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This [street] is one of the principal thoroughfares of the city, and had been very
much crowded during the whole day. But, as the darkness came on, the throng
momently increased; and, by the time the lamps were well lighted, two dense and
continuous tides of population were rushing past the door. At this particular
period of the evening I had never before been in a similar situation, and the
tumultuous sea of human heads filled me, therefore, with a delicious novelty of
emotion. I gave up, at length, all care of things within the hotel, and became
absorbed in contemplation of the scene without.

At first my observations took an abstract and generalizing turn. I looked at the
passengers in masses, and thought of them in their aggregate relations. Soon,
however, I descended to details, and regarded with minute interest the
innumerable varieties of figure, dress, air, gait, visage, and expression of
countenance.

— Edgar Allan Poe, THE MAN OF THE CROWD, (1840)
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Synthese en francais

Les mouvements collectifs décrivent des populations dans lesquelles les interac-
tions entre individus sont le moteur de leurs déplacements dans l'espace et de
leurs transformations dans le temps. La compréhension et le contréle des mou-
vements collectifs constituent des enjeux majeurs dans de nombreux domaines,
notamment pour 1’étude des écosystemes (dynamique des essaims d’animaux), la
sécurité dans les grands rassemblements et les batiments (mouvement de foule),
ou encore 'agriculture (étude de la croissance des plantes). Les modeles de pop-
ulation que nous considérons sont des systémes d’équations différentielles ayant
la propriété d’étre hétérogenes, c’est-a-dire d’étre constituées d’individus avec des
caractéristiques différentes, et ces caractéristiques ont une influence sur la dy-
namique. Formellement, un systeme hétérogene représentant une population de
taille N prend la forme suivante

(@, 0:)1<isn ~ pg™
0

7

(t) = gn((t), 0;, x4(t), 04)

z;(0) =x
vie[LN], { du
dt

Les conditions initiales 2¥ et les parameétres individuels 6;, ou caractéristiques
individuelles, de ce systeme sont aléatoires, de distribution gy, et les interactions
entre les différents individus de la population se font via une fonction d’interaction
gn. Cette hypothese d’hétérogénéité est motivée par I'application agricole, ou il
est question d’étudier les interactions entre plantes de différentes variétés, voire
de différentes especes. Ces systemes sont également supposés symétriques, c¢’est-a-
dire ayant une dynamique invariante par permutation des individus, ce qui est une
caractéristique largement répandue au sein des modeles de mouvement collectif,
et qui permet de nombreuses simplifications. Un certain nombre de défis restent
toutefois a relever pour que ces modeles soient utilisés dans des cas d’application
concrets. Nous nous concentrons en particulier sur les problemes liés a l'inférence
statistique, c’est-a-dire a la confrontation du modele a des données expérimentales.

Un premier niveau de difficulté est d’ordre computationnel : la simulation de
grandes populations en interaction peut s’avérer trop cotiteuse en temps de calcul,
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Synthese en francais

et elle constitue ainsi un premier obstacle a I’étude de la population a une échelle
macroscopique. Un second niveau difficulté a trait a la qualité des données : du fait
de la complexité du systeme modélisé, les observations expérimentales ne peuvent
permettre de caractériser exactement la dynamique du systéme (en particulier car
elles ne portent généralement que sur une sous-partie de la population), et il est
nécessaire de quantifier les incertitudes liées aux imperfections dans ’acquisition
de ces données.

Dans cette these, nous caractérisons ’ensemble des sources d’incertitude liées
aux observations partielles des systemes symétriques et hétérogenes dans un cadre
bayésien. Ces incertitudes se regroupent en deux catégories : les premieres portent
sur I’état de la population, les secondes portent sur la dynamique du systéeme, sur
lequel on ne dispose pas de modele exact ou que 'on ne peut qu’'imparfaitement
simuler. En particulier, si le protocole expérimental ne permet pas de connaitre
exactement la taille de la population, on peut se heurter a des problemes d’inférence
particulierement difficiles a résoudre. Nous proposons dans cette these, dans le cas
particulier ou la fonction de transition gy peut étre associée a une fonction de
transition asymptotique g, quand N — oo, de négliger ces sources d’incertitudes
pour les grandes populations en ayant recours a une représentation macroscopique
de la dynamique. Ces approximations statistiques du mouvement global de la
population sont basées sur des simulations numériques des distributions limites de
champ moyen associées au mouvement collectif, distribution s’exprimant comme
la solution d’'une équation de transport non local. Le schéma numérique proposé
est du type lagrangien, c’est-a-dire que 1’on cherche a approcher les trajectoires du
flot caractéristique associé a I’équation de transport.



Summary

Collective motions describe populations in which individuals’ interactions are the
driving force behind their displacements and their transformation over time. Un-
derstanding and controlling collective motions are significant issues in many fields,
especially for the study of ecosystems (swarm dynamics), safety in large gather-
ings and buildings (crowd movement), or agriculture (the study of plant growth).
The population models we consider are systems of differential equations with the
property of being heterogeneous, i.e., made up of individuals with different char-
acteristics influencing the dynamics. This assumption is motivated by the agri-
cultural application, to study interactions between plants of different varieties or
even different species. These systems are also assumed to be symmetric, i.e., hav-
ing dynamics invariant by permutation of individuals’ labels, which is a widespread
property within collective motion models, enabling numerous simplifications. How-
ever, several challenges remain to be addressed before these models can be used
in real-life applications. We focus on the problems related to statistical inference,
i.e., matching the model with experimental data and observations made on the
system under study.

The first level of difficulty is computational: the simulation of a sizeable inter-
acting population can be too costly in terms of computing time, and, therefore,
it is a first impediment to the study of the population at a macroscopic scale.
The second level of difficulty relates to the quality of the data: because of the
complexity of the modeled system, experimental observations cannot characterize
the system’s dynamics exactly, in particular because they generally only concern
a subset of the population. It is necessary to quantify the uncertainties related to
the imperfections in the acquisition of such data.

In this thesis, we characterize all the uncertainty sources related to partial
observations of symmetric and heterogeneous systems in a Bayesian framework.
Some sources of uncertainty, notably the ones arising from inaccurate knowledge
of the population size, result in particularly complex inference problems, which we
propose to approach using a macroscopic representations of the population. This
statistical approximation of the global population motion is based on numerical
simulations of the mean-field limit distribution, i.e., a probability distribution
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Summary

expressed as the solution of a non-local transport equation associated with the
symmetric system.
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Introduction

De vos foréts et de vos prés,

O trés paisibles photographes !

La Flore est diverse a peu pres

Comme des bouchons de carafes !

~Arthur Rimbaud, CE QU’ON DIT AU POETE A PROPOS DE FLEURS (1871)

The increase in agricultural productivity in the second half of the twentieth
century has improved food security for the entire world’s population and has man-
aged to support its exponential growth, as one can read in the synthesis by Reid
et al. (2005),”" page 51. Nevertheless, many concerns emerged during the 1990s,
within the agronomic community (Griffon, 1996°°) and outside the scientific com-
munity (Shiva, 1991°"), about the fragility of this productivist model in the long
term. The article by Foley et al. (2011)'" is one of the many studies that confirms
these concerns, arguing that current yields are not worth the environmental and
health sacrifices they entail. The authors advocate structural changes in agricul-
tural production management, describing how high-yield crops’ practices will be
the principal causes of tomorrow’s food insecurity, particularly by contributing
to climate change. The same synthesis of Reid et al.”" gives on page 57 the es-
timate that the cost of the environmental damage caused by UK agriculture in
1996 alone would amount to 9% of agricultural income for the whole decade of the
1990s. Driven by the awareness of this long-term fragility, agricultural practices
have begun to adapt, but the extent of this mutation is still too limited to qual-
ify it as the Double Green Revolution Griffon”" advocates. Duru et al. (2015)
classify these initiatives in two categories: the first, called efficiency/substitution-
based agriculture, consists in reducing the ecological footprint of existing crops, in
particular by a more parsimonious and responsible use of farm inputs; the sec-
ond, called biodiversity-based agriculture suggests a paradigm radically different
from the productivist model, by the optimization of the richness of the ecosys-
tem constituting the rural environment, on the natural plan and the sociocultural
plan. It should be stressed that the second scenario is not incompatible with yield
optimization, since diversified ecosystems are characterized by a higher biomass
production than homogeneous ecosystems, and that this production is more stable
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Introduction

and resilient to environmental disturbances, as Barot et al. (2017)[2] point out.
This argument leads to the practice of mixing varieties of different phenologies
and morphologies within the same field or even mixing several species (potentially
with different sowing and harvesting dates). Mixed cropping (Malézieux et al.,
2009°"), used for vegetable gardens, has been generalized to larger-scale crops and
offers promising results. If the mixed crop is well designed, a synergy between
the different species or varieties takes place, and the resulting yield can be higher
than its sole crop equivalent, with a considerably reduced use of farm inputs, such
as fertilizers or pesticides. However, mixed cropping remains a marginal practice:
Leff et al. (2004)"" derives from satellite data that only 20 species out of the 2500
domesticated plants cover 44% of the world’s arable land. This lack of enthusiasm
is mainly due to the inadequacy of the technologies and infrastructures for this
type of agriculture (initially designed for small crops), and the fact that the de-
sign of a successful mixed crop is still too empirical and not reproducible enough.
As monocultures’ modelling is still a challenge and an active topic of research
(Wallach et al., 2018"), it is clear that this challenge is complexified by the het-
erogeneous and multi-scale aspects of mixed cropping. Despite the identification
of many promising studies, Gaudio et al. (2019)"" conclude that the modelling of
these complex systems is still in its infancy.

In the review by Gaudio et al.,”’ the authors focus on mechanistic models of
plants, as opposed to purely statistical models that can also be used in the field
(Chen and Cournede, 2018, Galinier, 2018'"). Mechanistic plant models consist of
dynamical systems describing the temporal evolution of a set of coupled variables,
such as biomass production, water consumption, or plant architecture, and whose
transition function takes as arguments a more or less large number of parameters,
which must be calibrated on experimental data so that the dynamics can reproduce
the observations as well as possible. Gaudio et al.”” make the distinction between
individual-based models, in which each plant constituting the crop is represented,
and crop models, which are designed on a more macroscopic scale, with dynamics
not obtained by aggregating individual evolutions. Crop models can be practical
decision support tools in the case of the sole crop, but they do not offer the possi-
bility to represent the effects of local interactions between individuals of different
varieties or species with the same accuracy as individual-based models, although
Corre-Hellou et al. (2007)"" succeed in modeling legume-cereal nitrogen transfers
using STICS crop model (Brisson et al., 2003"). Individual-based population mod-
els are more difficult to simulate than crop models, due to their finer representation
of the system, especially in the case of functional-structural plant models, repre-
senting the coupling between the morphology and physiology of each plant, along
with its interactions with neighboring plants (Cournede et al., 2008,"" Sievénen
et al., 2008,”" Hemmerling et al.,2008""). Nevertheless, algorithmic tricks can be
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Introduction

considered to alleviate their computational cost (Kang et al., 2003,”" Cournede et
al., 2006'”). According to Evers et al. (2019),"" functional-structural models are
the proper formal framework to test hypotheses on the interactions between plants
on the one hand, and, on the other hand, to discover new effects emerging from
the combination of several types of plants, such emergence is impossible to predict
when considering the system at a macroscopic scale only. The individual level is
also the proper scale for the adequate representation of the heterogeneities within
a population: within a group of individuals of the same species or the same variety,
one can model inter-individual variations in the dynamics, variations that can be
of genetic or environmental origin. Thus, the formalism of mixed-effect models is
used by Baey et al. (2018)' for GreenLab functional-structural model, represent-
ing individual plants as samples from some probability distribution accounting for
the diversity within the population according to specific traits. However, local
interactions between individuals are not directly considered in this study.

It is necessary to find an optimal trade-off between modeling at a macro-
scopic scale, where all the variables of interest (field yield, water consumption)
are located, and modeling at a more granular scale, to understand the phenom-
ena determining the success or the failure of a mixed crop. The problem is how
to construct, starting from an individual-based model, a model at the crop scale,
with minimal information loss. Therefore, it would be a matter of approaching the
whole population’s dynamics while avoiding aggregating all the individual mod-
els that constitute it, these models being potentially expensive to simulate. This
type of approximation would be somewhat similar to the approach implemented in
Boltzmann’s kinetic theory of gases (1902),” where, from a microscopic description
of a volume of gas as a system of colliding particles, a macroscopic representation
of the fluid is constructed, by deriving the dynamics of its pressure and tempera-
ture fields. Kinetic equations theory has recently been applied to many biological
systems, including animal swarming models (Carrillo et al., 2010”), natural neural
networks (Perthame et al., 2017°"), and opinion formation phenomena (Boudin
and Salvarini, 2010”). There are, therefore, many reasons to believe that similar
reasoning can be used for plant growth models.

Several difficulties remain to be overcome before statistically approaching a
population of plants represented by functional-structural models, as the ones dis-
cussed in Evers et al.."" First of all, plant simulators, which are initially computer
programs, present challenges for formal analysis. Therefore, it seems complicated
to obtain a simplified representation of the population if the individual scale is
problematic. For instance, functional-structural models representing plant archi-
tecture, such as GreenLab (Yan et al., 2004""), require an unbounded and time-
dependent number of state variables: plant compartments can appear, as well as
they can disappear; each time, they are represented by a set of features, such as
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their masses, their dimensions, their orientations in space,..., and these different
quantities can evolve to reproduce the morphogenesis of the plant. Formally, the
GreenLab model appears as a stochastic L-system, whose architectural develop-
ment alone is the subject of the article by Loi and Cournede (2008).”" In this
article, the interaction of the architecture and the plant environment is not con-
sidered, and the authors adapt methods used for multitype branching processes
to analyze this type of system. When taking into account the interaction with
the environment, in particular the competitive relationship between neighboring
plants (Mathieu et al., 2009""), the analysis of such a complex interaction model,
necessary for the construction of consistent approximations at population scale,
seems very challenging to carry out. However, the model’s dependence on its var-
ious input variables can be studied numerically by conducting global sensitivity
analysis (Wu et al., 2012""), and this can provide directions for simplifying the
model and lightening the computational cost of the parametric identification step
(Mathieu et al., 2018").

Secondly, functional-structural models are themselves of outstanding diversity,
and sometimes the instances of the same model applied to different species may
diverge. The existence of these variants is an indicator of the great flexibility
of these models and of the community’s determination to match them as closely
as possible to real systems rather than to build a speculative monolith. It is
nevertheless a hindrance to a unified framework for conducting methodological
research with minimal impact. The first step towards a standardized formalism
for functional-structural plant models was made in the design of generic platforms,
such as PYGMALION (Cournede et al., 2013,'" Bayol, 2016,” chapter 3) and
ADJUSTIN (Viaud, 2018,” chapter 5) which focus on parametric identification
and mathematical analysis, and OpenAlea (Pradal et al., 2008"’) which focuses on
model simulation and visualization.

A final level of difficulty concerns the statistical inference problems associated
with this type of model, which needs to be calibrated and validated on experimental
data. As a consequence of the complexity of the model, but also of the access to
the data that are costly to acquire experimentally (Courneéde et al., 2011'7), the
parametric identification of functional-structural models with varying architecture
is still an open research question, with nevertheless substantial progress achieved
in Beyer et al. (2017)," where Lidar data is used to calibrate a model giving the
spatial distribution of a tree crown.

This thesis restricts its scope to simpler individual-based models than functional-
structural models, namely systems of smooth differential equations. Although
more straightforward, this formalism is also used as population models by the
community (Schneider et al., 2006, Lv et al., 2008,”" Nakagawa et al., 2015""),
and can be more easily reconciled with the methodologies exposed in Carrillo et
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al..” Besides, we consider only models of populations with the property of being in-
variant by permutation of its individuals. This invariance has to be understood in
the probabilistic sense (invariance in distribution). As we will see in chapter 3, such
an assumption is essential for being able to construct a macroscopic approximation
of a population from an individual-based model. Concerning the terminology, this
is equivalent to assuming that the system is composed of indistinguishable par-
ticles (de Munyck, 1975'"7), and this assumption is common in quantum physics.
In our context, the qualification of indistinguishable can be a source of confusion
because we need to consider a system of particles having different properties, for
instance, to model plants with different genotypes. Therefore, we have chosen
the term symmetric to qualify the population model, referring to the invariance
property of the probability measure describing the state of the whole population
(Golse, 2013,”" definition 1.5.1).

This thesis is organized into three chapters. The first chapter formally defines
symmetric and heterogeneous population models and presents a methodology to
simulate this type of model by distinguishing the macroscopic level from the in-
dividual level. The second chapter discusses the problems of statistical inference
encountered with this type of differential system and suggests a model of the
different uncertainty sources that can disturb the parametric identification. The
third and last chapter examines how the notion of mean-field limit, inherited from
the theory of kinetic equations, can help construct consistent approximations of
population dynamics and neglect some of the uncertainty sources mentioned in
chapter 2.
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Chapter 1

Simulations of symmetric and
heterogeneous population systems

All these people that you mention, yes, I know them, they’re quite lame
I had to rearrange their faces and give them all another name
—Bob Dylan, DESOLATION Row, (1965)

1.1 Introduction

When modelling a population of living forms, making the assumption that it con-
sists only of similar individuals is somewhat restrictive. Such an assumption ne-
glects all eventual specificities at the individual level that may impact the stud-
ied phenomenon. It makes no sense to make such an assumption if one intends
to model a multi-species population, but these individual specificities might also
need to be taken into account even in the case of a mono-species population.
These specificities might have a genetic origin, or they might come from micro-
environmental variations affecting each individual in different ways.

The importance of integrating this representation of population diversity even
in a monospecific population was formulated in biological/ecological articles such
as Liu et al. (2004),”" which underlines that the variability of emergence within a
maize crop has an impact on the final yield. Emergence is related to the thermal
and mechanical properties of the soil, and of course, to some genetic factors of the
maize plant (see, for instance, Claverie, 2018,” chapter 4, or Feng et al., 2014"").
Such variability can only be accurately represented by individual-based popula-
tion models, such as GreenLab (Cournede et al., 2008'”), Lignum (Sievénen et al.,
2008"") or GroIMP (Hemmerling et al., 2008"”). These different individual-based
models consist of dynamical systems, representing both plant inner processes and
interactions with their direct environment. Estimating some parameters has to
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be carried out, at the individual level, so that the model reproduces better the
dynamics of the specimens under study (concerning the methodology for the pa-
rameter estimation on the individual plant, see Cournéde et al., 2011'"). In a first
approach, a population can be derived by simulating all individual models jointly
(Cournede et al., 2009'"). The population is then said to be heterogeneous when
the parameters change from one individual to another. The observed variability
of the parameters related to the functioning processes of the considered plant is
generally explained by genetic factors (Letort et al., 2008°").

Baey et al. (2013)” underline the problem that such a methodology is limited
by the requirement of calibrating individual models composing the population,
which appears to be too costly to implement when the number of individuals
is significant. The authors advocate that any heterogeneous population model
should incorporate some assumptions on the distribution of parameters from one
individual to another so that observations collected at the individual scale might
be connected and bring information to the population scale. The authors rely on
the formalism of mixed-effect models, first introduced by Fisher (1919).”” Within
this formalism, a population is not only a collection of individuals, but it is also
a representation of how the individuals are generated or instantiated. It consists
of defining a probability distribution, or a set of possible probability distributions,
explaining the variability of parameter values at the individual level.

Mixed-effect models are rarely used for populations where individuals interact
with each other, with the notable exception of the article by Schneider et al.
(2006),” studying the growth dynamics of competing plants. This relative lack of
coverage of this subject may come from the fact that the modelling of interactions
leads to non-analytical dynamical systems, whose numerical resolution can be
costly in computational time. This difficulty can be a hindrance to parameter
identification, and it can lead the authors to neglect or to give up taking into
account heterogeneity. For instance, Lv et al. (2008)"" and Nakagawa et al.
(2015)"" choose to simplify the model introduced by Schneider et al. (2006)"" by
considering that all individuals are identical, whereas in the original model all
plants have intrinsic growth parameters.

In this chapter, we restrict ourselves to individual-based models taking the form
of differential equations systems with random initial conditions (Strand, 1970°").
This formalism can lead to technical issues if the distribution of heterogeneities is
not compatible with the transition function of the system. If the model is non-
linear, an unwise choice of the distribution of parameters and initial conditions
can lead to biologically (or physically) aberrant behaviour of the system: one may
observe finite time blow-ups or abnormal values of state variables. Therefore,
the relationship between the initial distribution and the system dynamics func-
tion must be investigated beforehand to ensure that individual trajectories remain
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within an acceptable domain of the phase space.

These dynamical systems use labels to distinguish members of the population;
most often, these labels are numbers from 1 to N, where N is the population’s
size. Except in some rare cases, the assignment of these labels is arbitrary, and
such indices should have no impact on the population dynamics, for the sake of
reproducibility of the results. A population model is said to be symmetric when
any permutation of individual labels does not change the overall evolution. As our
objective is to perform a statistical inference, it is essential to make sure that the
system presents this property of invariance by relabelling; without this property,
the study of a population from a subgroup of individuals requires first to address
the question of the selection of this subgroup, and this selection is entirely model-
dependent.

Section 1.2 introduces the notion of distribution providing global solutions to
a differential equation and the notion of symmetric population model in a prob-
abilistic setting. A specific class of symmetric population model is considered,
characterized by dynamics depending on the population’s empirical measure, i.e.,
the uniform distribution over the individuals in the population. Section 1.3 sug-
gests possible approaches to reduce the computational time of the simulations of
symmetric ODE-based population models. If the state of the population, repre-
sented by the empirical measure, can be approximated by a piecewise polynomial
process, then individual trajectories can be computed separately, in parallel, at
least over a short period of time. Section 1.4 applies this methodology for the
simulation of the plant population model introduced by Schneider et al. (2006).

1.2 Symmetric and heterogeneous population sys-
tems

The population models studied in this chapter consist of differential systems with
random initial conditions. Let us start by introducing some notations concerning
the phase space, where the dynamics take place, and the probability space, over
which the random variables of the systems are defined.

notation for the state space: X is an Euclidean vector space, endowed with a
dot product (z,y) € X? — z.y € R and the associated Euclidean norm z € X
lz| = v/z.x € R,. Typically X = R% for some dimension dy and the dot product
is the canonical dot product.

notation for the space of heterogeneities: © is a metric space subset of a
finite-dimensional vector space. © is endowed with the metric mg : ©% — R,.

3
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Typically © C R% for some dimension dg and the chosen metric is the one defined
from the 1-norm or the 2-norm on R%.

notations for the probability space: (02, F,P) is a probability space. We
assume that the sample space (€, F) is rich enough so that all random variables
defined in what follows do not have existence problem. The set of random variables
taking values in a Borel space (Z,€&), i.e. the set of measurable functions from
(Q,F) to (Z,€),is R(Q, F,Z,E). The set of probability measures over (Z,&) is
P(2).

Let Z be a random variable in R(Q, F, Z,€) and Pz € P(Z). Z ~ Pz denotes
the fact that Z is of distribution Pz, i.e. forall A€ &, P(Z € A) = Pz(A). If
Y is another random variable taking values in the same space, we note Z ~ Y the
fact that Z and Y have the same probability distribution.

Let (X3, Ay, 1) and (X, As, 19) be two measurable spaces. Then p; ® ps denotes
the product measure over the product of o-algebras A; x A,, defined by

V(A1 Ag) € Ai X Ag, (1 @ i) (A, Ag) = pa(Ar)pa(As) (1.1)

If 11 = pp = p then the product measure is p*2.

1.2.1 Heterogeneous population systems

In this section, we consider a population system having the following expression

(9, 9i)1§z‘§NtN 1y

‘ . 1.2
vt > 0, % = g}\f(t7 le‘:’ 0s, (xza ej)j?éi> ( )
N is the size of the population. Each individual ¢ is represented at time ¢ by a
state variable 2! and a set of constant parameters 6;. The initial configuration of
the population, assigning to each individual an initial state z{ and a constant pa-
rameter 0;, is sampled from a probability measure " € P ((X x ©)N ) The time
evolution of the state variables is then completely determined by the transition
functions g, which take into account the eventual interactions between individu-
als. The following definitions aim at providing some conditions ensuring that the
system 1.2 is well-defined. Some elementary properties of the resulting trajectories
are also recalled.

Let us start by a reminder on the terminologies of maximal solutions and
global solutions, whose existence and uniqueness is given by the Cauchy-Lipschitz
theorem in the deterministic case.
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Theorem 1.1. Cauchy-Lipschitz
Let F : R x X — X a locally Lipschitz continuous function with respect to its
second argument, i.e. such that

Vte R, Vo € X, 3K, ; > 0,3dR,;; > 0,Vx, 29 € X,
|LU1 — .CL’Q| < Rx,t = |F(t,l’1) — F(t,l’z)‘ < Kz7t|x1 — $2| (13)

Then for all initial condition (to, xg) € R x X, there exists a unique interval J of
R containing ty and a function x : J — X continuously differentiable such that:

l’(to) =Xy
{ vied, flj—f(w _ Pt (1) (14)

1.

x s solution of the Cauchy problem associated to (to,xo) over interval J.

2. for all interval J' containing ty, and y : J — X satisfying the Cauchy
problem (to, xo) over J', we have

J CJ and x5 =y (1.5)

We say that (J,z) is the mazimal solution of the Cauchy problem associated to
(to,zo). Besides if there exists a function K : R — Ry continuous such that

Ve e X, |F(t,x)] < K(t)(1+ |z|), then the mazimal solution is defined over R.
We then say that such solution is a global solution.

Because of the biological context of our study, we only consider systems gen-
erating trajectories defined for all time ¢ > 0 for some specific initial conditions.
The following definition formalizes this constraint on the initial configuration dis-
tribution.

Definition 1.1. distribution providing global solutions to a differential
equation

Let f : Ry X X X © — X the function associated to the parametric differential
equation y' = f(t,y,0) and let py € P(X x ©) a probability distribution. Then we
say that pg is compatible with the differential equation of function f if it provides

global solution to the equation, i.e. if for all random wvariable zg = (x9,0) of
distribution py and for P-almost every w € €, the differential equation
2(0) = 2o(w)
dx (1.6)

has a unique global solution defined over R .
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Definition 1.2. sample path integrable process, from Strand (1970)
A stochastic process (x¢)i>o taking values in X is said to be sample path integrable

t
if for allt > 0 and for P-almost every w € €, the integral / xs(w)ds exists.
0

Ordinary differential equations with random initial conditions are studied in
Strand (1970).” In the cases that interest us in here, having a probability distribu-
tion providing global solutions to a differential equation implies that there exists
a stochastic process (x;);>o taking values in X', adapted to the constant filtration
(F: = F)is0, and a random variable 6, such that the process (f(¢,x,0))i>0 is
sample path integrable and such that the following equality holds for all ¢t € R,
and for P-almost every w € (2

x(w) = zo(w) +/0 f(s,25(w), 0(w))ds (1.7)

As the choice of the initial random variable zy = (zg, 8) fully determines the system
(in terms of sample path uniqueness), there exists a function (¢,2) € R, x Z —
x*(t, z) such that for P—almost every w € 2, we have:

1. t € Ry — x%(t, z0(w)) is differentiable

2. Vt e Ry, 2*(t, z0(w)) = zo(w) +/0 f(s, 2 (s, z0(w)),B(w))ds

When such a relationship between g and f holds, we characterize the dynamics
of the system by the following notation:

(x07 ‘9) ~ o
dl't

vt € R+7 E = f(ta'rtvg)

(1.8)

As the initial condition is only characterized by its distribution, and as the choice of
a random variable of a given distribution is not unique, a solution process satisfying
(1.8) is not pathwise unique. However, the law of the solution processes, i.e., pro-
cesses satisfying equation (1.7), is uniquely defined in terms of finite-dimensional
distributions. In particular, if the processes (x;);>0 and (y;)i>o are two solution
processes, then for all t > 0, x; ~ y;. However, pathwise uniqueness holds condi-
tionally to the initial configuration of the population.

Example 1.1. distribution providing global solutions to a differential
equation
The probability measure g of the uniform distribution U([—1;1]) is compatible

6
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Figure 1.1: Density f;, defined in equation (1.11), for different values of ¢

with the differential equation y' = 1 —y*. For any yo € [—1;1], the solution of the
initial value problem (0,yo) is given by

(1+yo)e" — 141y

Vte Ry, t) = 1.9
A way to visualize the law of the solution processes of the system
{ oo ~U([-1;1]) (110
Yt 2 .
It 1 -
di Yt

is to represent the evolution of the density of any solution process (yi)i>o over time.
For any time t > 0, the expression of the density is

2(et + 1 —z(et —1))?
Figure 1.1 displays the graph of the density f; for different t. As the solutions of

the differential equation are time-increasing, the mass of the density is shifted to
the right.

firxeR-I{-1<z<1}. (1.11)
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Individual trajectories of system (1.2) are therefore well-defined when p’ is
compatible with the vector field (g% )1<i<ny. Under this guarantee of existence and
uniqueness (in process distribution), the system (1.2) is referred to as an individual-
based population with individual characteristics. This statement is recapped in
the following definition.

Definition 1.3. individual-based population system with individual pa-
rameters

Let N > 1 an integer, let Z =X x 0O, (g : Ry x Zx ZN1 = X) _._ . a collec-

tion of functions. Let pY € P (ZN) providing global solutions to the differential
system (1.2). Such differential system with random initial condition is called an
individual-based population system with individual characteristics. A set of indi-
vidual trajectories is a stochastic process (2.5 )i>0 = ((2%)i>0)1<i<n such that there
exists a random variable 01.x = (0;)1<i<n satisfying the following properties

(7, 0:)1<isn ~ 1o
and for P-almost every w € Q,Vi € {1,..., N},

. (1.12)
zi(w) = 2} (w) +/ In (8,25 (w), 05(w), (5 (w), 05 (w)) 1) ds
0

f remains constant throughout the evolution of the system. It represents in-
dividual characteristics or constant state variables. In keeping with the terminol-
ogy used in mixed-effect models literature (Davidian and Giltinian, 1993,"" Baey,
2014"), we refer to 6 as the individual parameter, as opposed to = which is
the individual state. Depending on the context, some components of 6 represent
some intrinsic features of individuals. The variability of # from one individual to
another gives a heterogeneous population.

Definition 1.4. Marginal distribution

Let p € P(X x Y) a probability measure on the space on the Cartesian product
of two measurable spaces. Then the x-marginal distribution p® is the distribution
defined by its action on measurable and bounded functions:

Vh € Mp(X - R), E{h(z), v ~p"} = ; yh(:v),u(dx,dy) (1.13)

Definition 1.5. heterogeneous population system
An individual-based population system with individual parameters is said to be
heterogeneous if the marginal distribution ,uév’e is such that

P{Oun ~ w0 |3, 4) € [LNT?, 6 #6;} >0 (1.14)
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Example 1.2. heterogeneous population system
Let vy € X, 0,0 € © two distinct points. Let us consider the initial distribu-
0g + O oN

tion b = |0z @ Then the population system is heterogeneous.

Nevertheless, we have that

o 1
P {0y ~ i | ¥(i.g) € [GNT?, 6= 0 ) = 75 (1.15)

Definition 1.3 constitutes a restriction of the concept of individual-based model.
In the literature, the concept of individual-based model encompasses a wide variety
of formal objects, such as cellular automata or multi-agent systems in a stochastic
environment. In this thesis, the scope is restricted to time-continuous dynamical
systems in a deterministic environment, and the only source of randomness is the
distribution of parameters and initial conditions, i.e., what monitors the diversity
of the population. A concern for simplicity mainly drives the choice of this re-
striction. The assumption of a known environment is not too restrictive in our
case, as we study statistical inference on data collected in the past. Indeed, we
can assume that if certain features in the environment are considered relevant to
explain the evolution of the system, they have been previously measured during
the experiment. Therefore, the environment is incorporated within the transition
function gy, more specifically in the time dependency of this function. If the
population does not evolve in a controlled environment, or if this environment is
only partially observed, a stochastic process (e;);>0, modelling the variations of
the environmental features, needs to be added to the arguments of the transition
function, constituting another source of uncertainty for the statistical inference
problem. An example of such system for plant growth can be found in Della Noce
et al. (2019).'" Apart from the results related to statistical inference (chapter 2
and chapter 4), we postulate that most of the assertions concerning the dynamics
of the system can easily be generalized to the case of a stochastic environment.

Another source of uncertainty, often considered in the literature, is the mod-
elling noise, i.e., when dynamics are random. The population model is then a
system of stochastic differential equations (Lv et al., 2008,” Bolley et al.,2011,
Degond et al., 2014'").

(2, Oi)1<i<n ~ Mév ,
Vie{l,..,N}, xj=2a0 . (1.16)
Vt >0, dry = gy(tay. 0 (2], 05)j)dt + ot oy, (2], 05);2)dBi+

Ue(ta xi? (mga ej)j#i)dBt

where ((B});>0)1<i<n, (Bi)i>0 are dy—dimensional independent Wiener processes.
The design of the diffusion coefficients ¢; and o, has to be made wisely so that
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the individual trajectories remain within an acceptable domain of the phase space.
Modelling noises can constitute an alternative hypothesis to individual heterogene-
ity to account for the variability in the data collected in the population (Lv et al.,
2008, Trevezas and Cournede, 20137”). In this thesis, we mainly focus on models,
whose randomness is due to the initial configuration of the population.

1.2.2 Symmetric population systems

A population model is said to be symmetric if the dynamics are invariant by permu-
tation of individual indices. This invariance is to be understood in the probabilistic
sense: forallo: {1,..., N} = {1,..., N} a permutation, (2}, 01, ..., 2, On)i>0, a set
of individual trajectories, has the same distribution as (:1:2(1), Oo(1ys s :EfT( N Oo(ny)-
We can consider a less restrictive condition for the definition of a symmetric sys-
tem, consisting of a punctual equality in time of the processes’ distributions.

Definition 1.6. symmetric population system
An individual-based population system of size N is said to be symmetric if for all
bijection o € S and for all timet > 0

<$Z—(1;N)790(1:N)) ~ (xli:N?eliN) (117)

This definition is consistent with the definition of symmetric N-particle distri-
bution introduced in Golse (2013).

notation: &y the set of bijective maps from {1,..., N} to {1,...,N}. For o €
Gy, we can consider the linear map consisting in permuting the order of compo-
nents of a list of element of XV

PUXN TX1.N € XN — To(1:N) = (xa(i))lgigN € XN (118)

Example 1.3. symmetric population systems

1. Let pp € P(R? x R* x R*) and the system introduced in Cucker and Smale

(2007).
( (33?71}?,7712-) ~ Ko
d .
() = i)
Vie{1,..,N}, dt (1.19)

v, H v;(t) — vi(t)
&= e 2 T o) = 5Ol

This system models the motion of animals of various masses, tending to align
their speeds with those of their congeners in the surrounding area. We can
check easily that this system is symmetric.

\ J=1

10
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2. Let g € P(R? x R x Ry) and the system referred to as Kuramoto-Vicsek
system in Degond et al. (2014).

( (dwg, of, vi) ~ g
df; () = c(cos(au(t)), sin(ay (t)))
Vie{l,.. N}, do; v; Zj»vzl sin(a;(t) — a;i(t))
d 2 2
\ t \/(Zjvzl cos(a; (t))> + <Zj\/:1 sin(ay; (ﬂ))

(1.20)
The individuals move at a constant speed, and their directions tend to align
with the mean direction of the population. It is also easy to check that this
system is symmetric.

Example 1.4. a non-symmetric population system
Let \ # 1 two real numbers.
(2}, 23) ~ U([0; 1])*
x1(t) = 2¥eM (1.21)
To(t) = et
It is clear that (z1(t), zo(t)) does not have the same distribution as (xo(t), x1(1)).
As a consequence, there is no way to estimate parameter X\ if one only observes
the trajectory xo(t). This illustrates the fact that the information given by the

observation of a subgroup of a non-symmetric population depends on the choice of
the subgroup.

The symmetry of systems (1.19) and (1.20) is ensured by the initial distribu-
tion p) = p$Y, which is a factorized distribution, and by the invariance of the
transition function by indices’ permutation. The last invariance is ensured by the
relation linking the interaction and the empirical measure of the population, given
by the following definition.

Definition 1.7. empirical measure of a collection of points (from Mis-
chler, 2011, definition 1.2.4)

Let Z be a metric space and z1.y = (2;)1<i<n @ collection of points in the space.
Then the probability distribution

o] = %Z 5., € P(Z) (1.22)

is the empirical measure of the collection of points. The set of empirical measures
of N masses is denoted

Pn(Z2) = {%Zézi,(zl,...,z]v) € ZN} (1.23)

11
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The empirical measure is the probability measure corresponding to the uniform
distribution over the population at time ¢. Systems (1.19) and (1.20) can be written
more generally as

(29,0;) ~ po € P(X x ©)

N
Vie{l, .. N}, dx; 1 1.24
{ ) E(t) =hy (75, zi(t), 0;, N 25(xj(t),9,-)> (124)

j=1
Indeed, system (1.19) depends on the empirical measure linearly.

N

H v;(t) — i) NH v —v;(t) )
mi N t)(dw, dv
m; j=1 (1 + |£L’1(t) - $j<t)’)ﬁ m; Jge (1 + |$1(t) _ x|>5:u[ ]( )
al (1.25)
N 1
where fi[t] = N Z O, (1),0;(8))
j=1

System (1.20), however, is nonlinearly dependent on the empirical measure.

v S sinfoy (1) — (1)

_ R (1.26)

N
. 1
where [i[t] = N Z Oy (1)

j=1

The generic expression (1.24) leads us to consider a specific class of population
systems whose dynamics are functions of the empirical measure. The following
propositions give the proof that systems of the form (1.24) are symmetric.

Proposition 1.1. relation between empirical measure and permutation-
invariant class

Let N > 1, Z a metric space. We consider the quotient set ZV /Sy associated
with the equivalence relation

VZLN, Zi:N € ZN, Zl:NRzi;N & do e GN, Z1:N = Z;(LN) = (Zéy(i))lgiSN (127)

Then the map zi.x € ZV /Sy — plz1.n] € Pn(Z) is a bijection.

12
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Proof. The map is clearly surjective. Let zi.n,y1.v € ZV such that u[z.n] =
p[y1.n]. Let us consider the equivalence relation over the set {1,..., N'}

thjg € {1, ceny N}, lejQ = Zj = Zjy (128)

The associated partition is denoted {1,..., N} = C; U ... U C? for some r > 1. Let
ke {l,..,r} and ¢ € Cf, we can define the set C} = {j € {1,.... N}|y; = 2}
independently of the choice of ¢. Then for all k € {1,...,r} and ¢ € Cf, we have

Card(Cy) = Npulzun]({ze}) = Nplyrv]({z}) = Card(Cy) (1.29)

It follows that C} and C} are in bijection. Let us choose for all k& € {1,...,r}
Y : C; — C} a bijection. We then define the map o by

o:i€{l,...,N} — (i) with k such that i € Cf (1.30)

Let 4, € Cf and iy € Cf, such that (i) = o(iz). Then k; = ky, since C}jl and
C’,‘ZQ are either disjoint or equal, and ¢; = iy by injectivity of 7x,. So o is injective
and therefore bijective, and we have 2.y = yo(1.5) by construction. O

That means that we can represent graphically an empirical distribution as
a cloud of points, where the points are undifferentiated, of the same colour for
instance.

Proposition 1.2. specific class of symmetric population system
Let us consider the individual-based population system of initial configuration dis-
tribution ) = u$™N where py € P(X x ©) and of interaction function

gn - (t,xl,ﬁl, (xj79j>2§j§N) €R+ XX x O x (X X @)N_l
1 N
= hy (t, 1, b1, N ; 5(mi,ei))

for some function hy : Ry x X x © X Py (X x ©) — X. Then the individual-based
population system is symmetric.

(1.31)

Proof. Let (z%.y)i>0 be a set of individual trajectories of the system. We note

Hy : (ta T1:N, 01:]\[) e R, x XN xoN — (h]\](t,xi, 0;, % Z;VZI 5(xj’6j)))1<‘<]\/ e XN,
By definition, we have for all ¢ > 0 and for P-almost every w € -
¢
xtI:N = x(l):N + / HN(S7 xi:Na elzN)dS (132)
0

13
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Let 0 € Gy. By composing the previous relation by P ™ we obtain

t
P (aho) = P (@) + [ P (Hls, s o)
0 (1.33)
P (aho) = P (ab) + [ Ha(s, P (a0), P2 Orx))ds
0

It follows that the (PX" (#%.y))is0 is a set of individual trajectories for the system

of initial configuration distribution P;XXG)N(ME‘]@N ) = ™ and having the same

interaction function. Therefore PfN (2% ) ~ 2}y for all t > 0 by uniqueness of
the distribution of solution processes. [

The proposition also holds in the case of stochastic dynamics, i.e. for systems of
the form (1.16), if the diffusion coefficients (denoted o and o, in equation (1.16))
can be expressed as functions depending only on (¢,z,0, iy) where jiy is the
empirical measure of the population.

1.3 Simulation of individual-based population sys-
tems
The simulation of symmetric population systems taking the form

(29,60;) ~ o € P(X x O)
N

Vie{l, .. N}, dx; 1 1.34

j=1

involves a numerical approximation of trajectories’ distribution (z1.5(t)):>0. The
marginal distribution of a single individual state in the population, denoted by
pl:l[t], is particularly useful as it enables a visualization of the system evolution.

Definition 1.8. marginal distribution of a symmetric population system
Let us consider a symmetric population system of the form (1.24) and let u™t] be
the distribution of (zt,0;)1<i<n where (5.5)s>0 is any set of individual trajectories
solution of the system. Let k < N. The marginal distribution pY*[t] is the one
defined by:

VSO € Cl()](Xk — R)a / So(xlk)ﬂi\[k[thxlk) = / So(xlk)luN[t](dajlu dela ey dea d6N>
Xk

(XxO)N
(1.35)
where C)(X* — R) is the space of continuous and bounded functions defined over
X* and taking values in R.

14
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Because the considered systems are symmetric, marginal distributions plY*[¢]
represent the state variables of any group of size k£ in a population of size N. In
order to compute the distribution z**[t] numerically, a classical method consists
in approximating it by the empirical measure associated to independent and iden-
tically distributed (i.i.d.) samples (%', ...,2}™) from p'[t]. Obtaining a single
simulation from p2[t] requires going through the following steps:

1. simulate from p§ an initial configuration of a population of size N;
2. solve ezactly the differential system (1.24) over the interval [0;¢];
3. take a single individual in the population, e.g. x(t).

The convergence of the empirical measure to the original distribution is a result
that can be found for instance in Legland and Oudjane (2004),” expressed with a
weak convergence metric.

e () <

1 - Lk N:1
o ESL ry) — X) [y dx
SO {n;w )= [ eland i L
(1.36)

It is important to note that this convergence does not necessarily hold if the n-
sample is composed of individuals coming from the same simulations, because
of the correlation between the members of a given population. The bias due to
individuals’ interdependence can be seen when we consider the empirical measure

1 n N
ant] = Nn E g 4, x where 2" is the state of individual i obtained at the k™
n i
k=1 i=1

simulation. Then for any continuous and bounded function ¢, we have

Vi Z S () - | el aa)

=1 i=1

NWZiZZE{( - [ ol H(d:c>>

k1=1ko=11i1=114i2=1

(@(xffz’)—/Xgo(x)ﬂi\“l[t](dx))’ tin (l‘x[])@’”}

= - Var {p(a), &~ 1]} + S Cov {p(mn), plwa); (ea,22) ~ ]}
(1.37)
If it is not established that the covariance terms in equation (1.37) is zero or can
be neglected, then we need to simulate an entire population of size N to obtain a
single sample from pY:1[¢].

s 2w~ (g [t)*"

15



Sitmulations of symmetric and heterogeneous population systems

The convergence (1.36) also implies an exact resolution of system (1.24), which
is only possible in the event of an analytical differential system. In the general
case, we have to resort to numerical solvers. The error induced by the numerical
resolution has to be small enough so that the resulting n-sample can be serenely
considered as an n-sample from the original distribution. Moreover, if it is es-
tablished that the distribution pY*![t] is absolutely continuous for the Lebesgue
measure, then the approximation of this distribution can be refined by computing
a kernel density estimate of its density.

The different simulations of the population can be carried out in parallel. Nev-
ertheless, the simulation of a single population of individuals in interaction can
be expensive in terms of computational time, especially when N is large. The
computation time varies according to the specific form of the interaction linking
each individual to the whole population.

Example 1.5. Cucker-Smale
In system (1.19), the computation time used to compute the velocity of all the
individuals in the population is proportional to N2.

Example 1.6. Spring Cloud

Let us consider a system composed of N punctual masses, mutually connected by
springs of stiffnesses Kk, with k; and k; being individual parameters of particle i
and particle j respectively. The evolution of the system is given by the following
linear system of equations:

dl’i

i)~
Vie{l,.., N}, dv;

1 N
7 (t) = p— ;“i“j(%(t) —zi(t))

(1.38)

It can be noticed that the location of the barycenter determines all the interactions
in the population:

a;;, (t) = _i (Z Hj) xi(t) + ﬂ K;x;(t) (1.39)

The computation time of the acceleration for all particles in the system is propor-
tional to N.

Parallelization of the computation is conceivable if the interactions between
individuals are short-range. This idea is commonly used for simulations of molec-
ular dynamics (Plimpton, 1993""). A space discretization can be conducted, and
the cells’ sizes should not exceed the typical length of interaction (Harvey et al.,
2015,” Cornell et al., 2019”).

16
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Another type of methodology to earn some efficiency in the computation con-
sists in freezing interactions over a short period, leaving the individuals to evolve
separately within a constant population. This approach is used in Li et al. (2019)
for the simulation of a microbial population: higher scales are first simulated inde-
pendently of the lower scales, then lower scales are updated while keeping constant
the higher scales. In the case of system (1.24), two scales can be distinguished:
the population level, represented by the empirical measure, and the individual
level. Fixing the state of the population over some interval [ty;t;] boils down to
considering the following dynamical system

d!L‘Z‘
dt

N
1
pwlto] = D ey t0).6,)
j=1

(t) = hn(t,z(t), 05, i [to])

Vt € [to; t1],Vi € {1,..., N}, (1.40)

If the transition function hy is smooth enough and if the length of the time interval
is small enough, then there are reasons to believe that system (1.40) constitutes
a good approximation of system (1.24). We can also consider a more accurate
approximation of the trajectory ¢ +— jiy[t]. Instead of considering a piecewise
constant approximation of the trajectory, we can consider a piecewise polynomial
approximation ¢ — fiy([t] € P(Z). This approximation is particularly useful from
the computational point of view when fixing the empirical measure leads to ana-
lytical differential systems.

Example 1.7. Spring-Cloud
The system obtained by fixing the empirical measure in population model (1.38) is

: d*w; Ki al K N
vVt € [to;tl],\VIZ S {1, ...,N}, W(t) = _E (; /g;j> ;L'Z(t) + E ;Kjxj(to)
N
. KT ‘
zi(t) = M(l — cos(w;(t — to))) + zi(ty) cos(w;(t — to)) + vilto) sin(w;(t — to))
Zj:l Kj Wi
N
where w; = i Z‘jfl i
m;

(1.41)
The motion of each particle is along an ellipse. Notice that this approximation
provides the exact dynamics of the system when the individual parameters k;, m;
are constant over the population (homogeneous population).

Example 1.8. Cucker-Smale

17
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Fizing the empirical measure in system (1.19) leads to

d!L‘Z‘

dt
vVt € [to,tl],VZ € {1, ...,N}, dUz

(t) = wi(t)
H N (% to U1<t)
O = e 22 T )~y

This nonlinear ODE can be solved in parallel for all individuals in the population.
The linearized version of the system can also be considered

d!L‘Z‘

dt
Vt € [to; t1],Vi € {1, ..., N}, dv,

(1.42)

i~

M2$

(t) = z-(
(% to Ul(t) (143)

(1 + |zi(to) — 2;(t)[)°

J:1

which leads to analytical solutions over [ty;t1].

1 t—t t—t
—to — to
YVt € [to;t1], wit) = 0 Zw?jvj(to) (1 — exp ( "y )) + v;(to) exp (— "y )

1 Y 0
where w?j = , W) = E w, and 70 = —~

z;(t) = x;(to) +/ v;(s)ds

to
(1.44)
The choice of the period length t; — ty must take into account the dynamics of
the original model. The time step must be small if the system is in a transitional
regime, whereas it can be chosen large if the population is close to an eventual
stationary state or equilibrium. The section 1.4 applies this methodology for the
model of plant competition introduced by Schneider et al. (2006).

1.4 The Schneider system

1.4.1 Context of the system

According to the simulation study mimicking natural selection in Eloy et al.
(2017),"" competition for light shapes the aerial part of woody plants. In agri-
culture, competition models are of prime importance to find the optimal density
within a crop and ensure a good yield. This type of interaction is better represented
in the plant modelling literature than collaboration-like interactions. Mutualistic
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Figure 1.2: Representation of the size variable s in Arabidopsis thaliana used in
Schneider et al. (2006).

relationships, like the transfer of nitrogen from legume to cereals studied in Patra
et al. (1986)," explain nevertheless the advantages of multispecific crops. We have
chosen to illustrate our methodology with a model of competition for light intro-
duced by Schneider et al. (2006),” hoping that our approach could be generalised
to systems with positive interactions between plants.

Competition models for light can provide a more or less accurate description of
plant morphology, according to the objectives of modellers (Berger et al., 2008").
The estimation of the influence of plant organs and compartments over the local
light environment is necessary to account for the variability in the architecture
of the aerial parts (Clark and Bullock, 2007,” Cournéde et al., 2008,"* Beyer et
al., 2014"). In the model considered here, designed initially to study competition
in a monospecific population of annual plants, arabidopsis (Arabidopsis thaliana),
the plant morphology is only described by a characteristic dimension, and this
considerably alleviates the experimental protocol to monitor the evolution of the
population. The inter-plants competition is expressed via an empirical potential,
which depends only on the observed individual features, referred to as a compe-
tition index (see Weigelt and Jollife, 2003,"" for a review of competition indices
used in forestry).

1.4.2 Description of the system

In this system, the plant state is uniquely described by its rosette’s diameter,
denoted by s, to which we also refer as the sizes of the plants (see figure 1.2). If
the competition exerted on an individual plant can be neglected, the evolution of
the size of the plant of label i through time is given by the following differential
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Figure 1.3: Evolution of the size of a plant without competition, according to
equation (1.46), with the configuration S =1, 7 =2, so = 0.1.

equation, corresponding to a Gompertz growth function (Paine et al., 20127).

%(t) = 7isi(t) (log (Si/sm) — log(si(t)/sm)) (1.45)
In the above equation, .S;,; are intrinsic parameters of the individual plant, rep-
resenting its asymptotic size and growth rate. The variation of these parameters
from one plant to another can be due to genetic variability or micro-variations of
the environment not covered by the experimental protocol. s, is the minimal size
of the plants, principally used as a normalisation constant. Notice that the differ-
ential equation (1.45) can be solved analytically for any given initial condition s},
which has to be chosen, such as s,, < s) < S;.

VE>0, si(t)=S; (%) (1.46)

The typical shape of the growth curve in the absence of competition is given in
figure 1.3. In the presence of neighbouring plants exerting competition on plant
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i, the growth equation (1.45) is modified by adding a time-dependent competition
factor to the asymptotic size S;, leading to the equation

dSi
dt

(1) = yisi(t) (log(Si/sm) (1 — C(t)) — log(si(t)/sm)) (1.47)

The competition index of plant 7 is a function of the surrounding plant states. In
Schneider et al. (2006)" and in Lv et al. (2008),” the following expression is
proposed for the competition index:

Ci (1) ZC t), |z — )

J#Z

with C(si(t),55(0), s — ,]) = QRl"g((fjf)jf_iL) (1t (- 1ot/ ) )

(1.48)
The competition potential C(s;,s;,d;;) expresses the contribution of plant j to
the competition exerted on plant ¢ at a distance d;; = |z; — x;|. In this model,

competition is, therefore, just to be understood as a negative perturbation of
the development a plant would theoretically have in optimal conditions. The
competition index is composed of three factors that can be interpreted separately:

1. log(s;j(t)/sm)/Ru: the larger plant j, the stronger the competition it exerts
on plant ;

2. 1/2 (1 + tanh (a% log(sj(t)/si(t)))): the larger plant ¢ in comparison with
plant 7, the weaker the competition exerted on plant ¢ by j, the parameter
o, monitors the effect of the relative size;

3. ﬁ the further apart plants ¢ and j are, the less competition there is.
14+ ———

The normalisation constant R,; is chosen such that all competition indices in
the population remain in the interval [0;1]. For instance, if we have the prior
knowledge that plant sizes cannot exceed some maximal size Sy, we can set Ry, =
log(Sar/Sm)-

In the system taking into account the competition, each individual  is described
by its size s;, which is the only state variable, its position x; = (x},2?) € R? and
its intrinsic parameters S;,7;. Using the notations in the previous section, the
individual parameter @ consists of four components (z!,22,5,7) and the state
variable s is univariate.
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1.4.3 Properties of the system

In this section, we shall establish some results to prove that the system defined
above leads to global solutions over R, . It is also essential to check whether the
differential equation’s behaviour is consistent with the biology of the system, i.e.,
sizes cannot be negative, and competition cannot have a positive effect on growth.
Let us first start by proving the existence of global solutions for the Schneider
system.

The existence of global solutions requires the following intuitive lemma, which
is a variation of Gronwall lemma.

Lemma 1.1. Variation of Gronwall lemma
Let y : [0;T] — R a continuously differentiable function such that there exists
v € R and y € R such that ¥t € [0;T)], —yy(t) < y'(t) < (g — y(t)). Then
vt € [0;T], y(0)e " < y(t) <y — (¥ —y(0))e "

Proof. Let us consider the function ¢, : ¢ € [0;T] — (§ — y(t))e?. The derivative
of the function is V¢ € [0; 7], dzlbt* (t) = (v(g — y(t)) — ¥/ (t))e > 0. So ¢, is
increasing over [0; 7. In particular, we have for all ¢ € [0; T:

o4 (t) > ¢4(0)
(7 —y()e" > 5 —y(0) (1.49)
y(t) <y —(5—y(0))e

Similarly, we can prove that the function ¢_ : ¢ € [0;T] — y(t)e? is increasing
over [0; 7] since %(t) = (y'(t) + yy(t))e” > 0. Therefore Vt € [0;T], y(t) >
y(0)e " O

Proposition 1.3. sufficient condition for the existence of a global solution
to the Schneider system

Let us consider the system of N differential equations, with N > 1, defined by the
dynamics

([ 5,(0) = s?
ds;

VvVt >0, —(t 8 (T
B 1) = st

vie{l.,N}Q (bg(si/sm (1 _ _ZC silt), s5(t), i —%!))

J#i
~ log(si(t)/sn))

\

(1.50)
and by the constants (s9,x;,S;,7i)1<i<n. The function C' : R3 — R is defined in
equation (1.48) and s, Ryr > 0. IfVi € {1,....N}, s, < 8¥ < Sy, 8,0 < S; <
smef™ and ~; > 0, then the system has a global solution, defined over R..
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Proof. Let us introduce the notation for the domain containing the initial config-
uration of the system

D={(52,97)€ 2|80 <5<8 8, <8< spe™ >0} (1.51)

with Z = R* xR*xR; xR;. The set of individual parameters is © = R*xR, xR,
Let 2%y = (8%, 24, Si,7i)1<icny = (8%,6;)1<i<ny be an initial configuration of the
system chosen within the interior of the domain D, i.e. 20 € (D)V.

For a fixed initial configuration, the transition function of the system is

Gy : (s1n,01.8) € (Ri) x ZN |—> — (Zg Si, 0, 55,0, ) e RN
el 1<i<N
with g : (s1, (1, 51,71), 52, (X2, 52,72)) € RL x © x R} x ©
— 151 (log(S1/5m)(1 — C(s1, 2, |21 — x2|)) — log(s1/sm)) € R
(1.52)

By Cauchy-Lipschitz theorem (1.1), as Gn(.,61.n) is continuously differentiable
with respect to si.n, the system (1.50) has a unique maximal solution defined
over an interval [0;¢,,) with ¢, € @i. For all time t € [0;t,,), we note s1.n(%)
the maximal solution associated to the initial configuration 2{ y, and zy.x(t) =
(si(t), zi, Siyvi)1<i<n- We consider the interval Ip = {t € [0;¢,,,) | VT € [0;t], 2.8 () €
(D)N}. This interval is not reduced to the singleton {0}, since ¢ € [0;t,) — z1:x(t)
is continuous with z1.x(0) = 20\ € DN and DV is an open set. Then t* = sup Ip
is strictly positive. Let t € [0;¢*) and 4,5 € {1,..., N}, we have the following
inequality on the competition index:

0 < C(silt), s(t), |z — a;]) <1
d
80— yilog(si(t)/sm) < — log(si(t)/sm) < 7i(log(Si/sm) —log(si(t)/sm))
By applying lemma 1.1, we obtain that for all ¢ € [0;¢*) and for all i € {1,..., N}

Sm (59 /5m)" " < si(t) < Si(s0/ )" (1.54)
If ¢* is finite, we have therefore for all ¢ € [0;¢*) and for all 4,5 € {1,..., N}

! S s\
/ |g 9278]( ) )|d7—<%51/ 10g . 3_0 dT

< %iSit" 10g(S/5m) + Silog(sm/sY)(1 — e ")
(1.55)

(1.53)

t
so the integral / g(si(7),60;,5;(7),0;)dr is absolutely convergent at point ¢*. It
0

"
follows that for all i € {1,...,N} lim s;(t) = s’ +/ 9(si(7),0;,s5(7),0;)dr
0

t—(t*)~
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exists. As t € [0;t,,) — s1.n(t) is the unique maximal solution, then t* < ¢,, and
we can evaluate the s1.y at time t*. If we do so, we can notice that s, < s;(t*) < S;,
which is in contradiction with the definition of ¢* = sup Ip. As a consequence
t* = t,, = +oo. O

This result shows that the evolution of the population model takes place with-
out finite-time blow-up, but it also shows that the dynamics are consistent with
the initial assumption on the competition indices, which must remain bounded
between 0 and 1. This sufficient condition on the existence of global solutions
directs us toward a choice for the initial configuration distribution support.

Definition 1.9. support of a probability distribution
Let Z be a metric space and p € P(Z) a probability measure. We consider the
set S, = {K € B(2) | K is closed and u(K) = 1}. Then the support of the
distribution p is supp(p) = ﬂ K.

KEeS,

Corollary 1.1. The Schneider system is a symmetric population model
Let pg € P(R) such that supp(po) C D and N > 1. Let us consider the differential
system with random initial configurations

0 RN
(Sz’ y Li, Si7 ’VZ)ISZSN ~ Mg

. dsz 1.56
VZE {1,...,N}, dt :—Zg Sz 9“3] ) QJ) ( )
J#i

where g is the function defined in equation (1.52). Then the Schneider system is
a symmetric individual-based population models.

Proof. First, as a direct consequence of the proposition 1.3, No is compatible
with the differential system (1.50): for any random variable 2z}, N~ p$™N | there
exists ' € F such that P(Y) = 1 and Vw € &, 2%, (w) € DV, and we can
apply the previous result on any 2%\ (w). Besides, we have for all t € R, and for
all i € {1,..., N}, along any set of individual trajectories sy.n(t),

N

N 1

Zg 0, 0:.5,(8).0) = - Zg(si(t), ;.5 0') % Z(s(sj(twj)(ds',de')

J#z J=1

. Q(Sz(t)7 0i7 Si(t)7 0’&)
N -1

(1.57)
Therefore, according to proposition 1.2, the Schneider system is a symmetric pop-
ulation model. O
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1.4.4 Definition of the initial configuration distribution

In this section, we choose a parametric expression for the initial configuration
distribution pug. First of all, its support must guarantee that the distribution is
compatible with the Schneider system. This property can be verified if the support
meets the sufficient condition of proposition 1.3. The distribution must also be
parameterised in a way that it can generate a wide variety of initial configurations.
In our case, we are interested in a population having a spatial distribution of
individual parameters S and -, meaning that these parameters are chosen with a
high correlation with the position variable z.

In keeping with Schneider et al.”” and Lv et al.,”” the initial sizes of the plants
are fixed to a constant sy > s, over the population, and the positions of the plants
are uniformly distributed over a square domain [0; L]? for some distance L. Lv et
al.”" also consider a Poisson point-process distribution of the plants over the plane,
which still leads to a symmetric population model, but it does not correspond to
a distribution of the form ™.

The distribution of the individual parameters S and ~ is determined by two
parametric surfaces x € [0; L]> — S(z) € Ry and z € [0; L]? — 7(z) € R, defined
by

= S+ (Su = Soyexp (30— o) T3 o o)) = (S0 S)exp 50 = o) H3 o~ o))

=70 + (Y — 70) exp (—%(w —2])TH] (z - IY)) — (%0 — Ym) €xp (—%(fv —x3) H) (x — w%))
(1.58)

In the above equations, the surfaces are parameterised by their offsets Sy or 7y, the

location of high values of the parameter 27 or z7, the location of low values of the

parameter 3 or xj, typical high values Sy, or vy, and typical low values S, or

Ym- The four matrices Hy, Hy, H], H) are symmetric positive and they monitor

the shape of the surface in the neighbourhoods of =7, x5, z], ] respectively.
Individual parameters S and v are chosen independent conditionally to the

position x, with the conditional distributions

S|a~U(S() - 05;5(x) + 0s))

3|~ U() — 0333(2) + 05) 9
In particular, the conditional expectations E[S | z] and E[y | x] are equal to S(z)
and 7(x) respectively.

Figure 1.4 represents a typical shape of the surface S representing the mean
value of parameter S over the domain [0; L]? for the following configuration of
parameters.
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Figure 1.4: Surface z € [0; L]? — S(x) € R, defined in equation (1.58), with
parameters in table 1.1.

In summary, if a random variable (sg,z,S,v) is of distribution pg, then its
components satisfy the following relation:

so~ 05, @~ U0 L), S |2 ~U([S(x)—0s; S(@)+os]), 7]z ~U[F(x)=0y;7(2)+0,])
(1.60)

Equivalently, the distribution is defined by its action on continuous and bounded

functions. Let h : Z — R be continuous and bounded, we have

v)tos  py(@)toy h(so,z,S,7)
E{h(s,z,S,7), (s,2,5,7) ~ u / / / ——— 2 dydSdx
{ ( ) ( 0} 0;L]2 J S(z)—0s (x)—0oy 4L20_SO-’Y (1 61)

1.4.5 Simulation of the Schneider system
Resolution using high-order numerical schemes

To approximate the distribution, we first need to solve numerically the differential
system (1.50) for fixed initial conditions. We have used a Runge-Kutta method
of 5 order with 4" order free interpolation (Tsitouras, 2011") implemented in
the package DifferentialEquations. jl of Julia language (Rackauckas and Nie,
2017°).
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Parameters of p Values
(L,05,04) (1,0.1,0.1)
(S0, Sms Sar), (Y0, Y, Yar) (0.9, 0.8, 1.0)
xy, Ty (0.5,0.75), (0.5,0.25)
x], (0.75,0.5), (0.25,0.5)
21.3 26.7 213 26.7
S 7S
Hy, Hy (26 7 133. 3) ( 26.7 133. 3)
133.3 26.7 133.3 —26.7
Y v
Hi, s (267 m3) ( 26.7 213)
S0 0.1

Table 1.1: Parameters of the initial distribution gy

Competition Parameters | Values
Sm 5x1072
Ry 3.09
(0r,02) (0.69,1.0)

Table 1.2: Competition Parameters and their chosen values for the simulations

We consider solving the differential system of N equations

5i(0) = so(w)

Vie {1,..,N}, d& _ ,
{ by vezo 2 = _1§:g& 5;(t), 0;(w))
J#i
(1.62)
where (s7,6;) ~ p$N is a random variable and w € Q' = {w' € Q| (sY(w'), h:(w")) €

(DN}, po is the dlstrlbutlon defined in the previous section. Tables 1.1 and 1.2
give the values of the parameters used for the simulation. The accuracy of the
approximated solution is monitored by the relative tolerance (argument reltol
in the solver), which is used to adapt the time step throughout the simulation.
The smaller the tolerance, the more accurate the approximation, but of course the
longer the simulation. We did not investigate the relation between the tolerance e
of the solver and eventual estimation of classical convergence metrics, such as

N
—Z sup |s;(t) — 85( —%Zﬂsi—?
i=1

illoo
0<t<T

(1.63)

with 57 being the solution returned by the solver and s;.y being the true solution.

However, by considering a decreasing sequence of tolerances (¢, = 107%), <<, we
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10— 12 |
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2.5 5.0 7.5 10.0 12.5 15.0 17.5

Figure 1.5: Evolution of the metric Ji, defined in equation (1.64), for decreasing
tolerance €, = 107*.

can select the tolerance using the metric

N
1 € e
o=+ ;_1 [ER [ (1.64)

with K chosen large enough. We simulate the system over the interval [0;T]
with 7" chosen larger than the time it takes for the slowest plant (of growth
rate v,,) to reach 99% of the largest size Sy in the absence of competition, i.e.
1 o (log(so/(SM +0g)

Vi — O log(0.99)

population size is set to N = 50 individuals. The initial configuration is fixed for
the different simulations and the reference solution is the one obtained for a toler-
ance €o9 = 1072%. The sup in equation (1.63) is computed using a Brent univariate
optimisation method (Brent, 1973") implemented in the Julia package Optim.j1l
(Mogensen and Riseth, 2018"). The results are given in figure 1.5. We can observe
in figure 1.5 that the numerical solution obtained for the relative tolerance 1072 is
close to the reference solution by 2.5 x 107°. We therefore choose the value 10~2 for
the relative tolerance for the next simulations, which are carried out for different

> = 7.82 in our case. T = 8 is our choice and the
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Figure 1.6: Set of individual trajectories ¢ € [0;10] — s1.5(f) obtained with Julia
package DifferentialEquations.j1’” for a population of size N = 50.

population sizes N, different initial configurations and different time horizons 7.

Figure 1.6 represents the evolution of a population of size N = 50 individuals
over the time interval [0;10] for a given initial configuration. We can notice by
looking at the final slopes of the growth curves that the sizes of the different plants
have, for a vast majority, reached stationary sizes at time T" = 10, leading to think
that the whole population may have a stationary distribution. This intuition
is confirmed later by figure 1.8. The proof of the existence of this stationary
distribution has not yet been investigated.

By iterating the simulations, we can obtain an approximation of the distribu-
tion pN:l[t, ], corresponding to the marginal distribution of the individual trajec-
tory s}, or by symmetry, the marginal distribution of a single individual size in the
whole population. Figure 1.7 compares 100 different realisations of the individual
trajectory si. By looking at this graph, we can speculate that the distribution
pNe[t, ] is absolutely continuous for the Lebesgue measure for all time ¢ > 0. This
graphical intuition can also be substantiated by the fact that the distribution of
the sizes in the absence of competition has a density for all time ¢ > 0, having the
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Figure 1.7: 100 independent simulations of the evolution ¢ € [0;10] — s1(¢) within
a population of size N = 50 using DifferentialEquations.jl.””

following expression

( log(s/S)
log(so/.S)

with F¥° being the cumulative distribution function of g, the marginal distri-
bution of 7, and p’ being the marginal density of S. To visualise the evolution
of size density, we carried out a kernel density estimation over the different real-
isations of s!, using KernelEstimation.jl package. A Gaussian kernel is used
for all density estimations and the support boundaries are specified, taking into
account the fact that the support of the density is included within the segment
[$m(S0/8m) P10 Sy (50/Sar)*PETMD ] As expected, figure 1.8 shows that the
variance of the size density increases with time. The distribution at time ¢ = 10
has a mode around s = 0.3, which is far below the minimal value of the asymptotic
size S,, — o0s = 0.7, meaning that inter-plant competition has a significant impact
on the development of the population.

We want now to consider the influence of the population size N on the shape of
the state distribution to assess the importance of this parameter graphically. This

“+o0o
s eR—= sy < s}% [/ Fo <—%log >> pf_é}o(S)dS] (1.65)
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Figure 1.8: Kernel estimates of the densities fN1(¢,.) at times t = 1,4,10
from a sample of 1 000 realisations of s{, obtained by iterating the solver
DifferentialEquations. jl over a population of size N = 50.

analysis has to face the problem of the computational cost induced by the simu-
lation of large populations. Indeed, because of the pairwise interactions between
individuals, the evolution of the computational time is asymptotically quadratic,
as illustrated in figure 1.9. We can notice in figure 1.9 that the computation time
required to simulate a population of 1 000 individuals over this short period [0; 1]
is roughly 10 s, which begins to be problematically long if we want to approximate
the distribution of individual sizes. As we are especially interested in the system’s
behaviour for a large population, we need to find a more efficient approximation
strategy for the Schneider system.

Fixed competition simulation

The stationary behaviour of the population implies that the competition indices are
almost constant after some time. Lv et al. (2008)”" consider an approximation of
the system dynamics by fixing over sub-intervals of the simulation period, leading
to piecewise constant competition indices. We give the proof of the consistency of
this approximation, which does not figure in the original article, and we use the
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10! -

100 =

10 [ 9.47 x 1079 x N?
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10—2 =

10140 10145 10240 10245 10340

Figure 1.9: Evolution of the computation time for the simulation of the Schneider
system using DifferentialEquations. j1 over the time interval [0; 1] for increas-
ing population size N.

proof to derive an adaptive time-step method.

Proposition 1.4. consistency of fired competition approximation

Let T > 0 and (A,)nen+ @ sequence of subdivisions of the interval [0;T) with

Vn e N* tf = 0,7, ....t7 =T such that max;<y<,(ty —t}_;) — 0 and such that
- n—00

Vn € N*, nmax;<p<,(tf — 7 ) < M for some M > 0. Let 20 5y = (8%, 0,)1<i<n =

(8%, 24, S5,v) € (lo))N, where D is defined by equation (1.51). Let sy.n : t € [0;T] —

(5:(t))1<icn € (RE)N be the solution of the Schneider system (1.50) for the initial

configuration 20 . Let us consider the function 57 :t € [0;T] — (87(t))1<i<y €

(Rx)N defined by, Vi € {1,..., N},

5(0) =5

Vk € {1,...n},Vt € [teois te), %(t) = 7,3 (1) (log(S;/5m) (1 - C*f—l)
—10g (57 (t)/$m)) with CF~* = N1 > CE (), 8t ), | — )

J#i
(1.66)
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1
Then: — sup |s;(t) — s (t)] —— 0.
> sup [sut) - (0]

The proof of this result uses the regularity of the transition function with
respect to the competition indices. An estimation of the error induced by keeping
the competition constant over a short period of time is derived by evaluating
C(37(t), 5%7(t), |zi — x5]) and by using the fact that 57(¢) has analytical expressions
over all subintervals of the subdivision.

Proof. The function 37, is well-defined by the differential system (1.66) and has
the following expression

Vie{l,...N},\Vk e {1,...,n},Vt € [t}_i;th],

57(6) = s exp (108(S: /) (1= CF71) (1= €7 050) 4 log (S (t,) /s )e ™10
) (1.67)

It can be proved by direct induction that C¥ € [0;1] for all k € {1,...,n} and

i €{1,..,N}, and that s,, < 5" < S;.. Let k € {1,...,n} and t € [t}_;;t}], and

ie{l,..,N}. We have:

t

si(t) = si(t_,) + / ge(s:(7). 85, Cle(7))dr

n
tk—l

where go(si(t), 0;, O (t)) = visi(t) (log(Si/sm) (1 — Cx (1)) — log(si(t)/sm))

t
and 5(8) = (17 ,) + / ge (3 (), 6, CF .
t

n
k—1

(1.68)
Thus: [s,(t) — §(1)] < |s:(t 1) — &t ,)| + / (Igc(s:(7), 05, Ciy (7)) — ge(52(7), 05, Cly(1))|+
’gc(g?(T), 0;, O;V(T)) - 90(5?(7)7 0; ézk_l)DdT

(1.69)

We then estimate the quantities |go(si(t),0;, Ci(t)) — go(37(t),6;, Ci(t))] and
190 (82(t), 0, O4 (1) — go(37(t), 05, CF1)| as functions of |s;(t) — 37(t)| in order
to resort to Gronwall lemma. Concerning the first term,

A , 57(1) ,
|gc(si(t),9i,01’v(t))—90(5?(t),9¢,01’v(t))|=/ Osgc(s, 05, Cy(t))ds|  (1.70)

i(t)

As the order relation between s;(t) and §!(¢) is unknown, we consider all the
values in between these two variables as elements of their convex hull, denoted by
Conv({s;(t),s"(t)}). So, for any s € Conv({s;(t), 5!"(t)}), we have:

3 (3

0sgc (s, 05, C (1) = i [log(Si/sm) (1 — C (1)) — log(s/sm) — 1]
10s9¢ (5, 0:, C (1)) < (1 + 210g(S;/5n))

(1.71)
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thus: [ge(si(t), 0, Cx (1)) — go(57 (1), 05, Cy ()] < 71 + 21og(Si/sm))si(t) — 57 (¢))]

For the second term, we have:

l9c(57(7), 0;, Ciy (7 >>—go<§<>9w0’f Y| = ilog(Si/sm)3 (1) |Chy(t) — CF
Cy(t)—CH ' < t), | — a5]) — C3P(th_y), 80 (th_y), lws — )|

(1.73)
We estimate the variation of the competition function by an upper-bound ex-
pressed as the sum of three terms. For any (i,7) € {1, ..., N}?, we have

|C(si(t), 55(1), [wi — 5]) = C(87 (t;-1), 57 (E51), [wi = 5])]
()

J#%

< 1Clsi(0) 5(0) [0 — 33]) — CU(E), (), s — 3l +
CGER(E), 55(0), [ — 3]) — CE (), 80, [ — ) (L.74)
O, 320 — ) — CENE), T, s — )]

For the first term in the majorization (1.74),

(Csi(t), 5(0), s = ;1) = CE D), 55(0), fos = )
[ 0G0 5=
o1 € Conv({s (051 (0))
05, C(s1,54(t), [w: — ;)
o log(si(t)/sw) | (1 e <log<sj<t>/s1>)2> (1.75)

2Ry s100(1 + |x; — x| /o2 o

log(S;/sm)
‘ )<
|05, C(s1,85(t), | — a5])] < 2Ry, 51+ |7 — x5]2/02)

C(s:(t), 55(1), s = 5]) = C(37 (1), 55(1), [2: = ])]

log<sj/5m) -
S Rmorem(L+ o —a;je2) 0 S0

For the second term in the majorization (1.74),
O (8),55(8), |2 = 25]) = C(57 (), 57 (2), [2: = 25])]

50 (1.76)
| 0,00 52 o~ )
s5(t)
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and we have:
Vsy € Conv({s;(t), 5?(75)}),
o, + log(sa/sm)(1 — tanh(a% log(so/3%(t))?)) + o tanh(o% log(so/3%(t))
2Ry0v52(1 + |2y — 2412/ 02)
)| < 20, + log(S;/5m)
T 2Ry 08 (1 + |3y — 4]/ 02)

|C(87 (1), 85(1), [wi — a;]) = O (1), 85 (1), [ — 4])

8820(5?(75)7 S2, |mz - x]‘) =

|05, C (57 (t), 82, [ —

< 20, +10g(S;/sm)
= 2Ry 0, Sm(1 + |3 — x;]2/02)
(1.77)

[55() = 5;(2)]
For the third term in the majorization (1.74),

t d ~n ~n
/t dr (C(57(7), 85 (7), s — x4])] dr

n
k

C(87(1), 85 (1), |2 = ) = C(87 (1), 85 (i), s — 5])| =

_ /tt (0., C(E(7),35(), i = i) g (57,0, CF)

n

+0,,C(E (), 53(7), s — 3 gc (35(7),05, C571) | ar|
We also that:

g (57(2), 05, CE71) | < 781108 (S5 5m)

and thus:

|C(87(1), 37 (1), s — 2;]) — C (37 (tr_), 87 (th), i — a;])| <

(7:Si 10g(Si/5m) log(S;/sim) + ;55 10g(S; /51 ) (20, + log(S;/s:,)))(t — 1))
QRMO'TSm(l + |$1 — IjP/O’%)

(1.78)
We use all the inequalities from (1.71) to (1.78) to derive an upper-bound of

— Z |si(t) — s'(t)]. For this purpose, we introduce the following coefficients,

1ndexed by the individuals 7,5 € {1,..., N}

a; = %i(1 + 21og(Si/sm))
7:S;10g(Si/Sm) log(S;/sm)
2RMUr8m(1 + |='L‘z - 1’j|2/0-g)
o 7iSilog(Si/sm) (20, + log(Sj/Sm))
Y 2Ryo,s (1 |z — x)2)02)
’yle IOg(SZ/Sm)(’YZSl log(SZ/sm) IOg(Sj/Sm> + ’)/]S] lOg(SJ/Sm)(QO'r + lOg(Sj/Sm»)
2Ry 0 Sm (1 + |z, — xj]2/02)

bij =

dij -
(1.79)
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N

1
These coefficients enables an estimation of the error N Z |si(t) — 51" (t)| using the
i=1
error at time ¢ = ¢}_; and the error integrated over the interval [t}_,;¢].

L §N |si(t) — |<—§ |si(th_1) — i ( |+ E a; |Sz — &M (7)|dT
N.
N ZZ%/ )~ 5+ s ZZ%/ 5(7) = 0l

zljyéz -1 Zl];éz

-ty
_1 szw S

zlj;éz

(1.80)

Let us introduce the characteristic time 71 and the constant K.z, depending only

v2s5
on the individuals parameters in the population

-1
1
71 = | max a; + —— | max b;j + max Cij
1<i<N N —1 |\ 1<i<N 4— 1<j<N 4

J#i i#£]
Kp, = NN D) S dy

zlj;éz

We can write:

N N
1 =n 1 n n
R DI TGRS DI 7 N LS o) - sl
i=1 i=1 t

k—1 =1
t

K. (1 —ty_y)dr

th1

(1.81)

We introduce the local errors on the subintervals [t} ;;t}].

X
E=— su si(t) — s (t

S DT MEUREC]
— no_ 4n 1.82
Aty = max () — 1) (1.82)

At,
E}<E! |+ Ek + K2, AL

As At,, —— 0 there exists ng € N* such that Vn > ng, At,, < 71. So for n > ny,

n—oo
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and for all k € {1,...,n},
Er < Ep |+ K725At3l
1— Atn/’ﬁ
with £ =0 (1.83)
1—(1—At,/n)k
(1 —At,/m)F

We can use the estimation on the local errors E}' to derive an upper-bound for the
global error over the whole interval [0; T7):

therefore B} < K 2 At, 7

by induction

— sup |s;(t < max E}
Z 0<t£T| 50 0<k<n ¥
< K2 At,7 L— (1= Atn/m1) (1.84)

(1 — Atn/’ﬁ)n

M
< KnysAtnTl (exp (m) — 1) m 0

]

We can notice that the error estimate in inequality (1.78) can be improved by
replacing the fixed competition term by a Taylor expansion up to order p of the
competition potential C" = C(57(t), 57(t), |xi — xj]).

2 i ]

; acy. O N (N
Ou "ty =Cp (- 1)"‘7]( po) (=t ) + o+ Ji (tkq)% (1.85)

If the competition term is a polynomial function of ¢, the trajectories of the system
(1.66) are still analytical. We have therefore a methodology to obtain arbitrarily
accurate approximation of the true solution of the system (1.50).

The choice of a subdivision of the interval [0; T before the system simulation
is problematic, as one does not know in advance the quality of approximation
consisting of fixing the competition for a while. That is why it is preferable to
build the subdivision dynamically by estimating whether we are in a phase where
the competition changes quickly or slowly. The proof of the proposition 1.4 involves
a quantity that gives the part of the total error that can be attributed to the action
of fixing competition. This is the quantity estimated in inequality 1.78. We can
also consider the following quantity:

Crelto,t, 8.y, O1.n) =
N
1 7iSi1log(S;/$m) N n
sup |C'(s*(7), 8§ Ti— X; C’sz,s,azl X
T 0 S (o) o S (O ) o= ) = €L 8 =)

(1.86)
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Intuitively, if the approximated trajectories s7., of the population evolve so that
there are substantial variations of the competition potentials for each individual
over the interval [to;t], then the quantity (1.86) tends to be large, and this indi-
cates that the approximation of a constant competition over [ty;¢] is poor. Each
variation of the competition potential is weighted by 7 log(S/s,,) in order to pay
particular attention to plants having faster growth rates and larger asymptotic
sizes. Similarly as in inequality (1.78), it can be shown that quantity (1.86) is
upper-bounded by a quadratic function of ¢, but this approximation is rather
rough, as the size remains bounded for all time.

Algorithm 1 describes the adaptive time step method we propose. It requires
the minimisation of a continuous and non convex function over a segment.

notation: Let f: K — R a continuous function over a compact set. We use the
notation

yeK

Argmin {f(x),x € K} = {xGK ] f(ac):minf(y)} (1.87)

Algorithm 1 Adaptive time step simulation using piecewise constant
competition

Inputs: a tolerance ¢ > 0, the size of subpopulation Ny, < N, a sample
(8Y,0:)1<i<n from the initial distribution g, time horizon T
Initialisation:

1. t=0
2. compute competition indices for all individuals in the population (C?);<;<x
3. initialisation of the individual sizes Vi € {1,..., N}, §; = s!

while £t < T do
1. select a subpopulation of size Ny, by sampling a discrete uniform distri-
bution U ({1, ..., N}) , the subpopulation obtained is denoted by (5}, 0})1<i<n.,-
2. compute the time update t’ given by the following formula

#* = max Argmin {(qc(t, t S Orv,) — )t < < T} (1.88)

3. update all individual sizes over the interval [¢; ¢*] with

V1 € [t;t7], §(T) = smexp (log(Si/sm) (1 — C’f) (1 — e_%(T_t)) + 10g(§§/sm)e_%(7_t))

(1.89)
4. set t :=t*.
5. update the values of all competition indices (Cf)1<;<n.
end while

Outputs: set of individual trajectories (¢t € [0; 7] — 5;(t))1<i<n-
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The consistency of the simulation method provided by algorithm 1 is a corollary
of the proposition 1.4.

Corollary 1.2. consistency of the adaptive method with piecewise con-
stant competition

LetT > 0. Lete > 0 and (At,)pen a sequence of strictly positive real numbers such
that At, < M/n for some M > 0. Let 2%, = (s°,0))1<ien = (80, 21, S5, 7v:) € (D)V,
where D is defined by equation (1.51). Let si.n : t € [0;T] — (s;(t))1<i<n € (RE)Y
be the solution of the Schneider system (1.50) for the initial configuration 29 .
We consider for all n € N* the sequences (t2)xen, (375 )ken and (C78)ren defined

by

~ 1
n ~n0 TL,O
th =0, s/y= = % Cin = (m E 0(3?759,\% —%D)
1<i<N

J#i
and Vk e N,Vi € {1,..., N},
w1 = max Argmin {(C'fc(tk,t §UR O1n) — )t < t < min(t? + Atn,T)}

5T = smexp (log(S/sm) (1= CF) (1= e =) 4 log (7 sy )e k=100

sz‘n,k-‘rl — 1 Z C " k+1 ~n k+1 |$z . xj|)
JF#i
(1.90)
Then for all n € N*, there exists K,, € N* such that t}%, =T (and therefore Yk >

K,, tt =T). Moreover, the sequence of functions (5].x)nen+ defined by equation
N

1
(1.66) over the subdivision (tf, 17, ..., t) ) is such that lim — Z sup |s;(t) — 8 (t)| =

n—oo [N “— g<4<T
i=1 0=

0.

Proof. To simplify the notations, we use the following abbreviation: C.(t},t) :=
Cre(ty, t, 87 N,91 ~). By construction of (¢})ren, the sequence is non-decreasing
and Vk € N, t < T. We want to prove that this sequence is stationary and
that it defines a subdivision of the interval [0; T]. Because of the regularity of the
competition function, it is possible to prove that the time increment ¢}, — ;' are
above a minimal value o > 0, untll ty +a > T. Using the upper-bound of the
function ¢ € [t} ¢} ,4] — Cre(ty, t, 57 . 91 ~) defined in inequalities (1.78)

K’y2s(t — tZ)
23 7iSi10g(Si/ 5m)

n.,gn n ~n,k
Vt € [ty tha], Cre(ty,t, 81, 01v) < (1.91)
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From this inequality, we can deduce that if there exists ¢’ € [t}; min(t} + At,,, T)]
K. st — t}:,)
N
% 2oicy %iSi10g(Si/5m)
Otherwise, if such time ¢’ does not exist, then the closest value to the tolerance
e reached by t — Cy.(t},t) is at the right boundary of the interval, i.e., either
at t} + At, or at 7. Hence, we have the following minimal value for the time
increment.

such that

= ¢ then we have that C. (7, 1) < Cr(t}, 7 11)-

19
NK 2,

N
VkEeN, t; ,—t;>min ( Z%Si log(Si/sm), Aty, T — tZ) (1.92)
i=1

Let us note At =

N
< . n . . .
NK., ; iS5 1og(S;/sm) and t3, = ]}1_{210 t,, which exists since

the sequence (t})ken is non-decreasing and bounded. If ¢ < T, then there exists
ko such that Vk > kg

min(At, At,, T — 7))

o — < 5

(1.93)

It follows that

B min(At, At,, T — %)
2

M =t =t — At — > min(At, A, T — 1)

min(At, At,, T — 7))
>

>0
- 2

(1.94)
So, in particular, ¢ ,, > t,, which is in contradiction with the monotonicity of the
sequence (t})ren. As a consequence, the limit is £ = 7. We can then find k; € N

in(At, At,,
such that T —t} < M

stationary, and it is possible to build from this sequence a subdivision of the interval
[0; T] by removing all the terms that are equal to T. The sequence of functions
(87 5 )nens, having each of its term associated with a subdivision extracted from
(t})ken, converges to si.y by proposition (1.4). ]

, leading to ¢y, ., = T. Hence, the sequence is

Algorithm 1 and the one studied in corollary 1.2 exhibits some differences,
which aims at alleviating the computation cost of the adaptive algorithm.

1. the sup is removed from the expression of Cy. in (1.86); without the sup the
function is not necessarily increasing, which precludes the use of inequality
(1.92) in the previous proof.
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Figure 1.10: Evolution of the consistency error £ (s, 5t/ k) defined in equation (1.95)
with the tolerance ¢, = 1/k and for 10 independent simulations at each value of k.
The size of all random subpopulations is N, = 10. All simulations are performed
with the same initial configuration 2{., generated from distribution po with the
values of parameters in table 1.1, and the competition parameters in table 1.2, for
a population of N = 50 individuals. The reference solution s is the one obtained

with the numerical solver described in subsection 1.4.5 with a relative tolerance of
1072,

2. The computation of U, is done over a random sub-population, not on the
entire population; the method is, therefore, stochastic if Ny, < N. It can be
proved that consistency still holds in that case.

3. The minimisation procedure in (1.88) is not carried over a small segment
[t:t + At,] but over the whole time domain [¢; T]. This extension may con-
stitute a source of bias in the convergence of (§,)nen+, as the consistency is

mainly based on the fact that the time step of the subdivision can be chosen
arbitrarily small.

As a consequence, the consistency of algorithm 1 concerns rather a family of
functions (55.y) indexed by the tolerance €, and it is based on the postulate that
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Figure 1.11: Comparison of the computation time used to solve the Schneider
system (1.50) over the interval [0;1] for different population sizes N using a nu-
merical ODE solver”" (ODE resolution) in the configuration described in sub-
section 1.4.5, and using the method described in algorithm 1 (piecewise constant
competition) with the configuration ¢ = 1/50 and N, = 10.

the smaller € is, the smaller the time step is. Despite these differences, figure
1.10 shows that the consistency of the method corresponding to algorithm 1 seems
preserved, i.e.

N
. 1 .
E(sin, Sin) = N ZﬂiltlET |si(t) — 55 (1)] —>€%0 0 (1.95)
i=1 =0

For e = 1/50, the consistency error is around & (slzN,éi/]f’,o ~ 2 x 1072, which
can be considered as an acceptable level of error. We keep this configuration of
algorithm 1, i.e. ¢ =1/50 and N, = 10 to simulate populations of increasing sizes
N, in order to assess the gain in computation efficiency induced by the piecewise
constant competition approximation.

Figure 1.11 shows that the computation time is reduced by a factor 10 for large
populations (N > 300) when the simulation is performed with algorithm 1, which
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is a significant improvement. The computation time evolution is as expected in
N? asymptotically due to the pairwise interaction creating the system dynamics.
The methodology of approximating competition indices as a piecewise constant
process is therefore adopted to approximate the marginal density of the size s for
large populations.

Visualization of the marginal density of s

In this subsection, we use the methodology derived in subsection 1.4.5 to alleviate
the computation of the density of the distribution u*![¢] for large values of N.
Figure 1.12 shows that there is very little difference between the densities corre-
sponding to populations of sizes N = 100 and N = 1 000, which may indicate that
the distribution has a limit with respect to parameter N. This question is dealt
with in detail in chapter 3. We can notice that the separability of the densities
depends on the observation time ¢: the marginal density at ¢ = 1 is roughly the
same for all N, whereas density f1%1(10,.) can be clearly distinguished from den-
sities f19%1(10,.) and f1°9%1(10,.) at ¢ = 10. Figure 1.12 shows that the Schneider
system exhibits a small population behaviour, where the size N may have an in-
fluence on the dynamics, and a large population behaviour, where the parameter
N does not have a significant impact on individual trajectories. The problem of
identifiability of parameter N is further discussed in chapter 2.

— N=10
—— N =100
15 —— N = 1000
= 10 |-
=
-
T
5 -
o L 1 1 L
0.00 0.25 0.50 0.75 1.00
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Figure 1.12: Kernel density estimation of the marginal density s — fN:(¢,s)
from 1000 independent simulations of the Schneider system using algorithm 1 with
e = 1/50 and Ny, = 10. The shapes of the densities are compared for different
values of the population size N. The values of the initial distribution parameters
are in table 1.1. The values of the competition parameters are in table 1.2. The
Julia package used for density estimation is KernelEstimation. j1, where it can
be specified that the support of density fN:'(¢,.) is included within the segment
[Sm(80/8m>eXP(_7Mt); SM(SO/SM)eXp(_'VMt)] )
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1.5 Conclusion

Chapter 1 introduced the notion of symmetric and heterogeneous population that
can be applied to many systems where individuals are in interaction. Particu-
lar attention has been paid to a specific class of population models, which are
necessarily symmetric because of their dependence with respect to the empirical
population measure. This specific expression led us to develop simulation method-
ologies based on piecewise polynomial approximations of the empirical measure’s
trajectories. These simulation methods allow us to distinguish a level of popula-
tion dynamics and a level of individual dynamics. They can be adapted to obtain
numerical schemes of an arbitrarily large order (but of increasing computational
cost), where the order is directly related to the degree of the polynomial approxi-
mation. This assertion has only been verified on the Schneider system, but it seems
relatively straightforward to generalize this approach to other equally smooth sys-
tems (in chapter 2, this numerical scheme is applied to the Spring Cloud system).
However, these methods’ efficiency is enhanced when isolating in the dynamics
population statistics summarizing the interaction between each individual and the
population: the barycentre in the Spring Cloud system, the competition potential
in the Schneider system, or the communication coefficients in the Cucker-Smale
system. However, such statistics are more difficult to find for less smooth systems,
e.g., Kuramoto-Vicsek, and an explicit Euler method seems to be more efficient in
this case.

The consistency of these methodologies related to symmetric population de-
serves to be further investigated. On the theoretical plan, it is necessary to write
a proof of consistency at a sufficiently generic level to be applied to a broader class
of systems and compare it with state-of-the-art numerical methods. A parallel im-
plementation should be carried out on the numerical plan to take full advantage
of the partially distributed aspect of the numerical scheme, which allows, at least
over a more or less short period, the individuals of a population in interaction to
evolve in parallel. Since the complexity of the scheme with respect to the size
of the population N is of the same order as an explicit Euler scheme (linear for
Spring Cloud, quadratic for Schneider, for an order one scheme), this scheme may
not present any computational advantage in situations where the time-step is too
small. Favorable situations seem to be related to the temporal stability of this
population statistic mentioned above. Nevertheless, the distinction between the
population scale and the individual scale provides a unified framework used in
chapter 3 to simulate the system’s mean-field limit.
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Chapter 2

Uncertainties in symmetric
population systems

Statistical uniformity is by no means a harmless scientific ideal; it is the no
longer secret political ideal of a society which, entirely submerged in the routine of
everyday living, is at peace with the scientific outlook inherent in its existence.
—~Hannah Arendt, THE HUMAN CONDITION (1958)

2.1 Introduction

Symmetric population models, as defined in the previous chapter, have been used
extensively to model biological systems of great complexity. We have already men-
tioned the Cucker-Smale model (Cucker and Smale, 2007") or Kuramoto-Vicsek
model (Degond et al., 2014”), which were applied to collective motions of social
animals. These biological populations are complex systems, since their elementary
building blocks, i.e., the individuals that constitute them are themselves complex
systems that still escape any theory or formalism'. Individuals interact with each
other, but they also interact with the environment outside the system, which is
seldom closed. As a consequence, any population model that is to be compared
with experimental data has to make a series of assumptions to account for the
sources of uncertainty that may disturb the primary mechanism under investiga-
tion. When experimental data are analysed at a global scale, one can assume that
uncertainties at the microscopic scale can be neglected when individual data are
aggregated at a macroscopic scale. In Ballerini et al. (2008)," a simple alignment
model enabled to evidence the topological nature of interactions within a swarm
of starlings. Interactions are said to be topological when the behaviour of an in-
dividual is influenced by its k nearest neighbours, in contrast with a geometrical

L And maybe it should be left that way.
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influence coming from its conspecifics located in a disk of a given radius. The model
selected for individual motion only represents the alignment phenomenon, without
any other source of uncertainty, and it is left to the experimental data to deter-
mine whether interactions are topological or geometrical. Neglecting microscopic
uncertainty might be justified by the large size of the population observed in the
dataset, and by the remarkable accuracy of the experimental protocol used for data
collection (Ballerini et al., 2008”). Mann (2011)"’ noticed that many interaction
rules, although having singularly dissimilar expressions, lead to the emergence of
the same structure or patterns in the collective motion, such as global alignments
or rotating mills (studied qualitatively and numerically in Vecil et al., 20137).
This observation led the author to put forward the thesis that in order to precisely
identify the parameters of a specific model, or to decide between two competing
models, only observations made at individual scale and during a transitory regime
preceding a state of dynamic equilibrium, with potentially universal properties,
would be relevant. The author suggests a Bayesian methodology to discriminate
between topological or geometrical interaction laws, based on the observation of
individual trajectories. Uncertainties on the microscopic dynamics are represented
as Gaussian angular perturbations. The formalism of adding stochastic pertur-
bations to the state derivative is a standard modelling practice in the literature
(Bolley et al., 2011," Degond et al., 2014,” Lv et al, 2008'") to account for the po-
tentially unknown mechanism at the level of the individuals. A notable exception
is made in Carrillo et al. (2017)" where the uncertainties on the trajectories result
from the uncertainty on parameters driving the interaction force.

Nevertheless, the uncertainties related to the shortcomings of the experimental
protocol seem to be overlooked in the literature on statistical inference of kinetic
systems and interacting population models in general. The complexity of the dy-
namics, the potentially large size of the population, makes an exact knowledge of
the system out of the reach of any data collection procedure. In the case of sym-
metric and heterogeneous population models, an exact knowledge of the system
presupposes the data of all the initial conditions and individual characteristics, as
well as a perfect knowledge of the transition function. Often, in many works, only
the parameters to be estimated are assumed to be unknown, while the rest of the
variables needed to simulate the system are fixed. For instance, in Bialek et al.
(2012),” the velocities of all the individuals in the population are assumed to be
measured precisely at a high frequency. In Bongini et al. (2017),” the interaction
kernel is learnt using a non-parametric method based on the exact trajectories of
the whole system. A similar type of data is required for the methodology used in
Lu et al. (2019)."" According to the context, such accuracy in observations might
be too costly to be achieved. It is thus necessary to include in the model latent
variables to complete the partial knowledge brought by the data (Dempster et
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al., 1977'"). Resorting to hierarchical models seem to be unavoidable in the case
of heterogeneous population models, where the individual characteristics are not
directly measurable, but only accessible through their influence on the overall dy-
namics (Schneider et al.,2006°"). In the Bayesian setting, the uncertainties related
to these latent variables naturally propagate into uncertainties in the estimation
of the parameters. In the case of symmetric population models, we can enumerate
the sources of uncertainty exhaustively:

o the uncertainty on the population size: if the experimental protocol only
concerns a subgroup of individuals, with very few information on the rest of
the population, the interaction network defining the dynamics cannot be fully
determined. It is worth noting that this uncertainty only affects parametric
identification if individuals interact.

e the uncertainty on the initial configuration of the population: this may be
related either to the initial conditions or to the individual characteristics.

o the uncertainty on individual identities: this uncertainty arises especially
when individuals are hard to distinguish and when the population is ob-
served with a low frequency, and it leads to difficulty in the reconstitution
of individual trajectories.

« the uncertainty due to the inexact integration of the system: in practice, the
simulation is carried via a numerical solver, whose deviation from the real
trajectories may increase over time. This uncertainty can hardly be neglected
in the case of large populations, for which accurate numerical integrations
have prohibitive computational costs.

The chapter is organised as follows: section 2.2 introduces the general prin-
ciple of Bayesian inference, and the next sections elaborates on the modelling of
the different sources of uncertainties, along with their consequences on parametric
identification. For each source of uncertainty, an illustration is made on different
configurations of Spring Cloud model, introduced in example 1.6. This linear sys-
tem enables exact visualizations of parameters uncertainties, without having to
resort to numerical methods for the inference. Moreover, it provides some insights
on the difficulties that are encountered when dealing with nonlinear systems. Be-
sides, the different sources of uncertainty are considered separately: when one
aspect of the model is assumed to be unknown, the rest of potentially latent vari-
ables are assumed to be known. This type of hypothetical situation can find a
practical justification in Gibbs’ sampler inference method (Geman and Geman,

1993'1).
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2.2 Bayesian inference

The general principle of Bayesian inference ~ can be understood by the description
of its typical workflow. Initially, we want to carry out an experiment or a data
collection to identify the value of an unknown parameter . Before the experiment,
i.e., before any data is acquired, we have a more or less clear idea of the possible
values that & can take. The assumption on the possible values of £ is formalised
as a probability distribution P, called the prior distribution, assigning to each
possible value a certain probability, which can be interpreted as a quantification
of the plausibility of that value. Besides, we have built a model explaining the
relation between the collected observations x and the parameter £. Such a relation
is represented by a collection of probability distributions P,¢, indexed by £, and
called the likelihood distribution. The observation of x may lead to favouring
specific values of £&. The modification of the plausibility landscape of £ by the
observation is formalised by the posterior distribution P¢|,, which is a conditional
distribution (see definition 2.2), and whose expression is given by Bayes’ formula
(see theorem 2.1).

Definition 2.1. Transition kernel and Markov kernel (from Klenke, 2008,
definition 8.24)

Let (X,By) and (Y, By) two measurable spaces. A function v : X x By — Ry is
said to be a transition kernel if:

1. for all set B € By, the function x € X — v(x, B) is measurable;
2. for all x € X, the function B € By — v(x, B) is a o-finite measure.

In addition, if a transition kernel is such that Yo € X, v(x,.) is a probability
transition, then the transition kernel is said to be a Markov kernel.

The set of transition kernels associating an element of X to a o-finite measure
over By is denoted by T (X — By).

Definition 2.2. Conditional distribution
Let P € P(X x Y) with (X,Bx) and (Y, By) being two measurable spaces. Let P,
be the y-marginal distribution.:

Vhe My(Y = R), Ep,[h(y)] = /X , h(y)P(dz, dy) (2.1)

A transition kernel v € T (Y — By) is said to be a x | y conditional distribution if
it satisfies the following relation

Vhe My(X xV > R), Eslh(z,y)] = /y /X Wz, gy, do)P,(dy)  (2.2)
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It is important to notice in definition (2.2) that the conditional distribution
extracted from a given joint distribution may not be uniquely defined. In partic-
ular, if v € T(Y — By) is a conditional distribution, then any other v/ such that
P,(V'(y,.) = v(y,.)) = 1 is also a | y conditional distribution. In other words,
a conditional distribution has constrained values over the support of the marginal
distribution of the remaining variables; elsewhere, it can take any value.

Theorem 2.1. Bayes’ formula (from Shao, 2003, theorem 4.1)
Let (X,Bx) and (Y, By) two measurable spaces. Let vy and vy be two o-finite
measures on X and Y respectively. Let P, € P(X) be a probability measure

P
0 “(x) € Ry. Let
v

X
(r,B) € X x By — Py.(B|r) a Markov kernel in T(X — By) such that for all
x € X, the probability measure Py, (. | x) is absolutely continuous with respect to

0P, (.
vy, with (z,y) € X x Y — f(ylz) = %(y) We assume that the function
Y

(z,y) € (X x Y, 0(Bx x By)) = f(ylz) € (R4, Br, ) is measurable. Then:

absolutely continuous with respect to vy,

1. the distribution P, : B € By +— /Py|m(B]:c)IPx(dx) is absolutely con-
x

tinuous with respect to the measure vy. Let g, : y € Y — ?%(y) =
| ttle)m@vatis).
2. the transition kernel
Zf 9y(y
(y,A) € ¥ X By = Py, (A ] y) / f y|x x)vx(dz) otherwise

(2.3)
is a x | y conditional distribution of the distribution P, ,, defined by its action
on measurable and bounded functions

Vhe My(X xY = R), Ep,, [h(z,y)] = /X/yh(:c,y)]P’yw(dyM)Pz(d:c)
(2.4)

We have now all the elements to define what a Bayesian inference problem
is. Let P¢ € P(Z) be a probability distribution over a set of parameters =. This
is the prior distribution, modelling the assumptions and the prior knowledge we
have on the system under study. Let £ € Z — Pye(. | ) € P(X) a Markov
kernel, i.e., the likelihood distributions defined over the space of observations X,
giving the probability for a model parametrised by & to generate the observation
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x. The Bayesian inference problem consists of determining the posterior distri-
bution P¢,(. | ) given by equation (2.3) at the specific point x constituting the
data set of observations. In most cases, the posterior distribution cannot be ex-
actly determined, mainly because of the intractability of the integral defining the

marginal distribution P, (dx) = / Pae(de | )Pe(dE), also called the evidence in

the Bayesian terminology (term g; in equation 2.3).

2.3 Application to a symmetric system: Spring
Cloud model with identical particles

Bayesian setting is particularly useful when dealing with models where the param-
eters are difficult to identify. Let us come back to the example 1.6 of the model
Spring Cloud. To simplify the system, let us assume for now that all the particles
have the same parameter x and the same mass m. Our goal is to identify x and
m from the observation of the trajectories of the different particles in the popu-
lation. Prior knowledge on the system tells us that the unknown variables of our
problem are within known intervals £ € [Kmin; Fmax] and that m € [Muyin; Mmax),
so a natural choice for prior distribution would be a uniform distribution over
[K'min; K’max] X [mmin; mmax] of density

]I{Kmin S R S "imax}]l{mmin S m S mmax}

(K'max - Kmin)(mmax - mmin)

Prm © (K, m) € R? — (2.5)

When the population system is homogeneous, i.e., when all the particles have the
same characteristics, the equation of motion (1.38) becomes

d*x; Nk? R2
Vi e [[17N]]7 dt2 ( ) = ——l'@<t> - Z:Ijj(t)
j=1
2N 2NN
Besides — > ay(t) = — DN (wlt) — a;(t) =0 (2.6)
j=1 j=1 k=1
N N N
SO Zx](t) = Zx?%—th?
7j=1 7j=1 7j=1
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We obtain that the trajectory of each particle is given by

N N
. 1 1 1 )
Vie [1;N], z(t) = (x? -5 E x?) cos(wnt) + o <v? % E v?) sin(wyt)+

j=1 j=1

1 o N
NZx? + NZU? with wy = /4;\/%
j=1
(2.7)

The trajectories of the particles are elliptic around the barycenter of the cloud,
following a uniform and rectilinear motion given by its initial speed. It can be
noticed in equation (2.7) that the size N of the population has a direct influence
on the pulsation wy of the trajectories. The expression of the trajectory also shows
that, for any positive factor A > 0, the configuration of parameters (A, A*m) would
lead to the exact same trajectories as the configuration (k,m). We are in the case
where the model is not identifiable with respect to the parameters (x,m), in the
sense that Py, m = Pyjw n does not imply that (k,m) = (x/,m’).

A common choice to model observation errors is the normal or Gaussian distri-
bution. For convenience, we do not distinguish regular and degenerate Gaussian
distribution.

Lemma 2.1. Square root of a positive semi-definite matriz (from Horn
and Johnson, 2012, theorem 7.2.6)

Let A € My(R) be a positive semi-definite matriz. Then there exists a unique
B € My(R) positive semi-definite such that B> = A. We then use the notation
B = A2,

Definition 2.3. Gaussian distribution
The standard normal distribution over R is the probability measure N(0,1;) ab-
solutely continuous with respect to the Lebesque measure, whose density is

Vo € RY, %(m) ! exp (—ﬁ> (2.8)

where |z| is the canonical Euclidean norm over Re. For any m € R?, and for any
symmetric matriz X € Mg(R) positive semi-definite, the distribution N (m,X) is
the law of m+ X*u, for any u ~ N(0,1;) and for any square root X* of the matrix
¥, i.e., satisfying (¥*)T8* = 2.

In particular, any Dirac distribution is Gaussian ¢,, = N (m,0) and when the
covariance matrix X is positive definite, the distribution N (m,X) is absolutely

o7



Uncertainties in symmetric population systems

continuous with respect to the Lebesgue measure, with the density

Vo € RY M(z) = ! exp (—l(a: —m)TEHa — m))
O (2m)d/2, /det(X) 2

(2.9)
Let us assume that we are able to observe all the initial positions of the particles at
time t = 0. We observe also the positions of all the particles at times ¢4, ..., ty;, but
this time with some observation error modelled by a bivariate Gaussian variable of
covariance matrix o2ly, where o > 0 is known. The observation model, explaining
the relation between the parameters (k,m) and the data x can be formulated as:

Vi € [1; N],Vj € [1; M], w5 = z:(t;, 5,m) + €;; where e;; ~ N(0,0°L;)  (2.10)

where z;(t, kK, m) is the trajectory of the particle ¢ given by equation (2.7). It follows
that the density of the likelihood distribution is, for any (k,m) € [Kmin; Fmax] X

[mmin; mmax] .

N M
" 1 1
Vo € R¥™, Palem (T | K, m) = WGXP <—@ ZZ |25 — mi(t5, K m)|2>

i=1 j=1

(2.11)
From Bayes’ formula (theorem 2.1), the posterior distribution Py ,,, has a proba-
bility density function py )., known up to a normalisation factor.

pn,m|a:(/€7m | l’) X pw\ff m(x | K m)pli m(’i7m>

€xXp < Z Z ‘:C’Lj t]a R m)| ) if (Ha m) € [Hmin; K'max] X [mmin; Mmax
=1 j=1
0 otherwise
x p(k,m | x)
(2.12)

Kmax Mmax
We cannot compute the integral / / p(k, m)dmdr exactly, but we
Kmin Y Mmin
can represent the surface (k,m) — p(k,m | x) to see how the data z refines
the knowledge modelled by the prior distribution of equation (2.5). Let us con-
sider a data set x corresponding to the observations of a population of 10 parti-
cles, having their initial positions in [0;1]* and their initial velocities in [—1; 1]%.
Their trajectories are generated using the parameters kg = 1 and my = 10,
and they are observed over a timeline constituted of 50 regularly space time
steps between ¢ = 0 and ¢ = 2w, which corresponds to a rotation period in
the barycentric referential. The observation error ¢ = 0.5 is chosen very large
to show the robustness of the inference. Figure 2.1 compares the trajectories
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Figure 2.1: (a) Representation of the trajectories without observation error (equa-
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Pr,m|x

5.0.50

p(r,m | x)

]5(50; mo ’ ZI:)
0.5, where p(k, m | x) is defined by the equation (2.12), and (kg, mg) = (1, 10).

Figure 2.2: Surface (k,m) € [Kmin; Kmax] X [Mmin; Mmax] — for o0 =

of the individual particles with their noisy observations. We can notice in fig-
ure (b) that the error completely break the structure of the motion, that clearly
appears in (a). However, despite a standard deviation of ¢ = 0.5, figure 2.2
shows that the posterior distribution is concentrated near (but not on) the curve

{(Fa,m) € [Fmin; Fmax) X [Mmin; Mmax] | /ﬁ\/g = lig\/mzo = 1}. For a fixed M, if o
decreases, the posterior distribution converges to the uniform distribution over this
curve. The same convergence is observed when o is fixed and when M, the number
of observations per individuals, increases. This last convergence in distribution is

yet to be proved.

2.4 Undifferentiated population

Let us come back to the example of subsection 2.3 and let us relax the assumption
on our ability to track the different individuals. At a given time, we observe a
cloud of points, and, when considering a point at a time ¢; and another point at
a time to, we are not able to say whether these points correspond to the different
positions of the same particle, or they do not represent the same particle. We

60



Uncertainties in symmetric population systems

(] e t=0
ot=1.24
ot =3.13
ot =4.39

2+ ot =16.28
o
1 ° °
[} o [5) o o
o
o o
° 0% o °
o (5} °
o o
o ] 0®
ol ] o ° o
o (o]
o . o O. °
o
oo ° o® ®
o o
—1} o
| | h | |
-1 0 1 2

Figure 2.3: Scatter plots of the population of particles at different observation
times. Data is generated by the Spring Cloud model (equation 2.10) for a popu-
lation of 10 particles.

do not have individual observations anymore; we only have observations of the
whole population. Figure 2.3 shows a visualization of the data set, consisting
of 10 particles following the same observation model as in equation (2.10), with
a superimposition of the cloud of points at different observation times. Such a
situation may occur when studying a population composed of individuals hard to
distinguish, which is the case for the data collected and studied in Ballerini et al.
(2008)" displaying the evolution of a swarm of starlings. The absence of individual
trajectories in the data set constitutes a significant loss of information, impacting
the observation model itself. In the case of subsection 2.3, a square loss measures
the fit between the model and the data, appearing within the expression of the
likelihood function (equation 2.11). This loss function, adapted to the comparison
between two lists of points, corresponds to a Gaussian model on the observation
errors (equation 2.10). In the undifferentiated case, the pairing between model
points and observation points is no longer part of the problem. Let us introduce
an arbitrary indexing of the observation points so that the data have the form of
a collection of vector z = (z;;);=y; € R*V™ as previously. As this indexing is
arbitrary, the model generating the data formulates it as a random permutation,
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chosen uniformly in Gy, the set of permutations of [1; NJ.

1

Vj e [1; M], 7; ~U(Sy) defined by Vo € Sy, P{r ~U(Sy) | T=0}= N
Vi € [[1, N]], Tij = 33'7—]( )(t W) + €ij with €ij ~~ N(O, 0'2[2>

(2.13)

As we only focus on the uncertainty due to individual tracking, we parametrise

the problem by w = ky/N/m. This new model does not have any structural

identification problem anymore. The observation model 2.13 implies the following

expression for the likelihood distribution.

N
vz e R*M . poa(z | w) = 27702 e H (N' > exp ( 5D lv - fﬂr(i)(tjjw)\Q))

TEGN i=1

(2.14)
The posterior distribution is then the distribution having a density proportional
t0 Puj» Where Py, is defined by

N
1 1
pw|r w ’ x H (ﬁ Z exp (_ﬁ Z ‘xij — Tr(4) (tj7w)’2)> X H{Wmin <w< wmax}

T TEGN i=1

(2.15)
In the above expression, the prior on the parameter w is chosen to be the uniform
distribution on the interval [Wmin; Wmax), With 0 < Wyin < Wmax. We represent in
figure 2.4 the posterior distribution in equation (2.15) in the case of a population
of 5 particles and for data generated with the parameter wy = 0.707. The choice
of a population with few particles is justified by the computational cost involved
in averaging over the set of permutations &y when N is higher than 10. We
can notice that the uncertainty due to the absence of individual tracking blurs
the knowledge of the pulsation w. The region corresponding to the posterior’s
highest mode is wider in the undifferentiated case (w | = has a larger variance)
than in the differentiated case. We can even see a second mode’s appearance in
the undifferentiated posterior graph, located around w = 1.25, corresponding to a
faster motion of the particles. This last scenario emerges in the posterior because
of the low frequency of observations (10 observations over [0; 27]), which does not
prevent to exclude this case.

2.5 Uncertainty on the initial condition

In the previous example, we have assumed an exact knowledge of the initial con-
figuration of the population. This assumption is unrealistic as there is no specific
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Figure 2.4: Comparison of the posterior densities in two cases: when the individu-
als are exactly tracked (red line) and when the individual trajectories are unknown
(blue line)

reason to believe that time ¢ = 0 has such a singularity. What are the conse-
quences we can observe on the posterior distribution if we only assume a partial
knowledge of the initial conditions? Let z € R*V(™+1) be our data set on Spring
Cloud system (equation 2.7), containing observations from the individual trajec-
tories (with distinguished individuals) and the observation of the initial position,
which is corrupted by the same observation error as in equation (2.10). The initial
velocities of the particles are not observed. The initial configuration of the popula-
tion is assumed to be generated from a known probability distribution o € P(R?*)
such that (29,09)1<,cn ~ ™. As an illustrative example, we can consider yq to
be a Gaussian distribution.

Vie [LN],  af ~ N(pa, B2), v ~ N(0,%,) (2.16)

We can write the observation model conditionally to the initial configuration

(@0, o) 1<ien ~ g™

V(i,j) € [L; N] x [0; M], 5 = z:(tj, w, 23 x, 0).x) + €;; where €;; ~ N(0,0°15)
(2.17)
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and x;(t;,w, 29,5y, 1Y y) is given by equation (2.7) and ¢y = 0.

N M
1 1
Pofo(T | W) = W /R4N eXp <—T‘2 Z Z |35 — Jﬁi(tj’wﬂ?:mv?;]vﬂz)

X M%@N(daﬁm dv?:N)
Mdx? , do? _
where 5™ (o}, dvl ) = (A, derix) Hexp ( — p1z) T2 () — Mm))

(212N (det (2, 5,)) /2
1
< oxp (—§<v£>Tz;1v9)
(2.18)

The integral over R* figuring in the expression (2.18) can be derived analytically
by using the formula given in the following lemma.

Lemma 2.2. Expectation of the exponential of a quadratic form with
respect to a normal distribution’

Let H € My(R) be a symmetric matriz positive semi-definite and y € R, Let
N(m,X) be a normal distribution. Then

fu (-

exp (

(x"Hx — 2yTa:)> N(m, ) (dz)

/\mw

lol»—t

mT(Hm —2y) — (y — Hm)TSY2 (1, + SY2HSY2)7I8Y2(y — Hm)))
Vdet(I; + X2 HYL/2)

(2.19)

We can rewrite the integrand in (2.18) as an expectation with respect to some
normal distribution defined over R*¥.

/]R4N P ( ZZ |x” tj’w x(le’U?N)’ ) M(S@N(dxtl):Nudv?:N)
i=1 j=0
1

- /RLLN eXp( 20 5 2 ((X?N)TC< )X?:N - 2Y(wax>TX?:N +Z(x))) N(mX,ZX)(dX?N)

(2.20)
The expressions of matrices C'(w), Xx € Myn(R), of the vectors Y (w,x),mx €
R*N and of the scalar z(z) are given in the appendix, page 85. The direct applica-
tion of the formula of lemma 2.2 gives a closed-form expression for the likelihood

2The proof of lemma 2.2 can be found in the appendix, page 85.
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density for all z € R2N(m+1

1
X
(27TO,2)N(m+1)\/det <I4N + XC;((A)))
o

1
X exp (—@ <z(x) +myC(w)ymy — 2Y (w, ) 'my

px\w(x | w) =

(2.21)

(Y (w,z) — Clw)mx)T (z;} + C(”)) (Y (w,z) — C(w)mx)>>

o2

By applying the Bayes formula, we can obtain that the posterior distribution of
the pulsation w, known up to a multiplicative factor.

Pujz(W | )

exp <_Ti2 (m}C(w)mx —2Y (w, ) "mx
\/det <I4N + %2((*})>
Cw)

S0 = O (57 + ) () — Gy

(2.22)

It is worth noting that the latent initial conditions have a Gaussian posterior

distribution conditionally to x and w, thanks to the conjugacy property of the
normal distribution.

e [ (z;g N c;;u))l (E;mx Y x>) | (g; n c<w>)1]

o2

(2.23)
For small observation standard deviation o, a high weight is given to the obser-
vations, whereas for large o, the prior mean my has a higher weight. As individ-
uals are distinguished and labelled in the data set x, the posterior distribution of
XV v | ¥, w is not symmetric, i.e. a permutation of the components of vector XV
may not have the same distribution as the original vector.

We can notice on figure 2.5 that a partial knowledge of the initial condition
does not change the structure of the posterior distribution fundamentally. The
density remains unimodal, maxima are reached precisely at the same pulsation for
the cases with exact or partial knowledge, even when the standard deviation o of
the observation is quite large. Of course, the variance of w |  is larger when XV
is not known for sure. A third situation interesting for the variance of w | z is
when the state of the whole population is known exactly at two different times.
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unknown initial conditions
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7.5 |
&
3
& 5.0
2.5
0.0 | | | | |
0.6 0.8 1.0 1.2 1.4
w

Figure 2.5: Comparison of the posterior densities for unknown and known initial
conditions (details on page 87).

By unicity of the trajectories, w | x would then be a constant equal to wp, and its
variance would be zero. In the specific case of Spring Cloud, determining p(w | x) is
significantly simplified by the analytical integral over the latent variables (equation
2.20) and by the low dimensionality of the parameter space. In practice, however,
the expectation with respect to individual latent variables, such as heterogeneities,
does not have a closed-form expression.

2.6 Uncertainty on the population size

In the case of large populations, the exact number of individuals may not be known
for sure. This situation typically appears when studying plants in a large crop field.
In that case, we cannot have an exact knowledge of the number of individuals in
interaction with a given individual. In the model where N figures in the equation
of motion, we need to introduce it as a latent variable of the problem, with a
specific prior distribution representing the eventual prior knowledge on the range
of this variable. The prior distribution is absolutely continuous with respect to the
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+oo
0, and its density py : N — R, is such that ZpN(n) = 1.

n=0

counting measure » ¢

Let us come back to the Spring Cloud example from subsection 2.3 and let us
assume that we have a data set x € R*M™_ composed of Ny individual trajectories
observed at m observation times. We could have also considered a data set with
undifferentiated individuals, but let us focus on the uncertainty due to the pop-
ulation size only. Thus, as Ny distinct individuals have been observed, it seems
logical to assume that the support of the prior py is included within [No; +oof, i.e.,
for all N < Ny, pn(IN) = 0. Conditionally to N, the observed individuals evolve
in a population of size N, and we do not have any information on the remainder
N — Ny individuals. The observations are explained by the following hierarchical
model.

N ~ py prior on the population size

w|N~U ([wmin\/ﬁ W VN |) prior on the parameter (the pulsation)

0 QN—Npy + s+ .. e e
Tngr 1N ™~ Ho initial condition of the unobserved individuals

Vi€ [1;No],Vj € [1; M],  zij = zi(tj,w, 20y, v0.5) + € observation error
with €;; ~ N(0,0°L,)
(2.24)
In equation (2.24), the initial conditions of the first Ny individuals are known
exactly, i.e. 0.y, and 0y, are known, and the remainder N — Nj individuals are
sampled from the initial distribution pg. The joint distribution associated with
this situation is given by the density p .

1 <=
Paw(T,w) = W Z PN(N)pw\N<W | N)
N=Np+1

| Mo M
0 0 vi2|,®N-No(,1,.0 0
X/ exp | — QE E |zij — @i(t, w, Ty Vi) | Mo (A2 Ny11:85 AN 41:83)
4(N— 2
R4(N—Ng) g

=1 j=1
H{wmin S W/\/N S Wmax}
(wmax - wmin)\/N

where pn(w | N) =

(2.25)
The expectation with respect to the initial conditions can be computed using the
formula of lemma 2.2. After application of the Bayes’ formula, we obtain that the
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posterior density of w | x is proportional to the following expression.

—+o00
pN(N)pun(w [ N)
Pufz(w | ) o E —
“ oNeaN
N=Not \/ det (I4(NNO) X UZNO( ))

1
X exp (—@ (ZN(x,w) + (m%O’N)TC’ﬁO (w)mﬁO’N — 2YN(x,w)Tm§°’N

1 N No,N\T No,Ny—1 C]J\\ffo(w) o N No,N
—E(YN(%W)—CNO(W)”’LX ) B) t— (Yn(z,w) — O, (w)my

+oo
X Z pN(N)ﬁw\N,x(w | N,QZ’)
N=Ny+1

(2.26)
The expressions of the scalar zy(z,w), the vectors Yy (z,w), my”" € RUN-No)
and the matrices CY (w), NGNS Myv-ny)(R) are given page 87. The graph of
the unnormalised posterior is given in figure 2.6. We can notice that the density
is not smooth, as it is the sum of piecewise continuous functions. The density is
unimodal and the mode of the density is close to the pulsation having generated
the data. The density may become discontinuous for small length of the prior
interval [Winin; Wimax) -

The computation of the posterior distribution p,, is simplified by the fact that
the latent variables have a Gaussian conditional distribution with respect to the
variables w, N, x, which has an expression similar to the Gaussian distribution in
equation (2.23).

CN (W) 7 Y,
B[X R IV, 7] = (@WW + %) (@?’N)‘lmﬁ"” r g w))
CR, ()

1
Cov (XRys1n N w,z) = <(E§°’N)1 + T)

(2.27)

We can notice in the construction of the matrix C} (w) on page 87 that the

conditional distribution of the latent variables XR, . .|V, w,  is symmetrical, i.e.,

for any permutation o € &([Ny+ 1; N]), the vectors Xy 41.n and XS(NOH:N) have

the same distribution. This symmetry of the system is here preserved at the level

of the latent variables, as the unobserved individuals are not assigned to specific
labels.

We may also use the expression in equation (2.26) to derive the distribution

of N|z, to see whether the observations can help us guess the total number of
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51 | s Unknown N

Pu|z

0.8 0.9 1.0 1.1 1.2 1.3

Figure 2.6: Unnormalised posterior distribution p,,, when the size of the popula-
tion is unknown (details on page 89). The true value of the parameter for the data
generation is w = 1.

individuals in the population.
“+oo
YN >N+l pap(N | 2) o pu(N) / B @]V, 2)dw (2.28)
0

The distribution of the variable N|x is represented in the figure 2.7. The mode of
this distribution is reached near the true size of the population.

2.7 Uncertainty due to the inexact simulation of
the system

Let us consider a more general setting for the Spring Cloud system, allowing the
particles to have respective values for parameters (k,m). In this heterogeneous
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0.03

0.02 |-
0.00 _I | | | |
10 20 40 50

N

PNz

Figure 2.7: Density p(N|z) (with respect to the counting measure of the popula-
tion size conditionally to the observations (details on page 89). The size of the
population used for data generation is N = 25.

configuration, the expression of the trajectories

N N
1 1 1
: . 0 0 0 0) o
Vie[1;N], =z(t) = (xz N E x]> cos(wnt) + e (vi ¥ JEZl vj> sin(wyt)+

(2.29)
is no longer valid. The equation of the motion of the particle ¢ in a population of
size N is monitored by the system of equation

d2ZL'Z' K N
() =—— D k| @it + — Zf% (2.30)

7=1

In this section, we consider the situation where we want to infer the values of the
parameters x; associated with the particle 1, provided that we have observations
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of the whole population at different times, and an exact knowledge of the initial
condition of the system, and the parameters ko, ..., ky and mq, ..., my. We are in
fact in a situation quite similar to the one described in section 2.3, except that
the population is heterogeneous. In this section, we assume that we are not able
to solve exactly the system (1.39), which is not true, since the system is linear.
We are only able to simulate the dynamics using a consistent numerical method.
This rather unrealistic situation is here to illustrate a methodology to model the
uncertainty introduced by the discrete integration, which is unavoidable when the
system is nonlinear and does not have an analytical solution. Let us first set the
notations concerning the true dynamics of the Spring Cloud system. The matrix
associated with the differential system (1.38) is denoted by Cy™ € Myy(R), and
can be expressed with the parameters k.5 and m;.y.

XmN(t) K,m
—— =C0y" Xun(t
7 N X () (2.31)
where X1.x = (21, ..., Th, 23, ..., T2, V1, ..oy UN, V2, oy 0%) € RV
0 0 Iy O
K,m 0 0 0 In
Cy = Kym e Myn(R
N BY™ 0 0 0 o (R)
0 By" 0 0
R oy, (2.32)
mq N mq
B;}m = (’fl IiN) — (Z Kli) 0 0 € MN(R)
KN i=1 KN
N 0o o N
my my

The exact solution of the system is obtained by computing the exponential of the
matrix Cy".

Xin(t) = exp(tC]':,’m)X?:N (2.33)

The exponential of C;"™" does not have a closed-form expression for N > 3. Re-
alisations of exact trajectories associated with a heterogeneous population of 10
Spring Cloud particles is represented in figure 2.8. In the homogeneous case, the
barycentre x, has a uniform rectilinear motion (see equation 2.7), whereas in the
heterogeneous case, the motion has a more complex structure. Recall that the
barycentre x, constitutes the summary of the population effect on each individ-
ual, thanks to equation (1.39). At the level of the particles, the trajectories are no
longer ellipses.

If the observation of the system is made with a Gaussian error, as in (2.10) the
posterior distribution of parameter x; has an expression quite similar to equation
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Figure 2.8: Exact trajectories of Spring Cloud system for a population of size N =

10 individuals (detailed configuration of the graph on page 90). The trajectory of
N

> i1 KT

the attractivity barycentre x, = =———— is represented in red.

j=1Kj

of the homogeneous case.

M
1 K,m
Prafe(K1 | @) o Py (K1) exp (——2 3 > |t — Osexp(t;Cy (%1))X?;N!2>

7j=1
Iy 0 0 0
0 Iy 0 o) € Moyan(R)

and x; gathers the observed positions at time ¢;

(2.34)
where O, = (

2.7.1 Deterministic integrator

Let us assume that, in an analogy with the nonlinear case, we are not able to ap-
ply formula (2.33). Instead, we simulate the system using the numerical method
described in example 1.7, consisting in approximating the trajectory of the popula-
tion empirical measure by a piecewise constant function of time. The observation
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period [0; T (with T' = t,,) is subdivided into intervals [1o; 7], [T1; 7], .-, [Tar—15 Tas]
with 70 = 0 and 7y = T'. The numerical method returns a dense estimate X.y (%)
of the true solution Xj.x(t), given by an inductive equation.

Vi€ [1;N], 2?=2a? %=1

Vne [0, M —1], &n = =51
Zj:l kj
Vi e [0;T], 2(t) =20 (1 — cos(wi(t — 7)) + 27 cos(w;(t — 7))

+ 2 sin(wy(t — 7))

Wi
where w; =

dz?
O () = —L (¢
o) = L)
B = (), O = 0 ()

M—1 o)

Xy tG[OTHZH{Tn<t<Tn+1}< t) ZH{t—Tn}(x1N)

n=

(2.35)
The observation model associated with the numerical method replaces the actual
state of the population by its numerical approximation. Such type of observation
model is very often used when doing inference on a nonlinear system of differential
equations.

Vi € [[17 N]],V] € [[17 M]], Tij = i’i(tj, /11) + €ij with €ij ™~ N(O,O’212) (236)

The problem underlined by Conrad et al. (2015)" is that such observation model
completely neglects the error introduced by the numerical method. This approxi-
mation may be valid if the step of the subdivision is sufficiently small, otherwise it
may introduce a systemic bias in the estimation of the parameters. In our case, we
can quantify the accumulation of the error over time by estimating the truncation
error of the numerical scheme.

Proposition 2.1. Truncation error of the numerical scheme® R
Let ac?:N, v?:N, K1.N, M1.N be an initial configuration of the system (1.38). Let Xi.n
be the function defined by

Xin(t) = (xi N((g) (2.37)

V1. N

3The proof of proposition 2.1 can be found on page 91
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= integrator h = 27/3
== integrator h = 0.01
— ©XACH
0.25 |-
0.00 |-
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—0.50 [~
—0.75 |- ! ‘ ‘ ‘

—-1.5 —-1.0 -0.5 0.0

Figure 2.9: Comparison of the trajectories obtained by numerical integration with
a large time step h = 27 /3 and small time step h = 0.01 for a given particle. The
exact trajectory of the particle is represented in green. Detailed configuration of
the graph on page 90.

where 9.5, 0.y are defined in equation (2.55). Let Xi.x be the solution of the
system (1.38). Then for any norm |.| over R there exists a constant K > 0
such that

VEe [0:T], |Xin(t) — Xin(t)] < K12 (2.38)

Proposition 2.1 shows that the order of the numerical scheme (2.35) is 1. To
prove proposition (2.1), the conservation of the energy of the system is helpful to
obtain bounds on the motion of the particles (see lemmata 2.3 and 2.4). Simi-
larly as in the case of the Schneider system (see proposition 1.4), we can improve
the quality of the approximation by considering piecewise linear trajectory of the
barycentre, leading to a second order scheme.

N
n 1 “n L an
Vi€ [Tn;Ty1), Tn(t) = = Z/{j (a:j + 07 (t — ) (2.39)
Zj:l Rj j=1

To obtain an order 3, we need to compute the acceleration of the barycentre, which
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is given by

mg | “;&N

- 20

J=1

— (1)) (2.40)

For the sake of simplicity, we consider a piecewise constant barycentre trajectory
in what follows.

The trajectories obtained by numerical integration, for different time steps
are displayed on figure 2.9. We can notice that the numerical integrator fails
to reproduce the exact trajectories when the time step A is too large, but the
simulated trajectories remain stable. With an explicit Euler scheme, one could
expect a divergence to occur with such a level of discretisation. The numerically
simulated particles, even with rough h, seem to follow continuously differentiable
paths, although the continuity of velocities is not imposed at 7, in the definition
of the scheme.

The accumulation of errors due to numerical integration can distort the Bayesian
inference by creating a discrepancy between the exact a posteriori density and the
density approximated by the numerical method. Such discrepancy appears on fig-
ure 2.10. In the case of a large time step, the observation model (2.36) is not
relevant for observation times far from the origin ¢ = 0, as the numerical error can
significantly exceed the standard error o. Therefore, the approximated posterior
density is concentrated in a region disjointed from the relevant region, i.e., the
region with high probability for the exact posterior density. In the case of a small
timestep, the true density is well approximated, but such a level of precision can be
challenging to achieve, for example, in situations where the population size is huge.
In practice, Bayesian inference needs a significant amount of model simulations.
To obtain a sort of trade-off between time-consuming accuracy and efficient but
rough simulations of the system, we introduce in the next subsection a model for
the numerical error, enabling to assign time-increasing variances to observations.

2.7.2 Stochastic integrator

We give here some general definitions related to Gaussian processes, that are used
in our case to model the uncertainty introduced by the deterministic integrator.

Definition 2.4. positive definite function
Let ¥ X% — My(R) a function taking values in the space of matrices. The
function is said to be positive definite if

Vn € N*Vaq, ...z, € X, Vyi, ..., yn € R, ZZyl (i, xj)y; >0 (2.41)

=1 j=1
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exact
30 | integrator h = 27/3
integrator h = 0.1
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Figure 2.10: Comparison between the exact posterior density and the approx-
imated densities obtained with the numerical method (2.35) for different time
steps. Detailed configuration of the graph on pages 90 and 93.

Definition 2.5. continuous Gaussian process

Let X : (Q,F) — (C(K,R?), B(C(K,RY)) a random variable taking values in the
space of continuous functions defined over a compact metric space K. The space
C(K,RY) is endowed with the uniform metric. Let mx € C(K,R%) and Yx €
C(K?*, M4(R)) a positive definite function. Then X is said to be a Gaussian
process of mean function myx and of covariance function X x if for all n € N* and
for all z1,...,x, € X, the random vector w € Q — (X (w,z1), ..., X (w, z,)) € R
is distributed according to a Gaussian distribution N (mx(x1.x), Zx(z1.5)), where
mx(r1n) = (mx(z1),...,mx(z,)) € R" and Xx(r1,) = Ex (@i, 7;))1<ij<n €

Man(R).

A Gaussian process defines a distribution over mappings from a set ) to a
vector space R?. In this section, we consider time-indexed Gaussian processes to
model the approximation error of the integrator, following a methodology described
in Conrad et al. (2015).” We consider the following process, obtained by adding a
collection of Gaussian process to the deterministic integrator, defined in equation
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(2.35). The approximation method returns a stochastic process X,.n defined over
[0; 7.

Vie [L;N], i=2a? o) =1)
N o oan
Vnel[o;M—1], if= —ZJ*NI -~
Zj:l kj
Vi e [0;T], zM(t) =22 (1 — cos(wi(t — 1)) + T cos(w;(t — 7))

+ Z}—Z sin(w;(t — 7)) + & (t — 70)

]

(2.42)

where 7" : Q + C([0; T],R?) is a Gaussian process.
dz?

o™ (t t
P = =)
B = (), O = 0 (Ta)

Xin:te[0:T]— Agﬂ{rn <t < Tppr1} (ig%?) + niw%]l{t = Tn} (i”f;N)

S n
— Nt Ui.N
n=0

(2.43)
The collection of Gaussian processes (& ")Eﬁij ~ are chosen to be independent
from one individual to another, and from one subdivision to another. The processes
must satisfy a series of conditions in order to be consistent with the analysis of

the deterministic integrator.

1. The variance of the processes must increase with time. At the initial time,
since the initial condition is known, we must have £7°(0) = 0 for all 4.
However, we expect the variance of the process X 1.n(t) to increase over the
first subdivision [0; 7;] with the same order of magnitude as ¢2.

2. The processes & must be smooth enough, so that their derivatives with
respect to time are defined in the classical sense. These derivatives appear
when computing the velocities ;.

3. The resulting stochastic integrator must be consistent in some sense. The
distribution of the process X;.y must concentrate on the true solution when
the time step of the subdivision gets close to zero.

The regularity of a Gaussian process is monitored by the smoothness of its mean
and covariance. As we want the integrator to be consistent, and as the determinis-
tic integrator is known to be consistent, we choose a null mean function for all the
processes. Concerning the existence of the derivative of £*, we use the following
result.
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Theorem 2.2. Derivative of a Gaussian process (from Le Gall, 2013,
exercise 1.1)

Let (X (t))tejap) be a real-indexed Gaussian process of zero mean function and of
covariance function Kx : [a;b]* — My(R) being twice continuously differentiable

X(t+96)— X(t)

over [a;b]*>. Then for any t € [a;b], the limit X'(t) = (lsin% 5 exists
—
in L?, i.e.,
X(t+s)—X(t) X(t+u)—X(t)[

S u s,u—0

and the process (X (t), X'(t)) is Gaussian, of zero mean function and of covariance
function Kx x : [a;b]* =€ May(R) defined by

0K x

Kx(t1,t2) 5 (t1,12)
V(tl,tg) € [CL;b]Q, Kxjxl(tl,tg) = 8KX aQI(ZX (245)
Bt (t1,12) M(thtz)

The expression of the covariance function in (2.45) is natural if you take for
granted the existence of the derivative of the Gaussian process.

X(tQ‘I‘(S)_X(tQ) B KX(tl,t2+5)_KX(t1,t2)
5 ) - 5

In the case of the Spring Cloud system, we choose a Gaussian process £ having
a covariance function of the form

Cov (X(tl), (2.46)

(ty — t2)?
2h?

where o¢, 8, h > 0. The condition (2.41) reflects the fact that the variance of the

th, t2 & R+, Kg(tl,tg) = O'g(tﬂfg)ﬁ exXp (- ) IQ S MQ(R) (247)

random variable ZyZT €°(t;) must be non-negative. The positive definiteness of
i=1
K, g‘ is a consequence of the positive definiteness of the radial basis kernel and of
the positive definiteness of the kernel (t1,t5) > (t1t2)?. Notice that the covari-
ance function is not stationary, and that th((),t) = 0, ensuring the absence of
uncertainty at ¢ = 0. The meta-parameters o¢, 8, h are chosen in such a way that
the process £ is a plausible representation of the error evolution. A is the typical
time scale of the correlation, which is chosen to be equal to the time step of the
subdivivision h = max{7,+1 — 7,,n € [0; M —1]}. There is no correlation between
the two components of the process £*, as there are no coupling in the dynamics of
the components of vector x, and the covariance matrix is diagonal. The exponent
£ monitors the rate of increase of the error. The following theorem, establishing
the consistency of the stochastic integrator leads to a specific choice for the value

of 5.
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Figure 2.11: Comparison of trajectories samples for two different amplitudes of
variance og, along with the associated exact trajectory of the system (detailed
configuration of the graph on page 94)

Theorem 2.3. (adapted from Conrad et al., 2015,” theorem 2.2)

Let X1.y : [0;T] — R*N be the solution of the system (1.50) and let Xin: 0; 7] —
RN be the output of the stochastic integrator (2.55), associated with the Gaussian
process of covariance function Kg. Then for any norm over R*N there eist
constants py, p2 > 0 such that

- 2 ,
sup E ‘XliN(Tn) - Xl:N(Tn) S p1hmln{2’2’3_3}
et (2.48)
sup E ‘XlzN(t) - Xl:N(t)‘ < po i1 (26-3)/2}

0<t<T

It follows that the stochastic trajectories converge to the true trajectories in
L' as the subdivision gets thinner. If 3 = 5/2, then the rate of convergence is
equal to the one obtained by the deterministic integration (2.35). More generally,
if the numerical method is of order p, then the choice of the exponent should be
B=02p+3)/2.

So [ exponent monitors the local error, at the neighbourhood of the times in
the subdivision. As for o¢, it monitors the error of the scheme from a more global
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perspective. We can see on figure 2.11 the graphical influence of the variance am-
plitude o¢. This graph shows the necessity to calibrate parameter o¢ if we want
the process £ to be a relevant model for the numerical error. A value of o¢ too
small leads to a biased support of the stochastic solutions that remain concentrated
around the approximated deterministic trajectories. On the contrary, a value of
o¢ too large may destructure the dynamics, and result in simulations that are not
sufficiently informative for parameter inference. A methodology for the calibration
of o¢ is proposed in Conrad et al. (2015)." It consists first in estimating the nu-
merical errors at the level of the points in the subdivision. The estimation of these
numerical errors is made by comparing a deterministic trajectory with a reference
solution, obtained with a thinner timestep, computed once. The parameter o is
then chosen so that the empirical variance of the stochastic solutions matches with
these error estimates. The metric chosen for this matching is the Bhattacharyya
distance.

Let ¢ € [0;T] — X! (t) be the deterministic trajectory for some time step h
and let t € [0;T] —» X fTNf (t) be a reference trajectory obtained with a thinner
time step h..;y < h. The estimation of the error at the level of the subdivision is
then

9 hT‘E
vne [LM], e = !Xl v(T) = X1 (1) (2.49)
We consider a normal distribution that is supposed to represent a kind of ideal
error distribution, that we would like to reproduce using the process &. This
normal distribution is centered at the the current deterministic trajectory and has
a diagonal covariance containing the error at the subdivision points.

= ®N(X1h1v(7n)v 6314N) (2.50)

We then approximate the distribution of the stochastic integrator by the following
Gaussian distribution, whose characteristics are computed using a sample of the
stochastic solutions (Xﬂﬂjz,(t))lngch.

M
[’lec (O-'f) - ®N(mch (Tﬂ? 0-5)7 5-ch (Tﬂ? U§)214N)
n=1
where my,, (7, 0¢) ZXl N (Tn, 0¢) (2.51)
mc k=1

ch

&ch(Tn7 0-6)2 = NN
mc
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Figure 2.12: Variation of the Bhattacharyya distance according to the amplitude
of variance o¢ (equation 2.53). The configuration used is detailed on page 94.

It is worth noting that the distribution of the stochastic integrator is indeed Gaus-
sian, as we are dealing with a linear system. The true characteristics of this distri-
bution are derived in the appendix, on page 94. We consider this approximation
here to simplify the calibration of o¢, and the true distribution of the stochastic
integrator is used later on for the inference.

The amplitude of variance o¢ chosen for the process £ is the one minimising
the Bhattacharyya distance between distribution (2.50) and (2.51).

of = argmin dp(w, fin,,(0¢)) (2.52)
O’§>0

|X1 N(Tn) = Man, (Tas o) |2 1 €2+, (Tn, 0¢)
d mc _1 n mc
(v, iy (0)) ~ M Z ( AN(e2 +an,,.(Tn, 0¢)?) + 2 8 2e,0nN,,.(Tn, 0¢)

(2.53)

We can see on figure 2.12 that the minimal distance is reached for o, around
2.36 x 1073, a value which is quite stable even when changing the sample and the
initial configuration of the population.
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After calibration of o¢, we can consider that the stochastic integrator takes
well into account the numerical error introduced by the scheme. The observation
model associated with the stochastic integrator is obtained by replacing the true
position of the particles by the stochastic trajectories.

Tij = i’i(t]‘, Iﬁ) + €ij with €ij ~ N(O, 0212) (254)

In comparison with the observation model (2.36), the accumulation of the error of
the numerical scheme is taken into account in the variance of the Gaussian process
&%, The likelihood distribution of the data is expressed as an expectation with

respect to the distribution fiz[r1] of (Z;(t;, /sl))}gé%

N M
1 1 - -
P 50 = G [, (—@ IR \) pala (47

i=1 j=1

(2.55)
Due to the linearity of the system (1.38), the distribution u;[x1] is Gaussian, having
the deterministic trajectory Ty, (k1) = (Z:(¢;, ml))Eﬁ% as mean and Xy, (k1)
as covariance matrix. The components of the matrix are derived in the appendix

on page 94.

By applying formula (2.2) to the integral in (2.55) and Bayes’ formula, we can
obtain an expression of the posterior distribution of the parameter k.

ﬁfiﬂw(’%l ‘ .1')

b () 5 (= e (21) = 70T + Elos0) oxem(er) =)} (250

X

Vet (02lan + Sna(1))

As expected, the covariance matrices associated with the two sources of error
add up because of their mutual independence. We can see on figure 2.13 that the
posterior density p,, |, achieves a good trade-off between the exact density, which is
out of reach in practice, and the density associated to the deterministic integrator,
that can be biased by a too rough time-discretisation.
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exact
30k deterministic h = 27/3
stochastic h = 2m/3

20 |-
10 |-
0 | | | |
1.00 1.25 1.50 1.75 2.00
K1

Figure 2.13: Comparison of the posterior densities associated with the exact tra-
jectories, the deterministic and stochastic integrators.

2.8 Conclusion

Chapter 2 presents models of the different sources of uncertainty appearing on the
inference problems related to symmetric and heterogeneous populations. We have
illustrated these models on the Spring Cloud system, but it is clear that they are
formulated identically for any other symmetric systems. In non-linear systems,
posterior distributions are more challenging to access. Therefore, the central per-
spective of this chapter is to apply the research on Monte-Carlo algorithms, and
more generally on numerical Bayesian inference, to develop a method adapted to
the approximation of the posterior distribution. Within these numerical inference
methods, the principal limiting factor lies in the ease of simulating the system, or
at least a good approximation of it. Therefore, this factor depends on the consis-
tency results of the numerical method mentioned in chapter 1, particularly in the
choice of the time step, which must be selected optimally to guarantee the quality
of the approximation and the computational efficiency. Besides, the complexity of
some sources of uncertainty, especially the uncertainty on the size N of the popula-
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tion, opens up to inference problems that are particularly difficult in the non-linear
case, especially when the prior support of the variable N is infinite. This prob-
lem is treated in the literature by methods such as reversible-jump Markov Chain
Monte-Carlo (Green, 1995'), and it still has many unresolved questions. It seems
a too high price to pay, mainly because the size N is only a secondary importance
variable. Chapter 3, therefore, aims to simplify these inference problems.
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2.9 Appendix of chapter 2

2.9.1 Uncertainty on the initial condition

proof of lemma 2.2

Proof.
E = /Rd exp (—% (z"Hz — 2yT:B)> N(m, ) (dz)

1 1 1/2,\T 1/2 T 1/2
:W/Rdexp[—i((m—l—il/u) H(m + SY%u) — 2yT (m + £%u))

X exp (—%uTu) Adu) (2.57)

_ 1 1o V2 prs01/2y,  of Ty1/2
_(27r)d/2/Rdexp( 2(u Ly + X7 HY % )u—2(y — Hm) ' u

+m" Hm — 2mi)) A(du)

Let us introduce the vector m € R? defined by
m = (Iy+ SV2HSY?) T SY2 (y — Him) (2.58)

Note that the inverse of the matrix I; + XY/2H%2is well defined since the matrix
Y2H Y12 is positive semi-definite, so -1 cannot be an eigenvalue of the matrix.
Then using the fact that

1 N 1/2 1/2 ~ (27r)d/2
exp | —=(u—m) (I +XY*HZ/")(u —m) | AM(du) =
R 2 Vdet (I + X1/2HY1/?)
(2.59)
we obtain that
g &P (=2 (m"Hm —2y"m — m"(I; + V2HEY?)m)) (2.60)
Vdet (I, + SI2H2) '
which leads to the result. O

Expression of the terms in equation (2.20) Let us first define the structure

of the vector X7, € R™ containing all the initial conditions. For any initial con-
0 01 ;02

ditions (2%, 1Y), the components of the two vectors are denoted by x? = (x;"", x;

and v9 = (00", v)?).

[g)

0 _ (.01 0,1 02 02 01 01 02 0,2
XN = (T ey TN T ey TN U1y ey UN 5 U1y ey UN) (2.61)

85



Uncertainties in symmetric population systems

Then we express the trajectories of the system as a linear function of the initial
conditions.

N N
W(i,5) € [ N] x [0; M], ity w, 28y, 00 ) = Y alj(w)af + > bl(w)ef
k=1 k=1
_ 1 1
where Vk € [1;N], afi(w) = (I[{k =i} — N) cos(wt;) + ¥
A B o Lysin(wt;) t;
bij(w) = (]I{k =1} N - + N
(2.62)
These can be put into a matrix form.
i (tj7 W, x(l]:N? /U?:N) = Cij (w)X?:N
where C’U(w) = (AZ]<(JJ) BZJ((JJ)) S M2,4N(R)
ab(w) ... ad(w) 0 .. 0
g Y ¥ ij 2.63
Aij(w) ( 0 0 a}j(w) e agy (w) € Maan(R) (2.63)
bl(w) ... BN(w) 0 .. 0
.. — 1) 1)
Bi(w) = ( 0 D) .. B(w)) S Meav(®)

0
The expressions of the matrix C'(w), of vector Y (w,z) and of the scalar z(z) are

then given by

i=1 7=0
N M
Y(wz) =Y > Cyw) (2.64)
i=1 j=0
N M
z(x) = Z Z xz;-x”
i=1 j=0

We derive an expression of the mean and the covariance of the Gaussian variable
X? . Let us introduce the components of the mean position pu, = (ul,u2) and
the matrices O, O € My 4n(R) such that for all i € [1; N]| we have OL XY\, = a¥

and O! X, =Y.
fy I
pily AN N
myx =|"7% € R*™ where 1y =(1,...,1) € R

fiy Ly
TA Y (2.65)

N -1
Sy = (Z(OQ)TE?O; + <02;>TE;101;)

i=1
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Configuration of the graph 2.5 : The observations, associated with the case
where initial conditions are partially observed, are generated with the following
configuration.

mean initial position and speed: iz, f&, 0
covariance of pg: 2., 2, I,
random number generator MersenneTwister(123)
(initial condition and observation noise) | Julia package Random. j1
observation timeline (;)o<j<m (ZJTTF)OSjS4
true value for pulsation: wy 1.
prior parameters: (Wmin, Wmax) (0.5,1.5)
population size N 10
observation standard deviation: o 1.

Table 2.1: Configuration of the Spring Cloud system used for the generation of
the graph 2.5

The curve of label unknown initial condition is obtained as follows:

1. we take the logarithm of the expression of the unormalised posterior in equa-
tion (2.22). We denote this function of w by (w | ).

2. We consider the following integral

Y= / M exp((w | ) — fwo | ))dw (2.66)

min

3. We compute the integral numerically using the Gauss-Konrod quadrature
formula implemented in the Julia package QaudGK. j1, with a relative toler-
ance of 1078,

4. The estimation of the posterior density in equation (2.22) is then w €
exp(£(w | x) — lwo | ))

v

[wmin ; wmax] —

For the curve with label known initial conditions, we use the same process to
represented the curve with label differentiated in figure 2.4.

2.9.2 Uncertainty on the population size

Expressions of the terms in the likelihood (equation 2.26) For all N >
Ny, the latent variables are denoted by X% .. The initial conditions for the Ny
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observed particles are gathered in a constant vector X7,y . Both vectors have the
same structure as in equation (2.61). The individual trajectories can be expressed
as an affine function of the latent variables.

V(i 5) € [1; N] > [1sM], 27 (), Xily) = O () X7y, + G5 (w )XRIO-&-L(N |
2.67
where CgO’N(w) = (AgO’N(w) BgO’N(w)) € Moy, (R) and
CJJ-VO’N(w) = (A;-VO’N(w) BJNO’N(w)) € My yn-ny)(R). The coefficients of the A, B
matrices have the same expressions as in equation (2.62).

Vk € [1; No], afi™ (w) = (H{k’ =i} — %) cos(wt;) + %
1

N(l — cos(wt;)) |

o (w) = (H{k — i} - %) sn(ty) | Z

W

a; (w) =

w
1N No,N
. 0 0
A]-YO’N _ ;5 (CU) ij (w)
i (@) ( 0 0 aij’.N(w) aZO’N(w) € Moo, (R)
No,N N Iy N, 0
Aj (UJ) = aj (W) 0 ]lT € MZQ(N*NO)(R)
N—Np
bV (w) .o b Nw) 0 L 0
B-NO’N _ ij ij R
a (@) ( 0 . 0 bNw .. bgo’N(w)> € Maao(R)
No.N N vy O
B (w) = b (w) 0 T € Maav—ny)(R)
N—Np
(2.68)
The expressions of the terms in the likelihood (2.26) are then
ZZ\% C3" (@) X, |
=1 j=1
CN (w NOZCNO w) 'O (w) (2.69)
No
ST (55— O (@) XDy, )
j=1 i=1
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/“L%:H'N*NO
moN _ Z%iz—zb c R4N—No)
v —iNVO
121N, (2.70)

N—No -1

EﬁOaN — (Z (O;,N—No)TZ;lO;,N—NQ _|_ (OZ,N—No)TZ;lO;L'),N—N0>
i=1

where the matrices OLY N, OLN=No € My yn—ny)(R) are such that for all i €

H]" N - NO]]? OéXR/vo+1:N = $9V0+i and O’ZJ)X%(rF].:N = /U?Vo+i'

Configuration for the figures 2.6 and 2.7 The observations, associated with
the case where the population size is uncertain, are generated with the following
configuration.

means of g fiy, fty 0
covariances of pg: 3., 2, I
random number generator MersenneTwister(123)
(initial condition and observation noise) | (Julia package Random. j1)
. o 29
observation timeline <E)
1<<10
true size of the population: N 25
number of observed particles Ny 10
prior parameters of py: (Nmin, Nmax) (11,50)
true pulsation w 1
prior parameters of py,n: (Wiin; Wmax) (1/10,3/10)
observations error o 1

The prior py on the population size is chosen with a finite support [ Nmin; Nmax]
with Ny > Ng + 1. In our case, we have chosen a uniform distribution over the
discrete interval.

1
Nmax - Nmin + 1

VN S [[Nmin; anax]]a pN(N) - (271)

The unnormalised posterior density p., represented in graph 2.6, is computed as
follows:

1. for any w € [WminV/ Nmin; WmaxV Nmax), We compute the vector containing the
logarithms of the quantities p,nq(w|N,z) for all N € [Nuin; Nimax]-

ENmin:Nmax (C{)) - (log(pw|N7I <w|N7 I)))NmmSNSNmaX <272>
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2. To avoid underflow, the logarithm of p,,(w|z) is computed as follows

fInaX(W) = Nminrﬁnf\%%{]\/max [1Og(ﬁw|N,x (W|N7 l’) + log(pN(N))}

10g(15w|x(w|93)) = lnax(w) + log ( sz( exp(IOg(pN(N)ﬁwlN,w(w|N7 T)) — gmaX(w))>

N=Nmnin

(2.73)

3. in figure 2.6, the function w — exp(log(p(w|x)) — log(p(wo|z)) with wy is the
value of the pulsation having generated the observation data, i.e. wy = 1.

In figure 2.7, we compute for all N € [Npin; Nimax] the integral

Wmax VN
vy (z) = py(N) / B @]V, 2)de (2.74)

Wmnin VN

using Gauss-Konrod method, implemented in the package QuadGK. j1, with a rel-
ative tolerance of 107%. The estimation of the probability py|,(N|z) is then

vn(2)
prp(Nlr) = =
N/:Nmin VN/ (.T)

(2.75)

2.9.3 Uncertainty due to the inexact simulation of the sys-
tem

Initial configuration of Spring Cloud system (figure 2.8) The initial con-
figuration of Spring Cloud heterogeneous is sampled from the distribution py hav-
ing the following parameters.

initial positions and speeds &, ug N(0,15)
attractivities and masses of particles pg, pg" U([1;2])
population size N 10
random number generator MersenneTwister(123)
true value of parameter x; 1.5
observation interval [0; 27]

Table 2.2: Parameters monitoring the initial configuration of Spring Cloud het-
erogeneous

90



Uncertainties in symmetric population systems

Proof of proposition 2.1

Lemma 2.3. Conservation of the energy

Let x1.5,v1.y be the solution of the system (1.38). Then the Hamiltonian of the
system

H:tel0;T]— = Xpmhﬁ wam —z;(1)[? (2.76)

1<J
15 constant over time.

Proof. Let t € [0;T]

a t) = Z Kivi(t). Z Kji(25(t) — i(t)) + Z Kikii(Ti(t) — 2;5(t)).(vi(t) — v;(t))
= Z Kitij [Vi(t).(2;(t) — 2:(t)) + v (). (2i(t) — 2;(8)) + (2i(t) — 25(8)).(vi(t) — v;(2))]
=0
(2.77)
O]

A consequence of the energy conservation is that each particle remains at a
bounded distance from the barycentre of the cloud.

Lemma 2.4. Bound on the distance to the barycentre

N
Zj 17T

Let x1.y be a solution of the system (1.38), let x,, = ~ be the barycentre of
j=1 "1
the cloud, and let H be the Hamiltonian of the system. Then for all timet € [0;T],
we have
4H
Z ilan(t) = (0 < =5 (2.78)

Zj:l kj

Proof. By conservation of the energy (lemma 2.3), we have for all time ¢ € [0; 7T

S iy laa() — ()] < 20

i<j
N N (2.79)
SN wingla(t) — 20 < 4H
i=1 j=1
By Leibniz’s inequality, we have for all i € [1; N]
N N
Y wlr(t) = (OF <D myla(t) — (0 (2.80)
j=1 j=1
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(Z Hi) Z Rilow(t) — ()] < 4H (2.81)
O

We have now all the elements to estimate the truncation error of the numerical
scheme.

Proof. (of proposition 2.1) Let us consider the following norm over R*, defined by
|z, v| = |z| 4+ 7i|v| where |z], |v] is the standard Euclidean norm over R? and 7, > 0
is a caracteristic time. Then for ¢ € [0; 7T, we have for all i € [1; N]

(2.82)

2 (2.83)

(2.84)

The last inequality can be seen as bound on the acceleration of the barycentre. It
implies a bound on the motion of the barycenter.

|z (t) — 22 < |00t + Ap— (2.85)
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|2 (8) = Zi(8)] + Telvs(t) — 0:(t)] < /0 [lvi(s) = 0i(s)| + 7 |wi(s) — @i(s) ]ds

12 3
+ T*wﬂvg\E + T*LU?ANE
. 1 t . t? 3
| X;i(t) — Xi(t)| < max {—,T*w?} / | Xi(s) — Xi(s)|ds + 7*w§|v2|5 + T*WEAHE
T 0
(2.86)

By Grénwall’s inequality, the upper bound of | X;(¢) — X;(t)] is solution of a linear
differential equation.

d t
vie [0;7), )= M + Bit + Cit?

dt T;
y(0) =0 (2.87)
1 1 W2A,.
where — = max{—, r.w;}, B; = .wi|v}|, C; = Tali B
Ti Tx 2

The solution of the differential equation (3.51) is
vt e [0;T), y(t) =7 [B; ((e"" —1) —t) + C; (e — 1) 77 — 273t — t?)]

(2.88)
d
By Taylor’s inequality, we have that, since y(0) = 0 and d—?(()) =0,
vt € [0; 7] (t) < dzy(t) 0<t<T e
: max-< |— —
) ) y — X dtz ) — — 2
d2y t/Ti t/‘l’i (2 89)
t2
y(t) S (BieT/” + 2017'@ (€T/Ti — 1)) 5
N
By defining over R*Y the norm |X;.x| = Z | X;i|, we obtain the estimate of the
i=1
truncation error. O

Configuration for the data generation (figure 2.10) We consider the Spring
Cloud system with an initial configuration described in table 2.2. The parameters
monitoring the generation of the data are enumerated in the following table.

true value of parameters x; 1.5
observation deviation o 0.4

2mg
observation timeline (¢;)1<j<m (—J)
10/ 1<j<o
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time step h 27/3
sample size N,,. 100
random number generator | MersenneTwister(123)

Table 2.3: Configuration of the graph 2.11. The initial configuration of the system
is given on table 2.2.

time step used for the reference solution h,.y 1073
time step of the integrator h 27/3
sample size N, 100

Table 2.4: Configuration used for the figure 2.12. The seed of the random number
generator is reset to the same value MersenneTwister(123) for each o¢ to ensure
smooth variations of the Bhattacharyya distance.

Characteristics of the Gaussian distribution associated with the stochas-
tic integrator Let us identify the characteristics of the distribution pgz[r;] by
first considering it as a marginal of the joint distribution ug’K of the variables

(§I1<7:1), ’(72(%1), ceey jz(%}(>, ﬁi(TK))lgiSN where {7:1, ey %K} = {Tl, ey TM}U{tl, ey tm}

Let us first identify the mean of the stochastic integrator my.n(t) = E [f( 1: N(t)] )

The stochastic integrator at the population level can be expressed in the following
matrix form

X?:N = X?:N
Vn € [0; M — 1], Vt € [1; Tus1), XlzN(t) = A(t — Tn)XﬁN + &Nt —T0)

Xlnpl = A(Tn+1 - TN)X?:N + g?:N(Tn-i-l - Tn) ( )
2.90

The coefficients of the matrix A are defined by the linear relation in equation
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(2.43).

Xin(t) = (@) ... 2@ ) .. @) @) ...)TeM4N71(R)
Ve Ry, (i, §) € [5N]E  ay(t) = "&j(lz_;‘)s(“”)) +T{i = j} cos(wit)

ag;(t) = Z/:AJI:Z/W sin(w;t) — I{i = j }w; sin(w;t)
bi(t) = sin(w;t)

Wi (2.91)
b(t) = cos(w;t)

0 a t) 0 db t)
AO=\ @y o aw o |SME
0w 0 dy)

The evolution of the mean function follows exactly the same inductive equation as
the deterministic integrator, and therefore the mean is equal to the deterministic
trajectory.

miy = Xt
Vn e [0; M — 1],Vt € [T0; Tns1), man(t) = A(t — )Ml y (2.92)
My = AT — 7)1y

Concerning the covariance of the process, we want to establish an expression
of Cov(Xy.n(t1), X1.n(t2)) for ty,t, € [0;T]. For this purpose, we introduce the
covariance matrix of the uncertainty process .y, which is computed using the
formula (2.45).

(=)

by oty ta) = oc(tyty)?? —
a(t1,t2) = o¢(tita)” " exp oh2

5h? + 2to(t) — t2) (t; — ta)?
_ 3/2 2\l1 2 s —12)”
km,v(tla tQ) = Uftl (tltg) 2h2 exXp 2h2
30 250" — dtity(t — ta)* — 2h% (58] — 121ty + 5t3) (t; — t2)?
I P e
(2.93)

kyo(t1,ta) = o¢(tits)
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K(t1,t2) = Cov(&ln (), En(t2))

kyo(t, t2)In On kyo(ti, to)In On
0N kx :v(tl tQ)IN ON k:p v(tl tZ)IN
- wth, vt e Mun(R
kyo(te, t1)In On kyo(t1, o)y On w(R)
On Faw(ta, t1)In On Koo(ti,e ) In
(2.94)

Let t1 € [Tn;Tny1) and ty € [T; Tine1) for myn € [0; M — 1]. Let us expand the
expression of the covariance.

COV(X1;N(t1), Xl:N@Q))
= Cov(A(t; — Tn)XﬁN + &Nt — ), At — Tm)XyN (2 = 7in)
= A(tl - Tn)Cn,mA(t2 - Tm>T + Kn:m<t1 - Tn)A(t2 - Tm)T + A(tl B Tn>Km:n(t2 - Tm)T
+I{m =n}K(t, — T, te — 7)
where C,, ., = Cov(XTy, XI4), Knm(t) = Cov(&l (1), X1
(2.95)

The covariance terms C,, ,, and K., can be determined by inductive equations.
By independence of the collection (&} 5)o<n<ar—1, we have for all n € [0; M — 1]

Vk < n, Kpi(t) =0
Kn:n+1 (t) = K(t — Tny Tn+1 — Tn) (296)
vmen+1M—1], Kupmi(t) = Kpm®)A(Tmir — 7)) "

A double induction is necessary to compute all the covariances C,, ,,.

Coo =0

Vn,m € [0; M — 1], Ve, &5 € {0, 1},

Cn+61,m+ez = A(El (TnH - Tn))Cn,mA<€2(Tm+1 - Tm))T

+ Kn:m(ﬁl(Tn-i-l - Tn))A(Q(Tm-H - Tm)) + A(el(Tn-i-l - Tn))Km:n(€2(Tm+l - Tm))

+ I{m = n}K (Tnt1 — Ty Tas1 — Tn)

(2.97)

We use formulas (2.92) and (2.95) to obtain the distribution of the vector Xy x =
(XLN(%I)T,...,XLN(%K)T>T € Munki(R). We note Xyx = N (mN,K,SN,K)
Vye consider the observation matrix Oy gk extracting the observed states from
Xn K, such that

TNm ~ N (ON,KmN,Ka OJTv,KiN,KON,K) (2.98)
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Chapter 3

Mean-field approximated
inference

Disappear here.
—Bret Easton Ellis, LESS THAN ZERO (1985)

3.1 Introduction

The previous chapter highlights the difficulties arising in the context of statistical
inference on symmetrical models. The uncertainty about the population’s size and
the unobserved individuals’ states leads to many latent variables. The individu-
als’ interdependence may hinder the scaling up of the inference algorithms for a
large population. This chapter considers the asymptotic analysis of symmetrical
population models when their sizes tend to infinity. This analysis aims to find an
approximation of the population’s overall motion when it is crowded enough. The
required approximation should be independent of the unknown size N, or at least
have a dependency with respect to N much simpler than in the microscopic case.
In symmetrical population models, such approximation is inevitably linked to the
notion of mean-field distribution. For some systems, it is possible to prove that
the empirical measure of population, which is a stochastic measure, depending on
the realization of the system’s initial configuration, converges to a deterministic
probability measure when the population becomes infinitely crowded. This deter-
ministic measure is referred to as the mean-field limit distribution or the mean-field
distribution. It can be interpreted from a mesoscopic perspective: it represents
the probability of finding at a given time an individual in a given state, and at
the same time, it represents the entire population, that is, the source of the in-
teractions governing the trajectories of each individual. Formally, the mean-field
limit appears as the solution of a partial differential equation of the hyperbolic
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type, whose velocity field is closely related to the underlying microscopic system’s
transition function.

The mean-field limit, when it is well-defined, seems to solve at the same time
the two statistical difficulties mentioned above. Under this regime, the popula-
tion dynamics do not depend on N, and all the latent variables related to the
unobserved individuals are naturally incorporated into this probability distribu-
tion representing the entire population. Besides, the interdependence between
individuals disappears since trajectories are now only a function of their respec-
tive initial conditions and this mean-field distribution following a deterministic
time-evolution.

This phenomenon of the evanescence of the correlation between individuals
was first noticed in systems derived from statistical physics. Kadanoff (2009)
traces the idea back to the work of Weiss (1907)’ on the ferromagnetic properties
of some materials. As several formalisms traditionally used in statistical physics
have been extended to machine learning problems (Kindermann and Snell, 1980'"),
the notion of mean-field was integrated into the statistical lexicography, but with
a meaning a bit different from that previously defined. In the statistical literature,
in general, mean-field inference is a synonym of variational Bayes approximation,
which consists in replacing a complex distribution, that is too difficult to han-
dle within the inference process by a tractable and factorized distribution (Smidl
and Quinn, 2006°"). This methodology is applied both to inference on dynamical
systems, as in Vrettas et al. (2015)"" or Gorbach et al. (2017),"” and to inverse
problems without the notion of time, like for instance, image restoration (Marnissi
et al., 20177). Therefore, the link with the physical phenomenon is in the search
for an alternative probability distribution for which the model’s components are
independent, despite their total interdependence originally. Such a distribution
is generally obtained by projecting in the Kullback-Leibler sense the original dis-
tribution onto a class of factorized and tractable distributions. However, the gap
between the approximation space and the initial space is, up to our knowledge,
rarely investigated.

In parallel, the mean-field formalism has been extended to plasma physics by
Vlasov (1968)" and more recently to macroscopic systems constituted by birds,
fishes, sheep, ..., including the aforementioned Cucker-Smale model (Carrillo et al.,
2010"). Mean-field limits can also be found in kinetic equations evolving in phase
spaces other than position-velocity, notably in order to model the plasticity of
natural neural networks in Perthame et al. (2017),” or the formation of opinions
in Boudin and Salvarini (2010).” These systems are generally much smaller in size
than the systems studied in statistical physics, and the authors use the mean-field
approximation to obtain a qualitative intuition of the macroscopic dynamics of the
population.
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Up to our knowledge, the mean-field limit, in its native meaning, has never
been used for the simplification of inference problems on symmetrical population
models, at least in a Bayesian framework. In Bongini et al. (2017),” as well as in Lu
et al. 2019)°" and Lu et al. (2020),” the authors suggest non-parametric methods
for estimating the interaction kernel using trajectories that are exactly observed
over the entire population. The mean-field limit of the microscopic systems is used
to check the consistency and the well-posedness of the learning procedure. In other
words, the authors try to answer the question: “Does the sequence of estimators
formed by this method have the same limit as the microscopic system when the
size of the population tends towards infinity ?7”

In this chapter, we wish to bridge the existing gap between, on the one hand,
a rigorous analysis of the asymptotic behavior of large populations, and on the
other hand, the approximations of inference allowing their efficient resolution.
Therefore, our problem is to study how symmetric population models’ asymptotic
analysis can provide consistent approximations to the Bayesian inference problems
we considered in chapter 2.

In section 2, we start by defining the notion of weak solutions for non-local
transport equations, and we prove that the dynamics of the symmetric population
can be equivalently written as a transport equation on the empirical population
measure. Section 3 deals with the existence and uniqueness of the mean-field limit,
defined in the case where the velocity field on the population’s empirical measure
has a pointwise limit when N — oo. In the eventuality where this pointwise
limit is not defined, it is still possible in most cases to study the limit obtained
after the renormalization of the time and state variables of the system. Section 4
links the propagation of chaos, i.e., the convergence of the population’s empirical
measure towards the mean-field distribution and simplifying an inference problem
with unknown population size. In particular, we discuss how the mean-field limit
can provide consistent approximations in some cases, but we also notice that in
other cases, it is necessary to develop further (a bit like in the case of Taylor’s
expansion) to have an approximation with a simplified dependence with respect
to N. Nevertheless, the mean-field limit remains an essential step in simulating
large populations from a macroscopic perspective. The statistical approximations
suggested in section 4 are effectively simplifications only if the mean-field transport
equation’s solution is numerically attainable. This issue is addressed in section 5,
which gives a preliminary work to simulate the mean-field dynamics efficiently in
the Spring-Cloud and Schneider systems cases.
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3.2 Empirical measure and population distribu-
tion dynamics

Within symmetric populations, the labels of the individuals are arbitrary. There-
fore the evolution of the system can be described equivalently in the quotient space
ZN /Sy or in Py(Z), the set of empirical measures with N Dirac masses (using
proposition 1.1). In Py(Z), we can describe the dynamics of empirical measures
using partial differential equations, satisfied in the weak sense. We need to define
a series of notions to characterize the continuity of trajectories taking place in
the set of probability measures. In keeping with the literature related to kinetic
equations theory (Golse, 2013,"” Bolley et al., 2011," Lagoutiere and Vauchelet,
2017'"), this regularity is characterized in terms of Wasserstein distance.

Definition 3.1. Wasserstein distance (Villani, 2009,”" definition 6.1)
Let (Z,d) be a Polish metric space. For any probability measures p,v € P(Z),
we define the set of couplings II(u,v) as the set of probability measures over Z*
having their first marginal equal to p and their second marginal equal to v.

My, v) = {WGP(ZZ) | (=) :/W(dzl,dzg), V(dzs) :/ﬂdzl,d@)}
z z
(3.1)
The Wasserstein distance of order p is then defined using the coupling minimizing
the expected distance to the power p > 1.

1/p
Wy (1, 1/):( inf / d(Zl,ZQ)pW<d21,d22)) (3.2)
n€ll(p,v) J z2

The verification of the fact that this quantity satisfies the axioms of a distance
can be found in Villani (2009),”” page 106.

Example 3.1. When restricted to the set of empirical measures having the same
number of Dirac masses, the Wasserstein distance can be expressed as the solution
of an optimization problem over the set of permutations.

1N 1 X 1 al v

v(‘ri? yi)lﬁiSN S ZQN? Wp <N lzl 5331'7 N ZZI 4 1) = (ﬁ Uie%fN - d(l’l, ya(i))p>

(3.3)
The distance is reached for the permutation transforming the cloud of points y into
x with minimal displacement. However, this intuition of the Wasserstein distance
is not true in general, as there are cases where a transformation T satisfying
TH#p = v (the pushforward image of p by T is v) cannot ezist. For instance, when
=0y and v = 0y + 04, because we cannot have T'(x) = z1 and T(x) = xo if
I 7£ ZIo.
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The Wasserstein distance is associated with a convergence, which is a bit
stronger than the weak convergence.

Definition 3.2. Weak convergence, or convergence in distribution

Let Z be a Polish metric space, (lin)nen a sequence of probability measures in
P(Z), and p € P(Z). Then we say that the sequence (fn)nen converges to i in
distribution or weakly if for all ¢ € Co(Z — R) continuous and bounded we have

| eom) = [ o) (3.4)

We then note f, —— .
— 00

n

Definition 3.3. Set of probability having moments of order p
Let (Z,d) be a Polish metric space, let zy € Z, and let p > 0. The set P,(Z) of
probability measures having moments of order p is defined by

P(2) = {M eP(2) | /2 d(z0, 2)Ppu(dz) < +oo} (3.5)

By triangular inequality this definition is independent on the choice of the origin
20-

Theorem 3.1. Convergence associated with the Wasserstein distance
(Villani, 2009, theorem 6.9)

Let (fin)nen be a sequence of probability measures in Py(Z) and pn € Py(Z) defined
over a Polish metric space (Z,d). Then the two statements are equivalent:

(i) pn —— 1 and / d(zo, 2)Ppn(dz) —— | d(zo, 2)Pp(dz)
and
(i) Wy(ttn, p) —— 0

n—oQ

The metric W, is used especially used here, because of its dual formulation,
which is particularly convenient for proofs.

Theorem 3.2. Kantorovich-Rubinstein formula (Villani, 2009,”" partic-
ular case 5.16)

Let P1(Z) be the set of probability measures having first order moments, i.e. for
all p € Pi(2) and for some zy € Z (and therefore for any z)

/Zd(zo,z)u(dz) < 0 (3.6)
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Let Cr,(Z — R) be the space of Lipschitz-continuous functions over Z and let us
denote Lip(¢) the Lipschitz constant of any element ¢ € Cr(Z — R). Then, for
any fu1, piz € P1(2):

Wi (p, p2) = sup {

[ etomias) = [ o)

(6 € CL(Z = R), Lip(6) < 1}
(3.7)

The space of test functions used to define weak solutions of transport equations
is composed of maps differentiable with respect to time and with respect the state
variable x.

D<R+XXX@):{(,DECE(RJ'_XXX@—)R)|

V(t,x,0) e R, x X x O, a—(p(t,x,é’) and aﬁ(t,x,&) exists (3.8)

ot ox
. oo}

Notice that we do not assume the test function to be differentiable with respect to
the individual parameter 6, as it remains constant through time. The dynamics
of the empirical measure in symmetric populations are given by the following
definition.

and sup
(t,x,0)ERL XX XO

dp Oy
E(txae)‘ + ’%(t,l’,e)

Definition 3.4. measure transport equation

Let pig € Pp(X x ©) for somep > 1,t € Ry — u(t) € Py(X x ©) a trajectory
within the set of probability measures, and F': Ry x X X © X P,(X x 0) = X a
functional. Then we say that t — u(t) is a solution in P,(X x ©) of the transport
equation of transition F and of initial condition (0, o), and we denote

ol .
> — F =
{w_o, L2, d, d6) + div, [a(t, d, dO)F(t, 2,0, (1)) = 0 39)

,LL(O, d.fL', de) = /,Lo(dl', de)
if the following statements are true:
1. t— p(t) is continuous with respect to the metric W,.

2. the function (t,x,0) € Ry x X x © — F(t,x,0,u(t)) is continuous, and

teR, — / F(t,z,0, u(t))p(t,dz, dl) is also continuous.
Xx0O
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3. for all p € D(R; x X x ©) we have

/ o(t, z, 0)u(t,dzr,dd) — / ©(0, z,0) o (dz, df)
Xx0O Xx0

t
- /0 /X . (g—f(s,x,e) + g—i(s,x,e).F(s,a:,O,u(s))> (s, dz, df)ds

(3.10)

The expression of the partial differential equation (3.9) is the same as the one
being satisfied by the density of the measure, if the latter is smooth enough. This
statement can be derived by direct integration by part of equation (3.10). We
apply this formalism to describe the dynamics of the empirical measure of the
population.

Proposition 3.1. Transport of the empirical measure
Let (22,0;)1<i<n be an initial configuration of the symmetric population system

7;(0) = 29

N
Vi e 1 N, du; 1 3.11
[1;N] V>0, — (t) = hy (t, xi(t),ez-,ﬁz:&xj(twn) (3.1)

j=1

leading to a global and continuously differentiable t € Ry +— x1.5(t). We assume
that the function Hy : (t,21,01,...,25,0y5) € Ry X (X x O)N —

1
hy (t,x1,017N25(xi79i) is continuous. Then the empirical measure of the
i=1

N
1
population t — [in(t) = N Z O(zi(1),05) 5 a solution in P1(X x ©) of the transport

) i=1
equation

1 N
fn(0) = + > S0
=1

vt >0, %‘—;V(t, dz, d6) + div, (fin (t, da, d0) hy (¢, 2, 0, fin (1)) = 0

Proof. Let ¢ € Cp(X x © — R) a Lipschitz function. We have for all t1,t, € R

(3.12)

/ o(z,0)an(t1,dz,dd) — gb(x,@)/lN(tg,dx,dG)’
Xx0O

X'x0O

1| Lip(¢) & (3.13)
= 5 |2 (@(i(t), ) = olai(ta).0))| < THE D fai(t) = ()
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Therefore using theorem 3.2

N

Wi (fin (t1), i (t2)) < %; |7i(t1) — wi(t2)] (3.14)

So the trajectory ¢t € Ry — [y (t) is continuous with respect to W,;. Besides,

as the trajectories x1.y are continuously differentiable Wi]tvh respect to time, we

clearly have that (¢,z,60) — hy(t, 2,0, fin(t)) and t — % > bt i(t), 0:, in (1))
are continuous. We also have that -

a

dt X'xO

0 0 . .
- / o <a_f(t7x79) + @_i@ax78)hN(t7xa‘9uuN(t>>> /LN(t,dI,de)
XX

o(t, 2, 0) i (t, do, df) = — Z ( t),0;) + g—i(t,xi(t),ﬁi).cil? (t))

(3.15)
U]

The existence of a global solution to the system implies a partial differential
equation on the empirical measure of the population. Thus, the equation (3.12)
can be seen as a rewriting of the differential system (3.11), but where the individual
labels are not taken into account. In the specific case of the Spring Cloud system
(example 1.6), the empirical measure satisfies the following partial differential
equation

agtN (t, dz, dv, dw, dm) + v. aaM—N(t d, dv, dx, dm)

N O (3.16)
+ ———(t,dz,dv, dk,dm). / K (' — x)ay" (t,da’,dK") = 0

m  Ov R3

We can notice that the transport equation is nonlinear with respect to the measure
fin, although the associated differential system is linear with respect to the state
variables. For the Schneider system, the dynamical equation of the empirical
measure has a slightly different structure. This dynamical equation can be derived
from equations (1.47) and (1.48).

Ofin

g —(t,ds,dxz,dS, dv)

8 (/LN(t ds,dz,dS, dfy)/

83 R, xR2

gN(87 x? S? fY? 8/7 "Ij/)ﬂ?\}x(t7 dSl? dx/)) = O
(3.17)
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where gy (s, z,S,7,s,2') = %g(s,x, Sy, s, 2") — g<8’x]’vSL71’ 52) (3.18)

g(s,2,8,7,8",2") = vs(log(5/sm)(1 = C(s, s', [z — 2'])) — log(s/sm))
The time evolution of the empirical measure, starting from a specific configuration
of the population must be distinguished from the time evolution of the population
distribution ¢ € Ry — pi.v(t) € P ((X x ©)Y), which is a deterministic object.
p1.n(t) is the joint distribution of the states and parameters of the individuals
in the population. When the population model is symmetric, this distribution is
invariant by permutation. It can be proved that this distribution satisfies also a
transport equation, with velocity field expressed with the transition function of
the system.

Proposition 3.2. Transport of the population distribution
Let pg € Pi(X x ©O) and hy : Ry X X x © X Py(X x ©) — X be such that

(t,z1,01,....,xN,0N) — hy t,xl,el,%zi]\il 5(%90) s continuous. It is also as-

sumed that there exists K > 0 such that for all t,x1,604,...,zN,0N, we have

N N
1

Then the population distribution t € Ry — pu1.n(t) is a solution in Py (X x O) of
the transport equation

Oy
/gltN (t7 dxl:N? del:N)
N 1 X (3.20)
divy, : tad : 7d9: h l i70i7_ O(a; 0, =0
+ ; Vg, (,ul.N( vy, d01n )y ( x N ; ( J,ej)>>

Proof. Let us start by proving that for all ¢ > 0, py.x(t) € P1((X x ©)N). For any
initial configuration (9., 601.5) we have

t N
’xl(t,x?:Nﬁl:N)’ < |$(1)| + K/ (1 + Z |xi(3a$8;N791:N)‘) ds
0

=1

therefore:/ ]xl(t,x?iN,91:N)]u8§N(dx1;N,d91:N)§/ 2| po(dz)  (3.21)
(XxO)N Xx0O

t
+ K/ (1 + N |a:1(3,x(1):N, leN\quN(da:l:N, dc91;N)) ds
0 (XxO)N

By Gronwall lemma, we obtain that

1
/ |1 (t, 2., O1n) 1§ ™ (e, dOry) < — ((N/ || g (dx) + 1) - 1)
(XxO)N N x
(3.22)
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Let ¢ € CL((X x ©)N — R) a Lipschitz continuous function and let ¢, € R,.

‘/ d(x1.n, O1.8) prn (L1, day.y, dby.y) —/ d(r1.n, 01.8 ) 1N (t2, dzy.n, dbr.N)
AxO (XxO)N

N

< Llp(¢> Z / |xi<t17 x(l]:Nv QI:N) - xi(t% x(l):NJ 91;]\/’) |M((J®N<dx1:N’ dehN)
i—1 Y (XxO)N
thus: Wi (pa.n (t1), pa:n(t2))
S N ’xl (tlv 'rcl):N7 91:N) — I (t27 x?:N? ‘91:N) ‘ME)@N(deN’ del:N)
(XxO)N

(3.23)
The above upper-bound tends to zero when ¢; tends to {5 by dominated conver-
gence. It follows that t — puy.y5(¢) is continuous with respect to the metric Wy. The
function (¢, x1,0y,...,xN,0n) — hy (t,xl,Gl, % Zf\il 5(%91.)) is continuous by as-

N
. . 1

sumption. The function ¢ hN t,x1,01, — 25(% 0. | v (t, dzin, dbry)
is continuous by dominated convergence. Finally, we have for all t € Ry

d 0
—- o(t, x1.5, 01.8) p1:n (t, Aoy, dbr.y) Z/ Sp(t z1n (7Y, 01w ), 01 )
dt Jynon YNxoN \ Ot
N i
+Z Oz, (t, w1 (t, 2%y, v ), Oren ) P (F, 24(F, 20, 01 ), 05, i (8, 29y, 01 N)))
i=1 v
X M?N(dm(l):NaelzN)
(3.24)
]

In the case of the Spring Cloud system, when the initial distribution is such
that / kg (dr) = 400, the transport equation of the population is not defined.
R4

However, if uy has compact support for the variables k, m, with m > my, > 0,
and if po has first order moment with respect to the variable x and v, then the
population distribution satisfies the following partial differential equation.

0 Z 0

/(i;ltN (t dxlN’dvl N’dl%l N’dmlN _I_ MlN(t dxl Nadvl N)d/‘ﬂl Nadml N)
N N o alu
E E 1:N

_'_’L':l P a'UZ' (7 ZT1:N,dV1: N, AK1:N, ml.N)

(3.25)
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Thanks to the linearity of the equation, we can obtain the general expression of
the population distribution, by using the relation (2.33).

Ml:N(ta d$1:N7 dvl:N? dﬁ;l:N? dml:N)

N N
= (exp(tc(/ﬁ:N, mun))# ® o1 (A, dug s, mz)) po"" (driz, dmy)

i=1 i=1

(3.26)

with the notation f#u representing the pushforward measure of p by the map f.

In particular, if the initial distribution is absolutely continuous with respect to the
x,v

Lebesgue measure, with the decomposition p(dx, dv, dk, dm) = 5" (z,v) fo" (k, m)A(dx, dv, dk, dm),
then py.v(t) has also a density f.

N
z,v i ,—tC(K1:n,m1: T1:N i —tC(Kk1.N,m1. T1:N
f(t, T1:N,V1:N, K1:N, ml:N) = H f() (Oare (R1:3,m1:7) ( ) , Ove (F1:N,m1:N) ( ))
=1

V1:N V1:N

N
X ‘det (eitC(KLN’mlzN))l H fg’m(lii, ml)
=1

where O (x1:N> =z; and O}, (901;1\/) = v

V1N v1:N
(3.27)
In general, the marginal distribution of the individual parameters remains un-
changed, while the distribution of the state variables conditionally to the indi-
vidual parameters is the pushforward measure of the initial distribution by the
semi-group of the system.

3.3 Existence and uniqueness of the mean-field
measure

In this section, we study the behaviour of symmetric systems when the number
of individuals tends to infinity. The dynamics being determined by the transition
functions hy : X X © x Py(X x ©) — X, we shall study the asymptotic properties
of this sequence of functions indexed by N > 2. To simplify the analysis, we shall
extend the definition of hy from Py (X X O) to some set of probability measures
Pr(X x ©) such that the value of the function hy(t,x, 6, ) is well defined for all
N > 2 and all 4 € P,(X x ©). For instance, in the case of the Schneider system,
we shall prove that having p € P (R% x O) is enough to have well defined values
for the transition function, no matter the size of the population. This extension of
domain for transition functions enables to study this sequence of mappings over a
fixed domain, not depending on .
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Let us consider the situation where the sequence of transition functions (hx)n>2
admits a pointwise limit when N — oo, which is the case, for instance, of the
Schneider system, where for all (s,z,S,v,u) € X X © x P;(X x O)

N S
hy(s, o, S,v, 1) = / (—g(s,x,S,%s’,x’) _ 90,2, 5,7, 5,2)
Ry xR2 N-—-1

hN<S7 Z, Sa v ,u) — g<37 €z, 87 v 8/7 x/)us,x(dsl’ dili'/) = h(87 Z, S? e M)
N—oo R+XR2
(3.28)

We can then investigate under which conditions the transport equation associated
with the limit field A has a unique solution.

o 0
{ %()ta dSv dSa d’)/) + % (:u(ta d87 dI, dSa d’Y)h(Sa Z, Sv s ,Lb(t))) =0 (329)
H\YV) = Lo

In the above equation, fi is some initial population distribution in P(X x ©). The
proof of existence and uniqueness of the measure solution for different types of
transition function is a well-documented question in the literature. We highlight
three categories of works for the theoretical resolution of this type of non-local
partial differential equation.

o Golse (2013):"" in this work, the transition function is expressed as the ex-
pectation of a globally-Lipschitz continuous field. The solution is obtained
by Picard iterations at the level of the characteristic flow equation.

« Bolley et al. (2011):' the transition function is not globally Lipschitz con-
tinuous, but with variations that are at most quadratic (like in the case of
the Cucker-Smale model). The proof follows an iterative scheme, alternating
between a linear transport partial differential equation and the associated
characteristic flow equation, that converges towards the solution of the non-
linear partial differential equation.

o Carrillo et al. (2014),” Lagoutiere and Vauchelet (2017):'" the transition
function is expressed as the expectation of a force admitting a finite number
of discontinuities. The existence of the solution is obtained by first solving
the characteristic flow equation with initial condition being expressed as
discrete probability measures, convex combination of Dirac masses.

The structure of the proof suggested here is adapted specifically to the regularity
of the Schneider system, but we try to isolate the properties that make each step
works. In keeping with Golse (2013),'” existence and uniqueness are obtained as
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Mean-field approzimated inference

a generalization of Cauchy-Lipschitz to differential equations taking place in an
Euclidean space, with initial conditions being probability measures.

Let us start by introducing the Banach space in which the proof of existence
of the characteristic flow takes place.

Definition 3.5. Space of sublinear functions (Golse, 2013,'” page 18)
The space of continuous functions over X X © that are at most linear is denoted

by

SLX,0)={cC’(X¥ xO0 = X)| sup £z, 0)] < o0} (3.30)
(wo)exxeo 1+[z|
SL(X,0) endowed with the norm
£€SLX,0)— |[¢llsc = sup £, 6) (3.31)

(@oexxe 1+ |7

is a Banach space.

Proof. Let (&,)nen be a Cauchy sequence in SL(X,©). Then for all (z,0), the se-
quence (&,(z, 0))nen is Cauchy, so it has a pointwise limit, since (X, |.|) is complete.
Let ¢ be the pointwise limit of the sequence.
Let € > 0. There exists ng € N such that for all p,q > ng, we have for all
(x,0) € X x O,
|£P(x7 9) — &I(m? 0)‘
1+ |z
lim |£p(x70> B fq(l’,@” <e
40 1+ [z (3.32)
(2.0) (.0 _
1+ |z -
80 [|§n — &llse n_>—oo> 0

S €

Besides, ¢ is continuous at all points (x,0), since we have for all R > |z| and for
all n > ng,

sup{[¢n (2, 0') — £(2,0)], |2'] < R} < €(1+ R) (3.33)

and ¢ is sublinear as we have for all (x,0)

£, 0] _ [, 0)

+e < ||&, + € 3.34
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Mean-field approzimated inference

The following lemma gives conditions for the local existence of the character-
istic flow associated to the non-local partial differential equation. The flow of a
differential equation y' = f(¢,y) is the function y(t,yo) giving the value of the
solution at ¢ starting from the initial condition (0,7p). In the case of transport
equation, the characteristic flow is the flow associated with the differential equation
x’ = h(t,x) where h is the velocity field of the transport equation.

Lemma 3.1. Local existence of the characteristic flow
Let g : (X x ©)2 — X be a continuous function such that:

o there exists Ky > 0 verifying for all (x,0,2',0) € (X x ©)2,
lg(z,0,2',0) < Ki(1+ |z|+ |2']) (3.35)

o there exists Ky > 0 and p € N verifying for all xy, 2, x9, 2, € X and 0,0’ € ©

|g(l‘1,9,$/1,0,) - g(x2707x,2?0/)| < K2(1 + |x/1|p + |x/2|’p)(|x1 - :L‘2| + |"L‘/1 - $/2|)
(3.36)

Let g € P(X x ©) be a probability measure having moments up to the order
1 + p with respect to the variable x. Then for all R > 1, there exists a > 0
and z, € C'([—a;a] — SL(X,0)) such that for all t € [—a;a] and for all
(x,0) e X x©

%(t,x,e)z / G(zal(t,z,0),0, 20t 2,0'),0)uo(da’, d6')

at Xx0O

xa(07x79) = (337)
and sup ||z(t,., )sc <R

—a<lt<a

Proof. Let a > 0. We consider the Banach space SL, = C([—a;a] — SL(X,0)),
endowed with the norm

VE e SLa, |€llsc. = SE}L 1€, -, ) lse (3.38)

We consider the application @, defined over SL,. For all £ € SL, and (¢, z,60) €
[—a;a] x X' x O

O, (& t,x,0) =12+ /ot/x eg(f(s,x,ﬁ),9,5(3,x’,@’),@’)po(dx’,dﬁ')ds (3.39)

Let us first notice that the integral over X x © is well-defined, since o has finite
first moments, and

| lotete..0).0.60.2',6),8)n( ', 00)

Xx0 (340)

<Ky [ else 2+ bl + Dol a0) < oo
A'x0O
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Mean-field approzimated inference

This inequality also proves the continuity of the integral
/ g(&(t,x,0),0,&(t,2',0"),0 ) uo(da’, dF") with respect to its arguments (¢, z, 6).
Xx0O

Therefore, for any £ € SL, ®,(§) is continuous with respect to (z, ) and contin-
uously differentiable with respect to t. Inequality (3.40) also proves that ®,(¢) €
SL, for all £ € SL,, and we have

[@a(&)llsc.. < max (Kla <1 T llellse. (2 - [ |x|u§<das>)) 14 Klan&nsga)

(3.41)
We consider the ball of radius R in SL,, B,(0,R) = {£ € SL, | [[¢]|sc, < R}
Then for a small enough, ®,(§) € B,(0, R) for any £ € B,(0, R). The threshold
for a has the following expression

(3.42)

. ( R R—l)
o < min

Ki(L+ B2+ [y ol (d)) KR
For any &;,& € B,(0, R)

18a(E) — BalE) sz, < Koa (1 ro [ (1 felrie+ rxwo(dx)) 6 - Else.

(3.43)
From this inequality, we can deduce that if « is chosen small enough, the map ®,,
is a contraction over B, (0, R). The threshold for a has the following expression

o < min < al f-l
Ki(1+ R(2+ [y |7pg(de)))” KiR' (3.44)
) )
Ky (14 2R [, (1+ |2])P(2 + |2])po(dz)) )

For this range of o, Banach fixed-point theorem states that there exists a unique
Zo € Bo(0, R) such that ®,(z,) = x4. O

The next step is to prove the local uniqueness of the solution of the differential
equation, which is done exactly as in the case of the classical Cauchy-Lipschitz
theorem.

Lemma 3.2. Local uniqueness of the characteristic flow
Let I be an interval of R containing 0 and x; : Ry X X X © — X satisfy the
functional equation, for all (x,0) € X x ©

viel, P 00) / glzi(t,z,0),0,(t, 2,0, 0 uo(da’, d6')
8t Xx0O

zr(0,z,0) = x

(3.45)
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Mean-field approzimated inference

where g : (X x ©)* — X and pg satisfy the same assumptions as in lemma 3.1.
Let J be another interval R, also containing 0 and included in I. If x; satisfies
the same functional equation than x; over J, then we have that x5 ; = x;.

Proof. Let us consider the interval Ty = {t € J |t >0, Vs € [0;t], z;(s) = z;(s)}.
We would like to prove that t* = sup(7’y) = sup(J). Let us prove first that ¢* > 0.
Let R = min(2,sup,¢; ||z1(t)||sc). By continuity of the norm ||.||sz and by lemma
3.1, there exists a; > 0 such that for all ¢ € [0; 4], [|z1(t)]|sec < R, ||z (t)|lsc < R,
and ®,, is a contraction over the ball B,, (0, R). By uniqueness of the fixed point,
we have that T7j—a;;01] = TJ|[—as;as)- In particular, t* > a; > 0.

Let us assume that t* < sup(J), in particular ¢* has a finite value. Then for
all t € [0;¢*), we have |lz;(t) — 2s(t)||lsc = 0. By continuity of the norm, we
obtain that x;(t*) = x,(t*). There exists § > 0 such that for all ¢t € [t*;t* + ¢,
lzr)llse < ler(t)|lsc + 1 = Ry and ||z s(t)||sc < Re=. For all t € [t*;¢* + 4], we
have the following inequality

(14 2R3 (1 4 [x])") (2+]x]) g (de) /t () =2.1(5)l|scds

(3.46)
By Gronwall lemma, we have for all ¢ € [t*;t* + §] that x/(t) = ( ), which is in
contradiction with the definition of ¢*. Therefore, t* = sup(.J). We use the same
reasoning to prove that

|zr(t) =25 (t)|lsc < Kz/

X

inf{t € J|t <0, Vs € [t;0], x;(s) = x;(s)} = inf(J) (3.47)
0

Lemma 3.2 introduces a partial order relation amongst the solutions, based on
the inclusion. According to Zorn’s lemma, the partially ordered set of solutions
has at least one maximal solution. To prove that the maximal solution is in fact
global, defined over R, , we need to characterize the structure of the semi-group
associated with this kind of differential flow. First, it can be proved that the
properties of the initial distribution are preserved by the flow.

Lemma 3.3. Moments of the pushforward measure

Let g : (X x ©)2 = X and po satisfy the same assumptions in lemma 5.1. Let
(I,x1) be the mazximal solution associated with the differential equation, where I
is an interval containing 0. For all t € I, we define the pushforward measure

(z1(t),1de)# o as

Vi € Cy(Xx0), /

90(1‘7 0) [(Z[(lf), Id@)#ﬂo] (dl’, de) = / @(xf(t’ Z, 0)7 Q)MO(dx7 d9>
Ax0O Ax0O

(3.48)
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Then for allt € I we have that
/ [P (1), 1o )#pto) (dr, d6) < o (3.49)
Xx0O
Proof. Let t € I and (z,0) € X x O, we have, using equations (3.35) and (3.45).
t
arttn 0 <lel + ki [ (14 lartoi 0+ [
0 X

thus: / |z (t, z,0)|po(dz, dd) <
A'x0O

t
/]x\,ug(dx)—l—Kl/ <1+2/ \xl(s,x,e)uo(dx,de)) ds
x 0 Xx©

By Gronwall lemma, we obtain that for all ¢t € T

/Xxe\xz(t x,0)|po(dz, df) < << /!x\uo dx)—i—l) 2t 1) (3.51)

We can inject the expression of this upper-bound in the estimation of the state.

(2, 0)| < |2+ K, /Ot (1 (s, 7, 0)] + % ((2/){ 2|jio(dz) + 1) (s _ 1)) ds
(3.526)

By a second application of Gronwall lemma, we obtain that for all (¢, z,6)
IxXx0

1
]xl(t,x,9)|§§(eK1t<( /p:’mo dx)+1> Klt—z/ /|t (! +2|x|> |

(3. 53)

]:vl(s,:1:",(9’)|,uo(dx’,d9’)) ds
x©

(3.50)

This estimation proves that / |z (t, 2, 0)|" P o (dz, df) < +oo.
Xx0
For any g : (X x ©)? — X and pg € P14,(X x ©) satisfying the assumptions
of lemma 3.1, we introduce the notation (¢, x,0) — w4 (t,x,0, uo) to specify the
dependence with respect to the initial condition (%o, i9) of the maximal solution.
This notation enables us to express the structure of the semi-group associated with
this kind of differential equation.

Lemma 3.4. Semi-group of the non-local flow

Let g : (X X ©)? = X and po € P11p(X) satisfying the same assumptions as in
lemma 3.1, and let (t,z,0) € I x X X © — x4, (t, 2,0, o) be the mazimal solution
associated with the initial condition (to, o). Then for all t,t; € I we have

Tt (tv z, 07 MO) = Ty (t7 Lt (th x, 6)’ FLO)a 07 (xto (tl)a Id@)#,uo) (354>
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Mean-field approzimated inference

Proof. Let us use the notation (¢, x, 0) = x4, (t, x4, (t1, 2,0, 110), 0, (x4, (t1), Ide ) #10)-
We have that {(t1,z,0) = x4, (t1, x,0) for all (x,0) € X x ©. Besides for all t € I,
we have

9
E(L T, 9)

= /X o g(g(tv Z, 9)7 0, Tty (t> Il: 0/7 (xto (t1>7 Id@)#ﬂo)’ 0,) [(xto (tl)’ Id@)#,uo] (dl’l, d@l)

- / 9(E(t2,0),0,€(t, 2", 0), 0 )po(da’, A0')
Xx0O

(3.55)
By uniqueness of the maximal solution of the characteristic flow equation (see
lemma 3.2), we have £(t,.,.) = x4,(t,.,.) for all t € I. O

The proof that the unique maximal solution is defined over R, is then a con-
sequence of the boundedness of the state variable, that was established by lemma
3.3.

Lemma 3.5. Globality of the maximal solution
Let g, ug satisfy the assumptions in lemma 3.1. Let (I,x;) be the mazimal solution
associated with the initial condition (0, ug). Then Ry C I.

Proof. Let t* = sup([). Let us assume by contradiction that t* < +oo. If t* € I,
then we can consider the maximal solution associated with the initial condition
(t*, (7 (t*),Ide)#u0), which is defined over some interval J containing the segment
[t* — a; t* 4 ] for some a > 0. So t* cannot be in I. From the estimations (3.51)
and (3.53), we deduce that, for all ¢ < t*,

_(Sa Z, 9)

t
|\
t
< Kl/ efis ((2/ |2’ po(d’) + 1) efis —/ |2 | o (d”) + |x|> ds (3.56)
0 x x

1
<3 (ef1* —1) ((2/ |2’ | o (da) + 1) ef1t 4 2|7| + 1)
x

G ds

¢
0
In particular, the integral / %(s, x,0)|ds is convergent when ¢ — t*. We can
0
- " Oxy
thus define ;(t*, x,0) = x+ ——(t,z,0)dt. Then we can consider the maximal

ot

0

solution associated with the initial condition (¢*, (Z;(t*), Ide)# o), which provides
once again an extension of the maximal solution, leading to a contradiction. There-
fore, t* = +o0. O
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Now, that the characteristic flow is uniquely defined over R, , the measure solu-
tion of the transport equation can be expressed as the pushforward measure of the
initial distribution by the characteristic flow. We first prove that the pushforward
measure satisfies the transport equation, and afterwards, we prove that this is the
unique possible solution.

Lemma 3.6. The pushforward measure by the non-local flow is a solu-
tion of the transport equation

Let pg € Prip(X x O) be a probability measure and g satisfying the assumptions
in lemma 3.1. Let xg : Ry X X x © — X be the characteristic flow associated with
the initial condition (0, o). Then the measure trajectory t — (xo(t),Ide)#uo is a
measure solution in Pi14,(X x ©) of the transport equation

vt >0, @(t, dz,dd) + div, (,u(t, dz, dﬁ)/
ot Py

M(07 dZE, de) = M()(dQ?, de)

g(x,9,x',9’)u(t,dx’,d9’)) =0
X0

(3.57)

Proof. Let t1,t2 € Ry and let us consider the distribution 7, ;, defined over (X X
©)? by

Ty 1o (A1, dO1, dag, dO2) = (20(t1), Ide, zo(t2), Ide)# (Mo(dmlad91)5(zl,91)(d$2,92))

(3.58)
This distribution is the law of the random variable (z¢(t1,x,0), zo(t2, z,6)) with
(x,0) being a random variable of distribution y. Therefore 7, 4, is a coupling of
the distributions pu(t1) and p(ta), or m, 4, € II(p(t1), p(t2)). So

Wasplplts) w12 < [ faults, 2,6) = ao(tz, 2, 0) ol d6) (359
XxO

From lemma 3.3 and dominated convergence theorem, we have that the upper-
bound tends to 0 when ¢; tends to t5. So t — p(t) is continuous for the metric
Witp. By dominated convergence, we also obtain the continuity of the functions

(t,z,0) — g(x,0,20(t,2',0"), 0 po(da',d0") = / g(z,0,2",0") u(t,dx’; d6")
Xx0O Xx0

and ¢ / / g(wo(t,2,60),0, zolt, o', 8), 8 uo(de’, A6 uo(dl, d6)
AXxO JXXO

= / / g(x, 0,2, 0" u(t,dz, dO)u(t, da’, do")
XxO JXXxO
(3.60)
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Besides for all test function p € D(Ry x X x O)
d

dt X'x0O

— / (8—g0(t,x,0) + aﬁ(t,x,G)./ g(x,H,x’,e’)u(t,dx’,de’)) u(t, dz, do)
xxe \ O Ox xx0

(3.61)
O

o(t, x,0)u(t, dz, df)

To prove the uniqueness of the solution, we need to have additional assumptions
on the transition function g to ensure the smoothness of the flow with respect to
the initial conditions.

Lemma 3.7. Differentiability of the flow with respect to its initial con-
dition

Lett € Ry — v(t) € Piip(X x ©) be a continuous trajectory for the metric W y,.
Let g satisfy the assumptions of lemma 3.1 and an additional reqularity assump-
tion: (w1,01,79,05) € (X x ©)% = g(x1,01,29,0:) is continuously differentiable
with respect to x1 and there exists K3 > 0 such that for all x1,x5 € X, for all
‘91, 0, € ©

0
_g(xla 017 Zo, 02)

9
- 99 (1,01, 9, 02)7| < K3(1 + |22]?) (3.62)
1

X1

= sup
|z|=1

Let us define z, : R} x X x © — X satisfying the differential equation:

xu(t07 th z, 0) =T

oz,

—(t,to, x,0) = / g(x,(t,tg,x,0),0, 2", 0" v(t,da’, db)
ot Xx0O

(3.63)

Then x, is globally defined for all (t,to,z,0) € RT x X x © and is continuously
differentiable with respect to t,ty, x.

Proof. Let us introduce the following notation for the transition function of the
differential equation

Gy, (t,z,0) eRy x X X O — g(z,0,2',0"v(t,d’,d6") (3.64)
Ax0O

which is continuous by dominated convergence. Moreover, we have for all t € R
and for all z1, 29 € X

|G(t, x1,0) — G(t, x2,0)| < Ky (1 +/ \x’\py(t,dx’,de')> |21 — 29| (3.65)
x

XO
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By continuity of the trajectory ¢ — v(t) for the metric Wi,,, we obtain that the
Lipschitz factor is bounded over all segment [0;7] and therefore the solution of
the differential equation is globally defined.

The differentiability of the characteristic flow with respect to initial conditions
is a straightforward consequence of theorem 2.2.3 in Golse (2013). 0]

The uniqueness of the solution is then obtained by considering a specific class
of test functions, satisfying a conservative transport equation.

Lemma 3.8. Uniqueness of the solution of the transport equation

Let j1g € P11p(X x ©) and g satisfy the assumptions of lemma 5.1 and assumption
(5.62). Lett € Ry +— v(t) € Piyp(X x ©) satisfy in Pii,(X x ©) the transport
equation

1 dw, d6) + div, (V(t, de, d6) /
82& XxO

v(0) = po

Then for allt € Ry, v(t) = (zo(t), Ide)#i0-

0,2 0wt A, d6") ) =0
oo 0.5 Ot a0)) 0

Proof. Let @o € CP(X X ©) be a continuously differentiable with respect to z and
let o : (t,2,0) € Ry x X' xO — po(2,(0,t,2,0)) € R, where z, is the characteristic
flow associated with the differential equation (3.63). Then, according to theorem
2.2.4 in Golse (2013),"" ¢ is such that for all (¢,2,0) €e Ry x X x ©

92 4 2,0)+ 22t 2,0). / o(z,0,27,0')(t, da’, d0') = 0 (3.67)
(915 (9x XxO

So for all t € R, we have

/ 900(371/(07tal'ae)ae)y(tadx:de) = / @0(1'79)N0(d$7d9)
Xx0O Xx0O (368)

/ o, 0)[(2,(0,1), Ide)#v(t)](dz, dO) =/ o2, 0)po(dx, do)

X'x0O X'x0O

As g is arbitrary, we obtain that (z,(0,t),Idg)#v(t) = po and therefore that
v(t) = (x,(t,0),1de)#1o. By uniqueness of the non local flow, we obtain that

v(t) = (2o(t), Ide)#uo- ]

We can now apply the previous results to prove the existence and uniqueness
of the mean field limit distribution associated with the Schneider system. As in
the case where N is finite, we have chosen to fix some conditions on the initial
distribution in order to ensure that the behaviour of the system remains biologically
conceivable, in particular that the average competition remains between 0 and 1.
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Corollary 3.1. Existence and uniqueness of the mean-field distribution
associated with the Schneider system

Let s > 0,Rpp > 0,8, < Sy < Smexp(Rar), Y > 0 and © = R2X[8,,; 8, exp(Rpr)] %
[0;var] (x € R, S € [Spi smexp(Rar)], v € [0;5vm]). Let po € P(R%x0O) (sp € RY)

be a probability distribution satisfying the following properties:

P {so~ | sg™ < so < sg™} =1 (3.69)

where s, < sg™ and sg®. Then, there exists a unique measure solution in

P2(R% x ©) satisfying for all t € Ry, s € R,z € R% S € [s; S exp(Ru)], v €
[05 ]

g—'l;(t, ds,dz,dS, dy)

+ 9 (fys (log(S/sm) (1 - / C(s, s, | —2|)u>(t,ds, dx'))
Os R xR2 (3.70)

- log(S/sm)) pu(t, ds, ds, dv)) =0
1(0,ds, dx,dsS, dvy) = po(ds, dx, dsS, dv)

where C' is defined in equation (1.48). Moreover, we have for all t > 0 that

P{(s1,5) ~ p5(t) | sm < s: < S} =1

3.71
P{(sy, 7,8, 2') ~ p> ()% | 0 < C(sy, 8}, |z — 2'|) <1} =1 ( )

Proof. We consider the function g, : R x © — R defined by

gr(T17$17 51771,7“2,$2) =N (10g(51/3m)(1 - Cr(ﬁﬂ”m |$1 - ﬁz’) - 7"1)

— 3.72
Cr(r1, 79, |21 — 22|) = "2 ) (1+tanh (T2 Tl)) ( )

2Ry (1 4+ |ay — 29]2/02 oy

g is sublinear with respect to the variables r. For all r{,7 € R and for all
71,7 € Ry, Sy € [Sp; smexp(Rar)], 71 € [0;var] we have

\gr (11, 1, S1, 72,72, 2)| < Yar(Rag + [r1| + |r2]) (3.73)

122



Mean-field approzimated inference

The partial derivatives are also sublinear with respect to r:

72 10g(S1/5m)(1 — tanhz((m —r1)/o)) _ 1)
2Rp0, (1 + |7y — 29| /02)

99,
8_H(T1,I1, 51771,7"2@2) =N (

agr ’7"2‘
== S Nl < 1+ ——
‘aTl(r1>$1a 1771,T171') _IVM( +2RM07”
agr( 5 ) 7102 108(S1/5m) (0 tanh (Z74) + 75(1 — taunh2(—”2;«r1 ) + o)
T, T T, L) = —
@7"2 1,71, 01,7, 72, T2 2RMO'T(O'%+|5L'1_ZL'2|2)

(7"1,3:1, 51,71,7“2,1'2)

a9,
(97“2

< (2 + '“')
20,
(3.74)

We deduce from these inequalities an upper-bound on the variations of g, with
respect to variables r. For all r1,7],79,7, € R and for all z,2/ € R% S €

[Sm§ Sm eXp(RM>]7 AS [0; fYM]

|gT(Tlax7 57 e 7,/171,/> - g(?”z,fL’, 577’7,/27:’6/)’ S

r! r! + r! (3.75)
Yo (<1 + —2}|~E]\14|a ) |1y — ro| + (2+ Il s 1|20 | 2|) |7 — rg\)

We consider the distribution v, obtained by the change of variable vy = (log(./s), Ide)##0.
Then vy has moments up to any order as it has a compact support. By ap-

plying the results from lemma 3.1 to lemma 3.8, we obtain that there exists

a unique measure trajectory t € R, — v(t) € P(R x ©) such that for all
reR,xz €R?S €[Sy smexp(Ry)] and v € [0; 9]

ov 0
—(t,dr,dz,dS,dvy) + — (V t,dr,dz,dS, dy /
8t( ) 37’ ( ) R4 xR2

v(0) = vy

gr(ryz, S,y v 2 Wi (t, dr, dx')) =0

(3.76)
By doing the reverse change of variable u(t) = (s,, exp(.),de)#v(t), we obtain
the solution of the desired transport equation.
The characteristic flow associated with the measure trajectory satisfies the
following non-local differential equation for all ¢ € R, and all sg, x, S,y such that
Sm < 8o < S and (x,S,7v) € ©

%log(s(t, 50,%,5,7)/5m) = (log(S/sm)

<1 - / C(S(tv S0, T, 57 ’7)a 3,7 |$ - x/|)”8’x(ta dS,, d$/)> - log(s(t, S0, L, S’ 7)/Sm)>
RiXRQ
(3.77)
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Let us consider the interval

Ip={t R, | V1 €[0;1),V(s0,2,5,7) € [sg"; s5™]|xO, s, < 5(t, 50,7, 5,7) < S}

(3.78)
and t* = sup(Zp). By continuity of the characteristic flow, ¢* > 0. For all ¢t € [0;t*)
we have

- 710g<3(t7 S0, T, S> 7)/3771) § %10g<3<t’ S0, ;s S? 7)/Sm) S ’ylog(S/s(t, 50, T, 57 7))

Sm(so/sm)67m5 S 8<t7 50, s S7 7) S S<80/S)677t

(3.79)
So, if t* < +o00, we obtain that s, < s(t*, s, x, S,7) < S, which is in contradiction
with the definition of ¢*. So t* = 4-00. ]

In equation (3.77), the state variable s(t) represents the growth of a plant in
an infinitely crowded population. However, we have not proved yet the connection
between the evolution of an individual within a finite population and the mean-
field flow. That is the topic of the next section. This asymptotic behaviour of
the dynamics is well-defined in the case of the Schneider system, as the transition
function of the system has a pointwise limit when N tends to oco. But what can we
say about other symmetric systems, that may not have this asymptotic property
o

For instance, in the case of the Spring Cloud system, the transition function
has the following expression

v

hN<x7U7K/7 maﬂ) = &/ K:/(x/ _ il?),ux’ﬁ(dﬁl,d/ﬁl/) (380)
m Jr2xr,

where p can be taken in the set of probability distributions satisfying

klz|p®"(dx,dk) < oco. Here, the factor N causes the divergence of the

RQXR+
transition function. We can get rid of it by considering a change of time scale. Let
us consider the new time scale t' < tv/ N depending on the size of the population

and let us consider new state variables
(1) = z;(t/VN)
vi(t/VN) (3.81)

0i(t) = A

The new system for these state variables is then, for all i € [1; N]

d2i'7; K N ~ ~
—a (1) = o > k(@5(t) — 24(1)) (3.82)

J=1
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and the divergent component of the transition function becomes
K

— K (z
m Jr2xr,
limit. The exact same methodology as in the case of the Schneider system can be

used here to prove the existence and uniqueness of the mean-field distribution.

"— 2)u®"(da’,dx’) and therefore the new system has a pointwise

Corollary 3.2. Existence and uniqueness of the mean-field distribution
for the Spring Cloud system

Let 0 < Kmin < Fmax, 0 < Mmin < Mumax, © = [Kmin; Kmax] X [Mmin; Mmax] and
po € Pi(R* x ©). Then there exists a unique solution in Pi(R* x ©) of the
transport equation

o

o
E(t’ dz, dv,dk,dm) + v.%(t, dz, dv, dk, dm)
0
+ B9 de, do, dr, dm). / W (o — o)t A, dR') = 0 (3.83)
m Ov R2x R,
1(0) = po

This transport equation is associated with the following non-local characteristic

flow

0? K
x(t?fﬂO;vOa Ham) = ﬁ(xﬁ(t) - .T(t,l'o,'l]o, Kam))
m

ot?

. (3.84)
where i = / K pg(dr') and x.(t) = —/ g ™ (t, da’ dk')
R, K JrR2xR,

The mean-field characteristic flow in the case of Spring Cloud might be more
difficult to interpret than in the case of the Schneider system. Equation (3.84)
monitors the motion of a particle in interaction with infinitely many particles, but
whose motion is also slowed down with an infinite factor. When the size of the
population becomes larger, the particles goes faster but their trajectories tend to
have invariant shapes.

A similar phenomenon can be observed for the Cucker-Smale system (see equa-
tion 1.19), but with a different time scale. We consider the change of time scale
t <~ Nt and the state variables

Z;(t) = z;(t/N)

v 3.85
L a0

As proved in Bolley et al (2011)," if the initial distribution g is chosen in Py(R* x
[Mimin; Mmax]) With my;, > 0, then there exists a unique measure trajectory ¢ €
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Ry > u(t) € Po(R* X [Munin; Mimayx]) solution of

8—“(75, dz,dv,dm) + v.a—u(t, dz,dv,dm)

ot ox
H 0 v —w P (3.86)
—— t,dz,dv,d “U(t,da’,d =

3.4 Propagation of chaos and mean-field approx-
imation

This section gives the proofs associated with the convergence of the microscopic
system, represented by the empirical population measure fiy(t), to the macroscopic
system, represented by the solution of the non-local transport equation, whose
existence and uniqueness were established in the previous section. We also examine
how the mean-field limit can simplify the inference problems introduced in chapter
2. These proofs are carried out in the specific cases of the Schneider system and
of the Spring Cloud system.

The empirical measure’s convergence to the mean-field distribution is referred
to in the literature as the phenomenon of chaos propagation. The fundamentals
of this notion were introduced by Kac (1956)"" for gas kinetic equations. A com-
prehensive description of the different aspects of chaos propagation is provided
by Sznitman (1991).”" In this context, chaos describes the state of a symmetric
system containing an infinite number of independent and identically distributed
particles. In particular, the initial configuration of a system sampled from some
distribution g constitutes the simplest example of chaotic systems. It is clear,
for any finite population of interacting particles, that the particles’ initial inde-
pendence is no longer valid for any ¢ > 0. In some situations, we can nevertheless
say that the system is chaotic if the population distribution py.n5(t), defined over
P ((X x ©)), behaves as a factorized distribution .y (t) & fis0(¢)®Y asymptoti-
cally when N — oo. More formally, a sequence of symmetric distributions is called

chaotic if for any & € N*, the marginal distribution ugk])\,(t) converges weakly in

P((X x ©)F) to some factorized distribution g (t)®*. Here, ugk])\,(t) denotes the
marginal distribution of any sub-group of k£ individuals within a population of size
N. As stated in proposition 2.2 of Sznitman (1991),” chaos is equivalent to the
convergence of the empirical distribution to some distribution. We can intuitively
understand this equivalence for the symmetric empirical system having a transi-
tion function of the form hy(t,x,0, fin(t)). If the transition function hy converges
in some sense towards a function h(t, z, 0, u(t)), where u(t) is a deterministic prob-
ability distribution !, then within this infinitely crowded population, any couple of

Loxymoron to be understood in opposition to a random probability measure, such as the
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particles x1, x5 would evolve according to the equations &1(t) = h(t, x1(t), 01, pu(t))
and @o(t) = h(t, z2(t), u(t)), so the two particles would be independent. This result
justifies the idea of propagation: the initial independence of the particles is some-
what propagated over time by the dynamics of the macroscopic system. Besides,
the marginal distributions of the two particles could only be the limit distribution
w(t)®% in keeping with the fact that, in the microscopic case, we can sample two
individuals in the population from jiy(t)%2.

A simple methodology to prove the propagation of chaos, especially suited to
models with a certain degree of smoothness, is based on Dobrushin’s stability.
The steps are clearly explained in Golse (2013)."” First, one starts from a classical
statistical result linking the initial distribution py with the empirical measure asso-
ciated with an independent and identically distributed sample from py. Then, the
convergence [iy(0) — o is propagated over time using consequences of Gronwall
lemma to establish that fin(t) — wu(t), where pu(t) is the unique solution of the
non-local transport equation of initial condition p. Let us start by introducing
the result concerning the convergence of the initial conditions.

Theorem 3.3. Fundamental principle of statistics (Varadarajan, 1958°°)
Let i € Py(Z) for some Polish metric space (Z,d), and let W, be the Wasserstein
distance associated with d. We use the notation (z,)nen< ~ p®> for any sequence
of independent and identically distributed variables of distribution p. Then we
have that

N
) 1
n=1

The distance used to quantify the propagation of chaos is the Wasserstein dis-
tance of some order. The propagation of chaos enables to prove that W, (fin (t), pu(t))
— 0 almost surely even for empirical measures that are sums of non-independent
Dirac distributions (for ¢ > 0). This result is possible because the initial conver-
gence is jointly transported by the flows associated with fiy(t) and pu(t).

3.4.1 Propagation of chaos in the case of the Schneider
system
In the following of this section, we consider the Schneider system. We first prove

that the empirical flow associated with fiy(t) is well-defined in the case of the
Schneider system.

Lemma 3.9. Well-posedness of the empirical flow associated with the
Schneider system

empirical population measure [iy ()
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We use the same assumptions for the initial distribution g € P(R% xO) as in corol-
lary 3.1. Let 29 = (89, @i, S5, vi)1<icn € ([s5™; s8] XR2X [Sy; $me™] % [0; yar] )Y
an initial configuration, and let t € R MN( ) be the empirical population mea-
sure associated with this initial configuration. Then for any (so,0) = (so, z,S,7) €
[shins shax] » Q) there exists a unique global solution of the differential equation

§N(078070> = S0
3 .
;;V(t s0,0) = Mén(t, so,0) <log(51/sm (1——20 (t,61), si(t), |z1 — )

+C(§N(t, 80}31), iN(t, 91), O)) B log (SN(t, So, 91)))

Sm

(3.88)
Moreover, we have for all i € [1; N]: Sn(t,s9,2;,S:,7) = si(t), the individual
trajectory associated with the initial configuration 20, and for all (s, x,S,v) €
[stin: smax] gnd t € R, we have the bounds

s% = S, €XP (— atll ) < Syt s,x,S,7) < Sy exp (M) — SN(S>

2N — 3 1 — 1oa(5/5m).
2(N—1)Ry

(3.89)

In particular, the empirical flow 55 determines the semi-group associated with
the empirical measure of the population.

(3n(t), Ide)#in (0. 27.y) = fun(t, 21.y) (3.90)
Proof. We consider the function Gy : Ry x R x © x R defined by

Vr e R, (x,S,v) € ©, Gn(t,r,x,S,7)

=v<log<5/sm> (1——20 (1 Jog(s.(t) [sm), 2 —xm) (3.91)

[ log(5s,)
Nl =55 )7

2(N — 1)Ryy
where C, is defined in equation (3.72). The function Gy is continuously differen-
tiable, in particular locally Lipschitz continuous. Therefore, there exists a unique
maximal solution for any initial configuration (ry,0) € Rx ©. Moreover, according

to proposition 1.3, we can obtain an inequality enabling to prove that the maximal
solution is globally defined.

V(t,r,0) e Ry xR x 0O, |Gn(t,r,0)|] < vu (Ry +|7]) (3.92)
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By the change of variable r = log(s/s,,), there exists a unique global solution of

the differential equation (3.88). For any time ¢t > 0, we have for all (s, xz,S,7) €
B 53] x ©

5 log(én(t, s, x, S, ’y)/sm])v e (399
> (log(S/sm) (1 - ﬁ) - (1 - 2(]5_—1)7%) log(ﬁN/sm)>

Similarly as in lemma 1.1, we can derive a lower bound for the empirical flow.

) 2Ry log(S/sm)
log(sN(tv S, T, S? 7)/87”) > _2(]\/' _ 1)RM — log(S/Sm)

(st gy ttsry) 0 (7 (-2

(N -1R,,
(3.94)
We can derive a global lower bound by considering the inequality
2R log(S/sm) 2R\
— > (3.95)
2(N — )Ry — log(S/sm) 2N —3

As for the upper-bound, we have for the derivative of the empirical flow
0 .
a 108;(3N(ta 37 .’L', S? ’y)/Sm)
log(S/sm .
<~ <log(S/sm) - (1 - ﬁ) log(sn(t, s, , S, ’Y)/Sm))

Thus, by the Gronwall lemma,

(3.96)
. log(S/sm
10g<3N(t7 $,T, S? 7)/5771) < g(log{S/SZL)
1 - 2(N-1)Rps
10g(S/5m) log(S/sm)
N\ T e —los(s/sm) Jexp | =y (1 - oo | ¢
log(S/sm _
(1 SmotiRs 2N = 1)Bu

]
Let us proceed to the proof of the propagation of chaos for the Schneider
system.

Proposition 3.3. Propagation of chaos for the Schneider system

We use the same assumption as in corollary 5.1 for the initial distribution pg €
P(R7 x ©). Moreover, we assume that the moment

|z|?us(dx) is finite. For
R2
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any initial configuration 29 € ([sf; s8] x @)V fin(t,2%y) is the empirical
population measure associated with this initial configuration. Then we have the
following almost sure convergence

P{(z)nere ~ ™ [ VE2 0, Tim Wilin(t, 205, n(6) =0} =1 (3.97)

Proof. Let 29, € ([sf™; s x©)" be an initial configuration. Let 7, € IT (i%(0, 2% x), 1),
Tz € II (/:L?V(()? Z?:N)?M%)? Ts € II (ﬂ}gv(oﬂ Z?:N)? ,ug) and Ty cll (/117\/(07 Z(IJ:N)J Ng) be
a set of couplings associated with the marginal distributions of the empirical dis-
tribution and the initial distribution. From these couplings, we build the initial
coupling Ty = 7y @ T, ® Ts ® T, which is in I (fin (0, 29 y), po)-

We consider the empirical flow Sy associated with the empirical population
measure t — fiy(t, 20 ), whose properties are studied in lemma 3.9. The mean-
field flow associated with ¢ — pu(t) is denoted by s. For any ¢ > 0, we define
the coupling 7, = (5y5(t), Ide, soo(t), Ide)#m € T (in(t, 2).5), 1(t)). The space
R% x © is endowed with the metric mz defined by

s1 — So| + 1571 — S T — X
mz(s1, 01, S2,0s) = 5 2|s 15 l +| . 7 l + 7ol — 72

o1 — 59 (3.98)
= L2 4 me(6y,0,)

Sm

where ¢, 7, > 0 are arbitrary constants. For this metric and for any time t > 0,
the Wasserstein distance between distributions iy (¢, 2. y) and u(t) is expressed as
follows

Wi (jin (, 22.), p(8) = inf { / / mz (51,01, 59, 0)7(ds1, A6y, dso, d6y),
(R} x0)?

e 1Lt 2hn). (1) |

(3.99)
The coupling 7; provides an upper-bound of the Wasserstein distance at time t.

S1— S
Wi(un(t, 20 y), (1)) < // (% + m@(01,92)> mi(dsy, doy, sz, dba)
(R x0)2 m
1
<L / / vt 51,61) — S (£ 52, 0) (s, A6, sy, dB)
Sm ( ix@)z

+ / m@<01,62>ﬂ'8(d91,d92)
o2
(3.100)
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Let us focus on the first term of the upper-bound.
DY(t // SN (¢, 81,01) — S0t 82, 02)[mo(ds1, b1, dsa, db2) (3.101)
1 x0)2

As detailed in the appendix page 157, We can prove that

max RMR A O
D%O(t) < Sp € M 1 (MN( Z1N 4 efim // |51 . 82|7T0(d51,d82)
N-1 N - @y

+tB(ﬂfv(072?:N)aM3)\// \ |21 — 29?7 (dry, dag)

R

+ ag // Sy — o5 (dS1, dS,)
[Sm;smeltm ]2

t
+ ayt // |71 — 2|7 (dya, dye) + BN/ DR (r)dr
[0;5var]? 0

where the functionals A(u), B(p1, p12) have the following expressions:

(3.102)

1
2Ry

p>%7(ds, dsS, dv)

X
max RMR
B(p, p2) = o2 MVM( / |2|p2(d) \/ / |2 p2(dz) +2/ |2 (da)
+/ \/2 |x|2,u1(dx)+2/ |21y (do) — 42 </ :L',ul(dx)—i-/ J:,uz(dx)),ul(dx’))
R? R? R? R? R

S max
Alp) = (—wlog<s/sm> o RMleogw/sm))
R% X [Sm;5mel™M | x[05yas]

Sm

(3.103)
and the coefficients ag, oy, B are
_ (0
Qg = (Smax/sm>
_ 0 50\ Ras R
Oé’Y = Smax lOg < S ) + Smax RM (3104)
SmaxeRMR
By =2 MIM () 4 6, /Ras +1/2)

We can find in the appendix, page 157, the detailed derivation of the upper-bound
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of DY (t) in inequation (3.102). By Gronwall lemma, we obtain that

Dm( ) < BlN <A<ﬂjj\;[(0 y #1: N)) B( 0 ZlN Mo \// |:E1 _ I2|27T0(dx1,dx2)

gmax RMR
// 71 — Y2lmg (d%,d%)> (e™'—1) + (—M
(057212 N -1

e [ s simitasids) das [ 18- siflasasy ) o
[sgun;saﬂax}Q [sm;sme 1\/[]2

(3.105)
By gathering the terms from inequalities (3.105) and (3.100), we obtain the follow-
ing upper-bound on the Wasserstein distance between the empirical distribution
and the mean-field distribution at time ¢

eBm
Wi (i (1, 20 x), () < =W (3 (0, 20, ), 1) e

Sm
B(i%(0, 29, > 1
+ ( e G z) Wi (0, 2 113))
mMN

ylase™ 4 )
Sm
n 1 (AN (ﬂN(Ov Z?:N)’ :uo) (eBNt
Sm(N —1) BN

N (6%
Wl (/’L%(Ou Z(l):N)v :ug) + (8_’\/

m

(eﬁNt . 1) + Tr) Wi (fin (0, 27, N)s 1)

_ 1) + SBHaXeRMJrﬁNtRM

(3.106)

From the law of large numbers, we have the following almost sure convergences

P(Q24) = P {0y ~ 1| Jim An (0, 20y)) = Alpo) } = 1

0 (3.107)
P(Q2p) =P {leN ~ g™ | A}LI%OB@N(Q 2n)s 1) = B(M%a”é)} =1
From Varadarajan’s theorem (theorem 3.3), we have also
P(§2) = P{z%N ~ > | hm Wi (50 (0, 20 5 ), 1) 0}
S S
(3.108)
P(S2s) = ]P){Z?:N ~ g™ | lim Wi (i JSV(O v, Mo = O} =
P($,) = P{z?:N ~ 5™ | hm Wi (03,(0, 20 0), 13) = O} -

As the intersection of all these events is of probability one, and as (Sy)n>1 is
convergent, we obtain the result we want to prove. O
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In the previous proof, we have obtained estimations of the Wasserstein dis-
tance having exponential growth with respect to time. In practice however, the
discrepancy between the two distribution remains bounded in time, since all the
dynamics of the Schneider system take place in a compact region of the space.
Uniform bounds in time can be obtained, by adopting methodologies developed
in Salhi et al. (2018).”" Arguments specific to Maxwell kinetic model are used
in Cortez and Fontbona (2018)" to obtain estimates contracting with times. In
the case of the Schneider system especially, these bounds can be refined by con-
sidering the differential system satisfied by the gradients of the empirical flow
and the mean-field flow. As for the dependency with respect to N, sharp esti-
mates are derived for the expectation EW, in Kac model by Cortez and Fontbona
(2016)." In the situation where the propagation of chaos is proved by means of Do-
brushin’s stability, the dependency on N of the estimate is mainly monitored by
the quantification of the speed of convergence of the initial distributions, ensured
by Varadarajan’s theorem. For an estimation of the convergence’s speed, we can
refer to Lei (2020).

It is worth noting that the proof of the propagation of chaos in the absence
of smoothness assumption can be done by resorting to Bogolioubov-Born-Green-
Kirkwood-Yvon (BBGKY) hierarchy, which studies the dynamics of the population
distributions p1.y(¢), and their convergence to some factorized distribution. This
is one of the ingredient of the proof of propagation of chaos for a system with
topological interactions in Degond and Pulvirenti (2019).” One can also adopt
the approach used in Lagoutiere and Vauchelet (2017),'" consisting in proving the
convergence of the empirical population measure by a compactness argument, and
thus prove the existence and uniqueness of the mean-field distribution.

Some properties of the macroscopic distribution t — p(t) have a statistical in-
terest. First of all, it enables to describe individual trajectories that do not depend
on the size N of the population, which constitutes a latent variable that may be
difficult to estimate, as mentioned in section 2.6. Moreover, all the other latent
variables associated with the unobserved part of the system are somehow sum-
marized by the distribution p(t), and they do not need to be inferred in order to
access parameters of actual interest. Finally, the independence of the individuals
under the macroscopic regime opens up possibilities to distribute the inference cal-
culations more efficiently. Therefore, we are going to use p(t) to build a consistent
approximation of an inference problem.

133



Mean-field approzimated inference

3.4.2 Mean-field approximated inference in the case of the
Schneider system

In the Schneider system, let us assume that initially all plants have the size s,
which is an unknown value in the interval [s§"; sp#X]. The values of the compe-
tition parameters o,, o, are also unknown. We would like to infer n = (s, 04, 0;)
from the observations of Ny plants at times ¢4, ..., t);, with standard error o. These
plants are assumed to be within a population of size N, which is also unknown.
The prior on the parameters is uniform, and the prior on the size of the population
is a shifted Poisson distribution Ny 4 Poisson(\). Conditionally to the parameter
n, the likelihood of the observation s € RNoM ig

p(sly) = — Z oy (N /@NHHeXp( (85 — 5 (QZ,QU,GLN))Z)

2
(27r0 2 NN, i=1 j=1

X (11g) =™ (dby.v)

(3.100)
Z P (N)psjyn (s]m. N) (3.110)
N=No
)\N—No
where py(N) = m@"\ is the density of the Poisson distribution with

respect to the counting measure, and where s is the empirical flow.

—;t

e Vi ¢
sy (£,1,01:n) = Sm (&) exp <%6_%’t log(Si/sm)/ <1 — CN(7,n, 61 N)) ewdr)

m 0
C (t 77761N ZC t 7],91]\[)7 j (t 77791N) |gjl ’)

J#z
(3.111)

For N large enough, we can consider an approximation of the likelihood density
Psjn,n by replacing the empirical flow by the mean-field flow s..

e it .
Oo(t7 7, 02) = Sm (ﬁ> €xp (Vie_’yit log(Sz/Sm) / (1 — Coo<7—7 m, 02)) 6%TdT)
m 0
Coo(t, 1,0 /C Soo(ts 1,0, Soo(t,m, 0, |2 — 2'|) b (d6)

(3.112)
The approximation of p,, v by use of the mean-field flow is denoted by P

) = — s T1 [ Tl (-5 25200 ) a3y

(2mo?) 7z o Je
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We can notice that the independence between the observed individuals is translated
by the fact that the integral and the product signs have permuted, and that there
is no latent variable associated with unobserved individual. The other level of
simplification concerns the latent variable N. If we consider that the mean-field
approximation is relevant above some threshold of the population size N, we can
consider the following approximation of the joint likelihood density ﬁi\‘[;"

s\n Z PN (N)psjp.n (80, N) + ( Z pN(N)> pep(sln) (3.114)

N=N, N=Noo+1

In the original problem (equation 3.110), the support of the latent variable N
is infinite, whereas in the approximated problem (equation 3.114) it has a finite
support. Let us prove the consistency of this approximation. For convenience, we
quantify the convergence of the the mean-field approximated density to the exact
density in terms of total variation distance.

Definition 3.6. Total variation distance (from definition 2.4 and lemma
2.1 in Tsybakov (2008)"")

Let (Z,Bz) be a measurable space. The total variation distance is the metric
defined over the set of probability measures P(Z) by

Vu,v € P(2), dry(p,v) =sup{|u(A) —v(A)|,A € Bz} (3.115)

Let p,v € P(Z2) be two probability measures being absolutely continuous with respect
to some o—finite measure A. Then we have

dp dv

@) - ) ) (3.116)

dry (p,v) =

Lemma 3.10. Mean convergence of Wasserstein distance
Let (Z,mz) be a Polish metric space and jn € P,(Z) for some p > 1. Then:

o if p=1 and if diam(Z) = sup{mz(z1, 22), (21, 22) € (£)?*} < 00, we have

A}l_I}I(l)OE{ ( Z&Zn,u> 21y ~ ¥ }:0 (3.117)

e if p>1, we have

N
: 1 ®N
]&E)I;OE {Wp (NZ;(S%,/L> V2N ~ [ } =0 (3.118)
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Proof. Let € > 0. Let N € N*.

N 9 R €
E {Wp(ﬂ(zlzN)au>7 21N M®N} < §]P° {leN ~ p®N | W, (i (z1.n), 1) < 5}
. . 5
+ E Wyl (er) I { Wyl (er)s ) = S} 2w ~ 0¥}

(3.119)
By theorem 3.3, the Wasserstein distance between the empirical measure and the
sampling distribution converges in probability to 0. If p = 1 and if diam(Z) < oo,
there exists Ny € N* such that for all N > N,, we have

RN N (0 . > E < ;
P{zm pE [ Walin (2 ), 1) > 2} S Ydiam(2) (3.120)

Then for any N > N

E {Wi(in(z1n), 1), 21n ~ p®V} <e (3.121)

If p > 1, there exists N; € N* such that for all N > N,

N e £
]P){ZI:N ~ ,U®N | Wp(,uN(leN)a,u) Z 5} S § (/ mg(zhzz)l’#@?(dzl,dzz))
z2
(3.122)

By Hoélder’s inequality, we have that
E {Wp(ﬂN(zlzN), WIHW, (iin (z1v), 1) 2 €}y z1v ~ M®N}
5} (3.123)

<E {Wp(ﬂN(zlsN)>M)p> RZ1:N ™ ,U®N}1/p]P) {Wp(ﬂN(leN)a ILL) > 5

Besides, we can obtain an upper-bound of the Wasserstein distance by considering
the independent coupling © = iy ® pu.

N
~ 1 / /
Wy (fin, )P < N ngl /ZmZ(Zm 2)Pu(dz’)

(3.124)
E{W,(jin, 1)?, z1n ~ p®N} < /22 mz(z1, 22)Pp?(dz1, dzs)
We conclude that for all N > Nj, we have that
E{W,(fin(21:8), 1), 21w ~ p®N} < e (3.125)
O
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Proposition 3.4. Consistency of the mean-field approximation

Let H = [spin; spax] x [gmin; glax] x [giin: gax] pe the parameter space, endowed

with the prior distribution p, € P(H). Let po(so) = ds, @ o be the initial distribu-

tion of the system, parameterized by the initial size of the plants sy € [s5™; spx]

o € P(O) is such that Vsy € [s§0; sBaX| the initial distribution pio(so) satzsﬁes the
assumptions of corollary 5.1. Let pn be the prior density of the population size
N, with support included within [Ny; +o0o[. We consider the marginal distribution
of the observations s conditionally to the population size N, having a density with
respect to the Lebesque measure of RNoM

¥s € R, pin(s) = | (sl N ) (3.126)
H

where the density ps,n is defined in equations (3.109) and (3.110). We also
introduce the mean-field marginal density of the observation.

Vs € RYOM o (s) — /H 5% (1) () (3.127)

where pgj, is defined in equation (3.113). Then we have

drv (psjn, %) —— 0 (3.128)

N—oo

Proof. Let N > Ny. We have

1
dry (P p) = / P (s) — ()| Alds)
RNoM

2
exp< ZZ Sij — i (tj,m, 01.n)) )

2 N]\/I//
27T0’ RNo Chd i=1 j=1

1
—exp <—T‘2 Z Z(sij — Soo(t5, 1, 91‘))2>
=1 j=1

115 ™ (013 ) oy (d) A(ds)

(3.129)
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We consider the term between the absolute values.

exp ( ZZ sij — 1 (t5,7, 01:n)) ) — exp (—% ZZ(SU _ Soo(tj,n,ei))2>

=1 j5=1 =1 j5=1
_ _ﬁ 1 iZM:( N(ti,m, 01.8)% — 28552 (tj,m, 01.x))
= eXp 0_2 20_2 pe S; J7777 1:N S’L]Si 37777 1:N

1 No M
_eXP< Q_ZZ (tj, 7, 0; 23ijsoo(tjﬂ779i))>‘
=1 j=1

< 1 I|s]]?
— 202 p 202 —

No
SN (Nt 00n) + Seoltyun, 0) — 2555)

x (8£V<tj7777‘91:N) - Soo(tj,n,ﬁi))‘

(3.130)
Besides, we know from corollary 3.1 and proposition 1.3 that |sY (t;,1,61.x)] < S;
and |Soo( ]7777 0:))| < Si.

ZZ ]777791]\7 +300(t]777a9) 28ij)(sév<tj>77791:N> _Soo(tjvnaei))

=1 j=1
No M
<2) N (S5 +[sigl) s (15, 018) — Seo (5,7, 65)]
i=1 j=1
(3.131)
By integrating with respect to 6.5, we obtain
ZZ/ (5t L) (7. 00) — sl 7,01 () (001.)
=1 j=1
-y (No [ S5 (5,1, 01) = st 00)[(14)° (1) (3.132)
j=1 S

#3168 1) = sl 00l )° <d91N>>

Let 0.y € ©Y and n € H. We can estimate the discrepancy between the empirical
and the macroscopic flow by introducing the competition potentials.

|Siv(t7 n, QI:N) - Soo(tu n, 01)|

: . (¢ . (3.133)
< s <s 1> log (8 1) ’71/ (C{V(T,U,HI:N) - Coo(T,n,Hl)> =Dy
m m 0
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where the competition potentials CN and C,, are defined in equations (3.111) and
(3.112). By a similar approach than the one used in the proof of proposition 3.3,
we obtain the following inequality

"Siv(ta 7, 01;]\/’) - 500<t7 7, 61)’

< N1 (511,01, i (0))€” " 4 85(n, 0y, fun (0)) e/ TN 4 G4, 61, fin (0)))

+ Wh(53:(0), 115) (af (1,01, i (0))e” " + a5 (1, 04, iy (0))e" 701 4 a3 (), 04, in (0)))
+ Wi (3 (0), 113) (af (n, 60)e™™* + a3 (n, 61)e! M= - a3(n, 61))

+ Wi (3 (0), 115 (af (1, 00)€” " 4 a5 (n, Oy )t/ (00 ~1)

(3.134)
The expressions of the coefficients 3;,a?, along with their derivations, are given in
the appendix, page 162. It is also proved there that these coefficients are bounded.

We can therefore obtain by applying lemma 3.10 that for all n € H and for all
s € RNM

lim ZZ/ (Si+ Isi) |53 (£, 01.8) = 500 (t, 7, 60) [ (126)*™ (dbr.v) = 0

N—oc0

=1 j=1
(3.135)
By dominated convergence, we can conclude that
i [ i) = s m(@0Ads) =0 (3136)
— 00 RNoM H
O

In the previous proof, we can notice that the critical size of the population,
the threshold above which we can consider that the mean-field limit is a relevant
approximation (for a given tolerance), depends not only on the dynamics of the
model, but also on the experimental conditions, on the way data were collected. To
clarify this, let us consider the upper-bound of the total variation of the marginal
distribution of the observations at time ¢;.

’2 SoSl
dTV(sz|N7p5]) < 27ra2 (272 \No/2 /RNO/ /@N;e p( By N051+Z|52 5

S

x log (3 > ’yl/ (CN(T n,01.8) — Coo(T, 77,91.]\;)) e (Tt )dT
m 0

X A(ds)

(delsN)ﬂn<d77)

(3.137)
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N 2
< U—; <Sm€RM + U\/;) S(I]naXRMeRME {Conle(tj,n,Ql:N)7 N~ :u?7791:N ~ N?N}

where compy (t;, 7, 61.n) =

t; .
71/ (ClN(Ta 1, 01.8) — Coo(T, 1, 61)> 671(th)d7.‘
0

(3.138)
As it was proved in equation (3.135), the expectation term tends to zero. We can
therefore have a qualitative idea of the relation between the critical size N., above
which we have dry (ps;|n, p‘s’j’) < ¢, and the parameters related to the experimental
conditions Ny, 0. We can see in particular that for all £ > 0, we can expect N,
to be increasing with Ny and decreasing with o. In a nutshell, the more accurate
the experimental conditions, the larger the size of the population that can be
approximated by the mean-field dynamics.

3.4.3 Second order approximation in the case of the homo-
geneous Spring Cloud system

What can be said about a system that has only a mean-field limit after normal-
ization 7 This is the case, for instance, of the Spring Cloud and the Cucker-Smale
models, which require a change of the time scale and a renormalization of the
velocity variables to converge towards a dynamical system independent of the size
of the population. We can see in a simple example that the convergence in total
variation cannot be generalized in all cases.

Let us come back to the example of the homogeneous Spring Cloud system. We
assume that the initial conditions are normally distributed and that the parameters
k,m are the same for all the N particles. It is shown in equation (2.7) that the
trajectories of the particles are elliptic around the barycenter, itself following a
rectilinear uniform motion.

SN(p 0 0 RS 0 N =
@y (8 @)ns Viy) = N ;wz N Z \/_N ( Z ) cos(wtV'N)
- . ) (3.139)

)

(AR 2D e

1
U{\T(t? x(l):N’ U?:N) = N

Mz
3>

0! —wVN (x(l) — %éx?) sin(wtV'N) (3.140)

i=1
| X

+ (U? -~ Zv?) cos(wtV N).
i=1
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The velocity of a particle is all the more high as the population is large, with an
order of magnitude of v/N if the cloud is not initially concentrated at a single
point. It seems therefore reasonable to assume that the initial distribution of the
variable v depends on N, with for instance a normal distribution like N'(0, N%,).
By the law of large numbers, we obtain an almost sure convergence towards the
mean-field flow after normalization of the time-scale and of the velocity variables.

v {<x2>neN* e Nt £0), (1) et ~ N0, 5,)° |
vt Z 07 ]\}IE}I;O 1‘{V(t/\/ﬁ7 'I(l):N7 ,U(l):N\/N) = xOO(tv I’?, U(l))a

i YLEVN B iy VN) o oy L .y (3.141)
Nsoo \/N OO( 1 1)
osin(wt)

with 2o (t, 20, 0)) = e + (27 — p.) cos(wt) + 07 :
w

Voo (t, 29, 0Y) = —w (2 — ) sin(wt) + ¥ cos(wt).

In the inference problems we consider, the observation times are fixed, and they
therefore cannot change with the size of the population, which may be unknown.
By applying the reverse normalization, we project the mean-field dynamics onto
the temporality of the observer. Let us study the gap between the two flows within
the non-normalized temporality.

2N (20 5 00 y) — 2o (VN 29, v ( Z - )1—cos(wt\/_))

+%ZZ vy (t\/ﬁ_sin(wt\/ﬁ)>

— VN w
(3.142)
If the initial conditions are normally distributed, the distribution of this gap is
also Gaussian, with the following mean and variance

E{al (2 ) = 2acltVN, 28,00 /VI), 0y~ Nt T) 7,

v ~ N(0,NZ,)¥N} =0,
Cov {a} (1, a8y, o) — 2 (VN 8 VR, g ~ N (g 5,)°,

N
(3.143)

vy ~N(O0,NZ,)®V ) = (1— cos(wt\/ﬁ))z% + (t\/ﬁ _ Sm(“;ﬂ) &
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If ¥, # 0, we can notice that the approximation by 2 is not consistent in L?. This
is due to the fact that the sequence of the empirical distributions of the velocities
is not tight. We need to have a higher order expansion to obtain a consistent
approximation. We have the following convergence in distribution

v € G(R?), E{ (VN (2 (t/VN, 0y, o) = 2aclt 2,00 /VI)) )
m(l):N ~ N(:uxv EI)®N’ U?:N ~ N(O> NEU)®N}

~E {90 (ux(l — cos(wt)) + uy (t _ sin(wt)

N—o0

))%~N&2mw~Nm&ﬁ

(3.144)
We can deduce from the above convergence a second order approximation of the
microscopic dynamics, where auxiliary variables u, and wu, are introduced to rep-
resent the variance of the gap between the empirical flow and the mean-field flow.

Ugy Uy ™~ N(O, 12)
)~ N(pta, Ta), o) ~ N(0,NZ,)
1 — cos(wtv/N)

~N 0,0 0,0 1/2
Too(t, 27,07, Ug, Uy) = Too(EV N, 27,07 /VIN —I—Zw/ Uy
(t, a1, 07 v) ( 1,01/ ) N

12, B sin(wtv/N)
x U(t snlery ) )

(3.145)

To simulate a group of Ny individuals within a population of size N, we need first
to sample variables u, and u, and then to apply the equation (3.145) for Ny initial

conditions 2¥, v{ sampled independently. Under this approximated simulation, the

1) 71
number of latent variables does not depend on the size of the population.
Such an approach cannot be applied straightforwardly in the case of a non-
linear system, such as the Cucker-Smale model, but the methodology seems to be

roughly the same.

1. First, we derive the normalizations of the time-scale and the state variables
to obtain a mean-field limit.

2. We then study the asymptotic distribution of the gap between the two flows
within the current temporality, after performing the reverse normalizations.

3. If the mean-field flow is not sufficient to provide a consistent approximation
for the inference problem, then we consider a higher order expansion by
deriving the speed of convergence of the microscopic flow to the mean-field
flow (in the previous example, the speed of convergence is VN ).
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Thus, the derivation of the mean-field limit appears as an unavoidable step
in the simplification of microscopic dynamics. This simplification is effective in
the case of linear or analytical systems, but in the general case, it is strongly
conditioned by the numerical accessibility of the mean-field flow, the simulation of
which is an active subject of research.

3.5 Lagrangian simulations of the mean-field char-
acteristic flow: two case studies

In this section, we detail two methodologies to obtain numerical approximations
of the mean-field limit distribution in two specific cases: the Spring Cloud system
and the Schneider system. These preliminary results remain relatively dependent
on the properties of the underlying system, but they might open up the prospect of
being extended to more generalized situations. In both cases, an approximation of
the mean-field characteristic flow is built by estimating the population statistics,
which is the barycenter in the case of Spring Cloud, and the competition poten-
tial in the case of the Schneider system. The time-evolutions of these statistics
are approached by piecewise polynomial functions, exactly as in the microscopic
case, but in the macroscopic case, the coefficients might be spatially dependent.
The conditions of consistency of the numerical scheme are only considered quali-
tatively. Consistent numerical methods to solve non-local transport equations in
low dimensions can be found in Carrillo et al. (2008)," Lafitte et al. (2016),
Lagoutiere and Vauchelet (2017),"" but these methods cannot be used directly in
our case, due to the high dimension of the phase space.

3.5.1 The Spring Cloud system

Let us come back to the expression of the mean-field characteristic flow of the
Spring Cloud system. Let p be a probability measure in P;(R* x ©), with © =
[Fmin; Kmax] X [Mmin; Mmax] the space of masses and attractivenesses k. Then the
mean-field characteristic defined in equation (3.84) can be expressed using the
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barycenter of the attractivenesses.

Let & =E{r, k ~ pui}, and wy, = y
m
We have:
Sin(wy mt) t ~ )
Too(t, g, Vo, Ky M) = To COS(Wemt) + Vo—————= 4+ | WemTi (T) sin(wyem(t — 7))dT
Wk,m 0

Voo (T, X0, Vo, Ky M) = =W mTo SIN(Wes mt) + Vo COS(Wi mt)
t
+/ wimx:o(T) coS(Wym (t — 7))dr,
0

where 22°(t) = —E {kx(t, o, vo, K, M), (To,v0, K, M) ~ fig} .
R

(3.146)
We consider a piecewise linear approximation of the barycenter.
M-1
B2(t) =) (an + byt — te)) Ity <t <t} (3.147)
k=0

where the coefficients ay,, by € R? are to be determined and where {ty = 0, ..., {3y =
T} is a subdivision of the interval [0;7]. In the microscopic case, such an ap-
proximation leads to a consistent numerical scheme of second order. Under this
approximation, the mean-field characteristic is a linear combination of sinusoidal
functions, with time-varying coefficients.

sin(wy,mt)

Too(t, o, Vo, K, M) = X COS(Wk mt) + Vo +02(t, k,m)

Wk,m

M-1 t

Si(t mm) = 3 / Wrom(@6 + bt — BNt < ¢ < tor} sin(wrm(t — ')A
k=0 0

Voo (t, 0, Vo, Ky M) = =Wy mTo SIN(Wy mt) + Vo COS(Wiemt) + 00(, K, m)

M—-1 t
60(t, k,m) = Z / Wi (a4 bt — ) I{tr <t < toga} cos(wpem(t —t'))dt’
k=0 70

(3.148)
The coefficients ay, b, correspond to the position and the velocity of the barycenter
at the level of the time of the subdivision.

1
Vk € [0; M — 1], a = =EA{kZo(tr, o, vo, k,m), (xg,vo, K, M) ~ 5}
I

1 0%

(3.149)
bk = T]E {KW(tkyx%UOu "iam>7 (x07U07 K‘um) ~ MO}

K
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We can therefore obtain the coefficients by induction. Initially, the position and
the speed of the barycenter are ay and by.

1 T,k 1 V,KR
ap = %E {"‘39507 (ill'o, ’Li) ~ :u()7 }7 bo = E]E {HUO’ (UO?H) ~ 'MO7 } (3150)

We have then an inductive equation to compute the position of the barycenter.
For all k € [0; M — 2]

k
A1 = 1o (trn) + 15 (b)) + Y aee(ten — tesn) = ety — t0)]

=0
k
T Z be [(ter1 — to)e(tisr — tegr) + 8(trrr — tern) — s(bea — t)]
=0
) 1 v
Ma:,x(t) = E /]R;?x@ KZo COS<(’ul‘”v,771t):l’607 (de? dﬁ;’ dm) (3151)

1 1 K t V,K, M
[y (1) = —/ HUO—Sln(w = )No’ "™ (dvg, dk, dm)
R2x0O

’ K Wk,m

1
c(t) = %/@mcos(wﬁ,mt)ug’m(dﬁ,dm)

1 .
(S}

Wk,m

We have a similar inductive equation for the speed of the barycenter.

du; T d:u; v i dC dc
bpt1 = dt7 (tht1) + dt7 (tht1) + % ay (%(tk—&-l —tip1) — E(tk—i-l - tz))

k
dc
£ ((WH ) s — b)) + el — tenn) — cltiss — u))
=0

dt
%(t) = —%E {kwpemo sin(wemt), (o, k,m) ~ pg™™}
d/;%,” (t) = %E {Kvo cos(wWymt), (v, k&, m) ~ pi™™}
fl—i(t) = —% /@ KWie,m SIn(wyemt) g (A, dm)

(3.152)
Once the coefficients are computed, we can derive the time-evolution of the terms
dz(t, k,m) and 00(t, k, m), the components of the particle trajectory that is related
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to the motion of the barycenter. For the position, we have

M-1 t
82 (t, Ky m) = Wy Z i, <t < tkH}/ (ar + br(t' — tr)) sin(wWyem(t —t))dt’
k=0 b
M-1 tha1
o 3 Ut <1 [ G+ bl = 1) sino(t — )7
k=0 b

sin(wy,m (t — tx))

K,m

+ by (t — tk)>

+ I{tis1 <t} (ag (cos (wWem(t — thr1)) — cos(Wim(t —tx)))

k=0
Sin(Wyem(t —t — sin(wygm(t — 1t
(s~ Bl ) ()
’ (3.153)
Similarly, for the velocity component, we have
M-1
ov(t, kym) = Z I{tr <t <tpyr} (be(l — cos(wpm(t —tr))) + arsm sin(wem(t — tx)))
k=0
M-1
+ Z I{tri1 <t} (apwpm(Sin(wyem(t — tg)) — sin(wym(t — tes1))) + bi (cos(wWym(t — trt1))
k=0
— oS(Wim (t — 1)) — (tkg1 — tr)Wiem SIN (Wi (£ — t11))))
(3.154)

The mean-field characteristic flows can be written as an linear transformation of
the initial conditions (xg, vg).

Too(t, o, Vo, K, M)\ Zo 0x(t, Kk, m)
(@oo(ta Lo, Vo, K, m)) B QHJn(t) (UO) * (56@7 K, m)
i Hmt
cos(wy,mt)12 sin(Wemt)

Qmm(t) - wn,m
—Wiem SIN(Wi mt) Lo cos(wymt)]y

(3.155)
I

The expression of the inverse of the characteristic low can be derived analytically
as the solution of a linear system. zo(t,z,v,x, m) and wvo(t,x,v, Kk, m) gives the
initial condition of a particle located at (x,v) at time ¢, with the parameters
(k,m).

To(t,z,v, k,m) = (x — 0x(t, K, m)) cos(wxmt) — (v — 0v(t, K, m))sm(wn,mt)
Wk,m
Oo(t, z,v,k,m) = (x — 0x(t, K, M) )Wy m SIN (Wi mt) + (v — JV(E, K, M)) COS(Wis )
(3.156)
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If the initial distribution g is absolutely continuous with respect to the Lebesgue
measure, with density fy, it follows that the mean-field distributions is also abso-
lutely continuous for all time ¢ > 0, and is expressed using the reverse characteristic
flows.

~

ft,z,v,6,m) = folzo(t, z,v,k,m),vo(t, x,v, kK, m), K, m) (3.157)

Notice that the Jacobian of the reverse characteristic flow is constant and unitary
for all time, so it does not appear in the above equation. Equation (3.157) provides
a consistent approximation, when the time-step of the subdivision tends to zero,
of the strong solution of the non-local transport equation associated with Spring-
Cloud system.

%(t,$7 v, Kk, m) + 'U.%(t, T, 0, K, m)

w0 "« " K " di’ (3.158)
+——(t,x,v,/{,m). KJ(I —x)fﬂﬁ,n(t’xﬂ%))\(dx’dﬂ):o .

m 81} R2><[/£1;I€2]

f0,z,v,k,m) = folz,v,K,m)

In practice however, none of the expectations used to expressed the coefficients
ak, b, phy 2, 14z are analytical, and one has to resort to Monte-Carlo integration to
compute them. Typically, for the coefficient ¢(¢) for instance, we need a sample
(kj,m;)1<j<k from the distribution p5™.

ck(t) = KLF; Z kjcos(w(kj, mj)t) (3.159)

If we use the same sample size K for all the Monte-Carlo integrations, we need to
choose K jointly with the time-step At of the subdivision. Indeed, if the time-step
is too small and if the Monte-Carlo approximation is too rough, the numerical
errors accumulate through time and this may result in a significant bias in the
simulation. The relationship between K and At is still to be investigated.

Let us now illustrate the suggested numerical scheme in an example of Spring-
Cloud system with a bimodal initial distribution, with initial conditions normally
distributed.

2
1
o =7 > N(@i, 02Ly) @ N (v, 0210) @U([K; — 0k K+ 0k]) U([m; — 5m; my + dm)
=1
(3.160)

From equation (3.155), we can derive the conditional distribution of the state
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variables at time ¢ knowing the parameters (x,m).

Uoo<t7 Ty Uiy R, m)

(22, 00) |, M ~ 22: 1{(r,m) € [k; £ 0K] x [m; £ Im]}N (("%O(t’ o Vi m)) , Z,i,m(t))

i=1
, (3.161)
. leg 0 T
Yum(t) = Qem(t) < 0 0312) Qpm(t)
. 2 2 2, 2 :
el 05 — oywi ) SIn(2w,, m,t
(O_i cos(w,i mt>2 + O'g (M) 12 ( , ) ( ) )12
_ ’ Wie,m 2Wiem
B 0?2 —c2w? ) sin(2wy mt
(0, 0 ;m) (20em )Ig (02w? , sin(wymt)? + 02 cos(wpmt)?) I
Wk,m ’

(3.162)

So we can derive the marginal distribution of the x variable at time ¢:

|z —Too (24,05 ,5,m) |2
exp | — ,
1 2 P ( 2(0% cos(wn,mt)z-i-U%Sm(:;’mt)Q))
f:}:(t7 I) = E = ,(/i,m) ~ /jjj’m
™ ZZI 02 cos(wy,mt)? + o2 —Sm(:jzﬁ’mt)Q
™ =U([k; £ Ik]) @ U([m; £ 0m])

(3.163)

So the trajectories of the particles remain around their respective barycenters, with
a time varying variance. Figure (3.1) shows the trajectories of the mean position
vectors (for the conditional distribution). The two clouds are chosen to be non-
symmetric, the cloud initially on the left has lower x, m in average, whereas the
cloud initially on the right has higher s, m. The initial speeds are parallel to the
y—axis, with opposite directions. We can notice on the figure the motions of the
two centers do not correspond to the trajectories of two particles in interaction, in
other words the macroscopic systems cannot be summarized by two particles.

Simulating the marginal distribution f*(¢,2) can be done efficiently by first
simulating a sample (k,m) from p™ (i = 1,2) and by applying the following
formula:

i K/mt 2
Ty = Toolt, iy v5, Ky M) + um\/afc cos(Wy mt)? + agw, uz ~ N(0,13).
(3.164)

Figure 3.2 shows the time-evolution of the marginal density f*(¢, ), reconstructed
by kernel density estimation. We can notice that the two clouds are initially well
separated, and that that at time ¢ = 10 for instance, they are almost merged
together.
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Figure 3.1: Trajectories of the barycenter of the two initial clouds: zl(t) =

K
Toolt, T1,v1, K1, my) and z2(t) = xoo(t, To, Vo, Ko, ma). These trajectories gives an
indication on the location of the centers of the two clouds. The detailed configu-

ration of this simulation is presented in the appendix, page 166.

3.5.2 The Schneider system

We now consider the case of the Schneider system, which is non-linear with respect
to the state variables, as opposed to the Spring Cloud system. The principle of
the methodology is roughly the same as in the previous section, i.e., it is based on
an approximation of the dynamics of the population statistics driving the motion
of the individuals. For the Schneider system, this population statistic is the com-
petition potential. It is therefore no longer a question of approaching the motion
of a point in phase space (as for the Spring Cloud barycenter), it is a question
of modelling the evolution of a function depending on time and state variables.
As previously done and in keeping with the numerical scheme developed in the
microscopic case, the time evolution of the competition potential is approximated
by a piecewise polynomial function, specifically piecewise constant in the following
example. In the macroscopic case, we additionally need to approximate the spa-
tial dependency of the interaction function, i.e. the competition potential in the
Schneider case. To this end, we consider a parametric family that is dense in the
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Figure 3.2: Evolution of the marginal density of the Spring Cloud system f*(t, x)
with time. The detailed configuration of this simulation can be found in the
appendix, page 166.

space of continuous and bounded functions defined over the phase space, namely
polynomial functions of nonlinear and bounded transformations of the variables

(87 :U, S7 7)'

Expression of the approximated flow with piecewise competition poten-
tial:  Let us recall the expression of the mean-field flow as a function of the
competition potential. For any 6 = (x, S,v) € ©:

t

e 7 t
Soo(t7 S, 0) = Sm (i> exp (’7 lOg (i) / (]. — COO(T, S, 9))€W(T_t)d7')
Sm sm /) Jo

where C(t,s,0) = E{C(500(t,5,0), 55(t, 5,0, |x —2'|), (s',0") ~ po}
(3.165)
Let {ty = 0,t1,....,tay = T} be a subdivision of the observation interval [0; 7]
with regular time-step At. We consider a piecewise constant approximation of the
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competition potential.

e 7 l—e”yt—éoo(t,sﬂ)
S S
Sec(t,5,0) = 8, | — —
M-1

t
Coolt,s,0) =7 / Cr(s, O)I{ty <t <ty 1}’ 0dr
0

k=0

t

(3.166)

The Cy(s,0) are approximations of the competition potential exerted on a plant
of initial size s and of parameter 6 at time t.

Approximation of the initial competition potential: Let us build these
approximations step by step. We start by the initial competition potential, which
has the following expression.

1 " S$m 1
Cx(0,5,0)=E 0g(s'/s ),2 (1 + tanh (—log(s'/s))) , (82" ~ gt
2R, (1 + \x;323| ) Or

(3.167)
In particular, we can notice that initially this potential does not depend on param-
eters S and . This expectation is not analytical in general, and a natural way to

obtain a consistent approximation of it is by resorting to Monte-Carlo integration.

N
~ ! / . 1 / /
000(07 S, T, SlzNuxlzN) - N ZC<S7S'L'7 ’1: - xz|> (3168>

i=1

where sy, 2}, are sampled from . This approximation is more or less equiv-
alent to simulating the microscopic dynamics that we know to tend towards the
mean-field dynamics. By doing so, there is not really any computational advan-
tage in the use of the mean-field flow, as it appears only as an individual trajectory
within a large enough population. One way to get rid of the dependency with re-
spect to the sample is to construct a parametric approximation of the map in
equation (3.168). We can consider the parametric family consisting of polynomial
functions of some bounded transformations of the variables s, x.

Co = {(s,2,9,8) € [sg™; 5] x R? x R"®D s B (s, 2,y), d € N}

q (log(s/sm), arctan (%) , arctan <%))
1+ Eope)?+(y—p)?

2
Tz

where Vd € N, f3(s,1,y) =

(3.169)
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In the above equation g3 is the polynomial feature function of three variables and
of degree d. For instance, the polynomial feature function of degree 2 with two
variables is

q%(x17x2) = (1,1‘1,:5%,&32,%1562,1}3) € RG (3170)

More generally, we denote by ¢% the polynomial feature function with k variables
and of degree d.

qu(wm) (z1..oy )al:keAg

) (3.171)
Ad:{alzkEN |a1++ozk§d}

The cardinality of A% is a classical result of combinatorics.

Card(A%) — i (k e ) — n(k, d) (3.172)

=0

In equation (3.169), we have represented the position variable (x,y) by the bijec-
tive transformation (arctan (x Z_L Hm) ,arctan (y ; Hy)) where (pt4, f1,,) can be

T Y
chosen as the mean position, and L,, L, are typical lengths, such as the standard

deviation of x and y, or the competition parameter o,. With this parametrization
of the variable, we can express the competition potential as a continuous func-
tion defined over a compact domain, that can be uniformly approximated by a

polynomial function thanks to the Stone-Weierstrass theorem. We also divide the
1

1+ (x*uz)Q;(yfuy)Q
tion has roughly the same behaviour as theztarget function when |z| — oo.

[ is the vector of coefficients of the polynomial function at the numerator. We
can choose 3 so that it minimizes the quadratic risk between the target function

C(0,.) and the class @ for a fixed degree d.

to ensure that the approxima-

polynomial function by a factor

58 = argmin E{(éw(ou S, T, Sl:vilzN) - ﬁ : f3(57x))27 (S,Z’) ~ :ug,x}v
BeRn(iS,d)

which is equivalent to find f; such that:
E{fi(s.2)fq(s,2)", (s,2) ~ 15"} By = E{Cx(0, 5, 2) f3 (s, 2), (5, 2) ~ g}
(3.173)
The above linear system is not necessarily invertible, according to the distribution
o: for instance, if g is a Dirac distribution, the system is of rank 1. However, the
system always admits at least one solution®. In practice, we consider a solution of

20ne can decompose the right hand side in the orthogonal sum formed by the image of the
matrix and the orthogonal of the image.
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the linear system

K

(Z £ (sk, ) £3 (81, 1) > By = Z (0, sk, k) f3 (s, 1) (3.174)

where $1.x,21.x is a training set consisting in a sample of p)” independent of
s1.n» 2. n- The approximation of the initial competition potential is then

00(87‘7:) :p[O;l](ﬁ'fz?<S7x>) (3 175)

where pp.j(2z) = max(min(1, z),0) '
We have incorporated in this reconstruction our knowledge on the boundedness of
the potential by simply projecting the values of the linear combination into [0; 1].
We can assess the relevance of this approximation by computing the coefficient of
determination over a testing set (s, 2% ., Ct. ).

R2 — 1 o Zf:l(é]i j CA’O(SZ?‘ILIZ>>2
Zf:l (Ck —men)?
K

1 ~
mét:?Z

k=1

(3.176)

The coefficient of determination is used especially to calibrate the degree d of
the polynomial approximation, that need to be precise but also light in terms of
computation, as the dimension of the coefficient space n(k,d) increases like the
factorial function with d.

Approximation of the subsequent competition potentials: If the recon-
struction is accurate enough, and if the sample size is large enough, equation
(3.175) enables to sample S (t,s,0) for any t in the subinterval [0; At], that is
close to the actual mean-field flow s (t, s,6). We then use the same methodology
to build the next approximation of the competition potential, but we need to in-
tegrate in the arguments of the approximation the parameters S, vy, that have an
influence on the competition potential at time At.

G\ (=721 -Co(s,2))
So0(At, 5,0) = s (i) (—)
Sm Sm

Coo(At,5,0; 845, 0 x) NZC 500 (AL, 8,0), 500 (AL, 88, 00), |2 — 2])

e—’yAt

(3.177)

A A R)
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The class of functions used to approximate the above competition potential has
the same structure as €y, but with additional arguments.

€ = {(s,2,9, 5,7, 8) € [sg™; 6] x © x R*"®D = 3 fi(s,2,9,5,7), d € N}

q; (log(s/sm), arctan (—ZI&) ,arctan <y ”y) log(S/sm), e ”’At>
1+ (x=pa)?+y—py)?

2
O

fa(s,x,y,8,7) =
(3.178)

Other choices of transformations for the variables S and 7 are possible. These
specific transformations log(S/s,,) and e~ are used here because they better
describe the relationship between the competition potential and the parameters

S, 7.

The identification of the linear combination coefficient § is done exactly as
previously by minimization of the square loss between the empirical potential
Cuo(At, ., ;8,5 0,.5) and the class €, over a training set. The degree of the
polynomial approximation is calibrated by computing the coefficient of deter-
mination R? over a testing set. We similarly learn by recurrence the functions
C’l(s,e), e C’M,l(s,e). To simplify the procedure, we choose the same value of
degree d for all the f3 at each time step At, ..., T — At, that is potentially different
from the degree chosen for the function f3, used to approximate the initial po-
tential. The final expression of the approximated mean-field characteristic flows
is obtained by computing the integral over the time defining the reconstructed
potential Cwo(t, s,0) in equation (3.166).

M-—1
o(t,s,0) Ci(s,0) [I{ty < t <t 1— et
kZ—O k(o6 1t ik ) (3.179)

FI{ty s <t} (07 — )]

The consistency of this numerical scheme is yet to be proved, although we
have good reason to believe it holds. When the sample size N — oo, the empirical
potential converges to the mean-field potential uniformly and almost surely. This
empirical potential is well approximated by the functions of the families €, or &;
if the degree d is chosen large enough. As it was noticed in the case of the Spring-
Cloud system, the sample size and the time-step must be chosen jointly, to avoid
an accumulation of numerical errors. In the Schneider case, we also have to choose
at the same time the degree d of the polynomial approximation that monitors the
accuracy of the reconstruction of the empirical potential.
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Example of a simulation: We applied this numerical scheme on the following
initial distribution

s ~U([s§™; sp™™])
S‘x ~ '/\[[Sm;smeRM](S(x)a 552)a le ~ ‘/\/-[OYYM}(:Y(x)? 572)

where the functions S(z) and 4(z) are defined in equation (1.58) and Nz (g, o)
denotes a truncated Gaussian distribution over the segment [a;b]. The spatial
variations of functions S(z) and #(x) are represented on figure 3.3. The config-
uration of the initial distribution is chosen in order to have four spatial regions
distinguishing the parameters: regions with high and low .S, and regions with high
and low ~. In the absence of competition, we expect the mean size of plants at
a given position to converge to S(x). We can notice on figure 3.3 that, due to
the competition, the surface x + 5.(T, 5,2, S(x),7(x)) is quite different from
x +— S(z), and that the region where the plants remain small in average is wider
than in the case without competition.

3.6 Conclusion

The mean-field limit can be used to construct simplifications of inference problems
in the cases where the system variables do not need to be normalized to obtain a
tight sequence of empirical measure (fiy),>2. When the sequence is not tight, it
seems necessary to develop the analysis one order further by studying the asymp-
totic behavior of €V (¢, z1.x, O1.n) = N (£, 20y, 01.8) — Too (p; * (£, N), p5 1 (29, N), 6;)
where p;, p, are the normalization functions of the variables ¢, x respectively, which
are such that

‘rfv(pt(ta N), px(x(l):Na N), 01;]\/') N—> xOO(t7 .7)?7 61) (3181>
—00

in distribution. It is then a matter of estimating the speed of convergence of the
sequence €, i.e., finding a sequence ay — oo such that the limit distribution of
the sequence aye? is not degenerated (equal to dy). For the Spring Cloud system,
this speed of convergence is derived from the Central Limit Theorem, but this
argument does not seem to be generalizable directly to other systems. There are
several questions to be investigated about this second order development. How
to prove the existence of this non-degenerate distribution in a general setting ?
How to simulate this distribution ? What are the characteristics of the systems
for which the second order development is still not enough ?

Concerning the simulation of the mean-field limit, this chapter presents only

a preliminary work that needs to be supported by consistency proofs in a more
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Figure 3.3: Top: Mean values of the parameters S, ~ according to the position of
the plant S(z) and 7(z). Bottom: Comparison with the values of the mean-field

flow at the final time 3., (7,5, z, S(z),¥(x)) where 5 = M. The detailed

configuration of the simulation used to generate this graph can be found on page
167

general setting than in the case of the Schneider and the Spring Cloud systems.
Several qualitative arguments lead us to believe that the simulations displayed in
this chapter are consistent approximations, but prudence must be kept regarding
the mode of convergence of the numerical flow with respect to the different meta-
parameters of the scheme, especially to the relationship between the Monte-Carlo
sample size K and the time step At, that may lead to a significant accumulation of
errors if K and At are chosen independently. Finally, this numerical scheme needs
to be compared with other methods for non-local transport equations, especially
those that do not use a mesh over the state space.
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3.7 Appendix of chapter 3

Proof of inequality (3.102): Let us express the empirical flow and the mean-
field flow.

dn(t,s1,601) = sm(s1/5m) ™ exp (v (61) log( Sy /sm)

t N
X / <1 A C(sn(7,81,604), 81, |x1 — 24y (T, dsi,xﬁ)) e’YN(el)(T—t)dT>
; _

where yx(0) = v (z,8,7) = (1 N 21(5@‘4?%)M>

Soo(t, 82,02) = Sm(s2/5m) " exp (72 log(S2/sm)

t
X / 1-— / C(500(T, 52,05), b, |2 — b % (¢, dshy, dah) | €2 VDdr
0 R” xR2

(3.182)
Let us consider the function

S (ts,7,8,C) € Ry x [ s8] x [0;7a] X [Sin; Sm exp(Rar)] x [—1;1]

~a(2)(2)
(3.183)

We introduce additional notations for the competition terms. Let sy, so € [sg"; 5]
and 01 = (21, 51,7), 02 = (22, 52,72) € ©.

CN<t7 S1, 91)

t N o ~S8,T —
- 7N(91)/ (1 N7 C(3n(T,81,61), 81, [v1 — 24 )" (7, ds’l,x’l)) N Ot
0

t
Coo(t’ 52, 92) = 72/ (1 - / C(Soo(T, S2, 92)a 8/27 |$2 — zél)ﬂs’x(t, dS/27 d:ltlg)) e2(T=) 41
0 R* xR2

(3.184)
We decompose the difference between the two flows into three terms.

Sn(t,s1,01) — Seo(t, S2,02) = S(t, 51,78 (01), 51, Cn (8, s1,01)) — S(t, 51,71, 51, Cn(t, 51,601))
+ S(t7 S15, 71, 517CN(75781,91)) - 5(757 52,72, 92, CN(t7 51;91))

+ S(t, 82,72, SQ, CN(t, S1, 91)) — S(t, 52,72, SQ, Coo(t, S9, 62))
(3.185)
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Let us consider the first term.

Sl = |S(t> 5177]\7(91)7 517 CN(tv 81791)) - S<t7317717 517CN(t7 51791))‘

L1as
< / 8_7(t’ s1, 1+ a(yw(01) — 1), S1, Cn(t, s1,61))de| | yn(61) — 7]
0
et c (3.186)
g_"j(t’ S, 7, 57 O) = _te_vtsm log(s/sm) (%) (%)
log(S1 /s,
S1 < mtsy 10g(81/8m)(51/5m)ﬁ
Let us consider the second term.
82 = |S(t7 S1,71, Sl? CN(ta 51, 91)) - S<t7 52,72, 527 CN(t7 S1, 91))'
oS -
o (4:5.7,5.C) = (S5 (s 5m) !
‘%(t7 S’ 77 S’ C)‘ S eRJ\/I
8S s\ /s \!
%(t757’77570)_0(;) (;)
oS o
—(t <
‘8S<’8’7’S’O>‘_ Sm
Sa < €51 — sof + 80 10g(55™ /50 )™ 71 — Ya| + (55" /5m)[S1 — S
(3.187)
Let us consider the third term.
oS S\¢ SN/ s\
%(n 5,7, Su C) = Sm (;) log <§> <;>
oS
5o L$7,8,C)| < sg™ Rage™ (3.188)
|S(t, 52,72, 92, Cn (1, 51,01)) — S(t, 82,72, 52, Coo(t, 52,02))| <
SglaxeRMRM’ON(t, S1, 81) — Coo(t, S9, ‘92)|
Let us expand the difference of the competition terms:
en(t, s1,61) _/ Clonlt,51,60), 54, b — 24 )5 (¢, s, doh)
e (3.189)

Coo(t, S2,05) = / C(8o(t, S9,02), 81, |xa — x5|)pu(t, dsy, das)
R* xR
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’CN 81791)

AGE
A5

V2
N —1

(t So, ‘92)|

Cw
N (61)(r—1) (1)
N(T, s1,01) (’yN(Hl)eW ! — v e ) dr

t
+ / CN(T 81,91)672 Tt dT
0

+72/ len (7, 51, 61) — coo(T, 52,92”6%& Ddr

(3.190)
Let us consider the first term.

N

‘1— CN(T 81,91)‘ <1

( ] ( Ten (T 81, 91)> ) dT)
| (

(7,51, 91>> (1+~(r — )’ dr
(,y

(T, s1, 01)> eV(T_t)dT)
—e vt

f)/

N
t
< / (14 ~(t — 7)) dr
0
(2+

(3.191)
We can deduce from the above inequality the following upper-bound on the com-
petition terms.

‘CN(ta 81791) - Coo(t,SQ,ez)’ < ’yltm

— 2Ry (N —1)
¢
+72/
0

_/ 0(800(7_7 82302)’8,27 |ZL’2 - xl2|):u(7_7 dSé,dIé)
R% x©

1
Ay, — [
+ t|m 72\+N_1

/ Can(m51,00), 8, |0y — 2 )il (7, ds), da)) (3.192)
R* x©

672(T—t) dr

We use the coupling 7y introduced at the beginning of the proof to express the
last term.

/ C(éN(tv‘Slvel)?S/la |l’1 _xlly)ﬂi\’fz(tvdsllvdxll)
R* x©

(3.193)
_/ C(Soo(tv 527‘92)75/27 ‘x2 —$/2|)/L(t,d8/2,d$12)
R% x©

159



Mean-field approzimated inference

< [ GGt 80 vt 5 0). o = L)) = Ot 52,82, s 52,80). s = )
(R%xO)
x 1o (dsy, dd}, dsh, d6))

(3.194)
We compute the derivatives of the competition potential to obtain upper-bounds

of the variations. For any 8, € [sN: Sy(S1)], any 85 € [sm; So], and § > 0, we have

6_0(5 52,0) = _log(§2/sm)(1 — tanh®(L log(52/51)))
0s 1592 - 2RM§10}(1_{_52/0€)

oC 1
—(81, 58 <

Js <81’52’5)‘ ~ 2sNo,

oc 5 — o2(o.(1+ tanh(alr log(32/51)) + log(52/51)(1 — tanhQ(UiT log(32/51))))
_/(31732a ) - 2RM§20T(0§+62)

oC - 20'7« + RM
el g Lr oM
Js ’<817$2’5)‘ = 2R\ S5m0,
aC( .) = _log(§2/sm)(1 +tanh(ilog(§2/§1)))
662 51;827 - 2RMO’%(1 +52/0_g)2
oc 1
862 (8175275)’ S ;
(3.195)
It follows that
J[ it s 0.5 (et 60 o - )
(R} x©)?
— C(Sco(t, 52, 02), Soo(t, $2,05), |xa — ah|)|m0(ds], dO], dsh, d65)
|§N(t 51,01) = Soo(t, 52, 62)|
2sNa,
(3.196)

20} + RM //
N(t, 87,07) — Seolt, 85, 05)|mo(ds], dF], dss, db,
ZRMSmO'T (R7x0)? 1 ) ( 2 2)’ ( 1 1 2 2)
T — T
+ iz 2| / |71 + 2 — 22| g (das)
+;/@WH%—%wM—%W@mm9
For the last terms relative to x, we have used the relation

|1 — 2|2 — |20 — 2h|* = (21 4+ 20— 20%). (21 — ) + (2] + 2 — 221). (2] —2h) (3.197)
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Let us further consider the z terms.

[ o s = 203l (det) < fou + 0ol 42 [ Joblu(aat)
R R

J[ 1+ = 2l at - syt oy

s\/ / \xa+xa—2x112wa<dxa,dxa>.\/ / (&, — 22w (da), dah)
R4 R4

/ |2} + oy — 22, P72, dahy)

< 2/ |2 [215(0, dar’) —|—2/ |2 |2 (darty) — 4y (/R2 2 i1%(0,dz)) +/R2 x;ug(dwg))

K*(z1, iy (0), Ho)

(3.198)
We gather all the previous inequalities to obtain an upper-bound on the gap be-

tween the microscopic and the mean-field flows:

. tsy log(s1/8m)(S1/8m) log(S1/5m
|SN(t781701> - Soo(tv S2792)| < e g( 12R1\3§]\;/— 1; g( 1/ ) + eRMlsl - 32|
+ LS 108(56 /5m) €™ |71 — Ya| + (55 /Si)|S1 — S
log(S1/$m) 1
max R o
+SO e RM<1t—2RM(N_1)+t|’Yl ’72|+—N_1

t ~
+ SglaXeRJMRM,yM/ <|8N<7-7 S1, 01) - 800(7—7 S92, 02)‘

0 SN,

2, + R )
20, + fim // |53 (T, 87,07) — Seo(T, S, 05)|mo(ds], A0}, dsy, d6))
2Ry8mov J J © 0)?

1
+ 2 (lon sl + [ lelig(an) o - o
O R2

R (0, )

SO8) [ ot~ spfrsaat, asf) ) ar
T

(3.199)
Finally, we obtain the required inequality by integrating over my.
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Proof of the inequality (3.134): Let us expand the expressions of the com-
petition potentials.

C’{V(tv m, 91:N) - Coo(tv m, 91) = / C(Sjlv(ta 7, 91:N)7 3/17 |:B1 - flj”)ﬂ?\f@, ds,lv dxll)
R* xR2

- / C(Soo(t,n,(91>,sl2, ‘1’1 - 5K12’)/L(t,d8/2,d$/2)
R* xR2

_1 ~S,T
+ / O(Siv(tfr]? 01:N)7 8/17 |.I‘1 - x”)ﬂ]\} (t, dSll,d.ZE/l)
N 1 R* XRQ

B C(sY(t,m,01.n), s7 (t, 1, 01.n),0)
N -1

(3.200)
Let m; be a coupling between the distributions fix (¢, 61.y) and u(t). Then we have
the following upper-bound on the variations of the competition term.

A 3 / /
‘C{V(tﬂ%elil\f) _COO(t>77a91)| < +// |O(Siv(t,7’],91:]\]),$1,‘l‘1 —Ilf1|)
TRV ) -

- O(Soo<t7 U 91!N)7 8,27 |£L’1 - l‘/2|)|7Tf’m(dS/1, dx,l? d8/27 dx,Q)

(3.201)
From equation (3.195), we have the following inequalities for any §; € [s,,;.51], §2 €
[S$m; S2] and 0 > 0.
oC
Bs
oC
8 /

1
0)| <
(817 52, )‘ = QSmO'r

20, + R
(81752,6)‘ < u

3.202
- 2RM0r$m ( )

We deduce from these inequalities an estimation of the variation of the competition
potentials in function of the gap between the empirical and the mean-field flow.

/ |C(Siv(t7 7, 91:1\7)7 8/17 |$1 - ZE/1|) - C(Soo(tv n, 9121\7)7 8/27 |ZL’1 - J}é’)lﬂ':’z(dsll, dxllv d8,27 d‘r/Q)
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- ®2y? |51 52’7% (d317d52)

28,0, QRMSmO'T

1
+ s [l = o = P (o)
(3.203)
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Let us simplify the x terms:

|l — 232 = [y — 25| = [(2}) + 23 — 221). (2 — 23)]

[ Nler =i o = a3 st o)
R

< \/// |2 4 oty — 22 |27F (dat, dah) \/// |, — |2 (da, dah) (3.204)
R4 -

< k%cl,wv(omz)\/ [ tat - syl (aat )
R

where k%(xy, 1%,(0), u&) is defined in equation (3.198). We deduce the following
inequality on the gap between the empirical flow and the mean-field flow.

S S
|=5’1 (t,m,01.n) — Soo(t,m,01)| < so < 1) log (s )71

STI’L m

X (2 / |s1 7,1, 01.8) — Soo(T, 77,91)|€71 —dr
Sm T

QUT + RM —
m/ Wi MN(T 21 N) 2 (T))em( Ddr

R (1, f15(0), Y Wa(ii% (0), ) (1 — e%))

From inequality (3.105), we have an estimation of Wi (f1%(¢), 1°(t)):
Wil (t, 20y ) 1 (1) < Ex (i (0, 29x), p0) (€7 = 1) + Fn (i (0, 27,v), pro)e™"

R 1 A(l&/ (O, ZO AT x AT X
Bl 0,2 ) = - (HENEE 0, 2800, W5 0. ) )

—I—OZ»le (ﬂ}y\[(oa Z?:N)? H’g))

. SmaxeRMRM . . .
Fy(iin (0, 20, x), o) = ON——l + MW (i3 (0, 20 ), 1) + asW (R0, 20 ), 1)

(3.206)

We can notice that in this particular case, since u§ = d5,, then Wy (5,(0, 20.5), pg) =
0 for all N.

Sh s
|s7 (8,1, 01:8) — So0(t, 1, 01) €™ < s (8 ) log (s 1) M

(3.205)
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By Gronwall lemma, we obtain the following estimation.

7—(77’ 01)6(1/7(7]791)_71)t
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Tor(n o oV ) —1 (BN (M)+y1—1/7(n,01))t
Ry (n, 01) ~(An(0), ko) ((717'(777 1) Je

H(1 = 7(n,01)(Bn(n) + ) HTOODE L ()7 (n, 61))
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= M R 0 0,) — 1) (eBnm+n=1/m(nb1)t _ 1
Rarr(n. 6y Y N (0)s 1) (1, 61) = 1) (e )
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where we have used the following notations
S S
§(n,01) = so (S 1) log (5—1)
" " (3.209)
7(n,0,) = _25m0r
’ 5(n, 01)m

and Sy (n) is defined in equation (3.104). By reordering the terms, we obtain the
expressions of the coefficients in inequality (3.134). For the = terms.

R R B 20, + Ry A(an(0)) Gnaxp Rar
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For the Wh (1% (0), ut) coefficients, we have
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As for the coefficients of Wi (i3(0), 114),
(

20, + Ry )«
a?(nuel)_ M) :

— RuBm)(B(n)T(n,01) +nr(n,01) — 1)
. B 7(n,61)(20, + Ra) oy
az(n,00) = Ry B(n)7(n,01) + 7(n,601) — 1)(m7(n,01) — 1) (3:212)
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Finally, for the coefficients related to Wy (i%(0), u5),
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aS( 0 ) o ag 2UT + RM
= R BT (0, 60) + i (n, 6r) — 1 (3.213)
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mean states of the first cloud 1 = (—2,0), v; = (0,2)
mean parameters of the first cloud k1 =0.8 m; =028
mean states of the second cloud 9 = (2,0), vo = (0,-2)
mean parameter of the second cloud ko = 1.5, my = 1.5
variance parameter of the two clouds o, =1,0,=1,0k=0.2,0m =02
sample size for Monte-Carlo integration M = 1000
time-step of the subdivision At =0.1
sample size for kernel density estimation M’ =10 000

Configuration of the simulation of the Spring Cloud mean-field flow
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Configuration of the simulation of the Schneider system

Bounds of the initial size

min __ max __
sp = 0.1, sg™ =0.3

Extremal sizes

Sm=5x 102, Ry = 3

Position variance

L=1

Extremal values of S(z)

Sm = 0.5, Sy = 1.0, Sp = 0.75

Positions of S(r) extrema 3 = (=L,0), 25, = (L,0)
Spatial curvatures of S(x) HY =H> =1,/L?
Standard deviation of S 05 =0.1

Extremal values of ¥(x)

Y = 2,Ym = 0.1,79 = 1.05

Positions of ¥(x) extrema

x?nin - (07 _L)’ x%ax = (OvL)

Spatial curvature of J(x) H, =H =1,/L*
Standard deviation of ~ oy =0.1
Competition parameters o, =132, 0, =L/2
Time step and time horizon At=1,T=10
sample size N =1000
size of training and testing sets K =1000
random number generator MersenneTwister(1234)
initial degree of polynomial deg(f3) =5
other degree deg(f3) =3
Time | R? associated with the potential reconstruction
0 0.993
1 0.976
2 0.978
3 0.980
4 0.980
) 0.980
6 0.980
7 0.981
8 0.981
9 0.981
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Conclusion

This is the end
— Jim Morrisson, THE END (1967)

Our initial aim was to build population models derived from individual-based
models, with minimal loss of information. The three chapters of this thesis have
enabled us to clarify the main specifications of a macroscopic approximation of a
population formed by interacting individuals with potentially different character-
istics.

1. a macroscopic approximation of a population is a consistent approximation
of the probability distribution representing all the individuals composing the
population when the size N — oc.

2. this approximation should have dynamics only depending on the initial dis-
tribution py and the transition function hy.

3. The numerical method’s computational cost to simulate this approximation
should be independent of the size N of the population.

Our focus on symmetric and heterogeneous differential equations systems has
led us to consider that such an approximation can be expressed using the system’s
mean-field limit when this limit is well-defined. By construction, the mean-field
limit of a population model does not depend on the population’s size, and this
property makes it meet the two last specifications. If the limit is not well-defined,
though, it still seems possible to find the proper normalization of the state and
time variables to obtain a mean-field limit when N — oo. This statement, on
the existence of a proper normalization, needs to be checked on a broader class of
symmetric systems than the ones considered in this thesis, especially in the case
of systems with stochastic transitions (Bolley et al., 2011"), where the expression
of the diffusion coefficient may also influence the normalization. Depending on the
behavior of the sequence of population empirical measures (fin(t))n>2, especially
its tightness property, the mean-field limit may or may not provide a consistent
approximation of the population, this nuanced result being discussed in sections
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3.4.2 and 3.4.3 in the specific cases of the Schneider and the Spring Cloud systems.
For the homogeneous Spring Cloud system, the mean-field limit only gives the
mean values of the state variables evolving in a large population. To obtain a more
comprehensive description of the population dynamics, we need to develop the
population’s asymptotic behavior at a higher order than the mean-field limit. For
now, we do not have any general methodology to derive a consistent approximation
of any symmetric population model, but the previous example gives us potential
directions to explore.

We hope that the main results of this thesis can be extended to less smooth
systems, in particular functional-structural plant models, having the requirement
of being symmetric, which is a widespread property in reference plant interaction
models, such as Cournede et al. (2008)," Sievénen et al. (2008),"” Hemmerling et
al. (2008).” Our hopes are fueled by the research carried out on propagation of
chaos (or asymptotic factorization) in non-smooth systems such as hard spheres,
in Gallagher et al. (2014)," or topological interactions, in Degond and Pulvirenti
(2019).

It is also necessary to check whether mean-field approximation, when it applies,
constitutes a simplification of the original global dynamics in practice. To this end,
we need to prove the consistency of the numerical schemes described in section 3.5
and quantify the spatial and temporal errors they induce to use this information
in the context of statistical inference. Modeling the uncertainty introduced by the
numerical resolution error has to be done as in section 2.7, but this time, with a
Gaussian process potentially depending on the variables (¢, x,0). For now, we do
not know whether the simulation of such an error model could be done efficiently.

The application of kinetic theory to agricultural model opens up the possibility
to use flocking control methodologies, such as the ones developed by Piccoli et al.
(2015),'" to address problems such as yield optimization with limited resources
in crops. To study crop optimal management, the crop is generally modeled at a
macroscopic level, and the interactions between the plants are neglected in com-
parison to the influence of the external environment (Della Noce et al., 2019).
Controlling individual-based models allows the user to have much more flexibil-
ity, and the monitoring of the system is simplified, as the observation of a single
plant can constitute a feedback on the adopted strategy. If optimal control and
statistical inference are carried out at the same time, on-line, to deal with the
external sources of uncertainty, such as weather, we are dealing with partially ob-
served Markov decision processes (Krishnamurthy, 2016),” which can be naturally
expressed within the Bayesian setting developed in chapter 2.

This thesis has always considered a population of constant size. We did not take
into account the eventuality for an individual to exit the system (death) or enter
the system (birth), which is of particular interest when studying populations from
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an ecological perspective. Modeling the mortality is proposed within the Schneider
system by Nakagawa et al. (2015),"” with a probability of death expressed as a non-
decreasing function of the competition potential exerted on the individual. One
could also have modeled the event of reproduction as a function of the individual
state (low competition, closeness to the asymptotic size) and the spatial process
associated with the dispersal of the offspring. Formally, when considering these
birth-death processes, the transport equations defining the population distribution
and the mean-field distribution are no longer conservative. A research direction
that may be explored consists in studying the population dynamics at the pace of
generations. In this context, we can follow the approach developed in Berestycki
et al. (2009)” and in Barton et al. (2010)' to derive an evolution process from an
individual-based model.
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Abstract: Collective motions describe populations

in which individuals’ interactions are the driving force behind
their displacements and their transformation over time. Un-
derstanding and controlling collective motions are significant
issues in many fields, especially for the study of ecosystems
(swarm dynamics), safety in large gatherings and buildings
(crowd movement), or agriculture (the study of plant growth).
The population models we consider are systems of differen-
tial equations with the property of being heterogeneous, i.e.,
made up of individuals with different characteristics influenc-
ing the dynamics. This assumption is motivated by the agri-
cultural application, to study interactions between plants of
different varieties or even different species. These systems are
also assumed to be symmetric, i.e., having dynamics invariant
by permutation of individuals’ labels, which is a widespread
property within collective motion models, enabling numer-
ous simplifications. However, several challenges remain to be
addressed before these models can be used in real-life appli-
cations. We focus on the problems related to statistical in-
ference, i.e., matching the model with experimental data and
observations made on the system under study.

Symmetric and heterogeneous population models: approximations for simulation

Particle systems; Mean-field limit; Bayesian inference; Plant growth model; Col-

The first level of difficulty is computational: the simulation of
a sizeable interacting population can be too costly in terms of
computing time, and, therefore, it is a first impediment to the
study of the population at a macroscopic scale. The second
level of difficulty relates to the quality of the data: because
of the complexity of the modeled system, experimental ob-
servations cannot characterize the system’s dynamics exactly,
in particular because they generally only concern a subset of
the population. It is necessary to quantify the uncertainties
related to the imperfections in the acquisition of such data.
In this thesis, we characterize all the uncertainty sources re-
lated to partial observations of symmetric and heterogeneous
systems in a Bayesian framework. Some sources of uncer-
tainty, notably the ones arising from inaccurate knowledge of
the population size, result in particularly complex inference
problems, which we propose to approach using a macroscopic
representations of the population. This statistical approxi-
mation of the global population motion is based on numerical
simulations of the mean-field limit distribution, i.e., a prob-
ability distribution expressed as the solution of a non-local
transport equation associated with the symmetric system.

Titre :
ulation et l'inférence statistique

Mots clés :

Modeéles de population symétriques et hétérogénes: approximations pour la sim-

Systéme de particules; Limite de champ moyen; Inférence bayésienne; Modéle de

croissance de plantes; Mouvement collectif; Processus gaussiens

Résumé : Les mouvements collectifs décrivent des pop-
ulations dans lesquelles les interactions entre individus sont
le moteur de leurs déplacements dans l’espace et de leurs
transformations dans le temps. La compréhension et le con-
trole des mouvements collectifs constituent des enjeux ma-
jeurs dans de nombreux domaines, notamment pour ’étude
des écosystémes (dynamique des essaims d’animaux), la sécu-
rité dans les grands rassemblements et les batiments (mouve-
ment de foule), ou encore I'agriculture (étude de la croissance
des plantes). Les modéles de population que nous consid-
érons sont des systémes d’équations différentielles ayant la
propriété d’étre hétérogénes, i.e., constituées d’individus avec
des caractéristiques différentes, et ces caractéristiques ont une
influence sur la dynamique. Cette hypothése est motivée par
l'application agricole, ot il est question d’étudier les interac-
tions entre plantes de différentes variétés, voire de différentes
espéces. Ces systémes sont également supposés symétriques,
i.e., ayant une dynamique invariante par permutation des in-
dividus, ce qui est une caractéristique largement répandue
au sein des modéles de mouvement collectif, et qui permet
de nombreuses simplifications. Un certain nombre de défis
restent toutefois a relever pour que ces modéles soient utilisés
dans des cas d’application concrets, et nous nous concentrons
en particulier sur les problémes liés a 'inférence statistique,
i.e., la confrontation du modéle & des données expérimentales,

des observations réalisées sur le systéme réel étudié.

Un premier niveau de difficulté est d’ordre computationnel: la
simulation de grandes populations en interaction peut s’avérer
trop cotliteuse en temps de calcul, et elle constitue ainsi un pre-
mier obstacle a I’étude de la population & une échelle macro-
scopique. Un second niveau difficulté a trait a la qualité des
données: du fait de la complexité du systéme modélisé, les
observations expérimentales ne peuvent permettre de carac-
tériser exactement la dynamique du systéme (en particulier
car elles ne portent généralement que sur une sous-partie de la
population), et il est nécessaire de quantifier les incertitudes
liées aux imperfections dans ’acquisition de ces données.
Dans cette thése, nous caractérisons l’ensemble des sources
d’incertitude liées aux observations partielles des systémes
symétriques et hétérogénes dans un cadre bayésien. Cer-
taines sources d’incertitude, notamment celle venant d’une
connaissance inexacte de la taille de la population et des pro-
priétés des individus non observés, donnent lieu a des prob-
lémes d’inférence particuliérement difficiles, que nous nous
proposons d’approcher en utilisant des représentations macro-
scopiques de la population. Ces approximations statistiques
du mouvement global de la population sont basées sur des sim-
ulations numériques des distributions limites de champ moyen
associées au mouvement collectif, distribution s’exprimant
comme la solution d’une équation de transport non-locale.
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