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Congestion in many-particle systems with volume exclusion
constraints: algorithms and applications to modelling in biology

ABSTRACT

Many-particle systems with congestion are widely found in biology, for example, in cell
tissues or herds. Mathematical modelling constitutes an important tool in their study. In
contrast to common approaches, we propose two new modelling frameworks that rely on
the exact treatment of the contacts between particles: a particle-based and a continuum
framework. Both frameworks are based on the same behavioural rules, namely 1) two
particles cannot overlap with each other and 2) the particles seek a minimum of a given
confining potential at all times. The dynamics is driven by the evolution of the potential

and changes in particle characteristics, such as size.

In the first part, the static equilibria of the particle-based model are obtained as so-
lutions to a minimization problem. This leads to non-convex optimization under volume
exclusion constraints. Classical tools are either not applicable or not efficient. We develop

and study a new and efficient minimization algorithm to approximate a solution.

The second part concerns the time-evolution of the particle-based framework. We
develop new time-stepping schemes involving the resolution of a minimization problem at
each time-step, which is tackled with the minimization algorithm developed in the first
part. The study of these schemes is performed in the case of a system of hard-spheres
undergoing ballistic aggregation on a torus and it succeeds to simulate up to one million
particles. These new tools are applied to the study of the mechanics of a cell tissue, which

has allowed to validate them in practice.

In the third part, we develop a continuum modelling framework describing the evolu-
tion of particle density. Our approach differs from previous ones by relying on different
modelling assumptions that are more appropriate to biological systems. We show that
this novel approach leads to a free-boundary problem and we characterize the dynamics

of the boundary.

Keywords: Volume exclusion constraints, confining potential, packing problems, non-

convex optimization, time-stepping scheme, cell tissue mechanics, free-boundary problem.
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INTRODUCTION

0.1 OVERVIEW

A many-particle system consists of a collection of particles, individuals or agents that
interact with each other and with the surrounding environment. A few examples include
molecules, granular material, such as dust or sand, cell tissues, herds or crowds of people.
In some instances, if the density of the particles is very high, the system becomes congested
or densely packed and contacts or near-contacts between particles become non-negligible
phenomena. In Section 0.2 we present a few examples of congested systems. The study
of congested systems requires the use of mathematical models that take into account
the volume of the particles, through for example volume exclusion or non-overlapping

constraints.

A many-particle system, or simply, a particle system exhibits emergent behaviour when
macroscopic features appear as a result of the interaction between particles, without being
directly encoded in them. To account for this behaviour, one needs to develop micro- and
macroscopic models of the same system that are consistent with each other. This moti-
vates the problem of finding a rigorous connection between these models, which constitutes
a big challenge in mathematics [76]. In this thesis we derive a microscopic (Chapters 1-4)
and a macroscopic (Chapter 5) modelling framework for congested systems that share
the same rules or principles. This work intends to be a first step towards a rigorous
connection between the two scales for a particular case of congested systems that we will
detail in this thesis. The microscopic model, which typically corresponds to a discrete
or particle-based model, describes the evolution of a finite number of particles, while the
macroscopic model, corresponding to continuum or density based model, describes the

evolution of a continuous particle density.

The rules underlying the dynamics of certain biological systems, such as cell tissues,



may be very complex. In order to build appropriate models for such systems, rather than
using physical first principles, we will formulate heuristic rules based on simple hypotheses
about the underlying particle behaviour. The two main rules that we will consider here
are that 1) particles cannot overlap and 2) they seek at all times a state of minimal energy.
This translates into the minimization of an energy, which is given by a confining potential,
subject to non-overlapping constraints.

In the following we describe the main challenges arising in the microscopic and macro-
scopic modelling of congested systems and how we approach them in this thesis. Ad-
ditionally, we motivate the application of this framework to the study of a packed cell

tissue.

In models at the microscopic scale, space may be regarded as discrete or continuous.
The first case leads to on-lattice models where the particles occupy one or several units
of a grid at all times. In such models the volume exclusion constraints are easily ensured,
nevertheless, these models are not appropriate to address congestion due to the effects
introduced by the grid as it is reported in [77, 126, 150]. In our approach we rather consider
an off-lattice model where the particles can occupy any position in the Euclidean space.
For this class of models, the exclusion volume constraints may be approximated by a soft
repulsion potential. Despite being computationally less expensive, this approximation
may become less and less accurate as the compression forces generated by congestion
increase. To avoid this situation we use hard-constraints that are enforced at all times. In
our model, the particles are represented by hard-spheres that move over time in a given
domain and interact with each other according to certain collision rules. Such interactions
lead to discontinuities in the velocity (non-smooth dynamics), which makes the dynamics
of the system very complex, especially when the number of particles is large. In order to

get some insight about its evolution, we resort to computer simulations as explained next.

There are two types of schemes to simulate non-smooth systems [20, 111]: event-
driven (ED) and time-stepping (TS) (see Section 0.3.2.2 for a description of the main
algorithms presented in the literature). In the first case, the following two steps are
successively performed: 1) smooth evolution of the system until the next non-smooth
event (for example, a contact event) and 2) determination of the velocities after the
event. Despite being more accurate, this class of schemes becomes computationally very
expensive as the rate of events increases, which is likely to happen in a congested system
with many particles. In this situation, a time-stepping scheme may therefore be more
appropriate, as we observe in the study of ballistic aggregation presented in Chapter 3.
In a TS scheme, the time is discretized in regular intervals and, at each time-step, the
particles evolve according to the smooth dynamics, which may lead to overlapping with
neighbouring particles. Since this configuration is non-admissible, a nearby admissible
configuration is then obtained as a minimizer of a given potential energy subject to non-
overlapping constraints. Such a configuration represents a mechanical equilibrium of the

system. In Chapter 3 we propose a new TS method which is similar to the class of



methods proposed by Schatzmann and Paoli [139, 140] in the context of impact problems
with unilateral contacts and Coulomb’s friction (see Section 0.3.2.2 for a brief discussion
on the TS methods proposed in the literature). We show in the context of ballistic
aggregation that the TS method is performing better than the ED method when the
volume fraction of the particles is large. Indeed the simulation with the TS scheme takes

a few hours while the ED scheme takes a few days.

The main difficulty of the TS scheme lies on the minimization problem with non-
overlapping constraints. Indeed, the non-overlapping constraints typically lead to non-
convex optimization (see Section 0.3.1.2 for an elaboration of this point). Unfortunately
there are no universal tools available and standard methods turn out to be computationally
expensive when the number of particles is large (see Section 0.3.2.1 for a brief overview on
the available algorithms for non-convex optimization). We then propose a new algorithm
to tackle this problem: the damped Arrow-Hurwicz algorithm (DAHA). In Section 0.3.2.1
we provide the necessary conditions for optimality that are on the basis of this algorithm.
Part I of this thesis is dedicated to the development and analysis of the DAHA. Specifically,
in Chapter 1 we present the derivation of this method and show that it performs better
than existing methods in terms of computational speed in the case of a packing problem
with a large number of particles. In Chapter 2 we present an analytical study on the
convergence of the method in one spatial dimension as well as a parametric investigation

of the convergence speed in any spacial dimension.

The model and algorithms developed for the microscopic setting are applied to the
study of a biological system: an epithelial tissue. An epithelial tissue is constituted
of closely packed cells which adhere with their neighbours. This system represents an
example of a congested system and therefore we may use our framework to model it. A
more elaborated justification for this choice is presented in Section 0.3.2.2, as well as a
brief overview on existing models. The biological motivation is to try to identify the main
mechanisms underlying the dynamics and shape of the tissue. In particular, in the case of
the healthy tissue, how the tissue shape remains stable despite of all the cell movements
and deformations and, in the case of a cancer tissue, how is the tissue shape disrupted
when defects in individual cells are introduced. In this thesis we primarily focus on the
healthy tissue. The results obtained in close collaboration with a team of biologists (Eric
Theveneau’s team, Toulouse) are presented in Chapter 4. The model consists of a system
of spheres with a hard inner-core and a soft outer-core, that represent the cell nucleus.
The spheres are connected to each other through springs, representing the cytoplasm.
In silico and in vivo experiments have been run in parallel. As a result, we have been
able to verify some hypotheses regarding the mechanics of the system. Specifically, the
model suggests that the soft-core of the nucleus and the presence of noise are essential
features, without which the system becomes too rigid and is not able to reproduce the

real dynamics observed in vivo.

At the macroscopic level, rather than looking at the behaviour of each particle, we look



at the evolution of the density of particles in space. We assume heuristic rules that we
have highlighted before namely 1) particles cannot overlap and 2) they seek at all times
a state of minimal energy. This equilibrium state is a minimizer of a confining potential
energy subject to maximal density constraints. The constraints depend on the average
particle volume, which may grow as a consequence of the particle swelling. In Section 5.3
we analyse the constrained minimization problem and show that its solution leads to a
free-boundary problem where the dynamics of the boundary is driven by the evolution
of the confining potential and of the average particle volume. This work is presented
in Chapter 5. Similar models have been proposed in the literature (see Section 0.3.3.2
for a brief overview), such as Hele-Shaw type models. They differ from our approach
by relying on different physical assumptions, which leads to different predictions on the
behaviour of the material. Our approach constitutes therefore a new modelling framework
for congested systems and provides an attractive basis for the development of complex

models for swelling materials, such as tumours.

The present Chapter 0 comprehends two parts. The first part is constituted by Sec-
tions 0.2 and 0.3 and contains an overview of the main topics discussed in this thesis and of
the tools needed. Specifically, in Section 0.2 we present a general description of congested
systems and examples and in Section 0.3 we provide an overview on mathematical models
and algorithms for congested systems. Some background theory of optimization that is
essential in our modelling framework is also presented in Sections 0.3.2.1 and 0.3.3.1 .
The second part contains a summary of the main results and contributions to this thesis

(Section 0.4) and a schematic representation of this thesis (Section 0.5).

0.2 CONGESTED SYSTEMS WITH CONTACT EVENTS

In Section 0.2.1 we provide a description of congested systems. In particular we describe
the different types of local interactions that distinguishes different types of systems. We
then present the systems that are discussed in this thesis (see Section 0.2.2) and other
systems that could be studied using our mathematical framework and computational tools
(see Section 0.2.3).

0.2.1 DESCRIPTION

A congested system is a many-particle system where the particles are densely distributed
in space and contacts or near-contacts between particles have a non-negligible effect on the
static state or evolution of the system. Congested systems may differ on the properties of
the particles (for example shape, growth, shrinkage, stiffness, preferred direction or ran-
dom behaviour) and on the type of interactions they are subjected to. These interactions
may come from the other particles of the system (for example, collisions, repulsion forces

or attraction forces) or from the environment (for example, chemical signals, population



behaviour or space constraints).

Congested systems can be found for instance in vehicle traffic, crowd evacuation, cell
tissues or granular matter. In this thesis we focus on congested systems with contacts. In
the following paragraphs we present the systems treated in this thesis (Section 0.2.2) as
well as other systems that could be studied using our modelling and computational tools
(Section 0.2.3).

0.2.2 EXAMPLES TREATED IN THIS THESIS

0.2.2.1 SPHERE PACKING

In Chapters 1 and 2, we address the question of given an arbitrarily finite sampling of
spheres (possibly overlapping), how to get a (non-overlapping) packed configuration that
is close to the given one. We address this question through the development and imple-
mentation of algorithms for non-convex optimization. Figure 1 shows a possible solution
to this problem. Note that we are not necessarily interested in the global optimum, as
in many natural systems individuals have only local information and therefore they only

look for a local optimizer.

Optimal configuration in R?

Figure 1: Example of a sphere packing in three spatial dimensions. This configuration has been generated
with the damped Arrow-Hurwicz algorithm detailed in Chapter 1.

Optimization problems associated to sphere packing in a container have been reviewed
in [89]. Packings of generic shaped particles have also been widely investigated in the
context of granular media [117], glasses [181], liquids [85], biology (bacterial colony
growth [107]) and in social sciences (maximum safe packing of living agents in crowds
or containers [39]). In geometry, the old Kepler problem of finding the densest packing of
spheres in the Euclidean space has only been solved in 2005 in dimension 3 [82, 178] and

more recently, in dimensions 8 and 24 [36].

0.2.2.2 BALLISTIC AGGREGATION

Ballistic aggregation consists of a system of rigid particles moving in straight trajectories

until they collide, stick and form growing aggregates [56, 175]. The inelastic collision of two



aggregates conserves the total mass and momentum, while kinetic energy is dissipated.
Note that given the initial positions and velocities, this dynamics is deterministic. In
Chapter 3 we consider a model for ballistic aggregation in two spatial dimensions with
periodic boundary conditions (see Figure 2). We use this model to explore and compare

several algorithms in the case of a large number of particles (up to one million).

Figure 2: Example of a final cluster obtained from ballistic aggregation dynamics on a domain with pe-
riodic boundary conditions. This configuration has been generated with the time-stepping algorithm with
non-smooth constraints and non-rigid clusters, NS-NR, detailed in Chapter 3.

Models for ballistic aggregation have been used in the study of evaporated target foils
[169], silica-sol gel films [78], a granular gas [142], cosmic dust [120] and protoplanetary
disks [136]. Other types of aggregation include diffusion-limited aggregation [13, 63, 156,
175], coalescence [6, 67], among others [121, 125].

0.2.2.3 EPITHELIAL TISSUE MECHANICS

Epithelial tissues constitute one of the four types of animal tissue together with connective
tissue (adipose tissue, bones, blood, cartilage, etc), muscle tissue and nervous tissue.
They are constituted of closely packed cells that are adjacent to a basement membrane
(see Figure 3). These tissues are found in the whole body and constitute the surface of
organs and blood vessels [80]. For this reason, they have been studied in the context
of embryonic development [83] to understand how organs acquire their shape and how
it remains stable, and in the context of cancer, to understand how the tissue shape is
disrupted [172]. Indeed, many tumours have their origin in epithelial tissues.

Such questions have been explored in the literature with the aid of mathematical mod-
els. In particular, since epithelial tissues are packed, the underlying mechanics, such
as the contact forces between neighbouring cells, usually play a central role in these
studies [8]. Models of epithelial tissue range from individual based [14] to continuum
models [92, 105, 176]. Individual based models describe the tissue at the cell level and
study the local behaviour, for example, how the variation of spatial constraints influence

the cell cycle [170] or how contact inhibition of locomotion originates forces in the tissue



[182]. See Section 0.3.2.2 for a brief overview of particle based models and see [138] for a
comparison between them. Continuum models instead describe the system at the tissue
level (cell density) and focus on global properties of the tissue, such as the curvature, resis-
tance to deformation [8], contraction-elongation and tissue shear flow [92], to name a few.
Both types of models may be coupled with models for the concentration of molecules [177]
or subcellular structures, such as microtubules and actin filaments, leading to multiscale
models [33, 42]. The mathematical connection between individual based and continuum
models has been developed in [19] for the case of two interacting populations of cells with

fux-limited chemotaxis.

Figure 3: Example of an epithelial tissue obtained from the chick embryo by Theveneau’s team in Toulouse
(see Chapter 4). We see a high density of cell nuclei.

In Chapter 4 we build a particle based model for the mechanics of an epithelial tissue
(see Figure 3) in order to study the effect of congestion on the morphology and dynamics
of the tissue.In Chapter 5 we build a continuum model for the cell density which includes
cell growth and movement under a confining potential and maximal density (packing)

constraints.

0.2.2.4 SWELLING MATERIALS

In swelling or drying materials the volume of the material increases or decreases, respec-
tively, due to the absorption or loss of some substance (typically water). These materials
have been studied in many different contexts for example in biology (mitotic cells or tu-
mours [11, 183]), chemistry or material science (swelling gels [114]), geosciences (drying
of wetting soil [68]) and food (potato starch swelling [93]).

Mathematical models of swelling material have been proposed in the context of tu-
mour growth, namely in the study of malignant melanoma [11] or in the study of the
relation between differential cell growth and the mechanical stress experienced by cells in
a tumour [97]. Mathematical models have also been used to model the rate and degree of

swelling of gels in the context of drug delivery and tissue repair [73].

In Chapter 5 we develop a continuum model for incompressible swelling materials
based on simple rules on the interactions between the constituent particles. The main
rule is that the particles cannot overlap. The model describes the evolution of the number
density of particles that results from the swelling or shrinkage of the particles and from

the evolution of a given confining potential.



0.2.3 OTHER EXAMPLES

In this Section we briefly present other congested systems that could be studied using the

tools developed in this thesis, even though we do not treat these applications here.

A granular material is a conglomeration of discrete solid particles (grains) ranging in
size from 100 pum to the size of asteroids. Granular materials are ubiquitous in nature
(sand, foam, snow, icebergs,...) and industry (drugs, cereals, sugar, fertilizer,...). They
can behave like solids, liquids or gas [66] and they can present the paradoxical behaviour
of segregation when one shakes a container with two different materials inside [55]. Math-
ematical models have been developed to study for example the dynamics of ice floes [153]
or granular soils [49]. Many other models have been proposed for the different states of
granular media mentioned above, we refer the reader to [15] for a review. The model and
algorithms we propose in Chapter 3 could also be applied to the study of large granular

systems.

In crowd dynamics, besides the presence of physical interactions, such as collisions,
friction or clogging, each person is also driven by his/her own intentions and choices that
influence the movement. Depending if the crowd is leaving a place in a normal situation or
in an emergency, certain non-physical effects may occur, such as competition, collabora-
tion, following behaviour, lane formation, crowd impatience, kin behaviour (for example, a
family tries to stick together during evacuation), exit selection, etc. A big number of mod-
elling approaches has been proposed in the literature to describe crowd dynamics during
evacuations [143, 157] or during large sport, religious or cultural events [103, 110]. In par-
ticular, an agent based model has been proposed [124] where the contacts between agents
are not anticipated and avoided, but they rather occur and are treated as non-smooth
events. This is a realistic assumption in the case of congestion. The individual based
model we present and explore throughout Chapters 1 to 4 follows the same principles and

could therefore be used to study this type of systems.

0.3 MATHEMATICAL DESCRIPTION OF CONGESTED SYSTEMS

We now consider mathematical models of the systems described in the previous Sec-
tion. We start by presenting two classifications based on the spatial scale (particle based
versus continuum models) and on the state of the system (statics versus dynamics), re-
spectively (see Section 0.3.1). The remaining Sections are dedicated to an overview of
mathematical and computational tools used in particle based models (Section 0.3.2) and
continuum models (Section 0.3.3). In both Sections we start by presenting the class of op-
timization problems associated to the description of the statics equilibrium of the system
(Sections 0.3.2.1 and 0.3.3.1), followed by a short literature review on models describing
its evolution (Section 0.3.2.2 and 0.3.3.2).



0.3.1 CLASSIFICATION OF MODELS WITH VOLUME EXCLUSION CON-
STRAINTS

0.3.1.1 PARTICLE BASED VERSUS CONTINUUM MODELS

The models for congested systems can be divided into particle based* and continuum

models.

Particle based models consider a geometric representation of individual particles and
describe the evolution of the position and the state (for example, size, adhesion properties
or tendency to behave in a certain way) of each particle under pre-defined forces acting on
the particles. Particle based models provide information about the behaviour that occur
at the particle scale. This may include the position, velocity, size and state of the particles
over time, the rate of inter-particles interactions, the shape of particle aggregates, etc.

Continuum models describe averaged quantities such as number density and mean ve-
locity, therefore they are applicable to systems with a large number of particles. Such
quantities evolve in space and time under forces exerted on the particles. Continuum
models constitute reduced descriptions of particle systems in which phenomena occurring
at the particle level are averaged out. Instead, they provide information about macro-
scopic phenomena that is too difficult to be retrieved from a microscopic model, due to

the large number of particles that that would require.

Particle based models for congested systems may be classified according to:
e space discretization: on-lattice or off-lattice models;

e the way congestion is modelled: encoded in the model, by considering a partition of
space where each part represents one particle, such as vertex and Voronoi models, or
as an emergent phenomenon, by considering particles that can move independently

on their neighbours in between collisions;
e particle shape: simple or complex;

e the way contact events are modelled: non-smooth dynamics (hard-sphere) or ap-

proximated by a smooth dynamics (soft-sphere);
e stochastic or deterministic dynamics.

In Section 0.3.2.2 we use the criteria presented above to classify and compare several
particle based models available in the literature as well as to motivate our own approach.
Particularly, various factors need to be taken into account when making modelling choices.

On the one hand, a complex model may be more realistic, but also more difficult to analyse.

*Particle based models (PBM) are also referred in the literature as individual based (IB) or agent
based (AB) models. The difference may be related to the type of particle and the type of interactions
between particles: PBM are typically used for systems of inert particles and IBM and ABM for systems
of living particles. In this thesis we use PBM in general and IBM in the context of cell tissues.



On the other hand, a simple model may be easier to interpret, but may not be able to
capture the main features of the system. Therefore, a right balance must be kept between
complexity and simplicity.

Continuum models can be divided into two groups:

e phenomenological models: obtained from empirical observation of the system at the

macroscopic scale as a fluid or a solid;

e coarse-grained models: derived from particle-based models via hydrodynamic or

asymptotic limits.

This classification distinguishes two types of rules and modelling assumptions that one
can use to build a continuum model: macroscopic and microscopic rules. In particular, the
derivation of continuum models from particle-based models started with the well-known
Hilbert’s sixth problem, where he proposes developing "mathematically the limiting pro-
cess (...) which leads from the atomistic view to the laws of motion of continua”. Despite
of the great advances during the last century, this problem continues to motivate re-
searchers nowadays [44, 76]. In Section 0.3.3.2 we use this classification to present a short

overview of continuum models and we situate our own approach.

This thesis is focused on the development and simulation of microscopic models for
biological systems based on simple heuristic rules on the behaviour of the particles. This
type of rules has also been used in the context of crowd motion [123]. In Chapter 5 we
then derive a macroscopic model based on analogous heuristic rules to the ones of the
microscopic model. This work intends to be a first step towards the connection between

scales for the particular case of congested systems with contact events.

0.3.1.2 STATICS VERSUS DYNAMICS

We divide the description of congested systems into statics (time-independent) and dy-
namics (time-dependent). In the first case, the system is assumed to be at mechanical
equilibrium, corresponding to a state of minimal energy under volume exclusion con-
straints. The energy is associated to a given potential. In the second case, the energy
and/or constraints evolve over time inducing dynamics. The system evolves by remaining
at any time at mechanical equilibrium.

In this way, the state of the system at any time corresponds to a solution to a mini-
mization problem with volume exclusion (or maximal density) constraints. In the setting
we consider here, this leads to non-convex optimization in the particle based model and

convex optimization in the continuum model as defined next.

Definition 1. Let Y be a real vector space and f a real function on'Y. IfC CY is a

convex set and f is a convexr function, then the minimization problem:

find x* €Y such that z* € argmin{ f(z)|x € C}

10



1s said to be convex, otherwise, it s non-convex.

In the particle based model, the non-overlapping constraints are described by inequal-
ities which typically involve non-convex functions, leading to non-convex optimization.
For example in the case of spherical particles, the non-overlapping constraint between
two spheres of center  and y in R%, d € N and radius R, and R,, respectively, is given
by ¢(x,y) <0 with ¢(x,y) = (R; + Ra)? — |z — y|?, where |.| is the Euclidean norm (see
Chapter 1). The function ¢ : (R%)? — R is concave, and therefore the set of constraints
is non-convex. When the energy function is a confinement potential, this problem can be

seen as a sphere packing problem.

Contrarily, in the continuum model that we present in Chapter 5, the maximal packing
constraints involve convex functions, leading to convex optimization (provided the confine-
ment potential is also convex). Specifically, let 7 : x € R? — n(z) € R be a given function
describing the average volume of particles in space and let n : x € R? — n(z) € R be
the number density of particles over space, then the maximal density constraint can be
written as ¢(n) < 0 with ¢(n) = n7t — 1 (see Chapter 5).

In our continuum model, the convex problem can be solved analytically (see Chapter
5). Contrarily, in the microscopic case, there is no generic framework to tackle non-
convex problems analytically, except in very particular cases. This motivates the use of
iterative approaches to approximate a solution (see Chapters 1 and 2). In Sections 0.3.2.1
and 0.3.3.2 we provide the optimization tools in infinite and finite dimensional spaces
needed throughout the thesis and we present in Section 0.3.2.1 a brief overview of the

literature on algorithms for non-convex optimization.

The motion resulting from the evolution of the energy or the constraints may be smooth
or non-smooth. For example, at the microscopic level, the contact events lead to dis-
continuities in the velocity of the particles, which makes the dynamics non-smooth. In
Section 0.3.2.2 we discuss different approaches to model non-smooth events and we de-
scribe and classify the algorithms available for non-smooth dynamics. In contrast, at the

macroscopic level the motion is typically smooth (see Chapter 5 and Section 0.3.3.2).

0.3.2 PARTICLE BASED MODELS AND ALGORITHMS

0.3.2.1 STATICS

In this Section we present the optimization tools needed to describe the static equilibrium
of the system followed by a brief review on existing numerical methods for non-convex
optimization. As explained in the previous Section 0.3.1.2, this state corresponds to the
minimizer of an energy subject to non-overlapping constraints. Chapters 1 and 2 are
dedicated to numerical solutions to this problem and they are based on a Lagrangian
formulation which is presented here. In particular, we give the regularity conditions on

the functions associated to the constraints that allow us to use this formulation.

11



Let p and ¢ be positive integers. Consider the generic minimization problem with

inequality constraints:

find z € R? such that

x € argmin W (x), (1)
xeC
with
Com {2 €R | 44(x) 0, i=1,..,q} @)

Where <¢z ) i=1

We define next the tangent and the linearized cone at a feasible point z € C.

g =¢ :RP = R?and W : RP — R are given functions.

.....

Definition 2. The tangent cone of T € C is

" -z

T(z) = {deRP|3Ha"}, CC{t"}, = 0" st. 2" =z and o d} (3)
= {deR’|Hd"}, — d,{t"}, — 0" st. z+t"d" €C, Vn}. (4)

The linearized cone of T € C is
Lz) = {deR | (Voi(a),d) <0, Vi sit., 6,() = 0}, (5)

where (-) represents the inner-product in RP.

Note that if ¢;, ¢ = 1, ..., ¢ are continuously differentiable at Z, then one easily concludes
that 7'(z) C L(z). We now introduce a regularity assumption on the functions associated

to the constraints, also called constraint qualification.

Definition 3. We say that the Abadie constraint qualification (ACQ) holds at T if
T(z) = L(z).

In Figure 4a we show an example where ACQ holds and in Figure 4b where it does not
hold. Many other constraint qualifications have been proposed in the literature, most of
them have been listed and compared in [148]. The next theorem ensures the existence of

Lagrange multipliers under ACQ and provides the necessary conditions for optimality.

Theorem 4. Let x* be a solution to (1) such that the ACQ holds at x*. Then there exist
Lagrange multipliers, A € R?, such that the KKT-conditions hold, i.e.,

feasibility conditions: A\; >0, ¢;(z*) <0, i=1,....q (6)
complementary slackness condition: A p(x*) =0, (7)
Euler-Lagrange equation: V.(W+X-¢)(x*) = 0, (8)

where 77 denotes inner-product.
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Figure 4: Example (a) corresponds to C = {z = (71,22) € R?*| — 21 — 23 < 0, 1 — 22 < 0} and

z = (0,0). Example (b) corresponds to C = {z = (21, 22) € R? | 2} + 25 <0, 23 — 25 <0} and Z = (0,0).

Proof. See [2]. ]

The conditions (6)-(8) are the so-called Karush-Kuhn-Tucker conditions (KKT - con-
ditions) [134] and they are commonly used in the search for candidate solutions to the
minimization problem (1). In Chapter 1 we develop an algorithm to approximate the
solutions to this system of equations for the case of a non-convex minimization problem.

Classical algorithms to tackle non-convex problems (see definition 1) include Uzawa-
Arrow-Hurwicz type algorithms [17], augmented Lagrangian [23, 25], linearly constrained
Lagrangian (LCL), sequential quadratic programming (SQP) [134], among others. The
SQP and the Uzawa-Arrow-Hurwicz algorithms are widely used. However they require
the Hessian matrix of the function to be minimized to be positive definite, which is not
always the case in this type of problems (see the example treated in Chapters 1 and 2).
In general, all these methods perform well with a small number of particles. However we
are interested in the case where this number becomes large. In Chapter 1 we propose a
new algorithm that outperforms the classical ones when the number of particles is large.
This algorithm is based on a modification of the Arrow-Hurwicz algorithm. We study
its convergence numerically in Chapter 1 and analytically in Chapter 2 in the case of a

specific problem involving a convex potential and non-convex constraints.

0.3.2.2 DyNAMICS

The simplest and perhaps the most popular discrete model to describe the dynamics of
particle systems is the cellular automaton [179], where the space is discretized by a regular
grid and a particle occupies one unit of the grid. A natural generalization of this model
conduces to the Potts model, where a particle is constituted by a collection of units of the
grid (see Figure 5a) and the evolution of the system is driven by the minimization of the

total energy. Nevertheless, this model is able to account for complex shapes, which may
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have contributed to its popularity in the modelling of the interactions between cells and
with the environment, see for example [163]. These two methods use space discretization,
which introduces grid artefacts, such as errors on the speed of the particles or on the inter-
particle interactions [77, 126, 150]. It has been reported that the amount of artefacts
increases with the particle density [126], which makes these models particularly unsuited

to congested systems where the particle density is high.

Off-lattice models include for example the subcellular element model that has been
used as a complex and more realistic description of cells [159]. A cell is represented as a
collection of subcellular elements that interact with each other (see Figure 5b). This leads

to a high degree of complexity that turns the study of large systems very challenging.

Other types of off-lattice models include vertex model and Voronoi model (see Fig-
ures be-bd, respectively). The former consists of a set of vertices connected through
segments and has been used to model cell tissues, see for example [8, 59, 65, 168, 170].
The latter is based on a Voronoi tesselation (see [135] for a description of different types of
tesselations and algorithms) and it has been used to model for example cell tissues [26, 127]
and foams [167]. These models are suited to packed systems with no free space between
the particles. The system is regarded as a partition of space where each part represents

one cell.

(a) Potts model (b) Subcellular ele- (c) Vertex model (d) Voronoi model
ment model

(e) Prism model (f) Soft-hard-sphere model

Figure 5: Discrete models for cell tissues. We use hard-spheres in the model for ballistic aggregation (see
Chapter 3) and soft-hard-spheres in the model of a cell tissue (see Chapter 4).

In our modelling framework we would like to consider congestion as an emergent phe-
nomenon, rather than directly encoded in the model, like in the vertex and Voronoi
models. The most appropriate approach for our study is therefore a particle based model
where each particle can move continuously in an off-lattice domain and collides with its
neighbours. In order to describe the contact events, we need to describe the shape of the

particle. To keep the model simple, we choose the simplest shape possible, which is a
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hard-sphere. In Chapter 3 we use hard-spheres in the model for ballistic aggregation and
in the Chapter 4 we use hard-spheres contained in soft-spheres to model cell nuclei in an
epithelial tissue (see Figure 5f). Other approaches that also use hard-spheres have been
used in [112; 149] in the context of cell tissues. Other simple particle shapes found in the

literature are quadrilaterals [91] and hexagonal prisms [84] (see Figure 5e).

The contact events lead to discontinuities in the velocity of the colliding particles,
which makes the dynamics intrinsically non-smooth. The remainder of this Section will
be dedicated to the mathematical description and simulation of particle systems with
contact events. They can be modelled as non-smooth events or be approximated by a

smooth dynamics as explained next.

In the smooth approximation, the contact events do not occur instantaneously, they
are rather solved during a short time-interval. This approach may be used to study large
systems (with more than 10* particles) that do not require a high order of accuracy in the
performance of contact events. One smooth approach to this problem is given by molecular
dynamics algorithms, which typically consists of defining a (smooth) inter-particle poten-
tial and establishing and computing the Newton’s equations for the motion of interacting
particles [7]. Another smooth approach derives from the work by Cundall [41], which is
very closely related to molecular dynamics except that it also accounts for rotations and

complicated shapes.

In the non-smooth approach, the contact events are solved instantaneously at each
time-step, which requires an extra computational effort. This approach is therefore more
cumbersome, but also more accurate in the treatment of the volume exclusion constraints.
In particular, it allows us to control the size of each particle at all times, which is crucial
in the study of congestion. For this reason, in this thesis we opt for the non-smooth
approach. More precisely, in the case of the model for a cell tissue developed in Chapter
4, we use both a hard and a soft sphere to allow some deformation and flexibility in
the system and to make it more realistic. Specifically, we represent the nucleus of a cell
by a hard-sphere that is contained in a soft-sphere, in this way, a nucleus may overlap
other nuclei to a maximum point that is prescribed by the radius of the hard-sphere.
This models the shrinking and squeezing of the nucleus at highly congested situations.
Other non-smooth models have been presented in the literature, see for example [129]
and [139, 140], where two different models of a mechanical system with unilateral contacts,
impacts and Coulomb’s friction are proposed in terms of the velocities and positions of the
particles, respectively. Next we present an overview of numerical methods for simulating

non-smooth dynamics.

The algorithms for non-smooth systems can essentially be divided into two classes
which mainly differ in the way they deal with the non-smooth events: time-stepping (also
called time-driven scheme) and event-driven [20, 111]. The former consists of defining a
priori a regular and sufficiently fine discretization in time such that at each time-step all

the events (such as collisions) that have occurred during the previous time-interval are
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simultaneously solved (usually by integrating the Newton’s second law and projecting onto
the admissible space, which can be formulated as a minimization problem). The latter
consists of computing the exact time of the next events, list them by chronological order
and make the system evolving from one event to the next successively. The event-driven
algorithms are usually more appropriate for systems with fewer events, since it is very
likely that the events occur sequentially and not simultaneously. As the rate of events
increases, the computation of the time of each event becomes more expensive and less
accurate due to round-off errors [155]. At some point, an event-driven algorithm becomes
too expensive computationally, therefore a time-stepping scheme needs to be used. In
Chapter 3 we verify this effect in a model for ballistic aggregation with 10° particles,
where the volume fraction of the particles is approximately 1/2 of the domain. Since the
occurrence of new collisions in a packed cell tissue is highly frequent, in Chapter 3 we opt
for a time-stepping scheme in which our minimization algorithm is used at each time-step
to solve the events that occurred during the previous time-interval. For a very complete
overview on numerical methods for non-smooth dynamics problems see [28]. We next

provide a brief review on time-stepping algorithms.

There are two main time-stepping schemes available to integrate nonsmooth dynamics
[3]: the Moreau-Jean scheme [129, 161] and the Schatzman-Paoli scheme [139, 140]. These
schemes have been proposed for systems with unilateral contacts, impacts and Coulomb’s
friction. The main difference between the two schemes is that in the former the constraints
are imposed at the velocity level, while in the latter they are imposed at the positions
level. The idea is the following: at each time-step, the new positions and velocities of
the particles are computed according to the dynamics of the system, and an eventual
violation of the constraints (non-admissible configuration) is then corrected by projecting
the velocities (resp. positions) onto the set of admissible velocities (resp. positions).
This corresponds to solving a minimization problem where one minimizes the distance
between the non-admissible velocities (resp. positions) and the set of admissible velocities
(resp. positions) as follows: given the velocities Vi (resp. positions Xg) computed by the

dynamics of the system, find the admissible velocities V (resp. positions X) that satisfy
V € argminy,.dist(Vy, V) (resp. X € argming.dist(Xy, X)), (9)

where C is the admissible set of velocities (resp. positions) and dist is a distance. This
operation may introduce long range nonlocal effects. In Chapter 3 we consider a simple
experimental set up which shall be used in the future to investigate how these effects may
propagate in time and space by comparison with an exact event-driven algorithm.

We deduce from the description presented in the previous paragraph that in Moreau-
Jean scheme, the collision rule is strictly satisfied, but not the constraints in position, and
it is the opposite for the Schatzman-Paoli scheme. Moreover the multiplier associated to

the constraints may be directly interpreted as a mechanical impulse in the Moreau-Jean
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scheme, while in the Schatzman-Paoli it does not have any direct mechanical interpre-
tation. In [3] the author proposes a directed projection scheme that satisfies in discrete

time both the position and velocity constraints.

In our numerical experiments in Chapter 1 and 3, we observe that when the constraints
are imposed onto the velocities, the computational cost of the minimization algorithm be-
comes highly dependent on the initial configuration. This becomes a especially serious
problem when the number of particles is high (see Chapter 1). We therefore follow an
approach that is similar to the one by Schatzman-Paoli scheme, except that instead of
computing the projection at each time-step, we compute a minimizer of a given energy
function subject to non-overlapping constraints using our minimization algorithm. The
case where the energy function is the distance between the variable X and the current iter-
ate Xy, as in the minimization problem (9), corresponds to the Schatzman-Paoli scheme.
In this sense, our approach is more general.

The other type of algorithms for non-smooth systems, the event-driven algorithms,
are less common. This may be due to the high computational cost they require, but
also to the difficulty on analysing their convergence, which may become a problem in the
simulation of complex dynamics [28]. Event-driven algorithms have been used for instance
in [152, 153] to study the dynamics of ice floes, in [5] to study rheology of granular mixtures

and in [51] to study jammed packings of spheres and ellipsoids.

In Chapter 3, we consider a simple 2D system constituted of hard-circles undergoing
ballistic aggregation in a periodic domain. We use an event-driven algorithm as follows:
we compute the exact time of the next collision and we perform the collision exactly. This
algorithm allows us to get the exact dynamics of the system (apart from round-off errors).
Despite being more accurate, the event-driven algorithm takes much longer to converge
when the number of particles and the rate of events increases (see Chapter 3), which leads
us to favour time-stepping schemes for the simulation of congested systems.

In Figure 6 we present a classification of the main time-stepping and event-driven al-
gorithms that have been proposed in the literature for smooth and non-smooth dynamics.
The algorithms we develop in this thesis belong to the class of time-stepping schemes and

event-driven for non-smooth dynamics (see Chapter 3).

0.3.3 CONTINUUM MODELS

0.3.3.1 STATICS

In this Section we present the tools needed to describe the static equilibrium of the
system. As explained in Section 0.3.1.2, this state corresponds to the minimizer of an
energy subject to maximal density (packing) constraints. Contrarily to the minimization
problem arising in the discrete model (see Section 0.3.2.1), in the continuous model the

minimization problem is convex and we are able to solve it analytically. The resolution

17



Event-driven

Rabatel,

Muller&Poeschel Alam&Luding,

Doney, Chapter 3

Smooth Modelling the dynamics Non-smooth

Moreau-Jean,

cundall Schatzman-Paoli,

Maury, Chapters
3&4

(uonjesdsqul je2BWINYN)  SWIYIOZ|Y

Time-driven

Figure 6: Classification of the algorithms for smooth and non-smooth dynamics of many particle systems
with volume exclusion constraints. Our approach belongs to the class of time-stepping schemes for non-
smooth dynamics.

is presented in Chapter 5 and it uses the Lagrangian formulation for minimization prob-
lems in infinitely dimensional spaces that we present next. In particular, we provide the
regularity conditions on the functions associated to the constraints that allow us to use

this formulation.

Let Y be a real vector space. Consider the minimization problem

find n € Ya solution of
min{f(n) |n€Y, gi(n) <0, i=1,..,p, h(n) =0}, (10)

where f: Y = R, (¢i)iz1,.p =g : Y — RP and (hj)j=1,..,=h:Y — R? are the given
data. If f and ¢;, ¢ = 1,...,p are convex and h;, j = 1, ..., ¢ are affine functions then by

definition 1 the minimization problem is convex.

Consider the Slater condition:

e there exists a strictly admissible point ng for (10), i.e.,

g(ng) <0 and h(ng) =0,

e the equality constraints are independent,

and the regularity assumptions:
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e f,g and h are continuously (Fréchet) differentiable in a neighbourhood of n*,

e the minimization problem is convex and f,¢g and h are continuous and Gateaux
differentiable on Y.

The next theorem ensures that the necessary conditions for optimality hold true provided
n* is a solution to the minimization problem and some regularity assumptions are satisfied.
As we shall see, if the problem is convex the continuous differentiability assumption can

be relaxed.

Theorem 5. Let n* be a solution to (10). Suppose the Slater condition holds and at least
one reqularity assumption holds. Then there exist multipliers (X, p) € RP x RY satisfying

non-triviality conditions: (A, 1) #0, (11)
feasibility conditions: X\; >0, g;(n*) <0, h(n) =0, i=1,....p, (12)
complementary slackness condition: A-g(n*)=0 (13)
Euler-Lagrange equation: (f+X-g+p-h)(n*)=0, (14)

where 77 denotes Fréchet derivative and ”- 7 denotes inner-product.
Proof. See Thm. 9.4 and Thm. 9.8, p. 182 — 185 in [35]. ]

This is a central result in optimization and is used in this thesis in Chapter 5.

0.3.3.2 DyNAMICS

We now present a brief overview on continuum models for congested systems using the
classification proposed in Section 0.3.1.1, which divides the models into two groups: phe-
nomenological models and coarse-grained models (which are derived from particle-based
models). Within each group they can be subdivided according to their underlying frame-
work into reaction-diffusion systems, solid mechanics, fluid mechanics and free-boundary
problems.

We first present a few examples of phenomenological models and the contexts where

they have been applied.

e Reaction-diffusion systems. Reaction-diffusion systems have been used in the study
of tumour spheroids [162] and invasion processes applied to cell biology and ecology
[64, 104, 132].

e Solid mechanics. We refer to [11] where a model of swelling gel is proposed in the
framework of hyperelasticity theory and applied to the study of certain tumours,
such as malignant melanoma. In the context of tumor growth modelling a solid

mechanics model can be found for example in [32].
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o Fluid mechanics. A fluid model has been proposed in the context of crowd dynamics
to study the transition between congested and uncongested regimes [46]. In the
context of tumour growth, fluid models based on Darcy’s law can be found for
example in [22; 31, 37, 40, 87].

e Free-boundary problems. Free-boundary problems are used in the modelling of tissue
and tumour growth. They describe the boundary of the tissue over time [71]. In [21,
90] the authors have explored under which asymptotic limits the fluid model could
lead to a free-boundary problem. Related to these, the analogy between tumor
growth and the free-boundary problem of solidification (the so-called Hele-Shaw
problem) has been developed in [88, 145, 146, 147].

We now present a few examples of continuum models that have been derived from
particle based models (see Section 0.3.2.2 for a description of the different types of particle

based models).

e Reaction-diffusion system derived from a lattice-based model. Reaction-diffusion
systems for cell migration and proliferation have been derived from lattice-based

models through a mean-field limit in one [96] and two [95] spatial dimensions.

e Model in solid mechanics derived from wvertex model. Also in the context of cell
biology, an epithelial cell tissue has been described by a two-dimensional viscoelastic

sheet originated from a vertex model through coarse-graining [8].

o Fluid model derived from off-lattice model with soft-spheres. A fluid model describing
the dynamics of herds [47] has been derived from an off-lattice model with soft non-

overlapping constraints through mean-field and hydrodynamic limits.

o [Free-boundary problem derived from off-lattice model with hard-spheres. In the con-
text of tumour growth, a Hele-Shaw type problem has been formally derived through

coarse-graining from an off-lattice particle model with hard-contraints [130].

In Chapter 5 we consider a continuum model based on the minimization of a confining
potential under maximum packing density constraint. We then prove that these rules
give rise to a free-boundary problem. Similarly to the Hele-Shaw problem, the system is
regarded as the region of space where particles have reached the packing density. The
system is therefore an incompressible medium separated from the outer medium by a
moving free boundary. Since the heuristic rules considered in the continuum model are
analogous to the ones considered in the particle-based model, this work intends to be a
first step towards a formal (and rigorous) derivation of the continuum model from the

discrete one.
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0.4  AIMS, MAIN RESULTS AND CONTRIBUTIONS

The thesis is divided into three parts. Part I deals with algorithms for static packing prob-
lems, which represent a fundamental tool in the discrete modelling framework presented
in Part II. Part II is mostly concerned with algorithms simulating dynamical problems
and in particular the study of an epithelial tissue. In Part III we develop a continuum

framework for swelling materials. The main results are summarized next.

0.4.1 ALGORITHMS FOR PACKING PROBLEMS (PART I)

We present next the general problem that motivates the work discussed in Part I of this
thesis. Let d € N be the spatial dimension and N € N the number of particles in R¢,
with position X = {X;},—;__n. Consider the following local minimization problem: find
a configuration X € RV such that

X e argmin W(X), (15)
bre(X)<0, kl=1,...,N, k<t, XcU(X)

where U(X) is a neighbourhood of X, W : R®¥ — R is a convex and smooth function (not
necessarily strictly convex) with an attainable minimum in the admissible set defined by
the constraints. The functions ¢, : R®™ — R, k < ¢ are continuous but not necessarily
convex. In these conditions, X exists, but may not be unique. Note that we are not
necessarily interested in finding a global minimizer. Indeed, in many systems the particles
only seek to achieve a locally optimal solution. To simplify the notation we will omit

the condition X € U(X) in the formulation of the minimization problems presented
throughout the thesis.

Specifically, we focus on the case where W represents a confining potential and ¢y, are
associated to mon-overlapping constraints between particles k and ¢. In this setting, the
minimization problem (15) can be seen as a packing problem. Note that the functions as-
sociated to non-overlapping constraints are typically non-convex, which brings additional
difficulties compared to convex problems (see Section 0.4.1.1).

Examples of possible solutions in dimensions d = 2 and d = 3 are shown in Figure 7,
with

dre(X) = (2R)* — | X}, — Xo|%, (16)
and .
W(X) = ﬁZIXi - X% (17)

where R denotes the radius of the spheres and |.| the Euclidean norm.

In Chapter 1 we present a new iterative algorithm to find an approximate solution

to (15) and we explore its computational speed and accuracy compared with classical
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Local optimal configuration in R3

Optimal configuration in R?

Figure 7: Two examples of solutions to the packing problem (15) with ¢, and W defined in (16)
and (17), respectively. A global optimum in dimension 2 is presented on the left and corresponds to the
hexagonal lattice. A local optimum in dimension 3 is presented on the right.

methods in the case of a sphere packing problem with W defined by (17). In Chapter 2
we consider again the confining potential (17). We prove the convergence of a first-order
formulation of the algorithm towards the theoretical solution in dimension d = 1 and we

develop the analysis of speed of convergence in any dimension.

0.4.1.1 DAMPED ARROW-HURWICZ ALGORITHM FOR SPHERE PACKING (CHAPTER

1)

Chapter 1 is based on the published work [45] which is a collaboration with Pierre Degond
and Sebastien Motsch. The aims of this Chapter are:

e To develop an efficient and accurate algorithm to solve the non-convex minimization
problem (15).

e To test numerically the new algorithm against other algorithms existing in the

literature.

We start by reducing the original problem (15) to a critical-point system with a possible
enlargement of the set of solutions. Under certain regularity conditions on the functions
¢re, from theorem 4 (Section 0.3.2.1) we have that, if X is a solution to the minimization
problem (15), then, there exists A € (Rf)V®™=1/2 guch that (X, A) is a critical-point of
the Lagrangian £ : R¥? x (RF)NWV=D/2 — R defined by

L(X,A) =W(X) + > AkePre(X),

ke{1,..,.N}, k<t

where A = {Agr}re=1,. N, k<e represents the set of Lagrange multipliers.

In the case where the functions ¢y, are non-convex, there may be critical-points that
are not solutions to the original minimization problem. Moreover, contrarily to convex

optimization, a critical-point may not be a saddle-point (see Section 2.4.1). This is the
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starting point of our work. We first observe that the classical Uzawa-Arrow-Hurwicz
Algorithm (AHA) does not converge. Specifically, by writing the algorithm as the dis-
cretization of an ODE system, we realize that the non-existence of saddle-points leads to
the existence of periodic orbits around the steady-state. To overcome this problem, we add
a damping term to the system of ODEs in order to change its dynamics without changing
the steady states. By discretizing the modified ODE system we obtain what we call the
damped Arrow-Hurwicz algorithm (DAHA) that is presented in the next definition.

Definition 6. We define the damped Arrow-Hurwicz system (DAHS) as

(X, = -a?[Vx,W(X)+ > MotV x, Ore(X)]
kbe{1, N}, k<t

—af3 > Do (X) MtV x, e (X) — X,
kobe{1, N}, k<t

i=1,.,N
}\M _ 0, if \ee =0 and ¢pe(X) <0 7
Bére(X), otherwise
\ kt=1,..,N, k</

where o, B and ¢ are positive constants and the damped Arrow-Hurwicz algorithm
(DAHA) as the corresponding semi-implicit discrete scheme:
(X = —HlC/Q (2Xr — (1—¢/2)X)
062 n n n
— e Vx,W(X") + 2 AotV x, Ore(X")]
ke{1,..,N}, k<t

- 1ff/2 > Ore(X™)ARV x, Pre(X"),
kobe{1,n N}, k<t

i=1,..N
L /\ZZ'1 = max{0, \}, + Bop (X"}, k,0=1,..,N, k<{,

where o, B and ¢ correspond now to numerical parameters.

We prove that the algorithm converges to a solution of our original problem for the
particular potential (17) with N = 2 in one spatial dimension and we observe numerically

that it also converges in two spatial dimensions for a large number of spheres.

Our algorithm is then compared with two different methods belonging to the class of
linearly constrained Lagrangian methods (LCL). The first method consists of solving a
sequence of convex minimization problems with linearized constraints using the AHA. At
each iteration, the constraints are linearized around the solution obtained at the previous
iteration. The numerical implementation involves an outer and an inner loop, what will be
referred to as the nested algorithm for the positions (NAP). The second method is based
on a formulation of the problem involving the evolution of Vx. W(X), ¢ = 1,..., N which
we will refer to as the velocities. More precisely, the problem is formulated iteratively:

given an initial configuration X° = {X?},_; _ n, we pass from iterate X? to iterate Xr*!
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as follows

XPH = XP 4 7 VP (18)
N
1
VPt ¢ argmin Y Vi+Vx,W(XP)P, (19)
Gre(XP+7 V)0, kf=1,...N, k<tZ “=

where 7 > 0 is a given parameter and V = {V;};—; . Similarly to the first method,
we use the AHA to solve the minimization problem (19) with linearized constraints. This

algorithm will be referred to as nested algorithm for the velocities (NAV).

Numerical experiments in dimension d = 2 were designed to assess the three algorithms
(DAHA, NAP, NAV) in a scenario where particles are strongly attracted to each other
as exemplified by the global potential (17) and a highly dense and overlapping initial
configuration. After spanning the parameter space, the best parameters for each method
were selected. In a second stage, the three methods were compared in terms of the
computational time, accuracy and variability of computational time with respect to initial
configurations. The NAP turned out to be the fastest, the most accurate and the less
dependent on initial conditions for a small number of spheres (N = 7). For a large
number of spheres (N = 100), the DAHA performed better than any other method in
terms of computational time and variability of computational time. Accuracy has not
been measured as for N large the solution of the minimization problem is not unique.

Finally, in dimension d = 3, we show that the DAHA is able to generate random close
packings with a volume fraction of approximately 0.65. Whether a higher fraction could
be achieved by choosing a different set of parameters remains an open problem.

Future directions include the analysis of numerical stability and the study of the per-
formance of the algorithms for other types of initial configurations, higher spatial dim and
other particle shapes. Some of the numerical results obtained in this work are analytically
investigated in Chapter 2.

The applications of particle systems with volume exclusion constraints are many and
we believe that these type of algorithms may be very useful for biological, physical and

social systems.

0.4.1.2 ANALYTICAL STUDY OF A NON-CONVEX MINIMIZATION PROBLEM (CHAPTER
2)

Chapter 2 is based on a collaboration with Sebastien Motsch. The aims of this Chapter

are:

e To develop an analytical study of the new algorithm proposed in Chapter 1 in
terms of convergence and speed of convergence in 1D and for an arbitrary number

of particles.

e To compare the new algorithm with an augmented Lagrangian method in terms of
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speed of convergence.

We consider the non-convex minimization problem (15) with the global potential (17).
We start by studying properties of a solution to this problem itself. In particular, we
fully characterize the only solution (apart from permutations and translations) and the
associated Lagrange multipliers in dimension d = 1 for any value of N. In dimension
d > 1, there are in general many local minima and there is no explicit expression for
the Lagrange multipliers. Nevertheless, we are able to compute the order of magnitude
with respect to IV of the Lagrange multipliers associated to a particular class of solutions

belonging to the set of spherical configurations.

We then analyse the dynamical system associated to the AHA and prove that it does
not converge. Specifically, we show that for NV > d + 1 the Lagrangian does not have any
saddle-point.

We dedicate the remaining of Chapter 2 to the analysis of two dynamical systems.
The first one is associated with an augmented Lagrangian algorithm (ALA) and we call
it augmented Lagrangian system (ALS). The second one is associated with a first-order
formulation of the DAHS and we call it 1st-order DAHS. The two systems have the form:

(X;  =—a[Vx,W(X)+ > ke V x, 0r0(X)]
ke{l,.. N}, k<t
i=1,..,N (20)
).\ 0, if \py =0 and ¢k4<X> <0
ke = )
Bore(X), otherwise
L kt4=1,...N, k<, (21)

where v and  are positive constants. In the ALS, the last term in equation (20) is defined
by
Di(X,\) := DAL(X, \) = Y (X)) Vx,ou(X)
kte{l,...N}, k<t

and in the 1st-order DAHS the same term is defined by

Di(X, ) == DPM(X,\) = > Pre(X)AeV x, Ore (X).
k.e{l1,...,N}, k<t

We prove the convergence of both systems in dimension d = 1 towards the solution
of the minimization problem characterized before, provided the initial configuration is
sufficiently close to the steady state. Specifically, we use linear stability analysis to prove
that the solution to the minimization problem is an asymptotically stable steady state
of (20)-(21) for any value of the parameters. Moreover, we obtain for each system the
region in the parameter space where the convergence is faster. We conclude that in the

case of the 1st-order DAHS this region is narrower but it may lead to a faster convergence
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than the corresponding region of the ALS.

There is still much more work left to do, namely, investigate the convergence properties
of the DAHA towards a solution to the minimization problem in high spacial dimensions,
finding a rule to choose the parameters that lead to a faster convergence and study the
numerical stability of the algorithms. Despite of the simplicity of the formulation and
resolution of sphere packing problems in low dimensions, they turn out to be extremely
complex in higher dimensions (above 2). Therefore they still remain nowadays an active

area of research in mathematics [36, 89).

0.4.2 PARTICLE-BASED MODELS FOR CONGESTED SYSTEMS (PART II)

We now consider discrete descriptions of the time-evolution of particle systems with con-
gestion. At each time, we assume that the system is at a mechanical equilibrium. Such
equilibrium state corresponds to a solution of a packing problem (see Part I), namely, a
minimization of a potential energy (confinement potential) subject to volume exclusion
constraints. The evolution of the system is then driven by changes in the potential energy
and other factors that are specified in the next Sections. This part of the thesis is formed

of two Chapters:

e In Chapter 3 we present a numerical study on the performance of several algorithms
for simulating the dynamics of congested systems. The experimental set up is a
particle-based model for ballistic aggregation. We compare several event-driven
and time-stepping algorithms and we select the one that performs faster for a large

number of particles.

e In Chapter 4, we build a mechanical model of a packed cell tissue and we use the
algorithm selected in Chapter 3 to simulate its dynamics. Using the model, we then
show that some hypotheses about the dynamics of the tissue are consistent with the
real data.

0.4.2.1 EVENT-DRIVEN VERSUS TIME-STEPPING SCHEMES FOR BALLISTIC AGGREGA-
TION (CHAPTER 3)

Chapter 3 is based on a collaboration with Pierre Degond, Giacomo Dimarco and Sophie
Hecht. The aims of this Chapter are:

e To develop a time-stepping algorithm that efficiently simulates the dynamics of large

and dense particle systems.

e To assess the new algorithm against an event-driven algorithm in terms of compu-

tational time in the context of a particle system undergoing ballistic aggregation.
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Consider N € N self-propelled hard-circles, with radius R > 0 and positions X =
{Xi}tiz1..n € R2YN. The circles move smoothly in straight trajectories in a torus until
they collide and stick, forming growing clusters with velocity equal to the average of the
velocities of the constituent particles. We consider the evolution of the system until all
particles have come together to form one big cluster. The phenomenon described is called
ballistic aggregation and constitutes our experimental set up to assess an event-driven
(ED) and four time-stepping (T'S) schemes (see Section 0.3.2.2 for a description of the
main features of these methods). The goal is to find a scheme that is able to deal with a

large number and a large density of particles.

In the TS schemes we define a small time-interval At¢. Given the state of the system at
time ¢, we compute the state at time t+At by performing three steps: 1) the particles move
at a constant velocity until time ¢ + At, 2) the positions of the particles are adjusted to
restore the non-overlapping condition in the system, 3) the velocities of colliding clusters
are updated to the average velocity of the constituent particles. Step 2) consists of solving
a minimization problem with non-overlapping constraints (see Part I). The four different
TS schemes (S-R, NS-R, S-NR and NS-NR) are obtained by combining the two following

aspects:

e rigid (R) or non-rigid (NR) clusters, namely, each cluster behaves either as a whole
or as a collection of particles. In the former, all particles of the same cluster are
subject to the same update during the minimization algorithm and in the latter

each particle is updated individually;

e the use of smooth (S) or non-smooth (NS) functions associated to the non-overlapping
constraints, ¢r(X) <0, k < £, namely,

Ore(X) = (2R)* — | X), — X

or

oe(X) = 2R — | X, — X4,

respectively. Note that the two functions lead to equivalent constraints, neverthe-
less they have different influence on the speed and accuracy of the minimization

algorithm.

We then compare the computational time of the TS and ED for different numbers
of spheres N and different sizes of the domain. We observe that when the number of
particles becomes large or the size of the domain becomes small, the ED method becomes
computationally more expensive than the TS schemes. Precisely, in our experiments,
we observe that for for N = 10° circles and a domain [0, L]?, with L = 2.5RVN, the
ED takes almost 4 days, while the TS takes less than two hours’.When comparing the

fThe computational time was obtained in a Dell PowerEdge R630 rackmount server fitted with two
Intel Xeon E5-2637 3.5 GHz processors, each of which with 4 cores and 8 threads.
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TS algorithms between themselves, we observe that the ones using the smooth form of
the constraints are faster than the corresponding methods with non-smooth form of the
constraints. In Chapter 4 we therefore opted by the smooth form of the constraints in

the model for a cell tissue.

In future work, the TS methods should be assessed in terms of how accurate they
represent the real dynamics. Since the ED scheme is an exact method, we could use it
in this assessment as the reference for accuracy. After selecting the most efficient and
accurate TS scheme, we could use it to study statistical properties associated to ballistic
aggregation. By introducing variability in the initial positions and velocities, one could
explore the evolution of the number of clusters over time or the type of shapes arising

during and at the end of the dynamics.

0.4.2.2 MODELLING A PACKED CELL TISSUE WITH NOISE (CHAPTER 4)

Chapter 4 is based on a collaboration between mathematicians Pierre Degond and Sara
Merino-Aceituno and a team of biologists from Toulouse led by Eric Theveneau and

including Fernando Duarte. The aims of this Chapter are:

e To develop a mechanical model for a packed cell tissue.
e To explore the parameter space of the model.
e To obtain a qualitative and quantitative comparison with real data.

e To come up with preliminary hypotheses about the mechanics of the tissue.

In a densely packed tissue the contact forces between neighbouring cells cannot be
neglected. We consider in particular tissues where the nucleus is the most rigid part of
the cell, leading to nuclei packing. Our goal is to understand the contribution of the me-
chanical interactions between neighbouring cells to the shape and dynamics of the tissue.
In order to address this question, we compare experimental results with simulations of
a mathematical model. The experiments conducted by the team of Eric Theveneau are
performed on the chick neuroepithelium that will be presented next. The aim of the math-
ematical model is to test hypotheses that are based on the observation of experimental
data.

The neuroepithelium is constituted by one layer of elongated column-shaped cells whose
nuclei can be found at different heights inside the cell, giving the perception of a multi-
layer tissue (see Figure 8b). The cells are involved by an extra-cellular matrix. Epithelial
cells have a polarity, at the bottom (basal side), the cells are attached to a membrane,
called basement membrane, and at the top (apical side), they are attached to each other,
forming the so-called apical network (see Figure 8a). The nucleus moves inside the cell

along the apico-basal axis. Prior to division, it migrates to the apical side, where it
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mitotic cell
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Basement membrane Basal side
(a) Sketch of the organization of a (b) Image of the chick neuroepithelium taken by
pseudo-stratified epithelial tissue. Image Theveneau’s team.

taken from [109] and modified.
Figure 8: In a pseudo-stratified epithelial tissue the nuclei are found at different heights inside the cells.

Prior to cell division, the nucleus migrates inside the cell to the apical side of the tissue.

divides. How the nucleus migrates and how that relates to the shape of the tissue are

questions we want to address in this study.
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Figure 9: Sketch of the model for the tissue presented in Figure 8. The model consists of soft-hard-spheres
connected to the apical and basal points through springs. The basal points are restricted to a straight line
and they cannot switch positions nor get too far away from each other. Neighbouring apical points are con-
nected through springs. The apical point, nucleus and basal point are subject to an alignment force.

In the mathematical model, a cell is constituted by the nucleus, an apical point and
a basal point. The apical and basal points are connected to the nucleus through springs
with adaptive rest lengths (see Figure 9). The rest length is gradually adapting to the
actual length of the spring, which introduces a visco-elastic effect on the system. The
nucleus is modelled by an inner-circle, which represents an impenetrable hard-core and an
outer-circle that resists to compression through an elastic response. The basal points are
restricted to the basement membrane, which is represented by a straight line. Moreover,
they cannot switch positions nor get too far away from each other, which models lateral
adhesion, i.e., the fact that cells adhere to each other. Each apical point is connected
to its neighbouring apical points through springs, forming an apical network. We also

consider an alignment force that tends to align the apical point, the nucleus and the basal
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point, which models the influence of the cytoplasm of the cell.
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Figure 10: Sketch of the changes occurring to a cell prior to division. The rest length of the springs
changes to allow the nucleus to approach the apical side. After a while, the radius of the hard nucleus in-
creases and finally, at division, one cell is substituted by two cells.

Prior to division, the stiffness and rest lengths of the springs of the dividing cell are
modified to allow the nucleus to approach the apical side (see Figure 10). After a short
time period, the radius of the inner-circle increases, which models an increase in the
rigidity of the nucleus. After a while the cell divides, i.e., two cells are introduced in
the place of the older cell. Each cell has an internal clock that determines the time
for division and its internal state, namely, the nucleus rigidity and the properties of the
springs. The position of the nuclei and apical points are subject to Gaussian white noise.
The dynamics of the system is driven by noise, cell division, changes in nucleus rigidity
and spring characteristics.

To simulate this dynamics, we use the time-stepping scheme developed and tested in
Chapter 3. This scheme involves the resolution of a minimization problem with smooth
constraints at each time-step. We minimize a potential corresponding to the sum of
the energy associated to the springs, the alignment force and the soft nucleus. The
minimization is subject to non-overlapping constraints on the nuclei inner-cores, and non-
switching and lateral adhesion constraints on the basal points. To solve this minimization
problem we use the DAHA algorithm that was developed in Chapter 1. At each time-

iteration of the simulation, we perform the following steps:

1. cell division (one cell is replaced by two cells)

2. actualization of internal state of each cell (nucleus rigidity, rest-length and stiffness

of springs),
3. adding noise to the position of the nuclei and apical points

4. restoration of the mechanical equilibrium (minimization algorithm).
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We then investigate for which region of the parameter space we get a qualitative agree-
ment with the laboratory data acquired by the team of biologists on the neuroepithelium.
As much as possible the values of the parameters have been estimated from experimental
data.

The model has provided important output about the mechanics underlying the tissue.
In particular, it suggests that the presence of noise in the system is fundamental to allow
the movement of nuclei in a crowded environment. Another observation is that the speed
of actualization of the springs performed in step 2 above seems to control both the time it
takes for the nucleus to reach the apical side before division and the height of the tissue.
These observations can be compared with experimental results and help in the design of

new laboratory experiments.

In the future one should develop more quantitative comparisons between the model
and experimental data to calibrate and validate the model. In particular, it would be
interesting to explore the potential existence of bifurcations on the model parameters and

see if they would relate to in vivo observations.

In a longer term the model could be used to explore other biologically relevant sit-
uations, such as cancer development. In this case, the model might prove particularly
useful, by allowing in silico experiments which could be technically challenging in wvivo.
For instance, the effect of finely tuning cell heterogeneity within the tumour or assessing

the effect of tumour size on tumour dynamics and on healthy neighbouring cells.

0.4.3 CONTINUUM MODELS FOR CONGESTED SYSTEMS (PART III)

In Part III we use the intuition developed in Parts I and II to design a continuum approach
for congested systems. We assume that the system is at all times at a state of mechanical
equilibrium, that corresponds to the solution of a minimization problem. The evolution
of the system is then driven by the evolution of an external confining potential and by
a change in average particle volume. The question we want to address is what motion

results from this situation.

0.4.3.1 A NEW CONTINUUM THEORY FOR INCOMPRESSIBLE SWELLING MATERIALS
(CHAPTER 5)

Chapter 5 is based on a collaboration with Pierre Degond, Sara Merino-Aceituno and
Mickaél Nahon. The aims of this Chapter are:

e To develop a continuum model for large and dense particle systems based on the

rules introduced in Part II at the particle level.

e To characterize a generic solution.
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We develop a continuum model for incompressible swelling materials, which intends
to be a first step towards the development of more realistic models of swelling gels or
tumours. We start by considering a discrete model in order to motivate the continuum
description. Similarly to the models presented in Part II, we consider a system made of
N finite-sized particles at equilibrium in a confining potential constrained by the non-
overlapping constraints. We then assume that the particle volume and the confining
potential may vary with time and that the particles follow this evolution adiabatically by
remaining at any time at mechanical equilibrium. We refer to [112] for a discussion of
the biological relevance of this description and to Chapter 4 for an example of a discrete
model developed within this particular setting.

We now formulate a similar problem at the continuum level. We consider a continuum
density n(z,t) for a population of particles having finite average volume 7(x,t), where
r € R? d = 1,2,3 represents the position and ¢ > 0 the time. We assume that the

particle density satisfies the total mass constraint

/ n(x,t)dr = N, (22)

where N > 0 is fixed, the non-negativity constraint
n(z,t) >0 (23)
and the maximal density constraint
n(x, t)r(x,t) < 1. (24)

Moreover, we assume that the system is confined by an external potential V(x,t, 7(x,t))

whose associated mechanical energy is given by

Fin] = /R V(a7 1)), B, (25)

The state of the system at any given time ¢ corresponds therefore to the solution of the

following minimization problem:

Find n(-,t): = € R*+— n(x,t) € R a solution of:

min { Fy[n(-,t)] | n(,t)>0, n(,{)7<1 and / n(z,t)de = N}, (26)
R4
for 7: (x,t) € R x [0,00) + 7(x,¢) € R, and N > 0 given.
We start by characterizing the resulting equilibrium density. We prove that the solution
to (26) is unique, contrarily to the discrete case (see section 0.4.1). The formulas we obtain
show that the particles fill all the energy level sets of the potential V' while keeping the

non-overlapping condition saturated (i.e. the density being equal to the packing density)
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until they reach a maximal energy value related to the total number of particles. Indeed,
the potential V' tends to bring all particles towards its points of global minimum. However,
the non-overlapping constraint prevents the particles to pile up at these points and forces
them to occupy increasingly higher potential values. They do so until the total number of
particles has been exhausted. At this point, the medium has reached its outer boundary
and it is therefore limited by the level set that encloses a number of particles exactly equal

to the total number N of available particles in the system.

Then, we assume that the average particle volume and of the confinement potential
depend on time. Assuming that the system moves adiabatically and remains at any time
at mechanical equilibrium, we can compute the continuum velocity. More precisely, we
determine this velocity by applying two heuristic principles directly connected to the
previous non-overlapping heuristics. The first heuristics is that particles cannot swap
their positions. Indeed, at the packing state, there is not enough space for two spherical
particles to undertake the maneuver required to swap their position. This heuristics
provides the component of the velocity normal to the level sets of the potential V. At this
point, we prove that the medium velocity is consistent with the continuity equation. In
order to determine the component of the velocity tangent to the level sets of the potential
V', we invoke a second heuristics, namely that the sequence of minimization problems over
time will favour a continuous particle motion rather than jumps which would generate
large velocities. In continuum terms, this means that the velocity should obey an energy
minimization principle. We show that this principle determines the tangential velocity in
a unique way as the tangential gradient along the potential level sets of a certain velocity
potential (not to be confused with the confinement potential). This velocity potential is
found by inverting a Laplace-Beltrami operator on each of the level sets.

This approach is different from the classical one relying on Darcy’s law. One con-
sequence of the use of Darcy’s law for incompressible swelling materials is that, at the
medium boundary, the continuum velocity is normal to the boundary [146]. Contrarily,
in our framework the velocity at the medium boundary does not have to be (and it is
not in general) normal to the boundary, due to the presence of a non-trivial tangential

velocity component.

This new modelling approach opens many exciting new research directions, from theory
to numerics and modelling to applications. A (non-exhaustive) list of future directions
which will be investigated in forthcoming works include the following: adding cell division;
considering a potential V' that involves a contribution from particle interaction such as
attachment between nearby cells; coupling with chemical fields; introducing boundary
fuzziness; introducing a statistical description of particle volume sizes leading to a kinetic
equation; taking into account multiple particle species; deriving a macroscopic model
by coarse-graining; developing a numerical approximation of the system and applying to

practical systems.
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0.5 STRUCTURE OF THE THESIS

In this thesis we propose two modelling frameworks to describe congested particle systems
at the discrete (Parts I and IT) and continuum (Part I1T) levels. In the first framework, the
system is described at the particle level (microscopic model), while in the second frame-
work the system is described at the number density level (macroscopic model). The two
frameworks are based on simple heuristic rules on the interaction between particles that
are likely to be obeyed in generic congested systems. New computational and mathemat-
ical tools are developed in order to study the static equilibria (Part I and Part IIT) and
evolution (Part II and Part III) of these systems. The static equilibrium corresponds to a
solution of a minimization problem. In the discrete framework, such minimization prob-
lem is typically non-convex, which brings additional difficulties, as no universal numerical
methods exist for these problems and therefore, they need to be treated case by case.
Part I of this thesis is exclusively dedicated to the development and study of algorithms

to find a numerical solution to this problem.

In Chapter 1 (Part I) we propose a new algorithm, that we call DAHA, for non-convex
optimization problems. We develop a numerical study on the convergence and speed of
convergence of this algorithm in the context of a sphere packing problem in 2 and 3 spatial
dimensions. We develop a comparative study with existing methods belonging to the class
of Linearly Constrained Lagrangian.

In Chapter 2 (Part I) we find the analytical solution to the sphere packing problem
referred in the previous paragraph in dimension 1, which is unique up to permutations and
translations. We then consider a first order formulation of the DAHA and we prove its
convergence in dimension 1 towards the theoretical solution. We also explore analytically
existing methods, namely, the Uzawa-Arrow-Hurwicz and augmented Lagrangian and

compare them with our method.

In Chapter 3 (Part II) we consider the dynamics of N circles undergoing ballistic
aggregation in a torus. We study an event-driven (ED) and several time-stepping (TS)
algorithms in the case where the density of particles is high. The aim is to test and
compare various algorithms to simulate congested systems. We consider TS schemes
involving the resolution of a sphere packing problem at each time-iteration, which are
obtained by combining smooth and non-smooth form of the constraints and rigid and
non-rigid growing aggregates. The sphere packing problem is solved numerically using
the DAHA presented in Chapter 1. Numerical experiments show that the ED becomes
computationally very expensive as the density and the number of particles increases. The
TS scheme with the lowest computational time is the one that uses the smooth form of
the constraints and non-rigid clusters. We then select the smooth form of the constraints

to be used in the simulation of the dynamics of a cell tissue in Chapter 4.

In Chapter 4 (Part II) we develop a mechanical model of a densely packed epithelial cell

tissue in collaboration with a team of biologists led by Eric Theveneau (University Paul
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Sabatier, Toulouse), who run in vivo lab experiments. The aim is to identify the main
mechanical properties that lead to the observed dynamics and shape of the tissue. The
algorithm to simulate the model is the TS scheme with smooth form of the constraints
that we selected in Chapter 3. The results of the model are in good agreement with
experimental data. The model has motivated the formulation of new hypotheses about

the shape and evolution of this tissue.

In Chapter 5 (Part III) we propose a continuum description of swelling materials. The
aim is to describe the evolution of the particle density in a congested system where the
particles are confined by a potential energy. The motion is driven by the evolution of
the potential energy and changes in the average particle size. Similarly to the discrete
models presented in Chapters 3 and 4, we describe the static equilibrium as a solution to
a minimization problem with maximal density constraint. Contrarily to the minimization
problem associated to the discrete model presented in Part I, in the continuous model the
minimization problem is convex and we are able to compute the only solution analytically.
We then compute the medium velocity under two extra assumptions: particles cannot
swap positions (non-swapping condition) and they favour a continuous trajectory rather
than with jumps (principle of minimal displacement).

A schematic organization of the topics developed in the thesis is presented in Figure 11.

The topics are classified in four categories, resulting from the combination of two aspects:

e the type of model: discrete/particle-based or continuous/density-based (represented

in the horizontal axis),

e the state of the system: statics/time-independent or dynamics/time-dependent (rep-

resented in the vertical axis).

Part I (Chapters 1 and 2) refers to discrete models describing the static equilibrium
of congested systems. Part IT (Chapters 3 and 4) refers to discrete models describing
the dynamics of congested systems. Part III (Chapter 5) refers to continuum models

describing both the static equilibrium and dynamics of congested systems.
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Modelling congested systems

Statics (time-independent)

Part |
Packing algorithms:
Numerical study
Chapter 1
Analytical study
Chapter 2

Discrete
(particle-based)

Part 11l

Swelling materials:

Static equilibrium

Chapter 5

Continuum
(density-based)

Part I Part Ill

Ballistic aggregation

Chapter 3 Swelling materials:

Dynamics

Chapter 5

Epithelial cell tissue
Chapter 4

Dynamics (time-dependent)

Figure 11: Classification of the Chapters of this thesis and how they relate to each other. The horizontal
axis refers to the spatial scale considered in the models: from microscopic (discrete particle-based models,
Chapters 1 to 4) to macroscopic (continuum density based models, Chapter 5). The vertical axis refers to
the state of the system: static equilibrium (Chapters 1, 2 and 5) versus dynamics (Chapters 3, 4 and 5).
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Part 1

Algorithms for packing problems
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DAMPED ARROW-HURWICZ ALGORITHM
FOR SPHERE PACKING

We consider algorithms that, from an arbitrarily sampling of N spheres (possibly over-
lapping), find a close packed configuration without overlapping. These problems appear
in the simulation of particle systems with congestion presented in Part II and they can
be formulated as minimization problems with non-convex constraints. For such pack-
ing problems, we observe that the classical iterative Arrow-Hurwicz algorithm does not
converge. We derive a novel algorithm from a multi-step variant of the Arrow-Hurwicz
scheme with damping. We compare this algorithm with classical algorithms belonging to
the class of linearly constrained Lagrangian methods and show that it performs better.
We provide an analysis of the convergence of these algorithms in the simple case of two
spheres in one spatial dimension. Finally, we investigate the behaviour of our algorithm
when the number of spheres is large in two and three spatial dimensions. This algorithm

is further analysed in Chapter 2.

The results presented in this Chapter have been published® in Journal of Computational
physics [{5] in collaboration with Sebastien Motsch' and Pierre Degond.

*The published article is under the license CC BY-NC-ND 4.0.
tSchool of Mathematical & Statistical Sciences, Arizona State University, Tempe, USA
Department of Mathematics, Imperial College London, UK
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1.1 INTRODUCTION

Particle packing problems can be encountered in many different systems, from the forma-
tion of planets or cells in live tissues to the dynamics of crowds of people. In particular,
they have been widely investigated in the study of granular media [117], glasses [181]
and liquids [85]. More recently, particle packings have also been used in biology, in the
study of bacterial colonies, [107] and social sciences, in the estimation of a maximum safe
packing in a crowd [39].

Packing problems lead to NP-hard non-convex optimization problems [89], due to the
non-convexity of the exclusion volume constraints. In the literature, we find numerical
studies involving particles with various shapes such as ellipses [180] or even non-convex
particles [60]. Depending on the degree of symmetry of the particles shape and the
packing domain, the optimal solution may not be unique, since permutations, rotations
or reflections may generate equivalent solutions. An example where all these symmetries
occur is the packing of a finite number of spheres in the Euclidean space, which corresponds
to the situation we explore here. Moreover, there are local minima and their number

increases as the number of particles and the spatial dimensions increases.

We consider algorithms that, given an initial configuration of N spheres (possibly
overlapping), find a nearby packed configuration without overlapping. This solution is
not in general a global optimum, which is an important feature regarding the applications
we are interested in. Indeed, in many natural systems individuals or particles only seek
to achieve a locally optimal solution. Therefore, it is more likely that they reach a local
configuration that does not necessarily correspond to a global optimum. By combining
our method with, for example, simulated annealing techniques [1], we could convert our
algorithms into global minimum search algorithms. It is however not the objective we

pursue here.

Classical procedures for non-convex optimization include Uzawa-Arrow-Hurwicz type
algorithms [17], augmented Lagrangian [23, 25], linearly constrained Lagrangian (LCL),
sequential quadratic programming (SQP) [134], among others. For the type of problems
we consider here, the Hessian matrix of the function to be minimized is not always positive
definite (see the example presented in section 1.3). Consequently, the SQP and Uzawa-
Arrow-Hurwicz algorithms do not always converge. On the other hand, the LCL methods
converge very quickly if the number of particles is small. However we are interested in
the case where this number becomes large.

In [53, 86] the authors study the shape of three dimensional clusters of atoms under
the effect of soft potentials by using molecular dynamics. This approach differs from
ours with regard to the non-overlapping constraints, which are approximated by soft
potentials, producing soft dynamics. Although being more costly when dealing with a
large number of particles, we have opted by the hard dynamics approach, since it allows

for a higher precision in the treatment of the constraints. This proves effective when
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dealing with interaction between rigid bodies, where the effect of the rigid boundaries

plays an important role. This motivates the present work.

We start in section 1.2.1 by presenting two formulations of the problem. The first one
is the classical minimization approach. The second one considers a constrained dynamical
system in the spirit of [122]. We also present two equivalent types of non-overlapping con-
straints involving smooth or non-smooth functions which are found in the literature [89, 4].
To solve the non-convex minimization problems arising in these formulations, we first
consider in section 1.2.3 the classical Arrow-Hurwicz algorithm (AHA). In section 1.2.4
we introduce a novel multi-step scheme based on a second-order ODE interpretation of
the minimization problem: the damped Arrow-Hurwicz algorithm (DAHA). We test the
DAHA against two methods taken from the widely known class of linearly constrained
Lagrangian algorithms [134, 122]. These algorithms consist of a sequence of convex min-
imization problems, for we refer to them as nested algorithms (NA) and they shall be
referred to as the NAP and NAV. The convergence of the four algorithms (the AHA,
DAHA, NAP and NAV) is analyzed in section 1.3 for the case of two spheres in one di-
mension. In section 1.4 the algorithms are numerically compared for the cases of many
spheres in two dimensions. A brief numerical study of the packing density in two and
three dimensions is also presented. Finally, conclusions and future works are presented in
section 1.5. We also refer to Chapter 2 for a more detailed analysis of the minimization
problem. In particular we prove that minimizers are not saddle points of the Lagrangian.

In the present Chapter we investigate the convergence of the algorithms numerically.

1.2 THE DAMPED ARROW-HURWICZ ALGORITHM (DAHA)

1.2.1 MINIMIZATION PROBLEMS FOR SPHERE PACKING

We first recall two different formulations of generic minimization problems. Let N and b
be two given positive integers. We consider first the problem of finding a configuration X
such that

X e argmin W(X). (1.1)
d)kg(X)SO, k4=1,...N, k<l

where W : R®Y — R is a convex function (not necessarily strictly convex). The functions
bdre : RPN — R, k¢ =1,...,N, k < { are continuous but not necessarily convex. We
suppose that W has an attainable minimum in the set of admissible solutions {X €
RV |¢ppe(X) < 0, k¢ = 1,..,N, k < (}. In these conditions, X exists but may not
be unique. We also assume that ¢, k,¢ = 1,....N, k < ¢ and W are C! functions in
the neighbourhood of X. In what follows, d will denote the diameter of a sphere, N the
number of spheres, b the spatial dimension, X the position of the center of the spheres and

¢re the non-overlapping constraint functions between the kth and ¢th spheres. The non-
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overlapping constraints for a system of identical spheres in R® can be expressed by means
of a smooth or a non-smooth function as specified bellow. Although leading to equivalent
constraints, each form has an impact on the convergence of the numerical method towards

a local minimizer, as we will see in sections 1.3 and 1.4.

Definition 7. We call non-smooth form of the constraint functions (NS) the

following function
O(X)=d— | Xk — X, K, 0=1,..., N, k#/
and smooth form of the constraint functions (S) the following function

Ore(X) =d® — | Xp — X2 k0 =1,..., N, k# L.

An illustration of the non-overlapping constraints, as well as, a possible solution for

N =7 in dimension b = 2 are presented in Figure 1.1.

¢k€ >0 (bkﬁ <0 Y Y
/\ /\
Y
X5 — Xo| < d X5 — Xo| > d
(a) (b)

Figure 1.1: Representation of the non-overlapping constraints, 1.1a, and a possible optimal solution
of (1.1) for N =7, 1.1b.

We now present a second formulation consisting in solving a minimization problem
associated with a discrete dynamical system which has X as a fixed point. Let | - |
denote the Euclidean norm on R®. The problem is formulated iteratively: given an initial

configuration X" = {X?},; _ n, we pass from iterate X? to iterate X?™! as follows

XPH = XP 4 7 VP (1.2)
N
1
Vit g argmin =N Vi + Vx,W(XP))?, (1.3)
Gre(XP+1 V)<O0, k=1,...,N, k<£2 i=1

where 7 > 0 is a given parameter and V = {V;},—1n. At each iteration p + 1, we look
for the fictitious velocity VP! that is close to the steepest descent —V x, W (XP) and such
that the iterate XP™! = X? + 7VP*! is a non-overlapping configuration. The algorithm
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stops when the velocity reaches zero, yielding a fixed point X satisfying

N

1 ~
0 € argmin S Vit V(X)) (1.4)
bre(X+1 V)<0, kt=1,....N, 1<:<e2 i—1

In particular X satisfies the non-overlapping constraint, gzﬁkg(}z) < 0. Note that the set
defined by the constraints is compact, so the minima of (1.4) exist, but may not be unique.
As we will see in the next Section, the Lagrangian formulation of the two problems (1.1)

and (1.4) are equivalent.

1.2.2 LAGRANGIAN FORMULATION

The minimization problem (1.1) can be formulated in terms of the Lagrangian £ : R®" x
(RF)NWV-1/2 5 R defined by

LX,A) =W(X)+ Z Akedre(X),
kle{l,. N}, k<t
where A = {Apr}re=1,. N, k<o represents the set of Lagrange multipliers.

We start by proving that the Abadie constraint qualification (ACQ) introduced in
section 0.3.2.1 holds at X for the smooth and non-smooth constraints ¢y, defined in
definition 7.

,,,,,

holds at X.

Proof. Consider the tangent and the linearized cones T'(X) and L(X) defined in defini-

tion 2 in section 0.3.2.1. We already know that 7'(X) C L(X). We now prove the other

inclusion for each form of the constraints.
e Smooth form of the constraint functions:

Let k,¢ be such that ¢,(X) = 0 and let ” - and ”(-)” denote the inner-product in R®

.....

0 > (Voér(X),D)
= —2(Xp—Xy)-Dp—2(X;,— Xy) - Dy
= —2(X; — X)) - (D — Dy),
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which implies that (X — X;) - (D, — Dy) > 0. Consequently, for any ¢" > 0,

S (X +1"D) = d* — | X +t"Dy — Xy — t"Dy?
B® — (X — Xo +t"(Dy, — Dy)) - (X — Xp +t"(Dy — Dy))
— | X — Xo|? = 2t"(Xx — Xy) - (Dy, — Dy) — (t")?| Dy — Dy|?
= —t"(X}, — Xy) - (Dp — Dy) — (t")?| Dy, — Dy|? (1.5)
< 0

where the step (1.5) comes from ¢, (X) = 0. Now, let k, ¢ be such that ¢ (X) < 0. As
Pre is a C! function in a neighbourhood of X, we have that ¢ (X+V) < 0, for any X+V
sufficiently close to X. Therefore, there exist sequences {D"},, — D and {t"},, — 0% such
that ¢ (X +t"D") <0, for all n and k, £ =1,..., N, k < {. We conclude that D € T(X).

e Non-smooth form of the constraint functions:

Using a similar reasoning, we conclude that (X — X;) - (Dy — D;) > 0. Consequently, for
any t" > 0,

Pre(X +1t"D) = d—| X +t"Dy — X, —t"D|
= d—[(Xp — X, +1t"(Dy, — Dy)) - (Xp — Xy +t"(Dy, — Dy))]/?
— [| X5 — Xo|? +2t"(Xi — Xo) - (D, — Dy) + (t")?| Dy, — Dy|]'?
d—[d® + 2" (Xy — X)) - (Dy — Dy) + (t")?| Dy — Dy[?] />
0.

<
The proof follows now exactly the same path as in the smooth case. [
By theorem 4 from section 0.3.2.1, there exists A € (RJ)V™=1/2 such that (X, A) is a

critical-point of the Lagrangian, namely, (X, A) satisfies the KK T-conditions [148, 101]:

Vx,LX,A)=0,i=1,...N
(Van, L(X,A) = 0 and Ay > 0) or (Vy,L£(X,A) <0 and Ay = 0),
k.t=1,...Nk</

which is equivalent to

Vx,W(X) + > eV, ope(X) = 0, i=1,..., N

kle{l,.. N}, k<t

(Qbkg(X) = O and j‘kﬁ Z O) (¢k£( ) < O and /\k’é = 0) (16)
kl=1,..,N, k<.

We have reduced our original problem (1.1) to a critical-point system, with a possible

enlargement of the set of solutions. In contrast to convex optimization, in the case of
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packing problems, these critical-points may not be saddle-points. In Chapter 2 we provide

a detailed analysis of this point.

We also formulate the minimization problem (1.3) in terms of a Lagrangian £?,

N
1
,Cp(V,IJ,) = §Z‘M+VX1W(XP)|2+ Z ,U/k[qbkz(Xp—i-TV),
i—1 k0e{1,...N}, k<t

where p = {fge}ro=1...N, k<e is the set of Lagrange multipliers associated to the con-

straints. The gradients of the Lagrangian are given by

VL (V.p) = Vit Vx,W(XP)

+7 Z eV x, 0 (XP+7 V), i=1,..,N
kee{l,...N}, k<t
Vo LP(V,u) = du(XP+7V), k{=1,..,N.

The dynamical system is written: XP™ = XP+7 VP*! such that (VP! 7™ is a solution

of the critical-point problem

( ~ ~ ~ ~
VI 4+ VW (XP) + 7 > A5V x, e (XP 4 7 VPHL) = 0,
kte{l,....N}, k<t

i=1,..,N
((ﬁkg(ip + T VPH) =0 and ﬂ,}:zl > O) or
oeXP +7 VP < 0and @ =0), k(=1,...N, k</{
574

\

Likewise, the fixed point X of the dynamical system is defined such that there exists 1
such that

Vi, W(X)+7 > fireVx,0re(X) =0, i=1,.., N
kle{l,....N}, k<t
(gbkg(i) =0 and ﬂkg > O) or (gbkg(i) < 0 and ﬂkﬁ = 0) s (18)

kt=1,...N, k<¢.

Then, it is clear that problems (1.6) and (1.8) are equivalent for all values of 7 > 0
by setting A = 7ft. However, the choice of 7 is important to ensure convergence of the
dynamical system (1.7) to the fixed point.

As it will be obvious below, all functions W and ¢, used throughout the Chapter will
satisfy the conditions considered in this section. The nonlinear systems (1.6) or (1.7) will
have to be solved by an iterative algorithm. We now present the algorithms considered
in the Chapter.
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1.2.3 THE ARROW-HURWICZ ALGORITHM (AHA)

The classical Arrow-Hurwicz iterative algorithm [17] searches a saddle-point of the La-
grangian by alternating steps in the direction of —Vx £ and +V L. Using this idea, a
saddle-point is then a steady-state solution of the Arrow-Hurwicz system of ODE’s (AHS)

which is defined next.

Definition 9. The Arrow-Hurwicz system (AHS) is defined by

)
X; = —« (VXZ.W(X) + > Akéin@M(X)) 7
kte{1,. N}, k<t
1=1,..,N (1.9)
N, = 0, if \ee =0 and ¢re(X) < 0 7
Bore(X), otherwise
\ k0=1,..N, k<{, (1.10)

where o and B are positive constants. Considering a small time-step At, a semi-implicit
FEuler discretization scheme of the previous system leads to the Arrow-Hurwicz algo-
rithm (AHA), which is defined iteratively by

XM = XM — o |V W(X") + > Mo Vx, 0re(X7) |
kle{l, . N}, k<t (1.11)
i=1,..N

Mt = max{0,\Y, + Bor (X"}, kf=1,..,N, k</

where o and B now correspond to & = aAt and B = BAt and the tildes have been dropped
for simplicity.

The original AHA was formulated using a fully explicit Euler scheme, but it has proved
more accurate to use a semi-implicit scheme. Finding a local steady-sate solution of (1.9)-
(1.10) in the case of a packing problem has revealed not to be always possible because it
often happens that no critical-point is a saddle-point (see Chapter 2, Section 2.4.1). This
manifests itself by the existence of periodic solutions of the AHS which do not converge
to the critical-point. In order to overcome this difficulty we propose the damped Arrow-
Hurwicz algorithm which is presented next. This method is based on a modification of the
dynamics of the AHS that transforms an unstable critical-point into an asymptotically
stable one. The performance of our method will be tested by comparing with previous
approaches [134, 122], which are based on a modification of the Lagrangian by linearly

approximating the constraints. These approaches are presented in section 1.2.5.
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1.2.4 THE DAMPED ARROW-HURWICZ ALGORITHM

In order to avoid periodic solutions we will add a damping term as described below. Note
that we are not interested on the transient dynamics of the system, but rather on its

asymptotic behaviour.

We propose the following definition.

Definition 10. We define the damped Arrow-Hurwicz system (DAHS) as

(X;  =-a?[Vx,W(X)+ > etV x, 010 (X)]
kbe{1, N}, k<t

—af > Do (X) AtV x, 0 (X) — X,
kle{l,...,N}, k<t

i=1,.,N (1.12)
Ay = 0, if Mee =0 and ¢p(X) <0 |
Bore(X), otherwise
\ kt=1,.. N, kE</( (1.13)

where a, B and ¢ are positive constants and the damped Arrow-Hurwicz algorithm
(DAHA) as the corresponding semi-implicit discrete scheme:
n+1 n n—1
(X = ﬁ (2Xr — (1—¢/2)X)
042 n n n
— VWX + > NeeV x, Gre(X")]
ke{l,..,N}, k<t

o 14?5/2 > Pre(X") NV x, e (X)),

kLe{l,.. N}, k<t

i=1,..N (1.14)
LAt = max{0, \%, + Bdp(X" )}, k,d=1,...,N, k<{, (1.15)

where o, B and ¢ correspond now to numerical parameters.

Note that the DAHA is a multi-step scheme, since not only one, but two previous
configurations X" ! and X" are used to obtain X"*!. By setting ¢ = 2, the method is
reduced to a one-step method. As observed numerically in Section 1.4, the value ¢ = 2
seems to yield the fastest convergence of the algorithm for the particular potential W
defined in (1.25). This motivates the analytical study of the corresponding first-order
ODE system presented in Chapter 2. For generic potentials it remains though an open

question whether this reduction also leads to a faster convergence or not.

A second-order ODE system with damping has previously been proposed within the
scope of convex programming [9, 10]. Besides comprising the non-convex case, our ap-
proach differs from this with regard to the extra term af in equation (1.12).

In the following we present the derivation of the DAHS. We start by considering the
AHS (1.9)-(1.10) presented in the previous section. We then take the second-order version
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of (1.9). For each i =1,..., N we have

N
Xi= —a) Vx,[VxW(X)+ > MtV x, 10(X) | X,
m=1 kel N}, k<t

— Z }\kginqbkg(X). (116)

ke{l,.. N}, k<t

Using (1.10), we can replace Ay in (1.16) by Bope(X)H (M), where H is the Heaviside
function. Moreover, in order to keep the same steady states as the AHS, we replace
H(Mge) by e, as at equilibrium Agpdppe = 0 holds. Note that other choices could have
been made, such as a power of Ay, for instance, which would have influence in the speed
of convergence of the algorithm, however we do not explore this aspect further here. We
get

Xi=-a) V, [VxW(X)+ > AtV x, 10 (X)] X, (1.17)

m=1 ke{l,...,N}, k<t

—af Y (X)) MV, dre(X). (1.18)

kle{l,....N}, k<t

It turns out that passing to the second-order introduces exponentially growing modes (see
Remark 1.2.1).

Remark 1.2.1. Consider the simple ODE @ = —au whose solution is u(t) = uge™*,

where uq is the initial configuration. Differentiating both sides of the equation and sub-

stituting U by —ou yields i = o

u, whose solution includes now an exponentially growing
mode: u(t) = cie™™ + cpe™, where ¢, and ¢y are real constants determined by the initial

configurations.

In order to remove these modes, we replace the term in (1.17) by a simple second-order
dynamics in the force field given by the right hand side of (1.9). We get:

AXZ = —052 VXLW(X) + Z )\kgVXiqbkg(X)
kE(1,. N}, k<t
—ap > Dot (X) MotV x, P (X)) (1.19)

kle{l,.. N}, k<t

In this way, the first term is proportional to —Vx /£, which avoids divergent modes and
stabilizes the dynamics. Now, we just add a velocity damping term in the form of —cX;
and we finally obtain (1.12). We end up with the system (1.12)-(1.13).

Remark 1.2.2. We can interpret equation (1.12) as a second-order dynamics version
of (1.9). Denoting by Ty and Ty the terms in (1.19) which are multiplied by —a* and —af3,
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respectively, we recover (1.9) in an over-damped limit e [X, + aﬁTg} = —a2Ty —cX;, with
e —0andc=1.

Proposition 11. The AHS (1.9)-(1.10) and the DAHS (1.12)-(1.13) have the same equi-

librium solutions.

Proof. If (A", X*) is a steady state of the AHS, then either ¢ (X*) = 0 or A\;, = 0.
Consequently, Agpdre(X*) = 0, which implies that the second part of equation (1.12) is
null and X* = 0. Using a similar argument we conclude that a steady state of DAHS is
also a steady state of AHS. [

1.2.5 PREVIOUS APPROACHES

A common approach to solve the generic minimization problems (1.1) and (1.2)-(1.3) is
based on the linearization of the constraint functions ¢y, around a certain configuration
X?, which we denote by ¢},(X), i.e,

(X)) = Oue(XP) + Vxdpe(XP) - (X — XP). (1.20)

The solution XP*™! of the resulting linearly constrained optimization problem is used to
improve the linearization of the constraint functions and this process is iterated until
convergence. Note that this transformation turns the non-convex minimization prob-
lems (1.1) and (1.2)-(1.3) into a sequence of convex problems, for which there are many
tools available [24]. We have chosen the Arrow-Hurwicz algorithm, however, any other

method for convex optimization problems would suit our purpose.

This method belongs to the class of linearly constrained Lagrangian (LCL) meth-

ods [134] which have been used for large constrained optimization problems.

1.2.5.1 THE NESTED ALGORITHM FOR THE POSITIONS (NAP)

Consider the system (1.6) with linearized constraint functions. We propose the following

definition.
Definition 12 (Nested Algorithm for the Positions (NAP)). Let (X?, AP) be given.
Define XP0 = XP XP* = NP and ¢}, as in (1.20). For a given (XP™, XP™), let the step of

the inner-loop be defined as

XPEL S XP o |V W (X > Nt Vx, Go(XPM) |
kee{1,. N}, k<t
i=1,..,N (1.21)
AP = max {0, \2)" + Bob,(XP )} k0=1,..,N, k<, (1.22)

then (XPT1NPHY) = Tim,, o (XP™, AP™),
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If we only compute one step of the inner-loop per iteration of the outer-loop we get a
variant of the AHA formulation, where ¢y, (X?P*1) is replaced by ¢7,(XP*H!) in (1.22).

1.2.5.2 THE NESTED ALGORITHM FOR THE VELOCITIES (NAV)

We consider the minimization problem (1.7) with linearized constraint functions.
Definition 13 (Nested Algorithm for the Velocities (NAV)). Let 7 > 0 and
(XP, VP, uP) be given. Define VPO = VP puP0 = i and ¢}, as in (1.20). For a given
(VP uP™) let the step of the inner-loop be defined as

1
( "/Zp7n+ — "/Zp7n

— (Vf’" + Vx,W(XP) + 1 > ' x b (XP + TVp’")> ,
ke{l,. N}, k<t

i=1,...N (1.23)
27 = max {0, 187 + Bk, (XP + 7V} k0 =1, ... N, (1.24)

then (Verl’ up+1) — hmn_wo(vp,n7 Mp,n) and Xptl — X» +r Vel

The NAV corresponds to an adaptation of the method developed by Maury in [122].

1.3 LINEAR ANALYSIS

1.3.1 PRELIMINARIES

Under the assumptions considered in the previous section, the associated ODE systems
are piecewise smooth. In particular, they are smooth in a neighbourhood of X, which
allows us to carry out the linear stability analysis in order to study the local convergence

of the solution towards a steady state.

We consider here the particular physical system where N rigid spheres in R? attract
each other through a global potential which is given by a quadratic function of the relative

distance,

W(X):% > 1X; — X,|% (1.25)

i,5€{1,....,N}, i<j
Definition 14. A steady state x* of the ODE system & = f(x), t >0, is called

e stable (in the sense of Lyapunov) if for all € > 0, there exists a & > 0 such that
|Z(0) — x*|| < § implies ||Z(t) — x*|| <€, for allt > 0 and for all solution T;

e asymptotically stable if it is stable and lim;_,, ||Z(t) — z*|| = 0;
e unstable if it is not stable.
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Note that this definition assumes that the initial configuration is chosen close enough
to the steady state. Alternative notions of stability could have been used [151, 61], there
is no particular reason for this choice. The next theorem allows us to obtain conclusions

about the original nonlinear system from the corresponding linearized system.

Theorem 15. Consider the ODE system & = f(x) and a steady state x*, where f is
smooth at x*. If x* is an asymptotically stable (unstable) solution of the linearized system
about x*, i.e., & = f'(x*)(& — x*), then it is an asymptotically stable (unstable) solution

of the original system.

Proof. See [34], thm. 2.42, p. 158. "

In order to ensure convergence of the ODE system towards a steady state, we only
need to ensure that the eigenvalues of f’(z*) all have negative real part. If at least one
eigenvalue has positive real part, then z* is unstable, and if all eigenvalues are pure
imaginary, then =* is a center equilibrium, i.e. if a solution starts near it then it will be
periodic around it. In the latter case, we cannot conclude anything about the nonlinear

system. The analysis presented next is made for the case of two spheres in R.

1.3.2 THE ARROW-HURWICZ ALGORITHM (AHA)

1.3.2.1 AHA-NS

Let ¢(X) = d — | X| and consider the potential (1.25). The ODE system associated to the
DAHA-NS in the case of two spheres in R where one sphere is fixed at the origin can be

written as

X = -a (1 - WA') X (1.26)

0, if A\=0and d < |X]

A= (1.27)
p(d —|X|), otherwise.

Lemma 16. The steady states of the system (1.26)-(1.27), (X*, \*) = (d,d) and (X*,\*) =
(—d,d), are both asymptotically stable, for any o and B positive.

Proof. Since the dynamics around each steady state is identical, we only need to carry
out the analysis of the first steady state. Suppose X > 0 and consider the change of

variables Y = X —d and yu = A — d. The system on the new variables is given in matrix

—a «
_50'

We want the eigenvalues of matrix A to be real and negative in order to have a fast

form by
Y
[t

Y
0

=A A=

?

convergence to the steady state. The roots of the characteristic polynomial P(\) =
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A2 + a\ + Ba, have both negative real part, therefore the steady state is asymptotically
stable. N

Any solution to the ODE system (1.26)-(1.27) converges to a steady state for all
a,B > 0 and the fastest convergence is achieved when o = 4. In contrast to the
one dimensional case, in higher spatial dimensions the constraints are no longer piecewise
linear. Consequently, we cannot directly extrapolate the conclusions drawn in this section.
In particular, in dimension b = 2, the numerical simulations show oscillations around the
steady state for N > 3 without never converging to it. The non-convergence is in this

case due to the non-existence of a saddle-point of the Lagrangian (see section 2.4.1).

1.3.2.2 AHA-S

Let ¢(X) = d* — | X|? and consider the potential (1.25). The ODE system associated
to the AHA-S in the case of two spheres in R where one sphere is fixed at the origin can

be written as

X =-a(l-2)X (1.28)
0, if \=0and d < | X]|

A= (1.29)
B(d? — X?), otherwise.

Lemma 17. The steady states of the system corresponding to the linearization of (1.28)-
(1.29), (X*,\*) = (d,1/2) and (X*,\*) = (—d, 1/2), are both center equilibria, for any «

and 3 positive.

Proof. As before, we will only carry out the analysis of the first steady state.
Suppose X > 0 and consider the change of variables Y = X —d and u = A —1/2. The

linearized system on the new variables is given in matrix form by
Y
fL

Y
0

p—y A ; A p—

0 2da
—2dps 0

The roots of the characteristic polynomial P(\) = A? +4d*a3 are both purely imaginary,

therefore the steady state of the linearized system is a center equilibrium. ]

The linear analyses does not allow us to conclude anything about the asymptotic
behaviour of the nonlinear system (see thm. 15). Nevertheless, the phase portrait plotted
in Figure 1.2 reveals that a solution to the nonlinear system should converge towards a
periodic orbit around the steady state. As we will see in the next section, the damping
term applied to the Arrow-Hurwicz system (1.9)-(1.10) ensures asymptotic stability of the

steady state, under certain conditions on the parameters.
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Figure 1.2: Phase portrait of the system (1.28)-(1.29) with («, 8,d) = (0.01,0.01,2) and initial condition
1
2

X9 =0.2. The dynamics do not converge to the equilibrium (2,

)

1.3.3 THE DAMPED ARROW-HURWICZ ALGORITHM (DAHA)

1.3.3.1 DAHA-NS

Let ¢(X) = d—|X| and consider the potential (1.25). The ODE system associated to the
DAHA-NS in the case of two spheres in R where one sphere is fixed at the origin can be
written as

X = (1 - —) X +afAd— X)) —eX (1.30)

X]
0, if A =0and d < | X],

A= (1.31)
B(d — |X|), otherwise.

Lemma 18. Let o, B,¢ > 0. If (a + Bd)c — Ba > 0, then the steady states of the sys-
tem (1.30)-(1.31), (X*, X*,\*) = (d,0,d) and (X*, X*,\*) = (=d,0,d), are both asymyp-
totically stable.

Proof. Suppose X > 0 and consider the change of variables Y = X —d, Z = Y and

it = A — d. The linearized system on the new variables is given in matrix form by

Y Y 0 1 0
Z|=A|Z|, A=|-a?—aBd —c o?
f 7 —p 0 0

The eigenvalues of matrix A are the roots of the characteristic polynomial in A, which is
given by P(\) = A3 + cA? + (a? + aBd)\ + Ba?. Consider in general a cubic polynomial
of the form P(\) = A% + oA\ + ¢\ + ¢, with ¢y, 1,0 € RT. Let 21,20 and z3 be the
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(complex) roots to this polynomial. We want to ensure that all roots have negative real
part. Since all coefficients are positive, if the roots are real then they must be negative.
Suppose now that two roots are complex conjugate, for example, z; = a +ib, zo = a — b,
a,b € R and z3 € R™. In order to find a condition on the coefficients which ensures that

a is non-positive, we start by identifying the coefficients of the equation with its roots:
21+ 29 + 23 = —Co, 2129 + 2123 + 2923 = C1, Z1%223 = —(g
Rewriting in terms of a,b and z3 we get
20 + 23 = —Cy, a* +0* + 2az3 = c1, (a® +b%)23 = —cq (1.32)
From (1.32) we deduce that a satisfies the cubic polynomial
8a® + 8c1a® 4+ 2(c1 + c3)a + ciea — co = 0.

Consequently, if c;co — ¢ > 0, then a is necessarily negative.

Back to our case, we have ¢, = ¢, ¢; = o + af3d and ¢y = fa? and a sufficient
condition for the steady state to be asymptotically stable is (a? + afd)c — fa? > 0, i.e.,
(a+ Bd)c— Pa > 0. Note that since the steady state is asymptotically stable as a solution

to the linearized system, then it is also asymptotically stable (see thm. 15). [

1.3.3.2 DAHA-S

Let ¢(X) = d*> — | X|?* and consider the potential (1.25). For the case of two spheres in R
where one sphere is fixed at the origin, the ODE system associated to the DAHA-S can

be written as

X =—a?(1 -2\ X +2aBM\d? — | X[})X — cX (1.33)

: 0, if A\=0and d < |X]|
i (1.34)
B(d? — | X|?), otherwise.

Lemma 19. Let o, f,¢ > 0. If c — 2a > 0, then the steady states of the system (1.33)-
(1.34), (X*, X* X\*) = (d,0,1/2) and (X*, X*,\*) = (—=d,0,1/2), are both asymptotically
stable.

Proof. As before, suppose X > 0 and consider the change of variables Y = X —d, Z =Y

and pt = A — 1/2. The linearized system on the new variables is given in matrix form by

Y Y 0 1 0
Z|=A|Z|, A= |-2aB8d® —c 2da?
7 14 —2dg 0 0
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The eigenvalues of matrix A are the roots of the characteristic polynomial in \:
P(A) = N + cA? + 2a8d*\ + 4d*Ba?

Using the same reasoning as before we have ¢, = ¢, ¢; = 208d? and ¢y = 4d*Ba?®. A
sufficient condition for the steady state to be asymptotically stable is 2caBd? —4d?Ba? > 0,

ie,c—2a>0. [

Remark 1.3.1. We see that as long as the damping coefficient, c, is large enough, the
sufficient conditions for stability of both the DAHA-NS and DAHA-S are fulfilled. Fur-
thermore, the parameter space corresponding to the stability of DAHA-NS is larger than
the one of the DAHA-S.

1.3.4 PREVIOUS APPROACHES

1.3.4.1 NAP-NS

Let ¢(X) = d—|X| and consider its linearization around X? # 0, i.e., ¢?(X) = d— %X,

and the potential (1.25). The ODE system associated to the inner-loop of the NAP-NS

in the case of two spheres in R where one sphere is fixed at the origin can be written as

X =-a (X . %)\) (1.35)

. 0, if \=0andd — 2 X <0

o= WEET o (1.36)
B(d — %X), otherwise,

with the initial condition (X, A\)(0) = (XP?, A\P).

Lemma 20. If X # 0, then the steady state of the system (1.35)-(1.36), (X*,\*) =

d <‘Xp| 1>, 1s asymptotically stable for any o and B positive and the outer-loop converges

Xp
i one iteration.

Proof. The stability analysis shows that the steady state of (1.35)-(1.36), namely, (X* \*) =

d <‘§:|, 1), is asymptotically stable. Furthermore, if Xy # 0, the outer-loop is defined

recursively by XP*! = dg—? and it converges in one iteration. In fact, X! = d'?—g‘ and

X, =X for all p > 1. "

The conclusions of the analysis in the one dimensional case cannot be directly extrap-
olated to higher dimensional cases, where the constraint functions are no more piecewise
linear. In section 1.4, we resort to numerical simulations to get some insight about the

behaviour of the system in two spatial dimensions.
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1.3.4.2 NAP-S

Let ¢(X) = d* — | X|* and consider its linearization around X7, i.e., ¢P(X) = d* + | XP|* —
2XP . X and the potential (1.25). The ODE system associated to the inner-loop of the
NAP-S in the case of two spheres in R where one sphere is fixed at the origin can be

written as

X  =—a(X -—2XP)\) (1.37)

. 0, if A= 0 and d® + (X?)? — 2X7X < 0
P (1.38)
B(d* + (XP)? — 2XPX), otherwise,

with the initial condition (X, A\)(0) = (XP, AP).

Lemma 21. If X° # 0, then the steady state of the system (1.37)-(1.38), (X*, \*) =

dz?)g;)z (XP, %), 1s asymptotically stable for any o and B positive and the outer-loop gen-
erates the sequence {X?}yen defined iteratively by XPH = dQJ;g(—)ipP, which 1s convergent.

Proof. The stability analysis shows that the steady state of (1.37)-(1.38), namely, (X*, \*) =

d;&f;)z (XP, %), is asymptotically stable. Consequently, the outer-loop generates the se-
quence defined recursively by X?P*! = %, which is well-defined for X° # 0. If this

sequence is convergent to, say, L, then L must satisfy L = 412 ie., L = £d. Now, if

2L
XP > d then
Xp+1 1 d2 . .
- = | —_— <
v~ (o 1) <

therefore XP™! < XP i.e., the sequence decreases. Furthermore, if we write X? in the
form X? =d+ ¢, € > 0, we then have that

p+1 1 d2

1 2 2
= 2(d+e)(d + (d+¢€)*—2d(d+¢))
- 2(d+6)>0

i.e., XP*1 > d. On the other hand, if 0 < X? < d then the sequence increases. Con-
sequently, we finally conclude that if X° > 0 then the sequence {X?},cy converges to-
wards d. Using the same reasoning we conclude that if X° < 0 then {X?},cy converges
towards —d. We see that for the case of the smooth form of the constraint functions, the

sequence generated by the outer-loop converges. [
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1.3.4.3 NAV-NS

Let ¢(X) = d — |X| and consider the linearization of ¢ around X? # 0 evaluated
at XP + 7V, ie, ?(XP +7V) = d — | X?| — T%V and the potential (1.25). In the
particular case of two spheres in R where one sphere is fixed at the origin, the ODE

system corresponding to the inner-loop is given by

V. o=-a (v L XP 7 A%) (1.39)

: 0, if \=0and d— |XP| - 72V <0

A= ] X7 (1.40)
g (d — | XP| - T|§—p\/> , otherwise,

with the initial condition (V, X)(0) = (V?, \P).

Lemma 22. If X° # 0, then the the steady state of the system (1.39)-(1.36) is asymp-

totically stable for any o and (B positive and the outer-loop converges in one iteration.

Proof. The stability analysis shows that the steady state,

ve= R - L 1o - ),

T Xr’ T

is asymptotically stable. Consequently, the outer-loop generates the sequence defined

recursively by X! = d271 1f X # 0 the sequence is well-defined and X' = dg—g' and

X, = X for all p > 1, hence the outer-loop converges in one iteration. "

The NAV with the smooth form of the constraint functions did not show numerically
good convergence results, for we do not explore it in this work. We note that in [122], the

author has also only considered the non-smooth form of the constraint functions.

1.4 NUMERICAL RESULTS

In this section we investigate and compare the numerical results obtained from the damped
Arrow-Hurwicz algorithms (DAHA-NS, DAHA-S) and the nested algorithms (NAP-NS,
NAP-S and NAV-NS) for the potential defined in (1.25). Due to the difficulty in finding
the optimal parameters (o, () for each method and for each N, we have restricted this
study to the cases N = 7 and N = 100 in two spatial dimensions, b = 2. We address
the convergence time, the robustness of the convergence time with respect to the initial
configurations. Additionally, we compare the accuracy of the methods for the case N =7
only. Indeed, in the case N = 7, the stable steady state of the dynamical systems
associated to the algorithms is unique (apart from translations, rotations and reflections)
and is represented in Figure 1.1b. This guarantees that all algorithms converge to the

same minimum, whatever initial configuration. In particular, this allows us to assess the
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accuracy of the algorithms by comparing the computed minimum with the exact one.
We finally show some examples of configurations obtained with the DAHA-S for the case

N = 2000 in two and three dimensions.

In order to adjust the spatial dimensions, the numerical parameters must satisfy
a,B,¢ ~ O(1) for the methods with the non-smooth form of the constraint functions
and a,c ~ O(1) and B ~ O(1/d?) for the methods with the smooth form of the con-

straint functions. In the following we have considered d = 1.

In order to be able to compare the nested algorithms with the DAHA regarding con-
vergence time, we only consider the evolution of X and V and we do not consider the
evolution of A\. We denote by || - || the Euclidean norm in R*Y. For a given small and
positive €, the stopping criterion for the minimization algorithms associated to the NAP,

is given by the following condition on the relative error

||Xn+1 . Xn”

< €inner- (141)
1]

For the case of the minimization problem formulated in terms of the velocities, the stop-
ping criterion is similar but instead of X we write V and instead of normalizing by V",

we normalize by X", yielding

an—i-l _ VnH ‘
< Gmner (1.42)
X

By using the Euler step X"*1 = X? + 7 V™! we show that the two conditions (1.41)
and (1.42) are equivalent. As we will see, in order to get a fast convergence with the
nested algorithms, one does not need to wait for the convergence of the inner-loop. We
introduce a new parameter, I;,,.,, which stands for the maximum number of iterations

of the inner-loop allowed per outer-loop iteration. Finally, the stopping criterion for both
the outer-loop of the NAP and the NAV, as well as, for the DAHA reads

X — X7

< €. (1.43)
1]

The assessment and comparison of the methods will be made through the comparison
of statistical indicators obtained from averaging certain quantities over a set of different

initial configurations. The indicators are introduced bellow.

Definition 23. Consider a set of p initial configurations for which an algorithm converges,
i.e., the stopping criterion is satisfied in a finite number of iterations. Let Ty be the
number of iterations needed for the algorithm to converge when starting with the (th
initial configuration. Let A;; be the overlapping area of spheres i and j at convergence
and Agora = N7(d/2)%.

We define the following statistical indicators mean convergence time, variance of
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Figure 1.3: Maximum number of iterations needed for the DAHA to converge over a set of 20 randomly
generated initial configurations as a function of ¢ for N = 7 and € = 107%. The numerical parameters used
are: 1.3a (o, ) =(0.3,3) and 1.3b (a, 3) = (0.3,1.4).

the convergence time and the mean proportion of overlapping area per sphere

as

1< 1 <& 1
T:_E:T 2:—§:T—T2 d A=— E A;j
po e o=y 2 =Ty an PN Al A
/=1 (=1 1,j€{1,...,N}, i<j

respectively.

The indicator T" measures the efficiency of an algorithm with respect to the convergence
time, A measures the accuracy on the treatment of the non-overlapping constraints and
o? measures the robustness of the convergence time with respect to the initial configura-
tions. For simplicity we assume that the time interval between iterations is constant and
invariant among the different algorithms. As a consequence of this simplification, we will

use the number of iterations as the time unit of 7.

1.4.1 CASEN =7

We present a detailed numerical study for the case of N = 7 spheres in dimension b = 2.
The 20 different initial configurations considered in this section were generated from a
standard Gaussian distribution. We choose the tolerances € = 107% and €0, = 1077
and the maximum number of iterations of the inner-loop I;,,., = 10. In order to study
the relation between the damping parameter ¢ and the convergence time of the DAHA
with smooth and non-smooth constraints, we plot in Figure 1.3 the maximum number
of iterations over 20 different randomly generated initial configurations as a function of

¢ € (0,10]. We observe that the lower convergence time is attained when ¢ = 2, for both
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Figure 1.4: Relative error on log scale averaged over a set of 20 randomly generated initial configurations,
p, as a function of iteration number, n, for different values of ¢ and for N = 7 and € = 10~%. The numeri-
cal parameters used are: 1.4a (o, ) = (0.3,3) and 1.4b (o, 8) = (0.35,1.4).

the DAHA with the smooth and with the non-smooth constraints. In Figure 1.4 we plot
the relative error as a function of iteration number, n, for different values of ¢. If ¢ =0
we observe that the relative error oscillates and never drops bellow 107!, As we increase
¢ the oscillations tend to diminish. In the following we have used ¢ = 2. Note that this
choice for ¢ eliminates the dependence on X"~ ! in (1.14)-(1.15), in this case, the DAHA

can be seen as a discretization of the following first-order ODE system:

(Xi =3[V W(X) + > AV x, Ore(X)]

kle{l,.. N}, k<t

—saf3 > DOre(X) AV, 0e(X), i =1,...,N
kte{l,...,.N}, k<t

0, if Agg =0 and ¢/<;@(X) <0
Bore(X), otherwise
\ k,t=1,...N, k</.

We now consider the five methods, namely, the DAHA-NS, DAHA-S, NAP-NS, NAP-S
and NAV-NS. The numerical simulations suggest that « has influence in the attraction
and [ in the repulsion between spheres, which can also be observed by looking directly
at the equations. If 3 is too large we observe oscillations, if a or both parameters are too
large we observe numerical instability and if « is small we observe a very slow dynamics.
The optimal set of parameters should then be chosen near the parameters that lead to
numerical instability, which may be a problem, since an algorithm may be very efficient
for some set of initial configurations, however it may be numerically unstable for another.
Moreover, we have observed that the final positions obtained from each method by varying

the numerical parameters are naturally not always the same. Only the relative positions
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Figure 1.5: Relative error on log scale, p, as a function of iteration number, n, for 20 randomly generated
initial configurations computed by each algorithm for N = 7 and € = 1075. The numerical parameters used
are: 1.5a (o, 8,¢) = (0.3,3,2), 1.5b (e, 8,¢) = (0.35,1.4,2), 1.5¢c (o, B, Linner, €inner) = (0.6,0.46,
10,107%), 1.5d (a, B, Linner, €inner) = (0.25,0.28,10,107%) and 1.5e (, B, Linners €inner,T) =
(0.48,126,10,1079,0.1) .
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(€, €mner) | (107%,1077) [ (107%,107°) | (107%,1071)
Mean convergence time (7')
DAHA-NS 103 145 198
DAHA-S 85 133 182
NAP-NS 81 107 131
NAP-S 165 246 325
NAV-NS 248 283 2935
Order of accuracy (A, W — 3)
DAHA-NS | (107%,—107%) | (1079, —=1077) | (107'2, —10713)
DAHA-S | (10-7,—107%) | (1010, —10-10) | (1012, —10~13)
NAP-NS | (107°,10°%) | (10-12,10-'2) | (10-'5,0)
NAP-S | (107%,—107°) | (107%,107%) | (10713, —107%)
NAV-NS | (10%,107Y) | (1071°,—1071) | (10~*,10)
Variance of the convergence time (0?)
DAHA-NS 1.08 x 10° 1.21 x 10° 1.70 x 10°
DAHA-S 4.19 x 102 4.49 x 102 5.65 x 102
NAP-NS | 3.00 x 102 4.13 x 102 2.93 x 102
NAP-S 5.74 x 102 4.68 x 102 4.68 x 102
NAV-NS | 1.03 x 10 1.04 x 10* 1.80 x 10°

Table 1.1: Results of the assessment of the final configurations averaged over a set of 20 initial configu-

rations and obtained by each algorithm for N = 7 and for three different values of ¢, namely, 10~4, 1076
and 1078, The parameters used are DAHA-NS (o, 3,¢) = (0.3,3,2), DAHA-S (a, B,¢) = (0.35,1.4,2),

NAP-NS (a, 8, Linner; €inner) = (0.6,0.46,10,1077), NAP-S (v, 8, Linner; €inner) = (0.25,0.28,10,1079)
and NAV-NS (o, B, Linners €inner, T) = (0.48,126,10,107°,0.1) .

(apart from permutations) are invariant. As an exception, the NAV leads to nearly exactly
the same configurations. In fact, we can see from equations (1.2)-(1.3) that the dynamics
of the particles in the NAV is not directly affected by a change of the numerical parameters,
since the parameters are only involved in the computation of the velocity. In contrast, in
the NAP and DAHA a change in the parameters produces a different dynamics, which
leads to different final configurations. This is comprehensible, since the parameters in
those algorithms are directly related to the attraction and repulsion forces between the
spheres. The previous observation could be statistically verified by comparing all the final
configurations produced by each method and checking how different (how far away from
each other) they are.

In the following, we have chosen the numerical parameters («, §) that correspond to
a fast convergence of each method for all the 20 sets of initial configurations. We plot
in Figure 1.5 the relative error on log scale as a function of iteration number for 20
randomly generated initial configurations and for each method. We observe that the
profile of the relative error follows the pattern: non-monotone behaviour, followed by an
approximately linear decay at a certain speed, which seems to be invariant with respect to
the initial configuration. The faster decay is observed in the NAP-NS (see Figure 1.5¢).
The efficiency of the NAV-NS (see Figure 1.5e) is apparently highly dependent on the

initial configuration.
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In order to quantify and compare the efficiency, as well as, the accuracy of the final
configurations generated by each algorithm we consider three different tolerances, ¢ =
1074, € = 1075 and € = 107%, and we compute the mean convergence time, 7', the
variance of the convergence time, o2, the mean proportion of overlapping area per sphere
A and the difference between the theoretical optimum and the value of W at convergence.
The results are presented in Table 1.1 and they are averaged over a set of 20 randomly
generated initial configurations. We observe that the NAP-NS (in bold) performs better
than any other method, while the NAV-NS is the least robust to initial configurations,
the slowest to reach convergence and it only produces an accurate solution for e = 1078,
In the case of the methods with smooth constraints, we also observe in Table 1.1 that the
DAHA-S converges faster and produces more accurate solutions than the NAP-S. Indeed,
for e = 1079 for example, we observe that the mean convergence time is T' = 133 for the
DAHA-S and T' = 246 for the NAP-S and the difference between the theoretical minimum
and the computed one is of order 107! for the DAHA-S and 107°) for the NAP-S.

1.4.2 CAse N =100

We present in the following a short study for the case of N = 100 spheres. The 5 different
initial configurations considered in this section were generated from a standard Gaussian
distribution. In this case where the initial configurations are very dense, one may observe
two different types of behaviours depending on the choice of the numerical parameters:
either the spheres disperse initially very rapidly before they start to concentrate again
while trying to avoid overlapping with other spheres or they disperse slowly while trying
to rearrange in a non-overlapping configuration. We keep the choice e = 1075 and €;,pe, =
1072, and we choose Ijne, = 103. Similarly to the case N = 7, the best value for the

damping parameter ¢ should be of order O(1). We keep the choice ¢ = 2.

We now consider the five methods, namely, the DAHA-NS, DAHA-S, NAP-NS, NAP-
S and NAV-NS. In the following we have chosen the numerical parameters («, /) that
correspond to a fast convergence of each method for all the 5 sets of initial configurations.
We plot in Figure 1.6 the relative error on log scale as a function of iteration number.
In contrast to the case N = 7 the DAHA seems to converge faster than the NAP (see
Figures 1.6a-1.6d). The efficiency of the nested algorithms (see Figures 1.6¢c-1.6e) seems
to be highly dependent on the initial configuration.

Note that the performance of the methods depends not only on the numerical param-
eters, but also on the initial configuration. In this study, we have only considered initial
configurations that are very concentrated around one point. In the other case, i.e., if the
spheres are initially far away from each other, then all the simulations must be redone

and different conclusions may be drawn.
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Figure 1.6: Relative error on log scale, p, as a function of iteration number, n, for 5 randomly gen-
erated initial configurations computed by each algorithm for N = 100 and ¢ = 107%. The numer-
ical parameters used are: 1.6a (o, 8,¢) = (0.07,0.5,2), 1.6b («,3,¢) = (0.04,0.15,2), 1.6¢

(o, B, Linners €inner) = (0.1,0.16,10%,107%), 1.6d (v, B, Linner €inner) = (0.015,0.026,103,10~?) and
1.6e (v, B, Tinner €inners 7) = (0.31,41,10%,107°,0.1) .
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1.4.3 CASE N = 2000

Numerical simulations were successfully performed with the DAHA for N large, up to
N = 2000. In order to obtain a faster convergence towards a local minimizer, a fourth
parameter, v, was introduced in the first equation of the original formulation of the
DAHA (1.14)-(1.15), yielding,

(X = s (X7 - (1—¢/2)X77Y)
Oé2 n n n
—ESVAW XD+ Y AV oe(X)]
k.e{l1,...,N}, k<t
2

— T2 > Pre (XA, Vx, 0re(X"), i =1,...,N

kee{1,...,N}, k<t
AL = max{0, AT, + Bpe (X"}, k 6=1,.. N, k<.

\

While using v # /a3 cannot be justified from the derivation presented in section 1.2.4,
it seems to bring additional flexibility to the algorithm that can be used to improve speed
and accuracy (see Chapter 2).

Note that the parameter ~y is imperative for the dynamics to converge. If we set v =0
with ¢ = 2, the DAHA is reduced to the AHA (up to a scaling factor) and the algorithm
presents an oscillatory behaviour as observed in figure 1.2.

In Figure 1.7 we present an example of four configurations that were obtained at
intermediate steps, namely, n = 1,n = 101,n = 1001 and n = 10001 for N = 2000
with the DAHA-S. The initial configuration was generated from a standard Gaussian
distribution. For a tolerance of ¢ = 1075 an optimal configuration was obtained in less
than 13000 iterations.

We observe numerically that the stationary state is close to an optimal packing config-
uration, which corresponds to the hexagonal lattice. In order to quantify this observation,
we measure the packing density, denoted by ¢, which corresponds to the ratio of the area
covered by the particles over a disc centered at the center of mass X = % Zz‘:l,..., N X; for
different radius R (see Figure 1.8). We observe that the packing density (¢ = .87) is close
to the optimal packing density (i.e. ﬁg ~ .909) for a wide range of radius size R. For
R > 25, the packing density quickly decays since there are not enough particles to cover

the domain considered.

1.4.4 CASE N = 2000 IN R?

Finally, we would like to explore how the DAHA performs in R*. We use a similar setting
as in R?, i.e., we choose the same parameters with an initial configuration generated
from a standard Gaussian distribution. In figure 1.9, we plot the configuration after
10* iterations and remove a segment to visualize its interior. The color corresponds

to the pressure exerted by nearby particles and estimate as p; = Y ; Aij- Notice that
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Figure 1.7: Sequence of configurations produced at intermediate steps, namely, n = 1, n = 101, n = 1001
and n = 10001 with the DAHA-S and for N = 2000. The numerical parameters used are: («, 3,7v,¢) =
(7.8 x 1073,2.8 x 10%,1.6 x 1072, 2).
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Figure 1.8: The packing density ¢ is estimated by taking the ratio of the area covered by the particles over
a disc of size R centered at X = >,y X;, with N = 2000 (1.8a). The packing density is close to
the optimal configuration for a wide range of radius R (1.8b).

numerically the dynamics has not yet reached a stationary state but it would require a
new investigation to analyze when equilibrium will be reached.

We estimate the density packing of the configuration using the same method as in
R? except that the domain considered is a ball (centered at the center of mass X =
% > i1...v Xi with radius R) instead of a disc. In figure 1.10a, we observe that the
packing density ¢ reaches a maximum around 0.65. The value ¢ ~ 0.64 is actually the
packing density for a random close packing [173]. However, the optimal configuration
for sphere packing would give a packing density of ¢ = ﬁi ~ 0.741. It is an open
problem to determine if one could get closer to this optimal value by using a different set
of parameters.

Another useful information is to study the number of neighbours each particle has.
Numerically, two particles are neighbours if their relative distance is less than 1.1 (1
being the distance for two discs in contact). In figure 1.10b, we observe that particles
have mainly between 8 — 10 neighbours. In an optimal packing configuration, each particle

would have 12 neighbours.

1.4.5 SUMMARY OF THE RESULTS

We confront in table 1.2 the results obtained from the theoretical analysis for the case of
two spheres (N = 2) in one dimension (b = 1) and the results of the numerical simulations
for the case of N > 2 spheres in two dimensions (b = 2). If the system converges to a
non-overlapping configuration within a reasonable number of iterations and for some set

of parameters we write v/, otherwise we write X.
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Figure 1.9: Configuration after n = 10? iterations of the DAHA-S algorithm in R? with N = 2000 parti-
cles. The color corresponds to the pressure exerted by nearby particles denoted p. The numerical parame-
ters used are: (o, 3,7,¢) = (2.8 x 1072,2.2 x 102,5.6 x 1072, 2).
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Figure 1.10: Packing density for the three dimensional configuration of Figure 1.9 (1.10a). Histogram of
the number of neighbours for all particles (1.10b).
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Smooth constraints Non-smooth constraints
Analysis  Simulations | Analysis Simulations

AHA | X X v/ X
DAHA | v/ v 4 v
NAP |/ v 4 v
NAV | v/ X 4 v

Table 1.2: Summary of the results obtained from the analysis for N = 2 in one spatial dimension and
numerical simulations for N > 2 in two spatial dimensions.

1.5 CONCLUSIONS AND FUTURE WORK

We have deduced a promising algorithm for solving a non-convex minimization problem,
which was derived from a multi-step variant of the Arrow-Hurwicz algorithm: the damped
Arrow-Hurwicz algorithm. This algorithm can be seen as a generalization of the AHA,
when an additional parameter, v, is considered. In the particular case of packing problems,
the DAHA has revealed to perform better for a large number of spheres when compared
to other classical algorithms. Further studies should be done in order to explore both the
advantages and limitations of this method. In Chapter 2 we develop the stability analysis
of the corresponding ODE system for the case of a generic number of spheres N in b =1
dimension. However, the analysis in the general case of higher dimensions is still missing,
as well as, the analysis of the numerical stability. In the present Chapter, the DAHA was
assessed in the case of a global potential and highly dense initial configurations, which we
believe to correspond to the worst scenario possible. Nevertheless, the results obtained
here do not necessarily apply to other types of potentials or initial configurations, and
hence similar studies should be conducted for those cases. The estimated packing density
of a three dimensional configuration obtained with the DAHA shows that this algorithm is
capable of generating random close packings. Whether a higher density could be achieved
by choosing a different set of parameters remains an open problem. In the next work we
should consider more general particle systems with different sized spheres or ellipsoids.
The applications of hard-particle systems are vast, for we believe these type of algorithms
are going to be very useful in the study of many biological, physical and social systems.

As an example of application to the modelling of a cell tissue see Chapter 4.
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ANALYTICAL STUDY OF A NON-CONVEX
MINIMIZATION PROBLEM

We investigate a non-convex minimization problem with non-overlapping constraints which
naturally arises in the study of many-particle systems with congestion (see Section 0.3.1.2).
Specifically, we consider algorithms to numerically solve this problem which are based on
the Lagrangian formulation of the minimization problem. We first prove that the La-
grangian does not have any saddle-point which implies the non-convergence of the classi-
cal Arrow-Hurwicz algorithm. We then study an Augmented Lagrangian method and a
first-order version of the damped Arrow-Hurwicz algorithm proposed in Chapter 1. We
prove that these two methods converge to the only solution (apart from permutations and

translations) to the minimization problem in dimension d = 1.

This work is based on a collaboration with Sebastien Motsch*. The proof of the non-
existence of a saddle-point presented in Section 2.4.1 has been contributed by Sebastien

and 1t has been included in this thesis for completeness.

*School of Mathematical & Statistical Sciences, Arizona State University, Tempe, USA
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2.1 INTRODUCTION

Minimization problems under non-overlapping constraints occur naturally in the mod-
elling of systems of interacting particles (see Section 0.3.1.2). The constraints are asso-
ciated to the shape of the particles, which is typically described by inequalities involving
non-convex functions, consequently, leading to non-convex optimization. Unfortunately
there are no algorithms that work for all non-convex problems, therefore they have to be
treated case by case. The aim of this Chapter is to study several algorithms to numerically
solve these type of problems. In particular we formalize some of the numerical results
obtained in Chapter 1 in terms of the properties of solutions to the minimization problem

and convergence of the algorithms.

Given a configuration of N spheres of radius R in R% d € N, we are interested in
finding an optimal packing configuration that is close to the given one. To formulate this
problem, we denote x; the center of each sphere and X = (x,...,Xy) the vector of the

configuration and we consider the potential W:

1
W(X) = WZP%—XHQ? (2.1)
1<J
where | - | denotes Euclidean norm, and the non-overlapping constraints :
¢y <0 forallij with ¢y =4R* — |x; — x| (2.2)

We combine these N (N — 1)/2 constraints into a single vector: F(X) = (¢;;)i<;- The
expression for the potential W (2.1) has been chosen based on what we expect to be the
worst scenario possible in terms of convergence of the algorithms considered in this Chap-
ter. Indeed, the convergence corresponds to a balance between attraction and repulsion
forces. In the case of the potential (2.1) this balance is particularly difficult to achieve for
large N due to the large magnitude of attraction forces, which require a fast actualization
of the repulsion forces. We claim that if the algorithms perform well with this potential,
then they will also perform well for other convex potentials. This claim should be further

investigated.

Definition 24. A configuration X is an optimal packing configuration if it satisfies locally:

X € argmin W (X) (2.3)
F(X)<0

where F(X) < 0 indicates that each component of F' should be non-positive (i.e. ¢;; <0
for all i # j). In other words, X minimizes the potential W under the non-overlapping

constraints.

We are interested in solving the optimization problem (2.3). We illustrate the problem
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with two solutions in dimension 2 and 3 (see Figure 2.1). The main challenge of the
problem (2.3) is that the constraints do not form a convex domain. In other words, the

following set is not convex:

C={X: F(X)<0}={X": |x; —x;| > 2R for all i # j}. (2.4)

Local optimal configuration in R3

Optimal configuration in R?

Figure 2.1: Two examples of solutions to the packing problem (2.3). A global optimum in dimension 2 is
presented on the left and corresponds to the hexagonal lattice. A local optimum in dimension 3 is presented
on the right.

Since the problem (2.3) is invariant under translation, we can restrict the set of solu-
tions for vector X with zero mean. Under this restriction, the potential W is coercive:

| X |—+o0
—

W (X)

Since the domain C is closed, we deduce that there always exists a solution.

Proposition 25. There exist solutions X to the problem (2.3).

Of course, the solution is far from being unique. From invariance by rotation and
translation, one can deduce other solutions. But for dimensions bigger than 1 there are
in general even more solutions. In appendix A we present some solutions in dimension
d=2and for N =2, 3, 4.

Suppose that X = (X;)i=1,..n is a solution of (2.3) and that the Abadie Constraint
qualification (ACQ) [2] holds at X (see Section 1.2.2). Then, by Theorem 4 there exist

Lagrange multipliers A = (Aij)i<; satisfying the three conditions: the feasibility conditions,
Xy >0, F(X) <0 (2.5)
the complementary slackness conditions,



and the Euler-Lagrange equation,

VxW(X)+ ) AijVxoy(X) = 0. (2.7)

i<j

Substituting (2.1) and (2.2) in (2.7), we get for each i
1
J J
A Lagrange multiplier );; is non-zero only if the corresponding constraint is activated:
/\ij >0 = |XZ‘—X]'| = 2R,

Conditions (2.5)-(2.7) are called Karush-Kuhn-Tucker conditions (KKT-conditions)
and they constitute the necessary conditions for optimality [134]. These conditions are

on the basis of the optimization algorithms treated in this Chapter.

The outline of the Chapter is as follows. We start by presenting in Section 2.2 the
dynamical systems associated to the algorithms considered in this Chapter, namely, the
Arrow-Hurwicz algorithm (AHA), the augmented Lagrangian algorithm (ALA) and the
first-order damped Arrow-Hurwicz algorithm (DAHA), and we summarize the conver-
gence results towards a solution of the minimization problem. In Section 2.3 we find the
only analytical solution, apart from permutations and translations of the minimization
problem (2.3) in dimension d = 1. We then compute the order of magnitude of the
Lagrange multipliers associated to what we call a spherical configuration for any dimen-
sion. These results are used in the investigation of the algorithms that are developed in
Section 2.4. In particular, in Section 2.4.1 we show that in general that the Lagrangian
associated to the minimization problem does not have any saddle-point, which implies
the non-convergence of the classical Arrow-Hurwicz algorithm. Then in Section 2.4.2
we analyse two algorithms in dimension d = 1 which are based on modifications of the
Arrow-Hurwicz algorithm and show that they converge to a solution of the minimization
problem for any positive value of the parameters, provided the initial configuration is
chosen close enough to the solution. Finally, in Section 2.5 we draw some conclusions and

future directions.

2.2 ALGORITHMS AND CONVERGENCE RESULTS

In this Section we present the dynamical systems associated to each algorithm treated in
this Chapter and the convergence results towards a solution of the minimization prob-
lem (2.3).
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2.2.1 LAGRANGIAN METHOD AND ARROW-HURWICZ ALGORITHM (AHA)

A classical method to solve the minimization problem (2.3) is based on the so-called
Lagrangian £ : R x (RF)VV-D 5 R,

LIX,N) = W(X)+(\F(X))
= % Z |Xj — Xi’2 + Z )\ij(bija (2'9)

i<j i<j
with ¢;; = 4R? — |x; — x;|?. From equations (2.5)-(2.7) we see that a solution to the

minimization problem (2.3) is a critical point to L. We now introduce the concept of
saddle point.

Definition 26. A couple (X, \.) is a saddle point of the Lagrangian L (2.9) if it satisfies:
L(XeA) < L(Xiy M) < L(X, ) (2.10)

for any X and X\ > 0.

One can show if (X, A,) is a saddle point of £ then it also satisfies the minimization
problem (2.3). In other words, being a saddle point for £ is a stronger condition than
solving the minimization problem (2.3) (consequence of the weak-duality). In some special
cases, such as linear constraints or convex problems with Slater’s condition (see Section
0.3.3.1), the two problems are equivalent (strong-duality [27]). But it will not be the case
in our setting of sphere packing, there is a duality gap.

To reach the saddle point of £, we introduce the Arrow-Hurwicz system [17, 184]
(AHS):

{ X o= —aVxk (2.11)
A = [BVLL

where «, 3 are two positive numbers. Using expression (2.9) of the Lagrangian £(X,\),
this leads to:

N N
. (6]
X; = N Z(Xj — Xi) + 2« Z /\ij(Xi - Xj)
j=1 j=1 (2.12)
)\ . 0, if /\,-j:()and gbij <0
Y Bij, otherwise.

with ¢;; = 4R* — |x; — x;|>. The Arrow-Hurwicz algorithm (AHA) corresponds to a
time-discretization of this system. In all simulations presented in this Chapter we use a
semi-implicit Euler discretization, specifically, we use an explicit Euler discretization in
the first equation for X and implicit Euler discretization in the second equation for .
In a convex setting, one can find sufficient conditions to show the convergence of the

Arrow-Hurwicz method [184]. However, it will not be possible in our setting. Indeed,
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as we will prove in the next Section, there is no saddle point for the Lagrangian £ (see
Theorem 34).

Remark 2.2.1. Since we are interested in finding the equilibrium of the system (2.11),

we can change the time unit and reduce the number of parameters. Indeed, using as new

time variable t = \/af t and considering the change X\ = /a//BX and € = Jo/\/B, we
obtain after dropping the tildes:

N N

. £

X = N E (Xj — Xi) + 2 E /\ij(xi — Xj)
j=1 j=1

)-\ o 0, if )‘ij =0 and Qﬁw‘ <0
Y ®ijs otherwise.

(AHS) (2.13)

Notice that we could in principle get rid of the parameter € using a change in unit length.
Howewver, length is already prescribed by the radius R of the spheres. Thus, modifying
unit length will modify the radius R. In the following we will consider this version of the

Arrow-Hurwicz system (2.13), which is based on the modified Lagrangian L.:

L.(X,\) = eW(X)+ (A F(X))
_ %Zyxj — x> Nijdi (2.14)

1<j 1<j

In this case, the Euler-Lagrange equation (2.8) becomes
3
N Z(XZ - Xj) -2 Z )\ij(xi - Xj) = 0. (215)
J J

As we will observe and prove later, the Arrow-Hurwicz method does not converge for
our non-convex setting. Therefore we study two alternatives which are also based on the
Lagrangian associated to the minimization problem. These two alternatives are presented

in the two following Sections.

2.2.2 AUGMENTED LAGRANGIAN ALGORITHM (ALA)

We propose to add an extra term to the Arrow-Hurwicz system (2.13) to obtain what we

call the augmented Lagrangian system (ALS) as follows:

X o= 205 —x) + 23 (N +ve)T (xi —x;)
v bij otherwise.

where v and e are positive parameters and x* = max(x,0) represents the positive part

of a real number x. The augmented Lagrangian algorithm (ALA) is obtained by a semi-
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implicit Euler discretization of the ALS, specifically, we use an explicit Euler discretization
in the first equation for X and an implicit Euler discretization in the second equation for
A. Note that for v = 0 we retrieve the original Arrow-Hurwicz system.

We observe that any steady state (X, \) of the system (2.16) satisfies the complemen-
tary slackness condition (2.6). Hence, (X, \) is also a steady state to the Arrow-Hurwicz
system (2.13) and a critical point to the original Lagrangian £. Thus, the modification
in (2.16) does not change the equilibrium states.

In dimension d = 1, system (2.16) has only one steady state, apart from permutations
and translations, and in Section 2.3.1 we characterize this state. In Section 2.4.2 we prove
that this steady state is Lyapunov asymptotically stable, i.e., for any initial configuration
chosen close enough to the steady state, the system will converge to it for any positive

value of the parameters.

Remark 2.2.2. Note that the algorithm (2.16) is close to an augmented Lagrangian
method [134], the algorithm adds up a memory term \;; to the strength of repulsion 7.
Thus, if a constraint is not satisfied i.e. ¢;; > 0, the coefficient \;; will increase and make
the repulsion between i and j. Therefore, there is no need to take v — +00.

However, classical augmented Lagrangian would be slightly different. Indeed, if we consider

the following Augmented Lagrangian:

LX) = 5= DB —xil + Y Ay + 7D (65)" (2.17)

1<j 1<J 1<J
Applying Arrow-Hurwicz method leads to (assuming o =1):

( N
. g
X = ) (xj—x) + 2 E (Mg 9 (i —x)
= J

j=1

<

(2.18)
)\ o 0 Zf)\U:O and¢ij<()
\ v bij, otherwise.

Thus, we obtain as repulsion coefficient: ()\ij + vgb;’;) rather than (\i; + v¢i;) " in (2.16).
Numerically, the algorithm (2.16) outperforms the algorithm (2.18).

2.2.3 FIRST-ORDER DAMPED ARROW-HURWICZ ALGORITHM (DAHA)

We also investigate the first-order damped Arrow-Hurwicz system that has been obtained
from the original second-order damped Arrow-Hurwicz system proposed in [45] by consid-
ering a certain parameter regime. This version of the method has revealed to be the most

appropriate to solve problem (2.3) (see Section 1.4.1). The first-order damped Arrow-
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Hurwicz system (DAHS) is given by:

p

N
. £
X = 5 Yo —x) + 2 (N +hidy) (xi —x;)
(DAHS) = 7 (2.19)
)\ o 0, if )\ij:()and gbij <0
\ v ®ij otherwise.

The first-order damped Arrow-Hurwicz algorithm (DAHA) is obtained by a semi-implicit
Euler discretization of the DAHS, specifically, we use an explicit Euler discretization in

the first equation for X and an implicit Euler discretization in the second equation for \.

This system is very similar to the augmented Lagrangian system. The only difference
is the 7 term, which has the additional factor A;; in the case of the first-order DAHS.
By the same reason as in the previous Section, the equilibrium states correspond to the

critical-points of the Lagrangian.

Similarly to the ALS, we prove in Section 2.4.2 that, in dimension d = 1, this system
converges to the only solution (apart from permutations and translations) of the mini-
mization problem, provided the initial configuration is close enough to the steady state.
Numerical experiments performed in Chapter 1 indicate that in higher dimensions d = 2
and d = 3 solutions to the minimization problem also correspond to asymptotically stable
steady states of this system, however, a proof is still missing.

The two systems ALS and DAHS differ on the rate of convergence towards the steady
state as a function of parameter space, as we may conclude from the analysis developed in
Section 2.4.2. The best parameters in terms of speed of convergence towards the steady
state, lead to a faster convergence of the DAHS when compared to the ALS. On the other
hand, such region within the parameter space is wider in the case of the ALS than in the
case of the DAHS.

2.3 PROPERTIES OF ANALYTICAL SOLUTIONS

2.3.1 SOLUTION IN DIMENSION d =1

In this Section we present an explicit formula for the only solution apart from permutations
and translations to the minimization problem (2.3) in dimension d = 1. This result is

going to be used later in Section 2.4.2 in the study of convergence of the algorithms AL
and DAHA.

Proposition 27. In dimension d = 1, the configuration X = (z1,...,xn) defined by

ij:() and vy =x; + 2R, 1=1,...,. N —1
J
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is the only solution (apart from permutations) to (2.3). Moreover, the associated Lagrange

multipliers \ = (Xij)ij are unique and given by A\;; =0, j#i—1,1+1 and

ew, for N =2M +1
AN kN—kt1 = S ,k=1,...,N—-1
e, for N =2M

Proof. The configuration X is an admissible point to (2.3) as
Giis1(X)=0,i=1,...N—1, ¢;;(X)=—(i—j+1)*4R* <0, i#j—1,j+1 (2.20)

and it corresponds to segments arranged next to each other (see Figure 2.2). Consider

Figure 2.2: Explicit solution to the minimization problem (2.3) in dimension 1.

an arbitrary perturbation T = (v, ...,uy) € R¥\{0} such that X + T is an admissible
point centered at 0, i.e., > (z; + v;) = 0, and the order of the segments is preserved

(no permutations), ie, z; + v; < 241 + v;41. Consequently, X + T satisfies the following

conditions:
Giit (X +71) =4R? — (2, 4+ v; — 2341 —041)2 <0, i =1,...,N — 1, (2.21)
> wi=0, (2.22)
Vi — Vig1 < 4R, i=1,..,N—1. (2.23)

From condition (2.21) we get 4R(v; —vi1) < (v; —vis1)? and together with (2.23) implies
that v; — v;41 has to be non-positive. Therefore v; < v, for all ¢ < j. Moreover, if v; = v,
for all 4, j, then from (2.22) we would have T = 0 which is impossible, consequently there

exists at least one pair (i, 7) for which the inequality is strict. This implies

WX +T) - W(X)=> (v;—v;)> —4R ) (vi —v;) >0,

1<j 1<J

which proves that X is the only solution to (2.3) apart from permutations.

We now compute the Lagrange multipliers X associated to X. Suppose that N = 2M+1.
Applying formula (2.15) for i = N, we obtain:

M
eM -2R = 2)\M—1,M(2R) = >\M—1,M = 57
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For i = N — 1, we deduce:

5(M—1)+5M
2 2

€(M—1)-2R:2()\M727M,1'QR—)\M,LM'QR) = )\Mfgnyl =

e(M—k) M -
5 _{__{_87’ le’

Thus, recursively, we obtain: Ax_j n_k+1 =

oMk — (k — 1)k
’ .

AN—k,N—kH =£

A similar argument applies also with N = 2M spheres. Finally, from (2.6) we get that
Aij = 0for j #4—1, i+ 1, which concludes the proof. [

Remark 2.3.1. For N odd in Prop. 27, the mazimum of the second-order polynomial
in k is reached at k = M + 1/2. The closest integers are k = M and k = M + 1,
which corresponds to the middle of the configuration. At those points the value of \ is

M(M+1)
)\M,M—i-l = )\M+1,M+2 =& -

2.3.2 SPHERICAL SOLUTION

In dimension d = 2, one can find analytically the minimizer X and the corresponding
Lagrange multipliers with N < 4 spheres (see appendix A). However for larger values of
N or d the problem becomes much harder and there is in general no uniqueness of X nor
explicit expression for the Lagrange multipliers. It is though possible to deduce the order
of magnitude of the Lagrange multipliers A with respect to N associated to a particular
type of solution belonging to the set of spherical configurations that we define next. These
results are used in the study of the existence of saddle-points of the Lagrangian presented
in the Section 2.4.1.

Given a configuration X = (x;);=1__n in R¢, let G be the undirected graph associated
to X where the vertices V' = {1, ..., N} correspond to the indexes of the points in X and
the edges £ = {(i, j)|¢:;(X) = 0} correspond to the pairs of neighbouring spheres. A path
P between any two vertices i, j € V' corresponds to a sequence of different vertices where
each vertex is connected to the following one, ie, P = (vy, ...,v,) € V" with (v;,v;41) € F
and v; # vj;, ¢ # j. The set of all paths of G from v; to vy is denoted by Pg;(G). We define
the length of a path P as a function L : ’P;ff(G) — N, P=(v1,...,0,) = L(P)=n—1.

We define a distance f between any two vertices of a connected graph G as

f(vi,vf) = min L(P). (2.24)
prer,l (@)

For technical purposes, suppose that there exists one sphere x; located at the center

of the configuration, ie., x; = (x) := 1/N ), x;. Now, consider a partition of X defined
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by the length of the shortest path to the center of the configuration (x), ie,

M
X =Jx (2.25)
i=1

with
xi={xr € X|f(k,1)=i—1}, i=1,..,M. (2.26)

Note that each set corresponds to a level set of the distance f(-,1) to the center.

Definition 28. Let X = {x;}i=1. n be a configuration in R? of spheres with radii of
order 1 with respect to N. Consider the partition of X defined in (2.24)-(2.26). We say
that X is a spherical configuration with radius R := maxy |x, — (x)| if it satisfies the

non-overlapping constraints (2.2) and the two conditions:
(convezity) O(lx; —x;]) = f(¢,4), foralli,j=1,..,N (2.27)

(sphericity) O(|xr — (x)|) =1, forallxy € x; andi=1,..., M. (2.28)
where O denotes order of magnitude.

Remark 2.3.2. e The spherical configuration is an admissible point and should have
an approximately spherical shape with radius R := maxy |x; — (x)| = O(M) as

shown in the examples of Figure 2.1.

o This definition is based on the idea of convexity and on the idea of defining a sphere
as the union of spherical surfaces successively contained in each other, ie., the level

curves of f(1,k) = min L(P) are approzimately contained in spherical sur-

PeP{ (@)
faces in R with center (x).

Two examples of spherical configurations are presented in Figure 2.1. We start by

computing the order of magnitude of the radius of a spherical configuration.

Lemma 29. Let X be a spherical configuration with radius R of N spheres in R?. Then
O(R) = N4,

Proof. The volume V of the d-dimensional sphere of radius R has order of magnitude of

R4. Since V has the same order of magnitude as the sum of the volume of the spheres
that constitute X, we have O(V) = N. Consequently, O(R?) = N, ie., O(R) = N/, u

Similarly to the one dimensional case, we show that the Lagrange multipliers \;; are

increasing as we move towards the center of the configuration.

Proposition 30. Let X be a solution to the minimization problem (2.3) in dimension
d that belongs to the set of spherical configurations. Moreover, let X be the associated
Lagrange multipliers. Then, the order of magnitude of \i; ranges from eNYe to eN?/?,

for spheres i and j at the periphery and at the center of the configuration, respectively.
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Proof. Consider the partition of X in M sets as defined in (2.24)- (2.26). For any sphere
kin xy, let k;, j =1,...,n, ...,y be its neighbouring spheres, such that (see Figure 2.3)

(xe, — xK) - ((x) — x) sg, j=L. =1 (2.29)

(xi; — xx) - ((x) — xx) >

j = Ng, ...,ﬁk

Denote

Figure 2.3: Sketch of the interaction between spheres k, its neighbours k1, ..., k¢ and (x) in dimension 2.
The dot product between vector (x) — xj and vectors X, — X is negative for j = 1,2,3 (circles in blue)
and positive for j = 4,5,6 (circles in red).

TLk—l N
o = Z Akk; and ol = Z Ak, - (2.30)
j=1 p—
We want to prove by induction that
ol =0EM+M—-1+..+k), k=1,..., M, (2.31)

where k = M represents a sphere at the periphery and £ = 1 at the center of the
configuration.

We first introduce some notation and deduce some relations. Consider the angle
Oxk;, between the vectors x;, — x; and (x) — x; and define the non-negative constants
Qpr; = | cos(Bk,)|. Moreover, considering the projection onto x, — (x) we have from
equation (2.15) that:

np—1 g
€’Xk — <X>’2 =92 . 2R’Xk — <X>’(— Z )\kkj@kkj + Z Akkjakkj)-
Jj=1 J=ng
Equivalently,
nE—1 g
elxi — (%) =2« 2R(= Y Ny, + D Ak ki )-
Jj=1 J=ng

Since the coefficients ayy, have order 1, we have from (2.30) that £[x; — (x)| = O(—0, +

o). Since \;j = \j;, we have that o, = O(0; ;). Moreover from (2.28) we have that
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|x — (x)| = O(k), for x4, € xx. All this together implies that
o) = O(o, +¢k) = O(o),, +¢k). (2.32)

We now prove by induction that (2.31) holds true. We start with & = M and we
proceed downwards. Let £k = M and consider a sphere x,; € xs, which is located at the
periphery of the configuration. Consequently, all neighbours satisfy the second equation
in (2.29) and we have n;, = 1 and o}, = 0. Finally, from (2.32) we have that o}, = O(eM).
Suppose the inductive hypothesis o7, = O(e(M + M — 1+ ...+ k+1)), Xp11 € Xin
holds true. From (2.32) we finally get that (2.31) holds true. The maximum value for oy,
is attained at the center, where k = 1 and o7 = O(e(M + ... + 1)) = O(¢M?). Finally,
note that A\px; = O(oy) and that since the radius of each sphere has order 1, we have from
Lemma 29 that M = O(N'/4), which concludes the proof. .

2.4 (CONVERGENCE ANALYSIS

2.4.1 DUALITY GAP: NON-CONVERGENCE OF AHA

We first analyze the Arrow-Hurwicz system (2.13) and more precisely the underlying
saddle-point problem (2.10) for £. defined in (2.14). The goal of the Section is to show
that there does not exist a saddle point which in turn explains why the Arrow-Hurwicz
does not converge.

We have seen that showing existence of solution to the minimization problem (2.3),
also referred to as the primal problem, is rather simple (prop. 25). Proving existence (or
non-existence) of a saddle point for £. (2.14) is in general a more delicate manner. Let

us consider the min-max problem:

d. = supinf L.(X,\) (2.33)
A>0 X
Px = 1)n(f max L.(X,N). (2.34)

One can show that d, < p,. (weak duality). But it is more delicate to know whether

d. = p. (strong duality) in which case there exists a saddle point [27].

Remark 2.4.1. The notations d, and p, are used since they each correspond to the

solution of (resp.) the dual and primal problem.

To further investigate the Lagrangian L., we introduce the functions:

g(>‘> :l§f£€(X7>\) ] f(X) :Supﬁe(X7>‘)'

A>0
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The solutions of the min-max problem d, and p, correspond (resp.) the supremum and

infinimum of g and f. We first study the function f.

Lemma 31. For any configuration X,

| ewx) fxec
f(X){ o ifXec (2.35)

where C (2.4) is the set of non-overlapping configuration.

Proof. If X does not satisfy the constraint (i.e. X ¢ C) then f(X) = +oo. Moreover, if
X €C (ie. F(X)<0), we have (A, F(X)) <0 and therefore f(X) =W (X). ]

From lemma 31, we deduce that:
1§ff(X) = ;(réfCeSW(X) =cW(X).

Thus, p, = eW(X) where X is a solution of the primal problem (2.3).

We now turn to the dual problem with the function g.

Lemma 32. For any positive coefficients A > 0,

g0 = 4R? Zi<j Aij z:f A, positive 'd'eﬁm'te | (2.36)
—00 if A. not positive definite
where A, is the matriz with coefficients:
—(e/2N — N\ f i £
aij = e/ W o T (2.37)
doki(E/2N = Nig) , if i=.

Proof. We use the expression of the Lagrangian L. and isolate how it depends on the

configuration X:

,CE(X, )\) = Z (% - )\,]> |Xj - Xi|2 + 4R2 Z)\”

1<J 1<j

Thus, we can write the Lagrangian as a quadratic form in X:

LX) = (AX, X) + 4R "Ny, (2.38)

i<j

where the matrix A, is given by (2.37). Indeed, for any symmetric coeflicients ¢;;, denoting
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oi = )_; Cij, we have:

2 _
E cij|x; —x|* = —E czjx +x7 — 2x,%;)
i<j
= E X E CijXiXj =

where M is a matrix with entries —¢;; outside the diagonal and ) | ki Cike OLL the diagonal.

Using the formulation (2.38), we deduce that the minimization of L. is —oo if the
matrix A, (2.37) is not positive definite. On the other hand, if A. is positive definite (i.e.
(A X, X) > 0) then (2.38) leads to:

LX) >A4R*) "\
1<J

Therefore the infinimum is reached with X =0 and g(\) = 4R*>7, . \ij. "

It is delicate to find explicit condition for the matrix A, to be positive definite. One can
find sufficient condition: if (¢/2N — A;;) > 0 then A. is diagonal dominant and therefore
positive definite. Moreover, A, is not positive definite if the diagonal is not positive.
Thus, let 0; = >, A\ir, @ = 1,..., N. If there exists ¢ such that o; > (/N — 1)/2N, then

the matrix A, is not positive definite.

Proposition 33. The solution of the dual problem is given by:

d, = sup g(\) = eR*(N — 1). (2.39)

A>0

Proof. Denoting again o; = >, A\, the matrix A, (2.37) is not positive definite if there
exists o; > (N — 1)/2N and therefore g(A) = —oo in this case. We deduce that the

maximization of the function g can be reduced over the A satisfying o; < 5N L for all i.

From lemma 32, we have:

) SAR?Y N =2R? Zoz

1<J

Therefore, g(\) < eR?*(N — 1). This upper-bound is reached by taking \;; = £/2N for
i # j leading to the result (2.39). ]

Notice that the value d, corresponds to configurations where all spheres are at a dis-
tance 2R from each other. Indeed, suppose |x; — x;| = 2R for all ¢ # j, then:

—1
= o 2432 )4632 (N —1)eR>.
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Thus, we have d, = p, only if all the spheres can be at distance 2R from each other.
In dimension 2, this corresponds to having only N =2 or N =3 spheres. But if N > 4
in dimension 2, then d, < p, and therefore there is no saddle point (X,,\,) for the
Lagrangian £ in this case.

Theorem 34. The Lagrangian L. (2.14) does not have a saddle point if N > d+1 where

N is the number of spheres and d < 4 is the spatial dimension.

While we do not have a saddle point for the Lagrangian (2.9), we can still look for local
saddle points. In short, does it exist a point ()Af , X) satisfying:

L.(X,N) < L(X,N) < LA(X, X)) forall (X, )) close to (X, \). (2.40)

The hope is that solutions of the primal problem X (with the corresponding Lagrangian
multiplier A) will be local saddle point (i.e. solution of (2.40)). Then, we could apply the
Arrow-Hurwicz algorithm to find those solutions.

The left inequality of (2.40), i.e. L£.(X,\) < L£.(X,)), imposes that X satisfies the

constraints. The right inequality means that X is a local minimum of:
X — L(X,N). (2.41)

Using the formulation (2.38), we deduce that X is a local minimum if the matrix A, (2.37)
is positive definite. As we have seen previously, in order to have the matrix A, positive
definite, it is necessary to have the coefficients \;; satisfying: o; = >, Aix < 5%. This
property is not satisfied by the Lagrange multiplier. They are actually of the order of
(at least) e N/ (see Proposition 30). We conclude that a solution to the primal problem
(X, ) cannot be a local saddle point, as it is not a local minimum to the function defined
in (2.41).

2.4.2 STABILITY ANALYSIS IN d = 1: CONVERGENCE OF DAHA AND
ALA

We now analyse the ODE systems (2.16) and (2.19) associated to the ALA and DAHA,
respectively, for an arbitrary number of spheres N in dimension d = 1. Note that such
systems are piecewise smooth. In particular, they are smooth in a neighbourhood of X,
which allows us to carry out the linear stability analysis in order to study the local conver-
gence of the solution towards a steady state. We will show that the steady state obtained
in Section 2.3.1 is an asymptotically stable steady state of both systems as defined in
Chapter 1, Definition 14. Note that this definition assumes that the initial configuration
is chosen close enough to the steady state. The next Theorem gives conditions on the
function f that ensure the asymptotic stability of a given steady state of the ODE system
T = f(x), t>0.

84



Theorem 35. Let n € N and let f : R" — R" be a function. Consider the ODE system
& = f(x) and a steady state x*, where f is smooth at x*. If the eigenvalues of the Jacobian
matriz of f evaluated at x*, Df(x*), have negative real part, then z* is asymptotically
stable. Moreover, let ¢; be the flow of the differential equation. Then if —& is a number
larger than every real part of an eigenvalue of D f(x*), then there is a neighbourhood U
of x* and a constant k > 0 such that

() — 27| < kfale™,
whenever x € U and t > 0.

Proof. See [34], thm. 2.42, p. 158 and cor. 2.43, p. 160. .

Next we prove that a solution to the minimization problem (2.3) corresponds to an
asymptotically stable steady state of the ODE systems (2.16) and (2.19) in the case of an
arbitrary number N of spheres in R.

Proposition 36. Let X = (7;)i—

and X = (Xij>z'<j the associated Lagrange multipliers in dimension d = 1. Then, for any

N be a solution to the minimization problem (2.3)

.....

g,7 positive, (X, ) is an asymptotically stable steady state of both systems ALS (2.16)
and DAHS (2.19).

Proof. First note that by adding up all differential equations in z;, i =1,..., N of (2.16)
we get that (x) = 0, ie., the center of mass is conserved. So without loss of generality, let
(x) = 0. From Prop. 27, the solution to the minimization problem is unique (apart from

permutations) and satisfies Z;,1 — T; = 2R, XMH > (0 and
0ii(X) <0, Ay =0, j#i—1i+]1 (2.42)

Second, from (2.15) and (2.6) it follows that (X, \) is a critical-point of the Lagrangian (2.14),
and therefore it is also a steady state of (2.16). We want to prove that this steady state
is asymptotically stable. Consider a close enough perturbation (X (0),A(0)) of (X, \)
satisfying

|z;(0) = 7| < R, i=1,...,N,

XNiir1(0) >0, i=1,..,N—1and \;(0) =X\; =0, j#i+1,i—1,
)‘i,i+1(0) +7¢z,1+1<X(0)) > 0, Z = 1, ceey N — ].

Note that we only perturb the Lagrange multipliers that are associated to the active
constraints at A. Indeed, from (2.42) follows that ¢;;(X(¢)) < 0,5 # i+ 1,i — 1 for ¢
in some time interval [0, 7], consequently, )\,j(t) < 0 and any small enough perturbation

would decay to zero.
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Consider the following smooth system:

(@ = —ex + 2N+ yd12) (T1 — 22)
i = —exi+2Nii-1 +YPiio1) (T — mic1) + 2(Niip1 + YPii) (T — Tiga),
i=2.. N—1
iy = —ery +2(ANv_1n 7PN N) (TN — TNo1)
}\i,i+1 — ¢i,i+17 Z: 1,,N—1
\ )\ij = O,]#Z—l,lﬁ—l
(2.43)
Now, we note two aspects. First, if
|[L’l(t)—fl| <R, i=1,..N, t>0 (244)

holds true, meaning that no two spheres cross each other at any moment, then for j #
i—1,i+1, ¢i;(x(t)) < 0and \;;(t) = 0 for all t > 0 and therefore \j;(t) =0, j #i—1,i+1
for all t > 0. Consequently, the system (2.16) is equivalent to (2.43). Second, if (X, )) is
an asymptotically stable steady state of (2.43), then condition (2.44) holds for all times,
provided that the initial condition (X (0), A(0)) is chosen close enough to the steady state.

It is then enough to prove that (X, ) is an asymptotically stable steady state of (2.43).

We first compute the difference ;.1 — 2;, ¢ = 1,..., N — 1. Considering the change of

variables ;1 ; = x;41 — x; we get

Tip1; = —€Tig1i + 4 Nig1i + YPit10) Tivri

—2(Nig 142 T YPir1,i42) Ti,it1 — 2(Nijim1 + YPiim1)Tiio1. (2.45)

We will now write the system describing the dynamics of the 2(N — 1) variables
Tii+1, Nii+1, ¢ = 1,..., N — 1 in matrix form. Note that these are all the variables of
system (2.43), because as we saw \;; = 0, ¢ # j+ 1,7 —1 and (z) = 0 for all t > 0.
Consider the (N — 1) x (N — 1) square matrices X, A and A defined by

T21 0 )\21 0

x32 A2

0 TN N-1 0 )\N,N—l
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and A=

and the (IV —1) vectors A = [Ait1,i]iz1,..nv—1 and 1T = [1];4

-----

~—1. Then, equations (2.45)

77777

can be written in matrix form as
X1 = —eX1+2AX\ + 294R*AX1 — 2yAX>1 (2.46)
Using the same notation, we may also write the equation for A in matrix form as follows
A = (4R*I — X?)1, (2.47)

where [ is the (N — 1) x (N — 1) identity matrix. The dynamics of the system (2.43) can
then be described by

X1 = —eX1+24X\+294R*AX1 — 29AX?*1 = F(X,\)
A= (4R?T — X?)1 = G(X,\)

After a simple computation we conclude that the steady states of this system satisfy,
X*2 = 4R?] and \* = %A‘lll. In particular,

(X, %) = (2RI, %A*ln) (2.48)

is a steady state, as expected. We want to find conditions on the parameters ¢ and  such

that (X, \) is asymptotically stable. The Jacobians of F' and G are given by

DxF DyF
D(Xf)‘) (F7 G) = * A
DxG DyG
with
DxF(X,\) = —el +2AAN +2y4R*A — 2 x 3yAX?
Dy\F(X,)\) = 24X
DxG(X,)) = —2X
DyG(X,\) = 0
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The Jacobian evaluated at the steady state (2.48) is given by the block matrix

—4RvA A

Dan(F G)lxx =4E| 0

(2.49)

Since this matrix is negative definite for all v positive, then by Theorem 35 from Sec-
tion 0.3.2.1 the steady state (2.48) is asymptotically stable.

Applying the same reasoning to the damped Arrow-Hurwicz system (2.19) we obtain
the Jacobian evaluated at the steady state (2.48),

—2Rvyel A

Dix(F.G)| x5 = 4R 70

(2.50)

which is positive definite for all v and e positive and again by Theorem 35 the steady

state (2.48) is also asymptotically stable. This concludes the proof. ]
N=5, ALS N=5, DAHS
3r I 0 37 0
25 25|
05 05
2 2
1 1
w 1.5 w 1.5
-1.5 -1.5
1 1
0.5 2 0.5 2
0 0
0 1 2 3 0 1 2 3
v Y

Figure 2.4: Largest real part of the eigenvalues of the Jacobian matrices (2.49) and (2.50) for the Aug-
mented Lagrangian system (left) and for the damped Arrow-Hurwicz system (right), respectively, as a func-
tion of the parameters (v,¢) for N = 5 and R = 1. We observe that the eigenvalues can be smaller in the
case of the DAHS, but the region of small eigenvalues is narrower when compared to the case of ALS.

This proposition allows us to conclude that the DAHS and the ALS both converge to
a solution of the minimization problem in dimension d = 1 for any positive value of the
parameters € and v, provided the initial configuration is close enough to the steady state.
Theorem 35 also tells us that the speed of convergence is exponential with a rate of decay
that is larger than the largest eigenvalue of the Jacobian matrix (2.49), in the case of
ALS, and (2.50) in the case of the DAHS. We plot in Figure 2.4 the largest real part of
the eigenvalues of each of these matrices as a function of the parameters (v,¢) € [0, 3)?
for N = 5. In Figure 2.5 we plot the same as in Figure 2.4 but for N = 100 and for
the range of parameters (v,¢) € [0,30]? in the case of the AL and (v,¢) € [0, 3]? in the
case of the DAHS. In both Figures, we can see that the maximum eigenvalue is always

negative, which is expected. The blue region corresponds to the parameter region where
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N=100, ALS , N=100, DAHS

30

-0.01 -0.01
25 -0.02 25 -0.02
-0.03 -0.03
20 -0.04 2 I 004
-0.05 -0.05
w 15 -0.06 w15 -0.06
-0.07 -0.07
10 -0.08 1 -0.08
-0.09 -0.09
5 -0.1 0.5 L -0.1
-0.11 . -0.11

0 0

0 30 0 1 2 3
v v

Figure 2.5: The same as in Figure 2.4 for the case of N = 100. The conclusions are similar to the case of
N =5 presented in Figure 2.4.

N=5, DAHA

1072

0 500 1000 1500 2000 2500 3000
n

Figure 2.6: Euclidean distance between the solution obtained numerically at each iteration by the DAHA
and the steady state given in Proposition 27 X,, i.e., | X™ — X,| for two different sets of parameters taken
from the yellow (dot line) and blue (solid line) regions of the graph in Figure 2.4-right. As expected, the
solid line decays at a larger rate than the dashed line. The model parameters are N = 5, R = 1 and the
numerical parameter At = 0.002.

the maximum eigenvalue is smaller, which may lead to a faster convergence towards
equilibrium. Comparing the two systems, the blue region in the case of the DAHS is
darker, meaning that the eigenvalues are smaller, than in the case of ALS. On the other
hand, the blue region is wider in the case of the ALS compared to the DAHS. This
indicates that the DAHS may be faster for specific parameters, but the region where to
choose the best parameters is narrower than for the ALS. Comparing the results for each
value of N, we observe that for N = 100 the eigenvalues are one order of magnitude
larger compared to the case with NV = 5. Moreover, for the DAHS the region with small
eigenvalues has became narrower for N large, while for the ALS the corresponding region
became wider.
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The Euclidean distance between a numerical solution obtained with the DAHA and the
equilibrium state given in Proposition 27 over iteration number is plotted in Figure 2.6 for
N = 5 and for two different pairs (e, v) taken from the yellow and blue region of Figure 2.4,
respectively. We see that starting from a distance of the order of 1072, the convergence
is exponential, and the system converges much faster (decay rate of approximately 0.008)
for values of the parameters chosen from the blue region than the yellow one (decay rate

of approximately 0.001).

2.4.3 NUMERICAL SIMULATIONS IN DIMENSION d =1

In this Section we present simulations of the evolution of the dynamical systems AHS (2.13)
and ALS (2.16) in dimension d = 1 in order to illustrate the analytical results presented
in the previous Sections. The conclusions regarding the ALS also apply to the DAHS, so

we do not consider this method in this Section.

To illustrate the non-convergence of the AHS, we present in Figure 2.7 the evolution
of the positions X with N = 3 particles, which corresponds to the simplest scenario
where the Lagrangian £ (and L£.) does not have a saddle point thanks to Theorem 34.
We observe that the trajectories (z1(t), x2(t), x3(t)) have a chaotic behavior for e = .5
(left Figure) whereas it converges to a periodic solution with ¢ = 1 (right Figure). The
convergence of the AHS to a periodic solution occurs in three steps. Phase I: the particles
move away from each other (i.e. \;; and £ increases) until there is no more overlapping
(i.e. X(t) moves to the constraint set C). Phase II: the solution contracts (i.e. X(¥)
moves back to the border of C). Phase III: the solution starts to oscillate. For instance,
in Figure 2.7-right, phase I corresponds roughly to ¢ € [0, 1], phase II: ¢ € [1, 3] and phase
III: ¢t > 3.

Evolution of positions with e = 1 Evolution of positions with e = .5

—_— T —_— T

—_— 2 —_— 2

— T3 —_— I3

position =
(e}

position =
(e}

0 10 20 30 40 0 10 20 30 40
time ¢ time ¢

Figure 2.7: Solution to the AHS (2.13) with N = 3 particles in one dimension with ¢ = 1 (left Figure) and
e = 0.5 (right Figure). A period solution occurs only if ¢ is small enough. Parameters: At =0.05, R =1.

A similar situation has been observed when we increased the number of particles N.

The dynamical system (2.13) periodic solution only if e is small enough.
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Evolution of positions with e =1, v = .2 Evolution of positions with e =1/2, v = .2
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Figure 2.8: Similar simulations as in Figure 2.7 using the stabilizer dynamics ALS (2.16) with v = 0.2.
Both simulations converge to a steady state.
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Figure 2.9: Simulation with ALS (2.16) for N = 50 particles and for (g,7) = (5-107%,0.2) (left) and
(e,7) = (5-1073,0.2) (right). The dynamics converges if both ¢ is 'small enough’ and ~ large enough.
Parameters: At =0.05, R =

We now run the same simulations but with the augmented Lagrangian system (2.16).
We observe in Figure 2.8 that using v = .2 the solution converges to a steady state. In
the simulation with N = 50 particles in Figure 2.9-left, adding the stabilizer makes the
dynamics converge to a steady state. However, if ¢ is too large as in Figure 2.9-right, the
dynamics is chaotic at the center and it does not seem to converge. This indicates that
despite being an asymptotically stable steady state of the modified system, if the initial
configuration is far away from the steady state, then the solution may not converge to it.
This situation should be further explored in the future. In particular, given an arbitrary
initial configuration, what parameter regime leads to the convergence of the ALA towards

the steady state.
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2.5 (CONCLUSION AND FUTURE WORK

In this Chapter we study a non-convex minimization problem with non-overlapping con-
straints that naturally arises in the study of particle systems. We show that the Arrow-
Hurwicz algorithm does not converge and we prove convergence of the augmented La-
grangian algorithm and of the damped Arrow-Hurwicz algorithm (DAHA) towards a

solution of the minimization problem in dimension d = 1.

There are still many questions that remain unanswered and could be investigated in
the future. Two of them are concerned with the convergence properties of the ALA and
DAHA in the case of higher spacial dimensions and how we should choose the parameters
to get the fastest convergence. One could also investigate the types of local minima that
may arise from different types of initial conditions and the convergence properties of the

more general 2nd-order DAHA developed in Chapter 1.

Despite of the simplicity of the formulation and resolution of sphere packing problems
in low dimensions, they turn out to be extremely complex in higher dimensions (above 2).

Therefore they still remain nowadays an active area of research in mathematics [36, 89].

92



Part 11

Particle-based models for congested

systems
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EVENT-DRIVEN VERSUS TIME-STEPPING
SCHEMES FOR BALLISTIC AGGREGATION

This Chapter deals with the problem of simulating the dynamics of large and densely
packed particle systems subject to ballistic aggregation. Two different paradigms are
typically used: event-driven and time-stepping algorithms. Despite being more accurate,
event-driven algorithms become computationally very expensive as the number of particles
increases. Such situations require the use of an alternative approach, such as time-stepping
algorithms. In these methods, the contact events occurring during a small time-interval
are grouped and solved simultaneously. In this work we explore a new time-stepping
approach for the case of ballistic aggregation and we compare it to the event-driven one
in terms of computational time. This approach is based on a minimization problem with
non-overlapping constraints that is solved by the damped Arrow-Hurwicz algorithm de-
veloped in Part I, which distinguishes it from other algorithms proposed in the literature.
Specifically, we obtain four time-stepping algorithms from the combination of considering
smooth or non-smooth constraints and rigid or non-rigid aggregates. Numerical results
obtained in the case of a bounded domain and spherical particles show that when the num-
ber of particles becomes large or the size of the domain becomes small the time-stepping
methods perform faster than the event-driven. The threshold at which this switch occurs
is identified. In particular, for N = 10° particles, the event-driven takes almost four days,
while the time-stepping takes only a few hours. Among the four time-stepping schemes,

the ones with smooth constraints seem to perform faster for any number of particles.

This work is based on a collaboration with Giacomo Dimarco*, Sophie Hecht and Pierre
Degond! .

*Department of Mathematics and Computer Science, University of Ferrara, Italy
tDepartment of Mathematics, Imperial College London, UK
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3.1 INTRODUCTION

Aggregation can be found in many different fields of physics, such as aerosols, raindrops
formation, sprays, polymers, formation of planets and galaxies, nucleation and growth,
crystallization [6, 175, 56]. Also in biology, cells aggregate to form tissues or to repair
injuries (blood coagulation), bacteria aggregate to form biofilms [106], etc. Aggregation
can be observed and studied at different scales [58]. For instance, at the microscopic level
one gets particle based models describing the evolution of the mass, position and velocity
of each particle [69, 70, 116, 48, 119, 120, 169, 142, 79]. At the mesoscopic level, one
studies the evolution of a statistical distribution of sizes, positions and velocities of the
aggregates [154, 58, 94]. Within this description, a widely studied approach is given by
the so-called Smoluchowski coagulation equations or the Marcus-Lushnikov model [6, 67].
At the macroscopic level, one typically describes averages of the distribution function
with respect to the mass or size of the clusters [113, 57]. However, despite of being
easier to treat, both computationally and analytically, the mesoscopic and macroscopic
models do not incorporate all information about position or velocity of the clusters [6].
Moreover, it is often assumed that the clusters are spherical. A particle based model
instead is able to give more detailed spatial information and it allows the construction
of more realistic models [50, 79]. Additionally, it provides an appropriate framework to
study the randomness arising on the initial conditions [70, 116], the statistical properties
of the growing aggregates related to the evolution of the shape [99, 128, 13| and the
type of aggregates obtained in the long-time limit [119]. For these reasons we opt by the

microscopic approach.

Specifically, we focus on a particular type of aggregation phenomenon, called ballistic
aggregation, in which hard-spheres move in straight trajectories until they collide, stick
and form growing moving aggregates [56, 175]. We consider that the collisions are inelastic
and frictionless and that during a collision the total mass and momentum is conserved
while kinetic energy is dissipated. This model is among the simplest models for the
interaction of rigid particles, which contributes for its popularity [144]. The choice of
this model is justified by the fact that, despite of its simplicity, it already presents many
of the difficulties related to the simulation of densely packed systems, which makes it a

good system for testing and comparing numerical methods.

There are two main classes of numerical methods to simulate the dynamics of particle
based models with contact events. The first is the so-called event-driven method (ED) [69,
70]. In this approach, the time of the next collision is computed, the system evolves to
that time and the collision is performed exactly. The main difficulty is to determine the
sequence of particle collisions. In order to simplify the dynamics, some approaches use
fixed lattices space discretizations [48, 70, 119, 169, 120, 175, 63, 156], however such a
simplification produces effects on the dynamics and on the shapes of the clusters [75]. The

second class of methods is the so-called time-driven or time-stepping (T'S) method [81].
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In this approach, the time is discretized in equal intervals and all events occurring within
a time-interval are solved simultaneously. The procedure at each time-step consists of
computing the positions and velocities of the particles from their own individual dynamics
and correcting possible overlaps between particles by solving a minimization problem
with non-overlapping constraints. To solve this minimization problem we use the first-
order damped Arrow-Hurwicz algorithm [45] developed in Part I. We consider four time-
stepping methods which result from the combination of two features. The first feature
is related to the formulation of the non-overlapping constraints, namely we consider a
smooth and a non-smooth form that lead to equivalent constraints. The second feature
is related with a modelling assumption on the rigidity of the clusters: we consider rigid
clusters, in which the particles in the same cluster are subjected to the same dynamics and
consequently, they remain always in the same relative positions, and non-rigid clusters,
where the particles of each cluster move individually and adhesive particles may even fall
apart within the cluster.

Since it is an exact method, an ED algorithm should be more accurate at describing
the real dynamics of the system than a TS scheme. Nevertheless, ED algorithms may
become computationally expensive as the number of particles increases. The aim of this
work is to compare TS and ED algorithms in terms of computational time and identify in
which situations it is necessary to use a TS scheme due to the high computational time
an ED requires. In particular we study the influence of the number of particles and of
the size of the domain. We observe that there is a threshold on these two quantities at
which the TS method becomes more efficient than the ED. The numerical experiments
have been run up to N = 10° particles. For this value of N, the TS algorithms took a
few hours, while the ED took a few days to simulate the dynamics.

The plan of the Chapter is the following. In Section 3.2 we introduce the time-
continuous model for ballistic aggregation and the ED method. In Section 3.3 we present
a corresponding time-discrete dynamics and the four T'S schemes. In Section 3.4, we first
optimize the parameters involved in the TS schemes. Then we compare the ED and the T'S
methods in terms of computational speed for different values of N and size of the domain.

In the final Section 3.5, we draw some conclusions and suggest future investigations.

3.2 TIME-CONTINUOUS MODEL AND EVENT-DRIVEN (ED)
SCHEME

3.2.1 TIME-CONTINUOUS MODEL

Let d, N € N and L > 0. We consider a system of N self-propelled hard spheres on
a d—dimensional torus [0, L]%. The spheres are characterized by their radius R; > 0,

their position X; = (x4, ..., 2;,), their velocity V; = (vj,...,v;,) and their mass m; >
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0, 2 =1,..., N. They interact via inelastic frictionless collisions and an adhesive force is
immediately created between the colliding particles. No other forces are exerted on the
spheres. Thus, between two consecutive collisions, particles travel in straight trajectories
at a constant speed. Given the times ¢; and ¢, of two consecutive collisions, the velocities
V(t) = {Vi(t)}iz1,. v and positions X(t) = {X;(t)}i=1. n of the particles at time ¢ €

[t1, o] satisfy the following equations on the torus

dX;
dt

(1) = Vilta), t € [t ta), i =1, N. (3.1)
For each 4,7 = 1,..., N, i < j, consider the functions ¢;; : R¥" — R, i < j, defined by,
¢4;(X) = R + R; — | X; — X, (3.2)

where |.| denotes the Euclidean norm on the torus (see Remark 3.2.1).

Remark 3.2.1. The Euclidean norm of a vector X = {x;}i=1..a on a torus [0, L] is
defined by

’X|2 - P1,Pa: 771U772=r?11{1. N}, P1NP2=0 {Z |xl‘2 + Z(L - ‘xlDZ} ) (33)

1€P1 1€P2

The norm induces the Euclidean distance on a torus d(X,Y) =|X — Y|, X,Y € [0, L]¢.
This distance corresponds to select the shorter path among all possible straight paths be-
tween X and Y. An exzample of the four possible straight paths between two points in R? is
presented in Figure 3.1. In the middle of the domain the usual Fuclidean distance in R?
holds. In order to simplify the presentation of the algorithms, we assume in the following

that we are in RY.

In order to avoid overlapping spheres, we impose non-overlapping constraints,
$ij(X) <0,i,j=1,...,N, i <. (3.4)

The collisions between particles produce discontinuities in the velocity field due to the
non-overlapping constraint imposed in the system. The collision rule is described next
in dimension d = 2. Notice that it is possible to generalize this rule to higher dimen-
sions [171], however for simplicity we only present the two-dimensional case here. The
physical background of what follows can be found for example in [16].

Let d = 2. When spheres ¢ and j collide they bind and form a new moving cluster. Let
X;, X; be the positions of the spheres at collision and V;, V; the pre-collision velocities.
The center of mass of the new cluster is defined by X. := (m;X; + m;X;)/(m; + m;).

The velocity V. of the center of mass of the new cluster is given by the weighted average

97



\? v \‘”/X

Figure 3.1: The four different straight lines going from point A to point B in a 2-dimensional torus [0, L]2.
The squared Euclidean norm of the vector A — B = (z1,22) € [0, L]* corresponds to the minimum between
the length of each line, namely a) #2 + 23, b) 2% + (Jz2| — L)?, ¢) (Jo1| — L)?> + 23 and d) (|z1]| — L)? +
(2| = L)2.

between the pre-collision velocities, i.e.,

¢ mﬁ—mj

The cluster starts to spin with an angular velocity ' given by

M.

Q=
J

with
Mc = szz X ‘/; -+ ijJ X ‘/J — (mz -+ mJ)XC X ‘/c/,

where x denotes the cross product, and J is the moment of inertia given by
J = |X; — X )Pm; + | X; — X|*m;.

The velocity of each sphere after the collision, V/, V/, is given by the sum between the
velocity of the cluster and the relative velocity of the sphere with respect to the center of

mass of the cluster, i.e.,
Vi=VI+Q x (Xy— X.), k=1,5.

Since there are no other forces acting on the particles, then the colliding particles remain
near each other ever since after the collision. During the time evolution of the system,
collisions occur and growing aggregates of multiple spheres are formed. In this situation,
when a cluster C; collides with a cluster Cy they stick together forming a new cluster C”
with center of mass X, := Y .., m;i X;/(D,ccr mi). The linear velocity V/ of the center

of mass of the new cluster is a weighted average between the pre-collision velocities V; of
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the spheres that constitute the new cluster,

ZiEC’ m;V;

V= . (3.5)
Zie(}’ my;
The angular velocity €' of the new cluster is given by
M,
===
J
with
M= miX;xVi= Y miXex V] and J=> [X.— X;[’m;.
iec’ e’ ieC’
The velocity of each sphere of the new cluster after the collision is then given by
VIi=V 4+ x(X;—X,), ieC. (3.6)

We consider this dynamics until all particles have come together to form one big cluster.

The collision law described above conserves the linear and the angular momenta. How-
ever, in what follows we will use a reduced model which does not incorporate the rotation
of the clusters around its center of mass. Consequently, the angular momentum is not
conserved. Our aim is to compare different numerical methods for large and dense sys-
tems and the rotation movement would bring technical difficulties that do not contribute
to the conclusions of this study. The collision rule of the simplified model we consider in
this Chapter is given by (3.5) and (3.6) with Q' = 0.

The algorithms we consider in this study are presented next.

3.2.2 ED SCHEME

An event-driven method integrates exactly equations (3.1). The main difficulty is to
compute the exact time at which the next collision event occurs. The idea consists of
computing the time of all future collisions between any pair of spheres assuming that
these events did not interfere with each other. In other words, one computes the times of
collisions between any pair of particles that would collide with each other in a future if
there were no other particles in the system. Since the system is bounded, all M clusters
can collide with any other cluster, which corresponds to M(M — 1)/2 collisions. The
smallest time is then selected and the system is updated to that time. The formulas used
to predict the time of the next collision are deduced in the following [52]. Let X; and X7,
be the positions of two particles belonging to two different clusters Cy and C at the time

t + At;; of contact. At this time the distance between these two spheres is

X! = X!| = Ri + R;. (3.7)
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Figure 3.2: Example in two dimensions of a collision between sphere i and cluster k and successive aggre-
gation. The pre and post collisional velocities are represented by solid and dashed lines, respectively.

On the other hand, at time ¢ of the previous event, the positions, X; and X, and velocities,
Vi and V; , of the two spheres satisfy

X! = X; + Aty;V; and X} = X; + At;; V. (3.8)

Substituting now the 2d equations (3.8) into equation (3.7) gives

00 if AV-AX >0 or <0
! { ——A‘géf‘r/‘/& otherwise, (3.9)

with 0 = (AV-AX)?—(AV-AV)(AX-AX—(R;+R;)?), AX = X;—X; and Av = V,— V.
Using formula (3.9) we compute the time interval At;; for each pair (7, j) of spheres that
do not belong to the same cluster. Thus, in order to predict the time of the next collision

event, it is sufficient to find the minimum between these time increments at time ¢
At =min(At;;), Vi,j=1,.N, i € Cy, j € Cp, k#L. (3.10)

In Figure 3.2 it is depicted an example of aggregation between two clusters in two space

dimensions together with the pre and post collisional velocities.

Remark 3.2.2. In order to speed up the algorithm, rather than computing the collision
time for all pairs of spheres that do not belong to the same cluster, we only compute it for
the pairs of spheres that collide in a near future as follows. We subdivide the domain in
bozes of side length ¢ and we compute the future collision times only between the pairs of
spheres that lie within the same box or in nearby boxes. Similarly to formula (3.10), we
then obtain the smallest time increment At among all computed increments. In order
to avoid missing collisions between spheres that were far from each other we restrict the
movement of the spheres between two consecutive iterations of the algorithm to a square
of side length s = (/2. We then compute the mazimum time increment Azt associated
to this length as follows: Agt = min;(s/|Vi|eo), with |Vi|eo = maxy |v; |. The time to the

next iteration of the algorithm is then given by the minimum between the two increments
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referred above, i.e.,

At = min(Agt, Aqt). (3.11)

The system then evolves from event to event as follows. Let the state of the system
at time ¢ be given, namely the positions X(t) = {X;(¢)}i=1... n and velocities V() =
{Vi(t)}iz1,. n of the particles and the sets of particles that belong to the same cluster
Ci(t),...,Cn(t). Additionally, consider the time ¢ + At of the next event. The state of
the system at time ¢ + At is then obtained by performing the following steps:

1. Evolution of the positions of particles and clusters to time ¢ + At along a straight
line trajectory, i.e.,
X(t+ At) = X(t) + AtV (b);
2. Actualization of the velocities:

a) Computation of the new clusters. We determine the number of clusters M
and the sets of particles belonging to each cluster C1(t + At), ..., Cp(t + At);

b) Computation of the velocities of the two colliding clusters according to the

collision law (3.5);

3. Computation of the time of the next collision using (3.9) and (3.10).

o

Figure 3.3: lllustration of a 2-dimensional torus divided in boxes with an outer layer of boxes for the ghost
spheres (see remark 3.2.3). The real spheres are displayed within the inner square, while the ghost spheres
are displayed in red outside the inner square.

Remark 3.2.3. The spheres are kept inside the domain [0, L]* by applying modulo L
operation to the positions X. The spheres that are near the borders of the hypercube
[0, L]¢ are copied to the opposite border. The copies are called ghost spheres and they

are represented in red in the example in Figure 3.3. The ghost spheres are then used to

101



compute the Fuclidean distances in a torus using formula (3.3). The collision time (3.9)
is obtained by considering all (ghost and real) spheres and selecting the smallest time using
formulas (3.10) and (3.11).

In the next Section we present the time-discrete dynamics and the T'S methods con-

sidered in this work.

3.3 TIME-DISCRETE MODEL AND TIME-STEPPING (T'S) SCHEMES

3.3.1 TIME-DISCRETE MODEL

We begin by reformulating the problem presented in the previous Section as a time-
discrete dynamics. We define apriori a sequence of time-increments At™ > 0, n € N
defined iteratively as the largest value such that the movement of all spheres is bounded
by a square of side length equal to the radius the sphere R;, i.e., At" = min; R;/|V" |,
with |V;|oo = maxy |v;, |. This avoids that the spheres pass through each other without any
collision being detected. Consider the initial condition X? = X;(0) and V* = V;(0), i =
1,..., N at time t° = 0. The sequence of the successive positions X" = {X"},_; n, n €N
and velocities V" = {V"},_;  n, n € N of the spheres at time t" = "'+ A¢", is obtained
by performing a time-discretization of equations (3.1). This operation is then followed by a
small correction on the positions or velocities of the spheres to remove the overlapping that
might have been introduced in the previous step. This correction typically involves the
resolution of a minimization problem. Finally, an actualization of the velocities according
to the collision rule (3.5) is performed. An illustration of the time-discrete dynamics is
presented in Figure 3.4. In contrast to the time-continuous dynamics, in the time-discrete

dynamics multiple collisions may occur simultaneously in the same time-step.

o0 O 0

Figure 3.4: lllustration of the three main steps executed during one time-iteration of the TS allgorithms:
1) free motion using a time-discretization of the equations (3.1), 2) adjustment of the positions to correct
overlapping, and 3) actualization of the velocities according to collision rule (3.5).

3.3.2 TS SCHEMES

The time-stepping schemes are based on the time-discrete dynamics described above and
in the resolution of a minimization problem with non-overlapping constraints at each
time-step. In Section 0.3.2.2 we describe some examples of T'S schemes that have been

proposed in the literature and a general comparison with the methods we propose next.
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The state of the system at time t" is described by the positions X" and velocities V™ of
the spheres and the set S™ of pairs of spheres that are linked through adhesive forces. After
the minimization algorithm, it may happen that two adhesive spheres end up away from
each other, beyond a certain distance, in order to open space for the new spheres arriving
in the cluster. In this situation we break the adhesive link between them. The set S
contains therefore the pairs of spheres with two properties: 1) they came into contact with
each other at some time-point prior to ", becoming adhesive, and 2) they remained within
a certain small distance from each other until time t*. Let Wgn : R®™Y = R, X — Wgn (X)
be a given real function associated to the set S™, which will be the function we minimize
in the minimization step. Suppose that Wg» has an attainable minimum in the set defined
by the non-overlapping constraints defined in (3.2)-(3.4). The general procedure of the
time-stepping methods considered in this Chapter is presented next.

Let the initial state of the system (X° VY S%) at time t° be given. Given the state
of the system (X"~!, V=1 §7=1) at time "', we obtain the state (X", V" S") at time
" ="~ 4 A", with At" = min; R;/|V;"!|« by performing the following steps:

1. Free motion. The state of each particle evolves independently of the other particles

through an Euler discretization of equation (3.1):

Xn _ Xn—l + Atnvn—l;

2. Adjustment of the positions to correct overlapping between colliding spheres. We

perform the following steps:

a) Computation of the set of adhesive spheres S™. Starting from S"~! we add
new links corresponding to new contacts and we break links corresponding to spheres

whose mutual distance is larger than some threshold:

St = (Sn_l N {(Za])h <7 Cbzg(xn) > —Rijfu} )
U {6, 5)]i < j, ¢i(X™) > 0}, (3.12)

where ¢;; is the function defined in (3.2), R;; = max{R;, R;} and ¢, is the threshold
for unbinding, which is chosen to be 1/10.

b) Finding a set of positions X" in the neighbourhood of X! that locally solves

the minimization problem (see remark 3.3.1):

X" e argmin Wen(X), (3.13)
¢:5(X)<0, (i,5)€S

3. Actualization of the velocities:

a) Computation of the new clusters. We obtain the number of clusters M™ and

the sets of particles belonging to each cluster C7, ..., Cjn.
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b) Computation of the velocities according to collision rule (3.5):

n—1
Zjecg m;V;

VkE=1,.,M" VieCy, V"=
Zjecg m;

)

Remark 3.3.1. During the minimization algorithm in Step 2b), the clusters have to
expand in order to eliminate the overlapping in the system. This may lead to new over-
lapping with nearby clusters that were not overlapping before. Thus, within Step 2, we
need to actualize the set of linked (adhesive) spheres and solve the minimization problem
again for the new set. We repeat these steps until no more actualizations are needed. The

implementation of Step 2 includes therefore an inner and an outer procedure:

e The inner procedure stands for the minimization algorithm itself and it will be de-

scribed in the next two Sections.

e [In the outer-loop we successively actualize the set of linked spheres S™% and obtain
X™1 qs a solution to the minimization algorithm with the set S™9 until no more
actualizations on the set of linked spheres are performed. We start by initializing
X0 = X" and the set S™ = S™. Let X! and S™~! be given. At the ¢
iteration, first we compute S™1. Similarly to (3.12), we define S™? as the union
between the set of the links in S™ that have not been lost during the outer-loop and

the set of new links that have been formed, i.e.,

Smt = (SMh N {(i,4)i < j, ¢(XMIT) > —Rije,})
U{(i,5)]i <j, ¢y(X™771) > 0}. (3.14)

Second, if S = S™1=1 then the outer loop stops, otherwise X™4 is obtained as a

solution to the minimization problem for the new set S™9.

The four TS methods considered in this Chapter derive from the next two observations.
First, the clusters involved in a collision may either be regarded as a rigid object that
moves as a whole, or as a non-rigid object constituted by several spheres that move
individually under the effect of adhesion forces and non-overlapping constraints. The
two schemes that derive from this observation are described in Sections 3.3.3 and 3.3.4.
Second, the non-overlapping constraints may be described by inequalities involving non-
smooth or smooth functions, both leading to equivalent constraints. The smooth form of

the constraints is given by
¢i5(X) = (Ri + Rj)* — | X; — X", (3.15)
and the non-smooth form of the constraints is given by
¢i;(X) =R, + R; — | X; — X (3.16)
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As observed in Chapter 1, the use of each of these functions have differences on the
performances of the algorithms. The four different methods result therefore from the
combination of using smooth (S) or non-smooth (NS) form of the constraints and rigid
(R) or non-rigid (NR) clusters. By combining these two aspects we get the 4 methods we
explore in this Chapter that we denote by: S-NR, NS-NR, S-R, NS-R.

The modifications to the original dynamics obtained by substituting the exact collision
dynamics with the minimization method give rise naturally to different aggregates of
spheres. However, since the original system is highly dependent from the initial position
and velocity of the objects which in general cannot be known with precision, we assume
that the modification introduced in the dynamics will play the same role of the uncertainty
in the system and that this modified system will statistically produce the same type
of configurations than the event-driven approach. This assumption should be further
documented in future work. The second part of this work is devoted to the numerical

comparison between event-driven and time-stepping methods.

3.3.3 MINIMIZATION ALGORITHM FOR NON-RIGID CLUSTERS

In this Section we describe the algorithm that is used in Step 2b) in the previous Sec-
tion 3.3.2 in the case of non-rigid clusters.

Let X be the configuration with overlapping spheres, called non-admissible configura-
tion, obtained in Step 1 at the n'" iteration. Let S be the set of pairs of linked spheres
obtained in Step 2a). We want to find a configuration X in the neighbourhood of X such
that X does not have overlapping spheres and the pairs of linked spheres remain near each
other. This can be formulated as the search for a configuration X in the neighbourhood

of X that locally minimizes the sum of the squared distances between the pairs in S i.e.,

Z|X X;|%,

(J JES

under non-overlapping constraints ¢;;(X) < 0, (¢,7) € S. Note that in contrast to the
minimization problem considered in Part I, the function that we minimize represents a
local potential, i.e., each particle interacts only with their neighbouring particles. Sim-
ilarly to the problems studied in Part I, this problem has also multiple solutions and a
local solution can be computed by the 1st-order DAHA that was developed in Chapter 1.
We briefly describe it next.

Let #S be the number of pairs of linked spheres. Consider the Lagrangian Lg :
RN x (Ry)#S defined by

Ls(X,A) = + ) Aijgi(X (3.17)

(i,7)€S
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where A = {\;;}(ij)es is the set of Lagrange multipliers associated to the non-overlapping

constraints. Consider the first-order damped Arrow-Hurwicz system (DAHS) [45]

Xk = —OK2VXk£S(X, )\) - 72(2(1’,]’)65 ¢z](X))\z]vXk¢U<X))
k=1,...N (3.18)
Nij = BVa,Ls(XN), (i,§) €S (3.19)
where the dot represents the derivative with respect to a fictitious time and «, £ and

are positive parameters.

Substituting (3.17) into (3.18)-(3.19), we obtain

(X  =—-a(VxWs(X)+ X AV, 045(X))
(3,5)€S
(X yes i (X)Ai; Vi, 645(X))
k=1,.,N (3.20)
)\ij = 1 ’ o ¢j( ) ) (Z7J> ES (321>
\ B¢i;(X), otherwise

From Theorem 4 presented in Section 0.3.2.1, the set of solutions to the minimization
problem is contained into the set of critical-points of the Lagrangian. These critical points
coincide with the steady states of the DAHS.

Indeed, from equation (3.21) we have that a steady state (X, A) satisfies \;;¢;;(X) = 0.
Consequently, from the system (3.18)-(3.19) a steady state satisfies Vx, Ls(X, ) = 0,
and V,\ijﬁg()_(, A) =0, (,j) € S, k =1,...,N. The lst-order DAHA consists on a

semi-implicit discretization of the DAHS system:

(

X =X - (VWX 4 30 N Vi 05(XP)
(i,5)es
=Y Gu(XPTONT IV, i (XPTY))
(i,)€S

k=1,..,.N (3.22)
A = max{0, N + 8oy (X)), (i,4) €5, (3.23)
where a, 8 and ~ are positive numerical parameters. The convergence test of this scheme

reads X7 x|
—|Xp—1| S €x, (324)

for a small positive constant ex.
As a final remark note that a steady state of the DAHS (3.20)-(3.21) satisfies

Vx W = > A\Vx,05(X), k=1,...N. (3.25)

(i,5)€S
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These equalities show that a solution to the minimization problem corresponds to a bal-
ance between attraction forces associated to the adhesive particles (left hand-side) and
repulsion forces associated to overlapping particles (right hand-side). The dynamics of

the DAHA algorithm corresponds thus to a search for this balance.

3.3.4 MINIMIZATION ALGORITHM FOR RIGID CLUSTERS

In the previous approach, the relative position of the spheres in one cluster may change
over time after each minimization problem. In this Section we propose an algorithm that
ensures that the non-overlapping linked spheres keep the same relative position. In this
way, the clusters are kept rigid and the dynamics of the system should get closer to the
dynamics produced by the ED described in Section 3.2.2.

We start by reformulating the minimization problem appearing in Step 2b) in Sec-
tion 3.3.2. Let X be the configuration with overlapping spheres obtained in Step 1 at
time t". Let C?,...,C%, be the sets of spheres belonging to the same cluster at the end of

the previous time-point t"~!. Consider the set of overlapping spheres S,y defined by

Sovert = {(4,5) | $:;(X) > 0}. (3.26)

and the set of rigid configurations with respect to X defined by

A~

XX):={XecR¥|Vkel,.,M Vi,jeC Xi—X; =X, - X,}.

This set contains all configurations such that the spheres belonging to the same cluster
at time "~ keep the same relative positions they had at time t"~!. The minimization
problem is similar to the one formulated in the previous approach, except that instead
of using the pairs of linked spheres we use the pairs of overlapping spheres Sgyye;1 and we
look for solution within X(X). In other words, we search for a configuration X € X(X)
in the neighbourhood of X that locally minimizes the function

W)= 31X - X (327)

(i:j)esoverl

subject to non-overlapping constraints
¢1J(X) <0, Z7.] S Soverl-

To solve this problem, we consider the Lagrangian Lg __, as defined in (3.17) and
a modification of the DAHS (3.20)-(3.21) in which all spheres in the same cluster are

subjected to the same dynamics. Specifically, they are subjected to the sum of the forces

107



acting in each particle of the cluster. The resulting dynamical system is then given by

( Xp = —a? gZC Vprcoverl()(7 A)
=3 X 95XV, 0i5(X))

geck (ivj)esoverl
Vp €Cy, k=1,... M (3.28)
0, if )\ij =0 and ¢ZJ(X) <0

).\ij - ) (Zvj) € Soverl- (329)
B¢i;(X), otherwise

\

Similarly to the case of non-rigid clusters, we then consider a semi-implicit discretization

of this system and the convergence criterion (3.24).

3.4 NUMERICAL STUDY

In this Section we compare the ED and TS algorithms described in the previous Sections.
We first tune the parameters of the minimization algorithms in order to maximize the
efficiency of the TS methods. Then we compare the TS and ED methods in terms of
computational time for different values of N up to N = 10° and for two different values

of the size of the domain.

t=1
12 + - . - _ _ N B N : .
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Figure 3.5: Initial condition with N = 100 particles.

The numerical simulations are performed in dimension d = 2. The experimental set
up used in this study is the following. We consider N spheres with the same mass
m; =m =1 and radius R; = R, i =1, ..., N, given by R = 3/(4v/N). The spheres move
in a 2-dimensional torus [0, L]* divided in N squared boxes with side length ¢ = ¢, R.
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In the following we use ¢; € {2.5,3} and N € [10% 10°]. Note that the volume fraction
occupied by the spheres in the situation described above is relatively high, namely, 0.5 for
¢y = 2.5 and 0.35 for ¢; = 3. The initial condition is given by a configuration where each
sphere is located at the center of each box as in Figure (3.5) and the initial velocities are

randomly generated from the uniform distribution with support [0, Viyax], with V. = 5R.

In the next Sections, for each of the quantities plotted, we represent the average value
over the different initial conditions and we use error bars to represent the standard de-
viation*. The ED method is represented by a black line. The TS methods with smooth
or non-smooth constraints are represented by a green or red line, respectively. The TS
methods with rigid or non-rigid clusters are represented by a dashed or solid line, respec-

tively.

3.4.1 CHOICE OF PARAMETERS OF MINIMIZATION ALGORITHMS

In this Section we consider the four minimization algorithms: S-NR, NS-NR, S-R, S-NR
and we choose the most appropriate parameters «, (3, v and ex which are going to be
used in the comparative study presented in the next Section. We first consider ey = 107°
and explore the parameter space for «, § and . We choose the values that lead to a
small number of iterations of the minimization algorithm. Then we use these values to
run a similar study for the tolerance ex. We choose the value for ex that leads to a small
number of iterations of the minimization algorithm while preserving the accuracy of the
system. Notice that the choice of the parameters is going to depend on the minimization
method and on the parameters of the model, such as the number of spheres N and the
radius R.

3.4.1.1 CHOICE OF «, [ AND 7y

We first run simulations to choose the parameters «, § and ~ for each of the four min-
imization algorithms. The parameter « is related to the speed of actualization of the
positions of the spheres in the direction of minus the gradient of the potential Wy while
the parameter § controls how fast the Lagrange multipliers associated to the constraints
are actualized (see Part I). Consequently, « is related to the intensity of the attraction
forces and [ to the intensity of the repulsion forces. The larger the values of these param-
eters, the faster the dynamics of the system, but the harder it is to converge (see Chapter
2). So we have to find intermediate values which lead to a fast convergence. For each
value of the parameters, we compute the average number of iterations of the minimization

algorithm N2*" over the number of simulations during the time-evolution of the system,

iThe simulations were run on a Dell PowerEdge R630 rackmount server fitted with two Intel Xeon
E5-2637 3.5 GHz processors, each of which with 4 cores and 8 threads. The results were plotted using
matlabR2014b.
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Figure 3.6: Plot of N (in color code) as functions of the parameters «, 3, y for the NS-NR algorithm

iter
with N = 10%, R = 3/(4V/N) and ¢ = 2.5R. Dark blue corresponds to N"¢2" = 10 and yellow corresponds

to Nea" = 80. The parameters (a, 8,7) = (0.001,2,0.01) were chosen from the blue region.

iter

ie.,
1 Nsimu
mean __ E : n
Niter - N Niter?
simu
n=1

where Ny, 1S the total number of simulations and N7, is the number of iterations of the

iter
minimization algorithm at the n'® simulation.

As an example, in Figure 3.6 we show the results in the case of NS-NR with N = 10*
and ¢ = 2.5R. The graph shows N5 (in color code) as a function of «, 3, v, where
a € [0.001,0.008], 5 € [0.01,3.2] and v € [0.004,0.012]. Notice that in order to simplify
the visualization we only plot the dots corresponding to Nje*" < 82. The color code

ranges from dark blue, with N*" = 10, to yellow, with N** = 82. We then choose the

iter iter

values of the parameters within the blue region. In this case we have chosen («, 5,7) =
(0.001,2,0.01).

This study has been conducted for each algorithm and several values of N. From these
simulations we have been able to extract the parameters which are presented in Table
3.1. The algorithms with rigid cluster use the same parameters as the algorithms with
non-rigid clusters. In the case of the smooth methods, the parameters have spatial units,
therefore, they depend on R.

3.4.1.2 CHOICE OF €x

Once the parameters «, § and v have been chosen, we determine the value of the tolerance.
The idea is to choose a tolerance €y such that the number of iterations of the minimization

is low while the error, which measures how well the hard constraints are verified, remains
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N e | 8 | 1
smooth constraints
- | 0.001 |0.01/R*|0.1/R

non-smooth constraints

9 x 102 0.003 2 0.1
[2.5,6.4] x 103 || 0.002 2 0.02
[1,4] x 10* || 0.001 2 0.01
[1.6,2.5] x 10° || 0.001 2 0.003
10° 0.0001 2 0.001

Table 3.1: Parameters for the minimization problems with smooth and non-smooth constraints for different

_ _3 _
values of N and for R = N and ¢ = 2.5R.

small. This parameter is going to be fixed for all of the following simulations and it is
not going to depend on the algorithm used nor on the number of particles. To compare
the influence of the tolerance, we are going to compute the average number of iterations,

Nipean “and the error, E**"™meen hich is given by

Ng;
1 v L ¢4, (X))
Emean_ 5J
Nam 22 F5% 22 R
n=1 (i.5)esm

where S™ contains the pairs of linked spheres at the n'® minimization as defined in (3.12)
and #5" is the number of elements in S™. The function ¢;; can have the smooth
or non-smooth form as defined in (3.15) and (3.16), respectively, and the normaliza-

tion constant R takes either the value 2R or 4R? depending on the function ¢;; used.

Figure 3.7 shows E™" and N as a function of the tolerance ex = 107" with
mean
a) Emean b) Nif&:
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Figure 3.7: Plot of E™2" (a) and N"¢2" (b) as functions of the tolerance ex € {1077, 1076,

iter
1075,107%,1073} for NS-NR (red solid line), S-NR (green solid line), NS-R (red dashed line), S-R (green
dashed line) with N = 900, R = 3/(4V/N) , £ = 2.5R and for 10 initial conditions. The value of the
tolerance that minimizes the number of iterations and the error is e = 107°.

n € {—7,—6,—4,—-3,—2,—1}. The simulation has been run for the four methods S-
NR, NS-NR, S-R, NS-NR and 10 initial conditions with N = 900, ¢/ = 2.5R and the
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remaining parameters taken from table 3.1.

In Figure 3.7a) we observe that the error increases with the tolerance, which is expected.
We consider that the hard constraint is verified if the error is around 1073, which occurs
for a tolerance equal to 10~ or 1075, However in Figure 3.7b) we observe that the mean
number of iterations of the minimization decreases exponentially with the tolerance. From
ex = 1077 to ex = 107% the mean number of iterations ranges from two times smaller in
the case of the S-NR and one hundred times smaller in the case of the NS-NR. Since we

want to keep the number of iteration as low as possible we choose the tolerance ex = 1075.

3.4.2 (COMPARISON BETWEEN TS AND ED SCHEMES

In this Section we compare the ED and TS schemes regarding the computational time
they take to simulate the phenomenon of ballistic aggregation described in Section 3.2.
In particular, we study the influence of the number of spheres N and of the size of the
domain. We use the numerical parameters obtained in the previous Section, namely, «, (8

and ~y presented in Table 3.1 and the tolerance ex = 107°.

3.4.2.1 INFLUENCE OF THE NUMBER OF PARTICLES

We first compare the TS algorithms with the ED algorithm with respect to the computa-
tional time for several values of N. In this Section we consider a set of 5 initial conditions
and like in the previous Section, we use the radius R = 3/(4v/N) and the side of a box
¢ = 2.5R. For these values, the volume occupied by the spheres and the volume of the do-
main remain constant over N. As we will see, the computational time of the ED becomes

larger than the T'S schemes as N increases.

s CPU Time 100 CPU Time
[9]
2 ¢
25 0 = 4 6 8 10 12
#10t N #10°
(a) N € {0.9,2.5,6.4,10,14.4,22.5} x 103. (b) N € {4,1.6,2.5,10} x 10°.

Figure 3.8: Computational time as a function of N for NS-NR (red solid line), S-NR (green solid line), NS-
R (red dashed line), S-R (green dashed line), ED (black line) and 5 initial conditions with R = 3/(4v/N)
and ¢ = 2.5R. We observe that the TS algorithms outperform the ED for N > 6400.

We obtain the computational time (CPU time), for each method and for several values
of N, from N = 900 up to N = 10%. In Figure 3.8 we present the CPU time as a function of
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N for four time-stepping algorithms (S-NR, NS-NR, S-R, NS-R) and for the event-driven.
We observe that the ED needs less time than the TS for N < 900 and the TS algorithms
overcome the ED for N > 6400. In particular, for N = 10° the ED takes almost four days,
while the TS algorithms take less than two hours. When we compare the TS algorithms
between themselves we do not see such a big difference. The algorithms with smooth form
of the constraints (in green) seem to perform better than with the non-smooth form (in
red). The algorithms with non-rigid cluster (in solid line) seem to perform better than
with rigid cluster (dashed line). A possible explanation for this last observation could be
that a rigid cluster may have more difficulty in finding space in a crowded environment

than a non-rigid one.

3.4.2.2 INFLUENCE OF THE SIZE OF THE DOMAIN

We now fix the number of spheres N = 6400 and analyse the effect of increasing the size
of the domain. Specifically, we consider the side length of the box that we have been
using, namely, £ = 2.5R and a larger one ¢ = 3R. As we will see, the TS algorithms are
negatively affected by this increase on the size of the domain, while the ED algorithm is

not substantially affected by this change.
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(a) Side length of a box £ = 2.5R. (b) Side length of a box ¢ = 3R.

Figure 3.9: Number of clusters over computational time during one simulation for NS-NR (red solid line),
S-NR (green solid line), NS-R (red dashed line), S-R (green dashed line), ED (black line), for two different
values of length side of a box £ = 2.5R (a) and ¢ = 3R (b) with N = 6400 and R = 3/(4v/N). We observe
that the ED takes longer in the first case and less time in the second case compared to the TS algorithms.

For each value of ¢, we plot in Figure 3.9 the number of clusters that are being formed
after each time-iteration as a function of the computational time for one initial condition.
Naturally, we observe in all schemes that the number of clusters is monotonically decreas-
ing from N, at the beginning of the simulation, to 1, at the end of the simulation. In the
ED scheme we observe that the number of clusters decreases linearly over computational
time. This means that the computational time that it takes to reduce the number of
clusters by one (i.e., to compute one collision) is independent on the number of clusters

existing in the system. Each star in the graph represents one time-iteration. Looking at
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the first star of the TS schemes in Figure 3.9a), we observe that the number of clusters
has dropped more than 3000, i.e., more than 3000 collisions have occurred during the first
time-step. After that, the number of collisions per time-step reduces drastically. This may
be explained by the decrease on the number of clusters over time. Indeed, less clusters
implies a lower rate of collisions. Consequently, less collisions are solved at one time-step
and the TS algorithms become less efficient. At some point during the simulation, the T'S

schemes become less efficient than the ED.

If we consider a larger domain then the overall rate of collisions decreases and the TS
schemes may lose against the ED, as we see in Figure 3.9b) where the side length of a box
is ¢ = 3R. This shows that, for a fixed N, there is a threshold on ¢ (and consequently
on the size of the domain), where the T'S overcomes the ED. This threshold lies between
2.5R and 3R. In particular, we deduce that the fastest algorithm would result from a
combination between the two types of schemes: a TS scheme to simulate the first part
of the dynamics where the rate of collisions is high and an ED scheme to simulate the
second part of the dynamics where the rate of events is below some threshold. In order
to develop such a hybrid scheme, the best switching point would have first to be found.

This investigation is left for future work.

3.5 CONCLUSION AND FUTURE WORK

In this work we propose four different time-stepping schemes to simulate ballistic aggre-
gation in a d-dimensional torus [0, L]¢ in the case where the volume fraction occupied
by the particles is high. The TS schemes involve the resolution of a minimization prob-
lem with non-overlapping constraints at each time-step which is solved by the damped
Arrow-Hurwicz algorithm developed in Part I. The TS algorithms differ from each other
on the way the growing aggregates are modelled (rigid or non-rigid) and on the form of
the non-overlapping constraints (smooth or non-smooth). We compare the four methods
with an event-driven algorithm in terms of computational time. In particular, we study
numerically the influence of the number of spheres N and of the size of the domain in
dimension d = 2 for equally sized spheres with radius R. We observe that the T'S methods
get increasingly faster than the ED as N increases. For a size of the domain of L = ¢v/N,
with £ = 2.5R, the TS overtakes the ED for N > 6400. In particular, for N = 10° particles
the ED takes almost four days, while the TS takes only a few hours. On the other hand,
the TS methods become slower as ¢ increases. Specifically, for N = 6400 particles, the
threshold on ¢ at which the T'S method becomes slower than the ED lies within 2.5 R and
3R. By plotting the evolution of the number of clusters over computational time during
one simulation, we observe that the TS scheme is very efficient at the beginning of the
dynamics, as many collisions are solved simultaneously at one time-step. In contrast, at
the end of the simulation the TS schemes become very inefficient. This indicates that

the fastest algorithm to simulate the dynamics should combine a TS at the first part of
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the dynamics with an ED at the second. This observation should be further investigated
in the future, namely, at which point of the dynamics should one switch between the TS
and the ED. Another important aspect that should be explored in the future is how well
the TS schemes describe the real dynamics of the system. This may be accomplished by
assuming the ED as a reference point for accuracy and comparing the dynamics obtained
by the TS with the ED. After selecting an efficient and accurate scheme, one could then
study statistical properties associated to the growing aggregates, namely, how many ag-
gregates of size x there are at time ¢ or which type of shapes of the final aggregate may

emerge for each type of initial conditions one may consider.
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MODELLING A PACKED CELL TISSUE
WITH NOISE

In a packed tissue, neighbouring cells exert high pressure on each other at all times. Such
mechanical interactions are believed to play an important role on the dynamics and shape
of the tissue. However, their exact contributions are still not yet fully understood. To
explore this relation we develop a 2D individual based model for the particular case of
an epithelial tissue where the nucleus is the most rigid part of the cell, leading to nuclei
packing. The model is based on a geometric representation of individual cells through
soft-hard-spheres, modelling the nuclei, and springs, modelling the cytoplasm. The cells
interact with each other aiming at minimizing a local potential energy at all times, subject
to non-overlapping constraints. This problem is formulated as a non-convex minimization
problem, which is tackled with the damped Arrow-Hurwicz algorithm developed in Part
I. The evolution of the system is then triggered by cell division, noise and changes in
cell characteristics and it is simulated by the time-stepping scheme described in Chapter
3 with smooth constraints. Numerical results show good agreement with experimental
data, which has allowed us to support some hypotheses previously proposed by biologists
regarding the underlying mechanics of the tissue. In particular, the model suggests that
the presence of noise in the system is essential to allow the movement of nuclei in a
crowded environment. Preliminary results suggest that the height of the tissue may be
directly related to the speed at which the nuclei move inside the cells.

This work is based on a collaboration between mathematicians Pierre Degond* and Sara
Merino-Aceituno' and a team of biologists® led by Eric Theveneau and including Fernando

Duarte.

*Department of Mathematics, Imperial College London, UK
fSchool of Mathematical and Physical Sciences, University of Sussex, UK
fCentre de Biologie du Développement (CBD), University Paul Sabatier, CNRS, France
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4.1 INTRODUCTION

Mathematical modelling has been used as a low-cost research tool in the study of the
mechanics of cell tissues, as a complement to laboratory experiments. In particular,
some questions have recently been explored by resorting to this tool, such as, how a
change in spatial constraints affects the cell cycle [170], how curvature of an epithelial
sheet is determined by mechanical tensions [84] or what are the sources of the forces
acting in each cell within the tissue [182]. We refer to Section 0.2.2.3 for a brief overview
of tissue mechanics models. The general modelling methodology consists of building a
model based on hypotheses proposed by biologists and observing the model predictions.
If these predictions are in agreement with experimental data, then they might be kept for
further exploration. If not, then they might be incomplete or wrong and new hypotheses
should be formulated. In this work, we focus on packed cell tissues. The dynamics of
such tissues is strongly influenced by the contact forces between neighbouring cells. Our
aim is to develop a modelling framework which can be used to predict the impact of these
forces on the dynamics and shape of the tissue. Such a framework is developed in the

context of the neroepithelium of a chick embryo, which is described in the next Section.

The outline of the Chapter is as follows. In Section 4.2 we provide the biological
background and the questions that motivate this work. In Section 4.2.2 we justify our
modelling choices. In Section 4.3 we describe the mathematical model of the tissue at equi-
librium as a solution to a minimization problem. In Section 4.4 we introduce perturbations
to this equilibrium state, such as cell division, noise and changes in cells characteristics,
and obtain a model for the time-evolution of the tissue. In Section 4.5 we present the
numerical results as follows. We start in Section 4.5.1 by estimating the ranges for the
parameters of the model from experimental data. Then in Section 4.5.2 we present the
influence of the magnitude of the forces and of the intensity of noise. Finally, in Sec-
tion 4.5.4, statistical results for the evolution of the shape and morphology of the system
over 36 hours are presented and compared with experimental data. Finally, the model
results are discussed in Section 4.6 and possible future directions and applications are
described in Section 4.7.

4.2 BIOLOGICAL BACKGROUND AND MODELLING PRINCI-
PLES

4.2.1 THE NEUROEPITHELIUM

In this Section we present the main features of the chick neuroepithelium which is used

as a biological model in this study.

The epithelial tissue or epithelium is one of the basic types of animal tissue and it is
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constituted of closely packed cells adjacent to a basement membrane. The epithelium
can be classified according to the number of cell layers, into simple, pseudostratified (one
layer) or stratified (several layers), and according to the shape of the cells, into squamous,

cuboidal or columnar.
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Figure 4.1: Figure a) represents a 2-days-old embryo with the neural tube in green. Figure b) was obtained
by Theveneau's lab and it contains a cross section of the neural tube represented in Figure a). The apical
network is located in the inner part of the tube, while the basement membrane in the outer part. In between
the two we see the nuclei in white. Figure c) was taken from [109] and it contains a sketch of a subsection
of Figure b) representing the morphology of a pseudostratified epithelium. Each cell has an elongated shape
and it is attached at one side to the basement membrane and at the other side to the apical network. The
nucleus is the most rigid part of the cell. Prior to division the nucleus migrates to the apical side as repre-
sented in the right most cell in Figure c). The tissue grows in all three directions due to cell division and
cell stretching.

The tissue we are interested in is the neuroepithelium which constitutes the neural
tube of the chick embryo (see Figure 4.1(a) and (b)). This tissue belongs to the class
pseudostratified columnar epithelial tissue, as it contains only one layer of elongated
column-shaped cells whose nuclei can be found at different heights inside the cell, giving
the perception of a multilayer tissue. In the neuroepithelium of the chick embryo, we
observe up to 8 layers in a two-days old embryo, as it is shown in Figure 4.2. The cells
are adjacent to a basement membrane. Epithelial cells have polarity, at the basal side
the cells are attached to the membrane and at the apical side they are attached to each
other, forming an apical network (see Figure 4.1(c)). The volume of a cell is nearly the

volume of the nucleus. The nucleus is also the most rigid part of the cell.

The nucleus moves inside the cell along the apico-basal axis. This is called interk:-
netic nuclear migration, INM. The cells are continuously getting stretched, leading to

the growth of the tissue in the apico-basal direction. At some point of the cell cycle,
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Figure 4.2: A 2D image of a section of the neuroepithelium of a two-days old chick embryo. We can see
that there are approximately 6 to 8 layers of nuclei. The green line on top corresponds to the apical network
and the green line in the bottom corresponds to the basement membrane. The red nucleus near the apical
network is in the process of division. Image obtained by Theveneau’s lab.

the nucleus tries to approach the apical side. At this stage, the nucleus movement is
considerably faster than before. After a while, the nucleus gets more rigid and then it
divides. Nearly all divisions are observed to occur when the nucleus is at the apical side
of the tissue. All nuclei are constantly shaking without having any apparent directed
movement, which may be a consequence of internal sub-nuclear processes. This shaking
behaviour may be necessary to allow the rapid movement of nuclei along the apico-basal
direction prior to division. Due to crowding, one daughter cell may be born at a different
cross-section than the mother cell, leading to the growth of the tissue in the longitudinal

direction of the tube.

The mechanical interactions occurring within the neuroepithelium are believed to play
a crucial role on the dynamics and architecture of this tissue [109]. Specifically, a few

questions one may ask are:

e How does a macroscopic structure, namely the neural tube, emerge and how does
it remain stable, despite all the complex processes occurring at the cell level, such
as INM and crowding.

e How does the nucleus migrate to the apical side prior to division, despite the crowd-

ing and the movement of neighbouring nuclei.

e What determines the number of layers of nuclei along the apico-basal axis and how
does that affect INM.

The questions referred above are especially relevant in two contexts: embryonic de-
velopment and cancer formation. In the context of embryonic development, one tries to
understand how organs acquire their shape and how it remains stable [83]. In the context
of cancer, how the shape is disrupted and how this disruption allows cancer cells to leave
the tissue and start spreading to other organs [172, 98].

The mechanics underlying cell tissues have been addressed in the literature by com-
plementing lab experiments with mathematical modelling and computer simulations, as

some hypothesis are very difficult to test in the lab. This is what we are going to do as
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well. In this first stage of the project, we have developed a 2D model for the neuroep-
ithelium based on hypotheses formulated from the observed cell behaviour and we have
validated the model against experimental data. In a second stage we will perform in silico
experiments to try to get a deeper insight about the interplay between crowding, INM,

tissue shape and growth.

4.2.2 MODELLING PRINCIPLES

In this Section we present and justify our modelling approach.

We want to study the relationship between intercellular forces and the dynamics and
shape of the tissue, therefore a multiscale approach would be appropriate. The general
reasoning that motivates our modelling choices is described in Figure 4.3. The main aim
is to be able to derive two models of the tissue at different spatial scales, called the micro-
and the macroscopic models, that are mathematically linked, in the sense that the macro-
scopic model can rigorously be derived from the microscopic one. Such a mathematical
framework, would give a powerful tool in the study of biological systems, as it would
allow to enlarge and reduce the spatial scale as needed, just like a "mathematical micro-
scope”. This feature also allows to reduce the computational cost. Moreover, a rigorous
bridge between two spatial scales would allow to keep consistency between variables and
constants across scales, which is very relevant in biology, since the data is usually ob-
tained from macroscopic scales, but the mechanisms that explain these data often occur
at microscopic scales. In sum, in order to be able to fully understand a biological system,
a rigorous multiscale approach is often needed. Due to the difficulty of the problem, it
is desirable to consider the simplest possible individual based model (IBM), which we
describe next. A macroscopic model corresponding to a simplified IBM is developed in
Chapter 5. Nevertheless, the link between the two models is still missing and is left for

future work.

Easier to understand
the causes allows
. the scale as needed
' makes it ‘ allows

Enlarge and reduce

Reduce
computational cost

=)

allows

s

requires Measurements and inferences
made at different scales

Less parameters,
less errors

Figure 4.3: Scheme of our modelling strategy.
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A fairly big amount of individual based models of packed tissues has recently been pro-
posed by several authors. A few examples are cellular automata [115], Potts model [163],
vertex model [59, 168, 65, 170], Voronoi model [127], subcellular model [159]. All these
models use a complex representation of a cell. Simpler representations use quadrilater-
als [91] and hexagonal prisms [84], however, they do not account for the variability in cell
size or for the movement of each individual cell. In this work, instead, we use soft-hard-
spheres, modelling the cell nuclei, and springs, modelling the cytoplasm, as presented in
the next Section. The cells may differ from each other with respect to the rest length of

the springs and to the radius of the nucleus.

4.3 TISSUE AT MECHANICAL EQUILIBRIUM

4.3.1 MODEL DESCRIPTION

In this Section we first describe the model of one cell and the link to neighbouring cells.
This is a 2D model representing a subsection of the neuroepithelium as presented in
Figure 4.1c). Since we are primarily interested in studying the morphology of a cross-
section of the neural tube and in particular the effect of INM, a 2D model is a reasonable
starting point. However, a more accurate 3D model should be developed in the future
in order to incorporate 3D effects, such as crowding in 3D and a 2D apical network (see

Section 4.7.2 for a brief description of such extension).

A cell is constituted by the nucleus, an apical point and a basal point (see Figure 4.4).
The nucleus is modelled by an inner-circle, which represents an impenetrable hard-core
and an outer-circle, which represents a soft-core that resists to compression through an
elastic response. The apical point represents the point of connection with neighbouring
cells and the basal point represents the point where the cell is attached to the basement
membrane. The two points are connected to the nucleus through springs with adaptive
rest length, representing the cytoplasm. The rest length is gradually adapting to the actual
length of the spring, which introduces a visco-elastic effect on the system. Each apical
point is connected through springs to one or two neighbouring apical points, depending if
the cell is in the edge or in the middle of the tissue, respectively. The apical connections
represent the so-called apical network. Let N be the number of cells in the tissue. For
each 1 = 1,..., N the parameters that characterize the configuration of the tissue are the

following:
e the radii hard-cores of the nucleus R > 0,
e the position of the center of the nucleus, X; = (z;(1), z;(2)) € R?,

e the position of the point where the cell attaches to the basement membrane, b, =
(bi(1),b:(2)) € R?,
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e the position of the point where the cell attaches to neighbouring cells, a; = (a;(1), a;(2)) €
RZ
For each i =1,..., N and j = 1,..., N — 1 the springs, the alignment force and the nuclei
soft-core are characterized by:
e the rest length n* and stiffness a?X of the spring connecting the nucleus and the
apical point

b

e the rest length n*X and stiffness a’X of the spring connecting the nucleus and the

basal point,
e the rest length ag and stiffness af of the spring connecting apical points j and j+1,

e the strength of the alignment force, af,

X

i

e the stiffness of the soft nucleus, «

a’i—l—l Apical side

\
*
/ \
g S
b ~ b L Basement
2 1+1 membrane

Figure 4.4: Sketch of the model for the tissue presented in Figure 4.2. The model consists of soft-hard-
spheres connected to the apical and basal points through springs. The basal points are restricted to a
straight line and they cannot switch positions nor get too far away from each other. Neighbouring apical
points are connected through springs. The apical point, nucleus and basal point are subject to an alignment
force.

Additionally, we consider the following rules. The basal points are restricted to the
basement membrane, which is represented by a straight line, i.e., b;(2) is kept constant.
Neighbouring basal points cannot switch positions nor get too far away from each other,
ie., 0<biyi(1)—b;i(1) <2Rby, i =1,.., N—1, where R =, R /N and by > 0. The rule
that the basal points cannot be too far away from each other models lateral adhesion, i.e.,
the fact that cells adhere to each other. We also consider an alignment force that tends
to align the apical point, the nucleus and the basal point, which models the influence of

the cytoplasm of the cell.

4.3.2 MINIMIZATION PROBLEM

We describe the tissue at equilibrium as a local solution to a minimization problem for

the positions of the nuclei, apical points and basal points. All the other parameters are
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constants that are determined by the dynamics of the system, as explained in the next
Section. We minimize a potential corresponding to the sum of the energy associated to
the springs, the alignment force and the soft radius. The minimization is subject to non-
overlapping on the nuclei inner-cores and non-switching and lateral adhesion constraints
on the basal points.

Let X = (Xy,...,Xn), a = (a1,...,ay) and b = (by,...,bx) be the positions of the
center of the nuclei, the apical points and the basal points, respectively. Consider the
parameters defined in the previous Section. We define the potential W : (R*)3 — R by

W = Wi+ Wod Ws+ W, +Ws

with
N 2
|CL1 X|
W.(X.a.b) = —e—— o —
1(X,a,b) Z RS(1 + nPX)
N 2
Xl
Wy(X,a,b) = — -
Wy(X,a,b) = Z Z“ — ag
N 2
Xi) - (b — X)
W,X.a,b) = 1
4(X,a,b) ZO‘ (|al X,[|6: — X +)
2
X X — X
Ws(X,a,b) = i;aijﬂ{xi—ledfﬂf}(x) R§+Rj5 ~1

The potentials Wy, Wy and W3 represent the energy associated to the springs, Wy repre-
sents the energy associated to the alignment forces and Wj represents the energy associ-

ated to the soft-core of the nuclei.

Counsider the functions associated to the constraints:

o Gpo(X) = WX XE N, k<

7N_17

o y(b) ==l 1y —q
o Oi(b) =t Wb _9p =1, N1,

For k,/=1,..,.N, k<fandi=1,..., N —1, the non-overlapping, the non-switching and

the lateral adhesion constraints are then respectively described by

Pre(X) <0, i(b) <0, 2i(b) <O0.
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The minimization problem is formulated as follows: find (X, a,b) such that

(X.a,b) € argmin W(X,a,b) (4.1)
or1(X),1:(b),Q2:(b)<0, k<t

We use the damped Arrow-Hurwicz algorithm (DAHA) [45] developed in Part I to solve
the minimization problem (4.1). We consider the Lagrangian £ : (R2V)3 x RY(V=1D/2

(RY™1)? — R associated to the potential W and to the constraints, which is defined by

N-1 N-1
LX,a,b, A p &) =W(X,ab)+ > Idr(X)+ Y pti(b) + Y &Q(b)
=1 =1

k0=1,...,N, k<f

where X = {Metro=1, N k<ts b= {pti}ic1. n—1 and € = {&}i=1 y—1 are the Lagrange
multipliers associated to the constraints. The DAHA consists on a discretization of the

damped Arrow-Hurwicz system, that is given by

(X, = —cX; — a?Vx L — > Mot @itV x, Pree
kl=1, N, k<t
(IZ = —Cdi — OJQVQZ.L
. . N—-1
b; = —cb; — P*?Vo, L —7* 3 [1he Vo, U + &% Vo, ) |
=1

i=1,..,N

. 0, if A\gy =0 and <0
e = H Dt ki l=1,..N, k<{ (4.2)
Bore, otherwise

0, if u, =0 and <0
b = Hh Vi k=1,..N—1
By, otherwise

. 0, if& =0and Q<0
&k = k=1,.,N—-1
5., otherwise

\

where «, p, [ and c are positive constants and p < 1. The parameter p in the equation
for b; models basal adhesion: the smaller it is, the slower the basal points move during
the minimization algorithm. Consequently, due to the non-uniqueness of steady state
solutions, the algorithm should reach a steady state where the basal points have not
moved much from their initial positions, when compared to the nuclei and apical points.
By discretizing this system, we get the DAHA, with the positive numerical parameters
«, B, v and c the tolerance associated to the stopping criterion, e. The values used in
the simulations are o = 0.01R, 8 =0.25, y=0.1R, ¢ =2 and e = 1075.
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4.4 DYNAMICS DRIVEN BY NOISE, CELL DIVISION AND CHANGES
IN CELL CHARACTERISTICS

4.4.1 MODEL DESCRIPTION

In this section we describe the time-dependant model for the dynamics and growth of
the tissue until either a maximum number of cells or a maximum time has been reached.
The movement of cells is induced by cell division, changes in cell characteristics and cell

diffusion with diffusion coefficient d.

We consider the cell cycle divided into three stages: S/G1, G2 and mitosis. We assume

that a cell has an internal clock that determines the position of the cell in the cell cycle.

During the first stage S/G1, a cell moves passively driven by the crowd and noise,
while trying to reach a internal state of equilibrium. This equilibrium is associated to the
desired cell shape as explained in the previous Section. However, in order to accommodate
the volume of nuclei, the tissue grows in all directions and in particular, in the apico-
basal direction. Consequently, the cells have to stretch, i.e., the springs connecting the
nucleus to the apical and basal points have to stretch. This leads to tension within
each cell. We assume that cells release this tension, by letting the rest length of the
springs progressively adapt to the actual size of the spring. This models the dynamics
of actomyosin and microtubules inside a cell. Given the configuration of a cell at some
time-point ¢, (X;(t), a;(t),bi(t)), the desired rest lengths are given by n#X*(¢) = | X;(t) —

)

a;(t)|/RY —1 and nPX*(t) = | X;(t) — b;i(t)|/R? — 1. The dynamics of the rest lengths 7%~ (¢)

)

and 7n?X(t) are then governed by the piecewise linear ODE

0, if =0
nix = 77 ,i=1,..,N (4.3)
Ky (e — neX),  otherwise
and
0, if =0
X — K Li=1,..,N (4.4)

Ky (nPX* — nbX), otherwise

where £, is a positive constant controlling the speed of actualization of the rest lengths.

During stage G2, the characteristics of the springs change in order to encourage the

nucleus to approach the apical side of the tissue:

e the spring connecting the neighbouring apical points of the dividing cell gets stronger

(increase in o) and

e a pushing force from the basal membrane and a pulling force from the apical network

are activated (increase of rest length of the spring connecting the nucleus to the basal

bX

membrane, 7);

4% and decrease of rest length of the spring connecting the nucleus to
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the apical point, n#X*),

e the spring connecting the nucleus to the apical point gets stronger (increase in aX).

During mitosis, besides the changes implemented during G2, two additional changes re-

lated to cell rigidity occur:
e the nucleus gets larger and more rigid (increase in R),
e cell gets more rigid (increase in alignment force in a$?).

The cell will divide with probability P, as soon as it reaches its maximum life time,

despite the nucleus being or not at the apical side. The cell division is performed according

to the following rules (see Figure 4.5):

e the division plan is parallel to the basement membrane: the nucleus, apical and
basal points are substituted by two nuclei and two apical and basal points which

are disposed near each other
e the two new cells and nuclei have the normal rigidity and size

e the springs of each cell and apical points are restored.

.—x—,z-x—.._x_,zx_.. x_.l_ x.l_—i;l. Apical side

4 1 X%,
, @
X;

|
|
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Figure 4.5: Sketch of the changes occurring to a cell prior to division. The rest length of the springs
changes to allow the nucleus to approach the apical side. After a while, the radius of the hard nucleus in-

creases and finally, at division, one cell is substituted by two cells.

Over the whole dynamics, the nuclei diffuse with coefficient of diffusion d, i.e., for
cach cell i, the vector X; follows the equation dX;(t) = v2d dW (t), where W(t) is the
two-dimensional standard Wiener process.

For each cell 4, we denote the duration of the G2 phase and mitosis by o
respectively. Moreover, we denote the life time by o; and the birth time by 7;. The time

unit is hour. We use bold notation to denote the parameters for all cells i =1, ..., N. We

2 and oM,

distinguish four types of parameters:
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tissue parameters: ag, by, p (defined in Section 4.3.1), d, Pout, ky, N

&2 oM and T

cell cycle parameters: o, o

cell parameters: R%, RY, a®*, o’¥, a?, a®, o

X

cell variables: X, a, b, naX, nb

4.4.2 TIME-STEPPING SCHEME

In this Section we present the time-stepping algorithm we use to simulate the dynamics
described in the previous Section.

Let At be the time-step, which in practice will be equal to the time interval between two
frames in the videos obtained in the lab, i.e., 0.1 hours. Let the initial tissue parameters,
cell cycle parameters and cell parameters (see end of Section 4.4.1) be given. Consider
the initial time #y = 0 and let the values for the cell variables Xg, ag, bg, 7¢* and n3* be
given. Given the cell variables at time t,_;, we obtain X,,,a,, b, n%* and n®* at time

t, = nAt by performing the following steps:

1. evolve the rest length of springs of all cells 7, i.e., obtain nfff and 77% through a

time-discretization of equations (4.3) and (4.4) with n¢** = | X;,, 1 — a;n_1|/RZ — 1
and %% = |X;, 1 — bin_1|/R7 — 1 if cell i is in S/G1 phase and n?** = 0 and
ntX* = |a;in_1 — bin_1|/RY — 2 if cell i is in G2 or mitosis.

2. identify the cells k£ that are going to enter in G2 phase and update the stiffness of

the springs: increase adX ag |, af.

3. identify the cells k£ that are going to enter in mitosis and update the cell rigidity:

increase R}, and ag’.

4. identify cells k£ that have reached the life time and divide them: increment N to
N + 1, remove the old cell and initialize two new cells k; and ky by performing the

following steps:

(a) restore the hard-core of the nucleus and the magnitude of the forces associ-

ated to the springs and alignment.

(b) define the parameters: 74, = Tk, = t,, Ok = ug, and oy, = uy,, where
Uk, , Uk, are two values generated from the uniform distribution with support [omin, Omax]

with Omin; Omax ~ 07

(c) actualize the variables:
M =i 1y Ty = Tome1s J = k1, ks
Xiym = X1 — (0.05RS,0), Xiym = Xpymo1 + (0.05R, 0)
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yn = gy 1 — (0.05RY.0), Gpyn = Apyn_1 + (0.05R7,0)

brym = bryne1 — (0.05RY,0), by = byt + (0.05RY,0),

5. obtain X, by adding to X Gaussian white noise with mean 0 and standard deviation
V2dAL, ie., X, = X, + V2dAtu, where u is generated from the 2/N-dimensional

multivariate standard Gaussian distribution,

6. obtain an admissible configuration (X, a,, b,) by readjusting the positions in (X,,

a,,b,). In other words, obtain a local solution, (X,,, a,, b,), of (4.1) by numerically
solving the ODE system (4.2) with initial condition (X,,,a,,b,).

The algorithm stops when either the maximum number of cells or the maximum time

have been reached.

4.5 NUMERICAL RESULTS

In Sectio 4.5.1 we present the ranges of the parameters and the type of initial condition
that are used in the remaining Sections of the Chapter. In Section 4.5.2 we study the effect
of the magnitude of the forces associated to the springs, alignment and soft nucleus. In
Section 4.5.3 we study the effect of noise. Finally in Section 4.5.4 we study the evolution

of the tissue over 36 hours and we compare the results with experimental data.

4.5.1 CHOOSING THE MODEL PARAMETERS AND INITIAL CONDITIONS

The ranges for the model parameters are presented in Table 4.1. These ranges are chosen
according to the data obtained from lab experiments conducted by Theveneau’s lab or
taken from the literature. The aim is to reproduce a section of the neuroepithelium as
shown in Figure 4.2. Theveneau’s lab has obtained statistical descriptors of the tissue
shape and morphology for different stages of development. We do not present these
descriptors here as we rather keep the focus on the model. We only mention some averaged
values that allow us to get a first estimate of the model parameters. In the future, more
accurate estimates should be obtained. We also resort to image 4.2 to justify some choices
for some parameters. Despite being just one single sample, the lab experiments have
shown that there is a relatively low variability among different embryos. Thus the tissue
represented in image 4.2 can be considered as a good and robust representation of the

system. Some parameters will be obtained by direct measurements on that image.

We start by choosing the initial number of cells N = 30 as the minimum number that

allow us to reproduce the morphology of the tissue.

We define the radius of the soft-core of the nucleus as the space unit and we use the

value Ry = 1 for all i. Measurements on the shape of the nucleus indicate that the shape
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Name Symbol Unit Range

Tissue parameters

Number of cells N (30, 60]
Speed of actualization of the rest  k 1/h >2
length of nucleus springs
Rest length of apical springs ag 2R <1/6
Maximal distance between neigh- by 2R [1/3,1/2]
bouring basal points
Minimizer selector p 1/2
Diffusion coefficient d R?/h 2.5
Proportion of outer divisions Pt 0.8
Cell cycle parameters
Time life o h [11, 14]
Duration of G2 phase o@? h 1/2
Duration of M phase oM h 1/2
Cell parameters
S/G1 G2/M M
Radius of soft-core of the nucleus R® 1
Radius of hard-core of the nucleus R R ¢ [RY/2, R®] Rf2 ¢ [RM1 RY]
Stiffness of spring connecting nu- ¥ o(1) O(1)
cleus and apical point
Stiffness of spring connecting nu-  a®¥ o(1) O(1)
cleus and basal point
Stiffness of spring connecting o 0(10) 0(10)
neighbouring apical points
Magnitude of alignment force a® O(10) 0(10)
Stiffness of soft-core of the nucleus o o(1) O(1)

Table 4.1: Ranges of model parameters obtained as much as possible from lab experiments. The symbol O
denotes order of magnitude and R = >, RS /N.

is close to an ellipsoid with axis a, b, c, where a = b < ¢ and ¢ = 1.5a or ¢ = 2a. To get
a close representation we consider that the larger axis corresponds to the radius of the
soft-core and we choose the value for the radius of the hard-core within the longer and
shorter axis, R¥ € [R; /2, R?]. During mitosis the value radius the radius of the hard-core
is larger than outside mitosis.

The coefficients representing the stiffness of the springs do not affect directly the dy-
namics. Instead they have an direct role in the minimization algorithm. Since there are
many local minima, these coefficients in some sense impose a priority on which energy
associated to each force to minimize first. Consequently, the first one to be minimized will
be closer to the minimum than the others, thus representing a stiffer spring or a stronger
force. This allows us to choose the parameters roughly and relatively to each other. We
know from the experiments that both the springs between apical points and the alignment
force, should be much stronger than the other forces. So we choose a, a®*, a?X of order
1 and a®,a® of order 10. In the next Section we show the effect of considering other
values for these parameters. During G2 and mitosis the stiffness of the soft nucleus and

springs is larger than outside these stages.
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We observe in the experiments that the nucleus starts to approach the apical side 1
hour before division and that within half an hour it arrives there. To reproduce this
behaviour, the rest length of the springs connected to the nucleus have to actualize in less
than half an hour. Recall that, during this stage, the desired rest lengths are 0 and |a; — b,
for the springs connecting the nucleus and the apical and basal points, respectively. Since
k, corresponds to the inverse of the time it takes for n,x and 7,x to reach such value, we
have to choose k, larger than the inverse of half an hour, i.e., k, > 2/h, where h denotes

hour. At the beginning of the dynamics, the rest lengths are initialized with the value 3.
The quantity 2agR, with R = Y, R? /N corresponds to the rest length between api-

cal points. From the experiments, we observe that the apical network is approximately
straight. Therefore, the distance between apical points ¢ and i+ 1 has to be approximately
equal to the quotient between 2R? and the number of nuclei that lie within the rectangle
with width 2R¥ and length equal to the height of the tissue, i.e., the nuclei that lie exactly
below or above nucleus 7. This number of nuclei is equal to the number of layers of nuclei

in the tissue. At the initial stage, we observe around 6 to 8 layers of nuclei. So we have
2a0R = 2R /6 and therefore ag = 1/6.

The parameters p < 1 and by, are related to basal adhesion. The parameter p con-
tributes to slow down the dynamics of the basal points in the minimization algorithm and
consequently, select a minimizer in which the basal points have not moved much from
their previous positions. We use the value p = 1/2. The quantity 2byR corresponds to
the maximal distance between basal points. We will consider by € [1/3,1/2]. Note that
when the tissue has a rectangular shape, the distance between basal points should be
similar to the distance between apical points. As mentioned in the previous paragraph,
such distance should be around 2R/6. Consequently, in this case, the bound imposed on

the basal points is not limiting their movement too much.

The diffusion coefficient d has been estimated from the movement of nuclei in vivo as
follows. Given the successive positions of a nucleus over the life time of the cell, we selected
a time window with 15 frames in which the nucleus is shaking without having any apparent
directed movement. We measure the consecutive displacements Az,, n =1, ..., 14 during
this time window and we obtain the mean d and standard deviation & of the values
d, = (Az)?/(2At), where At = 0.1 hours. We did this first for the data in 3D. Then we
ignored the third coordinate which gives the longitudinal position in the neural tube and
we obtained an estimate of the diffusion coefficient in 2D. In the 3D case, we obtained
d = 0.37R%/h and 6 = 0.61R%/h and in 2D d = 0.32R%/h and 6 = 0.60R%/h. Naturally
the estimate in 3D is larger than in 2D, as there is the movement in the third dimension
that we are ignoring in the 2D estimate. In fact, since the model is in 2D, the nuclei have
less space to move than in the real tissue. This may cause extra difficulties to the overall
dynamics of the tissue that do not exist in vivo. One way to overcome this limitation of
the model is by considering a larger diffusion coefficient. On the other hand, if we look

at the estimated standard deviation, we see that its value is quite large, which is due to
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a few big jumps with an amplitude that can reach the order of magnitude of the radius
within one hour. This shows that the diffusive behaviour of the nucleus is very complex
and should be further statistically explored. As a first rough approximation, we then
consider a diffusion coefficient of d = 2.5R?/h.

The duration of the cell cycle ranges approximately between 12 and 14 hours and
mitosis and G2-phase® take around 30 minutes [108]. In the model, we generate the
duration of the cell cycle o; for each cell ¢ from a uniform distribution U([11, 14]). We use
a smaller lower bound because some cells might take less than 12 hours. The duration
of G2 and mitosis are always the same for all cells and they are given by 0“2 = 1/2 and
oM =1/2, respectively.

The divisions are observed to occur in the plan perpendicular to the apico-basal axis.
This means that when a cell divides, one daughter cell may be formed outside the cross
section we are looking at. We assume that this happens when the direction of division
forms an angle larger than 18° with the plan defined by the cross section. This value
corresponds to 20% of all possible angles. Assuming that the divisions can occur in
any direction with equal probability within the plan of division mentioned before, we

conclude that the probability that a division occurs outside the plan of the cross section
is Py = 0.8.

t=0 hours t=2 hours

apicabprrerrirr ek

basal | i —/
-8 -4 0 4 -4 0 4 8

(a) Initial condition. (b) Tissue after 2 hours.

Figure 4.6: Initial (a) and final (b) tissue configuration obtained by the algorithm described in Sec-

tion 4.4.2. The stars represent apical points, the small circles at the basal line represent the basal points,
the coloured circles represent the hard-core of the nucleus and the black circles represent the soft-core. The
tissue parameters are N = 30, ag = 1/6, bp =1/3, p=1/2, d = 2.5, Pyt = 0.8. The cell cycle parame-
ters are o € [11,14], 0? = 1/2 and o™ = 1/2. The cell parameters during G1/S are R® = 1, R = 0.5,
a®X =2 aPX =2 % =5, a® =15, oX = 1. During G2/M we use o = 10, a® =15 and during M we
use R =0.8.

In Figure 4.6a) we plot the initial configuration of the tissue (Xg, ag, bg) with N = 30

cells. The initial condition is obtained by defining the positions of the apical and basal

$To be precise, G2-phase takes about 2 hours and the nucleus moves apically during the last half
an hour of this phase [108]. But for simplicity we call G2 to this period in which the nucleus migrates
apically.
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points along parallel horizontal line and randomly throwing nuclei in between these two
lines. We then solve a minimization problem for the nuclei only, while keeping the apical
and basal points fixed. During the minimization, the nuclei are restricted to two vertical
walls, as we can see in Figure 4.6a). Each color represents one cell that is formed by the
apical point, nucleus and basal point. The basal points are displayed in a horizontal line
and the apical points at the top of the configuration. In the middle we see the nuclei
with the soft-core (in black) and the hard-core (in color). For each cell ¢, we randomly
generate the life time o; from the uniform distribution #/([11, 14]) and the birth hour 7
from U([—0;,0]). The rest length of the springs connecting the nucleus and the apical
and basal points for each cell i is initialized by n{f = 12y = 3.

In Figure 4.6b) we plot the configuration obtained after 2 hours for the parameters
taken within the ranges mentioned above. We observe that the nuclei are more spread
out and the tissue keeps a rectangular shape, despite not having lateral walls to hold the

peripheral cells.

4.5.2 INFLUENCE OF MAGNITUDE OF THE FORCES

In this Section we explore different values associated to the magnitude of the align-
ment and elastic forces presented in the system. This is controlled by the parameters

OéX, aaX7 OébX

a® and a®. Specifically, we study the effect of having o, a®¥, aX of order
10 and a®®,a® of order 1. The remaining parameters are chosen within the ranges pre-
sented in the previous Section (see Table 4.1). The experimental set up is the following.
We start by generating an initial condition as described in the previous Section 4.5.1. We
then let the system evolving for at least 2 hours and we plot the final configuration in

Figure 4.7. We do this for one value of each parameter referred in the previous paragraph.

We first plot in Figure 4.7b) the control tissue that was obtained using parameters
within the ranges presented in the previous Section. By comparing with the tissue ob-
tained in vivo presented in Figure 4.7a), we observe that the overall configuration seems
to coincide. In particular, the nuclei are displayed between the basal membrane and apical
network, the number of layers of nuclei is around 6 to 8 and the relative size of the nucleus
with respect to the size of the tissue seem pretty comparable. The apical membrane seems
very straight in the real tissue and less straight in the simulated one. This maybe due to
the fact that the apical network is a 2D network while in this model we represent it by
a 1D network, which is in some sense less robust to the forces exerted by the nuclei (see
Section 4.7.1 for improvements and extensions of the model). Moreover, the tiny green
lines in between nuclei in Figure 4.7a) indicate that the cells are approximately straight,
which is also observed in Figure 4.7b) by comparing the abscissa of basal point, nucleus
and apical point of each cell. A more quantitative comparison between in vivo and in

silico results is presented in Section 4.5.4.
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(a) Tissue obtained in vivo. (b) Control tissue (c) Large stiffness of soft nu-
(a®, %X abX = 1 and cleus (X = 10).
a® a = 10).

(d) Large stiffness of nucleus  (e) Weak alignment force (f) Small stiffness of apical
springs (a®X = %X = 10). (a® =1). springs (a® = 1).

Figure 4.7: Final configurations obtained after 2 hours for different values of the parameters that control
the stiffness of springs and nucleus and the magnitude of the alignment force. We observe different effects
on the layering, packing, height of the tissue, straightness of each cell and of apical domain. The tissue
parameters are ag = 1/6, by = 1/2, p = 1/2, d = 2.5, Py, = 0. In this simulation the rest length
of the springs is not evolving over time, k, = 0, and they have the value n,x = n*X = 3 during G1/S
and n,x = 1, n°% = 10 during G2/M. The cell cycle parameters are ¢ = 10, 092 = 2 and o™ = 1/2.
The remaining cell parameters during G1/S are R® = 1 and R = 0.7. During G2/M we use a® = 100,
a® =20 and during M R = 0.9. The initial condition is described in Section 4.5.1.

In Figure 4.7¢) we consider the case of a more rigid soft nucleus, by using a® = 10.
Comparing with the control tissue, we observe that the nuclei are more rigid and packed.
This brings extra difficulties to the movement of nuclei, especially before mitosis and by
looking at the video of the dynamics we see that many nuclei to not manage to reach the

apical side before dividing.

In Figure 4.7d) we consider the case where the springs connecting the nucleus with

b

the apical and basal points are stiffer by using a®* = a®X = 10. We observe less layers

(around 4) and a shorter tissue.

In Figure 4.7e) we consider a weaker alignment force by using a®® = 1. We observe a
disorganization in the colors of the nuclei, indicating that the cells are not straight, in the
sense that the basal point, the nucleus and the apical point are not aligned. Interestingly,
if we look at the top left of the tissue we even see one nucleus above the apical domain,
which typically does not happen in a healthy tissue, but may happen in a defected one.

Finally, in Figure 4.7f) we consider a small stiffness of apical springs by using a® = 1.

We see that the apical domain is not straight and is quite rough. The tissue seems also
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slightly shorter.

4.5.3 INFLUENCE OF NOISE

In this Section we study the influence of noise on the positions of the nuclei and apical
points during division along the apico-basal axis during a period of 4 hours. Specif-
ically, we consider the vertical distance between the nucleus and the basal point nor-
malized by the vertical distance between the apical point and the basal point, i.e.,
| Xi(2) — 0;(2)]/]a;(2) — b;(2)]. If the nucleus is near the apical point, then this quan-
tity is close to 1. For each cell dividing within 4 hours, we plot this quantity for two time
points: when the cell starts to approach the apical domain (in blue) and when the cell is
dividing (in red). These points are connected to a straight line that indicates the global
vertical direction of the nucleus during this period. We expect that this line has a positive

slope and that the second dot lies at the top, near the apical domain. We obtain this plot

Height of divisions (without noise) Height of divisions (with noise)

[ Apical

/

P

osl / |
Basal
0 .

0 1 2 3 4 0 1 ‘ 2 ‘ é ‘ 4
Time (hour) Time (hour)

(a) d = 0. (b) d = 2.5.

ir Apical

Basal

Figure 4.8: Vertical position of the nucleus in the tissue normalized by the vertical distance between api-
cal and basal point over time for each cell that has divided within 4 hours and for two time-points corre-
sponding to the moment when the nucleus starts to go up (in blue) and when the cell divides (in red). We
observe that in the case with noise (b) the nuclei divide apically, while in the case without noise (a) they
don't. The tissue parameters are ap = 1/6, byp = 1/2, p =1/2, Py, = 0. In this simulation the rest length
of the springs is not evolving over time, k, = 0, and they have the value n,x = n** = 3 during G1/S and
7% = 1, n’X = 10 during G2/M. The cell cycle parameters are o = 10, 0“2 = 2 and o™ = 1/2. The
cell parameters during G1/S are R® = 1, R” = 0.7, X =1, "X =1, a® = 10, a®® = 10, o = 1.
During G2/M stage we use a® = 100, a®® = 20 and during M stage we use Rf = 0.9. The initial condition
is described in Section 4.5.1.

for two values of the diffusion coefficient, namely, d = 0, corresponding to the situation
without noise (see Figure 4.8a)) and d = 2.5, corresponding to the situation with noise
(see Figure 4.8b)). We observe that 4 divisions have occurred within 4 hours. In the case
without noise we observe that the nuclei approach the apical domain, however most of
them do not manage to arrive there. In contrast, in the situation with noise, the nuclei

approach the apical domain with a larger slope than in the previous case and most of
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them manage to arrive there. These results suggest that the noise in the nuclei and apical
points positions is fundamental to allow the nucleus migration to the apical side before

division.

4.5.4 EVOLUTION OVER 36 HOURS AND COMPARISON WITH EXPERI-
MENTAL DATA

In this Section we consider the evolution of the tissue over 36 hours. We start by introduc-
ing quantifiers that provide information about the evolution of the shape and morphology
of the tissue. Then we run simulations for one parameter set and five initial conditions
and we plot the average and standard deviation for each quantifier over time. Some quan-
tifiers have also been estimated in the lab by Theveneau’s team using data from several
embryos and several sections of the neuroepithelium from each embryo. We do not present
all their results here, we simply consider the average value and we plot over the model
results. This allow us to have a preliminary quantitative comparison with experimental
data.

Let p be the number of initial conditions. The quantifiers used in this Section are

presented next:

o Number of layers, Niayers. The number of layers is obtained by using a Voronoi
tessellation [43] as follows. The Voronoi tessellation divides the space in regions
containing exactly one nucleus each. We construct the tessellation in a way such
that the nuclei situated at the top layer of the tissue belong to a region with infinite
area, while the others don’t. We compute recursively each layer by identifying the

regions with infinite area and removing them from the tessellation.

e Length of the apical domain, nuclei configuration and basal domain (unit: R),
Lapical - aN(l) - a1(1)7

Lnuclei = Tright — Lleft

and
Liasal = bn (1) — by (1),

where e = min; X;(1), Zyighe = max; X;(1).

o Average height of the tissue and average height of nuclei (unit: R),

1 |ai<2) - bi<2)‘
Hissue = T a - 5<
' #Smiddle Z Rf

iesmiddle
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and

1 1 X5(2) — 0;(2)]
Hnuc ei - VY~ b
T S adie 2 RS

1€Smiddle
where Smiddle - {Z L Lleft + Lnuclei/4 S Xz(]-) < :L‘right - Lnuclei/4} and #Smiddle is the

number of elements in Spiqqle-

e Packing fraction of the hard-core of nuclei in the upper and lower half of the tissue,

2
Pyp = Z W(RZH)Z

A
middle i€Sup

and

2
q)down = Z W(RiH>27

A
middle € Saoum

with Sup = {Z : (XZ(Q) - bz(2))/R§ > Htissue/2}7 Sdown = middle\Sup and Amiddle =
}ItissueR(Lnuclei/2 + 2R)7 with R = Zz Rf/N

e Straightness of apical network,

Astraight - <|a a | Z |az az+1|>
1 — UN

e Height of nucleus © during division,

[ X7'(2) — b7 (2)]

Hdiv = n n
|a}(2) — b7(2)]

, with t" < 7, + 03 < t"TL.

We compute the value of each quantifier over time and for 5 different initial conditions.
We obtain the mean and standard deviation for each time ¢,, and for each quantifier, except
Pyiy. Since there may be times without any division, we compute the mean and standard
deviation of Py, over a larger time-interval with size 5At, which in this case corresponds to
half an hour. In Figure 4.9 we plot the average and standard deviation for each quantifier

over time t € [0, 36] for parameters taken within the ranges presented in Table 4.1.

We observe in Figure 4.9a) that the number of layers of nuclei grows approximately

linearly from around 8 to 13 layers, which is in agreement with experimental data.

Figure 4.9¢) shows the packing fraction of the nuclei hard-core at the top and at the
bottom of the tissue. We observe that the packing fraction at the upper part remains
approximately constant, while at the lower part it decreases. If we compare this result
with the evolution of the height of nuclei presented in graph 4.9b) we conclude that the
nuclei are moving away from the basement membrane. In graph 4.9b) we also observe
that the height of the tissue is growing at a similar speed than the average height of nuclei.

This growth is slightly slower when compared to experimental data.
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Figure 4.9: Statistical quantifiers describing the morphology of the tissue over 36 hours. For each graph
we plot the mean and standard deviation over 5 initial conditions. When available we also plot the reference
values obtained from experimental data (dashed red line). In Figure (a) we plot the number of layers of
nuclei (blue), in Figure (b) the average height of nuclei (blue) and of the tissue (black), in Figure (c) the
packing fraction of nuclei at the upper (dark blue) and lower (light blue) half of the tissue, in Figure (d) the
length of the tissue using the basal points (pink), the nuclei (blue) and the apical points (black), in Figure
(e) the apical straightness and in Figure (f) the height of nuclei during cell division. The tissue parameters
are N = [30,53], ap = 1/6, by = 1/3, p = 1/2, d = 2.5, Py, = 0.8. The cell cycle parameters are

o € [11,14], 02 = 1/2 and o™ = 1/2. The cell parameters during G1/S are R® =1, R = 0.5, a®¥ =2,
X =2 0% =5, a% = 15, X = 1. During G2/M we use a® = 10, a®® = 15 and during M we use
R* =038.

Figure 4.9d) shows the evolution of the length of the tissue at the bottom, in the
middle and at the top, by considering the length occupied by basal points, nuclei and
apical points, respectively. Since the three quantities grow at approximately the same
speed, we conclude that the shape of the tissue remains approximately rectangular, which
is what we observe in experimental data.

Figure 4.9¢) shows that the apical network is not very straight and that its straightness
decreases over time. This result diverges from experimental results.

Figure 4.9f) shows the height of divisions occurring during every half an hour. We
observe that the divisions occur apically, which is in agreement with experimental data.

In Figure 4.10 we show two samples of the tissue obtained from a 2-days old (a) and a

3.5-days old (b) embryos. We observe an increase of around 5 layers of nuclei. The height
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a) Oh (2 days)

b) 36h (3.5 days)

basal

Figure 4.10: Neuroepithelium obtained from a 2-days old (a) and 3.5-days old (b) embryo. We observe
that the older tissue is around 1.7 times taller and it has approximatelly more 5 layers of nuclei than the
younger tissue. Images obtained by Theveneau's lab.

of the tissue is approximately 1.67 times higher in the older tissue compared with the
younger one. Looking at the top of the images, we see that the apical network is almost

completely straight in both cases.

4.6 DISCUSSION

As we have seen in Section 4.5, the model has been able to reproduce many features of
the shape and dynamics of the neuroepithelium. This may indicate that we have been
able to identify the main mechanisms that underlie the dynamics of this system. We will
therefore keep working along the biological assumptions regarding the way cells behave
and interact with their neighbours and the basement membrane in order to obtain more
robust results about their validity and to further explore the relation between crowding,
INM, tissue shape and growth. At this point, the model has already suggested some new
hypothesis that we present next.

The parameter £, that controls the rest length of the springs connected to the nucleus
seems to be a key parameter in the dynamics. Indeed, k, seems to control directly both
the height of the tissue and the speed of the nuclei during the apical movement before
division. The speed should be slightly smaller than |a; — X;|/k" and the height of the tissue
seems to grow with k,. The interesting aspect, is that for a certain value of this parameter,
we are able to get these two quantities close to what is observed in experimental data.
This suggests that in reality the speed of the movement of the nuclei is controlling the
height of the tissue.

This parameter k, seems to have also an indirect role on the number of layers. The
larger it is the larger the number of layers is. Note that a taller tissue does not necessarily
imply a tissue with more layers, as the nuclei density is decreasing near the basement
membrane over time. This might suggest that the lateral pressure between cells is not that

high and that the packing is not playing an important role in the lateral direction. This

138



is supported also by the fact that in the model, despite of not having lateral compressive

forces, the shape of the tissue is kept approximately rectangular.

The packing may instead have an important role in the upper part of the tissue near
the apical membrane. Preliminary in silico experiments in the case of cells with a shorter
life time (see Section 4.7.3) indicate that the nuclei is not able to reach the apical domain
due to the too high packing fraction of nuclei near the domain. This is also observed in

viwo. It would therefore be worth exploring the role of packing along the apico-basal axis.

Finally, we point out that the mechanisms we consider in the model are not specific
to the neuroepithelium. Therefore our model could also be used to study other packed

tissues. In Section 4.7.3 we present a possible application to the study of cancer tissue.

4.7 FUTURE WORK

4.7.1 MODEL IMPROVEMENT, QUANTITATIVE VALIDATION AND PA-
RAMETER SPACE EXPLORATION

The model has been able to reproduce the general aspects of the tissue regarding shape,
morphology and the dynamics of cells before division. However there are a few aspects
that can still be improved in order to get a representation that is closer to the data. One
aspect where the model could be improved is on the straightness of the apical network.
One possible way to increase the straightness could be by decreasing the rest length of the
apical springs, 2Rag, over time. This is indeed what happens in the real tissue as reported
in [165]: as the tissue grows, the number of layers increases and the apical domain shrinks.
Other modelling aspects that could be improved are described in the next Section 4.7.2.

In the future, a more quantitative comparison of the model with experimental data
should be conducted. In particular, the comparison between the evolution of the packing

fraction and tissue length are still missing.

Moreover, one can try to explore other parameter regimes, such as a larger number
of cells N, a longer time period, different relations between the strength of the forces,
different values for the radius of the soft and hard nucleus, etc. In particular, as referred
in the discussion, the parameter k, that controls the speed of actualization of the rest
length of the springs should be further explored, as it may help to better understand the
relation between cell behaviour and tissue shape and size. Output parameters, such as the
packing density or the number of layers, could then be obtained for each value of input
parameter, in order to look for bifurcations in the system. These bifurcations would then
be searched in vivo. If they prove to exist, we would obtain a stronger validation of the

model and a deeper understanding of the mechanics underlying the cell tissue.
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4.7.2 MODEL EXTENSIONS

The model could be extended to a 3D model with the shape approximated by a slice
of a cylinder, in which the nuclei would be represented by spheres, instead of circles,
the apical network would be represented by a 2D network of apical points connected by
springs and the basement membrane would be represented by a plan. This model would
allow to develop a more accurate study of the effect of nuclei packing. Since in 3D there is
naturally more free space than in 2D, the current model overestimates the role of packing
in the system. A 3D model would also allow to study the effect of a 2D apical network
which seems to have a crucial role in the structure and shape of the tissue. In contrast
to the model presented in this Chapter, a 2D apical network would be more robust to
perturbations caused by the movement of nuclei. We expect that the straightness of the
apical network would get closer to the one observed in the real tissue. One could therefore

explore the relation between cell behaviour and shape at a deeper level.

Another extension could be obtained by improving the representation of the nucleus
or basement membrane. The shape of the nucleus could be generalized to ellipsoids. In
the current model, the basement membrane is represented by a straight line, however, in
reality, the membrane consists of a sophisticated matrix constituted by fibers. A model
of fibers has been developed in [149] and could be adapted to this case. This modelling
extension would allow to study the effect of matrix degradation and cell escape from the

tissue, which is associated to cancer metastasis as explained in the next Section.

4.7.3 STUDYING CANCER METASTASIS AND THE FORMATION OF ROSETTES

The mechanisms that lead to the first stage of metastasis are similar to the ones occurring
during the development of the neural tube in a chick embryo. Therefore the chick embryo
has been used as a biological model for studying cancer metastasis [172, 98]. During
normal cell division, a cell detaches from the basement membrane, shrinks and divides in
two, and then these two new cells elongate and attach again. However, if the cell is can-
cerous, it has defects, and the elongation and reattachment may not occur. Instead, the
cell may keep dividing abnormally and eventually the cancer cells are found attached to
each other, forming rosettes. Sometimes a rosette will somehow break through the mem-
brane and start invading the surrounding tissues. The model developed in this Chapter
could be used to explore the relation between defects in individual cells and the formation
of rosettes. Specifically, two defects that could be incorporated in the model are high
proliferation rate and polarity defect, i.e., apical and basal points are not necessarily at
opposite sides of the nucleus. The first defect can be included by decreasing the life time
of a cell. The second defect can be modelled by decreasing the strength of the alignment
force. The model could then be used to explore what could be the contribution of each
defect to the formation of rosettes. Preliminary results suggest that a decrease in the

life time of the cells prevents the nuclei from reaching the apical domain before division,
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Figure 4.11: Comparison of box plots for the height of divisions in the case of a normal tissue and a can-
cer tissue with a higher rate of proliferation obtained from lab (a) and in silico (b) experiments. In both
graphs, we observe that the divisions occur near the apical side in the case of the healthy tissue, while in the
case of the cancer tissue they occur at any position.

as shown in Figure 4.11b). The same phenomenon is observed in lab experiments, see
Figure 4.11a). Another preliminary result on polarity defects, suggests that this defect is

enough to generate rosette-type structures, as represented in Figure 4.12.

(a) Lab experiment. (b) In silico experiment.

Figure 4.12: Cluster of cells organized in rosettes obtained in vivo (left), by Theveneau's lab, and in sil-
ico (right). In both images the apical and basal points are situated at the center of the configuration and
surround by nuclei.
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A NEW CONTINUUM THEORY FOR
INCOMPRESSIBLE SWELLING MATERIALS

Swelling media (e.g. gels, tumors) are usually described by mechanical constitutive laws
(e.g. Hooke or Darcy laws). However, constitutive relations of real swelling media are not
well-known. Here, we take an opposite route and consider a simple packing heuristics, i.e.
the particles cannot overlap. This approach is based on the same heuristic rules used in
Part II in the context of particle based models. We deduce a formula for the equilibrium
density under a confining potential. We then consider its evolution when the average
particle volume and confining potential depend on time under two additional heuristics:
(i) any two particles cannot swap their position; (ii) motion should obey some energy
minimization principle. These heuristics determine the medium velocity consistently with
the continuity equation. In the direction normal to the potential level sets the velocity
is related with that of the level sets while in the parallel direction, it is determined by
a Laplace-Beltrami operator on these sets. This complex geometrical feature cannot be

recovered using a simple Darcy law.

This work is based on a submitted paper written in collaboration with Pierre Degond®,
Sara Merino-Aceituno’ and Mickaél Nahon*. My own contributions include the resolution
of the minimization problem presented in Section 5.3, the formula for the speed of the
moving boundary in Section 5.4, which is crucial for the characterization of the normal
component of the velocity of the boundary, and participation in discussions regarding the
material presented in the remaining Sections. The determination of the tangential com-
ponent of the velocity in Section 5.5.83 has been contributed by the other authors and it

has been included in this thesis for completeness.

*Department of Mathematics, Imperial College London, UK
tSchool of Mathematical and Physical Sciences, University of Sussex, UK
tEcole Normale Supérieure de Lyon, France
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5.1 INTRODUCTION

Swelling or drying media are encountered in many contexts such as chemistry or material
science (swelling gels), biology (cancer tumors or growing tissues), geosciences (drying of
wetting soil), cooking (dough being cooked), etc. The modelling of swelling or drying
media from first principles is difficult due to the complex nature of the materials (cells,
mixtures, polymers, etc). Often, they have intermediate properties between solids and
liquids or can have genuinely new properties (biological tissues). Modelling of swelling
or drying material is very important in view of potential applications in health (tumour

growth or tissue development) and other sciences.

Mathematical models have been proposed in the context of tumor growth. Many of
these models use a fluid-dynamic approach, and specifically, Darcy’s law or some elabo-
ration of it [22, 31, 40, 87, 37]. Mathematically, Darcy’s law is expressed by v = —k Vp,
where v is the fluid velocity, p is the hydrostatic pressure, V is the spatial gradient and k
is a constant named "hydraulic conductivity’. Darcy’s law is derived from Navier-Stokes
equation for a fluid subjected to strong friction such as flowing inside a porous medium.
However, the use of Darcy’s law is not obvious. The article [12] is entirely devoted to
the problem of determining the velocity in the mass balance equations (referred to as the
“closure problem”) and to a phenomenological justification of the use of Darcy’s law in

tumour growth.

Due to its importance in the clinic, one of the major questions explored in tumor
growth modelling is the description of the tumor boundary and how it evolves in time. It
naturally leads to the study of free boundary problems [71]. Related to these, the analogy
between tumor growth and the free-boundary problem of solidification (the so-called Hele-
Shaw problem) has been developed in [88, 146, 145, 147]. In these last series of works,
the tumor consists on the region of space where cells have reached the packing density.
The tumor is therefore an incompressible medium separated from the outer medium by
a moving free boundary which can be calculated through the resolution of an elliptic

problem for the pressure in the moving domain of the tumor.

All the previous studies rely on a continuum description of the tumor. However, at
the microscopic level, a tumor is made of discrete entities, the cells and various types
of “individual-based” microscopic models of tumor growth, where cells are described as
discrete entities, have been developed: see in particular [54]. We refer to [158] for a review
of the various modelling approaches and to [30] for a comparison of their merits. The
connection of the microscopic approach to the macroscopic one through coarse-graining
is investigated in [130].

In the present work, we revisit the closure problem and investigate what motion results
from the combination of volume-exclusion (or non-overlapping) and growth. In relation to
this, we question the validity of Darcy’s law once more. Our approach, rather than relying

on constitutive relations like hyper-elasticity or Darcy’s law, hypothesizes simple heuristic
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rules, more likely to be obeyed in generic situations. Here, the main heuristic rule is that
particles cannot overlap. In other words, we directly place ourselves in a context akin to
the Hele-Shaw limit as developed in [146] and related works cited above. However, as we
will see, our conclusions will be different. We also point out that similar heuristic rules

have been applied to other domains, such as crowd modelling (see in particular [123]).

We consider a system made of finite-sized particles at equilibrium in a confining ex-
ternal potential constrained by the non-overlapping condition. We refer to [112] for a
discussion of the biological relevance of this description and to Chapter 4 for an example
of a discrete model developed within this particular setting. We then let the particle
volume and the confinement potential vary with time. The particles follow this evolution
adiabatically by remaining at any time at a mechanical equilibrium. The question we

want to address is what particle motion results from this situation.

Answering this question in full generality at the discrete level is probably out of reach.
So, we formulate a similar problem at the continuum level. We assume a continuum
density for a population of particles having finite average volume. The particles are
confined by an external potential and we assume the particles at mechanical equilibrium.
Our first result is to characterize the resulting equilibrium density. Like in the Hele-Shaw
type models referred above, the particles occupy a domain of finite extension in space,
limited by a level set of the potential. Inside this domain, the density is equal to the
maximal (packing) density allowed by their finite size. Outside this domain the density

1S zero.

Then, we let the system evolve and we compute the continuum velocity. We first
determine the component of the velocity that is normal to the potential level sets by
using a non-swapping heuristics rule, i.e., particles cannot swap their positions, which is
a reasonable assumption in a packed system. To determine the component of the velocity
tangent to the potential level sets, we invoke a second heuristics, namely, the particles
movement is preferable continuous rather than with jumps which would generate large
velocities. In continuum language, this means that the velocity should obey an energy
minimization principle. We show that this principle determines the parallel velocity in a
unique way as the parallel gradient along the potential level sets of a velocity potential
(not to be confused with the confinement potential). This velocity potential is found by
inverting a Laplace-Beltrami operator on each of the level sets.

We will show that in general, it is not possible to neglect the tangential component of
the velocity. This means that the velocity at the boundary of the medium is not normal
to the boundary. By contrast, the Hele-Shaw limit of the tumor models of [146] leads
to a velocity at the boundary which is normal to that boundary. Our model provides
a different conclusion and consequently, brings new elements in the debate about the
validity of the Darcy law, at least in its simple form when the hydraulic conductivity is a

scalar.

The medium under consideration bears analogy with a granular material. There has
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been considerable literature on granular media and we refer the reader to [15] for a review.
Continuum approaches for granular media are mostly based on thermodynamical consid-
erations (see e.g. the seminal work [74]). These approaches rely on the assumption that
the system is at equilibrium. However, in complex media such as gels or tumors, there are
momentum exchanges with the environment and energy exchanges through (bio)-chemical
processes. Since these are extremely difficult to model on a first physical principle basis,

we favor a heuristic approach based on the rules as described above.

The Chapter is structured as follows. In Section 5.2 we summarize the main results of
our work and provide a detailed discussion and directions for future work. The following
sections are devoted to the proofs. The case of the mechanical equilibrium is dealt with in
Section 5.3. Then, the time dependent problem is investigated with first the determination
of the normal velocity in Section 5.4 and then that of the tangential velocity in Section

5.5. A short conclusion is drawn in Section 5.6.

5.2 FRAMEWORK, MAIN RESULTS AND DISCUSSION

5.2.1 MOTIVATION: MICROSCOPIC BACKGROUND

In this section, we motivate our approach by proposing a model of an incompressible
swelling medium at the particle level in the same spirit as the models described in Part I
and II. We consider a system consisting of N incompressible spherical particles of positions
z; € RY d> 1, and radii R; > 0, for i = 1,..., N. The radii are known but the positions
are the solutions of a minimization problem. Specifically, we consider that each particle
is subject to a potential energy V' (z;, R;) for a given known energy function V(x, R). For
simplicity, we denote by X = (z1,...,zy) and R = (Ry,..., Ry). The total energy of

the system is the function
N

Er(X) = ZV(%’,P%)- (5.1)

i=1
The first problem we are interested in consists of minimizing the energy (5.1) over a

set of admissible configurations & corresponding to non-overlapping spheres. Specifically,

we define the admissible set by
Ar ={X € RYN | |zi —xj| > Ri+ R;, Vi, j € {1,... N}, i £} (52)
The minimization problem consists of finding X € (R?)" which realizes
in Fr(X). .
in Ep(X) (5.3)

This pictures the equilibrium configuration of a granular medium made of frictionless

spheres in an external potential. Introducing friction or cohesion between the grains is
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discarded here and will be investigated in future works. Problem (5.3) has been consid-
ered numerically and analytically in Part I. This is a non-convex problem with multiple
solutions. We would like to characterize the properties of a generic solution and to this

end, we will consider a continuum version of it.

The second problem we consider is the introduction of time evolution dynamics in the
system following the same lines as the models developed in Part II. This dynamics is
generated by the changes over time of the particles radii R;(t), which can increase (case
of a swelling material) or decrease (case of a drying material). We also allow the potential
energy V' to depend on time. Here we will suppose that both evolutions are given. Since,
the vector of the particle radii R(¢) changes over time, the admissible set A and the
potential V' (z, ¢, R) depend on time. Consequently, solutions of (5.3) will also depend on
time. Indeed, we assume that the particles stay adiabatically at a minimum of the energy
(5.1) and that we can extract a smooth (at least differentiable) trajectory X'(t) among

the possible solutions, at least for a small interval of time. The problem is then to find

the particle velocities v;(t) = dfti, or in other words, the vector
dx

Again, we discard any friction or cohesion forces between the grains which could alter the
time dynamics.

A similar problem has been investigated numerically in [122]. In particular, one possible
algorithm is to introduce a time discretization t* = k At with a time step At > 0 and
assume that X'* is a solution of (5.3) associated to radii R* = R(t*) and potential function
Vk(x, R) = V(z,t*, R). Then, time is incremented by At and a new minimization problem
is considered associated to radii R**! and potential function V**!. Obviously, X* is not
a solution of this new minimization problem. So, a new solution X**! is sought. To single
out a unique solution among the many possible solutions of the minimization problem,
we select the solution X*+! which has the smallest distance to X*. In this way, a discrete

configuration X**! is found, from which a set of discrete velocities

. Xk:Jrl —Xk

v At

(5.5)
is found. The selection principle above leads to the velocity V* of smallest possible norm
among the possible candidates. The question is whether we can find a simple expression
to determine V¥.

Finding a simple answer to this question seems unlikely in the discrete setting, but the
problem may be easier to study at the level of a coarse-grained continuum model. So,
the goal of this work is to propose such a continuum model and to show that indeed, it is
possible to determine these velocities in a unique way. We would like to stress here that it

is not our goal to justify the coarse-graining procedure. Rather, we are going to postulate
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the problem at the continuum level as an analogue of the problem at the discrete level.
The investigation of the passage from the discrete to the continuum problem will be the

subject of future work (see also [130] for the coarse-graining of a related model).

5.2.2 GENERAL ASSUMPTIONS

We assume a medium made of discrete entities each having finite volume and minimizing
a confinement energy subject to a non-overlapping (incompressibility) constraint such as
described in Section 5.2.1. Since we are aiming at a continuum description, we do not
describe each particle individually but consider their number density n(z,t) and their
average volume 7(z,t) > 0, where € R? is the position in a d-dimensional space (in
practice d = 1, 2 or 3) and ¢ > 0 is the time. The non-overlapping constraint (which,
at the discrete level, was expressed by the fact that X must belong to the admissible set
Agz) is now expressed by the fact that at any given point in space and time, the volume

fraction occupied by the particles n(z,t)7(x,t) cannot exceed 1, i.e.
n(z,t) 7(x,t) < 1. (5.6)

Thus, 77*(z,t) is the maximal allowed (packing) density of the particles. We assume that
7(x,t) is a given function of space and time (exactly like in the discrete setting R was
assumed to be a function of time) and that it is defined, positive and finite irrespective
of the presence of particles at (x,t). The precise value of 7(x,t) in practice depends on
the modelling context and will be made precise in future work. We also impose that the
particle density is nonnegative:

n(z,t) > 0. (5.7)

Additionally, like in the discrete case, we assume that the total number of particles NV

is fixed, given and is constant in time, i.e.

/ n(z,t)dz = N. (5.8)

Again, in future work, this assumption will be removed and replaced by a model for the

growth or shrinkage of the population.

5.2.3 MECHANICAL EQUILIBRIUM

We are first interested by the mechanical equilibrium. Freezing the time variable ¢ for the

moment, we assume that there exists a mechanical energy

Fin] = /Rd V(z,t,7(z,t)) n(x,t)dx, (5.9)
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associated with a given potential V' (x,t,7), which the particles try to minimize while
satisfying the non-overlapping constraint (5.6), the nonnegativity constraint (5.7) and the
total mass constraint (5.8). In other words, our goal is to solve the following minimization

problem at any given time ¢:

Find n(-,t) : # € R*+ n(z,t) € R a solution of:

min { Fy[n(-,t)] | n(,t)>0, n(,{)7<1 and /d n(z,t)de = N},  (5.10)
R

for 7 : (z,t) € R x [0,00) = 7(x,t) € Ry and N > 0 given. The potential V(z,t,7)
is the continuum analog of the discrete potential V' of Section 5.2.1 and Eq. (5.9) is
nothing but an approximation of Eq. (5.1) when N is large, assuming that the particle
positions x; are drawn randomly, independently and identically according to the proba-
bility N1 n(z,t) dz. Obviously, whether this independence assumption holds needs to be

proved but we will leave justifications of this question to future work.
We assume that V' > 0. For the simplicity of notations, we define an “effective poten-

tial” W (z,t) by

Wi(z,t) =V(x,t,7(x,t)). (5.11)

We assume that, for all £ > 0, we have
W(z,t) > 400 as |z| = +oc. (5.12)

In Section 5.3, we will show that, under appropriate conditions on the potential V'
including (5.12), the solution ny(z,t) of the minimization problem (5.10) (indexed by the

number N of particles in the system) is given by

1
, it x e Qn(t),
ny(z,t) = ¢ 7(z,1) vt (5.13)
0, if =« g QN(t),
where the domain Qy (%) is given by
Qn(t) ={z € R | 0 < W(x,t) < Un(t)}, (5.14)

and Uy (t) is the unique solution of the equation
P(Un(t),t) = N, (5.15)

with P : (u,t) € [0,00)% — P(u,t) € [0,00) given by

P(u,t) = / 7w, t) dr. (5.16)
{zeR, 0<W (z,t)<u}
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Figure 5.1: Schematics of the filling of the potential level sets. The level set Uy (t) corresponds to the
filling of the potential level sets by the entire population of particles N.

Eq. (5.13) shows, that within its support, the density saturates the congestion con-
straint (5.6), i.e. the density is everywhere equal to the maximal allowed (packing) density
77(z,t). Microscopically, the particles fill all the available space and it is not possible
for them to increase the density any further. This is the so-called “packing” or “incom-
pressible” state. To interpret the construction of Qx(¢) (formulas (5.14) to (5.16)), we
introduce the level sets of the effective potential W. For a given u € [0,00) and time

t € [0,00), the level set of W(-,t) corresponding to the value u is defined by:
E(u) ={x € R, W(x,t) = u}. (5.17)

Eq. (5.14) states that Qy(t) is bounded by the level set & (Un(t)). Formula (5.16) defines
P(u,t) as the number of particles in the volume limited by the level u. Eq. (5.15) simply
states that the level Uy(t) which bounds the domain Qy(%) encloses the total number of
particles IV, see Fig. 5.1.

Let n,(x,t) be the solution associated with a different total number of particles p > 0
with associated support €,(¢). Since P is stricly increasing with respect to u, we have
p < N = U,(t) < Un(t) and so, with (5.13):

pP<N = Q) C () and  nx(B)a,m = npl- 1) (5.18)

Additionally, We introduce the domain boundary ¥,(¢) of ©,(¢). With (5.14) and (5.17),
we have

Bp(t) = 09(t) = {z € R | W(z,t) = Up(t)} = E(Up(1)). (5.19)
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This surface will play a crucial role in the definition of the dynamics below. Here, we just

remark that, as a consequence of (5.14),

Qv(t) = | =), (5.20)

TN

see Fig. 5.1.

5.2.4 MOTION UNDER VOLUME GROWTH IN NON-SWAPPING CONDI-
TION

Now, we turn our attention towards a dynamic situation where the average volume
occupied by the particles 7(x,t) at point (z,f) may vary in time due to either their
swelling or drying, described respectively by a time-increasing or decreasing average vol-
ume 7(z,t). We also allow for a possible time-dependence of the confinement potential
function V(x,t,7). We assume that at any given time ¢, the medium is at mechanical
equilibrium as described in the previous section. So, the time variations of 7 and V in-
duce an evolution of the density n and of the material interface Qy(¢) in an adiabatic way,
i.e. the system follows a trajectory which is a time-continuous sequence of mechanical
equilibria, see Fig. 5.2. We are interested by the motion of the material-vacuum interface
Qn(t) but also, more importantly, by the motion of the medium itself. More precisely,
we would like to define a continuum velocity v(zx,t), z € Qn(t) such that the continuity
equation

o +V - (nv) =0, (5.21)

is satisfied with the solution n = ny in the domain Qy(t), where V indicates the spatial
gradient. Since within Qu(t), ny(z,t) = 77!(z,t) by virtue of (5.13), Eq. (5.21) is an

equation for v(z,t), namely:
V.t o, t)v(a,t) = =07 Ha,t), =€ Qun(t), t>0. (5.22)

However, it is a scalar equation for the vector quantity v(x,t) and only fully determines v
in dimension 1. This is exactly the statement of the “closure problem” discussed in [12].
Here our goal is to determine the velocity v(z,t) fully in any dimension, by following two
principles inspired by the microscopic picture, namely, (i) the non-swapping condition and
(ii) the principle of smallest displacements. Principle (i) will determine the component
of v normal to the family of surfaces (X,(t))pec(o,n) While Principle (ii) will determine its
tangential component to these surfaces. We will investigate the consequences of Principle
(i) in the present section and defer the use of Principle (ii) to the next section.

The non-swapping principle (Principle (i)) postulates that the level sets of the potential
constrain the dynamics of the particles. More precisely, it postulates that two neighboring

particles that are on a same level set at one time will continue to be on the same level
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Figure 5.2: Schematics of the motion of the medium between two instants ¢1, to where 7(-,72) > 7(-, 71).

set at future times, while those on different level sets will continue to be on different level
sets. This non-swapping assumption is a logical consequence of the fact that particles are
at a packing state and cannot find enough free space to undertake a swapping maneuver
in the normal direction. In dimension d = 1, we show that this assumption is always
satisfied (given the assumptions made on the data) and consequently, the dynamics is
fully determined by the continuity equation. By contrast, in dimension d > 2, this
assumption leads to a non-trivial condition that allows for the unique determination of
the component of v normal to the boundary ¥,(t) of Q,(¢), for all p < N. To do so, we
introduce

m(x,t) = P(W(x,t),t), (5.23)

where W and P are given in (5.11) and in (5.16), respectively. This function gives the
number of particles in the volume enclosed by the level set of the effective potential
associated with its value at point (x,t), i.e., u = W(x,t) in the definition of P (5.16). By
(5.19), we have

Zp(t) = {z € R | m(x,t) = p} = 7(-, ) "' ({p}), (5.24)

so that the family (X,(¢))o<p<n is nothing but the family of level sets of the function

7(-,t). We assume a non-degeneracy condition: Vr(x,t) # 0, for all (x,t) € R? x [0, 00).

In geometrical language, 7(+,t) endows Qu(t) with a fiber bundle structure with base
space (0, N]. The vector @)
Vr(z,t

vz, t) = N )] (5.25)

defines the outward unit normal to 3,(¢) at « with p = 7(x,t). We can decompose the

velocity vector v as follows:
v(z,t) =vi(z,t) +o(z,t), vi(z,t)=((v-v)v)(zt), vlzt) v(z,t)=0, (526)

for all x € Qn(t), t € [0,00). In the sequel, v, = |v, |v will be referred to as the normal

velocity (with respect to the surface ¥, with p = 7(x,t)) and v as the tangential velocity.

The main consequence of the non-swapping assumption is that in dimension d > 2, it
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v(t)
t + dt)

Figure 5.3: Medium velocity in the normal direction is the velocity of ¥, i.e. w; =
4 (X (t+dt) — X(t)) -v(t) (see Definition 39).

leads to the full determination of the modulus of the normal velocity |v) | = w, as follows:

6,577'(37, t)

- > 0. .
TG ©E O, 20 (5.27)

wy (z,t) =
This is nothing but the velocity of ¥,(¢) in the normal direction. The interpretation is
that, due to the non-swapping assumption, any particle located in the infinitesimal layer
between X, () and X, ,(t) with 0p < 1 must remain in this layer and therefore, has to
move with the velocity of (), see Fig. 5.3.
In Section 5.4, we prove that, for any velocity field satisfying (5.27), the left-hand side
of the continuity equation (5.21) averaged on X,(t) is identically zero for any p < N and
any t > 0, namely

(6o (m(-,t)—p), (Bn+ V- (nv))(-,t) ) =0, (5.28)

where (-, -) is the duality bracket between a distribution and a smooth function. To inter-
pret the Dirac delta in the expression above, we recall the following formula, a consequence

of the so-called coarea formula:

. _ . dS(zx)
(§ou, f) /{w(x):o}f”w(w)r (5.20)

for any smooth functions z € R — f(z), ¢(x) € R, where dS(z) is the Euclidean surface
element on the level set {z € RY, )(z) = 0}. The notation (-,#) is there to remind that
the time variable ¢ is fixed when evaluating the duality bracket in (5.28). Eq. (5.28) will

be an important condition for determining the tangential velocity v in the next section.
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Figure 5.4: lllustration of a need for a non-zero tangential velocity v).

5.2.5 TANGENTIAL VELOCITY

To determine the tangential velocity v), we apply the principle of smallest displacements
(Principle (ii), see previous section). This principle suggests to determine the velocity
v as the solution of a convenient energy minimization principle. It is the continuum
counterpart of the principle set at the microscopic level in Section 5.2.1, which suggested
to look for the smallest velocity V¥ among the possible ones. In the present section, we
summarize the conclusions of this approach ; details and proofs can be found in Section 5.5.

First, let us make a special mention of dimension 1, as in this case, there is no tangential
velocity. So, a natural question is whether Eq. (5.27) is compatible with the continuity
equation (5.21). In Section 5.5.1, we will show that this is indeed the case. This will be
a consequence of (5.28).

Second, we point out that in dimension d > 2, we do need a non-zero tangential velocity
v| in general. Indeed, even if the choice v = v, v with v, as in (5.27) satisfies (5.28), it
does not necessarily satisfy the continuity equation (5.21). In Section 5.5.2, we will give
a two-dimensional counter-example where this is indeed not true, see Fig. 5.4.

So, if d > 2, in order to satisfy the continuity equation, the velocity has to incorporate
a non-trivial parallel component v. Using (5.26), the continuity equation (5.22) can be

written
V-(roy)=f, f==0r =V (rwiy), oz €Qn(t), >0,  (5.30)

and appears as a constraint on v). Eq. (5.28) tells us that, for each p < N and ¢ > 0, the
average of f on the level set ¥,(t) (defined in (5.24)) is zero, namely,

(60 (m(-,t)—p), f(-1))=0,  V(p,t) € (0,N] x [0,00). (5.31)
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In section 5.5.3, we show that (5.31) is a necessary condition for the existence of a solution
to (5.30). It is also a sufficient condition. However, in order to guarantee the uniqueness
of the solution, we need to impose an additional constraint.

Here, we add the condition that v corresponds to the minimal displacement on each
of the level sets ¥,(t). In other words, we search for the vector fields v that minimize

the parallel kinetic energy
Kpalvg) = (60 (x(-,t) = p), oy )]*),  V(p,t) € (0,N] x [0,00), (5.32)
on all surfaces X,(¢), i.e.
v € argmin{ Ky, [wy], wyst. V- (77 y) =f},  ¥(p,t) € (0,N] x [0,00), (5.33)

where we denote by arg min the set of minimizers of the expression inside the curly
brackets. The expression (5.32) is nothing but the integral of the parallel kinetic energy
density on the surface ¥,(¢). Indeed, the parallel kinetic energy of a particle of volume
7 is proportional to 7|vj|? but the density of such particles is proportional to 77!, The
contributions of the particle volume 7 cancel, which leads to the expression (5.32).

In section 5.5.3, we show that such vector fields are necessarily surface gradients on
the level set ¥,(t) of scalar functions. Specifically, we will show that (5.33) implies that

there exists a scalar function 6(z,t), such that:
vy (x,t) = =V 0(x,1), V0(z,t) :== VO(z,t) — (VO(z,t) - v(z,t) v(z,t), (5.34)

where V| is the tangential gradient parallel to the level sets ¥,(¢). With this condition,

(5.30) becomes an elliptic equation for # on each level set surface ¥,(¢), written as
=V (V) = f, weQn(t), t20, (5.35)

In section 5.5.3, this equation will be shown to have a unique solution in an appropriate
function space, provided that (5.31) holds and that 6 is sought with average zero on each

level surface, namely
(6o (m(-,t)—p), 0(-,)) =0, Y(p,t) € (0, N] x [0, 00). (5.36)

Indeed, (5.35) can be reformulated as the inversion of a Laplace-Beltrami operator on each
of the level surfaces ¥,(¢). Standard differential geometry (see [72], Section 4.D.2) asserts
that if the solution is sought in the subspace H}(X,(t)) of the Sobolev space H'(X,(t))
consisting of functions satisfying the additional constraint (5.36), this inversion has a
unique solution.

If the problem has spherical symmetry, i.e. if there exists V : (r,¢,7) € [0,00)®
V(r,t,7) € [0,00) and T : (r,t) € [0,00)* — T(r,t) € [0,00) such that V(z,t,7) =
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V(|z|,t,7), T(z,t) = T(|z|,t), then the unique solution of (5.35), (5.36) is § = 0, which

shows that in this case v = 0 and v = v v.

5.2.6 DISCUSSION

First, we discuss the stationary equilibrium exposed at Section 5.2.3. The result given
in (5.13), (5.14) proves that the solution of the minimization problem is unique, contrary
to the discrete case exposed in Section 5.2.1. These formulas show that the particles
gradually fill the energy level sets of the effective potential W by increasing values while
keeping the non-overlapping condition saturated (i.e. the density being equal to the
packing density). Indeed, the effective potential W tends to bring all particles towards its
points of global minimum. However, the non-overlapping constraint prevents the particles
to pile up at these points and forces them to occupy increasingly higher potential values.
They do so until the total number of particles has been exhausted. When this happens,
the medium has reached its outer boundary and is therefore limited by the level set that
encloses a number of particles exactly equal to the total number N of available particles
in the system (see Eq. (5.15)).

This can be compared to the process by which electrons fill energy levels in a perfect
crystal at zero temperature. Electrons fill the crystal energy levels by increasing energy
due to Pauli’s exclusion principle which prevents a given energy level to be occupied twice.
The energy corresponding to the last occupied energy level is called the Fermi energy. The
present picture is similar and Uy (t) (Eq. (5.15)) could be viewed as the Fermi energy of
our medium. The measure %C(u,t) du (see Eq. (5.16)) which can be interpreted as the
infinitesimal number of particles in a small energy interval du around energy w is similar

to what solid-state physicists call the density-of-states, see Fig. 5.1.

We now comment on the time-dependent case and the determination of the velocity
in Sections 5.2.4 and 5.2.5. In these two sections, we provide an answer to the “closure
problem” [12], i.e. the problem of determining the velocity field consistent with the con-
tinuity equation (5.21). This answer is different from the classical one relying on Darcy’s
law. Consequences of the use of Darcy’s law for incompressible swelling materials can
be found e.g. in [146]. One of these is that, at the medium boundary, the continuum
velocity is normal to the boundary. In the framework presented here, the velocity at the
medium boundary does not have to be (and is not in general) normal to the boundary,
due to the presence of a non-trivial tangential velocity component. The presence of this
tangential component allows the material to move along regions of constant energy. Since
the dynamics is smooth, this situation may allow a faster, and perhaps a more radi-
ally asymmetric evolution of the boundary of the material when compared with classical
models. This discrepancy with Darcy’s law may result from confinement by the external
potential V' acting independently from the growth source modelled by dr/dt, see Fig. 5.4.

In [146], the confinement pressure is directly computed from the growth source term with-
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out any external potential V. Situations where confinement arises from external factors
may be of importance for instance in tumor modelling when the tumor is confined by the

surrounding tissue.

The model presented here is a building block towards a more realistic description
of swelling materials such as swelling gels or tumours. This new modelling approach
opens many exciting new research directions, from theory to numerics and modelling
to applications. A (non-exhaustive) list of future directions which will be investigated
in forthcoming works include the following: adding cell division; consider a potential V'
that involves a contribution from particle interaction such as attachment between nearby
cells; coupling with chemical fields; introduction of boundary fuzziness; introduction of a
statistical description of particle volume sizes leading to a kinetic equation; taking into
account multiple particle species; derivation from a microscopic model by coarse-graining;

numerical approximation and applications to practical systems.

The following three sections provide the mathematical foundations of the results ex-

posed so far.

5.3 EQUILIBRIUM THROUGH CONFINEMENT SUBJECT TO
VOLUME EXCLUSION CONSTRAINT

In the present section, we provide the mathematical background to the conclusions ex-
posed in Section 5.2.3, i.e. we determine the equilibrium configuration of the particles
at a given time t. Throughout this section, ¢ is only a parameter, and so we will omit
it in the expression of all the variables. The equilibrium configuration corresponds to
minimizing the confinement energy F[n] given by (5.9) subject to the volume exclusion
constraint (5.6), the nonnegativity constraint (5.7) and the total number of particles con-
straint (5.8). Therefore, we are led to solving the minimization problem (5.10) which we

rewrite as follows since we omit the time-dependence:

Find n: x € R*+— n(z) € R a solution of:

min{Fln] | n>0, nr<1 and /]Rd n(z)dz = N}, (5.37)

for 7:x € R — 7(z) € Ry and N > 0 given. We recall the expressions (5.11) of the
effective potential W and write W = W (z) as we ignore the dependence with respect to
t. We also recall the definition (5.17) of the level set of W associated to the level value u
and we denote this level set by £(u), again ignoring the time-dependence. In this section

we prove the following:

Theorem 37. Assume the following:
(i) the functions x € R — W(x) € R and x € R — 771(z) € R are smooth ;
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(is) W(x) >0, Vo € R? ;

(iii) 0 < 7(z) < oo for all x € R? ;

(iv) VW (z)| < oo, for all z € R® ;

(v) for all u > 0, the level sets E(u) are compact and have strictly positive d — 1 Lebesgue

surface measure;

(vi) x = 0 is the only critical point of W and W(0) = 0;
(vii) W(x) — +00 as |z| = 400 ;

(viii) [poT (@) dx > N;

then,

the solution of the minimization problem (5.37) is unique and given by (5.13) with

the set Q given by (5.14)-(5.16).

Remark 5.3.1. (i) That E(u) is compact for all u > 0 (see Assumption (v)) follows

(i)

(iii)

from Assumption (vii). However, that they have strictly positive d — 1 dimensional
measure does not follow from Assumption (vii). Conversely, Assumption (vii) does

not follow from the compactness of E(u).

Differentiating expression (5.23) with respect to x, we obtain:

dP

Vﬂ'(w,t) = %

(W(x,t),t) VIV (x,t). (5.38)
By assumption (vi), VW (x,t) # 0 for x # 0 and, as we will see in the proof of
Th. 37, Eq. (5.48), it holds that

dP

%(u) >0, Vu > 0.

Therefore, from (5.38) we conclude that
Vr(x,t) #0, forxz#0, (5.39)

which 1s a non-degeneracy condition that we will use in the sequel. Moreover, by

Assumption (i), using Eq. (5.23), we have that w is also smooth.

A more general form of the coarea formula (5.41) (see Ref. [62]) would allow us to
extend the results with weaker assumptions than (vi) or without having to assume
that Vr # 0. However, to keep the presentation simple, we do not follow this path
here. Indeed, with assumption (vi) we ensure that € stays connected. If we had,
say, two connected components, the global minimisation problem (5.37) would fix
the number of particles in each of the connected components, which is unrealistic,

as we may expect that these two numbers could a priori be chosen independently.

Before proving Theorem 37 we first prove the following:

Lemma 38. Suppose the assumptions of Theorem 37 hold. Then, a solution n of the
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minimization problem (5.37) is such that, for all x € R?,

either  n(x)7(z)=1 or n(z)=0. (5.40)

Proof: We start by recalling the theory for convex optimization exposed in Section
0.3.3.1 in order to prove the existence of Lagrange multipliers associated to a solution of
the minimization problem (5.37). First note that F' and the functions associated to the
constraints are continuous and Gateaux differentiable (see [174] for a proof of differen-
tiability). Moreover, all these functions are linear and, therefore, the problem (5.37) is
convex (see Section 0.3.1.2, definition 1). Second, under hypothesis (viii) of theorem 37,
we have that N < M, with M = fRd 77 tdx. Consequently, the point
N

ny = —7 -,

M

is a strictly admissible point of (5.37), so the Slater condition holds true.

Let n be a solution to the minimization problem (5.37). Then, recalling theorem
5 from Section 0.3.3.1, there exist three Lagrange-Kuhn-Tucker multipliers A\, u and v,
where € R and A = A(z) > 0 and v = v(z) > 0 are functions satisfying: (i) A(z) =0
for all x such that n(z)7(z) < 1; and (ii) v(z) = 0 for all z such that n(xz) > 0 ; such
that the Euler-Lagrange equations hold:

/ W(x)on(z) de = — / ANa) 7(@) on(x) da + / v(x) dn(z) do + p / on(x) dz,

for all small variations dn(x) of n(z). The last term corresponds to the constraint on the

total mass being equal to N. It follows that
Wi(x) =—\z)7(x) +v(x) + p.

Now, suppose that n(2’) 7(z') < 1 and n(z’) > 0 for 2’ in a neighbourhood U of a point z.
Then, A =0 and v =0 in U4 and

W(z) = p = Constant, Vz €U.

This occurrence is ruled out by Assumption (vi) of Theorem 37. Therefore, Eq. (5.40)
must be verified. Now, thanks to condition (viii) in Th. 37 this is an admissible solution,

which ends the proof of the Lemma. [

Before turning to the proof of Theorem 37, we recall the coarea formula in its general

159



form (formula (5.29) is a particular case involving the Dirac delta):

dS, ()
» f(x)dr = /1/;(]Rd) </{w(z):u} f(x) ]V¢(x)|) du, (5.41)

where z € R? — (), f(z) € R are smooth functions and dS,(z) is the Euclidean

surface element on the codimension-1 manifold {¢(z) = u} and Vi is nowhere zero

(these assumptions can be relaxed, see [62]). With (5.29), we can also write (5.41) as
flz)dx = / (60 () —u), f)du. (5.42)
R4 Y(RY)
In particular, we have
f@) o) @de= [ (5ot—w, ) (5.49
Rd P(RY)

where ¢ : 9(RY) — R is a smooth function.

Proof of Proposition 37. Thanks to Lemma 38, any solution of (5.37) is of the form
(5.13) where the only unknown is the set . We denote by xq the indicator function of
the set Q (we recall that the indicator function of a set A is the function that takes the
value 1 on A and the value 0 on its complement set). Then, by the coarea formula (5.43)

applied with f = 77!xq, g(u) = u and ¥ = W, we get, since n(z) = 77(z) on Q:

Fln] = /W T

= [ W) (2) xa(z)dz

Rd

— /O+OO<(5O(W—U),T_1XQ>UCZU- (5.44)

Here the integration with respect to u can be taken over [0, co) thanks to Assumption (ii)
of Theorem 37. We recall that, following (5.29)

ds,
(o 0v =)t aa) = [ TG

where dS,(z) is the Euclidean surface element on £(u) and &£(u) is defined at (5.17).
Consequently, the only values of yq(x) that enter the integral (5.44) for a fixed value of
u are those taken on £(u). We claim that the minimum of F[n] is reached if and only
if the following is satisfied: (i) xq(z) (which is equal to 0 or 1) is constant (i.e. either
constantly 0 or constantly 1) on any level set £(u) for all u > 0; (ii) there exists U > 0
such that yo(z) = 1 on &(u) for all u such that 0 < u < U and xq(x) = 0 for v > U.
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Equivalently, these two conditions put together mean that yo(z) can be written:

xao(®) = xpu(W(z)), ie xo=xpu oW (5.45)

It follows that (thanks to (5.43)

(6o (W —u), 7" xa) = xpu(w) (§0o(W —u), 77"), (5.46)

and

:/0U<5O(W—u),7_1>udu. (5.47)

Assuming this result for a while, i.e., that U satisfying (5.45) exists, we show that U is
uniquely determined by the total number of particles constraint (5.8). Using (5.45) and

the fact that on ©, n(z) = 77!(z), we can compute the total mass as follows:

N = / 7 Hz)dz

T~ x)dx

|
T3

Rd

() X001 (W (x)) dx

I
T

R4

/ 7 () dx
{xERd 0<W (2)<U}

where the function P (for fixed time ¢) is defined by (5.16). This leads to Eq. (5.15) for
the determination of U. Note that P(U) < oo for any U > 0 by Assumption (vii).

Now, Eq. (5.15) has a unique solution. Indeed, using the coarea formula again, we
have

P(u) = /Ou<(50(W—u’),Tl>du’.

Therefore, using (5.29) and recalling the definition (5.17) of £(u), we have

dP B
du() = <(50(W—u),T >

= / 7'_1<ZL‘) —dSu(x)
E(u) VW (z)| '

From Assumptions (i) and (iii) to (iv) and (vi) of Theorem (37), there exists C,, > 0 such
that 7 1(x) [VW (z)|™' > C, > 0 on £(u). Thus, by Assumption (v) of Theorem (37),

‘;—i(u) e / dS,(x) > 0. (5.48)
E(u)
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Consequently, P is a strictly increasing function and there exists a unique u = U such
that (5.15) holds.

We now show (5.14). Denote by Qq the set defined by (5.14) and by ng the corre-
sponding density given by (5.13). Taking yq not of the form (5.14), we show that the
corresponding density n has energy strictly larger than that of ng, i.e. F[n] > F[ng|. This
incidentally shows the uniqueness of the solution of the minimization problem as from
Lemma 38, it must be of the form (5.13) for some set Q and if Q # g, then, its energy
is strictly larger than that obtained with 2.

Taking 2 # €0y means that at least one of the subsets
wy = {z € RY, such that W(z) < U and yq = 0},

or
wy = {z € R%, such that W(z) > U and xq = 1},

contains a non-zero number of particles (i.e. has non-zero measure for the measure
77! (x)dr). We now show that they both contain a non-zero number of particles and
that these numbers are the same by the total number of particles constraint (5.8). In-

deed, we note that
Qo \wi =Q\wy = {r € R such that W(z) < U and xq = 1}. (5.49)

Denote this set by @. Then, by the constraint (5.8), we can write:

N = QOT_ ($)da::/97_ (x) d.

Decomposing the first integral on wy and @ (which form a partition of €y by (5.49)) and

the second one on wy and @ (which similarly form a partition of ), we get:

/w1 7 Yz) dx +/@T‘1(93) dx = /w2 7 Nx) dx +/@¢—1(93) da,

and consequently

/w ) dr = /w ) de (5.50)

showing that the number of particles contained in w; and ws are the same. Note that, by

the coarea formula (5.42), we can re-write (5.50) according to:

/0 Oo<6o(W—u), (Xw2—Xw1)T_1>du=O. (5.51)
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Now, we have, thanks to (5.44)

F[n]—F[no]:/O OO<5O(W—u), (Xo — Xao) T ) udu. (5.52)

We note that
XQo = Xwn + X XQ = Xuws + X&-

So, (5.52) is written

F[n] — F[no] :/o oo<50(VV—u), (Xewz — Xer) T ) udu. (5.53)
But we have
wy C{z eRY, W(z)>U}, w cC{zeR? W) <U}

So, we can write

“+oo

+o00
/ <5O(W—U)an27'_1>udu = / <5O(W—U)7Xw27'_1>udu
0 U
+00
> U/ <6O(W_u>>Xw27—il>du
U
+oo
= U (60 (W —u), X7 Vdu, (5.54)
0

and similarly

+o00 U
/ <5O(W—u),xw17_1>udu = / <5O(W—u),xw17_1>udu
0 0
U
< U/ (60 (W —u), X, 7" ) du
0
+o00o
= U / (60 (W —u), X, 7 " )du, (5.55)
0
Therefore,
+00
Fin] — Flno) > U / (0 (W =), (Xus — Xe) T ) du. (5.56)
0
But the integral at the right-hand side of (5.56) is equal to zero by (5.51). Consequently,

we get
Fln] > Flno,

which is the result to be proved. Note that the proof relies on the fact that the inequality
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in (5.54) is strict. This is only true if the support of the function
U= <5O (W_u)v szT_l >7

is not reduced to {U}. But if this is the case, since the involved function is smooth, this

means that it is identically equal to zero. This implies that

/ <5o(W—u),XwQT’1>du:O,
0

and this is the total number of particles in wy. But if there are no particles contained in
wy, that means that all particles are contained in 2y and therefore 2 = €)y. So, as soon

as Q # Qp, we have a strict inequality in (5.54). This ends the proof of Prop. 37. ]

Remark 5.3.2. The interpretation of (5.47) is as follows. The measure

dP
dN (u) = d—(u)du: (60 (W —u), 77" ) du,
u
is the number of particles comprised between the level sets E(u) and E(u + du) (similar
to the density-of-states in solid-state physics, see Section 5.2. In this layer, the effective
potential has value uw. So, (5.47) expresses that we get the total energy by summing the
values of the effective potential u associated to the level set E(u) between 0 and U, weighted

by the number density of particles in this level set.

5.4 CONTINUUM VELOCITY UNDER NON-SWAPPING CON-
STRAINT

In this section, we turn our attention to a time-dynamic situation, and provide the mathe-
matical framework to the results described in Section 5.2.4. We consider that the average
volume 7 of the underlying particles in the continuum medium as well as the potential
function V' may evolve in time. However, we assume that, during this evolution, the
medium stays at mechanical equilibrium under the antagonistic influences of congestion
and the volume exclusion constraint at any time. Due to the time-variation of 7 and
V' the particle density n(z,t) will change and we are interested in finding the velocity
field v(z, t) of this continuum medium. Such velocity must satisfy the continuity equation
(5.21). However, this equation is a scalar equation and can only determine the vector
quantity v in dimension one. In dimension more than 2, we need additional physical
assumptions to determine v. Here, we examine what additional information on v we can
get from assuming that the underlying particles cannot swap their positions. We refer to

Section 5.2.4 for a justification of the non-swapping assumption.

In this section, by contrast to the previous one, we restore the time-dependence of all
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the quantities involved in the minimization of the mechanical energy (5.9) subject to the
constraints (5.6), (5.7), (5.8). We recall that under the assumptions of Theorem 37, the
particle density ny(z,t), the unique solution of this constrained minimization problem,
is given by (5.13), where the domain Qy(t) is given by (5.14)-(5.16). We also recall that
in dimension d > 2, the constraint that the particles cannot swap their positions implies
that those contained in the layer between two neighbouring level sets ¥,(t) and 3,.5,(%)
with dp < 1 at time ¢ will remain in this layer at all times. Such particles must move
with the layer, i.e. their normal velocity to the layer must be that of the layer or, in other
words, that of the boundary ¥,(¢).

To express this velocity, we recall the expression (5.23) of the function 7 (z,t) such
that v € X ;4 (¢). The function 7(z,t) is the number of particles in the volume enclosed
by the level set of the effective potential W associated with the level value W (x,t). By
Eq. (5.24) we also have that 3,(¢) is the level set of the function 7(-,¢). We assume the

non-degeneracy condition:
Vr(x,t) #0, Y(x,t) € R\{0} x [0,00), (5.57)

which is implied by the assumptions of Th. 37, see Rem. 5.3.1 point (ii). The outward
unit normal to Q,(¢) at « with p = n(z,t) is the vector v(z,t) defined by (5.25) and we
decompose the velocity vector v according to its normal and tangential components to
Q,(t) as defined by (5.26).

We now recall the definition of the speed of a surface (or more generally of a co-

dimension 1 manifold).

Definition 39. Consider a time-dependent smooth reqular domain 2(t) and a point x €
0Q(t). Then, the speed w, (x,t) of the surface O0(t) at x is defined as follows: define
v(x,t) the outward unit normal to 0QUt) at x. Then, fort' close tot, the line drawn from

x in the direction of v(x,t) intersects OQUt') at a unique point X (t'). Then

d

wy(z,t) = (@X(t’)) =t - v(z, ). (5.58)

In the case of €2,(¢), the speed of the surface is given in the following Lemma:

Lemma 40. Let Q(t) = Q,(t). Then the speed of the surface £,(t) as defined in Definition

39 is given by
8t7r

U)J_(Zl',t) = _|v—7{"

(5.59)

Proof. We can write m(X(t'),t') = p, for all ¢ in a small neighbourhood of ¢, with

165



X (t) = . Therefore, using (5.25) and (5.58), and since p is independent on time, we get:

0 = (X))

t'=t

= Om(z,t) + (%X(t’))\t,:t -V (z,t)

d
= Om(at)+ ((@X@'))h,zt . y(x,t)) Vi (z, )]
= Om(z,t) +wy(z,t)|Vr(z,t)], (5.60)
which leads to (5.59) and ends the proof of the Lemma. ]

To define the material velocity, we will need to introduce its flow:

Definition 41. Given a vector field v = v(x,t) which we assume continuous, bounded
and C' with respect to x, the flow of v is the unique map ®5 : Qn(t) — Qn(s) such that
for any x € Qn(t), the function n: s +— §F(z) satisfies

n(t) =,
n'(s) = v(n(s),s) Vs > 0.

We can now define the non-swapping constraint for a velocity.

Definition 42. We assume that the assumptions of Theorem 37 are satisfied. We also
assume the non-degeneracy condition (5.57). The material velocity v(z,t) satisfying the
same assumptions as in Def. 41 is said to be consistent with the non-swapping constraint if
and only if for all (x,t) such that x is a regular point of W (t, -), there exists a neighborhood
UxV XT of (z,n(t,z),t) in R? x [0, N] x [0,00) and a function Hy; : (p,s) € V x T
H¢(p) € R which is continuous and C' with respect to s, such that for any s € T the map
p €V — H(p) € R is injective and such that for all (y,s) € U X I, we have

m(®7(y), s) = H} (n(y, 1))- (5.61)

Remark 5.4.1. Def. 42 is illustrated by Fig. 5.5: Eq. (5.61) implies that, if at time t two
cells are at neighboring locations y; and y (namely y; and yo belong to the neighborhood U )
such that they belong to the same level set, i.e. p = m(y1,t) = w(ya,t) (respectively do not
belong to the same level set i.e. m(y1,t) # 7(ya,1)), then at time s they belong to the same
level set given by (P (y1),s) = m(P;(y2),s) = H}(p) (respectively they do not belong to
the same level set i.e. p = m(®j(y1),s) = Hi(w(y1,1)) # p" = 7(P;(y2), s) = Hi (7 (y2, 1))
because of the injectivity of H} ).

Remark 5.4.2. In dimension 1 the non-swapping constraint is always satisfied and there-

fore carries no content. Indeed, since we suppose in Def. 42 that x is a reqular point of
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Se

Figure 5.5: Schematics of the non-swapping condition in Def. 42

W (-, t), then it is also a reqular point of 7(-,t), and we can locally invert w(-,t)p : U — V.
Thus we can always find a function Hy satisfying Eq. (5.61) as

H(p) =7 (] o (-, 1) (p), 5) -

Next, we give a necessary condition that the velocity v has to fulfil when the evolution
of n is given by the continuity equation. Particularly, we show that in dimension d > 2, if
a particle moves with velocity v satisfying the non-swapping constraint, then the normal
component of the velocity is given by the domain velocity of its level set ¥,(t) (Prop. 43
below), and it remains in the same level set X,(¢) for all times (Prop. 45 below). This
shows that Definition 42 ensures that a particle remains in the layer between two level

sets 3,(t) and X,14,(t) at all times. More precisely:

Proposition 43. Suppose that v satisfies the assumptions of Def. 41, the non-swapping
constraint as given by Def. 42 for d > 2, and is such that

omn+V - (vn) =0. (5.62)

Then, we have
vev=wg, (5.63)
where w, is given by Eq. (5.59) and v by (5.25).

To prove this result, we first show the following lemma that provides a global version

of the non-swapping constraint:
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Lemma 44. Let v satisfy the assumptions of Def. 41 and verify the non-swapping con-
straint as expressed by Def. 42. We assume d > 2. Then, there exists a continuous
function h = h(p,t) such that for all t,z,

(O +v-Vo)r(z,t) = h(n(x,t),t). (5.64)

Proof. For all (¢,z) such that x is not a critical point of W(-,t), the non-swapping
constraint in Def. 42 gives a function H, that satisfies (5.61) for all y in a neighbourhood

U, of z. Differentiating (5.61) along s and evaluating at s =t we have:
O +v-V)m(y, 1) = O H ((y, 1)) o=y »

for all y € U,. We define h,(p,t) = 0sH;(m(y,1))|
that this definition is independent of x. Indeed, if x,y are in Qy(¢) (and are not critical
points), and z € U, NU,, then it must hold

with 7(y,t) = p. We will show

s=t’

hy(m(2,t),t) = (O + v - V)7m(z,t) = hy(n(2,1),1). (5.65)

Now, since d > 2 and W(-,t) has a unique critical point (at = = 0), the level sets of
7 are diffeomorphic to connected (d — 1)—spheres. Using the relation (5.65) and the
connectivity of the level sets (since d > 2), we get that h,(p,t) = hy(p,t) for any z,y
such that h,(-,t) and h,(-,t) are defined at p. Thus the functions h, can be glued to a
single function h = h(p,t) that satisfies (5.64). Since the functions h, are continuous, h

is continuous as well. "

Proof of Prop. 43. By lemma 44 there exists a function h satisfying Eq. (5.64). This

equation is equivalent to

h(m(x,t),t) — Oy (x,t)
|Vr(x,t)|
_ h(m(z,t),t)
|Vr(z,t)]

v-v(r,t) =
+ wJ_(xat>7

where w is the normal velocity of ¥,(¢) as computed in (5.59). Since pr(t) n dr = p by
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the definition of €,(t), we deduce that

d
0=— / n dx
dt \ Ja,w
= / on dx +/ nw, dS(z)
Qp(2) Ep(t)

= / —V - () dx +/ nw, dS(z)
Qp(t) Zp(t)

_ /E y n(w, —v-1)dS(z)
— _h(p,1) /E _dS(a).

(1) |Vl

In the second line, we used the standard formula for the derivative of an integral on a
time-dependent domain. The continuity equation was used in the third line, and Stokes’
theorem in the fourth line. Since n > 0 on X,(¢), and since X,(¢) has positive d — 1
measure (because p is not a critical value of the potential), the integral on the last line is

strictly positive. We conclude that h(p,t) = 0 for all p > 0, and so for all (¢, x), we have
0=(0+v-V)r=0m+ (v-v)|Vn|,
which is exactly (5.63) and finishes the proof. ]

As a consequence of the previous proof, we have

Proposition 45. Suppose n satisfies the continuity equation (5.62), v satisfies the non-
swapping constraint as expressed in Def. 42 and d > 2. Then there exists a constant
p >0, such that ®f(x) € X,(t), Vt > 0.

Proof. Let p = m(z,0), it follows from 43 that

d
pr T(Dh(z), 1)} = (O + v - V) (P(x),t) = 0.
And so 7w(®f(z),t) = p for all ¢ > 0, which proves the proposition. ]

We now show that a velocity field satisfying the non-swapping condition in dimension
d > 2 (42) satisfies the continuity equation averaged over all surfaces ¥,(¢). In other
words, the number of particles leaving 3,(¢) at a given time is exactly compensated by

the number of particles arriving at X,(t).

Theorem 46. Under the assumptions of Theorem 37, let n(x,t) be given by (5.13). Let
v be a vector field such that
v =wy, (5.66)
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where v and w, are given by Eqs. (5.25) and (5.59) respectively. Then, such vector field

satisfies
(6o (m(-t)—p), (On+ V- (nv))(-,t)) =0, Vt>0, Vpe(0,N). (5.67)

Remark 5.4.3. Notice that we exclude the case p = N since then n becomes discontinuous

and the derivatives cannot be defined.

Proof. Note that we have dropped the subscript N to ny for simplicity. Let ¢ > 0,

since the function
p (0o (n(-,t) —p), (On+ V- (nv))(-,1))

is continuous, we only need to show that for all p > 0,
4
I(p) := / <6 o(n(-t)—17p), (&m +V- (nv))(-,t) >dp’ = 0.
0
Using Stokes’ theorem, we have:

I(p) = /{ oy O T ) )

= / on(x,t) de + / nvy - v(x,t)dS(z),
(1)

Zp(t)

where dS(z) is the canonical measure on 0€)(t). By hypothesis, v, - v(z,t) is exactly the
velocity of ¥,(t) at (x,t), and so:

/ O (z,t) dx +/ nvy - v(x,t)dS(z) = 4 / n(z,t)dx
() Z,(0) dt-\ Ja,

_dp
o dt
:O,

where we used Eq. (5.60). So I(p) = 0 for all p, which ends the proof. ]

5.5 DETERMINATION OF THE TANGENTIAL VELOCITY

In this section, we provide the detailed mathematical discussion of the results summarized

in Section 5.2.5.
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5.5.1 DIMENSION ONE

In this section, we investigate the one-dimensional case. The non-swapping constraint is
an empty constraint in this case (see Remark 5.4.2) and there is no tangential velocity.
The consequence is that the dynamics of the medium is not governed by the potential
(save for the determination of an integration constant), which is an important difference
with the higher dimensional case. In dimension one, the continuity equation for n provides
a scalar differential equation for the velocity v, which defines it up to a constant, and this
constant is determined by the boundary conditions, which indirectly involve the potential,

as the following proposition shows.

Proposition 47. We suppose d = 1. Under the assumptions of Theorem 37, there exists
a unique velocity v that satisfies the continuity equation (5.62) and which is compatible

with n being a solution of the energy minimization problem, given by the conditions
b(t)
W(a(t),t) = W(b(t), 1). / n(z, t)dzx = N, (5.68)
a(t)
where Q(t) = [a(t),b(t)]. This velocity is given by

1
n(x,t)

vz, t) =

(wtato ')~ [ aunty. ) (5.69)
a(t)
where a'(t) denotes the time derivative of a(t) and is given by

s n(bt) (W (b, t) — W (a, b)) — 0, W (b, 1) [} Bn(x, t) dx
() = 2 (6, 0) 0. (@, £) — n(a, ) D, W (b, £) - (570)

For clarity, the dependence of a and b on t has been dropped. The expression of V'(t), the
time derivative of b(t), is given by (5.70) after exchanging a and b.

Proof. The expression of the velocity v is obtained by integrating the continuity equation
(5.62) with respect to space on [a(t),z]|, noting that the velocity at a(t) is precisely
a'(t). We just need to verify that the same property is satisfied at b(t), namely that
v(b(t),t) = V/(t). Differentiating the second Eq. (5.68) with respect to t gives

b(t)
V(t)n(b(t),t) —a'(t)n(a(t),t) + /(t) o (y,t)dy = 0. (5.71)

Using (5.69), this leads to:

b(t)

lﬁb@%t)z-—————-(nQdﬂaﬂa%ﬂ-— &n@nﬂdy>:=b%ﬂ,

n(b(t),t) a(t)

which ends the proof. To find (5.70) we differentiate the first Eq. (5.68) with respect to
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t. We find
DLW (b(t),t) b (t) — 0. W (a(t),t)d (t) + O,W (b(t),t) — O:W (a(t),t) = 0.

Together with (5.71), this forms a 2 x 2 linear system for (a’, ") whose solution leads to
(5.70) for a’ and to the corresponding expression with a and b exchanged for &'. Note that
the denominator cannot be 0 as 0,W (a,t) and 0,W (b, t) have opposite signs and cannot

be zero as W has a unique critical point which belongs to the open interval (a(t), b(t)).

5.5.2 DIMENSION d > 2: TANGENTIAL VELOCITY IS NOT ZERO IN
GENERAL

In this section, we show that in dimension d > 2 in general the velocity field must have
a non-zero tangential component v to be consistent with the continuity equation. For
this purpose, we provide a counter-example in dimension d = 2 where the velocity field
is defined by v = w, v with w, given by (5.63) and which does not fulfil the continuity
equation (5.21).

Indeed, consider a potential V (x, 7) which does not depend on 7 and is of the form

332 e

V(z)=W(x) === W(xq), for x = (z1,29) € T X R,
and an average volume
T(x,t) =|zlt, ze€TxR, tel0,o00). (5.72)

Here T = (—1,1] ~ R/2Z is the torus, i.e. we assume that all functions are 2-periodic
with respect to x; and when integrals with respect to x; are involved, they are meant
over the torus T. Then, by Prop. 37 it holds that

1
n(z,t) = =—, z€TxR, te€][0,00).
T(x,t) |zt

Firstly notice that

() = / T (o t) dy = 7, 1),
{W (y2)<W (x2)}

so it is x1-independent. The choice of x; lying in the torus T ensures that this integral is
finite. Denoting by (e, €2) a cartesian basis associated to the coordinate system (x1, xs),

we get that v(x,t) is parallel to e, i.e.

v(z,t) = ey for z9 >0, wv(x,t)=—ey for x5 <O0.
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We also have
vi(z,t) = = (0 /|V|) (2, 1) = —(0i7 /|05, 7|) (22, 1) 1= 01 (2, 1),

also only depends on 5.
This implies
0=0n+ V- (nv) =0m+ 0y, (nty).

For the considered value of 7 in (5.72) and x5 > 0, we have

2(—1+10,,0 t)) — v t
S+ 0y, (niry) = L 3:1:2?}@('?;, ) =y (x2)eat

If this last expression was zero, it would imply that

t =14t 8,,0, (22,1)
|z|? 0y (g, t) 29

Y

but this cannot hold since the left-hand side depends on x; but the right-hand side does

not. Hence, we must conclude that the continuity equation is not satisfied.

Remark 5.5.1. The example proposed here does not satisfy the assumptions of Th. 37,
however it can be seen as a limiting case of 7¢(z,t) = (|z|> +&)V2t and V(z) = ((e2?) +
23)/2 as € — 0; and where we have replaced assumption (vii) by periodicity conditions in

the first component x;.

5.5.3 DIMENSION d > 2: DETERMINATION OF v UNDER THE PRINCI-
PLE OF MINIMAL DISPLACEMENTS

We first show that (5.31) is a necessary solvability condition for (5.30). This is a conse-

quence of the following lemma, in which we forget the time variable ¢:

Lemma 48. Let f: R? — R be a smooth function, with d a positive integer. If there
exists a smooth vector field A: R? — RY, tangent to all surfaces %, i.e. satisfying

A-Vr=0, in Qu, (5.73)

and solving the equation
V-A=f, mn Qp, (5.74)

then f must be of zero-average on all level sets ¥, i.e. f must satisfy (5.31).

Proof. We show that if A: R? — R? is a smooth vector field tangent to all surfaces %,
then, it satisfies

(do(mr—p),V-A)=0, Vp € (0, N]. (5.75)
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This will show the result as applying (5.75) to (5.74) leads to (5.31). To show (5.75), we
take any smooth function ¢g: R +— R with compact support and compute, using (5.43)

and Green’s formula:

| o (5o tr-p). V- t)dp = [ (gomia) (V- A)a)da

—00

= - » V(gom)(x)- A(z)dx

_ _/Rd(g’Oﬂ')(x) (V- A)(z) dz
= 0,

where the cancellation comes from (5.73). This shows (5.75) and ends the proof of the

lemma. "

Next, we consider the resolution of (5.35) and postpone the proof that the solution of
problem (5.33) is given by (5.34) to the end of the section. For any (p,t) € (0, N) x (0, 00),
we note that 3,(¢) C Qn(t). We denote by Z,,;: X,(t) — Qn(¢) the set injection of ¥, (¢)
into Qn(1), i.e. for any y € 3,(t), Z,+(y) = y € Qn(t). Now, we introduce the following
change of variables. For a function 0: (z,t) € Uic(,00) v (t) X {t} = O(z,t) € R, we
define a function 0: (p,t,y) € Ugpreo.nx(0.00 LD, 1)} X Ep(t) = O(p,t,y) € (0,00) such
that

0(Z,1(y), 1) = 0(p,t,y). (5.76)

Below, we will use that
(V10)(Zpu(y), 1) = V,0(p. t. y), (5.77)

where V,, denote the gradient operator on the manifold ¥,(¢). We now state the

Theorem 49. Under the assumptions of Theorem 37 and under the solvability condition
(5.31), Eq. (5.35) together with the zero-average constraint (5.36) has a unique solution
which can be written O(x,t) = O(p,t,y) thanks to the change of variables (5.76), such
that 6 belongs to the class C°((0,N) x (0,00), H(X,(t))) where H*(,(t)) is the Sobolev
space of square integrable functions on ¥,(t) whose first order distributional derivatives

are square integrable.

Proof. Notice that f (given by (5.30)) is smooth, since 77! and 7 are smooth (see
Assumption (i) in Th. 37 and Rem. 5.3.1 point (ii)). Taking ¢: (z,t) € R? = ¢(z,t) € R
any smooth compactly supported function, multiplying (5.35) by ¢ and using Green’s

formula, we get:

/Oo/ T_l(x,t)vQ(x,t)-vnw(x,t)dl‘dtZ/oo [, 1) d(x,t) d dt,
0 Jrd 0 JRe
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and using (5.41), we deduce:

/ / /xezp(t)T (z,t) Vb2, 1) - Vy(z, ) T <( ))|d dt

. T T p,t(x)
‘/o / /@m“ D) Gy P BT)

where dS,:(x) is the Euclidean surface measure on 3,(¢). Using the change of variable
(5.76) on both # and 1, we get

; Spt(y)
/ / /ye2 " (1),t) Vyb(p. t,y) - Vyb(p,t,y) |V7r( pt(y),t)| dpdt
Jy dSp+(y)
/ / /y@p(t) Lpa(y): 1) ¥ (0, 1, y) |V7T(Ip,t<y)7t)|dpdt. (5.79)

Since this is true for any function (p, ¢, ), this implies that for any (p,t) € (0, N)x (0, 00),

and any smooth function £ : y € £,(¢) — £(y) € R, we have

dSp(y)
IV (Zpi(y), )]
dSpt(y)
IV (Zyi(y), 1)

/ 7 B0V ) Vi)

- [ i@ (5.50)
yeip(t)
Eq. (5.79) is the weak formulation of an elliptic problem posed on the closed (i.e. without
boundary) smooth manifold Y,(t). Reciprocally, if y + 6(p,t,y) is a solution to (5.80)
for any (p,t) € (0,N) x (0,00), then 0(z,t) constructed through (5.76) is a solution to
(5.78) and ultimately to (5.35).
We now show that (5.80) is equivalent to the same problem when we restrict £ to

satisfy the additional constraint

(6o (m(t)—p), &) =0,

dSpt(?J) _
/ S @z - (5:81)

Indeed, if (5.80) is satisfied for all smooth &, it is satisfied in particular for those which
satisfy the additional constraint (5.81). Conversely, suppose that (5.80) is satisfied for all
smooth ¢ that satisfy (5.81) and take now a smooth ¢ that does not satisfy (5.81). We
define

1.e.

dSp.t(2)
~ 5( ) _ fzeEP(t) 5(2) \VTF(IZ;;(Z)JH
y f dSp,t(Z) ’
2€Tp(t) |VT(Tp,e(2),t)]
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Then, by (5.80) applied with & (which is legitimate since & satisfies (5.81)), we get

—1 A ) e dSp,t(?/)
/y T G DV V) o

dSpi(y)
V7 (Zpa(y), 1]

[ @& (582
yETH(?)
But since £ differs from & by a constant on ¥,(t), the left-hand side of (5.82) is equal
to the same expression with ¢ instead of €. Using the assumption (5.31) that f is of
zero-average on Y,(t), the right-hand side of (5.82) is also equal to the same expression
with ¢ instead of €. So, we deduce that (5.80) is satisfied for all smooth &, not only those
which satisfy (5.81).
So, now, we are left with solving (5.79) for all smooth & that satisfy (5.81). It is time to
set up functional spaces. We consider the space L?(X,(t)) of square integrable functions

on 3,(t) endowed with the norm

dSpi(y)  \'/2
2 p,t

Ul r2 » = uly ’
e = (W0l o)

and the Sobolev space H(X,(t)) of functions u of L?(%,(¢)) which have first order distri-

butional derivatives V,u in L*(3,(¢)), endowed with the norm

2 2 1/
||U||H1(2p(t)) = (||u||L2(Ep(t)) + ||vyu||L2(Zp(t))> :

Finally, we introduce the space Hj(2,(t)) of functions u € H'(X,(t)) which have zero

average on X,(t) i.e. such that

dsp,t(?/) o
/yezp@) ) r @) 0]

The space Hj(X,(t)) is a closed subspace of H'(X,(t)) (because ¥,(t) is compact) and
so, is a valid Hilbert space to apply Lax-Milgram theorem. Indeed, defining

dSp,t(y)
V7 (L, (y), 1)

0.0 = [ 0.0 9000 V)

dSp(y)
V7 (Zpi(y), )]

(L6 = / IR XORED

the problem of finding a solution of (5.79) for all ¢ satisfying (5.81) can be recast in the

functional setting:

Find § € Hj(%,(t)) such that
a(0,§) = (L,€), V&€ Hy(S,(t)). (5.83)
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It is clear that a and L are respectively a continuous bilinear form and a continuous linear
form on Hj(3,(t)). The only missing hypothesis to apply Lax-Milgram theorem is the

l'is smooth and positive,

coercivity of a on Hj(2,(t)). For this, we remark that since 7~
and since X,(¢) is compact, there exists C' > 0 such that 774(Z,.(y),t) > C > 0 for all

y € 3,(t). Then, for all £ € HL(Z,(2))

dSp(y)
C’ V 2 b,
026 | o VO

= Cal€,¢). (5.84)

The quadratic form a(&,€) at the right-hand side of (5.84) is nothing but the quadratic
form associated to the Laplace Beltrami operator on ¥, (¢) endowed with the metric g(y) =
\V7(Z,.(y), t)\_ﬁ ge(y), where g.(y) is the Euclidean metric of ¥,(¢) at point y. We know
from the properties of the Laplace Beltrami operator on closed (i.e. without boundary)
manifolds (see [72], Section 4.D.2) that its leading eigenvalue is zero, is simple and that
the associated eigenfunctions are the constants. Furthermore, the eigenfunctions of this
Laplace-Beltrami operator form a complete ortho-normal basis of the space L?(X,(t)).
Therefore, from standard spectral theory, since Hj(X,(t)) is the orthogonal space to the
constants for the inner product of L*(3,(¢)), we have

a(¢,§)

— =)\ >0,
EEH) (Sp(t)) Hf”L?(zp(t))
where ) is the first non-zero eigenvalue of the Laplace-Beltrami operator, which is strictly

positive. Therefore, we have

a(§,6) > O Ml e, V6 € Ho(Zp(1),

with C'A; > 0, which shows the coercivity of a. Applying Lax-Milgram’s theorem, we
deduce that there exists a unique solution to (5.83). Moreover, by the regularity (in H')
of the solution with respect to the data, and owing to the fact that all data are smooth,
we deduce that the solution § has the regularity C°((0, N) x (0,00), H*(3,(t))), which
ends the proof of Theorem 49. "

We note that if the problem has spherical symmetry, the solution 6 has also spherical
symmetry, and the level sets 3,(¢) are spheres. Therefore, 6 is constant on ¥,(¢) but on
the other hand, condition (5.36) implies that its average must be zero. Therefore, the
constant value of # on X,(t) is necessarily zero. Thus, when the problem has spherical
symmetry, the unique solution of (5.35), (5.36) is zero, the tangential velocity v = 0 and

the velocity v is purely normal v = w, v.

Now we show that the solution of minimization problem (5.33) is given by 5.34). More

precisely, we have the following:

Proposition 50. Let v be a solution of (5.33). Then, there exists a function 6 such that
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(5.84) holds.

Proof. Suppose v = v)(z,1) is a solution of (5.33). Let dvy = ov)(z,t) be a variation of
v. Then dv) is a tangent vector field to all level surfaces 3,(t), for all (p,t) € (0,N) x

(0,00) and satisfies the constraint

Voo =0, Vzt)e | Qu(t)x{t}. (5.85)

te(0,00)

Taking smooth functions ¢: (z,%) € Uc,00) On(t) X {t} — @(z,t) € R, and g: p €
(0,N) — g(p) € R, we have, successively using Green’s formula, the fact that ov is
tangent to ¥,(t), and that V(gom) = 0:

0 = Vv (z,t) p(x,t) g(m(x, t)) do

Qn (1)
= _/Q o ovy(x,t) - V(g gom)(x,t)dx
— —/ (5U||(q;7t)-v”(@gOﬂ')(x,t)de‘
Qn(t)
_ /Q 20 t) Vel ) gl ) do

- —/0 <5 o(m(-,t) —p),dv - v||<P> 9(p) dp,

where the last identity follows from (5.43). Now, since this identity is true for all smooth
functions ¢(p), we deduce that

<(50 (m(-,1) —p),(SUH . VH<,0>, V(p,t) € (0,N) x (0,00),

or, using (5.29) and the change of variables (5.76):

dSp,t (y)

@) O TP Y € (0 N) x (0,00). (5.86)

0= / vy (p t,y) - Vy@(p,t,y)
YETp()

Now, the Euler-Lagrange equations of the minimization problem (5.33) are written

(60 (m(-,t) —p),vy - vy(-,t)) =0, Vv tangent vector field to ,(t)
and satisfying (5.85) , V(p,t) € (0, N) x (0, 00), (5.87)

or, using (5.29) and (5.76) again:

_ — as t(y)
0 = / v (p7t7y - 0V patay = ;
sy )0 b G )]

field to X,(t) and satistying (5.86) , V(p,t) € (0,N) x (0,00), (5.88)

Vdv tangent vector

178



Eq. (5.88) shows that on each surface ¥,(t), v(p,t,-) is a tangent vector field orthog-
onal (for the L*(3,(¢)) inner product) to all tangent vector fields dvy(p,t,-) themselves
orthogonal to all gradient vector fields (by (5.86)). But the space of gradients of functions
of H'(X,(t)) is the same as the space of gradients of functions of Hj(3,(¢)). And this
latter space is closed in L?*(3,(¢)). This follows easily again from the coercivity of the
quadratic form a as proved in the proof of Theorem 49 (details are left to the reader).
Therefore, v)(p,t,-) being orthogonal to the orthogonal space to the gradients (and the
space of gradients being closed), is itself a gradient. So, there exists a function (p,t, )
(parametrized by (p,t) € (0, N) x (0,00)) such that

vy (p.t,y) = V,0(p. t,y), Yy € S,(t), V(pt)€ (0,N) x (0,00).

Defining 0(x,t) through the change of variables (5.76), we get (5.34), which ends the

proof. "

5.6 CONCLUSIONS AND FUTURE WORK

In this Chapter, we have proposed a new continuum model of a swelling or drying material.
Two aspects have been investigated. The first one is an equilibrium problem describing
particles seeking to minimize their mechanical energy subject to non-overlapping con-
straints. Its solution has been fully characterized. The second one is a non-equilibrium
problem where we assume that the particle average volume and potential energy may vary
with time and where we compute the resulting velocity applying two principles: (i) the
non swapping condition and (ii) the principle of smallest displacements. Under these
two principles, the medium velocity has been fully determined. A detailed discussion has
been provided and many different elaborations of the model have been proposed. In future
work, we intend to progress towards the resolution of the many open problems outlined
at the end of Sec. 5.2.6.
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CONCLUSION AND PERSPECTIVES

In this Chapter we present the general conclusions of this thesis and we motivate several

research directions that can be further pursued.

6.1 CONCLUSION

Large and congested many-particle systems encompass complex multiscale phenomena,
ranging from contacts between neighbouring particles to the emergence of coordinated
macroscopic behaviour. These phenomena present big challenges to the modelling and
simulation of such systems. In this thesis we tackle some of the challenges and we develop

new modelling frameworks and efficient computational tools to study these systems.

Specifically, two modelling frameworks are developed. The first framework describes
the system at the particle level, leading to particle-based models, which are studied in
Part T and Part II. The second framework describes the system at the number density
level, leading to a continuum model, which is described in Part II1. The long term aim is to
obtain an integrated multiscale modelling framework which is able to capture phenomena
occurring across different time and space scales. These phenomena are especially relevant
in certain particle systems arising in biology (see [29] for a review). One example is the
emergence of the shape of organs during embryonic development from local mechanical
interactions occurring between neighbouring cells [118].

The two frameworks are based on the same modelling principles. The system is first
assumed to be at a mechanical equilibrium, described by a minimizer of a confining poten-
tial subject to volume exclusion constraints. The system then evolves driven by changes in
the potential and in the particle properties. These modelling principles have been tested
in practice and they have proved appropriate in the case of a densely packed cell tissue,

which is studied in Chapter 4. Among other aspects, the two modelling frameworks differ

180



from each other with respect to the minimization problem involved in the description
of the statics equilibrium. Indeed, in the discrete model, this problem is typically non-
convex, a solution is not unique and one has to resort to computational tools to find an
approximation of a solution. The numerical and analytical treatment of these problems
are discussed in Part I of this thesis. In the continuum model, the minimization problem
is convex, a solution is unique and we are able to obtain it analytically. This is presented
in Part III. Another difference between the two frameworks is related to the type of in-
formation each one provides. In the particle-based framework, we get information about
the approximated positions and velocities of each particle over time. In the continuum
framework, we obtain the exact averaged positions and velocities of the particles over

time and the exact averaged behaviour of the whole population.

We conclude that the particle-based framework provides more detailed spatial infor-
mation, but it requires the development of sophisticated computational tools to be able
to obtain this information in the case of large systems. On the other hand, the contin-
uum framework only provides information about the averaged behaviour of the system,
but it may be treated analytically by using available tools, which allows a more accurate
analysis of the averaged dynamics. This shows the importance of the two approaches and

how they complement each other.

6.2 PERSPECTIVES

Besides searching for a mathematical link between the particle-based and continuum
frameworks, as referred above, other future research directions can be envisioned. For
example the improvement of the algorithms in terms of computational speed and ac-
curacy, the analysis of the models and algorithms or the development of more realistic
models by considering three spatial dimensions, more accurate particle shapes or more
complex interaction rules. Next we describe how the results of each Chapter could be im-
proved following the lines described above and additionally, how they could be extended
to solve problems in social sciences, cell biology, ecology, material sciences, astronomy,

meteorology and geometry.

CHAPTER 1 Following the results presented in Chapter 1, one could investigate what
types of packings can be generated by the damped Arrow-Hurwicz algorithm (DAHA) due
to the non-uniqueness of local minima and how each packing relates with the parameters
and initial configuration. The results of such a study could be compared with existing
packing generating algorithms (see [51] for a brief review) to assess the efficiency and the
ability of the DAHA to generate different types of packings. Regarding the shape of the
configurations, we expect the radial symmetry of the initial configuration to be preserved
by the algorithm. In two dimensions we expect to obtain nearly hexagonal packings (see

Figure 1.7, Chapter 1) for all choices of parameters and initial configurations for which the
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algorithm converges. In the more intriguing case of three spatial dimensions the structure
of the resulting configuration is not so obvious. The results of our numerical experiments
suggest that the DAHA is able to generate random close packings with a volume fraction
of around 64%. However other choices of parameters and initial conditions might lead to

other types of packings with higher or lower volume fractions.

After this study, the DAHA could be used to investigate packings of interest, such
as random loose and random close packings [137, 164, 166], mono- and polydisperse
packings, etc. One could efficiently study several properties of large packings such as
the pore-size distribution, packing entropy, number of different packing configurations
for a given density, crystaline and glassy states, distribution of number of neighbours,
degree of heterogeneity and disorder, short and long range correlations between particles
and so on [18, 100, 102]. In geometry, provided the DAHA converges in high dimensions
d > 4, one could use this algorithm to explore the existence of dense configurations or to
find bounds for the kissing number, i.e., the maximum number of equally-sized spheres
that can be in contact with the same sphere without overlapping. In dimensions 1 to 4
the kissing number has been proven to be 2, 6, 12 [38] and 24 [133], respectively. For
higher dimensions the kissing number is mostly unkown. Finally, as shown in Part II the
DAHA can be integrated in time-stepping schemes to obtain algorithms that simulate the

dynamics of large and dense particle systems.

CHAPTER 2 The study developed in Chapter 2 could be attempted in the case of more
general convex and non-convex potentials, as well as, in the case of higher spatial dimen-
sions (d > 2). However a new approach would have to be developed as the one used
here relies on the dimension (d = 1) and on the shape of the potential. It would be par-
ticularly interesting to investigate whether these results also apply to potentials that are
commonly used in other applications, such as, gravitational potential, Coulomb potential,
chemical and electrical potentials or ”social potentials” associated with dissatisfaction or

preferences of the individuals [61].

CHAPTER 3 The results presented in Chapter 3 suggest that the fastest algorithm to
simulate ballistic aggregation should result from the combination of a time-stepping with
an event-driven scheme. The combined scheme would consist of using the time-stepping
scheme during a first part of the dynamics and then switching to the event-driven one.
An easy to check criterion to switch between the two schemes should be identified. After
the construction of such a scheme, one could consider the full physical system presented in
Section 3.2.1 and explore the statistics associated to its dynamics, such as distribution of
cluster sizes and velocities or the shape and morphology of the growing clusters. Moreover,
since the algorithm is able to deal with very large systems (with 1 million particles), it
provides an appropriate tool to explore the relation between particle models and the

corresponding kinetic models that are obtained when the number of particles goes to
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infinity [120], such as the widely studied Smoluschovsky coagulation equation [6]. One
could then use this knowledge to study multiscale aggregation phenomena in physics, such
as thin films, clouds, cosmic dust or planet formation [78, 120, 131, 136], or in biology,

such as bacteria colony growth or animals aggregation [107, 141].

CHAPTER 4 The mechanical model for a cell tissue developed in Chapter 4 is discrete in
time. In order to both simplify the analysis and provide a more realistic description of the
system one could try to write a corresponding time-continuous dynamics. In particular,
such a description would allow to study the time-asymptotic behaviour of the system,
which would provide criteria to classify different parameter regions. One possible way to
formulate such a time-continuous model may be obtained by projecting the solution into
the admissible space according to an appropriate norm. The theoretical background to
formulate and analyse such a time-continuous model may be found for example in [160].
On the other hand, in order to make the model more realistic, one could extend it to three
spatial dimensions and consider more accurate particle representations, such as ellipsoids
or polyhedrons. One may also incorporate other elements, such as fibers [149], chemical
signals or other subcellular components. As discussed at the end of Chapter 4, this model
can be used in the study of embryonic development and in particular to understand how
organs acquire its shape and how it remains stable [83]. Also, in the context of cancer, this
model can be very useful to study how defects in individual cells may lead to a disruption
in the tissue [98, 172]. Such a scenario is particularly challenging to reproduce in the lab
due to the lack of tools and technology to induce defects in targeted cells. The model

could therefore constitute a very valuable tool in such a study.

CHAPTER 5 In Chapter 5, a continuum model for swelling materials has been developed.
The evolution of the number density of the material is driven by the evolution of an
external potential and changes in particle size. We have shown that the component of the
medium velocity that is tangent to the level sets of the potential is in general nonzero.
This allows the particles to move along regions of constant energy. In the future, these
results should be discussed in view of commonly used models that do not incorporate this
feature, such as Hele-Shaw type models [146]. In a further future the model could be
developed to include cell division or other phenomena of interest and it could be applied
to the study of practical situations, such as for example tissue growth or the study of

different types of cancer therapeutics.
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EXPLICIT SOLUTIONS FOR THE PRIMAL
AND DUAL PROBLEMS IN DIMENSION
d=?2

In this appendix we present analytical solutions in dimension d = 2 to the primal prob-
lem (2.33) and to the corresponding dual problem (2.34) presented in Section 2.4.1 for
the Lagrangian £ (2.9) presented in Section 2.2.1. In the cases N = 2 and N = 3 one can
find explicit solutions for both problems. Recall that the solution to the primal problem
represent a critical point to the Lagrangian, therefore they satisfy the complementary
slackness condition (2.6) and the Euler-Lagrange equation (2.7). These two conditions
together with primal and dual feasibility, i.e., F(X) < 0 and X > 0, respectively, consti-

tute the necessary conditions for optimality, known as KKT-conditions.

For N = 2 in dimension d = 2, we get from the KKT-conditions:

(I/N —=2X\)(x1 —x3) =0
(4R? = |x; — x3> and X\ > 0) or (4R? < |x; — X2|? and A = 0)

Any solution to this system satisfies 2R = |X; —X,| and A = 1/4. The solution to the dual
problem is also \ = 1/4. In this case, we have d* = p* = R? and the critical-point (X, \)

is a saddle-point of the Lagrangian. Furthermore, the matrix A()\) is null, therefore the

Arrow-Hurwicz method (2.13) does not converge towards the saddle-point.
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For N = 3 in dimension d = 2, we obtain:

(

3

(4R? = |x; — x3|* and A3 > 0) or (4R? < |x; — x3|* and A5 = 0)

<4R2 = |X1 — X3’2 and A3 > 0) or (4R2 < |X1 — X3|2 and A3 = O)
(

\<4R2 = ‘XQ — )(3’2 and )\23 2 O) or 4R2 < ’Xg — X3‘2 and )\23 = O)

Apart from permutations and translations, this system has several solutions, including
a saddle-point of the Lagrangian, as we will see next. By symmetry, we have ;s = A3 =

A23 = A. Moreover, from basic triangle geometry we have:
x1 — (x) = 2A((x1 — X2) + (x1 — X3)) = 2X - 3(x1 — (x)).

Thus, all pairs (X, \) satisfying [x; — Xo| = [X; — X3| = [%2 — X3| = 2R, A\ = 1 are
solutions to this system. The solution to the dual problem satisfies 6; = 2/6, i = 1,2, 3,
therefore, 5\12 = A3 = g3 = 1/6 is a solution to the dual problem. In this case, we
have d* = p* = 2R? and the critical-point (X, ) is a saddle-point of the Lagrangian.

Furthermore, the matrix A(\) is null, therefore the Arrow-Hurwicz method does not

converge.

For N = 4, we look for solutions of the form:

X1 — Xo| = |x2 — x3| = |X3 — X4] = |x4 — x1| = 2R
A2 = Aoz = Azg = Ay =0 A,
A3 =My =0

We only need to compute . By using a geometrical argument we obtain:
x1— (x) = 2A((x1—%2) + (x1 —x4)) = A((x1 —X2) + (x1 — X4) + (x1 —X3)) = 4\ (x; — (%)),

therefore A = 1/4. These are solutions to the primal problem and we get p* = 4R?. On
the other hand, the solution to the dual satisfies 6; = 3/8 and we have d* = 3R?, which
is strictly smaller than p*, consequently, a solution of the primal is not a saddle-point of

the Lagrangian.
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