,(k—r+1i)| =

Ch[f'(0") — f'(07)] with C' # 0, whence the thesis even in the last case. O

26



2.1. One-dimensional case. The regularity indicators of [JP00| and [JS96]

Remark 2.2. Notice that we could avoid the restrictions on f in the points of regularity
by adding a small quantity o), = oh?, for some constant o > 0, to the indicators 3 and
consider instead

B = By + on, (2.13)

as it has been done in [ABM10]. We will use this assumption in the sequel, choosing for
the moment o = 1.

2.1.1. Regularity indicator functions

Now we can proceed with the construction of our function ¢, which will be used in the
next chapter to measure the regularity of the approximated solution. In order to get a
good smoothness indicator but trying to keep the stencil of the reconstructions as small
as possible, we decided to stick with the simple case of r = 2. As we will show soon this
choice it is not restrictive and will give us the results we are looking for. Clearly some
adjustments will be needed and in doing so we will make use of the mappings introduced
in [HAPO?] (see (2.23)).

Our aim is to identify the points (or the intervals) in which there is a singularity in
the first derivative of a function f. Let us focus the attention on a point x; of the grid,
the idea is to study the regularity of the function in the interval (x;_1,xj4+1) using the
smoothness indicators B,f 7 with r = 2. In what follows we will drop the superscript HJ
as it is now clear, by Proposition which indicators we should use.

Let us consider separately the intervals [z;_1,z;] and [z, z;41] defining

N 210

7j—1

for k = 0,1, where Py, P; are the polynomials interpolating the functions, respectively,
on the stencils {x;_2,xj_1,2;} and {xj_1, 2, zj4+1}; and symmetrically

Tj+1
B = Ax/ (P! (z))?dz, (2.15)
zj
for k = 0,1, where now Fy, P; are the interpolating polynomials on {z;_1,2;, 2 41}
and {x;,2j11,xj42}. From the definition it is clear that (87); = (87),41 so we have
to compute the quantities just once. To be as clear as possible let us write the explicit
form of the 8; and their Taylor expansion around the point z; in the case of a uniform
grid,

o, ) 2
o 6y = (LRlmrtlim )T = (g2 —ons g gt [ ()7 + LAY —Eme g0+
o(17),

L _9f. 1 f. 2
o By = a7 = (Do) = w2 4 Y+ olhd):
_of. . 2
o B = (BRlpethn )" 2 aont gt (10 + 50700 | 0 0+

o(h?)
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2. Smoothness indicators analysis

Then, we define

1
+ .
ap = (,Bff—f—ah)y (2.16)

with o}, = oh? is the parameter we introduced in Remark We focus on the infor-
mations given by the interpolating polynomial on {xj_1,2;, 241} defining

Jr
Xy

Wy i = —/———
aé—kaf?

to inspect the regularity on [x;,2;41] and in the same way for [z;_1, 2],

o
w_ = —
ay + oy
By Proposition gnd Remark we know that Ek = O(h?) if there is no singularity
in the stencil, and S = O(1) otherwise, so in presence of a singularity we can only fall
in one of the following cases:

o If ;o <z, <xj 1, then By = O(1), B = B = O(h?), B = O(h?);

If zj_1 < x4 < xj, then 50_ =0(1), B; = EJ = 0(1), Ef = O(h?);

If 2, = 2;, then By = O(h2), By = B = O(1), B = O(h?);

If 2; < x5 < xj41, then By = O(h?), By = B = O(1), B = O(1);

o If 2y < a5 <@jpo, then fy = O(W?), By = 5f = O(h?), B = O(1),
with xs point of singularity. Now, we can compute

af — o _ (By +0on)? — (BT +on)* _ (@? - 6?) (Boi + B + 204
af (BE + ap)? BE + oy BE + oy

) . (217)

which, noticing that, if the function is smooth in both stencils of BSE and ch, we have

sy =t ., LA o _
Fror = 2h(f”)2 '— +0(h*) = O(h) (2.18)
By + BT + 20, B
e T 2+ O(h) = O(1),
leads to
of = aF (14 0(h)). (2.19)

Then, we can deduce that if the solution is regular enough in both stencils

_o 1, O(h) (2.20)
UJ = —_ - 5 .
* aoi + ozli 2
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2.1. One-dimensional case. The regularity indicators of [JP00| and [JS96]

with k& = 0 for the superscript “+” and & = 1 for “—”. On the contrary, if there is a
singularity in at least one of the stencils

£ { O(1) if f is not smooth in S;4

e O(h™*) if f is smooth in Sj44, (2.21)

then it is easy to verify that the behavior of our w4 falls in one of the following cases:
o Ifz; o <zy<zj_1,thenw_=1+0(h?), wy =1/2+0(h)
o If ;1 < zy5 < zj, then w_ = O(1), wy = O(h?)
o If 2, = x;, then w_ = O(h?), wy = O(h%)
o If 1; < xy < xjy1, then w_ = O(h'), wy = O(1)
o If ;11 < x5 < mji2, then w_ =1/2+ O(h), wy =1+ O(hY),

where with wy = O(1) we mean a number dependent on the jump of the derivative.
Now, defining w; := min{w_,wy} we can rewrite

{ O(h%) if ;1 <zs <zjp
(.dj =

L4+ O(h)  otherwise. (2.22)

Remark 2.3. It is interesting to point out that, without developing the algebra which
follows almost the same lines, if we had used the indicators B,?L we would have concluded

o If Tjo<xs <Tj 1, then w_ = O(l), Wy = 1/2 + O(hg)
o If ;1 <2y <xj41, thenw_ =0(1), wy = O(1)
o If Tj41 S Trs < Tj42, then w_ = 1/2 + O(hg), Wy = O(l)

Then, it is clear that, using the indicators for conservation laws, we can not exploit
the behavior of w4 in order to precisely locate a point of singularity 5. To be more
precise, here the O(1) comes from the fact that, by Proposition we would not have

the property (2.21)) in presence of a singularity, so using again the expansion (2.17)) we
have to notice that N N
By — b1

ﬁit + on O(]')v
a number dependent on the jump of the derivative. Notice that in the case of @?L this
happens even if the solution is smooth in one of the two stencils.

Notice also that, when the solution is smooth, with the choice 6kCL the information
given by wy are more accurate, since the possible oscillations around the optimal value
are of order O(h?) instead of O(h), which follows expanding with Taylor as we have
done for ,Blf[ 7,
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2. Smoothness indicators analysis

Going back to our w®, we noticed through numerical tests that the O(h) term in

regular regions may produce heavy oscillations around the optimal value @ = 1/2. To
increase the accuracy, we can use higher order smoothness indicator (r > 2), as we will
show briefly in the examples below, but we would need a bigger reconstruction stencil,
or we can use the mappings defined in [HAPO5],

W@+ ©? — 3w + w?)

T roi-m) we(0,1) (2.23)

g(w) =

which have the properties that g(0) =0, g(1) =1, g(@w) =, ¢'(w) = 0 and ¢’ (w) = 0.
Then, we define

wi = g(ws)
= 0@ + @)z~ + LD (s 3+ C Dy~ 4 0
=G+ H) +O(hY)
=w+ O(h?)

These mappings have been introduced to propose a modification of the original WENO
procedure, termed M-WENQO, which produces better approximations at critical points.

Remark 2.4. Notice that with respect to the definition in [HAPO05| we avoided the
second weighting which seems unnecessary in our case. More explicitly, the mapping we
use 1s

g(w) = 4w (i — ;w + w2> : (2.24)

Another useful technique to reduce the oscillations, which in particular does not re-
quire any mapping, has been proposed in the context of hyperbolic conservation laws in
[BCCDO8| and further generalized in [CCD11], leading to the definition of the so-called
WENO-Z schemes. This procedure can be applied for our purpose without any relevant
change. For example, for r = 2, it is implemented first defining

o= | -t

, (2.25)
which has the properties:

e If f is smooth in, respectively, ST := 83[ USli, then 7% = O(h3);

e If f is smooth in some S,;t, but not in ST, then 7+ > Bff;

o 7t < max; ,Blf.
Then, analogously to the usual WENO procedure, the final indicator is obtained com-

puting -
1 Ti >p> aZ
Z,+ A v
o =14+ , wi = —F——>, 2.26
B2 < <B,?f + o N (2.26)
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2.1. One-dimensional case. The regularity indicators of [JP00| and [JS96]

for k= 0,1, with p =2, v = 1 for the superscript ‘—" and v = 0 for ‘+’. Unfortunately,
applying directly the ‘WENO-Z’ procedure to Hamilton-Jacobi equations, in particular
in our context, we do not achieve improvements comparable to those obtained through
the mapping . In fact, using the expansions and the same computations of the
previous lines, it is straightforward to show that the resulting smoothness indicators are
such that

1
w:{ = 5 + O(hQ)a

and thus produce slightly wider oscillations around the optimal value. This problem
would probably suggest to increase to power p in , but in doing so also the depen-
dence on the magnitudes of successive derivatives of f is increased (see (2.18))), producing
even wider oscillations for coarser grids, thus discouraging such an approach.

For these reasons we avoid the use of the indicator w? in all the simulations of the
present work, also in order to reduce the number of similar simulations.

Remark 2.5. It seems that, at least in the case r = 2, making use of the full stencil
{xj9,...,2j42} in defining 7F in — gives very interesting results, even better
than the mapped indicators. More precisely, we propose the following definition, valid
for both cases,

=8y — 267 + B

: (2.27)

which gives

T =2h* ((f4”)2f]</f]§4)) +O(h®) = O(h), (2.28)

J

if the function is smooth in the full stencil. Consequently, it can be shown that the

indicators computed through (2.27))-(2.44), are such that
1
wgew = 5 + O(h4)7

in regions of regularity and have similar behavior w.r.t. the previous constructions in
the remaining cases. We only recently came up with this new formulation, thus it will
not be further investigated in this thesis, but it will be most probably present in [F'PTa.

The last step is to use such indicators to define our function ¢(w), such that

$(w;) = 1 if the function f is regular in I},
710 if I; contains a point of singularity,

where I; = (xj_1,241), j € Z. From the previous computations, it is clear that we
should define ¢ such that ¢ = 1 if w is close to % and ¢ = 0, otherwise. Notice that
in the latter are included both cases in which the function has a singularity in the first
derivative (w = O(Ax%)) and when the second derivative is discontinuous (w = O(1)).
The simplest choice is to take

(W) = X{w=n)s (2.29)

with M < %, a number possibly dependent on Ax. Or we can choose a more regular

function
e—]\/lw -1

P(w) = M _ 1
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2. Smoothness indicators analysis

where now M must be big enough to have a steep decent towards 0.

Remark 2.6. Notice that to construct the function ¢ using the indicators (2.1)) with
r = 2 we need only five points to inspect the regularity in I;.

Next, we show that if we make a particular choice for M we are able to prove the fol-
lowing result, which can be seen as an “inverse” of Proposition [2.T]for numerical solutions
and (probably) gives a useful tool for the analysis of the next chapter. Unfortunately, at
the moment, this result is valid only for indicators w using the standard construction for
r = 2, without the possibility to introduce any of the presented modifications, or higher
order indicators. Moreover, as it will be briefly discussed in Remark [3.4] it introduces
some limitations in the applicability even when using the standard indicators, testifying
the necessity of some improvements in the argument used.

Before proceeding, let us remind that we are working with structured grids, then if
we consider a one-parameter family of grid values {f;(Ax)};cr(az), as Az goes to 0, the
indexed family of sets of indices J(Az) is ezpanding, in the sense that if Azy < Axy,
then J(Azy) C J(Axsy), where J(Axz) C Z, for all Az > 0. Moreover, we define I;(Ax)
as the set of indices j such that ¢; = 0 and assume, for simplicity, |I;(Ax)|< oo and
I;(Ax) = I, for Az > 0.

Lemma 2.2. Let w be computed using -([2.15) and ¢ be defined by with

M(Az) = 3 — CAz, for some constant C such that 0 < M(Az) < 3. Consider a

one-parameter family of sequences {fj(Ax)}jcr(az), and a partition {R;}i—o . |1, of the
reqularity set R ={j € Z : ¢; = 1} = J,; Ri, and R = Z if Iy = (). Then, if for all

i=0,...,|I5|, there exists j; € R;, such that |D?f;,(Az)|< oo, we have that
ir1(Ax) —2f;(A i—1(A
02y (aay)= W BD Z2HED B -y e, (2.30)

for a constant B independent of Ax.

Proof. Tt is clear that, since |I;|< oo by hypothesis, it is enough to prove the assertion
just for one ¢ € I, or more simply in the regular case R = Z. Let us assume then
that the sequence is “regular” and, without loss of generality, that there exists jmin € R
such that D?f; . (Ax) = 0, which happens for example when the sequence has compact
support. In the following, we drop the dependence on Az for clarity of presentation,
since it should not cause confusion.

Since we are considering the case of w computed by non-mapped indicators, we have
that, by definition of ¢ and w, if ¢; = 1 then at least one wy > M. Without loss of
generality, let us assume wy > M, with the other case being symmetrical. Then, by
definition,

(Bf +on)’
(By + o)+ (By + on)?

which leads by simple computations to

1-M 1-M
it (5 1) o

w4 = >M,
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2.1. One-dimensional case. The regularity indicators of [JP00| and [JS96]

and dividing by Ax?, we get

1—M 1—M
|D? f]*< \V oz 1D? fj]*+ (\/ " 1) :

where we used the definition of 03, = 0 Az?, with o = 1 for simplicity. Whence, iterating
till L; € N such that j + L; = jmin, we have

L —

J L
1—M\72 n—Mm (1-M\ z

_( 1;/[M_1>L]21<1;4M>§

k=0

Lj L,
B M 1_J=n M ‘
M

Now, if notice that forall j € R we can find a constant L > 0 independent on j such
that L; < é and recall the hypothesis on M = % — C' Az, we can conclude

Lj

L
1= M\ 2 1 Az
|D2fj|2§< i ) —15<M—1) ~1

_L
2 2Ax
_<1—2C'Ax_1> -l

~ (1+4CAz)oas — 1 2230 2L0 g

by the well known notable limit. Then, the statement follows taking B := ve2LC — 1,
O]

Remark 2.7. Notice that the previous lemma strongly relies on the fact that w is

computed using (2.14)-(2.15) without introducing the mappings (2.24). In fact, if we
were to use (2.24)), we could develop the algebra until the inequality

L
1 2Ax
2 2
25 (1) -

but, by definition, g7 can not be expanded in Taylor series around the point %, whence
we could not use the notable limit to conclude.

On the other hand, through extensive numerical simulations on various critical situ-
ations, we could acknowledge that a weaker result seems to hold also for more general
indicators. More precisely, we collected numerical evidence that, fixed j € Z, if the
sequence of the second order increments

_ fivi(Az) = 2f;(Az) + fj—1(Ax)
- Ax? ’

1

D2fj (Ax)
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2. Smoothness indicators analysis

presents some kind of discontinuity, then we have
wj = O (1)

Consequently, choosing M (Az) = 3 —CAuz, for a constant C such that 0 < M(Az) < 1,
or even more simply, M(Az) — 0 as Az — 0, we could infer

je€R, for Ax—0,

Notice that this property can be proven almost directly in the case the discontinuity of
the second order increment is “caused” by that of the first order finite difference, in the
sense

_ fin(A2) = fi(Az) D~ f;(Az) = 1i(Ar) = fia(Az)

Ax Ax

with f;f # f.. On the contrary, if the sequence of Difj(A:U) is “regular”; the detection
of a discontinuity in D?f;(Az) is more involved. It is noteworthy to point out that we
are interested mainly in detecting unbounded second order increments. Unfortunately,
without any further assumption on the sequences {f;(Ax)};cj(az), such a result would
not suffice to infer that |D?f;|< B if j € R, for some B > 0, since we could not secure
the boundedness of second order increments at points in some neighborhood of a cell
(point) at which the sequence is “regular” but has unbounded second order increment.

D fj(Az):

2.1.2. Alternative constructions

In the following, we give some examples of other possible choices for the smoothness
indicator w, using again indicators in the sense of [JP00] but in slightly different versions,
more appropriate for our purpose. The aim is mainly to show how higher order indicators
(r > 2) can be used also in this context in order to have a better approximation of the
singular region.

First we give a slightly different formulation for w with r = 2, which allows to avoid
the computation of both indicators to define ¢.

Looking at the behavior of the B,:f around a singularity, if we consider the information
given by the three stencils all together and remember that by definition af{ =, we
can write N B

o= 9043_ S Hal_ - (2.31)
ag +lag +af  ap +0a] +af
with 6 a constant we can use to “decide” the optimal value @ in regular regions, still
ensuring easily that w € [0,1]. For example, § = 1 gives w = 1/3, while § = 2 gives
@ = 1/2. More precisely, reminding and noticing that the exact same computation
(with ag in place of o) would lead to

oy = af (14 O(h)), (2.32)
we can see that if the function is smooth in [xj_9, ;2] then
6
=w+O0(h) = —— + O(h).
w=w-+O0(h) SF (h)

On the other hand, if x5 € (z;_2, zj42),
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2.1. One-dimensional case. The regularity indicators of [JP00| and [JS96]

o Ifx; o <xy<xj_1,thenw = oy = % + O(h)
ag ( $+9+(1+0( )))

o If 21 < x5 < xji1, then w= O(h?)

+
o If ;11 <23 <xji9, thenw = fag ~ = il + O(h).
af ((1+O(h))+9+a—1+>
“0

Then we can use the mappings (2.23)) if we want to reduce the effects of the O(h) terms.
Notice that in the case of w = 6/(60 + 1) + O(h) when the singularity enters or leaves
the stencil of the regularity indicator, we have, at least in the limit for h — 0,

(0% + O(h)> <9L + O(h)) = & +0(h*) <g (& + O(h)> :

using the fact that ¢ is a non decreasing function, and so the mapping will have little
effects.

Another simple way to reduce the oscillations around the optimal value @ is to increase
the order of the reconstruction to compute the smoothness indicators. As an example
we show how to construct the indicators wi using polynomials of degree r = 3. In order
to remain as short as possible, we will focus only on the construction of wy, knowing
also that the case of w_ follows almost the same steps.

Let us start by considering the formula

g = 23: / 7 a2 (P0) d,
=2 "%
which gives,
o B = B8 (D - D21) 4 B (D2 - 3D2,)%
o B =55 = 1?’212 (D*f; — D2fj+1)2 + 1 (D?f + D2fj+1)27

T (
o B =85 = B2 (D1 — D2 f310)” + I (3D%f11 — D2 fj10)°,

and, developing in Taylor series,

h2

22 LB L pA (A f//f(4) 5 (15 pm (4 fj"’f;5> 15
¢ BO B (fJ) + f]f] + S(f ) + 12f]’ j + 1 +0( ),
+ _ h2 1\2 h3 1" e h4 4. pm // h5 17 o p(4) f]//f]@ h5

+_h2 112 h3 1" g h4 4 em f”f(4> h5 37 £ (4)_§ n ¢(5) h5
o By = hA(f)PHR R 5(f]7)? — +h (5071 — 1] f ) +o(h?).
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2. Smoothness indicators analysis

Now, we define O‘Z as in 1D
1

+
af =———— fork=0,1,2,
B+ an)?

with oj, = oh? and focus on the interval [z;,7;41] by defining

ozsr%—ozf

Wy =—F]"—7"""—.
aar+a1++a§r

We recall that, by Proposition By = O(h?) if there is no singularity in the stencil
and B = O(1) otherwise, so in presence of a singularity we can only fall in one of the
following cases:

o If j 3 <z, <zj o, then BT = O(h2), B = O(h?), B = O(h?);

If ;9 < xy < xj_y, then 5 = O(1), B = O(h?), 5 = O(h?);

If rj—1 < xs < j, then 50+ =0(1), gr =0(1), B;r = O(h2)7

If z; <zy <xjy1, then BJSF =0(1), 5f =0(1), B;“ =0(1);
o If 241 < 3y < @j19, then B = O(h?), B = O(1), B = O(1),
o If 245 < @5 < wj43, then B = O(h?), Bf = O(h?), B = O(1),

with x4 point of singularity. Now, we can repeat the computations we have done for the
case 7 = 2 by writing for example

af —ag _ (B +on)? — (B +on)? B <ﬁ;_5l—:> (5;+5,j+2ah)
By +on B+ o ’

ag (B +on)?
which, noticing that

+_ g+
M:O(lﬂ)
ﬁk +on

ﬂ;—i—ﬂ:—%—Qah

52_ + oy, =0@)

leads to
of =af (1+0(h?)), (2.33)

for k =0, 1, 2. Then we can deduce that if the solution is regular enough in all the
three stencils N N
oy + oy 2 9
wy = —————— =—+0(h%). 2.34
* ag + aT +ay 3 (") ( )
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2.1. One-dimensional case. The regularity indicators of [JP00| and [JS96]

Remark 2.8. At this point, to be as clear as possible, it is better to present also the
definition of w_, for which similar computations easily hold. We use the following

Qg + oy +
On the other hand, if there is a singularity in at least one of the stencils

o — O(1) if f is not smooth in S;yx
T O™ if f is smooth in Sj4,

then it can be shown that the behavior of wy falls in the following cases:

o Ifz; 3 <x5<mjo, thenw_ =1+0(h?), wy =2/3+0(h?)

o Ifzj o <y <axj_q, then w_ =1+ O(h?), wy =1/2+ O(h?)

o If ;1 < x5 <zj, then w_ = O(1), wy = O(h?)

o If 25 = x;, then w_ = O(h?), wy = O(hY)

o If z; < x5 < j41, then w_ = O(h'), wy = O(1)

o If ;11 <z < jto, then w_ =1/2+ O(h?), wy =14 O(h?),

o If 2;10 <z < ji3, then w_ =2/3+ O(h?), wy =1+ O(h?),

whence, as in the case with r = 2, we have w := min{w_,w;} = O(hY), if z; € I; =
(xj—1,2j41), and w away from 0, otherwise.

Remark 2.9. Notice that in this case, we cannot repeat the constructions we have done
for r = 2 because, as we can see developing 3, with Taylor,

h2

_ 13n?
By = ST (D*fj—s — D2fj—1)2 + T (D*fj_2 — 3D2fj—1)2
4 e 37 3
_ 22 2 3 4 2 JjJj 5 (4) (5) 5
= ()2 = W A+ h <3<f;-”> - —h (uf;»”fj - 2h ) +o(h?),
whence,
+ o —
%= —om),
60 +op

and we would lose the order of accuracy.

Finally, if needed we can use the mappings (2.23)) to reduce the oscillations. Notice
that repeating the same computations as before we get

wi = glws) =@+ O(h°),

if the function is smooth in all the three stencils, while the mappings will have little
effects in the remaining cases.
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2. Smoothness indicators analysis

To conclude we just mention that, as it should be quite clear now, we can define higher
order smoothness indicators using polynomials of order r > 3 and taking

thus requiring a wider and wider stencil.

2.2. Regularity indicators in higher dimensions

In this section we will present a multidimensional extension of the smoothness indi-
cators studied in the previous section. In order to keep the ideas as clear as possible, we
will complete the construction only for the simplest case of two space dimensions and
r = 2, with more general situations following directly.

Let us begin by defining, for simplicity, a uniform discretization of the plane (x,y),
with mesh steps Az and Ay, —co < zj < 00, j € Z and —oo < y; < 00, 1 € Z. We will
also use the shorter notation h, := Az, for z = x,y.

Before proceeding with the construction, let us recall some important facts about
multivariate interpolation. As it is well known, there are many possibilities to define
polynomials in two dimensions, in fact for example we could fix the total degree r of the
polynomial and consider a triangular array of points (then using polynomials in P,.(R?)),
or, as we will do in our approach, we can fix the degree r in each variable and define the
2D-polynomial as the tensor product of one-dimensional polynomials (P ® @ € Q,(R?),
with P,@Q € P.(R)). Clearly, with the last approach, the number of points involved in
the stencil of the reconstruction increases exponentially (considering a square grid, if n
is the number of points of the one-dimensional stencils, then n? is the cardinality of the
two-dimensional stencil).

Notice that in both cases the problem is well posed, in fact we can define a unique
polynomial interpolating a given function f(z,y) on the points of the stencil with the
desired degree. Clearly some assumptions on the disposition of the points must be made,
in fact, for example the points must not lie on the same line, but that is trivially the
case for uniform cartesian grids. This is indeed our case of study, in which we will work
on structured grids.

Let us consider the general case of a rectangular stencil S = {zo, ..., z,} x{y0,-- -, Ym},
then, using again the Newton form, we define the polynomial of degree n + m interpo-
lating a given function f as

Pla,y) = 33w s(@)wet () flro, - 26 y0, - - ys) (2.36)
s=0 t=0

where wi(z) = wg—1(2z — 2;), w—1 = 1 and the two-dimensional divided difference f[-;]
are computed as in the one-dimensional case (2.4), keeping each time one of the two
variables fixed and computing the divided difference with respect to the free variable,
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2.2. Regularity indicators in higher dimensions

that is, for example

Floe ys) == f(ze,ys), t=0,....m, s=0,....n
L1 .- -5 Tt — flxo, ..., Ti—1;
flzo, .- xe;ys) == [l t1Ys] — fI t ys]’
Tt — 0
f[xlv'”vxt;yﬂu-‘-,ys]_f[ﬂfo,...,l‘t_l;yo,...,ys]

f['r[)w"vxt;y[)w"vys] = )
Ty — 2o
and the same with respect to the second variable. Now, if we want to define a smoothness
indicator of a function f, as in the one-dimensional case, we have to focus our attention
on a single cell of the grid, say for example (z;_1, ;] X [yi—1, ;). Then, we propose the

following
i 0 Pow(2,y)\”
Brw / / Az Ay <W> dzdy, (2.37)
a1= 0a2 0v%Ti Yi-1 x Y
for k=0,....,n—1and w =0,...,m — 1, where P, is the interpolating polynomial
on the stencil Sy = {Tjth—ns-- - Tjrr} X {Yitw—ms - - Yitw}, @ = (a1, a2) is a multi-

index and 71, 72 must be chosen (depending on «; and aw, respectively) in order to have
the property

o Biw = O(Az? + AzAy + Ay?) if the function is smooth in S ;

e Birw = O(1) if there is a singularity in §k,w,

which we proved in Proposition [2.1]for the one-dimensional indicators. Notice that, also
in this situation, the computation of lower order derivatives can be avoided since they
are not useful in detecting discontinuities in the gradient. Therefore, the summation in
should be restricted to multi-indices a such that |a|> 2.

From here on, in order to obtain an easy and explicit formula, we will focus on the
case n = m = 2, which is also enough for our needs. Notice that with this assumption
we work with polynomials of second degree in each variable, constructed on stencils of

nine points. Then, (2.37)) simply reads

Yi o p 2
Z / Ax2(a1—1)Ay2(a2—1) <8 l;w(ﬁ@)) dady, (2.38)
a1,a9=0 Yi—1 a$ 18y ?
|| >2

where we have made the choice v; = 2(oy; — 1), ¢ = 1,2 in order to obtain the desired
property (as will be shown in the numerical tests). We will soon change a little this
notation in order to make it more comfortable for our approach, in which we will be
changing the integration domain in each subcase. More precisely, referring to Figure [2.1}
we will consider the splitting of the domain [xj_1,2;41] X [yi—1, Yi+1] into four subcells.
For each subdomain we will then compare only the information given by the “outer”
(light blue in the figure) and the “inner” stencil (yellow in the figure). Consequently, we
will need only one index to denote the respective stencil, using ‘0’ for the inner stencil,
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2. Smoothness indicators analysis

(i+1,j-1) (i+1,j+1)

(i.j-1) (i)

(i-1,j) (i-1,j+1)

Figure 2.1.: Stencils of the polynomials needed to compute w™ .

and ‘1’ for the outer one. Moreover, we use the superscripts ‘+ +, + F’ in order to
denote the shift with respect to the reference stencil, analogously to the one-dimensional
case.

Remark 2.10. To be precise, it is worth to point out that the formula (2.38) is an
improvement of our first attempted extension, which we will also use in the numerical
tests in Section 2.3] The previous definition is just slightly different, and it reads

Tj Yi op 2
Bow =3 / ’ Ag2(e1-1) gy 2(02-1) (‘W(f”y)) dudy, (2.39)
.’,Uj,

a2 /i1 Sy G0y

Through extensive numerical tests we noticed that, extending the summation to include
also the mixed derivative of order 4, the indicators give a more precise detection of
singular regions. This behavior is rather surprising, since the two definitions have, in
fact, the exact same computational cost and very similar explicit formulas, and will be
object of future investigations.

Since we consider a function f smooth on a grid point (x;,¥;) if it is so in the whole
domain I; j = [xj_1,2Z41] X [¥i—1,Yi+1], following what we have done for the one-
dimensional case, we have to inspect separately the four subcells around the point. We
refer to the these subcells with the superscripts ‘£ +, + F’, according to the sign of the
shift between the point (z;,y;) and its symmetrical edge with respect to the center of
the considered cell, in both x and y directions, respectively. For example, if we focus on
the cell [x;_1,2;] X [yi—1,yi] as in Figure we use the superscript ‘— —’.

In this way we define four indicators w** and w*T for each point (z;,v;) which
quantify the regularity of the function in all the subcells around the point. Finally, we
take w = min{w**, w*F} as the smoothness indicator for the domain I; ;. In order
to compute these indicators, as Figure 2.1] shows, we always focus the attention on the
polynomial constructed on the central stencil So = {zj_1,2;, j41} X {yi—1, ¥s, Yit1} and
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2.2. Regularity indicators in higher dimensions

compare it with the polynomial constructed on the symmetrical stencil with respect of
the considered subcell (where they overlap), denoting the respective indicators by S
and 1. Notice that with this approach even if we are using the ‘central’ polynomial for
all the four indicators, we have to recompute fy for each case because of the change in
the integration domain.

Remark 2.11. Notice that the situation is slightly, but fundamentally, different from
the one-dimensional case, in which through our procedure we are able to measure the
regularity only in the open interval I; = (xj_1,241). That is indeed natural if we are
focusing on the point x;, since the integrals —, with k& = 0, are well-defined
if the solution is regular in the open interval (z;_1,2;41).

On the contrary, in the two-dimensional case, since the boundary of the domain I; ;
is a curve, there are at least two possible directions, say v; and vy, along which we can
compute the directional derivative at any point (z,y) € I; ;. Then, if there exists a point
(xs,ys) € 1;j such that

Vvlf(x& ys) # vvzf(xsu ys)7

it seems reasonable to consider the interpolating polynomial Py(z,y) not well defined
in the whole domain, even if (z,ys) coincides with one of the points of the boundary.
Therefore, the integrals in , with k,w = 0, are not well defined and, consequently,
the function f should be considered singular in I; ;.

Now, we complete the construction for the case of w™™, with the other three following
the exact same lines. Before proceeding, in order to make the notation even lighter,
assume without loss of generality that (xj,7;) = (0,0) and let us introduce again the
function

n(@,79) = f(xj + haTT, yi + hyy),

using which we can rewrite the polynomials as

Py (z,y) th( L =1) + (z + he) fal=1,0; =1] + (y + hy) fr[-1; =1, 0]+

+x(z + hy) fr[=1,0,1; =1] + y(y + hy) fa[-1; =1,0, 1]+

+ (2 + ha) (Y + hy) fu[-1,0; =1, 0]+

+x(z + he)(y — hy) ful -1 0,1;—170]+

+y(@ + ha)(y + hy) fn[—1,0; —1,0, 1]+
+xy($+hm)(y+hy)fh[—l,O,l;—l,O,l],

for the reference stencil, and

Py (2,y) =fn(0,0) + 2 fn[0, =1; 0] + 4 fa[0; 0, =1] + (2 + hy) [0, =1, —2; 0]+
+y(y + hy) fr[0;0, =1, =2] + 2y f[0, =150, 1]+
+ zy(x + hy) fr[0,—1,-2;0, —1] + zy(y + hy) fn[0, —1;0, -1, =2]+
+ 2y(x + hy) (y + hy) fa]0, =1, —2;0, -1, —2],

for the outer stencil, where now f;, denotes the divided difference of f;, (notice that the
definition is different w.r.t. the one-dimensional case).
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2. Smoothness indicators analysis

Whence, we plug this expressions in (2.38) and compute directly

_ _ (0P (2 )\
’ A 2(0&1 ].)A 2(0&2 ].) k )
B ) &Z O / z y “Dweidger dxdy
}Q‘EQ
1

17
|:f[3,1]2 + f[1,3}2 + f[z,z]2 + 1 (f[3,2]2 + fl2,3 ) + %f:s?, + f3/3,2F

B AzxAy

1
+ /11,3 f[2,3) — 5 (fs11f3.3 + S fis,3) — E (f3.21/13.3) + fi2.31f13,3)
(2.40)

where we have used the shorter notation fj;, to denote the multivariate undivided
difference of f of order ¢ in x and s in y. Notice that we avoided to specify the points
on which the undivided difference are computed in order to obtain a unique formulation
for both cases. If we want to write the explicit formula for a specific case, it is enough to
substitute back the correct differences computed on the considered stencils. Notice also
that we added due superscript ‘F’ to denote the final version of the indicators, mainly
in order to help the discussion in the numerical tests of Section [2.3.2

Remark 2.12. Notice also that, in order to get a unique formula, we “used” the outer
stencil in a smart way, writing the Newton form of the polynomial starting from the
origin in both directions. More precisely, we have used the ordered stencils

So~ =Azj—v i wi X Y- v v d, ST =z, zion, mi-0} < {yi, yio1, vi-a}

Using the same approach, we can obtain the formula (2.40) for all the other indicators
B,j*, B,:f?. In fact, it is enough to write the Newton form in a convenient way in each
case. More precisely, we advise the use of the following ordered stencils:

i 50+7 = {$j+1733ja$j71} X {Yi—1, Yi> Yit1} Sff = {xj,$j+1axj+2} X {Yi, Vi1, Yi—2};
b 30++ = {$j+1,90j7$j71}>< {yi+1,yi,yi71}, 31++ = {ij,xj+1,$j+2} X{yiayi+1ayi+2}5
o S " ={zj-r, x5 i} < it v vie1 ), ST = {mg, w1, w2} < v vi1, Yive )

Notice that we are changing also the ordering of the reference stencil in each case. Then,
if we compute the integrals

557191192 _ |19\ Z /

ap,ag=0 JU1Az JI2Ay
|| >2

2
0P (z,y)
2(a1—1) 2(ap—1) k ’
Ag2er=1) pq2 oz ( D1 Oyas dxdy,

(2.41)
where || denotes the number of ‘—’ in (¥, v2), for ¥1,92 = +, —, using the previous
ordered stencils, we obtain the same formula ([2.40)).

From this point the construction follows the same steps we saw in the previous sections.

At first we define )

T B ton)?

Qe
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2.2. Regularity indicators in higher dimensions

with o, = o(h2 + hf/), o > 0, then we take the informations given by the reference
polynomial computing
o
w = %7
oy +og
which will measure the regularity of the function in the cell (x;_1,2;] X (yi—1,%i]. Once
we have computed in the same way the other three indicators, we can finally define

w=min{w™ ", 0w w T wtt} (2.42)

which has properties similar to its one-dimensional counterpart (which we have not
proven yet). In fact, for example, we can use in the same way the mapping to
reduce the oscillations in regular regions.

Notice that also the ‘WENQO-Z’ procedure can be directly generalized to the 2D-case.
It is sufficient to substitute the superscript ‘&’ with ‘91195’ in —, that is

7—191192 = ’6(1)91792 - 51791192 ) for 1917192 =+,—, (243)
Z 019 1 7—191192 P 7919 ag’mﬁ?
o 1v2 — 1 + , w 12 — . (244)
k 2 B 4 gy o202 | Ehe

Finally, analogously to the one-dimensional case, if we want to define a function ¢
such that

Bij = { 1 if the function f is regular in I ;, (2.45)

0 it I; ; contains a point of singularity,

with I; j = [xj—1,2j41] X [¥i—1, Yi+1], it is enough to apply one of the functions ¢ defined
in Section

Remark 2.13. For completeness of presentation, we give also the explicit formula for
the indicators as defined in Remark [2.10} that is

0 0 804P**(:C ) 2
P—— _ 2(a1—1) A, 2(ca—1) k Y
By, |§|;2 /—Ax a Ax Ay ( o1 By ) dxdy
_ 1 2 2 2, 9 2 2 17 2
= Azly Jey +lns + ey + 1 (f[3,2} + fl2,3 ) + %f[?),i’)] + /3yfpat

1 1
+i3 /2,3 — G (fi311 /13,30 + f fis,3) — 2 (f3.2/3.3 + fl231/3.3)
(2.46)

which is evidently very similar to (2.40). As can be observed from the numerical tests
in Sec. the indicators constructed using (2.46)) seem to be able to correctly locate
a singularity in the domain

int (L) | {(@j-1,9i1) (@551, 9i-1), (541, i), (251, 0ig1) } -
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2. Smoothness indicators analysis

This reminds of the behavior of the indicators in the one-dimensional case, which we
recall do not detect singularities at the edge points. Although it is still not clear to
us which one is the most natural definition of regularity around a point (z;,;) of the
grid, following the discussion in Remark we choose the definition given by as
the correct 2D-extension of the smoothness indicators. Moreover, when we applied the
2D-Adaptive Filtered Scheme, defined in Sec. [3.4] to the problem of front propagation
(see Example 6 in Section , the formula gave more stable results, helping
reducing the oscillations in the approximated solution. This and similar considerations,
eventually, led us to use in the definition of the 2D extension of our scheme.

It is important to point out that we could have chosen many different ways to extend
the indicators in two dimensions, some of which would have been even less expensive.
For example, we could have constructed the polynomials on rectangular stencils overlap-
ping on a whole half of I; ;, requiring less points and computations (there are only three
polynomials and four integrals), thus losing the symmetry in both directions. Another
possibility would have been to consider triangular stencils and compute again four indi-
cators, thus requiring just six points to construct each polynomial (which total degree
would have been at most 2). Although this last case seems plausible and it is clearly
less expensive than our choice, we do not believe that it would be effective, or at least
as effective as the one we defined, for the detection of discontinuities in the gradient (it
would be interesting to find out if it is true).

2.3. Numerical tests

In this section we will present some numerical tests on the smoothness indicators
we have defined in Chapter 2. In the first part we will focus on the one-dimensional
case, trying on one hand to confirm the thesis of Proposition and on the other to
show the improvements we can get by using the mappings of [HAPO5] or higher order
indicators. Then, we will pass to the multidimensional case, aiming to show the same
good properties, even if they are not proven true yet.

2.3.1. One-dimensional examples

In the following examples we will test the properties of the one-dimensional smooth-
ness indicators and, at least in the case of functions with discontinuities on the first
derivative, we will consider both the cases in which the singularities fall on points of the
grid or they do not. For all the tests we use the discontinuous function ¢ with
constant M = 0.15.

Test 1. Linear function with more than one singularity

As a first example, let us consider the function

1 .
5= if —1<z<1
fx) = { 0 otherwise ,
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2.3. Numerical tests

which is a linear function with three points of singularity, located at z = —0.5, 0 and 0.5.
We will consider both the cases in which the singularities fall on a grid point or inside
a cell. More precisely, in the latter we consider a situation in which the singularities
do not fall at the center of a cell, rather inside its “left half”. In this first test we just
compare the results obtained with the indicators B,?L and ﬂ,ﬁ“ with r = 2 in their
standard definition, without adding any mapping or modification.

06

as5-
03
02r

AR

o

o1 H i ; i H i H i H i
-1 08 06 04 02 [ 02 04 06 oA 1

Figure 2.2.: Test 1. Linear function with singularities in z = —0.5, 0 and 0.5.

We start testing the indicators in the case in which the singularities fall on grid points.
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Figure 2.3.: Test 1. Singularities on grid points. Results obtained using 8% (on the left) and %7
(on the right) with r = 2 for Az = 0.1 and Az = 0.05.
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Figure 2.4.: Test 1. Singularities on grid points. Results obtained using 5L (on the left) and 77
(on the right) with r = 2 for Az = 0.1 and Az = 0.05.

From Figure [2.3] we can clearly see that if there is a singularity in the stencil, then
ng = O(1), with the constant depending on the jump of the derivative, while wi” -0
as Az — 0, as we expected. Notice that if the singularity falls on a grid points both
wi’ vanish on such points. Consequently, as Figure shows, the smoothness indicator
function ¢ is able to detect all the singularities only using 7, while on the other case
it detects only the singularity in the center (by coincidence).

Then, we test the case in which the singularities fall inside an interval C; = (z;_1, x;).
In particular, we test the case in which they are always located closer to the left node.
This second test case is even more emblematic, in fact in Figure 2.5] we can see the

good behavior of the smoothness indicators obtained using 377, We have that if the

singularity is inside §, then one of the two wi/ = O(h*) and the other is equal to
a constant. On the other hand we have that w{” = O(1) close to a singularity. As a
consequence, the ¢ function is not able to detect any node close to a singularity, while
M7 selects precisely all the cells which contain a point of singularity (Figure .

46



2.3. Numerical tests
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Figure 2.5.: Test 1. Singularities not on grid points. Results obtained using BYL (on the left) and
87 (on the right) with 7 = 2 for Az = 0.1 and Az = 0.05.
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Figure 2.6.: Test 1. Singularities not on grid points. Results obtained using 3 (on the left) and
857 (on the right) with r = 2 for Az = 0.1 and Az = 0.05.
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2. Smoothness indicators analysis

Test 2. Nonlinear function with singularity

In order to check the behavior of the indicators in both singular and regular regions
at the same time, in the second test we consider the function

_ ) 3 if —1<z<1
f(@) { 0 otherwise ,

which has one point of singularity located at = = 0. Notice that this function is C*(R)\
{0}, but the second derivative is discontinuous in x = —1 and =z = 1, at the edge of
its support. This will expose a limit of the smoothness indicators 877, which we try
to suppress introducing some modifications. We will consider both the cases in which
the singularity falls on a grid point or inside a cell. For this test at first we compare
again the results obtained with the indicators ﬂ,?L and Bf 7 with r = 2 in their standard
definition, then we present some test obtained adding two modifications, the mapping

(2.24) for BH7 with r = 2 and the indicators (2.34)-(2.35) using 8/ with r = 3.

i 1 i i i i 1 i
-2 -8 -1 05 0 05 1 18 2

Figure 2.7.: Test 2. Nonlinear function with a point of singularity in = = 0.

We begin by testing the indicators when the singularity falls on a grid point. As
Figure [2.8| shows, both indicators are able to detect the singularity in the origin, but
using B/ we have that wy = O(1) in * = —1 and x = 1. This is the problem we
mentioned previously, the presence of a discontinuity in the second derivative (which
causes a “jump” between a(jf and a?, respectively) affects the results by causing the
formation of fluctuations around the optimal value %, which do not vanish as Az — 0.

For this test, although the two indicators present some problems, the ¢ function is
able to detect the singularity in the origin and recognize the regularity on the rest of
domain as we can see from Figure[2.9] Notice that these results are rather fortunate, in
fact the “random” O(1) terms (in the origin for L and at the support boundary for
BH7) do not cause any real problem. In the worst case scenario, as the next test will
expose, we could have not detected the singularity in the first case and obtained some
false negatives in x = —1 and x = 1 for the latter. Notice that the first indicator has a
better behavior in regularity regions, in particular it is not affected by the discontinuity
in the second derivative.
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Figure 2.8.:

Test 2. Singularity on grid point. Results obtained using 3% (on the left) and 87 (on
the right) with r = 2 for Az = 0.1 and Az = 0.05.
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Figure 2.9.: Test 2. Singularity on grid point. Results obtained using 3% (on the left) and 577 (on
the right) with » = 2 for Az = 0.1 and Az = 0.05.
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2. Smoothness indicators analysis

Then, let us repeat the test in the case in which the singularity falls inside an interval
Cj = (zj—1,%j), again in the situation in which it is located closer to the left node.
This simulation comprehends all the situations we analyzed previously, in fact in Figure
we can notice on one hand the good behavior of w®” in regularity regions and
the random jump close to the origin (which is way more evident in the left node of
the singular cell), while w’’/ is able to isolate perfectly the nodes of the singular cell,
although presents oscillations around x = —1 and x = 1, even wider than the previous
test case.

Consequently, the results given by our ¢ function are affected by the problems we just
described. The indicators on the left of Figure [2.11|are able to detect just the left node
of the singular cell (again by coincidence), while for those on the right we notice some
false negatives located at the edge of the support, although the singular cell is precisely
detected.

[1F: ] SERR Db .......... P T

1] ] SEPRUR: S UTPRTIVS SOPIION 1 | R ..... e :

Elrl- ..... ..... .......... :

02 bt f S

i i i L i i i L i i i i i
2 15 -1 05 a 05 1 15 2 2 15 -1 05 0 0.4 1 15 2

Figure 2.10.: Test 2. Singularity not on grid point. Results obtained using BCL (on the left) and g7/
(on the right) with r = 2 for Az = 0.1 and Az = 0.05.
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Figure 2.11.: Test 2. Singularity not on grid point. Results obtained using B (on the left) and 77
(on the right) with r = 2 for Az = 0.1 and Az = 0.05.

We conclude this second test case by trying to solve, at least partially, the problems
just mentioned. We are interested in modifying only the indicators w7, because, as it is
already pretty clear, w” are not well suited for this kind of functions. Then we repeat
the test adding the mapping to wf’ with » = 2 and consider also the case of
w7 with r = 3, for both the previous test cases but only for the first refinement of the
grid, which is enough to show the improvements. As Figures and clearly show,
the two modifications are able to reduce the random oscillations around x = —1 and
x = 1, then improving the results given by the ¢ function. It is good to point out that,
as we can see from the right column, even increasing the order of the reconstructions,
the discontinuities in the second derivative still affects the results of the indicator w”
(the oscillations again do not vanish as Ax — 0, but for brevity we avoided to show the
second refinement of the grid).
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Figure 2.12.: Test 2. Some modifications. Results obtained using BH7 with r = 2 and the the mapping
(2.24) (left) and 877 with r = 3 (right), in the case the singularity falls on a grid point
(top) or does not (bottom) with Az = 0.1.
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Figure 2.13.: Test 2. Some modifications. Results obtained using BH7 with r = 2 and the the mapping
(2.24) (left) and 877 with r = 3 (right), in the case the singularity falls on a grid point
(top) or does not (bottom) with Az = 0.1.
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Test 3. Smooth function

In the last test we focus on the behavior of the indicators in regions of regularity, so
we consider the function

-2t if —1<z<1
J) = { 0 otherwise ,

which is at least C?(R), but it has several points in which the concavity changes. Also
in this test we begin comparing the results obtained with the indicators ﬁkCL and 6,? J
with 7 = 2 in their standard definition, then, to reduce the oscillations suffered by the
latter, we add the same modification we introduced in the previous case.

Figure 2.14.: Test 3. Smooth function.

The difference between the two indicators is evident in Figure in fact wi’ present
wide oscillations around the optimal value, due to the O(h) term in and the
changes in the magnitude of the second derivative, which vanish very slowly. On the
other hand, w%” presents way smaller oscillations which completely vanish in one mesh
refinement. Then, as shown in Figure[2.16] the function ¢ recognizes the whole regularity
of the f just using w“”, while on the other case it presents several false negatives, even
with the second refinement. This behavior is not surprising since, as highlighted in
Remark the indicators for conservation laws have better accuracy in regions of
regularity when using the same degree r. This is because the CL indicator uses more
information on the function f, especially those coming from the integral of the first
derivative of the interpolating polynomials, which can not be used when dealing with
singular functions (in the derivative).

We can try to suppress the oscillations and at same time increase the convergence of
wi’ towards the optimal value % by adding the mapping or by increasing the
degree of the polynomials, as shown in Figures and Using the modifications
we are able to obtain good results for ¢(w?”), in fact although some false negatives are
still visible in the first choice of the grid for both indicators, we get the desired behavior
in just one mesh refinement.
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Figure 2.15.:

Test 3. Results obtained using 3%
Az = 0.1 and Az = 0.05.
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Test 3. Results obtained using 3% (on the left) and 377 (on the right) with r = 2 for

Az = 0.1 and Az = 0.05.
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Figure 2.17.:

Test 3. Results obtained using 377 with » = 2 and the the mapping lj (on the left)
and 7 with r = 3 (on the right), for Az = 0.1 and Az = 0.05.
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Figure 2.18.:

Test 3. Results obtained using 877 with = 2 and the the mapping ll (on the left)
and 77 with » = 3 (on the right), for Az = 0.1 and Az = 0.05.
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2. Smoothness indicators analysis

2.3.2. Two-dimensional examples

The aim of the section is to investigate the behavior of the 2D smoothness indicators
defined in Section in various situations, as for the one-dimensional case. In fact, all
the following examples are direct generalizations of those of the previous section. One of
the main topic here is to compare the results obtained using the two very similar formulas
and (2.46)), trying to show the reasons of our preference in the construction of
the 2D-Adaptive Filtered Scheme in Section For better clarity, we denote the two
indicators using the symbols, respectively, 337, (full) and 84, (partial). Moreover, in
order to reduce the number of redundant simulations, for both constructions we consider
only the case r = 2 and add directly the mapping to reduce the oscillations.

It is noteworthy that an easy and direct 2D-extension of the smoothness indicator
can be obtained by dimensional splitting, that is,

Wsplit = min{wmwy}? (247)

where w, and w, are the 1D smoothness indicators in each direction, computed fixing
each time the other variable. Notice that for the “genuine” 2D indicator we use
polynomials in Qy(R?), while for the splitting indicator only couples of polynomials
in P2(R)). By extensive numerical simulations, which we do not report in the sequel,
but will be most probably present in [FPTb|, we observed that the latter approach,
although very simple and fast, has clearly some drawbacks in terms of reliability with
respect to fBap, especially because of the oscillations around the optimal value in regions
of regularity and the problems in localizing singularities which do not fall on grid points.

For all the tests we use the discontinuous function ¢ with constant M = 0.2.
Notice that we slightly increased the value of M with respect to the one-dimensional
case, that is because the indicators seem to give smoother results in regular regions,
having smaller oscillations around the optimal value 0.5.

Test 1. Function with singularities in one point and on a curve

Let us begin these two-dimensional examples by considering the analogous of the first
test of the previous section,

1—/x2 + 92 ifz2+42<1
f(x,y)Z{ Y vo=

0 otherwise ,

which clearly has a point of singularity located in the origin and a singularity circle at
the base of the cone. We consider both the cases in which the point of singularity in
the origin falls on a grid point or inside a cell (again not in the center but closer to the
south/west node).

First we analyze the case of the central singularity falling on a grid point, using the
contour plots to show precisely the behavior of the indicators with respect to the location
of the singularities. In order to highlight this fact, we plot also the points of singularity,
in green in Figure and in red in Figure 2.21
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Figure 2.20.: Test 1. Singularity on a grid point. Results obtained using f3, (on the left) and 82, (on
the right), with 7 = 2 and the mapping (2.24), for Az = Ay = 0.1 and Az = Ay = 0.05.

From Figure we can see that both indicators seem to detect the right regions of
singularity and have a very good behavior in regular regions (in light green), although
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2. Smoothness indicators analysis

wf p is evidently more precise. Looking at the neighborhood of the origin we notice
that wf p has wide fluctuations only in the diagonal direction, whereas wg p has a more
uniform behavior, also around the singularities on the circle.

Consequently, looking at Figure 2.2I] in which we have highlighted only the 0.1-level
and the 1-level, we have that qﬁg p recognizes with extreme precision all the cells and the
grid nodes containing a singularity, while qbg p seems to miss some points of the circle
and localizes the singularity in the center, consisting in this case of just one point. This
behavior is rather typical and will be investigated throughout all the simulations. The
full indicator wg p is able to detect singular cells even when the singularity just barely
intersects the considered region, whereas wf p recognizes only “strong” singularities, that
are close to a grid point or situated around the center of the considered cell. Moreover,
looking at the behavior of qbg p around the singularity in the center, which enlarges the
detected singular region in the second refinement, we are led to believe that the results
of gzﬁg p are more precise and, evidently, more stable w.r.t. mesh refinements.

1.5 1 1.5 1
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Figure 2.21.: Test 1. Singularity on a grid point. Results obtained using 845, (on the left) and 555 (on
the right), with » = 2 and the mapping (2.24), for Az = Ay = 0.1 and Az = Ay = 0.05.

Then, we repeat the test using a grid staggered w.r.t the singularity in the origin.

Figures 2.22] and [2.23] confirm the impressions given by the previous simulation, in
fact the indicator wi}, and the function ¢, are able to recognize all the cells containing
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a singularity, in particular those around the circle, which is always inside the 0-level set
of ¢, (Fig. on the left), while wl) has a rather asymmetrical behavior on the
circle. The portion of the circle in the “South-West” direction is well detected, while
on the other three directions the detected regions degenerate into points (Fig on
the right). Notice that in this case is the full indicator that has a particular behavior
around the origin in the second refinement, spreading the detected singular region in
the direction of the singularity.
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Figure 2.22.: Test 1. Singularity inside a cell. Results obtained using S25 (on the left) and A2, (on
the right), with 7 = 2 and the mapping (2.24), for Az = Ay = 0.1 and Az = Ay = 0.05.
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Figure 2.23.: Test 1. Singularity on a grid point. Results obtained using 83, (on the left) and 84, (on
the right), with = 2 and the mapping (2.24), for Az = Ay = 0.1 and Az = Ay = 0.05.

Test 2. Nonlinear function with singularity in one point

For the second test we consider a nonlinear function with a singularity in the origin
(again analogous to the 1D-case),

O e

0 otherwise .

We repeat the tests as in the previous example, first with the point of singularity on a
grid node, then the staggered grid.

Figures and (in which we have zoomed the neighborhood of the singularity)
follow the same line of the first test, at least regarding the point of singularity in the
origin. In fact, we can observe that wl}, has again a more uniform behavior with respect
to wf p in all directions, whereas the results on the regular regions are practically the
same.
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Figure 2.25.: Test 2. Singularity on a grid point. Results obtained using 83, (on the left) and 82, (on
the right), with r = 2 and the mapping (2.24), for Az = Ay = 0.1 and Az = Ay = 0.05.
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Figure 2.26.: Test 2. Singularity on a grid point. Results obtained using 8351, (on the left) and 835 (on
the right), with r = 2 and the mapping (2.24), for Az = Ay = 0.1 and Az = Ay = 0.05.

In the case of the staggered grid, in Figures and [2.28] we can observe that, as in
the previous example, wf p localizes better the singular regions, while wf » again spreads
asymmetrically the region of singularity, although in the correct direction given by the
position of the singularity. This is in fact natural, since from a numerical point of view,
if a grid point is very close to a singularity, then at that point the function behaves
similarly. Consequently, we can consider the function singular even at such points.

Summarizing the previous observations, we can deduce that the formula is more
suited to localize singularities with high precision, since the corresponding indicator is
able to select the correct grid points or cells characterized by a strong discontinuity in
the gradient. On the other hand, using the formula (2.40), we are able to detect the
regularity of the function in the whole domain I; ; = [z;_1, ®j4+1] X [¢i—1, Yi+1], boundary
included. Tt is clear then, since when developing genuinely 2D-numerical schemes we
usually need at least a nine-point stencil S; j = {x;j—1, 2, 41} X {¥i—1,¥i, Yi+1}, that
the correct indicators for the construction of our Adaptive Filtered Scheme should be
based on , instead of . Moreover, when working with second order schemes
in 2D, as the ones we will define in Sec. in order to verify the high-order consistency
property using Taylor expansion, we have to require the regularity of the function in the
whole domain I ;.
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Figure 2.27.: Test 2. Singularity inside a cell. Results obtained using 825 (on the left) and B3, (on
the right), with » = 2 and the mapping (2.24), for Az = Ay = 0.1 and Az = Ay = 0.05.

Test 3. Smooth function

For completeness of presentation, we conclude this section with the analysis of the
behavior in regions of regularity, whence we consider the smooth function

_ (1= (a*+ yz))4 if 2?2 492 <1
f(z.y) = { 0 otherwise .

As we can see from Figure [2.30] both indicators give the desired responses, recognizing
the regularity of the function in the whole domain. Moreover, we can observe that
the results are very similar, presenting the exact same (small) oscillations around the
optimal value, with minor differences only at the boundary of the support. We avoid to
present also the results for ¢ since it is clear that it is a constant function (¢ = 1) in all
four cases.
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Figure 2.28.: Test 2. Singularity inside a cell. Results obtained using 8%, (on the left) and 82, (on
the right), with r = 2 and the mapping (2.24), for Az = Ay = 0.1 and Az = Ay = 0.05.

Figure 2.29.: Test 3. Smooth function.
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Figure 2.30.: Test 3. Accuracy in regions of regularity. Results obtained using 337, (on the left)
and 8%, (on the right), with » = 2 and the mapping (2.24), for Az = Ay = 0.1 and
Az = Ay = 0.05.

2.4. Conclusions

We have presented a detailed analysis of the smoothness indicators of [JP00], showing
that they are the correct definition to use when working with continuous function with
discontinuous derivative. Consequently, we showed a slightly (but fundamentally) differ-
ent application in order to analyze the regularity of a function on a symmetric interval,
presenting also various possible constructions. In the second part, we proposed a new
genuinely 2D-extension of the studied approach, giving also a very compact explicit for-
mula for the computation. Moreover, we have tested several different one-dimensional
smoothness indicators, trying to show the properties proved in Proposition 2.1} As we
expected, we observed that the indicators 77 are the right indicators to localize dis-
continuities in the first derivative, although they present some problems in regularity
regions due to direct dependence on the value (and regularity) of the second derivative.
We were able to overcome these limitation, at least partially, adding the mapping [2.24]
and increasing the order of the polynomials involved in the computation of the indi-
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cators. We also acknowledged the better behavior of the indicators S% in regions of
regularity, but also the fact that they are not able to localize the singularities in general
situations. Finally, we have tested the proposed possible approaches to extend the one-
dimensional ideas to the multidimensional case. We were able to infer the good behavior
of both indicators which detect the singularity, localized in one point or on a curve, and
recognize the regions of regularity, although the “full” indicator has given more
promising responses in terms of applicability to the adaptive filtering idea, developed in
Chapter [3]

To summarize the above facts, when working with Hamilton-Jacobi equations, we
advise the use of the 87, with » = 2, in one space dimension and A% in the two
dimensional case, both augmented by the mappings . In this way it is possible
to devise an efficient and reliable indicator using only five grid points (5 x 5 in 2D).
Moreover, in order to avoid any unnecessary complication, we suggest the use of the
discontinuous function ¢ with M > 0, a small positive constant, say M = 0.15. This is,
in fact, the implementation that we will be using in all the remaining numerical tests of
the thesis.

Future investigation will focus on the improvement of Lemma in order to include
also more useful definition of the indicators and to help the analysis of the adaptive
filtering approach. Moreover, we will inspect the possible advantages brought by the
use of the ‘WENO-Z’ procedure, which, as already noted in Remark seems to give
more possibilities with respect to the mapping of [HAP05]. Finally, the precise analysis
of the multidimensional indicators, in the aim of Proposition is another possible
interesting development.
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In this chapter we will show how to define a class of convergent schemes for first order
Hamilton-Jacobi equations, the Adaptive Filtered Schemes. We will start by giving some
hints on the construction of the schemes and then we will specify the hypotheses needed
to ensure their properties. Consequently, we will prove our main result, concerning the
consistency and convergence properties of our class of schemes. Finally, we will generalize
the construction to more space dimensions, defining the schemes used in Chapter {] for
the problem of the segmentation of an image.

The chapter is organized as follows: in Section we define our new filtered scheme
and present in detail all its basic components, then in Section we state our conver-
gence result. Section is focused on the multidimensional extension of the proposed
constructions and, finally, in we conclude the chapter by presenting some one- and
two-dimensional numerical tests.

3.1. Introduction and first definitions

The accurate numerical solution of Hamilton-Jacobi (HJ) equations is a challenging
topic of growing importance in many fields of application, e.g. control theory, KAM
theory, image processing and material science. Due to the lack of regularity of viscosity
solutions, this issue is delicate and the construction of high-order methods is usually
rather difficult (e.g. ENO, WENO). In recent years a general approach to the construc-
tion of high-order methods using filters has been proposed by Lions and Souganidis in
[LS95] for a class of implicit schemes and reinterpreted by Augoula and Abgrall (JAAQ0])
in the context of explicit schemes, leading to the first definition of e-monotonicity. More
recently, a general framework for e-monotone schemes has been introduced by Froese
and Obermann in [FO13]|, for stationary Hamilton-Jacobi equations, by Obermann and
Salvador in [ObSal3], for particular second order equations and finally applied to time-
dependent first order Hamilton-Jacobi equations by Bokanowski et al. in [BES16].

Following the approach in [BIS16], we will present a procedure to define a class of
“filtered" schemes for time-dependent Hamilton-Jacobi equation of the form

{ v+ H(Vv) =0, (t,z) € [0,7] x RV, (3.1)

’U(O,.’E) :UO($)7 Zz GRN7

where the hamiltonian H and the initial data vy are Lipschitz continuous functions. It is
well known that with these assumptions we have an existence and uniqueness result for
the viscosity solution (see [FF14] or [B9§]). Notice that, at least for the moment, we are
considering the most simple case with the hamiltonian depending only on the gradient of
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3. Adaptive Filtered Schemes

the solution. This is in fact a rather usual approach, since the main numerical difficulties
come from the nonlinear dependence of H on Vv. Moreover, more general cases usually
follow with minor modifications. Our aim here is to present a rather simple way to
construct convergent schemes to the viscosity solution v of with the property to
be of high-order in the region of regularity.

A typical feature of a filtered scheme S is that at the node x; it is a mixture of a
high-order scheme S# and a monotone scheme S™ according to a filter function F. The
scheme is written as

Al n M (,n
W = SF () = SM(u"); + 5AtF<S (w )JEAf (u )J), jez,  (32)
where € = ea¢ Az > 0 is a parameter going to 0 as (At, Az) is going to 0 and does not
depend on n. Filtered schemes are high-order accurate where the solution is smooth,
monotone otherwise, and this feature is crucial to prove a convergence result for viscosity
solutions as in [BFS16].

In this chapter we improve the filtered scheme introducing an adaptive and auto-
matic choice of the parameter € = £ at every iteration. To this end, we use a smoothness
indicator in order to select the regions where we can compute the regularity threshold
e™. Our smoothness indicators are based on the ideas of Jiang and Peng [JP00], but

other indicators with similar properties can be used.

3.2. A new Adaptive Filtered scheme

In this section we will complete the construction of the one-dimensional scheme, pre-
senting in detail all its basic components. Let us consider the one-dimensional time-
dependent Hamilton-Jacobi equation

{ v + H(vy)

—0, (t,z) € [0,T] x R
v(0, ) = vo(x), (3.3)

x € R,

where the hamiltonian H and the initial data vy are Lipschitz continuous functions.
Starting from the ideas of [BFS16] on filtered schemes, we proceed in this study
introducing a procedure to compute the regularity threshold € in an automatic way, in
order to exploit the local regularity of the solution.
Let us begin defining a uniform grid in space z; = jAz, j € Z, and in time ¢, =
to +nAt, n € [0, Np], with (Np — 1)At < T < NpAt. Then, we compute the numerical
approximation u? = u(tp, ;) with the simple formula

SA ny. _ SM ny .
uith = §AF () = SM (U + ¢he" ALF < C );Mt L )J) (34
where u;”’l = u(tni1,24), SM and S4 are, respectively, the monotone and the high-

order scheme, F' is the filter function needed to switch between the two schemes, €” is
the switching parameter at time ¢, and ¢} is the smoothness indicator function at the
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3.2. A new Adaptive Filtered scheme

node z; and time ¢,, defined as shown in Section [2.1.1} More details on the components
of the schemes will be given in the following sections.

Notice that if € = eAx, with ¢ > 0 and ¢} =1, we get the Filtered Schemes of
IBES16].
3.2.1. Assumptions on the schemes

In this section we present in detail the basic components of our scheme, which are a
monotone finite difference scheme S™ and a high-order scheme S4, possibly unstable.
Let us begin by giving the assumptions on the monotone scheme.

Assumptions on S,

(M1) The scheme can be written in differenced form

U?H = SM@"); == uy — At hM(Dfu?, D+u?)

) _ . u7L _,u"/
for a function hM (p~, p*), with Djtu’j1 ==L,

(M2) hM is a Lipschitz continuous function;
(M3) (Consistency) Vv, kM (v,v) = H(v);
(M4) (Monotonicity) for any functions u, v,

u<v = SMu)<SsM).

Under assumption (M2), the consistency property (M3) is equivalent to say that
for all functions v € C2([0,T] x R), there exists a constant Cj; > 0 independent on
A = (At, Az) such that

v(t + At,x) — SM(u(t,-))(x)
At

Em(v)(t,x) := < Oy (At|vit| oo+ A% |[Vzz]|o0) ,  (3.5)
where &)y is the consistency error. The last relation clearly shows the bound on the
accuracy of the monotone schemes, which are at most first order accurate even for
regular solutions.

Remark 3.1. As pointed out in [BFSI6|, under the Lipschitz assumption (M2) the
monotonicity property (M4) can be restated in terms of some quantities that can be
easily computed. In fact, it is enough to require, for a.e. (p~,p") € R?,

ahM N 8hM
I > -
ap_ (p 7p ) — 07 8p+

and the CFL condition

(p~p") <0, (3.6)

At <8hM _ onM

A (p~,p") — W(p,pﬂ) <1. (3.7)
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3. Adaptive Filtered Schemes

We call the CFL number, dependent on the hamiltonian of the considered problem, the
constant ratio A := % such that 1) is satisfied. Notice that working with explicit

finite difference schemes this number can always be computed.

Example 3.1. We give some examples of monotone schemes in differenced form which
satisfy (M1)-(M4). Other examples may be found in the pioneering work [CL84] or in

[Shog].

e For the eikonal equation,
ve + |vz|= 0,

we can use the simple numerical hamiltonian

WM (p~,p") = max{p~, —p*}.

(3.8)

e For general equations, instead, we recall the Central Upwind scheme of [KNPOI]

WM (o p?) = et [ ) T H ) — ata (0~ )],

with a+ = maX{Hp(p_), Hp(p+)7 0} and a” = min{HP(p_)a Hp(p+)a 0}

(3.9)

e Another numerical hamiltonian we could use is the Local Lax-Friedrichs hamilto-

nian

WMp=pt) =H <p_ +p+> D) ey, (3.10)

2 2
with

-t
a(p,p") = max |[Hp(p)|,
( ) pez(p—,p+>| »(p)]

where I(a,b) represents the interval with endpoints a and b.The scheme is mono-

tone under the restriction A < max,|Hy(p)|.

Next, we define the requirements on the high-order scheme.

Assumptions on S4.

(A1) The scheme can be written in differenced form

u;”’l = S’A(u")j =y — AthA(Dk’_uj, ey D_u?,DJru;‘, . ,Dk’+u§b),

n _an
Uitk Y5 .
kAzxz

for some function h4(p~,p*) (in short), with Dkiu}‘ =4

(A2) h? is a Lipschitz continuous function;

(A3) (High-order consistency) Fix k > 2 order of the scheme, then for all [ = 1,...

and for all functions v € C**1, there exists a constant Ca,; > 0 such that

ot + At,x) — SA(u(t, )(@)
At

< g (A0 ol oA 05 0] o )

Ea)(t, ) :=
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3.2. A new Adaptive Filtered scheme

It is interesting to notice that we are not making any assumption on the stability of
the high-order scheme, that is because filtered schemes are able to stabilize a possibly
unstable scheme.

Before giving some examples of high-order schemes satisfying (A1)-(A3), let us state
an interesting property of the solution v of in case of sufficient regularity. Notice
that we are considering the simplest case of H dependent only on the gradient of v.

Lemma 3.2. Let v be the solution of , Then, ifv e C" (Q(t,m))z r > 2, where Qy ;)
is a neighborhood of a point (t,z) € Q:=[0,T] x R, it holds

ku(t, x k—2
88(7;’) - (_1)kaaxk2 (H]’;(vx(t, x))”zx(t7$)> (3.11)
k—2
= (_1) aaxk2 <H§—1(Ux(t,ﬂf))a H(vx(t,x))> ,
fork=2...,r.

Proof. Let us proceed by induction on 2 < k < r, omitting the dependence on (¢, ) to
simplify the notation. For k = 2, we have

0 0
= &(_H(Ux)) = —Hp(vz) vt = _Hp(vx)%(_H@m)) = Hp?(”d:)vma

and the statement holds in this case. Suppose now that (3.11) holds for 2 < k <r — 1,

then we can compute

oy _ 0 (0
Otk+1 9t \ Otk

o ak72
== <(_1)k8mk_2 (H;f(vx))vm)> by inductive hypothesis

=0 (5 ()
= (—1)’“8?:2 <§) (Hg'f(vz)) VgtV + Hﬁ(%)@m)
(

(o) + HE () 5 ()

Vtt

as we wanted. O

Let us now consider the value of the solution at v(t + At,x), with At > 0 and its
Taylor expansion of order r > 2 around the point (¢,2). Using Lemma we can
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3. Adaptive Filtered Schemes

rewrite

"\ AtF OFu(t, x)

U(t + At, .Z') = U(t, x) + At’l}t<t,1’) + Z WT + O(Atr-l—l)
k=2
=v(t,x) — AtH (v, (t,x))+
T (=ARE §F—2 .
+ ( - ) s (B (a(t2)usa(t,2) ) + O(AFH), (3.12)
=2

which for » = 2 simply reads
A2, 3
v(t+ At,z) = v(t,x) — AtH (v, (t, x)) + THp(vgc(t, x) )z (t, ) + O(AE’).  (3.13)

Remark 3.2. Using this last relation we could show that, assuming (Al)-(A2), the

consistency property is equivalent to require that for I =2, ...k, and for all v € C**1,
£ = |h(D7v, D) — H Aty
A()(t, ) = (D", v) — H(vg) + o p(”x)vm
< Cuay (A0 0l oo+ A0 0] oo ) (3.14)

Now, let us give some examples of high-order schemes satisfying (A1)-(A3) with [ = 2.

Example 3.3. As a first example let us consider the class of schemes obtained combining
a high-order in space numerical hamiltonian h2 and the second order Runge-Kutta SSP
(or Heun scheme). To explain the simple procedure, let us consider the semidiscrete
problem

wy = b2 (D~ u(t, ), DY u(t, x))),

where h4, is a high-order in space numerical hamiltonian of second order,
hH(D™v, D) = H(va(t", 7)) + O(Az?), (3.15)

such as the simple second order central approzimation

D~ u" + Dt u”
Al —
h(D™uf, DYuf) = H (JQJ) , (3.16)
then to obtain the same accuracy in time we discretize using the second order SSP
Runge-Kutta scheme,

{ u* = u" — AthA(D~u™, Dtu™) (3.17)

utl = Ly 4 Ly — SR (Dut, D).
The scheme can be written in differenced form in the sense of (A1)-(3.14) defining

h (D", DY uf) =

1
=3 (R (D™u™, DT u™) + (D™, DY )] . (3.18)
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3.2. A new Adaptive Filtered scheme

To verify that the scheme is second order we can use the Taylor expansion to see that

D5 D) = (02(y) - At HO @) +O(Ae?)

= H (v} (x;)) — At [Hp (v} ()0} ()] Hp(vf (25)) + O(Az?),

having exploited the relation v* = v™ — At[H (v7(2;) + O(Ax?)], the Lipschitz continuity

of H and having assumed a CFL condition A = % = const; whence, again using the

consistency property ([3.15])

hA(D_v”, Dty = H(vy(xj)) —

7H5(’U;’L($]))U;Lx($]) + O(A$2>7
as we wanted. Notice that through this procedure the stencil of the scheme (3.15)
becomes doubled for h4.

Notice also that this procedure can be easily extended to the case of hamiltonian
dependent on the space variable x.

Example 3.4. Then we propose a couple of numerical hamiltonians h“ obtained dis-
cretizing directly the formula (3.13) or, equivalently, obtained from the same Laz-

P
n= Jt_J  The first

] Az

Wendroff schemes for conservation laws by the substitution u
is the original Laz- Wendroff scheme

Dy, DY) = S {H (Drar) + B (Dup) +

—u? 4+ Drun
g, () [b (D) <o (07

(3.19)
and the second is its variation proposed by Richtmyer,
D=u? + DT u" At
A -, n +, ny _ J J +,n -, n
h*(D™uj, D uj)—H< 5 N [H (D*u}) — H (Du})] |. (3.20)

Example 3.5. Following the approach of the Lax-Wendroff schemes and making use
of the expansion , we can easily write higher order schemes, in both space and
time, using very compact stencils. The idea is simply to discretize directly the above
expansion using finite difference approximations of the right order. For example, if we
want to write a fourth order Laz-Wendroff scheme using only five points, one of the
possibilities is to define

i Uj_2—8u;_1+8ujr1—ujy2
H =H 12Az )
H — H2 u]~7278u]~,1+8u]~+17uj+2 7u]~,2+16uj,173Ouj+16uj'+1fuj+2
2 P 12Az 12Az2 )
_ 1 3 (wit2—uy | ((Wit2—2ujrituy ) g3 (ui—uj—2 ) (uij—2uj1tujoo
Hy = 2Ax Hp 2Azx Az?2 Hp 2Ax Ax2 )
—_1 4 (uira—uy | (U2 —2ujiatuy \ g (U1 —tion ) (Ui —2u ey
Hy = Az? Hp 2Az Az2? 2Hp 2Az Az?

4 [ uj—uj_2 Ui —2Uj_1+Uui_o
) (Mgt ) ()|
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3. Adaptive Filtered Schemes

and then compute

. . At At At
WD}, Dt ul) = Hy — > {Hg -3 <H3 — 4H4>] . (3.21)

It is straightforward to verify that, if the solution v is regular enough, using Taylor
expansion we have

e Hy = H(v;) + O(Az?),

o Hy = H}(vy)vez + O(Az?),

o Hy= 2 (H3(0)u) + O(As?),
o Hy= 2 (HA(0.)0u) + O(Ac?),

and that the resulting scheme satisfies (A1)-(A3) with [ = 4. Notice that to obtain
fourth order it would have been enough to have approximations of one order lower for
Hy and Hy, but thanks to the symmetry of the discretizations we can get higher orders
without increasing the number of points in the stencil.

3.2.2. Filter function

In order to couple the schemes and their properties, we need to define a function F,
called filter function F, such that

(F1) F(z) =z for |z|< 1,

(F2) F(z) =0 for |z|> 1,

which implies that
o If |54 — SM|< Ate™ and ¢ =1 = S4F ~ 54
o If |S4 — SM|> Ate” or P =0= SAF = oM.

It is clear that, with just these two requirements, we are left with several possible
choices for F. In the following, we present some examples of filter functions satisfying
the previous relations, which differ especially for regularity properties. We number the
functions in order to be clearer in Figure [3.1

Example 3.6. As a first example let us present the filter function we use in our numer-
ical tests, defined in [BESL6| as

| = if [z|<1
Fi(z) = { 0 otherwise, (3.22)
which is clearly discontinuous at x = —1,1 and satisfies trivially the properties (F1)-

(F2).
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3.2. A new Adaptive Filtered scheme

Example 3.7. As a second possibility we propose the family of regular filter functions
given by the formula

F(x) = v exp (—c(la|—a)")
for appropriate choices of the parameters a, b and c.
Remark 3.3. We give some hints on how to chose the parameters. We notice that

e g controls the amplitude of the transition phase around 1 and —1;
e b controls the slope of the transition phase;

e ¢ can be used to make the exponent approach 0 faster when z ~ 1, —1.
In particular, in Figure we represent two choices for the parameters,
Fy(z) = zexp (—4(|z[—0.25)*) (a =025, b=20, c=4) (3.23)
and a variant graphically more similar to Fy,
(|x|—0.01)50>
100

These functions are very regular (F' € C*) and developing with Taylor we can see that
they satisfy (F1)-(F2).
Example 3.8. As last examples let us consider some functions which satisfy (F1)-(F2)

and are continuous, but are not necessarily differentiable. First, let us consider the
family of functions

Fs(z) = xexp (— (e =0.01, b=50, ¢=0.01). (3.24)

F(z)={ “P (‘b—a\wl) if |zl b (3.25)
0 otherwise,

varying the parameters a and b. We propose the choice

. 0.001 <
Fi(z) = x exp ( 1.05_“%‘) if |z|< .1.05 (3.26)
0 otherwise,

where we chose the value b = 1.05 in order to make the function approach better the
value 1 for z = —1,1. Finally, we recall also the filter defined in [ObSal5| as

x lz|< 1
) o |z|> 2
B@ =Y ii2  1<e<o (3.27)
—x—2 —2<zx<—1.

After extensive computations, we noticed that the results obtained with our AF
scheme are not sensitive with respect to changes in regularity of the filter function,
even with very large transition phases. That is probably because, as we will see in the
next section, the parameter " is designed to obtain the property (F1) whenever possi-
ble, then in regions of regularity of the solution the argument of F' lies most probably in
[—1, 1], where all the filter functions are practically the same. Some major differences,
instead, can be seen in the results obtained with the SF scheme, for which the threshold
¢ is fixed at the beginning.
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0.5

-0.5

-2.5 -1.5 -0.5 0.5 1.5 25

Figure 3.1.: Possible choices for the filter function F.

3.2.3. Tuning of the parameter ="

The last step is to show how to compute the switching parameter €™, which is the real
core of the adaptivity of our scheme. Then, if we want the scheme (3.4]) to switch to the
high-order scheme when some regularity is detected, we have to choose €™ such that

SAwm); — SM(v™);
e At

_ ‘w-) ()
871

‘ <1, for (At,Az) — 0, (3.28)

in the region of reqularity at time t,, that is
R" = {z;: ¢} =1}. (3.29)

For the definition of a function ¢ such that

o { 1 if the solution u" is regular in I;, (3.30)

i1 0 if I; contains a point of singularity,

we refer to Section where we show how it can be computed. To be precise, following
the discussion in Remark[2.7] in the actual formulation we are forced to add a “technical”
assumption in order to justify the proof of Proposition In the end, we define the
region of reqularity R™ detected by the function ¢ as the set

, ~ , ~ 1 if p(w?) =1 and |D?*u?|< B
n = M TL = n = J J ’
R {‘7 €Z: 9wj) 1} ;o with ¢ { 0 otherwise,
(3.31)
for some constant B > 0. Notice that with this definition, which, we recall, is needed

only for theoretical reasons, it is not necessary to require M(Axz) — 0, then we can
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3.3. Convergence result

simply choose a constant M > 0 small enough (e.g. M = 0.15), as we will do in the
numerical tests of Section B.5l
Therefore, computing directly by Taylor expansions, we have for the monotone scheme

M (D o}, DT0f) = H (v} (x5)) + TUJWC(I’]‘) (8p+h§w - ap_h;M) + O(Az?),
where we used the relation

A
D¥of = ol (a;) £ S0l (x7) + O(Aa?),

while for the high-order scheme, by the consistency property,

At
hA (Do), D) = H (v} (x5)) — 7}13(@;)% + O(At?) + O(Az?).

Whence, from ([3.28]) we obtain

A
e > gvgx (0p, hM = 8, WM + AH2 (o)) + O(AF?) + O(A?)|. (3.32)

+°7

Finally, we use a numerical approximation of the lower bound on the right hand side of
the previous inequality to obtain the following formula for €™,

o = max K|H (D) — 1 (D = A [H(D*) — H(D™)])

+ [WM(Du}, D) — WM (D ulf, D™uf)]

— [WM(DTu}, D) — KM (D™}, Duf)]], (3.33)
with K > %, A= % and Du} := % Notice that if we assume enough regularity

on the solution v, then gives a second order approximation of the right hand side
of multiplied by 2K.

It is worth to mention that, using very similar computations, in [BFS16] the authors
propose a “simplified” approach to compute the parameter ¢ = ¢; Az, where the constant
c1 has to chosen roughly such that

M M
1 H&h oh ’ (3.34)

1> 5 vaHoo m(vxavx) - api(vxuvx)

’ [e.e]

with the range of values of v, and v,, to be estimated in terms of the values of (vg),
and (vg)z, and the hamiltonian function H.

3.3. Convergence result

We are now able to present our main result, but before doing so let us state a useful
proposition about the numerical solution and the parameter £”.
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Proposition 3.9. Let u™ be the solution obtained by the scheme — and assume
that vo and H are Lipschitz continuous functions. Assume also that R™ is defined by
(5.31), with ¢ given by (2.29), and that X\ = At/Ax = constant. Then, " is well

defined and u™ satisfies, for any i and j, the discrete Lipschitz estimate

IU?A— uf| <I
X

for some constant L > 0, for 0 < n < T/At. Moreover, there exists a constant C' > 0
such that
e < CAzx.

Proof. Before proceeding with the proof let us notice that, if u™ satisfies (3.9) for a
constant L, > 0, calling for brevity

D*uj := Dujj — X\ [H(D"u}) — H(D™u})],
we have that

e" = Jnax K |H (Du}) — H (D*uj) + [RM(Dw}, DY uf) — M (Du}, D™ u})]

— [WM(D*uf, Duf) — WM (D™}, Dul)]|

H (D) = H(D"uy) (H(Dmg) - H(Duy)>

= max K |[At D+u§~l “Dup

n .
T;ER™ D’LLJ —D*U]

M + M _
h (Du;‘,D u?) —h (Du?,D u;‘)
D*u? — D*u}1

A hM(D+u;?,Du;L)hM(D—uj,Duy)H <D+ yD—ug)|

D+u;? — D*u’j1 Ax

= max K ||A

z;ER™ Du;? — D*u;

A (hM(D u??, D¥u) — WM (Du?, Du?))

~+

H (D U?) —H(D™w;)\ (H(D*u?) — H(D u?)
D+u;? — D*u?

+u? — Dy
Du] Duj

n n -, n n +
A WM(DFu?, D) — WM (D~u?, D u?) By [uf]
Dtu? — D—u” Ax
J J
< K |(AtLH2LH + QALULhM)B|
= KB ()\LHQLH + 2LhM) Az, (335)

where Ly and Lpo are the local Lipschitz constant of H on [—L,, L] and [-2L,, —
AtLyB,2L, + AtLyB], respectively, and L,, is the Lipschitz constant of u™. Notice
that if the function H is globally Lipschitz continuous we have the same estimate with
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Lys = Ly, where now Ly is the global Lipschitz constant of H. Notice also that we
have used the fact that, by definition,

+r,n _
Solus] Dty —Douy D2
Az Ax 77

and that z; € R" = DQU? < B, for some constant B > 0 independent on n, by
Lemma or by the definition of R™ (3.31)). Then, the last statement would follow
with C' = KB(AL? + 2L;n).

Let us now prove the main statement proceeding, as usual, by induction on n > 0 and
noticing that it is sufficient to prove for ¢ and j such that i = j £ 1.

For n = 0, as we take u? = vo(z;) for j € Z, we have that is satisfied by the
Lipschitz continuity assumption on vg, with constant L.

Now, assuming that is satisfied for n — 1 > 0 so that ¥ for k =0,...,n — 1 are

bounded by (3.35)), we can compute

e | e e e e
TJ = E ‘SM(U 1)i+¢i€ IAtF()Z—SM(u l)j _¢j5 lAtF(-)j‘
1 n— n— n—
S AL (ISM (1) = SM(u" 1) | +e" T AL G F ()i — 95 F(-);1)
uf 7t = oAt
< 7 J n—1
- Az + Az ¢

then, iterating back and using the same arguments,

uf = eyt =g
2A1C < ...
Axr Ax + -
ul —ul
xr
Juf — uf
§ T + ZRAtC
x
T
< Lo+ QEAtC’ =1L,

where C' is well defined by 1} Notice that we have used the monotonicity of SM
and the fact that |F|< 1. O

Therefore, it is clear that by construction our scheme is e-monotone, in the sense of
the following

Definition 3.10 (e-monotonicity). A numerical scheme S is e-monotone if for any

functions u, v,
u<v = 8Su) <S(v)+ CeAt,

where C' is constant and ¢ — 0 as A = (At, Az) — 0.
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Finally, we conclude this section giving our convergence result for the Adaptive Fil-
tered Schemes.

Theorem 3.11. Let the assumptions on SM and S be satisfied. Assume that vy and

. . . . 1 . .
H are Lipschitz continuous functions, u;-l+ is computed by —, with K > 1/2

and A = %, a constant such that is satisfied. Let us denote by v} := v(t", z;) the
values of the viscosity solution on the nodes of the grid. Then,

i) the AF scheme (3.4)) satisfies Crandall-Lions estimate [CL84]
[Ju" —v"||oe< C1VAZ, VYV n=0,...,Nr,
for some constant C1 > 0 independent of Ax.

i) (First order convergence for reqular solutions) Moreover, if v € C?([0,T] x R), then
[lu" — 0"|o< CoAz, VY n=0,...,Np,
for some constant Cy > 0 independent of Ax.

i) (High-order local consistency) Let k > 2 be the order of the scheme SA. If v € 1,
with 1 <1 <k, in some neighborhood of a point (t,x) € [0,T] x R, then

Ear(v™); = Ea(v™); = O(AZ!) + O(AtY)
fort" —t, x; —x, At, Ax sufficiently small.

Proof. i) Let us proceed as has been done in [BFS16] defining w;‘H = SM(w");, the
solution computed with the monotone scheme alone with w? = vo(x;). Then by defini-
tion,

SAu™); — SM(u™);

n—+1 n+l _ oM/, ny. M/, ny. )
up™ —wiT =5 (u"); — ST (w"); + de AtF( A ), (3.36)

whence, exploiting the nonexpansivity in L> of S™ the definition of € and that |F|< 1,

max|u7j1+1 — w?+l|§ max|uj — wi|+e"At. (3.37)
J J

Then, proceeding recursively on n < Np and recalling that by Proposition there
exists a constant C' > 0 such that e” < CAx := ¢ for each n,

n—1
max|u? — w?|§ ZzskAt < neAt < Te. (3.38)
J
k=0

At this point, by the triangular inequality

max|u” ™! — 0" < max|u
; J J J

2w+ max|w T — o (3.39)
J J

J J J
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3.3. Convergence result

whence we have that

max|u?+1 - v}”l|§ max|w} — v}|+eT < (Cor + CT)V Az, (3.40)
j J

with Cor, > 0 given by the Crandall-Lions estimate for SM.
i1) Let us recall that by (3.5), in the case of v € C? the consistency error for the
monotone scheme is such that £y (v™); < Cpr(At 4+ Az). Then we can compute

‘U;LJrl _ U;_“Hrl‘ — |SM(Un)j + quEnAtF(-) _ ,U;L+1|
< 8™ (u); — S (W) HSM (") — o | em AL
< [ = v [loo+-AL (Ere (0") + "),

whence, by recursion on n < Np and recalling what we have done in the previous point,

" = 0" [loo < [[u = 0¥ [oc+T (k_(r]nai_ll\gwf(vk)”ooﬂLﬁ) . (3.41)

=U,...,

To conclude this proof what is left is to use the estimate on £y; and Proposition [3.9]

#4i) In order to show that SAF (v"); = S4(v™); for At e Az small enough it is sufficient
to prove that
|54 (v™); = SM (v");]
e At
which follows directly from the computation we have done in section for the tuning
of the parameter €” and the definition of the regularity set R"™ , with ¢ given by
. In fact, if we plug inside the previous inequality, we can deduce that

<1, for (At, Az) — 0, (3.42)

[SA(@™); = SM@™);l 1 + O(Az) + O(AD),

eMAL 2K
which, using that K > 1/2 by assumption, leads to the thesis as (At, Ax) — 0. Notice
that we have used the property ¢” = O(Az) and exploited the CFL condition. O

Remark 3.4. Notice that the assumption M(Az) = 1 — CAuz, for some constant
C > 0 such that M(Az) > 0, needed to apply Lemma , may give some problems
in the proof of third assertion of the previous theorem. In fact, applying the standard
definition to the viscosity solution v at a point z; and recalling the computations

that led to (2.18)), we get that

Consequently, in order to be sure that if v € C3, then j € R, we have to choose the
constant C such that

/i
Yivj

> | JJ
S [T

)
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3. Adaptive Filtered Schemes

or require additional smoothness assumptions on v, for example v}’ < vj. This in
fact poses a strong limitation on the applicability of Lemma [2.2] at least in the present
formulation. It would be interesting to see if a similar argument can be applied using
indicators with r = 3 or the ‘WENO-Z’ procedure, which would definitely solve the
previous problem. This issue will be object of future investigations.

3.4. Adaptive Filtered Scheme in 2D

The aim of this section is to show how to properly generalize the ideas presented in the
previous section in order to solve problems in more space dimensions. To keep the ideas
as clear as possible we will focus on the two dimensional case and, again, we consider the
simplest situation in which the hamiltonian depends only on the gradient of the solution,
with more general situations following with minor modifications. In particular, we give
some details on how to modify the formulas in the case of hamiltonians depending also
on the space variables, which will be used in Chapter

Let us begin by considering the problem

. 2
{ vt + H(Uacavy) =0, (t,2,y) € {O’T] x R (3.43)

v(0,x,y) = vo(x,y), z € R?,

where the hamiltonian H and the initial data vg are Lipschitz continuous functions, as
usual, in order to ensure the existence and uniqueness of the viscosity solution. Notice
that, if we consider problems involving hamiltonians depending also on the position
(x,y) or the solution v (H(z,y,v, Vv)), clearly we have to make more assumptions on
the behavior of H w.r.t. the other variables. For a detailed presentation of uniqueness
and existence results in more general situations we refer the reader to [CL83| and [B98].

Now, let us define a uniform grid in space (z;,y;) = (jAz,iAy), j,i € Z, and in time
tn, = to + nAt, n € [0, N7], with (Nyr — 1)At < T < NpAt. Then, we compute the

numerical approximation u;'; = u(tn, ;,y;) with the simple formula

SAw)iy — SM(um)iy
e At

WL = SAF (), = SM () + 6 ALF (

) . (3.44)

where S™ and S4 are respectively the monotone and the high-order scheme, now de-
pendent on both space variables. F' is the same filter function of the one-dimensional
version, needed to switch between the two schemes, €™ is the switching parameter at
time ¢, and ¢}'; is the smoothness indicator function at the node (z;,y;) and time t,,
based on the 2D-smoothness indicators defined in Section .21

3.4.1. Assumptions on the schemes

For convenience of presentation in this section we recall the assumptions we have to
require on the composing schemes SM and S4, which are clearly direct generalizations
in two space dimensions of those presented in Section [3.2.1] Let us begin by restating
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3.4. Adaptive Filtered Scheme in 2D

the assumptions on the monotone scheme.

Assumptions on S,

(M1) The scheme can be written in differenced form

n+l — oM/ n\. . ._ ,n M - n +, n .n—,n +,n
up = ST (u")i; = ui; — At h (Dx ug' i, Dywi'y; Dyug s, Dy u”)

: My~ . — - + M T + —

for’a functlon MM (p=,pT;q7,q"), with D3 up; = £-E 0 and Dijull; =
Uity "%
+ Ay ;

(M2) hM is a Lipschitz continuous function;
(M3) (Consistency) Yu, v, WM (u,u,v,v) = H(u,v);
(M4) (Monotonicity) for any functions u, v,

u<v = SMu) <M ().

Under assumption (M2), the consistency property (M3) is equivalent to say that
for all functions v € C?([0,T] x R), there exists a constant Cj; > 0 independent on
A = (At, Az) such that

U(t + Atv Z, y) — SM(v(tv E ))('7:7 y)
At
< O (Atf[vir] oo +AZ[ vz [oo +AY|vyyloo) (3.45)

Ev()(t,x,y) ==

where &) is the consistency error. The last relation highlights the well-known first order
bound on the accuracy of the monotone schemes for regular solutions.

Remark 3.5. Using the same arguments of the one-dimensional case it can be eagily
shown that, under the Lipschitz assumption (M2), the monotonicity property (M4) is
equivalent to require, for a.e. (p~,p*) € R,

onM onM onM onM

o =0 apﬁﬁ(), WZO, aqﬁSO, (3.46)

and the CFL condition

At <8hM 8hM> At <8hM 8hM> <1

Az op~ B op™t A7y

e~ B (3.47)

Analogously, we define the constant ratios A, := %, for z = x,y such that 1) is
satisfied and call the CFL number the maximum A = max{A;, A\, }.

Example 3.12. In this example we recall a couple of monotone schemes in differenced
form satisfying (M1)-(M4), which will be used in the numerical tests.
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3. Adaptive Filtered Schemes

e For the eikonal equation,

v+ V2 + v =0,

we can use the simple numerical hamiltonian

WM~ p*iq7,q%) = \/maX{p‘, —p*, 0} + max{q~, —¢*,0}". (3.48)

e For general equations, instead, we can use the 2D-version of the Local Laz-Friedrichs
hamiltonian

WM (p= ptiq,q") i=H <p++p_ q++q_>

2 72
-t +
az(p~,p _ oylg,q N
P oy BT (), (3.49)
with
- ot - o+
az(p~,pT)= max |Hy(p,q)|, ay(q,q") = max |Hy(p,q)|,
( ) pel(p_w)I »(;q)] u( ) qel(q_W\ ¢(p, )|

where the maximum are computed uniformly in ¢ and p, respectively, and I(a, b)
represents the interval with endpoints a@ and b. The scheme is monotone under the
restrictions A, < max|H,|™" and \, < max |H,|™".

e Another interesting (and easy to compute) numerical hamiltonian we would like
to use is the 2D-extension of the Central Upwind scheme of [KNPOI]

a b"H(pt,q") —a b H(p",q~
hM(p_,p+;q_,q+) = (<5+ _qa)_)(b—l- — b—gp =
a*b*H(p~,q") —a’b” —H(p~,q")

(at —a=)(bt —b7)
ata~ btom

e oy
t o =T ) e —m(a

—-q), (3.50)

with a® and b* defined as the positive part of the maximum (superscript “4”) and
the negative part of the minimum (superscript “”), respectively, of H, and H, in
thecell Cjj =[x, 1,2, 1] x[y,_1,y,,1]. These quantities can be estimated as

’ J=37 7 I+tg 1=y’ Jity

)7 0} )

),0}.
Unfortunately, at least to our knowledge, this numerical hamiltonian has still to
be proven monotone, whence we avoid to use it in the numerical tests.

at = maxy {Hp(p:ta q:t)7 O} ) a = rnin:|: {Hp(piy

+
q
bt = max4 {Hq(p:l:’ qi)v 0} s b- = min4 {Hq(pia qi

Remark 3.6. It is straightforward to adapt the monotone schemes defined in the pre-
vious example in order to handle hamiltonian dependent also on the space variables.
In fact, it is enough to consider such dependence of H, H, and H, in the formulas for

WM (zj, v, 07 pF 07, ).
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3.4. Adaptive Filtered Scheme in 2D

Next, we recall the assumptions on the high-order scheme.

Assumptions on S*.

(A1) The scheme can be written in differenced form

W = A ) =l AthA<D’“’ Wijy e Dyl Dl ..., Dbl

Db uig, .., Dyuly, Duly, .., Diul; )
(3.51)
for some function hA( =, pTiq™,q") (in short), with D¥®y upl; = i%ﬂgu” and
D’Cin . il:l:l;yAyzj;

(A2) h? is a Lipschitz continuous function.

(A3) (High-order consistency) Fix k > 2 order of the scheme (for all the variables), then
for all = 1,...,k and for all functions v € C**1, there exists a constant Ca; >0
such that

v(t + At,x,y) — SA(v(t, ) (x,y)
At

< Cog (A0 oot At 105 0l oo+ Ay 10 0] o)

Eav)(t,z,y) ==

Again, it is worth to notice that no further hypothesis are needed, neither for stability
reasons.

In order to restate the consistency property in a more useful form, we first compute
the second order term of the expansion

At?
v(t + Atz y) = v(t, z,y) + Atoi(t, 2,y) + ——vult 2, y) + O (A, (3.52)

which gives, dropping the dependance on (z,y) for brevity,

0
Si(H(wv,)

= _Hp(vxa Uy)vxt - Hq(vwa ”y)vyt

Vit =

0 0
= Hp(”wavy)% (H (vz,vy)) + Hq(”m”y)afy (H (v, vy))
= Hg(vx, Uy ) Uz + HqQ(vm, Uy )Vyy + 2Hp (0, vy) Hy (Vg Vy) Uy (3.53)

then it is straightforward, assuming (A1)-(A2), to write the consistency property in
terms of the numerical hamiltonian A%, that is

85



3. Adaptive Filtered Schemes

(A3") (High-order consistency) Fix k > 2 order of the scheme (for all the variables),
then for all I = 1,...,k and for all functions v € C*1, there exists a constant
Ca,; > 0 such that

EA(U)(ta €z, y) = ‘hA(ngva D;”a D;U, DJU) - H(Uxa Uy)
At 0 0
F o [Hlver ) g (e, 0) + Hyfors,) 3 (0,0, |
< Cug (D08 0l ot A 050l co+ Agf]04 el |oc) - (3.54)
In the following examples we present some simple high-order schemes satisfying (Al)-

(A3) with | = 2, dropping the dependence on (7, ;) (and also on n) in order to lighten
the notations.

Example 3.13. Analogously to the one-dimensional case, the easiest way to construct
an high-order scheme satisfying (A1)-(A3) with [ = 2, is to consider a second order in
space numerical hamiltonian h2

hA (D7 v, D v; D, v, Dfv) = H(vg,vy) + O (Az?) + O (Ay?), (3.55)

such as the simple second order Centered approximation

_ _ D-u+ Dty Dyju+ Du
h(D; u, Dfu; Dy, Dju) = H ( e e Y Y, (3.56)

2 ’ 2
and combine it with the second order Runge-Kutta SSP (or Heun scheme) (3.17)).

Example 3.14. In this example we propose a series of numerical hamiltonians h*
obtained discretizing directly the formula (3.53)).

e The first is the most direct and simple discretization, to which we will refer as the
Laz- Wendroff scheme

A
hA(DEu; Dyiu) =H (Dyu, Dyu) — 7t [

+HZ(Dyu, Dyu)Diu + 2Hy(Dyu, Dyu)Ho(Dgu, Dyu) D3 ul
(3.57)

H}(Dgu, Dyu)Diu +

where DFu, D,u, D?u are, respectively, the usual one-sided and centered one-
dimensional finite difference approximations of the first and second derivative in
the z-direction, while for the mixed derivative we use

Uit 1,541 — Ui—1,5+1 — Uitl,j—1 + Ui—1,5-1

2 _
Diyij = 4ATAy
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3.4. Adaptive Filtered Scheme in 2D

e Another possibility, which is more closely related to the one-dimensional Lax-
Wendroff scheme (3.19)), is the following

At At
h*(DFu; Dfu) = H(Dyu, Dyu) — —— Hp(Dyu, Dyu) Hj — Hy(Dgu, Dyu)H;,

2Ax 2Ay
(3.58)
where we have defined
x Wij+l — Wij Witlj+1 — Ui—1541 + Uitlj — Ui-1j
H =H
v < Az 7 4Ay )
Ujj — WUij—1 Ui—15 — Ui—1,5 T Wit1,j—1 — Wi—1,5-1
- H 3.99
( Az 7 1Ay > (3:59)
and
Uit 1, j+1 — Uil j—1 + Uil — Uij—1 Uipl,j — Uiy
H* :H i+ »J 5J »J 5J 5] 5J
Y < 4Ax ’ Ay
_H Ui 41 — Ui j—1 + Ui—15+41 — Ui—1,5—1 Ui—1j5 — Uij
4Ax ’ Ay '
(3.60)
This can be seen as a discretization of the third relation in (|3.53]).
e The last example we propose is the Richtmyer form,
At At
A + . n* _ * *
h* (D3 u; Dyju) = H (Dxu N ——H;,Dyu 2AyHy) ) (3.61)

which, in particular, does not require any computation of H, or H,.

Example 3.15. Finally, we would like to show a simple way to define a scheme satisfying
(A1)-(A3) with | = 4, reminding that, in our approach, the high-order scheme has
no need to be stable, in any sense. Then, generalizing the construction of Example
[3.13] we can define a fourth-order scheme by combining the simple fourth-order central
approximation

h{(D; u, Dfu; D, u, Dju) = H (Dju, Dju), (3.62)
where the approximated partial derivative are computed as
Dy — Wi = BUij1 + 81 — Uijyo Dty = im2g — BUio1 + BUip1j — Uit
* 12Ax ’ Y 12Ay ’

with the classic fourth-order Runke-Kutta scheme

(W0 =+ 40 (D
u® =y + Sthd (D)
u®) ="+ AthA (Diu(z))
untl ="+ % [hf (Di ")+ 2hr4 (Diu(l)) +2n4 (Diu@)) +hA (Diu(3))]

= 1[4 (R (DFu™) + b (DFu®)) + 20 +uB)].

(3.63)
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3. Adaptive Filtered Schemes

Notice that, differently from the usual approach, used when working with Hamilton-
Jacobi equations (e.g. WENO schemes of higher order), we do not require the time
discretization to be strong stability preserving, thus we can use the more efficient formula
(3-63), which is also easier to implement w.r.t. the SSP version (see [Sh98| for more
details). Tt is worth to point out that, differently from the Lax-Wendroff construction
, the stencil of the scheme is not very compact, requiring 17 x 17 points in total.
Further investigation will focus on the extension of Lemma to the multidimensional
case, which would most probably lead to the definition of fourth-order schemes with
compact stencils of 5 x 5 points.

3.4.2. Tuning of "

Let us explain how to generalize the formulas to compute the switching parameter
g™ Then, if we want the scheme (3.44) to switch to the high-order scheme when some
regularity is detected, we have to choose €” such that

SAW™)i; — SM (v
e At

_ ‘h"‘(';-) —hM(5)
€n

’ <1, for (At, Az, Ay) — 0, (3.64)

in the region of regularity at time t,, that is R" = {(xj, Yi) 1 o7 = 1}. We recall that,
in Section 2.2 we have defined a function ¢ such that

no_ { 1 if the solution u™ is regular in I; j, (3.65)

w0 if I; ; contains a point of singularity,

with f;j = (2j-1,2j41) X (Yi-1, Yiv1)-
Following the same computations of the one-dimensional case, we proceed by Taylor
expansions, then for the monotone scheme we have

A
hM(D;U", Div™, D, v", D;'v”) =H (v, vy) + Txvgx (8p+h% — Op_ h%)

Ay
+ 7”1}3/ (a%h% — 0 h%) (Ax2> +0 (AyZ) )

while for the high-order scheme, by the consistency property,

At
hA(Dg:cthj; Dg:/tvzyfj) :H(UZ, ,Un) - 7 [Hg(vgv UZ)U;Lx + Hg(”;a ’UZ)UZy
+2Hp(v;,v;‘)Hq(vg,vg)vw] +0 (AtQ) +0 (AxQ) +0 (AyQ) )

Whence, from (3.64) we obtain

A A
& =[S0, (Bp M = O WM A HE(WE ) + S, (0.0 = 0y WM 4 0 22 )

T+ AR H (o, v Hy (07, 07) + O(AR2) + O(Ax?) + O(Ay?)

)
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3.4. Adaptive Filtered Scheme in 2D

that has to be satisfied in the region of reqularity at time t", detected by the smoothness
indicator function ¢, that is

R" = {(zj,y) : b = 1}. (3.66)

Then, we use a numerical approximation of the lower bound on the right hand side of
the previous inequality to obtain the formula for €™. In order to devise a simple formula,
we introduce the notation

h = WM (Dyu”, Dfu™, Dyu™, Dyu™) — hM (Dgu™, Dyu™, Dyu™, Dyu™)

with the other cases following analogously. Finally, the simplest discretization, which
we use in the numerical examples, is

At
e"= max K|— (H)Du" + H;Dju" + 2H,H,D3 u") +

TM TM TM TM
- (Ral =AY + (R3f =TT

. (3.67)

where all the derivatives of H are computed at (D u", Dyu™) and the finite difference
approximations around the point (i, 7), while K > % Another possibility, which does
not require the computation of the derivatives of H is the following

A

* )\ *
ey = . K |H (Du™, Dyu™) — H <Dxu” - ?"”Hx Dyu" — ;Hy> +

+ (ﬁ% —Eg{) + (7231‘1 —Ef!”_)( . (3.68)

where i and H; are defined by (3.59)-(3.60)). The only reason we avoid the use of the
formula for €%, which is a more direct generalization of (3.33), is because it is not easy
to keep the same formulation when adding also the dependence on the space variables
(z,y), as we will be doing in Chapter [

Remark 3.7. It is worth to note that all the formulas derived from , such as the
2D-Lax-Wendroff schemes and the definition of ", easily extend to the case in which the
hamiltonian depends also on the space variables H(x,y, v, vy). In fact, we can repeat
the exact same computations of till the third equation, then we simply have

0 0
Vit = Hp(xvyvvxa Uy)aim (H(x7y7vxvvy)) + Hq(l‘a y,vxavy)@ (H(CC, Y, Ux’vy))
= H, (H, + Hyvay) + Hy (H, + Hyvy,) + 2H,Hyvgy, (3.69)

where in the last equality we have dropped all the dependence for brevity. Therefore, to
adapt the previous formulas it is enough to add a centered approximation for H, and
H, or, again, to use a direct approximation of the space derivatives in the first equation
of . Notice also that the procedure described in Example extends to this
situation without relevant modifications. In fact, as for the monotone schemes, it is
enough to consider the dependence of H on (z,y).
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Remark 3.8. Notice that, assuming to define the region of regularity R" analogously
to , we could state and prove a convergence result equivalent to Proposition
and Theorem [3.1T]for the 2D-Adaptive Filtered Scheme defined in this section. We avoid
to present the results since we would follow the exact same lines of the one-dimensional
counterparts, at least for the proof of the convergence theorem. The analogous of Propo-
sition would need only minor modifications when proving the estimate for €”, which
now involves the second order increments in both direction D2u, Dgu and the mixed
finite difference chyu.

3.5. Numerical tests

In this section we present some one-dimensional and two-dimensional examples de-
signed to show the properties of our scheme, stated by Theorem [3.11] Our goal is also
to compare the performances of our Adaptive Filtered Schemes S4¥ with those of the
Filtered Schemes S*" scheme of [BESI6] and of the WENO scheme of second /third order
of [JP00|]. Here we use the same efficient implementation suggested in [JP00] (Remark
pp. 6-7) with o = 1078, independent on Az, avoiding any of the improvements pro-
posed in [ABMI0|, [HAPO5| or [CCD11]. To be precise, for the basic Filtered Scheme
we use the implementation suggested in [BFS16] using also different high-order schemes,
but avoiding the use of the limiter correction in all simulations. This is mainly because
we want to show that the problems that were fixed through the introduction of the
limiter in [BFS16|, can be solved, at least partially, by the adaptive procedure and the
function ¢. Moreover, since the main aim is to use even higher order schemes (fourth
order schemes) and to show the reliability of the adaptive tuning, the use of the limiter
would be counterproductive, since it would inevitably limit also the full accuracy of the
resulting scheme. This fact has been proved in various forms in literature (the scheme
is TVD) and can be easily confirmed through some easy numerical tests, such as the
transport of a regular function.

For each test we specify the monotone and high-order schemes composing the filtered
schemes, as well as the the CFL number A, and compute the errors and orders in L™
and L' norm. In particular, the CFL number will be chosen to satisfy the standard CFL
condition

Amax|Hy(p)|< 1, (3.70)

which is in fact equivalent to (3.7) and more easily computed. Moreover, in two dimen-
sions it simply becomes

. (3.71)

N | =

max{\,; max|H,(p, q)|, \y max|Hy(p, q)|} <
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3.5.1. One-dimensional examples
Example 1. Transport equation.

In order to test the capability of our scheme to handle both regular and singular
regions, let us begin with a simple linear example and consider the problem

{ ve(t, ) + vg(t,x) =0 in (0,7) x Q
v(0,z) = vo(x),

with periodic boundary conditions, in two different situations. At first, aiming to test
the full accuracy of the schemes, we consider the regular initial data (Case a),

vo(x) = sin(mx), x €N (3.72)
with Q = [-2,2] ans 7' = 0.9. Then, as a second test, we take the mixed initial data
(Case b),

min{(1 — z)?, (1 + x)?} if —1<z<1,
vo(x) = { sin?(r(z — 2)) if 2<x<3, (3.73)
0 otherwise,

with Q = [-1.5,3.5] and T' = 2. The latter problem models the transport of a function
composed by two peaks, the first with one point of singularity while the second is in C2.
For these tests we use the Central Upwind scheme as monotone scheme and the
simple Heun-Centered (HC) scheme (3.16)-(3.17) as high-order scheme, with A = 0.9
for Case a and A = 0.4 for Case b. We also compare the results obtained using S4¥
with the 4th order Laz- Wendroff scheme as high-order scheme. We recall that the
latter high-order scheme has a very compact 5-points stencil, while the WENO scheme
of second/third order (coupled with the third order Runge Kutta scheme) has a stencil
of nine points.

Figure 3.2.: (Example 1a.) Plots at time 7" = 0.9 with the AF-HC scheme on the left and
WENO on the right for Az = 0.05.

In the first test all the schemes are very accurate and achieve optimal order in both
norms, as shown in Figure and Table 3.1} In this case both filtered schemes have
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Table 3.1.: (Example 1a.) Errors and orders in L= and L' norms.

| F-HC (5Az) | AF-HC | AF-LW4ord | WENO 2/3
Ny N | L®Err Ord | L*° Err  Ord | L Err Ord | L*® Err Ord
40 10 | 1.36e-02 1.36e-02 1.37e-04 8.02e-02

80 20 | 2.56e-03 2.41 | 2.56e-03 2.41 | 8.66e-06 3.98 | 2.62e-02 1.62
160 40 | 5.76e-04 2.15 | 5.76e-04 2.15 | 5.43e-07 4.00 | 4.50e-03 2.54
320 80 | 1.40e-04 2.04 | 1.40e-04 2.04 | 3.40e-08 4.00 | 1.95e-04 4.52

N, N;| L'Err Ord| L'Err Ord | L' Err Ord | L' Err Ord
40 10 | 3.58e-02 3.58e-02 3.62e-04 2.07e-01

80 20 | 6.66e-03 2.43 | 6.66e-03 2.43 | 2.25e-05 4.01 | 4.14e-02 2.32
160 40 | 1.48e-03 2.17 | 1.48¢-03 2.17 | 1.40e-06 4.01 | 5.09¢-03 3.02
320 80 | 3.57e-04 2.05 | 3.57e-04 2.05 | 8.69e-08 4.01 | 3.08¢-04 4.05

the same numerical results and coincide with the HC high-order scheme (we avoided
to report the same results), as wanted. Moreover, we can see that our fourth order
scheme is much more accurate even than the WENO scheme, despite the smaller stencil
required.

Table 3.2.: (Example 1b.) Errors and orders in L* and L' norms.
| F-HC (10Az) | AF-HC AF-LW4ord | WENO 2/3

Ny N | L Err Ord | L* Err  Ord | L Err  Ord | L*® Err Ord
50 50 | 3.46e-01 2.98e-01 2.65e-01 3.47e-01

100 100 | 1.41e-01 1.29 | 1.78e-01 0.75 | 1.56e-01 0.77 | 2.07e-01 0.75
200 200 | 9.69e-02 0.54 | 1.12e-01 0.66 | 9.08e-02 0.78 | 1.28e-01 0.70
400 400 | 7.29e-02 0.41 | 7.05e-02 0.67 | 5.06e-02 0.84 | 7.66e-02 0.74

N: N L'Err Ord| L'Err Ord | L'Err Ord | L' Err  Ord
50 50 | 4.34e-01 2.94e-01 2.21e-01 3.62e-01

100 100 | 1.41e-01 1.63 | 9.77e-02 1.59 | 4.26e-02 2.38 | 1.39¢-01 1.39
200 200 | 4.24e-02 1.73 | 3.06e-02 1.67 | 9.22e-03 2.21 | 3.83e-02 1.86
400 400 | 1.38e-02 1.62 | 1.01e-02 1.60 | 2.61e-03 1.82 | 8.39e-03 2.19

For the second case, looking at Figure we can observe that the adaptive tuning
of €™ is able to contain the oscillations behind the peaks produced by the unstable HC
scheme, which are clearly visible instead in the case of S¥ with ¢ = 5Az. We can
also see that our scheme coupled with the fourth order scheme produces again the best
results in terms of errors and orders in both norms (see Table and gives the best
resolution of the peaks, preserving better the kink of the singularity and the feet of the
regular part, without introducing any oscillation.

92



3.5. Numerical tests

Figure 3.3.: (Example 1b.) Plots of the solution at time T = 2 with Az = 0.025. Top: simple
filtered scheme with HC on the left, adaptive on the right. Bottom: fourth order
scheme AF scheme on the left and WENO on the right.

Example 2: Eikonal equation.

As a first nonlinear problem let us consider the eikonal equation

{ ve(t, ) + |vg(t,x)|=0 in (0,0.3) x (—2,2), (3.74)

vo(x) = max{1 — 22, 0}4,

where vg is a Lipschitz continuous initial data with high regularity. Then, we repeat the
simulation with the “reversed” initial data

vo(z) = — max{1 — z2,0}*, (3.75)

which presents also a major problem in the origin because of the saddle point in the
hamiltonian, where two directions of propagation occur. Here the aim is mainly to
compare the results obtained by the unfiltered high-order schemes with their filtered
versions, in order to show the stabilization property of the filtering process. For the
monotone scheme we use the numerical hamiltonian , while to achieve high-order
we use the Laz- Wendroff-Richtmyer (LWR) scheme . Moreover, as in the previous
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example, we present also the results obtained with the AF scheme coupled with the
fourth order LW scheme. The CFL number is set to 0.375 for both simulations.

! !
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Figure 3.4.: (Example 2a.) Initial data (left) and plots of the solution at time 7" = 0.3 with
the AF scheme (center) and the LWR scheme (right) for Az = 0.025.

Table 3.3.: (Example 2a.) Errors and orders in L™ and L' norms.
| F-LWR (5Az) | AF-LWR | AF-LWd4ord | WENO 2/3
Ny N | L®Err Ord | L*® Err  Ord | L® Err  Ord | L™ Err Ord
40 8 | 1.96e-02 1.64e-02 2.18e-02 6.81e-02
80 16 | 4.48e-03 2.13 | 4.00e-03 2.04 | 9.98e-03 1.13 | 3.42e-02 1.00
160 32 | 1.06e-03 2.08 | 1.11e-03 1.85 | 1.35e-03 2.89 | 1.62e-02 1.08
320 64 | 2.56e-04 2.05 | 2.56e-04 2.12 | 2.31e-04 2.55 | 7.52¢-03 1.11

N, N;| L'Err Ord | L'Err Ord | L' Err  Ord | L' Err  Ord
40 8 | 1.52e-02 1.16e-02 1.11e-02 2.05e-02

80 16 | 3.78e-03 2.01 | 3.71e-03 1.65 | 1.05e-03 3.40 | 4.68e-03 2.13
160 32 | 8.94e-04 2.08 | 8.96e-04 2.05 | 7.28¢-05 3.85 | 9.55e-04 2.29
320 64 | 2.09e-04 2.09 | 2.09e-04 2.10 | 7.14e-06 3.35 | 1.40e-04 2.78

Let us first point out that, as Figures[3.443.5| clearly show, the LWR scheme is unstable
in the origin in both situations, while the AF scheme (and the simple filtered scheme)
is not. Then, for the first case, looking at Table [3.3] we can see that the filtered-
LWR schemes give almost the same results, are of high-order in both norms and have
better errors even than the WENO scheme in almost all simulations. Moreover, we can
recognize the typical, as will be shown also by the following examples, improvements
and drawbacks of the fourth order LW scheme, which has a slightly wider stencil. In
fact, the scheme has bigger errors in the L® norm in the first three refinements of the
grid, while has way better errors and orders in the L! norm, achieving almost optimal
order, which testifies the overall improvement.

For Case b, as testified by Table [3.4] we can repeat almost the same considerations,
but this time the improvements given by the adaptive filtering are evident. The AF-
LWR scheme is again of high-order especially in the L' norm, without the need to
introduce any limiter as has been done in [BES16|, and the numerical results are always
comparable to those obtained by the WENO scheme of second/third order, while the
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Figure 3.5.: (Example 2b.) Plots at time 7" = 0.3 with the AF and WENO schemes for Az =
0.05 (left) and LWR scheme for Az = 0.0125.

Table 3.4.: (Example 2b.) Errors and orders in L>° and L! norms.
| F-LWR (5Az) | AF-LWR AF-LW4ord | WENO 2/3

Ny Ny| L*Err Ord | L®° Exr Ord | L*® Err Ord | L*® Err Ord
40 8 | 1.91e-02 1.40e-02 1.63e-02 2.33e-02

80 16 | 9.24e-03 1.04 | 3.37e-03 2.06 | 7.51e-03 1.11 | 1.02e-02 1.19
160 32 | 5.77e-03 0.68 | 1.58e-03 1.09 | 2.14e-03 1.81 | 4.10e-03 1.32
320 64 | 3.46e-03 0.74 | 7.09e-04 1.16 | 6.92e-04 1.63 | 1.22e-03 1.75

N, N, | L!'Errr Ord L'Err Ord| L'Err Ord | L'Err Ord
40 8 | 2.38e-02 2.01e-02 1.29e-02 2.96e-02

80 16 | 8.48e¢-03 1.49 | 5.70e-03 1.82 | 2.05e-03 2.65 | 7.04e-03 2.07
160 32 | 3.41e-03 1.32 | 1.82¢-03 1.65 | 3.20e-04 2.68 | 1.43e-03 2.30
320 64 | 1.52e-03 1.17 | 5.84e-04 1.64 | 6.38¢-05 2.33 | 2.82¢-04 2.34

AF-LW4ord scheme has again worse L errors for the first discretizations and better
errors and orders in the L' norm.

Example 3: Burgers’ equation.

Let us consider now the Burgers’ equation for IIJ with a regular initial data
1 2 _ '

wlt, ) + 3ealt,2) £ 17 =0 in (0,7)  (0,2), -
vo(x) = — cos(mx),

which is a test case widely used in literature. In order to test the full accuracy of the

schemes even in the nonlinear case, we first run the simulation for 7" = 5%2, when the

solution is still regular, with A = % ~ 0.2 < max|H,| ™! = 0.5. Then, we consider the
final time T = % when a moving (to the right) singularity appears, taking A = % R
0.19. For both simulations we use the the Central Upwind monotone scheme and the
LWR scheme for both the filtered schemes and compare the results as before with the

WENO scheme and the fourth order AF scheme.
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Figure 3.6.: (Example 3.) From left to right: initial data of problem (3.76) and plots of the
solution at time T' = 4/(572) and T = 3/(27?) for Az = 0.025.

Table 3.5.: (Example 3.) T' = 4/(572). Errors and orders in L™ and L' norms.
| F-LWR (10Az) | AF-LWR | AF-LW4ord | WENO 2/3
N, N; | L Err Ord L*® Err Ord | L*® Err Ord | L*® Err Ord
40 8 | 1.30e-02 9.61e-03 1.89e-03 1.04e-02
80 16 | 8.67e-03  0.59 | 2.77e-03 1.79 | 2.84e-04 2.73 | 2.12¢-03 2.30
160 32 | 5.07e-03  0.77 | 7.24e-04 1.94 | 2.68e-05 3.41 | 1.82e-04 3.54
320 64 | 2.66e-03  0.93 | 1.83e-04 1.99 | 1.89e-06 3.83 | 2.05¢-05 3.15
N, N,| L'Err Ord | L"Err Ord | L' Err Ord | L' Err  Ord
40 8 | 3.76e-03 3.30e-03 2.76e-04 3.67e-03
80 16 | 1.29¢-03  1.54 | 8.20e-04 2.01 | 1.97e-05 3.81 | 6.57c-04 2.48
160 32 | 4.49e-04  1.52 | 2.04e-04 2.01 | 1.50e-06 3.71 | 5.43e-05 3.60
320 64 | 1.82e-04 1.30 | 5.09¢-05 2.00 | 1.04e-07 3.86 | 2.98¢-06 4.19

This example summarizes all the behaviors already seen in the previous cases. In fact,
as displayed by Tables [3.5][3.6] if the solution is still regular the fourth order AF scheme
gives the best results and achieves the optimal order in both norms, while when the
singularity appears has the usual problems in the L norm and better orders (than the
second order scheme) in the L' norm. Here we have to notice that the WENO scheme
has better errors and orders in the second simulation w.r.t. all the filtered schemes.
Moreover, we can clearly see that the simple filtered scheme depends heavily on the
choice of ¢, in fact after extensive computations we noticed that choosing for example
e = bAz we get worse results in both cases, while if we increase the constant we get
better results in the regular case and worse in the latter. In the tables we presented the
results for the choice that gives the best results in the singular case, while it has clearly
problems in the first situation. This is the main advantage of the adaptive €™ which is
able to tune itself in the right way depending on the local (in time) regularity of the
solution.
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Table 3.6.: (Example 3.) T = 3/(27%). Errors and orders in L> and L' norms.
| F-LWR (10Az) | AF-LWR | AF-LW4ord | WENO 23

N, Ng | L™ Err Ord L Err Ord | L*® Err Ord | L* Err Ord
40 16 | 4.88e-02 5.30e-02 6.31e-02 3.89e-02

80 32 | 2.47e-02 0.98 | 2.47e-02 1.10 | 2.87e-02 1.13 | 1.61e-02 1.27
160 64 | 9.81e-03  1.33 | 9.95e-03 1.31 | 1.03e-02 1.48 | 5.12¢-03 1.65
320 128 | 2.57e-03  1.93 | 2.59e-03 1.94 | 2.69e-03 1.94 | 8.40e-04 2.61

N, N, | L'Err Ord L'Err Ord| L'Err Ord | L'Err Ord
40 16 | 5.17e-03 5.28e-03 3.83¢-03 3.69¢-03

80 32 | 1.26e-03  2.03 | 1.27e-03 2.06 | 8.89¢-04 2.11 | 6.94e-04 2.41
160 64 | 2.86e-04 2.14 | 2.87e-04 2.14 | 1.43e-04 2.64 | 8.67e-05 3.00
320 128 | 5.68¢-05 2.33 | 5.68e-05 2.34 | 1.82e-05 2.97 | 6.40e-06 3.76

3.5.2. Two-dimensional examples
Example 4: Rotation in two dimensions.

In this example we show how to use our one-dimensional schemes to solve simple
problems in two dimensions. We consider the problem

{ v — YUz + zvy =0 in (0,27m) x £,

_ ro—(z+1)%—y?2 2 (377)
v(0,x,y) = max {0, OW} ,
with 79 = 0.5 and Q = [—2.5,2.5]?, which models the rotation of a C'! function around
the origin. In this situation, since the hamiltonian H(z,y, v, vy) = —yv, + zv, can be

expressed as a sum of one-dimensional hamiltonian, depending on the evolution along the
x and y direction, respectively, we can use a dimensional splitting to solve the problem.
More precisely, if we write H(x,y, vy, vy) = Hi(y,vs) + Ha(z,vy), we can approximate
the solution by solving sequentially the problems in one space dimension

Ut+H1(y7v$) :0 and ’Ut—i-HQ({L"Uy) :07

keeping each time the other space variable constant. Although the hamiltonians do not
commute, has can be seen computing the Lie bracket [Hi, Ho] = —zv, — yvy # 0, we
can still use the dimensional splitting has shown previously, but we should not expect
the simple Lie-Trotter splitting

u" = SyAt (Sft(u")) , (3.78)

where S2¢ and SyAt are numerical schemes of time step At for the problems in the x and
y direction, respectively, to be more than first order accurate in time. Nevertheless, we
perform the simulations using the one-dimensional second order filtered schemes of the
previous tests.

For this test we use the Central Upwind monotone scheme and the Heun-Centered
scheme as high-order scheme and compare the results obtained by the one-dimensional
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WENO scheme in both directions. We use a square uniform grid with the CFL number
set to A = F ~ 0.39 < 0.4 = max{H,} ! = max{H,} .

A
A
g

& 0
i W
AT

Figure 3.7.: (Example 4.)Plots of exact and computed solution (AF top-right, F' bottom-left,
WENO bottom-right) at time 7' = 27 with Az = 0.05.

If we look at Figure we can clearly see the advantages brought by the automatic
tuning of the parameter €” and the stabilizing properties of the ¢ function. In fact, our
AF scheme is able to almost completely nullify the oscillations caused by the unstable
HC scheme (see Table , while the simple F scheme with € = 5Axz cannot. Moreover,
in the latter case the oscillations keep on being amplified as time goes on, reducing
the effective accuracy of the scheme. Degpite this graphically evident improvement, the
errors and orders of the filtered schemes are rather close, but the adaptive version has
always better results, which are also close to those of the WENO scheme, especially in
the L' norm.

Moreover, reminding the discussion at the beginning of the example and looking at
Table [3.7, we can observe rather surprising high orders for all the schemes. This is
probably due to radial symmetry of the evolution and of the function and does not
happen when using the AF-LW4ord scheme, which instead gives very poor results.
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Table 3.7.: (Example 4.) Errors and orders in L and L' norms.

| HC | F-HC (5Az) | AF-HC | WENO 2/3
N, Ny | L Err Ord L® Err Ord | L*® Err Ord | L*® Err Ord
50 160 | 2.44e-01 1.78e-01 1.53e-01 1.82e-01

100 320 | 9.10e+03 —15.18 | 6.26e-02 1.51 | 5.71e-02 1.43 | 4.49e-02 2.02
200 640 | 7.30e+16 —42.87 | 2.02¢-02 1.64 | 1.95e-02 1.55 | 1.32¢-02 1.76
400 1280 | 1.87e+60 —144.20| 8.64e-03 1.22 | 6.34e-03 1.62 | 3.32e-03 1.99
N, N, | L! Err Ord L'Err Ord| L'Err Ord | L' Err  Ord
50 160 | 4.98e-01 1.32e-01 1.21e-00 1.42¢-01

100 320 | 2.36e+03 —12.21 | 4.42e-02 1.58 | 3.96e-02 1.61 | 4.77e-02 1.57
200 640 | 3.99e+15 —40.62 | 1.35e-02 1.71 | 1.16e-02 1.77 | 1.02e-02 2.22
400 1280 | 3.79e+b58 —142.77| 3.99¢-03 1.75 | 3.32¢-03 1.81 | 1.22e-03 3.07

Example 5: Generating singularities in two dimensions.

In this example we consider a problem similar to the Burgers’ equation in two dimen-
sions, which is strictly connected to (3.76)),

{ vt (124 (412 =0 i (0,7) x Q, (3.79)

v(0,z,y) = —0.5 (cos(mz) + cos(my)) ,

with Q = [0,2]? and periodic boundary conditions. As for problem , we consider
the final time T = %, when the solution is still smooth, and then T' = =5, time
at which an interesting set of singularities develops. It is clear that we can use the
dimensional splitting also in this situation and solve the problem using one-dimensional
schemes and the Lie-Trotter splitting, since the hamiltonians H; and Hy commute. We
use the same schemes as in the previous example and a slightly more restrictive CFL
number w.r.t. problem in order to use coarser grids, which is set to A = % ~ 0.08
for the first test, and A = ;%5 ~ 0.076 for the latter.

The exact solution is computed by the Hopf-Laz formula,

1 1 1 1
u(t,z,y) = <1;Igl1—2 cos(m(x — at)) + ZCLQ —a+ 1;)%1;11—5 cos(m(y — bt)) + ZbQ - b> ,

with A =[5, 5], where we used the fact that the evolution can be seen as the sum of
separate one-dimensional evolutions.
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Figure 3.8.: (Example 5.) Top: Initial data (left) and exact solution at T = 3/(272) (right).
Bottom: solution at T'= 4/(572) (left) and T' = 3/(27?) (right) computed by the
AF scheme with Az = 0.1

Table 3.9.: (Example 5.) T = 3/(272). Errors and orders in L> and L! norms.

| LWR | F-LWR (10Az) | AF-LWR | WENO 2/3
Ny N; | L*® Err  Ord | L* Err Ord L Err Ord | L*® Err Ord
20 20 | 1.69e-01 9.49e-02 1.04e-01 8.68e-02

40 40 | 6.39e-02 1.40 | 3.67e-02  1.37 | 3.80e-02 1.45 | 2.27e-02 1.93
80 80 | 3.23e-02 0.98 | 1.41e-02 1.38 | 1.47e-02 1.37 | 9.08e-03 1.32
160 160 | 2.64e-02 0.29 | 3.73e-03  1.91 | 3.90e-03 1.92 | 2.22e-03 2.03

N, N; | L'Err Ord| L'Err Ord L'Err Ord| L'Err Ord
20 20 | 6.18e-02 4.62e-02 4.62e-02 3.60e-02

40 40 | 1.74e-02 1.83 | 8.19¢-03  2.50 | 8.24e-03 2.49 | 4.68e-03 2.94
80 80 | 4.54e-03 1.94 | 1.88e-03  2.13 | 1.80e-03 2.20 | 6.92e-04 2.76
160 160 | 1.13e-03 2.00 | 3.73e-04  2.33 | 3.78¢-04 2.25 | 7.62¢-05 3.18

As we could expect, in this example we have analogous result w.r.t. Example 3, with
the AF scheme performing well in both situations and better than the F scheme in
the regular case (see Tables [3.813.9)). Here again the simple filtered scheme has slightly
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Table 3.8.: (Example 5.) T = 4/(57%). Errors and orders in L> and L' norms.

| LWR | F-LWR (10Az) | AF-LWR | WENO 2/3
Ny N;| L*® Err Ord | L™ Err Ord L® Err Ord | L™ Err Ord
20 10 | 7.45e-02 7.75e-02 8.32e-02 8.66e-02

40 20 | 3.38e-02 1.14 | 5.12e-02  0.60 | 2.77e-02 1.59 | 3.59e-02 1.27
80 40 | 1.49e-02 1.18 | 3.25e-02  0.66 | 6.58e-03 2.08 | 1.30e-02 1.47
160 80 | 6.42e-03 1.22 | 1.94e-02 0.75 | 1.78e-03 1.89 | 4.87e-03 1.41

N, N;| L'Err Ord| L' Err Ord L'Err Ord | L'Err  Ord
20 10 | 3.67e-02 4.42e-02 3.72e-02 3.71e-02

40 20 | 9.53e-03 1.94 | 1.21e-02  1.87 | 8.50e-03 2.13 | 1.00e-02 1.89
80 40 | 2.28¢-03 2.06 | 4.29¢-03  1.49 | 2.05e-03 2.05 | 1.95e-03 2.36
160 80 | 6.51e-04 1.81 | 1.70e-03  1.33 | 5.42¢-04 1.92 | 4.50e-04 2.11

better results after the singularities develop, due to the action of the ¢ function in the
regions of singularity, but the loss of accuracy is in fact minimal. Moreover, our scheme
performs as good as the WENO scheme when the solution is still regular, while the
latter performs much better in the second case.

To conclude the section, in the following examples we perform the analysis of the
schemes defined in Section with the same aim of the previous tests. We compare
the 2D-AFS scheme with the basic 2D-F scheme with ¢ = 20Az using the same com-
posing schemes, again avoiding the use of the limiting correction of [BES16], as well
as with the 2D-WENO scheme of second/third order, which uses the same monotone
numerical hamiltonian. All the following simulations will be performed using the local
Lax-Friedrichs scheme as monotone scheme, while for the high-order schemes we
focus on the centered schemes of second and fourth order —, named
fourth-order centered Runke-Kutta (RKC4 in short). The comparison is conducted also
in terms of elapsed CPU-time, since when working with multidimensional problems it
becomes a major issue.

Example 6. Transport of a regular function in 2D

As in the one-dimensional case, we begin the analysis by testing the full accuracy of
the schemes on the transport of a very regular function at constant velocity. That is,
we solve the following problem

{ v(0,2,y) = vo(z,y), in Q (3.80)
where = [~2,2]? and T = 0.9, with the regular initial condition
w(a,y) = max {0,1 -2 —y°}". (3.81)

The CFL number is A = 0.2 < % The results showed in Table clearly testify the
success of the filtering process, with the filtered schemes achieving the optimal order of
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the high-order scheme in both norms. Only the fourth-order scheme seems to have some
problems in the L* norm, although the results obtained are evidently superior to all the
other schemes. Notice also that, as it is expected, the AF-HC basically coincides with
HC when the solution is regular. Moreover, in Table we can see that the adaptive
filtering almost doubles the computational cost of the scheme, while the further increase
produced by the higher-order scheme seems almost negligible. On the other hand, the
implementation of the WENO scheme is evidently more demanding.

Table 3.10.: (Example 6.) Errors and orders in L™ and L' norms.

| HC | AF-HC | AF-RKC4 | WENO 2/3
N, N | L® Err Ord | L*® Err  Ord | L® Err  Ord | L* Err Ord
40 30 | 7.14e-02 7.14e-02 4.69e-03 2.88e-02

80 60 | 1.63e-02 2.13 | 1.63e-02 2.13 | 5.28e-04 3.15 | 2.82e-03 3.35
160 120 | 4.02e-03 2.02 | 4.02e-03 2.02 | 5.38e-05 3.29 | 3.46e-04 3.03
320 240 | 9.99¢-04 2.01 | 9.99¢-04 2.01 | 6.44e-06 3.06 | 4.33e-05 3.00

N, Ny | L'"Err Ord| L'Err Ord | L'Err Ord | L' Err  Ord
40 30 | 6.84e-02 6.88¢-02 7.94e-03 2.79¢-02

80 60 | 1.66e-02 2.05 | 1.66e-02 2.05 | 6.34e-04 3.65 | 3.50e-03 2.99
160 120 | 4.03¢-03 2.04 | 4.03¢-03 2.04 | 4.64e-05 3.77 | 4.37e-04 3.00
320 240 | 9.96e-04 2.02 | 9.96e-04 2.02 | 3.28¢-06 3.82 | 5.40e-05 3.02

Table 3.11.: (Example 6.) CPU times in seconds.

N, N HC | AF-HC | AF-RKC4 | WENO 2/3
40 30 0.053 s 0.087 s 0.098 s 0.41 s
80 60 0.385 s 0.648 s 0.723 s 2.96 s
160 120 |  2.797 s 5.108 s 5.675 s 43.38 s
320 240 | 2218 40.85 s 46.11 s 674.5 s

Example 7: Eikonal equation in two dimensions.

In the last example we consider the equivalent of equation (3.74) in two dimensions,

[02 4+ 02 = ~
{ v+ vz +vy =0 in (0,7) x £, (3.82)
U(O,l’,y) = UO(J")y)a
where Q = [-3,3]2 and T = 0.6, in four different situations. Let us first recall that

this problem comes out in front propagation problems through the level set method as
briefly shown in Section Here we are considering a simple expansion with constant
velocity. Our aim is to compare the schemes in terms of the computed error and of the
resolution of the 0-level set, in both cases of a single front and of a merging, also varying
the regularity of the representation function vg. The CFL number is set to A = 0.25 < %
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3.5. Numerical tests

for all the simulations. In the first two tests we perform the evolution of a single front,
for a regular initial datum (Case a)

1 — 22 — o2 4
vo(z,y) =0.5—0.5 <max{0, W}) ,

and for a sharper initial condition (Case b)

vo(z,y) = min {|z|, |y|,0.2}.

Our objective is to inspect the behavior of the schemes when varying the “number of
singularities” in the evolution. One is brought directly by the hamiltonian, since it is
only Lipschitz continuous and presents a saddle point in the origin, then, others may
be already present in the initial datum or caused by some merging. In this context,
the first simulation is similar to an accuracy test, in fact, looking at Table we can
acknowledge the better results given by the fourth order scheme in the L' norm, whereas
the more compact AF-HC scheme performs better in L°°, analogously to what happens
in the one-dimensional case (see Example 2b). Moreover, looking at the results of the
basic filtered scheme, we may have a first confirmation of the stabilizing properties of the
¢ function, even in the two space dimensions, without the need to introduce any limiter
correction. This fact is recognizable also in Case b, in the sense that it prevents the
oscillating behavior (of the numerical order of convergence) of the basic filtered scheme
in Table especially in the L® norm, although the latter seems to produce better
results for the first refinements. Nevertheless, the overall behavior is very similar to the
Case a, with the standard WENO schemes losing in terms of both norms w.r.t. the
adaptive filtered schemes.
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Figure 3.9.: (Example 7a.) Left: the initial front. Right: comparison of the O-level sets at
T = 0.6 using the AF-HC and WENO scheme with Az = Ay = 0.05.
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3. Adaptive Filtered Schemes

Table 3.12.: (Example 7a.) Errors and orders in L™ and L! norms.

| F-HC (20Az) | AF-HC | AF-RKC4 | WENO 2/3
N, Ny | L*® Err Ord | L® Exr Ord | L Err Ord | L*® Err Ord
30 12 | 1.90e-01 2.33e-01 2.22¢-01 2.22¢-01

60 24 | 1.05e-01 0.86 | 4.80e-02 2.28 | 4.62e-02 2.27 | 7.05e-02 1.65
120 48 | 6.83e-02 0.62 | 1.78e-02 1.43 | 1.88e-02 1.30 | 2.54e-02 1.47
240 96 | 4.66e-02 0.55 | 8.56e-03 1.06 | 8.77e-03 1.10 | 9.81e-03 1.37

N, N, | L'Err Ord| L'Err Ord| L'Err Ord| L'Err Ord
30 12 | 6.44e-01 7.90e-01 6.14e-01 7.39e-01

60 24 | 2.25e-01 1.52 | 1.92e-01 2.04 | 6.95e-02 3.14 | 2.48e-01 1.58
120 48 | 7.51e-02 1.58 | 5.32e-02 1.85 | 1.73e-02 2.01 | 5.67e-02 2.13
240 96 | 2.83e-02 1.41 | 1.55e-02 1.78 | 6.20e-03 1.48 | 1.01e-02 2.49

Table 3.13.: (Example 7a.) CPU times in seconds.

N, N F-HC | AF-HC | AF-RKC4 | WENO 2/3
30 12 0.015 s 0.034 s 0.027 s 0.042 s
60 24 0.077 s 0.157 s 0.172 s 0.509 s
120 48 0.569 s 1.194 s 1.317 s 7577 s
240 96 4.338 s 9.219 s 10.04 s 109.1 s
3 3
2 2l
1 1 — ~
0 0r ; 5
1 1 ‘\“" .............. ‘/
2+ 2+ Exact
WENO
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

Figure 3.10.: (Example 7b.) Left: the initial front. Right: comparison of the 0-level sets at
T = 0.6 using the AF-HC and WENO scheme with Az = Ay = 0.05.

Finally, we complete our analysis inspecting the case of merging fronts, first with two
collapsing regular representations (Case c), which 0-level set is composed by two circles,
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3.5. Numerical tests

Table 3.14.: (Example 7b.) Errors and orders in L and L' norms.

| F-HC (20Az) | AF-HC | AF-RKC4 | WENO 2/3
N, N;| L*® Err Ord L*® Err Ord | L*® Err Ord | L*® Err Ord
30 12 | 8.11e-02 8.88e-02 1.00e-01 1.25e-01

60 24 | 6.22e-02 0.38 | 6.72e-02 0.40 | 6.29¢-02 0.67 | 7.34e-02 0.76
120 48 | 7.75e-02  —0.32 | 3.92e-02 0.78 | 4.04e-02 0.64 | 4.42¢-02 0.73
240 96 | 5.38e-02  0.53 | 2.30e-02 0.77 | 2.39e-02 0.76 | 2.63e-02 0.75

N, N, | L'Ermr Ord L'Err Ord | L'*Err Ord | L' Err  Ord
30 12 | 2.58e-01 3.63e-01 2.50e-01 4.52e-01

60 24 | 1.82e-01  0.51 | 2.04e-01 0.83 | 1.80e-01 0.47 | 2.15e-01 1.07
120 48 | 9.38¢-02  0.95 | 9.76e-02 1.06 | 9.01e-02 1.00 | 9.60e-02 1.16
240 96 | 5.23e-02 0.84 | 3.86e-02 1.34 | 3.79¢-02 1.25 | 3.98e-02 1.27

Table 3.15.: (Example 7b.) CPU times in seconds.

N, N,| F-HC | AF-HC | AF-RKC4 | WENO 2/3
30 12| 0.013s 0.023 s 0.025 s 0.041 s
60 24| 0.071s 0.167 s 0.172 s 0.501 s
120 48 | 0479 s 1.143 s 1.274 s 7.887 s
240 96 |  3.825s 9.048 s 9.89 s 110.3 s

that is
vo(x,y) = 0.5 — 0.5 max (max(0, o) max(0, £1)*),
1- (mié)Q— <yi§)2

= - 0-5
f:l: 1_7.8 9y TO ?

V2

then, we consider also a couple of sharp representations (Case d), which 0-level sets,
composed by two squares, presents some marked corners,

x —_— —_— —
2 2 2 }’

e 9) e ) o 2)- ()]

where rg = 0.5 is a parameter mainly needed to control magnitude of the square 0-level
front. For Case b the solution is computed for T' = 0.7, in order to have the two fronts
merge. The results obtained are collected in Tables and Figures[3.11] and
[3.13] in which we visualize the merging through both the representations and 0-level
sets. It is clear that we can repeat the same observations of the previous cases, following
almost the same lines, also in presence of a merging. The most interesting results are
given by Table [3.18) and Figure in which the AF-RKC4 proves its reliability in

V2

9

1
vo(z,y) = min {fl — 1o, fo — 10, r%} , with f1 = max{

9
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Figure 3.11.: (Example 7c.) From left to right. Top: initial datum and initial front. Bottom:
plot of the solution using the AF-HC scheme and fronts using the filtered schemes
at T'= 0.6 with Az = Ay = 0.05.

terms of error and resolution of the front, being able to keep the sharpness of the edges
also w.r.t the WENO scheme. Finally, as Figure clearly shows, all the schemes
produce very sharp results, but the AF-RKC4 seems considerably sharper, at least in
the region where the representation connects with the flat part.
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3.5. Numerical tests

Table 3.16.: (Example 7c.) Errors and orders in L> and L' norms.

F-HC (20Az) | AF-HC | AF-RKC4 | WENO 2/3
N, Ng| L*Err Ord| L®Err Ord | L Err Ord | L*® Err Ord
30 12 | 2.31e-01 2.08e-01 1.96e-01 2.16e-01
60 24 | 8.84e-02 1.38 | 6.45¢-02 1.69 | 1.06e-01 0.88 | 9.08¢-02 1.25
120 48 | 5.42e-02 0.71 | 4.93¢-02 0.39 | 6.02¢-02 0.82 | 4.49¢-02 1.02
240 96 | 4.71e-02 0.20 | 1.78¢-02 1.47 | 3.34e-02 0.85 | 2.31e-02 0.96
N, N L' Err Ord L! Err Ord | L' Err  Ord L' Err Ord
30 12 | 1.29¢+00 1.20e+00 9.25¢-01 1.37e+00
60 24 | 4.07e-01 1.67 | 3.41e-01 1.82 | 1.57e-01 2.55 | 4.46e-01 1.62
120 48 | 1.27e-01 1.67 | 8.78¢-02 1.96 | 5.68¢-02 1.47 | 1.08¢-01 2.04
240 96 | 5.24e-02 1.28 | 3.35e-02 1.39 | 3.39¢-02 0.75 | 3.40e-02 1.67
Table 3.17.: (Example 7c.) CPU times in seconds.
N, N, F-HC | AF-HC | AF-RKC4 | WENO 2/3
30 12 0.012 s 0.023 s 0.033 s 0.042 s
60 24 0.075 s 0.172 s 0.21 s 0.499 s
120 48 0.506 s 1.227 s 1.518 s 7.525 s
240 96 3.979 s 9.513 s 11.87 s 124.7 s
3r 3
2r 2r {/__-w__‘\\
1t N ‘E
0r ol , # ‘/”l
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At At \3
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Figure 3.12.: (Example 7d.) Initial front (left) and fronts at T = 0.7 using WENO and AF-
RKC4 scheme (right).
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Figure 3.13.: (Example 7d.) Top: exact solution (left) and plot of the solution at T = 0.7
computed by the AF-HC scheme(right). Bottom: plots of the solution at 7' = 0.7
computed by the AF-RKC4 (left) and WENO (right) schemes.

Table 3.19.: (Example 7d.) CPU times in seconds.
N, N, | F-HC | AF-HC | AF-RKC4 | WENO 2/3
30 14 0.013 s 0.031 s 0.03 s 0.048 s
60 28 0.085 s 0.195 s 0.22 s 0.596 s
120 56 0.623 s 1.469 s 1.626 s 8.488 s
240 112 4.544 s 11.29 s 12.35 s 1298 s

The conclusions of these last two examples are rather promising, testifying the good
properties of the Adaptive Filtered Schemes also in more space dimensions. It is inter-
esting to notice that, although the wideness of the stencil seems to limit excessively the
accuracy in the L° norm in presence of some singularity, the simple AF-RKC4 gave very
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3.6. Conclusions

Table 3.18.: (Example 7d.) Errors and orders in L and L' norms.

| F-HC | AF-HC | AF-RKC4 | WENO 2/3
N, Ny | L™ Err Ord | L Exrr Ord | L*® Err Ord | L* Err Ord
30 14 | 1.64e-01 1.06e-01 1.06e-01 1.26e-01

60 28 | 6.93e-02 1.24 | 8.35e-02 0.35 | 7.31e-02 0.54 | 7.28e-02 0.79
120 56 | 6.73e-02  0.04 | 4.76e-02 0.81 | 4.24e-02 0.79 | 4.18¢-02 0.80
240 112 | 8.57e-02 —0.35 | 2.79¢-02 0.77 | 2.41e-02 0.82 | 2.71e-02 0.63

N, N; | L'Err Ord L'Err Ord| L'Err Ord | L'Err Ord
30 14 | 6.11e-01 8.33e-01 5.20e-01 8.53e-01

60 28 | 3.18e-01 0.94 | 3.98¢-01 1.07 | 3.60e-01 0.53 | 4.31e-01 0.98
120 56 | 1.65e-01  0.95 | 1.89¢-01 1.08 | 1.73e-01 1.05 | 1.78e-01 1.27
240 112 | 1.22e-01  0.43 | 8.48e-02 1.15 | 7.57e-02 1.19 | 7.22e-02 1.30

good responses, especially in terms of sharpness of the representation. It would be really
interesting to see the results obtained through a more compact Lax-Wendroff scheme,
in the aim of , but such a definition seems to be rather difficult to reach, at least
in the form of Lemma Nevertheless, it will surely be object of future investigations.

3.6. Conclusions

We have presented a rather simple way to construct convergent schemes, which are
of high-order in the regions of regularity for the solution. The filter method is able to
stabilize an otherwise unstable (high-order) scheme, still preserving its accuracy. The
novelty here is the adaptive and automatic choice of the parameter €™ which improves the
scheme in [BES16|. The computation of ", although more expensive, is still affordable
in low dimension. The adaptive scheme is able to reduce the oscillations which may
appear choosing a constant € and, as shown by the numerical tests, gives always better
results. Finally, we note that the adaptive filtered scheme, with a wise choice for the
high-order scheme, has results close to the WENO scheme in terms of errors but seems
to have a better accuracy on the kinks.

All the construction directly generalize to treat multidimensional problems, still keep-
ing the good properties of the one-dimensional scheme. The main advantage of the
filtered schemes relies in their simplicity of implementation and in the extreme general-
ity allowed for the choice of the high-order scheme. In the latter context, the adaptive
definition of the parameter " and the stabilization properties of the function ¢, represent
a relevant improvement w.r.t. the basic scheme in [BFS16|. That is because no further
limiting correction is needed, thus preventing the risk of losing accuracy when using
schemes of order of accuracy higher than 2. The general applicability of our procedure
has been testified by the successful implementation of simple and efficient fourth-order
schemes in one and two space dimensions.
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4. Segmentation of images via the Level
Set Method

Our aim is to present a rather simple approach to the problem of the segmentation
of a real image, i.e. we are interested in the detection of the boundaries of objects
represented in a picture. This problem appears in many different fields such as, for
example, biomedicine, astronomy and security.

The chapter is organized as follows: in Section we begin by giving a brief in-
troduction to the problem and to the state-of-the-art literature, while in Section [4.2]
we recall the level set method for front propagation, focusing on its application to the
segmentation problem and presenting the modification to be made w.r.t. the classical
approach. Then, in Section we present the numerical procedure used to solve the
segmentation problem, based on our new multidimensional Adaptive Filtered Scheme
and finally, in Section we show the applicability of the proposed ideas through some
numerical tests on synthetic and real images.

4.1. Introduction

In the last decades many authors faced the problem proposing different approaches,
based mainly on variational formulations or on appropriates PDE models. Regarding
the variational formulations, there is already a huge variety of models based on energy
minimization, that have been applied to segmentation problems, for example, by Kass
et al. in [KWTS8S§|. They use energy-minimizing snakes, also termed active contours,
that are attracted to the image relevant features, whereas internal spline forces impose a
smoothness constraint. Since this method relies on the construction of functionals, which
local minima may have several possible solutions, it usually leads to good results in some
situations but presents various problems in terms of general applicability, being heavily
dependent on the knowledge of the specific situation (e.g. the results generally change
varying the initial guess). Moreover, despite a good initialization, the active contour
model cannot be forced to extrude trough any significant protrusion, thus it cannot be
used to recover very complex shapes (see [MSV93| for a more detailed discussion and
some numerical examples of this behavior).

On the other hand, the PDE approach, which was first presented in [MSV93| and
inspired by the pioneering works of Sethian ([Se85], [Se90]) and Osher ([OSe8§|) on the
level set method for front evolution, seems to overcome most of the limitations imposed
by the variational techniques and can be applied to general cases. However, depending
on the complexity of the proposed model, further assumptions on the “smoothness” of
the picture to be segmented are needed, but that is rather natural (e.g. second order
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4. Segmentation of images via the Level Set Method

equations coming from the Mean Curvature Motion problem, where the curvature is not
well defined if the boundary of the object is not smooth). The solution of the PDE
model is an evolving surface that is able to follow the topological changes caused by
the relevant edges to be detected, still keeping its precise mathematical reasoning (as
viscosity solution to some Hamilton-Jacobi type equation) and that of the segmentation
front (as the 0-level set of the solution). The only real drawback of this idea, as we will
see in the sequel, is that the problem (reconstruction of a 2D closed curve or of a finite
collection of such curves) has to be immersed in a higher dimensional space, leading to
more heavy computations.

In this work we will follow the PDE approach in its most simple form, which leads to
a first order time-dependent Hamilton-Jacobi equation of eikonal type. In this situation,
the front evolves in the normal direction with velocity dependent only on the information
given by the considered image. Here we renew the ideas proposed in [MSV93|, mainly
w.r.t. the technique used to track back the evolving 0-level set, achieving pretty good
results without the need to look for the curvature information, which would instead lead
to a second order Hamilton-Jacobi equation.

To approximate the solution of the proposed model we use the new Adaptive Filtered
Scheme in two space dimensions, that has been presented in Section and first suc-
cessfully applied to 1D problems in Chapter [3| and by the authors in [FPTa]. We will
also give some hints on the construction of the scheme for the image segmentation.

4.2. Level Set Method for Segmentation

Let us begin by recalling that, as shown in Section the problem of following a
front I'; evolving in its normal direction can be restated in terms of the 0-level set of
the solution of the problem

{ Ut —|—C(ZL’,y)|V’U|: 07 (t7$ay) € (OaT> X RQ (4 1)
v(0,z,y) = vo(2,y) (z,y) € R, '
where ¢(z,y) is the velocity of the front in the normal direction 7n(t,z,y) = %

and v is a proper representation of the front T’y (see Definition [1.19)). Since in this case
the velocity ¢ depends only on (x,y), we obtain a first order time-dependent Hamilton-
Jacobi equation of eikonal type, which solution remains a function at any time ¢ > 0
as long as the velocity c is smooth enough. On the other hand, the front I'y can have
complex shapes (due to breaking or merging) and also develop sharp corners. This
feature is due to the definition of viscosity solution, which allows the selection of the
correct solution even when singularities appear.

We recall also that the choice of the level set is arbitrary, and in fact all the level sets
of v are moving according to the same law. This fact represents a major problem in the
application to shape recovery due to the discontinuity of the velocity field ¢, whence a
modification to the classical model is needed.

After defining the model equation, we are now able to describe how the level set
formulation for front propagation can be used for the segmentation of an image. The
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4.2. Level Set Method for Segmentation

basic idea behind this technique is that the boundaries of a specific object inside a given
image, described by the brightness function I(z,y), are characterized by an abrupt
change of the values of I, so that the magnitude of |VI| can be used as an indication of
the edges. In order to make use of this intuition, we have to define the velocity ¢(x,y)
accordingly.

First, we notice that the 0-level set represents the boundary of an evolving shape that
should stop in the proximity of the edges of the desired objects. As a first consequence,
depending on the orientation of the evolution, we have to choose the initial front in
an appropriate manner. More precisely, if we want the front to expand towards the
desired shape, then the initial configuration must lie entirely inside the object, with
more separate fronts in the case of more than one object of interest. Whenever we
want the front to shrink and envelope all the interesting objects, we have to choose
a configuration that contains all of them (for example, we can use the frame of the
picture). Next, in the case of an expanding (shrinking) front we should require the
velocity ¢(x,y) to be basically a positive (negative) constant in regions where the value
of I varies smoothly, and to be close to 0 when the front is close to an edge, where the
evolution should stop. In the sequel, for brevity, we will consider only the case of an
expansion, since the opposite can be obtained by simply taking —c(z,y), or inverting
the sign of the representation funtcion vy.

Following the classical models, we use and compare two different definitions of ¢ with
similar properties, both presented in [MSV93|, and then propose a slight modification
in order to make the computations more stable, with a very little increase in the com-
putational cost. We recall that, in order to reduce the possible noise of the image and
the relative importance of natural changes of I inside the objects of interest (that could
lead to the detection of wrong edges), the input data are usually smoothed through
the convolution with a Gaussian filter. This can be obtained by evolving the function
I according to the heat equation for an appropriate time interval (usually very small).
Notice that, in general, the function I(z,y) is usually disontinuous at the boundary of
the objects in the image, then, at such points, the “smoothing effect” of the Gaussian
filter has a smaller impact w.r.t. that on the noise.

The first velocity we consider is

1
A = NG I PR -
where p is used to give more weight to the changes in the gradient, if necessary. According
to this definition, the velocity has values in [0, 1] and is ,at least locally, a strictly positive
constant when I is smooth, otherwise it is close to O if there is a rapid change in the
values of I. Another possibility, which we will not use since it is very similar to ¢1, could
be
c(z,y) = e V@ @) (4.3)

The second choice we consider, defined in [MSV93], has the form

V(G * I(x,y))|— M
My — M ’

co(x,y)=1— (4.4)

113



4. Segmentation of images via the Level Set Method

where M; and My are the maximum and minimum values of |V(G * I(x,y))|. This
latter velocity has similar properties w.r.t. the previous one, having values in [0, 1] and
being close to 0 if the magnitude of the image gradient is close to its maximal value, and
basically equal to 1 otherwise. If we want the value of the velocity closer to 0 near the
edges also in this case, we can simply take the p-power of ¢, having care of the possible
change in the sign for negative velocities (shrinking case). More precisely, when we want
the front to shrink, in order to keep the negative sign of the velocity, we should use

(4.5)

esny) = (- (1 - TG LAY

My — M,

It is clear that both definitions have the desired properties, but with slightly different
features. More precisely, in the first case the velocity depends more heavily on the
changes in the magnitude of the gradient, thus giving an easier detection of the edges
but also possibly producing false edges inside the object (think of light reflection, as an
example). On the other hand, the latter velocity is smoother inside the objects, being
less dependent on the relative changes in the gradient, but might present some problems
in the detection of all the edges if at least one of those is “more marked”.

4.2.1. Extension of the velocity function

In this section we recall the problem, first addressed in [MSV93|, regarding the exten-
sion of the image-based velocity function ¢(x, y) to all the level sets of the representation
v. As pointed out in the cited paper, the speed function ¢ defined in the previous section
has meaning only on the front I'y, since it was designed precisely to force the 0-level set
to stop in the proximity of an edge. Consequently, it derives its meaning not on the
geometry of v but only on the configuration of the front I';. Therefore, it is necessary to
give a physical meaning also to the speed used to make all the other (infinite) level sets
evolve. That is because, if we apply this discontinuous (around the edges) speed to all
the level sets of v, then as time evolves discontinuous solutions will appear as soon as
some level set reaches the region of the plane characterized by the object boundaries. As
a consequence, the problem would not fit anymore in the classical definition of viscos-
ity solution and most classical numerical methods for Hamilton-Jacobi equations would
need at least a limiting correction in order to select the correct solution, or otherwise
would produce unstable results (only monotone methods would probably be able to treat
such situations without the limiting process).

Here we follow the idea discussed in [MSV93|, proposing a simple way to extend the
velocity function, which depends only on the initial condition vy and let us avoid all
the heavy computations required by the first solution proposed by the authors, still
obtaining stable results. Thus, recalling their approach, the first property that has to
be required on the velocity function is the following

Property 1. Any external (image-based) speed function that is used in the equation
of motion written for the function v should not cause the level sets to collide and cross
each other during the evolutionary process.

114



4.2. Level Set Method for Segmentation

As we previously stated, the appropriate extension depends on the choice of the initial
representation, then to present the basic idea, as a first (and fundamental) example let
us take the distance (to the initial 0-level set) function, that is

UO(xvy) = dlSt{(l‘,y),Fo} (46)
Therefore, with this choice we can define the velocity extension as follows

Property 2. The value of the speed function ¢ at a point P lying on a level set {v = C'}
is exactly the value of ¢ at a point @), such that the point @ is a distance C away from
P and lies on the level set {v = 0}.

In order to apply this construction, in [MSV93| the authors propose a simple but heavy
procedure to track the point @) on the 0-level set associated to each point P of any level
set. These computations clearly lead to the necessity of some modifications, such as
the reinitialization for stability purposes and the narrow band approach to reduce the
computational cost.

In this work we try to avoid such problems in tracking the O-level set, making use of
the knowledge on the evolution and on the initial condition. The idea is straightforward
and it is based on the fact that the evolution is oriented in the normal direction to the
front, whence if the reciprocal disposition of the level sets is also known (that is why
we must choose wisely the initial condition) and we make all the points in the normal
direction to the 0-level set evolve according to the same law, then it is reasonable to
expect that all such points will keep their relative distance unchanged as time flows.

To present our modification, let us still consider the distance to I'g as initial condition,
then by construction all the C-level set are at a distance C from the 0-level set, as stated
by Property 2. Whence, if we consider a generic point (z.,y.) on a C-level set, then it
is reasonable to assume that the closest point on I'y should be

V/U(t7 xC? yC)

= Zes Ye) =V Ty Ye) g 1
(20:90) = (e, ye) = v{t: 7 ) 7 =

Therefore, it seems natural to define the extended velocity ¢(x,y) as

&(z,y,v, vz, vy) :c<x—v’$fu’,y—v’$;|> , (4.7)
which coincides with ¢(x, y) on the O-level set, as it is needed. The exact same approach
can be applied as long as the initial distance between the level sets is known, then, if we
want higher regularity to the evolving surface, which would be preferable in the case of
high-order schemes such as the Adaptive Filtered scheme that we use in the numerical
tests, we can define an appropriate initial condition, for example, by simply rotating
a regular function in one space dimension. More precisely, let us consider a regular
function vy : R™ — R such that vy(rg) = 0, where g is the radius of the initial circle T
(e.g. the right branch of a parabola centered in the origin), and define vy(x,y) rotating

its profile, that is
vo(,y) = o (\/3:2 + y2) - (4.8)
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4. Segmentation of images via the Level Set Method

Then, it is clear that the C-level set of vg are located at a distance
d(C) =1, (C) =19,  with 5,1(C) >0, (4.9)

from the 0O-level set and, according to the previous reasoning, they should keep this
property as time evolves. Consequently, also in this case we can define

é(x,y,v,v5,0y) = C (ac—d(v)%,y—d(v)&) ) (4.10)
More details on the function d(v) will be given in the next section. Notice that in the
last construction we assumed, for simplicity of presentation, the representation function
to be centered in the origin, but it is straightforward to extend the same procedure to
more general situations. Notice also that if we have only one object to be segmented
(or we are considering the shrinking from the frame of the picture) we can always use a
representation function centered in the origin since we can freely choose the domain of
integration, which represents the pixels of the image.

Remark 4.1. We noticed through extensive numerical tests that this simple structure
of the model, governed essentially by the speed function ¢, needs a slight modification
in order to stabilize the asymptotic solution. More precisely, since the velocity does
not exactly vanish on the edges of the objects (but it is only fairly close to 0), in some
cases the front may keep expanding even if the edge has been reached. This happens
especially if some portion of the boundary is not heavily marked, then to stabilize the
results we can simply introduce a cutting level for the values of ¢, considering equal to
0 all the velocities below this prescribed level. In the case of an expansion, for example,
the velocity becomes

é(x,y, v, Vs, vy) if ¢ > cmin

c($7y71)7vxvvy) = { O Otherwise, (411)

with an analogous definition in the shrinking case. Recalling the discussion at the end of
the previous section, it is not surprising that this problem is more evident if the velocity
is defined initially by co, while ¢; usually gives stable results without the need of this
last tuning.

4.2.2. Motivations of the new velocity function

Since the idea behind the modification of the velocity ¢(z,y) into

é(x,y,v,v5,0y) = C <:c — d(v)é—xy‘,y —d(v) |;Z]> ,
with d(v) = 0 if v = 0, is to follow the evolution of the 0-level set and then to define
accordingly the evolution on the other level sets, we can see the new definition, in some
sense, as a characteristic based velocity. Consequently, in order to justify our approach,
as a first step we inspect the characteristics of the equation, assuming the regularity
necessary for the computations.
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4.2. Level Set Method for Segmentation

Therefore, we have to assume v € C?(2) (or at least C? in space and C! in time)
and c(z,y) € C(Q), although the original problem does not satisfy (in general) these
requirements, and clearly that the characteristics do not cross each other during the
evolution. We will try to loosen these assumptions in a second moment.

Remark 4.2. To avoid to introduce new variables we will use the familiar notation

H(z,v,p) = &, v,p)lpl, (4.12)

for the arguments of the hamiltonian, since it should not cause confusion in the compu-
tations. We will also drop the line over  and p, which highlights the vector nature of
the arguments, if not strictly necessary.

Let us begin, by the method of characteristics, writing the usual system (see (1.6]))

&(s) = VpH
1')(5) =V,H -p—H (4.13)
p(S) =—-V.H - Hyp,

which, since in our case

2
O0H ‘VU‘_&Z\
= d)E | ——
vy (v) IVu|?

Vg

_ s i
|Vo|—d(v)éyv, <_||Vv||) |VUH—C|VU|

v2 V0
= —d(v)ép—L5 +d(v)é—% 4 ¢

(%

Vol

and analogously for gTZ, we have that

B
d(v)vg ~
Vo2 (vyCz — VaCy)

d(v)vy = &
VgpCy — VyCq) +
va:< U o M)+ Zﬁ’) = VpH-p=cwvp)pl, - (414)

it simply reads

i(s) = V,H
0(s) = &(x,v,p)|p|—é(z, v, p)|p|=0 (4.15)
p(s) = =Val(z,v,p)|pl+d (v)Veé(z, v, p)|p|*= Vié(z, v, p)|p|(d (v)|p]—1)

then, from the third equation, if we now define d(v) such that
d'(v) = Ip| ™, (4.16)

we have the final system

i(s) = V,H
b(s) =0 (4.17)
p(s) =0

which states that, as long as the function ¢ remains smooth enough (¢, ~ 0 and ¢, ~ 0),
the characteristics are basically directed in the normal direction and that along them
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4. Segmentation of images via the Level Set Method

both the height and the gradient are preserved. These last two properties remain valid
even when ¢ is no longer smooth. Moreover, a deeper inspection into the third relation
of and reveals that, since p(s) = pp = Vup along the characteristics, we
can choose more simply

d' (v) = |[Vug| ™1, (4.18)

which is indeed the case, trivially, for the function d(v) = v and also for d(v) given by
(4.9) defined in the previous section. In fact, using the inverse function theorem we have

d

= 2 @' W) = =

" e

)

with z such that vy(z) = v. Moreover, recalling the definition (4.8) we can compute,

|Vuo(z,y)| = ’VUO (\/JZQ + yQ)’
(V) e (VIR v

= ———" 7 /22442 =7 (x/xz +y2) ,

then it is enough to consider (x,y) such that z = /a2 + y2.

Remark 4.3. From a numerical point of view the equations — give two
different means to compute the velocity at each time step. If we prefer to compute the
function d(v) analytically, through the knowledge of the initial datum vy, we have to use
, while if we prefer to compute d(v) independently on vy we can use, for example,
a nunerical integration for

d(v) = / |v1v|da:, (4.19)

where the integral is taken on the projected characteristic z(s). The latter choice would
probably produce an even more stable scheme, assuming to be able to compute a rea-

sonably good approximation of (4.19).

Thanks to the previous computations, we reached a good understanding of the nature
of the evolution given by —, but we still have not justified the main motivation
that led us to define , that is to make all the level sets of v evolve according to
the same law. More precisely, we have to show that, if we consider the evolution of
two points on the same characteristic but on two different levels sets, say the O-level set
zo(s) and a generic level set z,(s), then their relative distance (along the characteristic)
does not change during the evolution. This fact would imply that, if we choose the level
sets of vg to be such that

VU()

10(0) = x,(0) — d(UO)W>

(4.20)
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4.3. Numerical implementation

than the points z(s) = z,(s) — d(v)% are always on the O-level set of v. In order to

prove this last statement, let us proceed by a simple differentiation

(s) =(s) — o <d(”)lg>

i)~ [#0i0 2+ (s L o)

=2,(S d(v) M
=4S+ e <|p )p
i (s), (4.21)

where we have used the second and third relation of in the last two equalities of
the chain. This last computation states that all the level sets evolve according to the
same law along characteristics. As a consequence, if we assume , then z(s) = xo(s)
till the characteristics do not cross, as we wanted.

One of the main consequences of this property, which will be very useful in the nu-

Vvl
long as the gradient is preserved. Then, assuming to have a coherent way to recover the
point on the associated characteristic, we can approximate the problem by previously

merical implementation, is that the points (2 — d(v) 2 ) are on the 0-level set of v as

computing the points x = (:U —d(v) |§5‘) and then updating the solution considering

the simplified problem with (locally in time) isotropic velocity
v + c(z)|Vo|= 0, (t,z,y) € (t", ") x R%, (4.22)

This can be done in a very simple and direct manner, with only a slight increase in the
computational cost, as we will see in the next section. Otherwise, we should consider
the full problem (4.1)-(4.10) and treat numerically all the dependence of H(z,v, Vo).

4.3. Numerical implementation

In this section we discuss the problems that can arise when appoximating the solution
of — and how we can partially avoide them by assuming the simplificed problem
(4.22). The main problems come from the fact that we do not have an analytical
expression for the velocity ¢(z,y), so we can not compute a priori the derivatives of ¢
with respect to the variables x, y and v.

Before illustrating the numerical tests, let us first give some comments on the nu-
merical schemes composing the Adaptive Filtered Scheme adopted for the tests in Sect.
The main issue concerning the local Laz-Friedrichs and the Laz- Wendroff schemes
defined by (3.49) and (3.57), respectively, is the need to compute the one-directional
velocities Hy, and H, which depend also on ¢, and ¢, as visible in . Moreover, in
order to implement the local Lax-Friedrichs scheme we should be able to compute the
maximum of |Hp| (resp. |Hg|) uniformly w.r.t. v, (resp. v;), which is a very intricate
matter due to the (possible) low regularity of ¢. In fact, if we focus on the usual be-
havior of ¢(z,y) in the proximity of a relevant edge, we can expect the derivatives ¢,
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4. Segmentation of images via the Level Set Method

and ¢, to be really big. This is not surprising since the front decelerates rapidly in the
neighborhood of an edge. Therefore, we could not use the simple relation

max max| Hp (-, ve, vy)|= max| Hp(:, vz, 0)], (4.23)
where the maximums are taken over all the possible values of v, and v, which is instead
valid in the classical model with isotropic velocity. Analogous comment holds for H,.

More importantly, from the numerical point of view this simplification brings another
fundamental consequence. In fact, when we apply the numerical schemes to solve ,
we are considering, formally, a problem with bounded velocities max{|H,|,|H,|} < 1.
This implies that we can choose the following CFL condition:

)\::maX{At At} 1

Az Ay < 5max{utfprl, |Hy| ™'}, (4.24)
using the relation . This condition is less restrictive with respect to the original
one, for which it is necessary to compute max{|H,|, |Hy|} with the full formula (4.14).
Consequently, as already noted, A could be excessively small due to the low regularity of
é(z,y). In the latter case we would clearly need an adaptive mesh refinement technique
to reduce the computational cost.

Lastly, when using the full model ({.1))-([.10]), we should take into account also the
remaining dependence of H(z,y,v,-,-) when deriving the second-order Lax-Wendroff
scheme and, clearly, the formula to compute the threshold ™.

In order to avoid most of these complications in the numerical implementation, we
choose to approximate the solution of the simplified problem , adjusting the ve-
locity ¢ according to at each time step. In the following we will use the same
notations introduced in Sect. except for the number of time steps Np, which will
be replaced by the total number of iterations IN; used by the scheme, since now we are
looking for an asymptotic solution (in some stationary sense). The maximum number
of iterations, which is fixed at the beginning of the procedure, will be denoted by Npax-

Let use give some details on the precise numerical implementation, commenting the
main procedures involved in the (sketched) Pseudo-code

Fixed the parameters of the simulation, which are the power p in or in ([4.5)),
the number of iterations N of the heat equation for the Gaussian filter, the tolerance
tol > 0 of the stopping rule, the amplitude of the pixels (Az, Ay) and, subsequently,
the time step At according to the CFL condition .

Then, at each iteration n = 0,..., N;, which has to be interpreted in the sense “until
convergence” (notice that N; is not known a priori, but depends on the stopping rule
described in Step 3), we repeat the following steps.

Step 1. We precompute the matrix ¢(x;, ys, ui j, Vu; ;) at the beginning of every iteration
using central finite difference approximations for the first order derivatives u, and wu,
(notice that the quantities depend only on (4, 7) also through w). Clearly, this method
is valid only as long as the representation u remains smooth at all the level sets, and
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4.3. Numerical implementation

Pseudo-code 1 Segmentation via the LSM

Input: p, N, tol, Nyax, I, ug;
E°=1n=0;
regularize the matrix I (apply the Gaussian filter);
compute the velocity matrix ¢ using or ;
store the position of the front in the matrix F?;
while (E" > tol) and (n < Npax) do
Step 1: compute the modified velocity matrix é" using (.10));
Step 2: update the solution u” — u"t!;
n=n+1;
Step 3: store the front F™;
compute the error E™;
Nl‘ =MNn;
Output: N;, u'Vi.

should be justified in the case of singular edges (although we will not pursue this precise
matter). Moreover, in general the point

D, u
V(Dsw)? + (Dyu)?

is not a point of the grid (z;, y;). To reconstruct the correct value (or at least a reasonable
approximation) we propose two different implementations. The first one is a simple
bilinear reconstruction from the neighboring values

D,u
(Dyw)® + (Dyu)®

(mju Y yiu) = x] - d(u%])

»Yi — d(ui ) \/

N =L@ Vi) » (@105 970) > @170 Y00a)) » (@ Vi) b s

where we used the notation,

FARSE {Az —‘ and  |iy] =1 { Ay J ,

with the other cases following an analogous definition. The second possibility, which we
use in the numerical examples since it seems to give nicer results in terms of the shape
of the approximate representation u, consists only in taking as (z;,,yi,) the point such
that

w; 4o [i=  min  |u; .
| 7'u7]u‘ (Ij,yi)e./\/’u’ ZJ‘

Notice that this construction is well defined only if |Vu; j|# 0. Therefore, we define the
updated velocity matrix as

-n { Ciu,ju if ’VULJ‘% 0, (4.25)

Cli = .
b Ci,j otheriwse,

and we use ¢" as an isotropic velocity in the next step.
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4. Segmentation of images via the Level Set Method

Step 2. We approximate the problem
v + & (z,y)|Vo|= 0, (t,z,y) € (t", t") x R?, (4.26)

using the Adaptive Filtered Scheme (3.44), with the local Lax-Friedrichs scheme (3.49)
as SM and the Lax-Wendroff scheme (3.57) as S4.

Step 3. The last step of the iteration is to “test” the approximated solution according
to the prescribed stopping criterion. In our implementation we use one of the following
stopping rules.

The idea is simply to stop the iterations as soon as the O-level, or more precisely a
neighborhood of the front I'y of radius 6 = max{Az, Ay}, ceases to move. In order
to apply this procedure, at each time step we store in a matrix F™ the values of the
points (z;, y;) such that u?] changes sign (we use the closest points on the grid, that are
(i+£1,j+1)and (i£1,7F1)), and set F"; = 0 otherwise. In this way we automatically
store also the position of the front, or more precisely its disposition with an error of
order 6 = max{Az, Ay}. Consequently, the iterations stop whenever

Boo 1= |00 = | 1oe o) = maxl iy = FIjH < 7(Az, Ay),

where 7 > 0 is the prescribed tolerance, which depends also on the discretization
parametrs, and § > 0 the radius of the neighborhood 65 around the front T';. An-
other possible choice for the stopping rule, which seems also preferable numerically, is
to compute the error between two consecutive iterations in the L'-norm and then stop
the iterations as soon as

By = " — | 1g,)= Azdy Y | Fy — FH< m(Ax, Ay),
i?j

4.4. Numerical tests

In this section we present a series of numerical experiments on both synthetic and real
images, comparing the results obtained with the Adaptive Filtered scheme and with the
basic monotone scheme. The first aim is to show the possible improvements of the
modified model w.r.t. the classical formulation. After extensive numerical simulations
in fact, we noticed that the classical model is not well defined when using high-order
schemes, since they can produce heavy oscillations as soon as a discontinuity in the
representation appears. This effect causes the stopping rule to be practically ineffective
(in both norms) in most cases tested when using the Adaptive Filtered Scheme, while
the simple monotone scheme seems to give always stable results. Notice that, when the
singularity develops, the “neighborhood” of the front becomes more and more vertical
as time flows, creating additional difficulties in tracking the 0-level set.

In the case of the classical model, consequently, we present only the results obtained
with the choices of the parameters for which we were able to achieve convergence and,
for comparison reasons, most of the tests with the modified model will be presented
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using the same parameters. We would like to remark that, using the new model, we
were able to obtain convergence for the Adaptive Filtered Schemes in almost all cases
tested. Therefore, the most complex (and interesting) cases with real images will be
approximated using exclusively the modified model.

The following tests will be focused also on the comparison of the results varying the
initial datum, when using the modified velocity, or varying the norm of the stopping
rule, when using the classical model, and finally, in the case of synthetic images, also
varying the size Ax = Ay (and number) of the pixels.

Remark 4.4. Since for real images the number of pixels is fixed and we would be
forced to change also the “artificial” range of (x,y), there is not much sense in doing
computations varying the size Az of the pixels. It is clear that, in such a case, we would
need also to tune again the parameters p, N and tol (also in the L® norm) according to
the new setting. Notice that the values of Az and Ay control the sensitivity of |VI(x,y)|
as smoothness indicator of the data.

Next, we specify the initial condition used in each case. When the velocity is defined
by the classical model, in the expansion case (Case a) we use the paraboloid

1
uo(z,y) = min {332 + 42 — 12, 2r2} , (4.27)

where r > 0 is the radius of the initial circle and %rQ a value chosen in order to cut
the surface from above (therefore we have a flat surface at the numerical boundary),
while in the shrinking case (Case b) we use the truncated pyramid (tent) with a square
(rectangular) base, that is

up(z,y) = min{2(x — by), 2(az — x),2(y — by),2(ay — y), —0.2}, (4.28)

where [az, by] X [ay,b,] is the the frame of the image, —0.2 is the value at which we
truncate the pyramid (tent) and 2 is the steepness of the faces of the surface (higher the
value the more steep the faces). With this choice we use a slightly more regular front
w.r.t. the discontinuous representation that simply changes value crossing the frame of
the image, still being able to keep the whole surface outside the region occupied by the
objects to segment.

On the other hand, when using the modified velocity, in the expansion case (Case a)
we use again the paraboloid (Datum 1) or the following distance function (Datum
2)

uo(z,y) = dist{(x,y),To}, (4.29)

with I'g the usual circle centered in (0,0) with radius » = 0.5, while in the shrinking
case (Case b) we use only the distance function ([£.29)), with I'y representing the frame
of the image.

In the reported tables we will compare the results in terms of number of iterations N;
and relative error, defined as

|Pez_Pa|

P-Err. = D ,
exr

(4.30)
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where P, and P, are the number of pixels inside, respectively, the exact and approxi-
mated boundaries. Notice that we can compute the “exact” boundary only if the back-
ground is really smooth (in the numerical tests it is always uniform), because we usually
use a comparison with a “threshold” for the values of I(z,y) in order to select the regions
occupied by the object (exact boundary). Whereas, for the approximated boundary we
will clearly consider the region such that u; ; < 0. Moreover, we measure the error also
with a closely related quantity, that is

P-Erry = |Pey — Py|AzAy, (4.31)

in order to show some dependence on the discretization parameters. This latter error will
be of some interest only in the synthetic case, for which we have the freedom to choose
the number of pixels (therefore their size, fixing the ranges for the x and y values).

If the schemes do not arrive to convergence in the fixed maximum number of iterations,
we will put a “—" inside the tables, in place of N;. For all our tests, we will fix Nyax =
2000. Moreover, in the case the front does not stop correctly on the boundary of the
object, thus giving an unstable and unusable result, we will put an “X” in correspondence
of the errors column. For each test we specify the main parameters involved (p, N, tol
and Ax = Ay), the norm used in the stopping rule and the chosen velocity function.
More precisely, we use the notation c¢ for the velocity function in the classical model
and ¢ for the modified velocity. For all numerical tests presented in this thesis, we
used the velocity function c; , with ¢min Or Cmax = 0 in , and CFL number
A = max{A;, \y} = 1.

4.4.1. Synthetic images

Let us begin by presenting some simple synthetic examples, in which we compare the
performance of the filtered and monotone scheme for both the velocities. The main aim
here is to show the convergence of the scheme varying the size Ax of the pixels. This
is indeed the case for all the test cases, as can be seen in the following tables, with the
relative error decreasing with Ax. For the synthetic tests below we decided to perform
the simulations only in the case of an expansion, since these situations are even more
easily handled by a shrinking front and the results do not vary evidently changing the
schemes or the velocity.

Comparing the results obtained by the two schemes, we can see that, if we use the
classical model, both schemes give the exact same results, while using the modified
velocity more differences can be noted, with the filtered scheme performing usually
better in terms of number of iterations N; or, more often, in terms of computed error.
More evidently, if we compare the results varying the model, we can see that the modified
velocity ¢ gives usually more stable results. In fact, the model that uses ¢ converges to
the solution sooner and in a more accurate way with the same tolerance chosen in all
simulations. The only exception is the synthetic vase (Test 3), where we probably should
use a more restrictive tolerance when using ¢.
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Test 1. Ellipse

The first two tests that we propose are constructed by simple discontinuous functions 1
(that define the information given by the image) that are equal to 1 inside the geometrical
figure considered, and 0 otherwise. In the first test the figure is an ellipse centered in
the origin, that is

22 42 )

= + =i 1, (z,y) € [-2,2]°, (4.32)
with a = % and b = %. For this very regular example, in Tables and we
can recognize the behavior described in the introduction of the section. When using the
classical model we have the same results using the filtered and the monotone schemes,
whereas some differences are visible when using the modified velocity. In the latter case,
the AF-LW scheme, shown in Figure [4.1] performs usually better than the monotone
scheme and we obtain better results w.r.t. the classical model in terms of number of
iterations and errors. The only exception is the case Az = 0.04 with Datum 1 (see Table
, where the monotone schemes performs particularly well and much better than all
the other cases tested.

) AF-LW scheme (A x=0.04) ) AF-LW scheme (A x=0.02)
Exact

AF-LW scheme (A x=0.01)

Exact
AF-LW
15 15 AF-LW

Exact
AFLW

1 1
05 05
0 0 0
05 05

1 -1 -1

15 15 15

-2 -2 -2
2 5 1 05 0 05 1 15 2 2 15 1 05 0 05 1 15 2 2 45 4 05 0 05 1 15 2

Figure 4.1.: (Test 1a) Datum 1. Plots of the final front using the AF-LW scheme with velocity
¢ varying Az.

Table 4.1.: (Test 1a) Errors and number of iterations varying Ax.
c | Norm || ||eo | Monotone AF-LW
Az tol p N | N, P-Err.q P-Erri| N; P-Err.g P-Err
0.04 | 0.0001 2 0 | 83 0.0744 0.2624 | 74 0.0744 0.2624
0.02 | 0.0006 2 0 | 156 0.0376 0.1328 | 146  0.0376 0.1328
0.01 | 0.001 2 0 |316 0.0189 0.0668 | 300  0.0189 0.0668

Table 4.2.: (Test 1a) Errors and number of iterations varying Az (L® norm).
c | Datum 1 | Monotone AF-LW

Ax tol p N| N, P-Errpg P-Erri | N; P-Errn.g P-Err
0.04 | 0.00005 2 0 | 51 0.0545 0.1920 | 52 0.0654 0.2304
0.02 | 0.0001 2 0 | 103 0.0321 0.1136 | 102  0.0292 0.1032
0.01 | 0.0005 2 0 | 202 0.0160 0.0564 | 200 0.0155 0.0548
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Table 4.3.: (Test 1a) Errors and number of iterations varying Az (L* norm).
c | Datum 2 | Monotone AF-LW

Ax tol p N| N, P-Err.q P-Erri| N; P-Err.gq P-Err

0.04 | 0.00005 2 0 | 51 0.0599 0.2112 | 50 0.0581 0.2048

0

0

0.02 | 0.0001 2 102 0.0297 0.1052 | 106  0.0285 0.1008
0.01 | 0.0005 2 202 0.0145 0.0512 | 200  0.0155 0.0548

Test 2. Rhombus

The second test presents similar behaviors to the previous one. The picture visible in
Figure [4.2]is given by the equation

3
? + ’y|: Zv (ac,y) € [_2?2]27 (433)

that produces a final front which presents some heavily marked corners, where the
normal direction is not well defined. This causes some serious problems when using the
classical model (see Tables and [4.5)), at least if the filtered scheme is involved. In
fact, the AF-LW scheme is clearly unstable, as it can be seen in Table [d.4] not being able
to stop correctly at the boundary of the object for any refinement.This is because, as
the representation approaches the region of the domain characterized by the boundary
of the object, discontinuities start to develop and the surface becomes more and more
vertical. Consequently, small oscillations begin to appear and cause the front to keep
expanding, since they prevent the fulfillment of the condition on consecutive iterations,
even though the solution seems to remain overall stable. In fact, when using the L' the
scheme seems to converge for some appropriate choice of the tolerance and gives also
pretty nice results.

On the other hand, if we use the modified velocity ¢, both the schemes always converge
and give again better results in terms of both errors and number of iterations w.r.t.
the correspondent results using the classical velocity. We notice also that the filtered

scheme performs usually better, at least when using the paraboloid (Datum 1) as initial
condition (see Table [4.6).

Table 4.4.: (Test 2a) Errors and number of iterations varying Az.

c | Norm || || | Monotone AF-LW
Az tol p N| N, P-Errpq P-Erri| N; P-Err,g P-Err
0.04 | 0.005 2 1 | 67 0.1208 0.2720 | 479 X X
0.02 | 0.001 2 1 | 203 0.0600 0.1368 | 1390 X X
0.01 | 0.0005 2 1 | 436 0.0396 0.0896 | 1378 X X

Table 4.5.: (Test 2a) Errors and number of iterations varying Awx.
c Norm || |1 | Monotone AF-LW

Ax tol p N | N, P-Errpg P-Erri| N; P-Err.g P-Err
0.04 | 0.0016 2 1 | 40 0.1692 0.3808 | 40 0.1663 0.3744
0.02 | 0.0004 2 1 | 93 0.0859 0.1960 | 130  0.0782 0.1784
0.01 | 0.0001 2 1 | 182  0.0481 0.1090 | 180  0.0480 0.1088
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4.4. Numerical tests

Monotone (A x=0.04) Monotone (A x=0.02) Monotone (A x=0.01)

AF-LW scheme (A x=0.02)

AF-LW scheme (A x=0.04) 2 AF-LW scheme (A x=0.01)

Exact
—— AF-LW

Exact

Exact
AF-LW AF-LW

2 1.5 -1 0.5 0 0.5 1 15 2 -2 -1.5 -1 -05 0 0.5 1 15 2 ‘2 15 1 05 0 05 1 15 2

Figure 4.2.: (Test 2a) Datum 2. Plots of the final front using the Monotone scheme (top) and
the AF-LW scheme (bottom) with velocity ¢ varying Ax.

Table 4.6.: (Test 2a) Errors and number of iterations varying Az (L°° norm).
c | Datum 1 | Monotone AF-LW

Az tol p N| N, P-Err.gq P-Erri| N; P-Err.gq P-Err
0.04 | 0.0005 2 1 | 60 0.1137 0.2560 | 80 0.1059 0.2384
0.02 | 0.0001 2 1 | 143 0.0607 0.1384 | 130  0.0635 0.1448
0.01 | 0.00005 2 1 |207 0.0389 0.0881 | 242  0.0380 0.0861

Table 4.7.: (Test 2a) Errors and number of iterations varying Az (L® norm).
c | Datum 2 | Monotone AF-LW

Az tol p N | N, P-Err.g P-Erri | N; P-Errng P-Err
0.04 | 0.0005 2 1 | 56 0.1137 0.2560 | 84 0.1052 0.2368
0.02 | 0.0001 2 1 | 140 0.0614 0.1400 | 200  0.0558 0.1272
0.01 | 0.00005 2 1 | 226 0.0392 0.0889 | 283  0.0306 0.0830

Test 3. Synthetic vase

Finally, we conclude our synthetic simulations by considering a more intricate example,
that is the synthetic vase. To define the brightness function I associated to the figure,
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4. Segmentation of images via the Level Set Method

we first compute the function

P(y)? — 2?2 if P(y)? > 22 and |y|< 2,
otherwise,

fen={ 3 (439

where g = y/4, (z,y) € [-1.5,1 — 5] x [-3, 3] and

P(7) = 4(—10.85° + 7.25° + 6.65* — 3.85° — 1.3757% 4 0.57 + 0.25).

—1
Then, we simply take I(z,y) = ( 1+ ]Vf(a:,y)F) , which comes from the shape

from shading problem when considering a Lambertian model with a vertical light source.
See [ET16], [DFSO8| for more details on Shape-from-Shading.

For this particular test the comparison between the models is rather more interesting.
In fact, as we can observe in Tables [4.8] and [.10] the classical model gives always
better result than the modified velocity, although it usually requires more iterations
to achieve convergence. It is worth to notice also that using the modified velocity the
difference between the monotone and the filtered scheme is more marked, with the
latter performing better for all refinements. The overall results are satisfying using both
models.

In Figure [£.4) we show the good properties of the new model, by some contour plots of
the initial conditions and the final representations obtained using the monotone scheme.
In fact, it is clear that the representations preserve the steepness of the gradient and
that the level sets do not collide during the evolutionary process, as desired.

Table 4.8.: (Test 3a) Errors and number of iterations varying Ax.
c Norm || ||eo | Monotone AF-LW
Az tol p N| N; P-Errpq P-Erri| N; P-Errng P-Err
0.04 | 0.0056 3 2 | 149 0.1305 0.8160 | 159 0.1310 0.8192
0.02 | 0.001 3 2 | 505 0.0657 0.4088 | 653 0.0502 0.3128
0.01 | 0.0005 3 2 | 1240 0.0433  0.2692 | 1507  0.0399  0.2482

Table 4.9.: (Test 3a) Errors and number of iterations varying Az (L norm).

c | Datum 1 | Monotone AF-LW

Az tol p N| N, P-Errpq P-Erry| N; P-Err.gq P-Err

0.04 | 0.001 3 2| 132 0.1561 0.9760 | 163 0.1244 0.7776
3 2
3 2

0.02 | 0.0002 375 0.0923 0.5748 | 507 0.0669 0.4164
0.01 | 0.00004 1162 0.0487 0.3024 | 1276  0.0439 0.2726

4.4.2. Real images

Here, we present some real cases, repeating the comparison between the two models. A
quantitative comparison is done for Test 4 (real vase), Test 5 (grains) and Test 6 (chess
horse), for which we are also able to compute the errors, and for Test 7 (brain) and
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4.4. Numerical tests

Monotone (A x=0.01)

Exact
Monotone

AF-LW scheme (A x=0.01)

Exact
AF-LW

Figure 4.3.: (Test 3a) Datum 1. Plots of the final front varying Az with error computed in
L* norm, using the monotone scheme (top) and the AF-LW scheme (bottom) and

velocity ¢.

Test 11 (hip bone fracture), for which we use an artificial mask to compute analogous
quantities. In such cases, looking at the relative tables, we can observe again that the
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4. Segmentation of images via the Level Set Method

Initial datum 1

- s Monotone scheme (Datum 1) 3 Initial datum 2 5 ‘Monotone scheme (Datum 2)

°l °l ’ . °l

-1 0 1 -1 0 1 -1 0 1 -1 0 1

Figure 4.4.: (Test 3a) Contour plots of the initial datum and of the final representations, using
the monotone scheme and velocity ¢, for both choices of the initial datum.

Table 4.10.: (Test 3a) Errors and number of iterations varying Az (L°° norm).
c | Datum 2 | Monotone AF-LW

Az tol p N| N; P-Errpq P-Erry| N; P-Err.q P-Err
0.04 | 0.001 3 2 | 143 0.1433 0.8960 | 161 0.1254 0.7840
0.02 | 0.0002 3 2 | 505 0.0893 0.5560 | 496 0.0677 0.4216
0.01 | 0.00004 3 2 | 1176  0.0477 0.2962 | 1237  0.0454 0.2824

modified velocity gives always better results (especially in terms of stability, since both
schemes converge sooner) and that the adaptive filtered scheme has lower errors than
the monotone scheme in most situations.

Finally, we conclude this section with some examples using biomedical images. These
last tests will be performed only using the modified model, since we were not able to
achieve convergence with the classical model, also considering a wide range of possible
choices for the parameters N, p and tol.

Test 4. Real vase

The first real image tested is rather common in the literature on the topic, that is the
real vase. Here we perform the simulation for both cases of an expanding (Case a) and
a shrinking front (Case b), referring to the introduction at the beginning of the section
for the choices of the initial conditions w.r.t. the model.

It it evident from the tables below that the schemes achieve good (but different) results
in all simulations, for both velocities. In the case of the expanding front, for example,
the classical model gives better results in terms of error, but it usually needs many more
iterations to achieve convergence w.r.t. the modified velocity, which produces more
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4.4. Numerical tests

stable solutions, especially with the adaptive filtered scheme (see Tables and
Figure . Moreover, in Table we can see that the AF-LW scheme has lower errors
w.r.t. the monotone scheme, with the exception of the first choice for the tolerance using
Datum 2, when it probably converges too soon. On the other hand, in Case b (Tables
and Figure , the new velocity improves the results in both errors and NV;, in
particular those of the monotone scheme, which performs even better than the AF-LW

scheme.

Moreover, as displayed in Figure [.§] the properties of the modification are preserved
even with non-analytical data, although some little oscillations (noise) are visible.

Initial front

Initial front

Table 4.11.: (Test 4a) Errors and number of iterations varying the stopping rule.

Figure 4.5.: (Test 4) Initial fronts for the two cases tested.

c Az = 0.02 Monotone AF-LW
Norm tol p N | N, P-Errpq P-Erri| N; P-Err.g P-Err
[l 10.0005 3 3 [672 0.0332 02536 | 1359 0.0122  0.0956
[l |0.0001 3 3|53 0.0361 02756 | 835  0.0285  0.2180

Table 4.12.: (Test 4a) Errors and number of iterations using L° norm.

c Az =0.02 Monotone AF-LW

Datum tol p N | N, P-Err.g P-Erri| N; P-Errngq P-Err
1 0.0005 3 3 | 334 0.0451 0.3444 | 324  0.0454 0.3472
1 0.0001 3 3 | 454 0.0384 0.2932 | 482  0.0372 0.2844
2 0.0005 3 3 | 338 0.0445 0.3400 | 328  0.0449 0.3432
2 0.0001 3 3 | 463 0.0381 0.2916 | 479  0.0371 0.2836
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4. Segmentation of images via the Level Set Method

Monotone scheme AF-LW scheme

Figure 4.6.: (Test 4a) Plots of the final front using the monotone scheme (left) and the AF-
LW scheme (right) and velocity ¢, with L>° norm and tol = 0.0001, Datum 1,
Az =0.02, p=3 and N = 3.

Table 4.13.: (Test 4b) Errors and number of iterations varying the stopping rule.
c Az = 0.02 Monotone AF-LW

Norm tol p N | N, P-Err.g P-Erri| N; P-Errngq P-Err

I 1le | 0005 3 0 [176 0.0311 0.2376 | 174 0.0267  0.2040

[| [lL | 0.00001 3 0 |18 0.0308  0.2352 | 176 ~ 0.0267  0.2040

Table 4.14.: (Test 4b) Errors and number of iterations using L°° norm.
c Az =0.02 Monotone AF-LW

tol p N| N, P-Err.g P-Erri | N; P-Err.g P-Errq
0.0001 3 0 | 165 0.0218  0.1664 | 161  0.0235  0.1796

Monotone scheme AF-LW scheme

Figure 4.7.: (Test 4b) Plots of the final front using the monotone scheme (left) and the AF-LW
scheme (right) with velocity ¢, L> norm, tol = 0.0001, Az = 0.02, p=3, N =0.
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Initial datum 2 (Case a)
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Figure 4.8.: (Test 4) Contour plots of the initial datum (left) and the final representations
(right), using the monotone scheme and velocity é. Top: Case a, bottom: Case b.

Test 5. Grains

The following test is focused on the problem of approximating the boundaries of
various separate objects in a picture. Clearly, using our (basic) approach, we can face
the problem only in the case of a shrinking from the frame of the picture, since we need
an initial condition such that the front envelopes all the objects. Looking at Tables[4.15}
and Figure we can see that both schemes perform well in all the simulations.
Notice that in the case of the classical model we avoided to regularize the data, since
otherwise is very difficult to have the scheme that achieves convergence, whereas using
the velocity ¢ we are forced to filter the image, at least a little, in order to nullify some
spurious oscillations otherwise visible. We believe that this phenomenon is connected to
the definition of Vu in the precomputation of the velocity ¢, which should be adapted
to treat more coherently also singular (or separating) fronts. It is good to point out
that, when using the velocity ¢, the AF-LW scheme stops correctly on the boundary of
the objects only choosing at least p > 5, even when not applying the gaussian filter. In
fact, in all the other cases tested, it normally crosses the boundary of some less marked
grain and keeps shrinking.
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4. Segmentation of images via the Level Set Method

Monotone scheme AF-LW scheme

Figure 4.9.: (Test 5b) Plots of the final front using the monotone scheme (left) and the AF-LW
scheme (right) and velocity ¢, with L' norm and tol = 0.0001, Az = 0.02, p = 2
and N = 2.

Table 4.15.: (Test 5b) Errors and number of iterations varying the stopping rule.
c Az = 0.02 Monotone AF-LW

Norm tol p N| N, P-Err.g P-Erri| N; P-Erry.gq P-Err

[ Tls | 0002 5 0 [329 0.0807 0.2628 | 319 0.0507  0.1652

I[[l: 10.0001 5 0 |315 0.0861 0.2804 | 308 0.0511  0.1664

Table 4.16.: (Test 5b) Errors and number of iterations varying the stopping rule.
c Az = 0.02 Monotone AF-LW
Norm tol p N | N, P-Err.g P-Erri| N; P-Errpgq P-Errg
2
2

| lloo | 0.001 2 319 0.0141 0.0460 | 354 0.0372 0.1212

[| ]+ | 0.0001 2 312 0.0097 0.0316 | 299 0.0074 0.0240
Initial condition . AF-LW scheme y
25 2_5{ = &= g Q &= 008

’ 108 2 & 0.06
15 i5 _ L % &
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Figure 4.10.: (Test 5) Contour plots of the initial datum (left) and the final representations
(right), using the AF-LW scheme and velocity é.
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4.4. Numerical tests

Test 6. Chess horse

The following test is devised in order to show the capability of the schemes (and
of the modified model) of handling more complex shapes. We choose a picture of the
horse piece in the game of chess and we approximate its boundary from inside (Case
a), varying the initial datum, and outside (Case b). The simulations are performed
using only the modified model, because of the usual stability problems of the solutions
obtained by the classical model (the main issue seems to be the approximation of the
mouth of the horse).

Initial front

Initial front

Figure 4.11.: (Test 6) Initial fronts for the two cases tested.

From Tables and it is clear the advantage of the adaptive filtered scheme
over the monotone scheme, since it produces a more accurate segmentation whenever it
achieves convergence, in particular using the same tolerance. Notice that in the last test
of Table the filtered scheme does not give usable results, since the front overcomes
the boundary (in proximity of the neck) and keeps expanding, but it has better errors
than the monotone scheme even with similar number of iterations. We would like to
remark also that, if we reduce the tolerance even more (tol = 0.00001) then neither the
monotone scheme gives usable results, for the same reason.

Table 4.17.: (Test 6a) Errors and number of iterations using L' norm.
c Az =0.02 Monotone AF-LW

Datum tol p N| N, P-Errpg P-Erry| N; P-Err,, P-Erry
1 0.00005 2 5 | 433 0.0794 0.6424 | 396 0.0672 0.5436
1 0.000025 2 5 | 508  0.0599 0.4848 | 544 0.0438 0.3544
2 0.00005 2 5 | 400 0.0925 0.7488 | 532 0.0511 0.4136
2 0.000025 2 5 | 501  0.0613 0.4960 | 1248 X X

Table 4.18.: (Test 6b) Errors and number of iterations using L' norm.
c Az =0.02 Monotone AF-LW
tol p N | N; P-Errpgq P-Erri| N; P-Err.q P-Err
0.00005 2 3 | 187  0.0303 0.2452 | 197  0.0273 0.2212
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4. Segmentation of images via the Level Set Method
AF-LW scheme

Monotone scheme

Figure 4.12.: (Test 6a) Datum 1. Plots of the final front using the monotone scheme, N;
508 (left), and the AF-LW scheme, N; = 548 (right), with L' norm and tol
0.000025, p = 2 and N =5, Ax = 0.02 and velocity ¢.

Monotone scheme Monotone scheme AF-LW scheme

Figure 4.13.: (Test 6a) Datum 2. Plots of the final front using the monotone scheme with
tol = 0.00005, N; = 400 (left), and with tol = 0.000025, N; = 501 (middle), and
using the AF-LW scheme with tol = 0.00005, N; = 497 (right), in L' norm, with

p=2and N =5, Az = 0.02 and velocity ¢.

Monotone scheme AF-LW scheme

Figure 4.14.: (Test 6b) Plots of the final front using the monotone scheme (left) and the AF-
LW scheme (right) with velocity ¢, with L! norm and tol = 0.0005, Az = 0.02,

p=2and N = 3.
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Figure 4.15.: (Test 6) Contour plots of the the final representations using the monotone scheme
and velocity ¢, for Case a with Datum 1 (left) and Datum 2 (middle), and for
Case b (right).

We conclude the section related to numerical tests by giving examples of possible
application of the proposed method in the biomedical field. We test the modified model
on a series of biomedical images of different nature, which we collected on the internet,
comparing the results obtained by the schemes mainly in terms of number of iterations
N; and, clearly, qualitatively looking at the different figures reported. Whenever possible
we will also present the comparison in terms of error, where the precise sense will be
specified case by case. In most cases, since we are not able to compute the error, we
avoid to collect the results in the tables, writing the details of the simulation in the
caption of the relative figure.

Test 7. Brain

The first biomedical test proposed is a picture of a human brain. We approximate
the relevant boundary from both the inside (Case a) and the outside (Case b), varying
also the initial datum in the case of the expanding front. Moreover, in Case b, we are
also able to compute a “reasonable” error by constructing artificially (by hand) the mask
depicted in Figure [£:21]

The effectiveness of the modified model is testified by the figures proposed below, in
which are clearly visible also the better results obtained with the filtered scheme over
the monotone scheme. In particular, Figure seems rather emblematic. Although
the expanding front may have a complex evolution due to non-smooth real data, the
gradient of the initial datum seems to keep being preserved, even if new relevant fronts
arise inside the surface. Even more clearly, this behavior can be seen also in Figure [.21]
where the distance function to the 0-level set is still recognizable.
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4. Segmentation of images via the Level Set Method

Initial front

Initial front

Figure 4.16.: (Test 7) Initial fronts for the two cases tested.

Monotone scheme AF-LW scheme

Monotone scheme

Figure 4.17.: (Test 7a) Datum 1. Plots of the final front using the monotone scheme with
tol = 0.00001, N; = 376 (left), and with tol = 0.000005, N; = 468 (middle), and
using the AF-LW scheme with tol = 0.00001, N; = 403 (right), all using L' norm
in the stopping criterion, with p =4 and N =5, Az = 0.01 and velocity c.

AF-LW scheme

Monotone scheme Monotone scheme

Figure 4.18.: (Test 7a) Datum 2. Plots of the final front using the monotone scheme with
tol = 0.00005, N; = 264 (left), and with tol = 0.00001, N; = 495 (middle), and
using the AF-LW scheme with tol = 0.00005, N; = 431 (right), all using L' norm
in the stopping criterion, with p =4 and N =5, Az = 0.01 and velocity c.
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Figure 4.19.: (Test 7a) Contour plots of the the final representations using the monotone scheme
and velocity ¢, with Datum 1 (left) and Datum 2, N; = 495, (right).

Table 4.19.: (Test 7b) Errors and number of iterations using L' norm.
c Az =0.02 Monotone AF-LW
tol p N| N, P-Errpq P-Erri| N; P-Erryg P-Err
0.00005 5 3 | 228 0.0118 0.2476 | 262  0.0078 0.1628

Monotone scheme AF-LW scheme

Figure 4.20.: (Test 7b) Plots of the final front using the monotone scheme (left) and the AF-LW
scheme (right) with velocity ¢.
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Monotone scheme

LA
)

-3 -2 -1 0 1 2 3

Figure 4.21.: (Test 7b) On the left, contour plot of the the final representations using the
monotone scheme, and on the right the “artificial” mask used to compute the
€error..

Test 8-9 Wrist fractures

We continue with the biomedical examples by testing a series of fractures of human
bones. For evident reasons we approach the problem only in the case of the front
shrinking from the frame of the image, trying to capture the relevant (in some sense)
boundaries of the considered profiles. The aim is the same, that is to show the reliability
of the modified model and the implementation proposed, trying also to exploit some
advantage using the adaptive filtered scheme over the monotone scheme.

In the first two tests we work on images of wrist fractures, for which the “relevant”
boundary to be segmented it is not very clear. In any case, since it seems a rather
interesting situation, we perform the simulation and report the results in Figures
and {.23] In both tests, the AF-LW scheme inspects the boundary more deeply, being
able to segment also some bones of the wrist in the first case, and with higher accuracy,
as can be noted focusing on the area of the fingers in both cases. In the figures we also
reported the contour plots of the final representations, from we can observe that the
gradient of the initial data is preserved, except in proximity of the protrusions between
the fingers, where the level set collapse into each other. This behavior is most probably
due to the non-convexity of the level sets.
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Monotone scheme AF-LW scheme

Monotone scheme
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Figure 4.22.: (Test 8b) From left to right: final representation and plot of the final front using
the monotone scheme (N; = 160), and final front using the AF-LW scheme (V; =
246), with L' norm and tol = 0.00008, p = 4, N =5, Az = 0.01 and velocity ¢.
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Figure 4.23.: (Test 9b) From left to right: final representation and plot of the final front using
the monotone scheme (N; = 191), and final front using the AF-LW scheme (NN; =
223), with L' norm and tol = 0.00002, p =5, N = 3, Az = 0.01 and velocity c.
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4. Segmentation of images via the Level Set Method

Test 10. Foot fracture

The following test concerns the image of a foot, where the boundary to be recovered is
much more clear. It is noteworthy that also in this case we have another boundary clearly
visible (the shape of the entire foot), although it is less marked w.r.t. the previous tests
on wrist fractures. Consequently, choosing the parameters in an appropriate manner
(especially V), we are able to recover almost the full shape of the bones, at least using
the AF-LW scheme, whereas the monotone scheme stops the evolution too soon, being
more sensitive to the slowing effects of the shaded (not relevant) boundary (see Figure
4.24)).

Monotone scheme AF-LW scheme

Figure 4.24.: (Test 10b) Plots of the final front using the monotone scheme (N; = 156), and
the AF-LW scheme (N; = 243), with L' norm and tol = 0.00005, p = 4, N = 5,
Az = 0.02 and velocity ¢.

Test 11. Hip bone fracture

The last test is concerning a hip bone fracture. Here we simply approximate the shape
of the bones from the outside, then we compute the error using the same trick of Test
7, as shown in Figure [£.26] In the same figure we have also the contour plot of the
final representation. It is interesting to notice that the gradient of the representation is
preserved in most part of the surface, except for the deep protrusion, where the level
sets collapse into each other.

From Table we can detect a rather clear behavior. For the tested choices of
the parameters, the monotone scheme is clearly more stable, achieving convergence
for all tolerance cases. Nevertheless, if we compare the (best) results which are, in
particular, comparable in terms of N;, we see that the adaptive filtered schemes has
a better accuracy in terms of our computed error. On the other hand, for the second
choice of the tolerance the front keeps shrinking loosing the entire shape. It is worth to
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4.4. Numerical tests

point out that if tol = 0.00001 neither the front governed by the monotone scheme is
able to stop correctly.

Table 4.20.: (Test 11b) Errors and number of iterations using L! norm.
c Az =0.01 Monotone AF-ILW

tol p N| N; P-Errpgq P-Erri| N; P-Err.q P-Err
0.00004 3 4 | 176 0.0271  0.3571 | 305 3.87e-04  0.0051
0.00002 3 4 | 306 0.0034 0.0444 | — X X

Monotone scheme AF-LW scheme

Figure 4.25.: (Test 11b) Plots of the final front using the monotone scheme, N; = 306 (left)
and the AF-LW scheme, N; = 306 (right).

Monotone scheme

05

Figure 4.26.: (Test 11b) On the left, contour plot of the the final representations using the
monotone scheme. On the right the “artificial” mask used to compute the error.
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4. Segmentation of images via the Level Set Method

Test 12. Pneumonia

Finally, we conclude our numerical tests by proposing a more complex disposition of
the initial condition, which naturally leads to collapsing and merging fronts. The initial
datum here is composed by four equal paraboloids (each defined as Datum 1) or cones
(defined as Datum 2), placed as shown in Figure with 0-level sets composed by
circles of radius r = 0.125.

From Figures .28 and [.29]it is evident that the AF-LW scheme produces better re-
sults using both initial conditions. Moreover, for both schemes the results vary changing
the initial condition, with better results coming from the distance function. The good
behavior of the scheme and of the modified model in the case of a merging fronts is,
again, testified by the contour plots of the final representations, shown in Figure [£.30]

Initial front

)

Figure 4.27.: (Test 12a) Initial front composed of four separate circles of radius r = 0.125.

Monotone scheme AF-LW scheme

=2 i
I

Figure 4.28.: (Test 12a) Datum 1. Plots of the final front using the monotone scheme (XV;
185), and the AF-LW scheme (NN; = 194), with L! norm and tol = 0.00001, p = 4,
N =5, Az = 0.02 and velocity ¢.
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Monotone scheme AF-LW scheme

Figure 4.29.: (Test 12a) Datum 2. Plots of the final front using the monotone scheme (N;

413), and the AF-LW scheme (N; = 589), with L' norm and tol = 0.00001, p = 4,
N =5, Az = 0.02 and velocity ¢.

Initial datum 1 Monotone scheme (Datum 1) 6
6
4 4
1
| o o : .
0
05 0 05k
2 -2
0 -4 0 -4
-6 -6
05+ 8 051 -8
-] o 0
1 10 1
12 -12
. . . . . 14 14
15 05 0 0.5 1 15 %1073 %1079
Initial datum 2
0.1
0.08 0.1
L 0.06 1 0.08
' ’ 0.04
0.02
0.02
0 0 0
0
0.02
0.5 -0.5 .02
® © o -
. 0.06 4 0.06
0.08 0.08
. . . . . . o1 . . . . . . . 01
-1.5 -1 -0.5 0 0.5 1 1.5 -1.5 -1 -0.5 0 0.5 1 1.5

Figure 4.30.: (Test 12a) Contour plots of the initial datum (left) and the final representations
(right), using the monotone scheme. Top: Datum 1, bottom: Datum 2.
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4. Segmentation of images via the Level Set Method

4.5. Conclusions

In this chapter we have presented an efficient procedure for the segmentation of syn-
thetic and real images, based on the level set method. Thanks to the new definition
of the velocity ¢ we were able to achieve interesting results in many complex situa-
tions, mainly regarding biomedical applications. The modification of the velocity is
rather straightforward and has been justified by the method of characteristic. More-
over, our preliminary implementation, although clearly needs some improvement, has
given promising responses. The modified model let us choose the numerical scheme
more freely, since it allows continuous solutions, and then show the possible advantages
offered by the high-order Adaptive Filtered Scheme with respect to the basic monotone
scheme.

Future developments will involve a deeper inspection of the evolution, trying to relax
the assumption on the non-intersection of the characteristics. Probably, one way to
overcome this shortcoming is to define the function d(u) according to ([#.19). Moreover,
a more stable procedure to reconstruct the point used to define ¢ is to be inspected,
mainly w.r.t. the computation of Vu (which is not well defined if the surface develops
a singularity). Finally, it would be ideal to devise a formula for the computation of the
tolerance of the stopping criterion, eventually dependent only on the initial condition.
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A. Technical results

For completeness we also give the proofs of the properties of the undivided differences
and the binomial coefficients we used in the proof of Proposition [2.1}

Lemma A.l. Let us assume i > 1 and write fp[] for the undivided difference of a
function f. Then, it holds

i—l

jﬁmw.wﬂ::§:<ifl>&4y_hfﬁbw.qj+ﬂ, forl1=0,...,1i. (A1)

=0\ 7
Moreover, we have that
n . o i—1 _1\i—n .
R ()= {5 an a2
pr V. forn =1.
Proof. Let us start from the proof of (A.1) and let us proceed by induction on 1.
Firstly, let us notice that for [ = ¢ the identity is trivially satisfied, whence the case

1 = 0 follows directly. Then, for any [ = 0,...,7 — 1, suppose that the statement holds
for ¢ — 1 and for ¢ > 0 let us compute,

Irl0, ..oy = fall, ... i) — fal0, ... i — 1] by definition of f5[]

i < —l—1> (=) I+, i1+

Jj=

11—

-1 ,.

—1-1 , .

— g (Z j )(—1)’_5_1_]fh[j, g+ by inductive hyp.
Jj=0

= fali—1,..., i+ (=) 0,1
i—l—-1 ,.
+ <Z_.l‘1)(—1>Z“l—jfh[j,...,j+u

i—1—1 .
+ <Z_l._1)(—1>i‘l‘jfh[j,...,j+l]

:ﬁ&—uuwﬂ+04f4hm,”ﬂ
+fif<¢;ﬁc4yljhuwnd+ﬂ (Z_1>+<n;1>:

) il <z - l) (1) foly o+ 1,

<
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as we wanted.

Remark A.1. To simplify the notation we have stated the result for f3[0,...,4] but
the proof clearly holds for fylk,...,k + ], Yk. In the second identity of the previous
chain we have assumed this fact applying the inductive hypothesis on both terms.

Let us focus now on the second relation of the lemma (A.2) and proceed again by
induction, but this time on n : 0 < n < i. For n = 0 we have (—1)! = (—1), than the
identity holds. Suppose that (A.2)) holds for n — 1 < i — 1 and compute

n

(s () ass (Y-

J=0 j=0
i—1 i+1—n i i—n : :
=\ (-1) + n (—1) by inductive hyp.

: E; () ()
= Z; (—1)i=",

For n = i instead, from what we have just seen we can easily compute

i, i1 .
Z) .. /3 o -
> (5)en =X () en+ o
i—1
= —1+1=0.
O
For the last result is better to prove first the following technical lemma.
Lemma A.2. Letz € R andn €N, n>1. Then, fort e N, t > 1
t—1
(@ +n)' = (z+)(@+n)7" (n); + (n), (A.3)
j=0

where (x)p = x(x—1)--- (x —k+1) is the falling factorial ((x)o = 1). Whence it follows
directly that, for i,t e N:4>1,

Zi: (;)(—1)i_n(9€+n)t _{ ; f;g::?ff“ (A4)

n=0

Moreover, fort > i,

> ()0 - s (7)) .
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Proof. Let us proceed again by induction, this time on t. For t = 1 we have x4+n =z +n
so the identity is verified. Then suppose the (A.3)) true for ¢ > 1 and compute

(z+n)"t = +n)l(z+n)

t—1
Z (4 ) (x+n)""1(n); + (n)| (x+n) by inductive hyp.
7=0

P#

1
a:—i-j )z +n) ](n)j+(n)t(w+t+n—t)

<.
WII

(4 4)(z +n)" (n); + (n)s1,

<.
I
o

as we wanted.
Let us pass to the relation (A.4) and proceed by induction on ¢ < i. For ¢ = 0 the
identity holds by Lemma Suppose that (A.4) holds for t — 1 < i — 1 and compute

§:QDGJYWW+nY:§iQDC4Y” fix+ﬁm+nr4ﬁm»+om

[
i— :
= x+7)(1); < J > (g 4 )i

n —
:0 n=j J

+ Q

t—1 ] . A
=Y (z+7)3i); ( j) YT (2 4 5) 4+ n)t
0

=0 by inductive hypothesis

s <Z - t) (—1)it =0,

n=0

=0 by Lemma [A7]]
Finally, for t = ¢ and repeating the same computations we notice that the last term it
is not null but
L fi—i
(i)iz (n_z) = (@)i=i(i—1)(i—i+1) =4,
n=1

as we wanted.

For the last relation it suffices to repeat again the same expansions we have just done
and notice that if j > 4, then (n); =0 for n =0,...,4, and moreover if ¢ —i < 4,

i—7 . .
> (L) o =0 et <i

n
n=0
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for what we have seen in the previous case. O
Corollary A.3. Let f € C‘TJrl([u”cj+/zC rZjtk]) for k€ {0,...,m =1}, r > 1. Then, for
i=1,...,rand s=0,...,1,

fulk =7 +5),.oo, (k—r+s+0)] = h'fO(x;) + o(h'). (A.5)

Proof. Defining © = k — r + s, if we write the (A.1)) for [ = 0 we have

n
n=0

_Z<> )" f(z; + (x + n)h).

Then, developing with Taylor up to order r we can write

fulz, ..., x4+ = ZZ: <i>(—1)i”fh[x + ]

whence
Z i i—n : h(x +n t r
et = 32 ()73 70 P o)
n= t—
- t) ht 1 i—n . .
=2 ) 2 )0 @ ) 4 o(hT)
t=0 " n=0
bl - ht i i i—n r
= WO+ 3 fu)(x])ﬂz(n)( 1 4 m) 4 o(i)
t=i+1 "
= W' f () + o(h"),
having exploited (A.4) in the third identity of the chain. 0
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