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Preface

A doctrine of nature can only
contain so much science proper
as there is in it of applied
mathematics.

Immanuel Kant

In 1945 Pablo Picasso created a celebrated ensemble of 11 lithographs
known as Bull, which rapidly became a milestone in the manner in which
the abstract arts synthesize the observable world by reducing its complexity,
such that the structure of the subjects may emerge. In the artwork in Figure
1, each plate is a successive stage used to find the spirit of the beast. In
other words, Picasso visually dissects step by step the initial representation
of a full bull to demonstrate the way in which its essential presence is given
only by reproduction and fighting.

This suite of drawings clearly exemplifies how mathematics move from
observable phenomena to their artificial synthesis. The strength of math-
ematical modeling relies, in fact, on a reduction of physical reality, which
contains all the ingredients for making the model realistic, even though it
is not real. Hence, the importance of a sound mathematical model goes
hand in hand with the necessity to reproduce and predict the behavior of
the phenomena under investigation.

Among others, the development of mathematical tools for the description
of emerging collective phenomena in interacting systems may be viewed
as the scientific counterpart of the dictates of abstract art. In fact, in the
modeling of many complex systems composed of a large number of agents, a
rather common assumption lies in considering the entire population to be
formed by indistinguishable particles. These are endowed with a finite set of
characteristic variables determining their coordinates, which do not need to
be defined in the geometrical space, but may be a location in the velocity
space as well as in the social structure of the population. Hence, it is of
paramount importance to identify the fundamental factors that generate an
observable experiment, quantifying their impact.

The intriguing world of these self-organizing systems has gained increasing
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Figure 1: Pablo Picasso Bull (1945-1946).

interest in heterogeneous research communities in biology, robotics, sociology,
and economics. Classical examples of such systems are groups of animals
or humans with the tendency to herd, stockbrokers working in a financial
market, and potential voters during elections.

To study the evolution in time of this active matter, the dynamics must
be defined for the set of detected variables. Realistic models start from the
definition of rationally simple interaction rules, defined for each agent of the
system. Hence, it is often possible to observe the emergence of global patterns
and structures, also called collective phenomena. From the mathematical
viewpoint, this level of description is usually known as microscopic and is
achieved by considering systems of ordinary differential equations (ODEs).
The resulting differential problem for the general N-body system follows:

N
Xi:ijP(xi,xj), iIl,...,N,
j=1

where x; denotes the set of evolving variables, w; denotes a weight function,
and P(-,-) denotes a pairwise interaction term depending on the whole set of
variables characterizing the ith and jth particle. At the computational level,
the introduced general dynamics is related to a considerable computational
complexity of the order of O(N?), due to the summation term. Then we
highlight how the microscopic description level induces unaffordable numerical
costs for a system composed of a very large number of particles.

The key idea behind the reduction in complexity of the introduced modeling
is through a change of scale in the description of the phenomena, implying
the derivation of the so-called mesoscopic and macroscopic models. The main
tools rely on a statistical description based on the kinetic theory, where the
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particle density distribution in the phase space is studied. The new equations
are derived in the limit of a large number of agents from the microscopic
modeling. This mesoscopic level of description leads to partial differential
equations describing the evolution of density functions.

Kinetic modeling gained an increased interest in the community studying
the collective behavior of interacting systems owing to strong analogies
between these models and classical kinetic theory of rarefied gases described
by the Boltzmann equation [10, 83, 165]. Analytical methods allow the
explicit computation of the stationary states of the whole system [92, 146,
164, 165] and a minimal energy state [169, 99].

Rigorous derivation of mean—field models from microscopic equations is
a deeply fascinating issue that may pose nontrivial questions. There exist
several approaches for first- or second-order systems of ODEs such as the
BBGKY hierarchy [63, 109], mean—field limit [31, 53, 90], as well as the binary
interaction approximation of the dynamics [66, 83, 145, 164]. In any case,
the transition to chaos remains an indispensable ansatz to deduce the new
mesoscopic model. This latter issue is definitely significant in mathematical
terms, involving the proof of the propagation in time of chaos [122].

Finally, the macroscopic level of description of the dynamics may be
deduced from the mesoscopic level by the extrapolation of thermodynamic
quantities through the definition of the moment equations. The resulting
continuous equations are also called hydrodynamic equations and generally
require a closure.

Once a sound mathematical model is available, the reflection of our ultimate
understanding of a complex system relies on the possibility of controlling its
evolution. The scientific keyword comes in this case from the engineering
literature: with the aim of minimizing the cost of the required interventions
to steer the dynamics toward the prescribed state we introduce the optimal
control problems. The control mechanisms of self-organized systems have
been investigated as follow—up questions to the progress in the mathematical
modeling and simulation. The control of emergent patterns has been studied
on the level of microscopic particles as well on the level of kinetic or fluid
dynamics equations.

Fundamental to the construction of more realistic models is the intro-
duction of uncertainty in the dynamics, reflecting a wide range of possible
perturbations and mimicking our imperfect knowledge of the phenomena.
These errors are due to the random effects of a wide range of uncontrollable
phenomena such as the influence of weather during an experiment, temper-
ature variations, or even human carelessness. This is particularly relevant
in many problems in the natural and socio-economic sciences, where the
interaction rules are based on observations and empirical evidence and not on
physical laws. In such cases, we can have at most statistical information on
the modeling parameters. Therefore, statistical errors become ineradicable
from any quantitative representation. To fully understand simulation results

vii
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and produce predictions, it is of utmost importance to incorporate uncer-
tainty from the beginning of the modeling. The introduction of randomness
in kinetic and mean-field equations is central to many practical applications
of these deeply studied results with an interest in physical and engineering
sciences.

From the numerical point of view, the implementation of accurate numerical
methods is fundamental to quantify the impact of uncertainty in the overall
dynamics. Among the most efficient methods in uncertainty quantification
(UQ) for partial differential equations, generalized polynomial chaos (gPC)
and stochastic Galerkin (SG) methods are very attractive thanks to their
property of spectral convergence in the probability space, see [176, 177], rep-
resenting an important step forward from the classic Monte Carlo technique,
whose convergence is extremely slow. Despite its accuracy, the intrusive SG—
gPC formulation may significantly modify the original problem. One the most
evident and significant losses affects systems of hyperbolic equations [77, 151].

The aim of the present manuscript is to investigate a novel perspective
in the modeling and control of complex system both in the deterministic
and stochastic case, with particular attention to numerical methods, control
methodologies and uncertainty quantification. Each chapter is designed to
be self-consistent, starting from a general framework of the treated problem
in the introduction and then moving through results and conclusions. In
particular, each chapter refers to a previously published research article,
manuscript under the revision process in a peer-reviewed journal, or ongoing
research.

In Chapter 1 the research addressed in [11] is presented. In this work, we
applied the techniques developed in [6] for the Boltzmann-type control of a
consensus dynamics to the case of a hierarchical opinion model in the presence
of different populations: the first composed by the so—called followers which
are influenced by a second group, i.e. the leader group, controlled by external
agents. Based on a microscopic model we design a Boltzmann-type optimal
control thanks to the model predictive control (MPC) approach in the case of
an instantaneous control. MPC utilizes the assumption that agents optimize
their cost functional not necessarily over an infinite time horizon, instead
they determine their locally best action by minimizing their cost over a short
time interval which recedes as time evolves. We formulated a control strategy
by embedding the control action in the binary interaction dynamics, thereby
deriving the kinetic formulation of the problem. The main advantages lie in
the efficiency of the instantaneous controls, which can be explicitly embedded
in the dynamics, and the Boltzmann binary approximation applied to an
MPC of an interacting system of N agents with computational cost O(NV),
instead of O(N?) of the standard dynamics which must be solved forward—
backward in time. In the quasi-invariant limit [91, 164] the corresponding
Fokker—Planck formulation has been derived and explicit expressions of the
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steady states have been computed.

A fruitful application of the MPC methodology has been applied in the
context of complex networks in Chapter 2, where a control acts over a
minimum set of nodes/agents influencing the dynamics of the whole network.
There exists an incredible number of applications of control strategies on
graphs: from pure social-marketing purposes, to national security reasons
for the fastest spreading of information. Even if the introduced problem is a
priori of a difficult solution, a first attempt to deal with the problem from a
microscopic point of view has been made in [12], where the mathematical
model is formulated as a coupling of an opinion alignment system with a
probabilistic description of the graph. Let us consider the optimal control
problem for opinions on the complex network Gy (t)

1l & s
151615{12/to {N;(wj —wq)” 4+ vu } ds

subject to

w; = Cl Z P(wi,wj;QN)(wj — wi) + UX(C,' > C*), ’U)Z'(O) = W; 0
' jes;

for each i = 1,..., N. We adopted the notation (w;)¥, € I = [-1,1] and
(ci)¥; = {0,..., cmax} for the opinions and the number of connections of
the ith agent, wy € I is the desired opinion of the system, and v > 0 is
a regularization parameter. As before, P(-,-;-) is an interaction potential
which weights the opinion w; on the subgraph S; of the agents connected with
the ¢th agent. It depends, in general, on the opinions and on the statistical
properties of Gn. Observe the way in which the action of the control u is
weighted by an indicator function x(-), therefore the control is active only
on the nodes with a degree of connection ¢; > ¢*, for a certain threshold
c*. The evolution of the network is coherent with a preferential attachment
mechanism, see Figure 2. The introduction of a suitable selective control
depending on the connection degree of each node is capable of driving the
overall opinion towards consensus.

In Chapter 3, where we present joint research published with Professor
Michael Herty [117], the mean—field formulation of kinetic under control ac-
tions is investigated. In particular, we consider a control formulated through
an MPC strategy with varying horizon focusing on the relation between
the (usually hard to compute) optimal control and the MPC approach in
the mean-field case. We have established a computable and provable bound
on the difference in the cost functional for MPC-controlled and optimally
controlled dynamics in the case of a large number of agents. The derived esti-
mates yield performance bounds for general symmetric multiagent dynamics
with applications to swarming dynamics, consensus modeling, or economics.
Numerical examples confirm the theoretical analysis.
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Figure 2: Evolution of a graph with density of connectivity v = 5 through a
rewiring process with preferential attachment. The diameter of each node is
proportional to its connection.

The development of numerical schemes for the mean-field equation for
collective behavior is the subject of Chapter 4. The presented results are a
joint research with my advisor Professor Lorenzo Pareschi and refer to [149,
148], . The developed schemes are based on a generalization of the classical
Chang—Cooper approach and capable of preserving the structural properties
of the systems: non-negativity of the solution, physical conservation laws,
entropy dissipation, and stationary solutions. In this work, we considered
the following class of nonlinear Fokker—Planck equations

O f + LIf] = V- [BIfIf + Vu(Df)],

with f = f(z,w,t) depending on z € R% and w € R%, where d,,d, > 1,
L[] is an operator for the agents’ dynamics with respect to the = variable,
B[] is an alignment operator, and D = D(x,w) > 0 is a diffusion function.
The presented equation describes a wide class of models for the collective
behavior such as the mean—field Cucker—Smale model [8, 53, 71|, for which

Clfl=we Vel Blfl= [ Hw)w =) ) dyde

with
1
(T4 |z —y?)’

or the non—homogeneous mean—field Cordier—Pareschi—Toscani model for

H(z,y) = D(x,w) =D € RT,
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wealth distribution [66, 146], where

2

£lfl = dlaw)Vaf, Bl = [ (w=o)fot)de.  Disw) = Gt

The proposed schemes have the property of being entropic and describing
with arbitrary accuracy the steady-state solution of the mean—field problem.

In Chapter 5 we deal with opinion dynamics over a large network, where
interactions depend on the opinion itself and on the discrete number of
connections ¢ € C = {0, ..., cmax}. The increasing capacity to produce data
seems to be unavoidable in contemporary societies. This is mainly due to the
rapid proliferation in the sources of data that the social media are able to
capture: we are consumers as well as producers of data. The need to handle
millions, and often billions, of vertices implies a considerable shift of interest
to large—scale statistical properties of the network architectures.

Hence, the evolution of the distribution f(w,¢,t), given by the density
of opinion and connections, obeys the introduced Fokker—Planck equation
where the operator L£[f] is now defined as follows

cisw.e)] = = 22 (e 1+ ) p(s e+ 1,0) — (e 4+ B (e,
2Va(f;w)
_W[(C—l—i—a)f(w,c—l,t)—(C+a)f(w,c,t)],

where v is the mean density of connectivity, o, 8 > 0 are attraction coeffi-
cients, and V,.(f;w) > 0 and V,(f, w) > 0 are characteristic rates of removal
and addition, respectively. At the boundaries of C it is defined in such a
way that the overall number of connections is conserved. The interaction
operator is now defined as follows

Blf](w,c,t) = iﬁ:"/[ . P(w,wy; ¢, ci)(wy — w) f(wy, s, t) dwy,

cx=0

where P(-,-;-,-) is an interaction kernel depending on opinions and connec-
tions of the interacting dyads. It has been proven that for different choices
of weights functions the introduced generator of the network may produce
stationary scale-free degree distributions as well as uniform random graphs.
Further, we observed that the presence of a small portion of highly connected
agents may drive the overall dynamics towards their position, see Figure 3.

In Chapter 6, based on [147], we further investigate the proposed setting
with a direct application to decision science. In particular, we introduce and
discuss multivariate kinetic models describing the influence of competence in
the evolution of decisions in a multiagent system. The exchange mechanism
includes the role of the agents’ tendency to behave in the same way as if they
were as good, or as bad, as their partner: the so—called equality bias. The

xi
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Figure 3: Evolution highlighting the way in which a small portion of agents
with high connectivity can bias the majority of the evolution of the overall
population.

presented modeling is inspired by real experiments [124, 131] and reproduces
the empirical findings. Analytic and numerical results describe the way in
which the equality bias leads the group to suboptimal collective decisions.

The role of stochastic quantities in the dynamics is investigated in Chapter
7, which refers to the article [13]. Here we analyze the effect of the un-
certainty in the interaction parameter in a Cucker—Smale microscopic-type
system using a gPC approach. Analytic evidence of threshold effects in
the alignment dynamics, due to the presence of the random parameter, is
given. In particular, the presence of negative tails in the distribution of the
random inputs lead to the divergence of the expected velocities of the system
of agents, even in the regimes of unconditional flocking. At the numerical
level, we introduce in detail the SG-gPC numerical approach to the problem.
We formalized a selective MPC approach to stabilize the dynamics and to
steer the expected velocities toward the desired one, even in the divergence
regimes.

Finally, in Chapter 8, we present the ongoing work in collaboration with
Professor Jos¢ Antonio Carrillo and Professor Lorenzo Pareschi [55]. Here, we
investigate alignment models at the mesoscopic level of description depending
on random inputs. The stochastic quantities act on the dynamics through
perturbation of the initial conditions as well as typical modeling parameters.
The derivation of mean—field models has been formally completed through the
BBGKY hierarchy. The aim of this chapter is to develop positive preserving
numerical schemes that maintain the spectral accuracy for the statistical
quantities of interest. To this end, we have formulated a Monte Carlo
SG—gPC method and numerical tests have been performed to prove the
effectiveness of the algorithm.

xii
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Chapter 1

Boltzmann-type control of
opinion consensus

1.1 Introduction

Mean-field games and mean-field type control theory has raised a lot
of interest in the recent years (see for example [27, 43, 76, 89, 128] and
the references therein). The general setting consists in a control problem
involving a very large number of agents where both the evolution of the state
and the objective functional of each agent are influenced by the collective
behavior of all other agents. Typical examples in socio-economical sciences,
biology and engineering are represented by the problems of persuading voters
to vote for a specific candidate, influencing buyers towards a given good or
asset, forcing human crowds or group of animals to follow a specific path or
to reach a desired zone, or optimizing the traffic flow in road networks and
supply chains [9, 25, 43, 69, 82, 114, 115, 130, 132, 161].

In this paper we focus on control problems where the collective behaviour
corresponds to the formation process of opinion consensus [26, 38, 94, 113,
139, 162, 164]. In particular, we consider models where the control strategy
is based on hierarchical leadership. This concept of hierarchical leadership
has been discussed in [82], where a population of leaders is considered giving
rise to aggregate opinions and convergence towards specific patterns. Further,
opinion dynamics in presence of different populations has been previously
introduced in [34, 166, 173]. We mention here that control through leaders
in self-organized flocking systems has been studied in [9, 161].

We introduce a hierarchical opinion formation dynamics where the leaders
aim at controlling the followers through a suitable cost function which
characterizes the leaders strategy in trying to influence the followers opinion.
Based on this microscopic model, we develop a Boltzmann type optimal
control approach following the ideas recently presented in [6]. The approach
is closely related to model predictive and instantaneous control techniques

3
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[44, 62, 110, 133]. We derive an explicit controller for the leader dynamics
using an instantaneous binary control framework on the microscopic level
and, similarly to the mean field control, study the related kinetic description
for large number of agents. Thanks to this formulation, the minimization of
the cost functional is embedded into the microscopic leaders interactions of
the corresponding Boltzmann equation.

The rest of the manuscript is organized as follows. First in Section 1.2
we introduce the microscopic model of the leader strategy in the leader-
follower interactions and derive the corresponding Boltzmann-type control
formulation. The main properties of the kinetic model are studied in Section
1.3, in particular we show that that the leaders control strategy may lead
the followers opinion towards the desired state. Explicit asymptotic opinion
distributions are computed in Section 6.4 using an approximated Fokker-
Planck description derived in the so-called quasi invariant opinion limit.
Several numerical results confirm the theoretical analysis in Section 7.5.

1.2 Microscopic models of opinion control through
leaders

A rather common assumption in opinion formations is that interactions
are formed mainly by binary exchange of informations, see for example
[38, 100, 145, 164]. Similar to [82] we are interested in the opinion formation
process of a followers’ population steered by the action of a leaders’ group.
The major novelty here is that the leaders’ behaviour is driven by a suitable
control strategy based on the interplay between the desire to force followers
towards a given state and the necessity to keep a position close the the mean
opinion of the followers in order to influence them. In the following we first
generalize the approach of [6] starting from a differential system describing
the evolution of the two populations of leaders and followers. In the second
part we present a binary interaction model for the same dynamics showing
how the two descriptions are related.

Microscopic modeling We assume to have two populations, one of fol-
lowers and one of leaders. FEach follower is mutually influenced by the other
followers and by the leaders, whose target is to steer the followers’ opinion to
a desired configuration of consensus following some prescribed strategy. We
consider the evolution of a population of Ny, leaders and N followers, with
opinions w;, Wy € [ =[-1,1], fori=1,...,Npand k =1,..., N, evolving
according to

1 L
w; = Ezp(wl’w])(w] wi)+mzs(wi’wh) (wh_wi)7 (2 1)
j=1 h=1 )
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Ny,
. 1
e = — SR (@, @) (@), — @) + u
k NL}; (W, Wp,) (Wp, — W) (2.2)
Wy, (0) = g0,

where P(-,-),S(-,-) and R(-,-) are given compromise functions, typically
taking values in [0, 1], measuring the relative importance of the interacting
agent in the consensus dynamics. The control term u characterizes the
strategy of the leaders, and is given by the solution of the following optimal
control problem

u = argmin {J(u, w,w)}, (2.3)

where
1 T w m Np,
J(U,U),w)—z/o {NLZ(’wh—wd N—; Wy, — Mmp) }ds (2.4)

T
+/ Ku2ds.
0 2

In the latter equation w and @ are the vectors with the followers and leaders
opinions, T represents the final time horizon, wy is the desired opinion and
mp is the average opinion of the followers group at time ¢ > 0 defined as

mp = — E wi.
Np 4 J
Jj=1

The parameter v > 0, as usual, is a regularization term representing the
importance of the control w in the overall dynamics. More precisely, v
penalizes the action of the control u in such a way that for large values of v
the control action vanishes and viceversa.

The problem may also be formulated as constrained minimization problem
for u”, w", w" in the form

min J (u", w", ")

subject to (2.1) — (2.2). (2.5)

In general the solution of this problems is a difficult task, in particular
for nonlinear constrains and non convex functional. In the following we
assume sufficient regularity on the constrains of (2.5), in such a way that
the minimizer fulfills the necessary first order optimality conditions. We
refer to [129] for a detailed discussion of necessary and sufficient optimality
conditions.

Thus the control strategy of the leaders’ population is based on an interplay
of two behaviours weighted by the nonnegative constants ¢ and p such that

5
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¥ 4+ 1 = 1. On one hand they aim at minimizing the distance with respect
to the desired state wy (radical behaviour) and on the other hand they
aim at minimizing the distance with respect to the followers’ mean opinion
(populistic behaviour). Therefore, the leaders influence the followers opinion
interacting through the function S(-,-) and the followers influence the leaders
strategy through their mean opinion in the cost functional (2.4).

The above optimization problem is approximated using the Boltzmann
type optimal control approach recently presented in [6] which corresponds to
a binary model predictive control of (2.1)-(2.3) in the case of a very large
number of agents [133, 44].

Instantaneous binary control The main idea is to avoid the solution of
the dynamics on the whole time interval and to consider a closed-loop strategy
for the opinion model in the case of binary interactions. Hence, we split
the time interval [0,7] in M time intervals of length At and let t" = At n
and solve sequentially the optimal control problem in each time interval.
This approach is related to the receding horizon strategy, or instantaneous
control in the engineering literature, which allows to express the control as a
feedback of the state variables. In general, with respect to the associated
optimal control problem (2.1)-(2.3) this technique furnishes a suboptimal
solution. Rigorous results on the properties of u for a constrained quadratic
cost functional are discussed, for example, in [133, 44].

More precisely, we approximate both (2.1) and (2.2) by the following
discretized binary dynamics

with = W + aP (W, wh) (W — wi) + o (w, @) (@] — w)) (26)

w;;ﬂ = w4+ aP(w},wi)(w] —w}) + aS(w}, o) (w0} —wh) )
Wt = o+ aR(W}, W) (0, — ) + 200" (2.7)
B = @+ QR @) (@ — @) + 200" |

where o = At/2, i and j are the indexes of the two interacting followers, [
the index of an arbitrary leader, h and k the indexes of the two interacting
leaders. The control variable u is given by the solution of the following
optimization problem

u" = argmin {J (v",w",0")} (2.8)
J( n on o ~n\ __ % Z ( o 2
U 7@ 7@ )_ o 2 wp wd)
p={k,h}
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In order to solve the minimization problem introduced in (2.8), we can
proceed as in [6] using a standard Lagrange multipliers approach to compute
explicitly u™. In this way we obtain the feedback control

202 - -
20u" = — Z " [w(w;fr1 —wq) + u(wﬁ“ - m%H)] : (2.10)
p={k,h}
Note that since the feedback control u™ in (2.10) depends on the post

interaction opinion the constrained binary interaction (2.7) is implicitly
defined but it can be easily inverted. The explicit version of the control reads

s

200" = — Z 5 [¢(w;} — wq) + p(w, — m’})]
p={k.h) (2.11)
~ O (RGaf, wf) — RO 0 (F — ),

where we further approximated m%ﬂ with m' to have a fully explicit

expression and introduced the parameter 8 defined as

402

. 9.12
v+ 4a2 ( )

8=

1.3 Boltzmann-type control

In this section, we consider a Boltzmann dynamics corresponding to the
above instantaneous control formulation. In order to derive a kinetic equation
we introduce a density distribution of followers fp(w,t) and leaders fr(w,t)
depending on the opinion variables w,w € I and time t > 0. It is assumed
that the followers’ density is normalized to 1, that is

/fp(w,t) dw=1,
I

whereas

/fL(w,t) div = p<1.
I

The kinetic model can be derived by considering the change in time of fr(w,t)
and fr(w,t) depending on the interactions with the other individuals and
the leaders’ strategy. This change depends on the balance between the gain
and loss due to the binary interactions.

Binary constrained interactions dynamics Let us consider the pair-
wise opinions (w,v) and (w, v), respectively of two followers and two leaders,
the corresponding post interaction opinions are computed according with
three dynamics, the interaction between two followers, the interaction be-
tween follower and leader and finally between two leaders.

7
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The post-interaction opinions (w*,0*) of two leaders are given by

W* = + aR(w,0) (0 — 0) + 2au + 0; D () 3.1)
7 =0+ aR(0, ) (0 — ) + 20 + 03D (7), '
where the feedback control is defined as
2=~ 5[ (@~ wa) + (0~ w)) + p (@~ mp) + (2~ mp)]
B (3.2)
— 5 (B(w,0) = R(0,0)) (0 - ),
and
mp(t) = /pr(w,t)w dw. (3.3)

Note that the control term is now embedded into the binary interaction and
that we considered an additional noise component such that the diffusion
variables 51, 0~2 are realizations of a random variable with zero mean and
finite variance 2. Moreover the noise influence is weighted by the function
D(), representing the local relevance of diffusion for a given opinion, and
such that 0 < D(:) < 1.

We assume that the opinions (w*,v*) in the follower-follower interactions
are derived according to

{w* = w + aP(w,v)(v — w) + 6 D(w), (3.4)

v* =v+ aP(v,w)(w —v) 4+ 02D(v),

where the diffusion variables 61, 65 are again realizations of a random variable
with zero mean, finite variance o2 and 0 < D(:) < 1. Finally the leader-
follower interaction is described for every agents from the leaders’ group,
thus in general we have

(3.5)

where similar to the previous dynamics, 0 is a random variable with zero
mean and finite variance 62 and 0 < D(-) < 1

Since we are dealing with a kinetic problem in which the variable belongs
to a bounded domain, namely I = [—1, 1], we must deal with additional
mathematical difficulties in the definition of agents interactions. In fact, it is
essential to consider only interactions that do not produce values outside the
finite interval.

For the leaders’ interaction if we consider the constrained binary inter-
actions system (3.1)-(3.2), without diffusion we obtain that |@w* — 0*| is a
contraction if o < 1/2

0" — %] = |(@ — D) — a(d — 8)(R(@,7) + R(0,w))| < |1 — 20w — 3.

8
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The following proposition gives sufficient conditions to preserve the bounds
for the leaders’ interactions (3.1).

Proposition 1.3.1. Let r,dy and d_ be defined as follows

E}TJ)’ D(w) # o} . (3.6)

If v, € I then v*,w* € I if the following conditions hold

arzg, d<1—§>§§i§d+<1—§), i=1,2. (3.7)

The proof follows by the same arguments used in [6, 82] and we omit the
details. On the other hand from the definition of binary interaction between
followers (3.4), in absence of diffusion, the boundaries are never violated.
Indeed since |w| < 1 it follows that |[v — w| <1 and being 0 < P(-,-) <1 it
is easily seen that w*, v* € I.

Finally, as shown in [82], the post-interaction opinion of followers w**, in
the leader-follower interaction (3.5), takes values in the reference interval I
if the hypothesis of the following proposition are satisfied.

Proposition 1.3.2. Let K_ and K be defined as follows

i;;‘)’, D(w) # o] . (3.8)

K4+ = min
wel

If w € I then w** € I if the following conditions hold
l-a)K_<6<(1-a)K;, i=1,2. (3.9)
Main properties Following the derivation in [145], for a suitable choice

of test functions ¢ we can describe the evolution of fp(w,t) thanks to the
integro-differential equation of Boltzmann type

d

o7 I@(w)fp(w,t)dw = (Qr(fr, [F),¢) + (QrFL(fL, [F): ¥) (3.10)

where
(et fi)) = { [ BEelw?) — pto)few.0fe o, dudo) (311

and

(QrL(fr, L), @) = </12 Bli (p(w™)
(3.12)

—o(w)) fr(w,t) fr(0, t)dwd17>.

9
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In (3.11) and (3.12) we used the notation (-) to indicate the expectations
with respect the random variables, respectively 6;,7 = 1,2 and é, and the
nonnegative interaction kernels Bgﬁ, Bﬁ;f are related to the probability of
the microscopic interactions. The simplest choice of interaction kernels which
guarantees that the post interaction opinions never violate the bounds is

given by

By = Biy(w,v,61,02) = npx(Jw*| < Dx (o] < 1)
BlY = Bl (w,5,0) = nrox(jw™] < Dx(|8] < 1)

int wnt

where np,nrpr > 0 are constant relaxation rates and x(-) is the indicator
function. If we now assume that the interaction parameters are such that
|w*|, |lw**| <1 the Boltzmann operators can be written as

(@e(frofe) = e ([ (0w = plw) fetw. 00, 0oy (31

(QrL(fr, L), @) = 77FL< /12(@(10**)
(3.15)

—o(w)) fr(w,t)fr(o, t)dwd77>.

In order to study the evolution of the average opinion mpg(t), we take
¢(w) = w in (3.10). We have that the evolution of the average opinion of
followers is

im _nF w +vt—w-—v w v, t)dwdv
e =" | [ s M. fe(0: 1w -

+nrL /ﬂ(w** —w) fp(w,t) fr(v,t)dwdo,

since the noise in (3.4) has zero mean. From the definition of binary interac-
tions between followers (3.4) and the definition of interaction leader-follower
(3.5) we have

im :T’io{ v —w w,v) — v, w w v wav
Gmr() =" [ (0= w)(Plw.0) = Plo.w)fr(w.)fr (v, )dud -

+ nrLo /12 S(w,v)(v —w) fr(w,t) fr(v,t)dwdv.

Remark 1. If we suppose P symmetric, that is P(w,v) = P(v,w), and
S =1 we obtain a simplified equation for the time evolution of mp

Smr(t) = e alma (1) = mr (1) (3.18)

1
where we introduced the notations N, = p npr, and mr(t) = — /wa(w, t)dw.
pPJr

10
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The evolution equation for my,(¢) can be found thanks to similar arguments.
We can describe the dynamics of fr,(w,t) thanks to the following integro-
differential equation of Boltzmann type in weak form

d

5 | Pl fr(w tydw = (Qr(fr, fr),¢) (3.19)
I

where
(Qufic ) = { [ Bulol”) = ) fu(@ 010 0)dd7 ) . (320

As before (-) denotes the expectation taken with respect to the random
variables 0;,7 = 1,2 and B;y, is related to the probability of the microscopic
interactions. A choice which preserves post interaction opinion bounds is

Bint = Bint (1,7, 01, 02) = nrx(|a@*| < 1)x(|5*| < 1) (3.21)

where 77, > 0 is a constant rate and x(-) is the indicator function. Let us
consider as test function ¢(w) = w. Then equation (3.19) assumes the form

d

) RIACRE R < /I () (1 fL(@,t)du?d17> C (3.22)

which is equivalent to consider

% w1, )d0 = %L </I2(f)* bt — G- d;)fL(w,t)fL(ﬁ,t)dwdﬁ> :

Then being the noise in (3.1) with zero mean we have

d
@mL(t) =

nra (1 —B) ; /p(R(@, %) — R(5,0))5f1(@, 1) f1(5, ) dwds (3-23)

+ LB (wa — mp(t)) + 0L Bu(me(t) — mi(t)),
where 77, = pnp,.

Remark 2. If R(w,v) = R(0,w) equation (3.23) becomes

Sma(0) = ivBwd — o) +ipbmp() —ma(0).  (324)

Moreover if the assumptions on P and S in Remark 1 hold we obtain the
following closed system of differential equations for the mean opinions mr,
and mg

%mL(t) = fLpB(wa —mp(t)) + frpB(me(t) —mr(t))
; (3.25)

%mF(t) = fpra(mp(t) — mp(t)).

11
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Straightforward computations show that the exact solution of the above system
has the following structure

mL(t) = Cl exp {—’)\1‘75} + CQ exp {—|/\2’t} + Wq

A
me(®) = 1 (14 3 exp (Il (3.26)
+Co (14 5% ) exp {~IDalt} + w4

where C1,Cy depend on the initial data mp(0),mr(0) in the following way

Cr=-+ : 5 (Bizm(0) + A2)mp(0) = pBipmr (0) — (A2 + Biry)wa)
(3.27)
Co = A\ i Ao ((BLmr(0) + A1)mp(0) — pBirme(0) — (A1 + B1LY)wa)
(3.28)
with

1, . - 1 = = ——
Mp = =5 (airr + Bin) £ 5/ (0dirr + Fi)? = dbafiirL.  (3.29)

Note that A1 2 are always negative, this assures that the contribution of the
initial averages, mr,(0), mp(0), vanishes as soon as time increases and the
mean opinions of leaders and followers converge towards the desired state
Wy .

We now take into account the evolution of the second order moments

Ep(t):/]wap(w,t) dw, EL(t):;/IwaL(w,t) dib.

First we analyze the followers group from equation (3.10) with test functions
o(w) = w?, we have

iEF(t) =

dt
%m </12 ((w*)Q + (1}*)2 —w?— 1)2) fF(w,t)fF(v,t)dwdv> (3.30)
+NFL </[2 ((w**)2 — w2) fF(w,t)fL(f;,t)dwd6> .

12
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Thanks to (3.4) -(3.5), in the simplified case P = S = 1, we obtain

4 Be(t) =2npala — 1)(Er(t) — m(1)
+ ﬁFLOz2(EL + EF — QmL(t)mF(t))
+ 2adipL(mp(t)mL(t) — Er(t))

(3.31)
+ 77F02/ID2(w)fF(w,t)dw

T /1 D2 (w) fr (w, t)dw.

Finally, for the leaders group let us consider the function () = @? in (3.19)
and the case R = 1. Then thanks to equation (3.1) we obtain

fL(’lI),t)fL(f),t)dZDdf)>
=iy [2a(ac — 1)(EL(t) — m2(t))

D2 )L+ md (1)

+28(1 — B)(Ywa + pmp(t))m(t) + 62 (Ywa

+ ()2 + &2 /] D (@) i (, 1)

(3.32)

In absence of diffusion, since mp(t), mp(t) — wq as t — oo, it follows that
Er(t), EL(t) converge toward w3. Then the quantities

/ For(w, £) (w — wg)2dw =Ein(t) + w2 — 2mp(Hwa
. ! (3.33)
p /IfL(w, ) (0 — wq)?di =EL(t) + wi — 2mp(t)wy

go to zero as t — o0, i.e. under the above assumptions the steady state
solutions have the form of a Dirac delta centered in the target opinion wg.

1.4 Fokker-Planck modeling

In the general case, it is quite difficult to obtain analytic results on the
large time behaviour of the kinetic equation (3.10). A step towards the
simplification of the analysis, is the derivation of asymptotic states of the
Boltzmann model resulting in simplified Fokker-Planck type models, for which
the study of the asymptotic properties is easier [145]. In order to obtain such
simplification we will follow the approach usually referred as quasi—invariant
opinion limit [145, 164], which is closely related to the so-called grazing
collision limit of the Boltzmann equation (see [91, 168]).

13
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Quasi invariant opinion limit The main idea is to rescale the interaction
frequencies 1y, nr, L, the propensity strength «, the diffusion variances
52,02,6% and the action of the control v at the same time, in order to
maintain, at level of the asymptotic procedure, memory of the microscopic
interactions.

Let us introduce the parameter € > 0, and consider the rescaling

a=¢e, V= €K, 0% =e¢?, 62 = e?, 5% =2,
1 1 1 4e (4.1)
F = ) nrL = ; nr = ) B = .
CFE CFLE CLE K+ 4e

This corresponds to the situation where the interaction operator concentrates
on binary interactions which produce a very small change in the opinion of
the agents. From a modeling viewpoint, we require that the scaling (3.1)
in the limit € — 0 preserves the main macroscopic properties of the kinetic
system. To this extent, let us consider the evolution of the scaled first two
moments under the simplifying hypothesis P, R symmetric and S = 1.

The evolution of the mean opinions described in the system (3.25) rescales
as

%mp(t) _€CF1L5 (mp(t) —mp(t))
%mL(t) :Ci . f 12 (wa —ma (1)) (42)
— f L mr(t) = ma (1)

which as € — 0 yields

Sme(®) = L (ma(0) — mpe(t)
(4.3)
Sm(t) = L (9w~ mu (0) + plmr(0) = ma )]

The second moment equations (3.31) and (3.32) are then scaled as follows

%EF( ) =(e — 1) (Ep(t) — m(t))
cr
+ %(EL(LL) + EF(t) — 2mL(t)mF(t))

5 (4.4)

+—p(mF(t) L) — Ep(t) +/D2 )i (w, t)dw

2(
CFL/D ) fr(w, t)dw

14
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%EL(t) :CLLS 2e(e — 1)(BL(t) — mi(1))

+&2/ID2(w)fL(w,t)dw

and as € — 0 we obtain

%muzrﬂm@ﬂﬁm+@mmw<>Eﬂ»
CF
§2
+ 5 | D*(w) fr(w, t)dw + 2 /D2 ) fr(w, t)d
r I L (4.6)
d 2p 2 4p
GEL®) == ELD) - m (1)~ 2 (EL + (1)

2 gt e @ma) + <2 [ 520) 10,0
LK CL JI

Therefore the asymptotic scaling preserve the behaviour of the first two
moments of the solution. We show how this approach leads to a constrained
Fokker—Planck system for the description of the opinion distribution of
leaders and followers. We present formal computation, following the same
arguments in [145, 164] it is possible to give a rigorous mathematical basis
of our derivation. Here we omit the details for the sake of brevity.

Fokker-Plank equations The scaled equation (3.10) reads

d
dt ( )fF( ) =
c;a </12(90(w*) - @(w))fF(w,t)fF(v,t)dwdv> (4.7)
cpng </12(<p(w**) - So(w))fF(w,t)fL(zb,t)dwdw>.

Considering the second order Taylor expansion of ¢ around w we obtain
* E3 1 3 —
p(w") = p(w) = (w* —w) (w) + 5 (w" = w)*e" (@)

(w** o ’LU)QQON(ﬁ))

(4.8)
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where for some 0 < 1,799 <1
w = w" + (1 — ﬁl)w, W = Yow™ + (1 — 192)71)

Taking into account the binary interactions (3.4)-(3.5) in (4.8), and substi-
tuting in (4.7), we obtain a second order approximation of the dynamics. In
the limit € — 0 the leading order is given by

d

1 /
cr [/12 Plw,v)(v —w)g'(w) fr(w, t)fF(U)dde]
+ [ S(w,w)(w — w)so'(w)fp(w)fL(w)dwdw] (4.9)
CFrL 72
1 §2 " 2
5o [ ¢ (@D (w)fpw t)dw
Cr Jg

1 62/7 " "2
4 258 [ 00 D) o ),
CFL JI

Integrating back by parts the last expression we obtain the Fokker-Planck
equation for the followers’ opinion distribution

U b (S serlreltw) + Kl ulw) ) i) =

2 2 2 (4.10)
3 (0% + 20 fie(w),
where
Kplfr)(w) = / P(w, v)(v — w) fp(o, t)dv
(4.11)

Krp[fo)(w /S —w) fr(w0)dw

Following the same strategy we obtain the analogous result for the leaders’
opinion distribution

ofL p 1 . -
L (%H[fL}<w>+CLKL[fL]<w>) -
&3p 0% -, ~ '
ingz(w)fL(w)
where
K[f2)(@) = /1 R(@,5)(5 — ) f1.(5, £)d5 (4.13)
and

H[fr](w) =;¢ (@ +my(t) — 2wa) + %’“‘ (@0 +mp(t) — 2mp(t)). (4.14)
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Steady state solutions In this section we show that in some cases it is
possible to find explicit stationary states of the Fokker-Planck system of
equation described in (4.10) and (4.12). Here we restrict to the simplified
situation where every interaction function is constant and unitary, i.e. P =

S=R=1, and

D(w) = D(w) = D(w) =1 — w?. (4.15)

The steady state of equations (4.10) and (4.12) is solution of the following
equations

(e =0+ Lo =) fr =

cr
(4.16)
1/¢* &p\ 0
- —+—)=—D 00>
2 <CF * CFJ], 811] (w)fF’
and
2 2
<[1D —2wg —myg| + ﬁ[ﬁ) —2mp + mL]) fLoo =
K K
L2, (4.17)
isp 2007
2, 05" (WM Loe:

9

As soon as t — oo, thanks to equation (4.3), the followers and the leaders
mean opinion mg and my, relax to the desired opinion wy. Then

<1 + p) (wg — W) froo = ! <§2 + §2p> %DQ(w)ono, (4.18)

CF  CFL 2\cr crL
that is
1 p gr 1/ &PpY 0
e — = | =4+ —] = 4.19
<CF + CFL> (wd w) DQ(U}) 2 <CF + CFJI, 8ng ( )
where gr = D?(w) fr 0. This implies
=apexpq —— ———=dz = .
JFo0 = QFEXP A T - 0 (1—22)2 F CrL + CFp
and ap is a normalization constant such that f 1 9F,00dw = 1. Finally we
have
ap 2 (Y z—wy
= - ———dz ;. 4.21
fF,OO (1 — w2)2 €xXp { bF /0 (1 — 22)2 Z} ( )
Similarly we can find the steady state fr o as a solution of the equation
2¢  2p YLeo 13%p 0
(= 4+ - 0 —2 P = 4.22
< - + . > (wq w)D%D) 5 cp o ILoe (4.22)

17
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where g1 0o = fL.coD?*(w). The solution of the differential equation (4.22) is
given by

2 [V z—wy SpK
o = _Z ~ % \dzp, b, = ——, (4.23
Il = ALED { br, /0 ((1 - ZQ)Z) Z} B 204 + 1) (4.23)

and ay, is chosen such that the mass of gy,  is equal to p. Then the steady

state is ~
ar, 2 (Y z—wy
JLoo = A=) exp {_bL/o <(1 — z2)2> dz} . (4.24)

1.5 Numerical Simulation

In this section we present several numerical results concerning the numerical
simulation of the Boltzmann type control model introduced in the previous
paragraphs. All the results have been computed by a Monte Carlo method
for the Boltzmann model (see [145] for more details) in the Fokker-Planck
regime £ = 0.01 under the scaling (3.1). In the numerical tests we assume
that the five per cent of the population is composed by opinion leaders, see
for example [82]. Note that, for clarity, in all figures the leaders’ profiles have
been magnified by a factor 10. The regularization term in the control is fixed
to v = 1. The random diffusion effects have been computed in the case (4.15)
for a uniform random variable with scaled variance ¢2 = &% = ¢2 = 0.01. It
is easy to check that the above choices preserve the bounds in the numerical
simulations. First we present some test cases with a single population of
leaders as discussed in our theoretical analysis. Then we consider the case of
multiple leaders’ populations with different time-dependent strategies. This
leads to more realistic applications of our arguments, introducing the concept
of competition between leaders’ populations. For the sake of simplicity we fix
constant interaction functions P(-,-) =1 and R(-,-) = 1 and the remaining
scaled computational parameters have been summarized in Table 5.1.

Test ‘ S(,) ‘ CF ‘ CFL, Cr, P P (VOF] ‘

la 1 1 0.1 0.1 005 05 0.5

b [ (53) | 1] 0T 01 005 05 05

BT U1 wa | CrL, G,  p2 . wa,
2 1 1 01 01 005 05 05| 01 01 005 05 -05
3 1 | 1] 01 01 005 (57) 05| T 01 005 (57) -05

Table 5.1: Computational parameters for the different test cases.

Test 1. Leaders driving followers In the first test case we consider
a single population of leaders driving followers described by the following

18
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Kinetic density followers
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Figure 5.1: Test la: Kinetic densities evolution over the time interval [0, 1]
for a single population of leaders.

system of Boltzmann equations

G [ et tde = @e(fr. fr).9) + (@i (. ). 9)
(5.1)
& [ @) a0 = @Quiu. f1). ).
I

Numerical experiments show that the optimal control problem is capable
to introduce a non monotone behaviour of mp (t). We report the evolution,
over the time interval [0, 1], of the the kinetic densities fr(w,t) and fr,(w,t)
in Figure 5.1 for constant interaction functions P, R and S. The initial
distributions fr ~ U([—1,—-0.5]) and fr, ~ N(wg,0.05) where U(-) and
N(-,-) denote, as usual, the uniform and the normal distributions. We used
the compact notations

¢rrL = crL/p, ér =cr/p. (5.2)

This non monotone behaviour shows that the leaders use a combination of
populistic and radical strategy to drive the followers towards their desired
state. In an electoral context, this is a characteristic which can be found
in populistic radical parties, which typically include non-populist ideas and
their leadership generates through a dense network of radical movements
[140].

Next we consider a bounded confidence model for the leader-follower
interaction with

S(wvw) :X(‘w—ﬁ)‘ SA)? (5'3)

where 0 < A < 2. In the simulation we assume A = 0.5 and use the same
initial data of the previous case. It is interesting to observe how the model
is capable to reproduce a realistic behavior where the leaders first are able
to attract a small group of followers which subsequently are capable to drive
the whole majority towards the desired state (see Figures 5.2 and 5.3).
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I T T T T T T T

;fl-' —fr

Figure 5.2: Test 1b: Kinetic densities at different times for a single population
of leaders with bounded confidence interaction.

Kinetic density followers Kinetic density leaders
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Figure 5.3: Test 1b: Kinetic densities evolution over the time interval [0, 3]
for a single population of leaders with bounded confidence interaction.

Test 2. The case of multiple leaders populations Similarly, if more
than one population of leaders occurs, each one with a different strategy, we
can describe the evolution of the kinetic density of the system through a
Boltzmann approach. Let M > 0 be the number of families of leaders, each
of them described by the density fr, ,p =1,..., M such that

/1 f1, (@)dis = py. (5.4)

If we suppose that an unique population of followers does exist, with density
fr, and that every follower interacts both with the others agents from the
same population and with every leader of each p-th family, for a suitable test
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Figure 5.4: Test 2: Kinetic densities at different times reproducing a Hotelling-
like model behaviour for two populations of leaders.
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Figure 5.5: Test 2: Kinetic densities evolution over the time interval [0, 0.25]
reproducing a Hotelling-like model behaviour for two populations of leaders.
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function ¢ we obtain the following system of Boltzmann equations

M
& [ ewiete0a0 = Qe 00 + Y (@relii fr).9)
p=1
d
I Igo(qb)pr(w,t)dﬁ) = (QrL(fr,, fr,), %), p=1,..., M.

(5.5)
We assume that the leaders aim at minimising cost functionals of the type
(2.8) and therefore the differences consist in two factors: the target opinions
wq, and in the leaders’ attitude towards a radical (¢, ~ 1) or populistic
strategy (up ~ 1). We therefore introduce the analogous rescaling (3.1) and
we define

¢FL, = CFL,/Pps CL, =CL,/Pp, P=1,..., M. (5.6)

In the numerical test we establish a link between our arguments and a
Hotelling’s type model [118]. The model describes how two shop owners,
which sell the same product at the same price in the same street, must
locate their shops in order to reach the maximum number of customers,
uniformly distributed along the street (in other words, in order to maximize
their profits). Paradoxically the model yields that the equilibrium, without
changing prices, is reached if they get closer. In the cited original paper
electoral dynamics are placed in this context and it can be regarded as the
reason why political parties’ programs are often perceived as similar. We
consider the case of two populations of leaders, described by the densities
fr, and fr,, exercising different controls over a population of followers
uniformly distributed within the interval I = [—1,1]. Initially the leaders are
distributed as fr, ~ N(wa,,0.05), p=1,2. We can observe that the model
leads to a centrist population of followers, whose opinion spreads in a range
between leaders’ mean opinions (see Figures 5.4 and 5.5).

Test 3. Two leaders populations with time-dependent strategies
Finally we introduce a multi-population model for opinion formation with
time-dependent coefficients. This approach leads to the concept of adaptive
strategy for every family of leaders p = 1, ..., M. The coeflicients ¢ and u
which appear into the functional now evolve in time and are defined for every
t€1]0,7T) as
wdp+5 1 mLp—i-S
wlt) =3 [ fetwdwt g [ fetu)du
Wy, —6 mr,—0 (57)

Mp(t) =1- ¢p(t)

where both 6,6 € [0,1] are fixed and m L, is the average opinion of the p-th
leader. This choice of coefficients is equivalent to introduce a competition

22



Chapter 1 Boltzmann—type control of opinion consensus
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Figure 5.6: Test 3: Kinetic densities at different times for for a two popula-
tions of leaders model with time dependent strategies.
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Figure 5.7: Test 3: Kinetic density evolution over the time interval [0, 1] for
a two populations of leaders model with time dependent strategies.

between the populations of leaders, where each leader try to adapt its
populistic or radical attitude accordingly to the success of the strategy. Note
also that the success of the strategy is based on the local perception of the
followers.

In the numerical experiments reported in Figure 5.6 and Figure 5.7 we
take into account two populations of leaders, initially normally distributed
with mean values wg, and wg, and parameters 6 = & = 0.5, respectively,
and a single population of followers, represented by a skewed distribution
fr~T(2, i) over the interval [—1, 1], where I'(+, -) is the Gamma distribution.
Here the frequencies of interactions are assumed to be unbalanced since
¢rr, = 0.1 and ¢rr, = 1. In the test case we assume that the followers group
has an initial natural inclination for a position represented by one leader but,
thanks to communication strategies pursued by the minority leader, it is
driven to different positions (see Figures 5.6 and 5.7). In a bipolar electoral
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context, an example of the described behaviour would be a better use of the
media in a coalition with respect to the opponents.

1.6 Conclusions

We introduced a Boltzmann type control for a hierarchical model of
opinion formation where the leader behaviour is influenced both by the desire
to achieve a prescribed opinion consensus and by the mean opinion of the
followers. The main novelty of the method is that, thanks to an instantaneous
binary control approximation, the control is explicitly incorporated in the
resulting leader dynamics. The use of instantaneous control and the kinetic
description permit to pass from an O(N?) dynamics, which must be solved
forward-backward in time, to a much simpler forward O(N) stochastic
simulation. This is of paramount importance in view of possible applications
of this kind of constrained opinion modeling. In the so-called quasi invariant
opinion limit the corresponding Fokker-Planck descriptions have been derived
and explicit expressions of their steady states computed. Several numerical
examples illustrate the robustness of the controlled dynamics using various
leaders strategies even in presence of different groups of competing leaders.
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Chapter 2

Optimal control of opinion
dynamics over complex
networks

2.1 Introduction

Graph theory has emerged in recent years as one of the most active
fields of research [3, 21, 24, 175]. In fact, the study of technological and
communication networks earned a special attention thanks to a huge amount
of data coming from empirical observations and more recently from online
platforms like Facebook, Twitter, Instagram and many others. This fact
offered a real laboratory for testing on a large-scale the collective behavior
of large populations of agents [123, 159] and new challenges for the scientific
research has emerged. In particular, the necessity to handle millions, and
often billions, of vertices implied a substantial shift to large-scale statistical
properties of graphs giving rise to the study of the so-called scale-free networks
[21, 143, 175].

In this work, we will focus our attention on the modelling and control of
opinion dynamics on a time evolving network. We consider a system of agents,
each one belonging to a node of the network, interacting only if they are
connected through the network. Each agent modifies his/her opinion through
a compromise function which depends both on opinions and the network
[6, 11, 13, 61, 72, 172]. At the same time new connections are created and
removed from the network following a preferential attachment process. For
simplicity here we restrict to non-growing network, that is a graph where the
total number of nodes and the total number of edges are conserved in time.
An optimal control problem is then introduced in order to drive the agents
toward a desired opinion. The rest of the chapter is organized as follows.
In Section 6.2 we describe the alignment model for opinions spreading on a
non-growing network. In order to control the trajectories of the model we
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introduce in Section 2.3 a general setting for a control technique weighted
by a function on the number of connections. A numerical method based on
model predictive control is then developed. Finally in Section 6.5 we perform
numerical experiments showing the effectiveness of the present approach.
Some conclusion are then reported in the last Section.

2.2 Modeling opinion dynamics on networks

In the model each agent ¢« = 1,..., N is characterized by two quantities
(wi,¢;),i=1,..., N, representing the opinion and the number of connections
of the agent ith respectively. This latter term is strictly related to the
architecture of the social graph where each agent shares its opinion and
influences the interaction between individuals. Each agent is seen here as
a node of a time evolving graph GV = GV (¢),t € [ty,tf] whose nodes are
connected through a given set of edges. In the following we will indicates
the density of connectivity the constant v > 0.

2.2.1 Network evolution without nodes’ growth

In the sequel we will consider a graph with both a fixed number of nodes N
and a fixed number of edges F. In order to describe the network’s evolution
we take into account a preferential attachment probabilistic process. This
mechanism, known also as Yule process or Matthew effect, has been used in
the modeling of several phenomena in biology, economics and sociology, and
it is strictly connected to the generation of power law distributions [21, 175].
The initial state of the network, GV (0), is chosen randomly and, at each time
step an edge is randomly selected and removed from the network. At the
same time, a node is selected with probability

C+ o C+ o

Yilo(cj+a) 2B+ No’

Ha(Ci) =

i=1,...,N, (2.1)

among all possible nodes of N , with o > 0 an attraction coefficient. Based
on the probability (2.1) another node is chosen at time ¢ and connected
with the formerly selected one. The described process is repeated at each
time step. In this way both the number of nodes and the total number of
edges remains constant in the reference time interval. Let p(c,t) indicates
the probability that a node is endowed of degree the ¢ at time t. We have

doplety=1, > eplet)=r. (2.2)
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The described process may be described by the following master equation
[14]

Sp(et) =2 [(e+ Dple+1,8) = eple, ) o3
2D '
+ 3+ Na [(c=1+a)p(c—1,t) — (c+ a)p(e, )],

where D > 0 characterizes the relaxation velocity of the network toward
an asymptotic degree distribution ps(c), the righthand side consists of four
terms, the first and the third terms account the rate of gaining a node of
degree ¢ and respectively the second and fourth terms the rate of losing a
node of degree c. The equation (2.22) holds in the interval ¢ < E, whereas
for each ¢ > E we set p(c,t) = 0. While most the random graphs models with
fixed number of nodes and vertices produces unrealistic degree distributions
like the Watts and Strogatz generation model, called small-world model
[171], the main advantage of the graph generated through the described
rewiring process stands in the possibility to recover the scale-free properties.
Indeed we can easily show that if v = 2E/N > 1 with attraction coefficient
a < 1 then the stationary degree distribution pe(c) obeys a power-law of

the following form
a\”* a
~c)={|—] —. 2.4
pelc) = (2) (2.4)

When «a > 1 we loose the features of the preferential attachment mechanism,
in fact high degree nodes are selected approximately with the same probability
of the nodes with low degree of connection. Then the selection occurs in
a non preferential way and the asymptotic degree distribution obeys the
Poisson distribution _
Poo(e) = =" (2.5)
A simple graph is sketched in Figure 2.1 where we can observe how the
initial degree of the nodes influences the evolution of the connections. In
order to correctly observe the creation of the new links, that preferentially
connect nodes with the highest connection degree, we marked each node
with a number ¢ = 1,...,20 and the nodes’ diameters are proportional with
their number of connections.

2.2.2 The opinion alignment dynamics

The opinion of the ith agent ranges in the closed set I = [—1,1], that
is w; = w;(t) € I for each t € [to,ts], and its opinion changes over time
according to the following differential system

) 1 )
wi:l?'\ZPz‘j(wj'—wi)a i=L...,N (2.6)
jes;
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Figure 2.1: Left: initial configuration of the sample network G2° with density
of connectivity v = 5. Right: a simulation of the network G2° after 10 time
steps of the preferential attachment process. The diameter of each node is
proportional to its degree of connection.

where 5; indicates the set of vertex connected with the ¢th agent and reflects
the architecture of the chosen network, whereas ¢; = |S;| < N stands for the
cardinality of the set S;, also known as degree of vertex i. Note that the
number of connections ¢; evolves in time accordingly to the process described
in Section 2.2.1. Furthermore we introduced the interaction function F;; €
[0, 1], depending on the opinions of the agents and the graph GV which can
be written as follows

P)ij = P(wi7wj; gN) (27)
A possible choice for the interaction function is the following
P(w;, wj; GN) = H(w;, w;) K(GV), (2.8)

where H (-,-) represents the positive compromise propensity, and K a general
function taking into account statistical properties of the graph G. In what
follows we will consider K = K(c¢;, ¢j), a function depending on the vertices’
connections.

2.3 Optimal control problem of the alignment model

In this section we introduce a control strategy which characterizes the
action of an external agent with the aim of driving opinions toward a given
target wy. To this goal, we consider the evolution of the network GV (¢) and
the opinion dynamics in the interval [to,ts]. Therefore we introduce the
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following optimal control problem

¢ N
min J(w,u) := ;/tof {% z:l(wj(s) —wy)? + uu(s)Q}ds, (3.1)

uel

subject to

. O — 20
e \sép” Swteda =), w0 =uh @)
J

where we indicated with U/ the set of admissible controls, with v > 0 a
regularization parameter which expresses the strength of the control in the
overall dynamics and wy € [—1, 1] the target opinion. Note that the action
of the control u is weighted by an indicator function x(-), which is active
only for the nodes with degree ¢; > ¢*. In general this selective control
approach models an a-priori strategy of a policy maker, possibly acting under
limited resources or unable to influence the whole ensemble of agents. For
example we can consider a varying horizon control acting on a fixed portion
of connected agents.

The solution of this kind of control problems is in general a difficult task,
given that their direct solution is prohibitively expensive for a large number
of agents. Different strategies have been developed for alignment modeling in
order to obtain feedback controls or more general numerical control techniques
[5, 6, 11, 13, 32, 174, 117]. To tackle numerically the described problem a
standard strategy makes use of a model predictive control (MPC) approach,
also referred as receding horizon strategy.

In general MPC strategies solves a finite horizon open-loop optimal control
problem predicting the dynamic behavior over a predict horizon t,, < ¢y, with
initial state sampled at time ¢ (initially ¢t = ¢¢), and computing the control
on a control horizon t. < t,. The optimization is computed introducing a
new integral functional J,(-,-), which is an approximation of (3.1) on the
time interval [t,t + t,], namely

T (w, @) = % /t mp {% i(wj(s) g 4l bds (3.3)

Jj=1

where the control, @ : [t,t 4 t,] — U, is supposed to be an admissible control
in the set of admissible control U, subset of R, and v, a possibly different
penalization parameter with respect to the full optimal control problem.
Thus the computed optimal open-loop control 4(-) is applied feedback to the
system dynamics until the next sampling time ¢+t is evaluated, with ¢5 < t.,
thereafter the procedure is repeated taking as initial state of the dynamics
at time t 4 t5 and shifting forward the prediction and control horizons, until
the final time 7 is reached. This process generates a sub-optimal solution
with respect to the solution of the full optimal control problem (3.1)-(3.2).
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Let us consider now the full discretize problem, defining the time sequence
[to,t1,...,tu], where t, —t,_1 =ty = At > 0 and ty := MAt = ty, for
all n = 1,..., M, assuming furthermore that ¢, = t, = pAt, with p > 0.
Hence the linear MPC method look for a piecewise control on the time frame
[to, tar], defined as follows

M-—1
W) = ) W Xty tna) (1) (3.4)
n=0

In order to discretize the evolution dynamics we consider a Runge-Kutta
scheme, the full discretized optimal control problem on the time frame
[tn, tn + pAt] reads

. B 1 tn‘i’pAt 1 N 9 9
min Jp(W,a) := 3 /tn {N jE_l(wj(S) —wq)” + VU }ds (3.5)
subject to

W = wp + At ae (F(+ 086 W) + 0Qu(t + 6:A1) )
k=1

- _ 3.7
W = g+ A b (Rl 00w + 000+ aan)), (3.7)
=1

w;n = wi(tn)a

foralln=1,...,p—1;1=1,...,s8;%,..., N and having defined the following
functions

1 *
Pl =y 20 Palws =), Qi) = xle®) 2 )

The coefficients (a; ;)i %, (b;); and (6;);, with [,k =1,..., s, define the Runge-
Kutta method and (™), (W(y))l are the internal stages associated to

2
u(t), w;(t) on time frame [ty,, tpi1].

2.3.1 Instantaneous control

Let us restrict to the case of a single prediction horizon, p = 1, where we
discretize the dynamics with an explicit Euler scheme (a1 = 61 = 0 and
by = 1). Notice that since the control u is a constant value and assuming
that the network, GV remains fixed over the time interval [t,,t, + At] the
discrete optimal control problem (3.5) reduces to

N
min J (w, ") = At{% ;(wy+1(u") —wg ) (38)
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with

W = wl + At (F(ty, w?) + a"QT), wl = w;i(ty). (3.9)

K =

In order to find the minima of (3.5) is sufficient to find the value @ satisfying
OuJp(w, ) = 0, which can be computed by a straightforward calculation

N N
1
ﬂn — _ Qn (wn — wd) + At QnF(tmen>
Nv+ Aty Y (Qr)?2 ; A ; !

(3.10)

where we scaled the penalization parameter with v, = Atv.

2.4 Numerical results

In this section we present some numerical results in order to show the main
features of the control introduced in the previous paragraphs. We considered
a population of N = 100 agents, each of them representing a node of an
undirected graph with density of connectivity v = 30. The network G'%°
evolves in the time interval [0, 50] with attraction coefficient o = 0.01 and
represents a single sample of the evolution of the master equation (2.22) with
D = 20. The control problem is solved by the instantaneous control method
described in Remark 2.3.1 with At =5 1072, In Figure 4.3 we present the
evolution over the reference time interval of the constrained opinion dynamics.
The interaction terms have been chosen as follows

K(eivep) = e (1=e™), H(wi,wy) = x(jwi —wj| < A),  (4.1)

where the function H(-,-) is a bounded confidence function with A = 0.4,
while K (-,-) defines the interactions between the agents i and j taking into
account that agents with a large number of connections are more difficult to
influence and at the same time they have more influence over other agents.
The action of the control is characterized by a parameter x = 0.1 and target
opinion wyg = 0.8. We present the resulting opinion dynamics for a choice
of constants A = 1/100, 8 = 1 in Figure 4.2. We report the evolution of the
network and of the opinion in Figure 4.3, here the diameter of each node
is proportional with its degree of connection whereas the color indicates its
opinion. As a measure of consensus over the agents we introduce the quantity

N

_ 1 CEY N2
Vi = = 2 wi(t) — ), (4.2)

where wj(ts) is the opinion of the ith agent at the final time ¢¢. In Figure 4.4
we compare different values of V,,, as a function of c¢*. Here we calculated
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Figure 4.2: Evolution of the constrained opinion dynamics with uniform
initial distribution of opinions over the time interval [0, 50] for different values
of ¢* = 10,15, 30 with target opinion wy = 0.8, control parameter x = 0.1,
At = 1073 and confidence bound A = 0.4.

the size of the controlled agents and the values of V,,, both, starting from a
given uniform initial opinion and the same graph with initial uniform degree
distribution. It can be observed how the control is capable to drive the
overall dynamics toward the desired state acting only on a portion of the
nodes.

2.5 Conclusions and perspectives

In this short note we focus our attention on a control problem for the
dynamic of opinion over a time evolving network. We show that the intro-
duction of a suitable selective control depending on the connection degree
of the agent’s node is capable to drive the overall opinion toward consensus.
In a related work we have considered this problem in a mean-field setting
where the number of agents, and therefore nodes, is very large [14]. In future
works we plan to concentrate on the model predictive control setting, where
the evolution of the control is based on the evolution of the network, and
on the case with varying prediction horizon acting on a given portion of the
agents.
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Figure 4.3: Evolution of opinion and connection degree of each node of the
previously evolved graph G'%°. From left to right: graph at times t = 0, 25, 50.
From the top: opinion dynamics for threshold values ¢* = 10,20, 30. The
target opinion is set wy = 0.8 and the control parameter x = 0.1.

33



Optimal control of opinion dynamics over complex networks Chapter 2

=1

Y . . . . . . . ‘70:1
—=—Contr.Agentg "

ot
-

et |
+

Figure 4.4: Left: the red squared plot indicates the size of the set of
controlled agent at the final time ¢; in dependence on c¢* whereas the blue
line indicates the mean square displacement V;,,. Right: values of the control
u at each time step for ¢* = 10,20,30. In the numerical test we assumed
A=04,At=510"2k=0.1.
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Chapter 3

Performance bounds for
mean—field constrained
dynamics

3.1 Introduction

In recent years many mathematical models of self-organized systems of
interacting agents have been introduced in the literature, see for example
[16, 19, 46, 67, 66, 68, 70, 71, 74, 94, 115, 119, 139, 145, 164] and the
references therein. The general setting consists of a microscopic dynamics
described by systems of ordinary differential equations where the evolution
of the state of each agent is influenced by the collective behavior of all other
agents. Examples in those microscopic interacting systems are frequently
seen in the real world like: schools of fish, swarm of bees, herds of sheep,
opinion formation in crowds and financial markets. Of interest is usually the
case when the number of agents becomes very large. Here, the qualitative
behavior is studied through a different level of description, i.e. through the
introduction of distribution functions whose behavior is governed by kinetic
(or fluid-dynamic) partial differential equations.

The control mechanisms of self-organized systems has been investigated
recently as follow—up questions to the progress in mathematical modeling
and simulation. The control of emergent behavior has been studied on the
level of the microscopic agents [13, 33] as well as on the level of the kinetic
[6, 11, 116] or fluid-dynamic equations [27, 65, 75, 89]. The contributions
have to be further distinguished depending on the type of applied control.
Without intending to review all literature we give some references on certain
classes of control, e.g., sparse control [88], Nash equilibrium control [128],
control using linearized dynamics and Riccati equations [115, 116] or control
driven by other external dynamics [11, 82].

Here, we focus on a general method to construct a control mechanism,
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called model predictive control (MPC). MPC utilizes the assumption that
agents optimize their cost functional not necessarily over a large time hori-
zon. Instead they determine their (locally best) action by minimizing their
cost only over a short time interval which recedes as time evolves. The
methodology of MPC is also called receding horizon control (or instantaneous
control when the length of the horizon is equal to one). From the modeling
point of view the fact that agents may be able to optimize strategically
their trajectories over a small, but finite, interval of time opened several
connections to socio—economic problems, where each agent, or a portion
of them, is influenced in order to force the entire system toward specific
patterns.

MPC has been used in the engineering community for over fifty years, see
e.g. [134, 135, 136, 163] for an overview and further references. However,
therein, only a small number of agents M < oo is considered and the
optimization problems are then studied at the level of ODEs. The link
between MPC on the level of agents and the MPC on the level of kinetic and
fluid-dynamic equations has been subject to recent investigations [6, 75, 116],
and also the relation between MPC and mean-field games [128] has been a
subject to recent studies [73]. However, in all currently presented approaches
on MPC in relation to mean-field limits the special case of a receding time
horizon has been considered. While this is computationally advantageous,
it is known to have some severe drawbacks: in the case of finitely many
agents stability of the controlled system can expected only if the horizon
is sufficiently large, the instability of the controlled system has been also
observed numerically e.g. in [11]. Further, MPC leads to a control that is
suboptimal compared with the theoretical optimal one, that is a control with
infinite control horizon. Except for a very particular case [116] there is no
result on the relation between the optimal control and the MPC approach in
the mean-field limit.

In the case M < oo there has been recent progress on the relation between
the time horizon for MPC and the stability as well as optimality estimates of
MPC controls [105, 106, 107, 121]. In particular an estimate on the difference
between MPC and optimal control has been given in [106, Corollary 4.5].
The theory therein covers finite and infinite dimensional phase spaces, but
still requires the number M of agents to be finite.

The main purposes of the present work is to extend the theory presented
in [106] to the limit case of infinitely many agents. The goal is to derive
the corresponding mean-field results for the optimality estimates under the
same assumptions as in the case M < oco. While the presentation will cover a
general dynamics we exemplify the results on a first—order alignment model,
as an extension to models recently presented [6, 11].

The rest of the manuscript is organized as follows. First, in Section 3.2,
we introduce some notations and results for an exemplified constrained
model deriving its mean-field formulation and highlighting the main features
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of the performance estimate for the MPC approach. In a more general
setting, in Section 3.3, we define the objects of a mean-field optimal control
problem subject to a given dynamics proving several estimates in relation to
MPC. Here, an example is proposed with numerical results, in Section 3.4,
confirming the theoretical analysis. In 5.6 we recall technical details.

3.2 Notation and motivating example

In this section, in order to clarify the notations and exemplify the aims
of this work, we introduce a stylized problem which has been extensively
investigated in several recent works on constrained alignment dynamics
[5, 6, 13]. At the microscopic level, the mathematical description of collective
motion is given by a nonlinear system of ordinary differential equations, from
which the mean-field level may be obtained through specific assumptions
[53, 66, 90]. Let us assume that M > 0 agents fulfill the dynamics in
discretized form

At I
Tintl = Tin + 37 > P(wjn = Tin) + tn (2.1)

Jj=1

where P > 0 is a general interaction function that may also depend on
variables (xjn)f\il and z;, = ;(t") € X C R is the state of the ith agent at
time t" > 0 with t" = n € N. We denote by

Xn = (xiJL)i]\il? X in= (xj,n)jjvil,j;éi (2.2)

the state of the full system at time " and the state of the all agents except
the ith agent, respectively. In the following we will drop the dependence on
the time variable whenever the intention is clear. Moreover we assume that
initial conditions X (t°) = X are given.

The control sequence (uy,), is to be determined in order to minimize a
given cost functional

T (Xo) = A X, un) (2.3)
n=0

where X, is the solution to (2.1) for the control u, € U, with U C R
bounded, and initial datum X (0) = Xy. In (2.3) we introduce a general
function £ : RM x U — R. Hence, the functional J depends on the initial
datum X, as well as the choice of the control sequence u = (uy),. The
dependence of J on the time horizon is indicated by a subscript +o0o, whereas
the dependence on the control by the superscript u. We assume here that
there exists a solution u* of the optimal control problem

u* = argmin J% (Xp). (2.4)
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From the computational point of view this approach is generally too expensive,
therefore, a suboptimal approach named model predictive control (MPC)
has been proposed. The leading idea of the MPC approach is to avoid
the solution of the dynamics on the whole time interval by considering a
closed-loop control for the considered model, see [44, 158] for an exhaustive
introduction. In particular a control mechanism designed through a MPC
might be interpreted as a strategy in the contest of the mean-field games
[73].

(Single-step) MPC with receding time horizon N applies a control u of the
type

uMPC (1) = Z ulPOX gty (1) (2.5)

MPC

The unknown control actions wu,, € R are determined at each time t" by

WMPC — ) (2.6)

where (vy)Y_, are the solutions of the following auxiliary minimization
problem

N

(Vk)p=1,. y = arg min At Zé (Yi,vx) subject to (2.8), (2.7)
(Uk)k 1 k=1

where the states Yi, k= 1,..., N, are given by the dynamics (2.8) for an
initial value X,, and a time horizon N, i.e., foreach k=1,..., N

Yik+1 = Yik + =~ Z P(yjk — vig) + Atvk,  yi1 = Tip. (2.8)

In the introduced notations, the case N = 2 corresponds to instantaneous-
type control, which has been extensively investigate in the literature, see
[6, 11, 73, 75].

A first obvious relation between the optimal control and the control intro-
duced through a model predictive approach is the following

T (X)) > T (X). (2.9)

Part of the investigation in [106] is related to a result to establish an upper
bound on J¥X uMPe by a multiple of J , in particular the result [106, Theorem
4.2] proves that such a multiplicative factor can be obtained and depends
in particular on the optimization horizon N and on the decay rate of the
function £(-, ). The result of the aforementioned work leads to an estimate

at the ODE level of the type
N WMPC .
anJy (Xo) < anod (Xo) < Jx (Xo), (2.10)
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MPC

for some 0 < any < 1. Where we indicated the dependence of u on the

time horizon in problem (2.7) by the subscript N on the control. Further,

an estimate « NJ&% " (Xo) < J% (Xo) has been established as an additional
result in [106, Corollary 4.5]. Here, JY is defined as in equation (2.3) but
for a finite time horizon T'= NAt. An estimate on the crucial constant apn
is provided e.g. in [107].

We are interested in a corresponding result in the case of a large number
of agents, that is in the limit M — oo. We sketch here the derivation of the
semi discrete mean-field formulation of the constrained problem (2.1). Let us
suppose that for each n > 0 the introduced MPC control « 7% is symmetric
with respect to each position of the system of agents at time t". We define
the empirical measure

() = fun = — Tin) (2.11)

HM§

where ¢ is the Dirac delta, or localizing function, defined in the space of
probability measures of R?, namely P(R%). For any test function function
¢ € C}(R?) we have

1 M
[ o) atars = 5; > olain) (212

then through a first order Taylor expansion we obtain
O(@ims1) — O(@in) = &' (Tin) (@ins1 — Tin) + O(AL) (2.13)

Now from the original dynamic (2.1) we can replace the quantity x; p4+1 —Zin
n (2.13), we have

A(Tint1) — ¢(Tin) = ¢ (Tin) ZP Tjm — Tin) + AtuMPO| 0 (2.14)

If we consider not the sum over ¢ = 1,..., M equation (2.14) assumes the
following form

1 M
i Z (Tin+1) — O(Tin) =
i=1

o e (2.15)
i Z ¢ (i) i Z P(zjn — i) + AtupT¢
i=1 =1

Given that fys, is a probability measure in the space P(RY) with uniform
support with respect to M, Prokhorov’s theorem implies that the sequence
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(fmn)m is weakly-* relatively compact, i.e. there exists a subsequence
(fMpn),, and a probability measure f, € P(R?) such that

me,n 7w fn (216)

in P(R%) pointwise in time. Recall that for the Cucker-Smale model the
tightness hypothesis is in general satisfied if the initial distribution fs is
compactly supported with respect to M. For a rigorous proof we refer to
[53, 90].

As an example, consider the special function ¢ : RM x U — R

M 2
11
(Xu) =5 | > a; —l—%uQ, (2.17)
i=1

for some regularization parameter v > 0. Then, the limit M — oo of ¢ exists
and is given by

0 f,u) = % (/R yf(y)dy>2 + gu2 (2.18)

with [ : P(R) x U — R, where P(R) denotes the probability measures on R.

Let us consider the dynamics (2.8) and denote by y — fx(y) the agent
probability density at time t* with fi(-) € P(R) for k = 1,...,N. The
limiting equation corresponding to the microscopic dynamics in (2.8) for
M — 0o and a.e. y € R reads

fer1(y) = fuly) — Ato, /X P (z —y) fx(2) fk(y)dz — Atogdy fr(y),
f1(y) = ha(y).

The probability distribution h,(-) € P(R) is the distribution h(t,) at time
t" obtained by propagation of the mean-field limit of the original dynamics
(2.1), i.e. for each mn >0

(2.19)

hpt1(z) —hy () +At0y </X P(z — z)hp(2)hp(x)dz — unhn(a:)> =0 (2.20)

In equation (2.20) u(-) = u™PC(-) is the control obtained by the MPC
approximation (2.5) and (2.6). The initial state h(t,0) = ho(z) is obtained
as the probability distribution corresponding to the mean-field limit of the
initial data to (2.1). The control (vg)Y_, in equation (2.6) is determined by
solving the corresponding mean-field optimization problem, i.e.,

N
(Vg)k=1,... N = arg min At Zg(fk(-),vk), subject to (2.19).  (2.21)

k=1 k=1
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As usual, the constrained initial discrete dynamics in the case of the
introduced MPC control is recovered by substituting the discrete measure
M, defined in (2.11), in the weak form of the equation (2.19). Again, we
refer to [53, 90, 138] for rigorous results and more details on the mean-field
limit. As an example, note that the mean-field limit J% : P(R) — R is

T (ho) =D U(hn(-), un), (2.22)
n=0

where h is determined by equation (2.20) with initial condition hg € P(R). As
before a horizon of N = oo, corresponding to the optimal case, is desirable but
computationally inefficient. In the sequel we want to establish the estimate
(2.10) also for the mean-field cost functional J*. Except for the assumptions
required to derive the mean-field limit we only enforce the assumptions of
[106, Theorem 4.2] and we will show how those are sufficient to derive the
corresponding estimates. Also, we will justify by obtaining the suitable
mean-field limits the previously outlined recipe for MPC mean-field control
for a broader class of agent dynamics.

3.3 Optimality estimate for the mean-field cost
functional using MPC approach

We will follow the approach described in [106, 107] with applications to
the infinite dimensional mean-field case taking first into account a discretized
system of ordinary differential equations.

Let us consider a homogeneous time discretization for a general problem
i = g(xi(t), X—i(t)) + u(t) given by

Tint+l = Tin + Atg (xm, X—z’,n) + Atu,, (3.1)

where g : RM — R is a general differentiable function that depends on the
state of the ith agent and on the states of the other agents (2.2). Also,
At = t"t1 — " > 0 and for simplicity we assume At = 1. Let us suppose
that g fulfills the assumptions of [29, Section 4], see also 5.6. In order to
pass to the mean-field limit we require that the trajectory of each agent
x;n belongs to a compact subset X of R for all time steps n > 0. Let U
be a compact subset of R. Then, we assume that for z;0 € X and u,, € U
we have z;, € X for each ¢ =1,..., M. Then, according to the result 3.5.1
there exists a function

G: XxPX)—=R

such that the sequence
GM (xz',na m)]\éi,n) = g(xi,nv X—i,n)
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converges toward G in the limit M — oo. For the precise definition of
(Gar)ar with G @ X X P(X) — R we refer to equation (5.3). This allows to
obtain that the particle density function f,, € P(X) satisfies the semi—discrete
partial differential equation in strong form

for1(x) = fo(2) = Ba[G (2, fu(@)) fr(2)] = Oulfn(2) un], (3.2)

for a given initial distribution fo € P(X). We denote with U the set of
admissible control sequences (up)nen,, Where u, € U C R. In the following
we will always assume that for any given initial distribution fy € P(X) and
control u = (uy)y, there exists a sequence of sufficiently regular functions
(fr)neNg, fn € P(X), given by the dynamics described in (3.2). This sequence
depends on the initial distribution fy and on the choice of the control sequence
u = (up)n. We observe how equation (3.2) is meaningful provided that f,, are
absolute continuous, in the sense of Radon-Nikodym, with sufficiently smooth
densities. The assumption is rather strong for the introduced dynamics G(-, )
and it is not trivial that, for a general fy, the distribution f, for all n > 0
stays smooth.

The equation (3.2) is the discrete time counterpart of a non-local non-linear
transport equation, see [64] and the references therein.

Definition 3.3.1. The infinite horizon mean-field cost J% : P(X) — Ry is
denoted by

+o00
T (fo) =D U(fny un), (3.3)
n=0

where | : P(X) x U — R{ is the running cost function and where (fn)n, fn :
P(X) — R, is the solution to equation (3.2) with initial distribution fy €
P(X) and given control sequence u = (Up,)p.

Example 1. Consider the discrete problem (2.8). Let the cost functional be
given by a discretization of (2.3) with ¢ as in the previous section:

11X ?
14
U X, un) = 3 (M qun) + §u,21
=1

for some fized parameter v > 0. The function ¢ is symmetric in X,. Provided
that x; , € X, u, € U, we obtain that ¢ is uniformly bounded independently
on M, i.e. |[l(-,))]lcoc < Co. Further, € is locally Lipschitz-continuous in
X, as composition of locally Lipschitz continuous functions. In fact let
Tin, Yin € X, then we can compute

2

1 1 ? v 1 1 v 2C
E 2 2 : 2 1
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i=1

Z(xi,n - yi,n)
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with Cy > 0 the Lipschitz constant. Therefore, £(-,-) fulfills as function of X
the assumptions of Theorem 3.5.1 and its mean-field limit exists and is given

by
U fn,upn) = % (/X a:fn(an)d:z:>2 + —uZ. (3.4)

[CIIN

The previous example shows that the cost functional (2.3) requires strong
symmetry assumptions. This is fulfilled for example if it depends on functions
of average quantities of the state of the particles. Under the symmetry
assumption we expect to extend the results proposed in [106]. Therefore, we
require in the following that the running cost ¢ is symmetric with respect
to each agent, that the running costs are uniformly bounded and Lipschitz
continuous with respect to the distance di, defined in 5.6.

Let us now introduce the notion of optimal value-function, in the mean-field
setting, and show a first result.

Definition 3.3.2. We denote by Vo : P(X) — R the optimal value function
of the mean-field control problem (3.2) associated with the infinite horizon
cost J% (fo) :

Vaelfo) = inf J%(Jo). (35

We define the approximate optimal cost Jy : P(X) — R with optimization

horizon N as
N-1

T (fo) = Y U un)- (36)
n=0
The approximate value function Vy(fo) : P(X) — R in the case of receding
horizon strategy is defined by

Viv(fo) = inf T3 (fo, ). (3.7)

Further we introduce the notion of a feedback law. A feedback law for M
agents is a mapping s : XM — U. A symmetric feedback law is a feedback
law such that for all X € XM : pp/(X) = pupr((%i)4(s)) and any permutation
o € Sy, with Sy the symmetric group of degree M

(ol oty o) 9

As for the running cost ¢, we further assume that the feedback law pys is
symmetric, uniformly bounded and Lipschitz continuous with respect to d;.

We now establish an estimate of the type (2.10) in the mean-field case.
Note that the result in [106] alreadys covers the case of a cost functional (3.3)
and (3.2). Therefore, our purpose is to derive the estimate (2.10) starting
from the finite discrete dynamics (3.1) and in the mean-field limit case
M — oo.
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Proposition 3.3.1. Let us consider a set of M agents which evolve according
to the microscopic dynamics (3.1) with known initial data (2;0)M,. Consider
the functions Cpr - XM — R, and Vay : XM x U — R, and a symmetric
feedback pp : XM — U, fulfilling the assertions of Theorem 3.5.1 and
Definition 3.3.2.

Assume furthermore that Vs fulfills for all Xo € XM the inequality

Var(Xo) =Var (w0 + At (g(wins X-in) + par (X0, )
+ alnr (Xo, par (Xo))

(3.9)

with a € (0,1]. Then, there exists a function V :P(X) = R as mean-field
limit of Vay for M — oo such that for all f € P(X) we obtain

aVoo(f) < @J&(f) S V(f). (3.10)
for u = (up)n,un = p(frn), where p is the mean-field limit of (pnr)ar-
Proof. Due to the assertion of Theorem 3.5.1 we have V, £: P(X) x U — R

and p @ P(X) — U exist. Further, we obtain for fo € P(X) (as limit for

M — oo of the sequence (m)]\é[o )ar) the corresponding inequality for V'

V(fo) = V(fo — 0:[foG(=, fo)] — 9ulfo u(fo)]) + al(fo, u(fo)).  (3.11)

In fact for all¢ =1,..., M and all M
13171' = $O,i + At g($i,n7 X—i,n) + At [LM(XO), (312)
which corresponds in the mean-field limit to

f1 = fo— 0z[foG(x, fo)] — Dzl fo n(fo)]- (3.13)

The mean-field limit V is obtained as limit of the sequence Vs : P(X) = R
where

Var(f) = inf {Var(X) +w(di(my, )}, (3.14)

see Theorem 3.5.1. We therefore have Vs (m3!) = Vj;(X) and therefore for
all Xo € XM

Further, V3, has modulus of continuity w, i.e., [V (f)—=Var(9)| < w(di(f,g)).
Let fo € P(X) be the limit of m]\X/fo for M — oo. Note that the limit exists for
metric d; on the probability measures, since X' is compact subset of R and
therefore 17”L]\X/[0 has finite 1-Wasserstein distance, i.e., [, |:L'|alm*])\(/[0 < C with
C independent of M and Xj. Due to the dynamics (3.12) we have f is then
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the limit of m)]‘({, X1 given by (3.12). Since Vs has modulus of continuity
w, we obtain

Vu(fo) = Vu(fi) + alar(fo, ear(fo))-
Hence, we have

V(fo) > V(f1) + oLl fo, u(fo))-

Define now u,, = u(f,) and consider the solution to (3.2). Since X, € &M
is arbitrary we obtain that (3.11) holds for all fy € P(X) and therefore

V(fa) = V(fus1) + @l fr, 1(fn))- (3.15)

Summation over n yields

K-1

@Y U fayun) <V (fo) = V(fx) < V(fo)- (3.16)
n=0

Let now K — oo, then V(fo) is an upper bound for JY% = >"2°  4(fp, un)
and where u,, = u(f,). Since u,, is an admissible control we obtain for all
fo € P(X) 3

Voo (fo) < adS (fo) < V(fo), (3.17)

our assertion as limit of discrete measures. O

The previous results hold for any family of functions Vi and any symmetric
feedback law. The idea is now to establish the inequality in (3.9) for a general
MPC strategy and a family of functions Vi given by the optimal running
costs Vv as in Definition (3.3.2). In order to establish equation (3.9) for a
broad class of running costs ¢, the functions p, 5 have been introduced in
Section 3 in [106]. We recall their definition and assertions in Definition
3.3.3 below. Under Assumption 1 we prove that y = u]\N/I PC and Vy fulfill
the assertions of Proposition 8.2.3. The Assumption 1 is the mean-field
analogous to the assumption imposed in [106, Assumption 3.1].

Definition 3.3.3. We say that a function p: RT — RT is of class Koo if
(1) p(0) =0,

(ii) p(-) is strictly increasing

(7i1) p(-) is unbounded.

Moreover a continuous function f : RT x RT — R™ is of class KLg, if Vr > 0
we have 1i1_r|rn B(r,t) =0 and for each t > 0 we either have B(-,t) € K or
T—1+00

(b) B(-,1) =0.

We will denote by £*(f) the minimum of the mean-field running cost ¢ and
as in [106] we assume it exists

C(f) = min £(f,u). (3.18)

ueU
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Assumption 1. We assume that ¢*(f) is well-defined for all f € P(X).
Further, for given 8 € KLy and each fy € P(X) ,there exists a sequence of
controls (up)n, un, € U depending only on fo such that for each n we have

E(fnaun) < 5(6*(f0)an) (3'19)

In the following Lemma we prove that Assumption 1 is fulfilled provided
that the finite-dimensional problem fulfills the corresponding assumption
[106, Assumption 3.1]. We establish the proof in the special case of 5 given
by

B(r,n) = Co"r, (3.20)

where C' > 1 is the overshoot constant and o € (0,1) the decay rate. Clearly,
the particular choice f(r,n) € KLy.

Lemma 3.3.2. Let 8 be given by equation (3.20). Consider a dynamics with
M agents given by the dynamics of equation (3.1) with a control sequence
(tn)n and u, € U and initial conditions Xog € XM . Assume £y : XM xU — R
and 03 : XM 5 R fulfill the assumptions of Proposition 8.2.3 for all M.
Further, we assume that [106, Assumption 3.1] holds, that is for all M we
have

Uap (X, un) < B0 (Xo),n). (3.21

Then, the mean-field limit (Car)pr and (Cy) v exist and the limit £ : P(X)
U— R and 0* : P(X) = R, fulfills Assumption 1:

Proof. Due to the assumptions on the family (¢37)ps given in Proposition
8.2.3 we have the existence of the mean-field limit ¢ according to Theorem
3.5.1. Consider the family of functions

Au(X,n) = Bl (X),n).

Clearly, the function Sjs is symmetric in X € XM, Using the definition
of B by equation (3.20) and the properties of £}, we have that Sy (X,n)
is uniformly bounded with respect to X on the compact subset XM by
Co™||6;;(X)|l. For each ry,ry such that |rq —ra| < § we have

|B(r1,n) = B(rz, n)| < Co™|ry —ral.

Hence, for e = C'o™d, we have uniform continuity of 8y; due to the uniform
continuity of £%,. If w(-) is the modulus of continuity of ¢}, then Co™|w(-)|
is the modulus of continuity of 8ys. Hence, for each fixed n there exists the
mean-field limit 3 of (8Sas)asr. Also, there exists the mean-field limit £* of (£3,).
Due to the Lipschitz continuity of 3 we also have that supx [3(¢3,, (X)) —

(e (mé\g’“)] — 0 for (My)r — oo. Therefore, the mean-field limit (f,n) =
B(*(f),n). Similarly to what we have proven in Proposition 8.2.3 it follows
that the inequality (3.21) implies then (3.22). O
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Example 2. Consider the example of Section 3.2. The running cost has
been given by

1 2
U fnyun) == </ xfn(a:)dac> + Zui. (3.23)
2 \Jx 2
The optimal running cost £* can be computed explicitly and is given by

() = % < /X . fn(m)d:ﬁ>2. (3.24)

From the mean-field dynamics for f, are given by (2.19). Upon integration
on X we obtain

/ T fnt1(x)de = / xfn(x)dx + At uy,. (3.25)
X X

In [6] the following feedback law p : P(X) — U has been proposed as instan-

taneous MPC: )

ph) = T /X () da. (3.26)

Using Atuy, := u(fn) the optimal running cost £*(fy) is expressed in terms
of the initial cost *(fo) as

() = % <1 _ 1iy)2 </Q :cfn_ldx)z _ (1 _ H1V>2nz*(fo). (3.27)

Therefore we have

(fortin) = (1 + (H”V)Q) <1 - i V>2n C(fo) = ComC*(fy).  (3.28)

The overshoot constant C and the decay rate o are computed explicitly for a
given reqularization v > 0 as

v 1 2
=14+ —> =(1- — , )
Cc=1 T 1, o <1 1 1/> € (0,1) (3.29)

Consider the receeding horizon costs with length one as v P(X) — R defined
as

1
V(fo) ==Y fur (). (3.30)
n=0

Due to equation (3.28) we obtain the assertion of Proposition 8.2.3 is true
by simple computation

V(fo) > V(f1) + al(fo, u(f0)) (3.31)

provided that o := 1 — (Co)? fulfills 0 < «. This yields a bound on the
regularization parameter v. This estimate for « is only wvalid in the case
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of the feedback law (3.26). The idea is to generalize the result to arbitrary
symmetric running costs £ and different control horizons. In the numerical
results we then observe for large values of v also a decay in the receeding
horizon costs provided the control horizon is sufficiently large.

The following Lemma is the analog to [106, Theorem 4.2]. The main
idea is to establish the inequality (3.9) using Lemma 3.3.2 for a function V
given by the approximate value function (3.7). The discrete approximate
optimal cost I XM x YN — R with running cost £p; : XM x U - R
and corresponding approximate value function Vo + X M _ R are obtained
by considering the discrete measure m yx for X e X M and fixed M :

Vv (Xo) = Viv(mi), I% ar(Xo, (un)iy ZZM Xp,up).  (3.32)

where

O (X) = LmA  un). (3.33)

Here, X, = (3, n) fulfills the discrete dynamics (3.12) with initial data
x;(0) = x;0. We assume that the discrete functions fulfill the corresponding
relation (3.7) for all X € XM .

Vv X) = J X, (up) Nt
N,M( ) (uTT)I)lé%[N NM( (U )n 0)

The symmetric feedback law p is the MPC feedback introduced on the
discrete level by equation (2.6) and equation (2.7), respectively.

Lemma 3.3.3. Consider the discrete dynamics (3.1) with M agents and
B given by equation (3.20) with C > 1 and o € (0,1). Consider a model
predictive control horizon of N. Assume the family (Car)ar, bar : XM xU — R
fulfill the assertions of Proposition 8.2.3. Assume assumption 1 holds true.
Let Vyar, by and I, be given by equation (3.32). Given are sequences
An >0, nzO,...,N;l and v > 0 such that

— 1—oN-k
d A< ON———, k=0,...,N—2, (3.34)
l1—0
i1 1—oN-i
1% S 2:0)\”4—1 -+ C)\j.;_lﬁ, J = 0, 7]\7 (335)
holds true. Assume that then also

N-1
> A —v = Moy, (3.36)
n=0

48



Chapter 2 Performance bounds for mean—field constrained dynamics

holds true for some o € (0,1]. Then, for any M and any Xo € XM and any
running cost {yr fulfilling (3.21) we obtain (3.9) for the MPC' feedback law
pnr given by (3.39) and for the value function

VM = VN,M-

Provided that (pupr) v is symmetric and fulfills the assertions of Theorem 3.5.1,
we obtain for each f € P(X) as limit of (m¥ )y, M — oo, the inequality

Voo (f) < i (f) <V (F) (3.37)

where w = (Up ), Un = 1(fn) and where p is the mean-field limit of (par)ar-

Sketch of the proof. The proof is analogous to the proof of [106, Theorem
4.2]. We recall that condition (3.36) is equivalent to the assertion [106, (4.3)].
For 8 given by equation (3.20) the assertions [106, (4.1),(4.2)] simplify to
equation (3.35) and (3.34), respectively. Consider M agents with correspond-
ing arbitrary initial condition X € XM . Consider the finite horizon problem
of length N given by

(up)n=e = arg min I (Xo, (ua)yg)- (3.38)
(up)neUUM ’
Then, we denote the corresponding optimal trajectory X, obtained through
the dynamics (3.1) for u, = u). We define
/\MM :KM(X* u*), TL:O,...,N— 1

n» 'n

and

VUnr = VN,M(XT>
Similarly to [106, Proposition 4.1] the values A\, ps and vy defined in the
proof above fulfill equation (3.35) and equation (3.34). This result has been
established in the case of finite number of agents in a sequence of auxiliary
aftermaths that are not repeated here. Now, consider the MPC feedback law
par(X) = vy where

N-1
V0 ) o= _1 = arg min Cpr (Yo, v 3.39
( O)k: 0,...,.N—1 g(vk)wk@lnz:o M( n k) ( )

where Y;, € XM solves equation (3.1) with initial data Yy = X and let
(X%)n be the trajectory obtained through (3.1) for initial data Xy and for
Uy, = u(Xy). We observe that uf = u(Xo) and X! = X for i = 0 and i = 1.
Therefore, pr(Xo,u§) = €a(Xo, 11(Xo)). Therefore, we obtain for all M and
any « from equation (3.36)

VN’M(X{L) + O[EM(XQ, M(Xo)) = VN,M(XT) + OéEM(Xo, US)

N-1 N-1
— v adoar € 3 Auar = 3 Car(X5uh) = Vi (Xo).
n=0 n=0
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Therefore, V y s fulfills the assertion on IN/M of Proposition 8.2.3. The second
assertion follows as a consequence of Proposition 8.2.3. This finishes the
outline of the proof.

The assumption on existence of an optimal control (3.38) for Jy as is also
precisely as in the case of finitely many agents. Note that as in the finite
dimensional case the optimal control might not exist. The previous result
(3.37) gives a performance bound in the following sense: due to the definition
of the approximate value function Vy(f) and Vo (f) we have

VN (f) < Vaolf)

Therefore, we obtain the (usable) estimate on the suboptimality of the MPC

L as
1

Joo(f) = ~Voo(f)- (3.40)

This precisely tells the dependence of the MPC cost on the optimal expected
cost Voo provided that « is known. The value of « is the effective degree
of p with respect to the (unknown) infinite horizon control. Clearly, the
computation of « fulfilling inequality (3.36) is in general a difficult task
requiring estimates on the value function and running costs. However, for g3
given by equation (3.20) we may estimate « solely based on the inequalities
(3.34) and (3.35). This estimate is denoted by ap. The corresponding result
is independent of the mean-field limit and has been established in [107,
Theorem 5.4].

Lemma 3.3.4. Let 8 be given by equation (3.20) for some C > 1 and
o €(0,1). Let N be the prediction horizon N. Given is a sequence X\, and
v > 0 such that equation (3.34) and (3.35) holds true. Assume that

N
(w =D ][ -1

ay=1- " >0 (3.41)
I 1[ -1
=2 =2

i—1
holds with ~; = CZJ". Then, for « = ay the inequality (3.36) is fulfilled.
n=0

Equation (3.41) is therefore called performance bound and may be com-
puted a priori to estimate the distance of the optimal cost towards the MPC
controlled problem. It solely depends on C and ¢ being the estimates on a
the running cost ¢. As already noted in [106] this estimate might give not
necessarily optimal performance bounds.
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3.4 Numerical Results

First, we investigate the performance bound (3.41). In the example 2 we
have the following explicit values for C' and o

C=1+-"~ (1o LY
B (1+v)?’ 7= 1+v)

Estimations on the coefficient ay allow to measure the quality of the MPC
generated control sequence. We depict the value of o as a function of N
and v in Figure 4.1. The performance bound can only be used if ay > 0 and
we indicate the line an = 0 by a black line. We observe that the performance
bound increases with respect to the MPC horizon as expected. The best
bound is ay = 1/2. For large values of the regularization parameter v we
have to consider a sufficiently large MPC horizon N in order to use the
theoretical results. Moreover, we observe that the result of Lemma 3.3.4
is consistent with the estimate derived in the special case of example 2 in
the case N = 2. The numerical results below indicate that the bound is
too pessimistic, similarly to what has been already observed in the finite
dimensional case.

0.
100
200

Figure 4.1: Computation of ay for different values of the regularization
parameter v.

As a numerical example we propose the following discretization coherently
with what we discussed in Section 3.3. This discretization reduces the N step
MPC problem to again a discrete problem of M agents. We approximate
the initial distribution fy € P(X) by faro given by a sum of Dirac delta

| M
favo = i ;5(90 — i) (4.1)
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located at points ;9 € X. Following this approach we recover the micro-
scopic formulation of [106, 107] from which we started in Section 3.3. The
continuous description is approximated in the large particle limit M — +oc.
In particular the Example 2 we observe that if fo = faro, then f, is also
composed of a sum of Dirac delta. We assume in the following that fy as
well as f, decays to zero at the boundaries z € 9X. We observe that if
J5 fodx =1 then we have [, fudz = 1. An approach based on Dirac delta
converges toward a continuous distribution function in the limit M — +oo0,
provided we have a considerably amount of particles centered in z;, € X.
Within the described discretization we also recover the setting of [106, 107]
as numerical scheme.

Thanks to the structure of example 2 further simplifications can be obtained.

1
We recall the mean-field running cost ( f,,.u,) = B (fe xfn(x)dx)2 + gui

We consider the mean-field equation equivalent to the discretized dynamics
of (2.1) for P=1and At =1

fos1 (2) = fule) — B, / D) fa@) a0y — O (unfale)) . (42)

a detailed derivation is given in Section 3.3. Upon multiplicating by a general
x € X and integrating with respect dr we obtain

/X Zfpi1(z)de = /X zfn(z)dz + up,. (4.3)

If we introduce a new variable for the mean Y}, := [, zf"(x)dx the problem
simplifies to the equation for the evolution of Y,,. Further, the cost function
is also expressed in terms of Yy, as £(Yy, u,) = 3Y;2 + Su2, and equation (4.3)
Yit1 = Yo + up.

Using the reformulation of the control of the mean the problem therefore
reduces to a problem appearing in the existing theory [106]. In particular,
the MPC subproblem to determine the optimal control for the horizon N is
solved explicitly for the previous dynamics. We computed for a horizon N
the MPC control at time n and initial data Yy as (u¥F%),,(Yy) = v1, where

ntN
()72 = argmin ) €(Yj,uz), Yier = Yj +uj, Yo = Yo.

j=n

For a fixed time horizon T" = 100, fixed initial datum Y, and fixed N we
then compute the value of the cost functional for

Zf MPC )
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MPC
where Y1 = Y; + (uMFC),,(Y;). Further, we compute J;,  to obtain the

optimal cost Vj,.
MPC

According to Lemma 3.3.4 we obtain the behavior of the MPC cost J;N

in relation to the optimal cost Vjj, in Figure 4.2. As expected for larger MPC
horizons we observe convergence towards the optimal cost. The performance
bound a is negative for N < 4 and therefore the Theorem 4.2.5 can not be
applied. In the results we choose v = 102. We observe that the bound on
ay is quite pessimistic and the distance of the estimated mismatch of the
MPC controlled case to the optimal one is quite large for small horizons, i.e.,
of order 102 for the horizon N = 5.

MPC
UN

u V;/QN

5 10 15

Figure 4.2: Value of the cost functional J;%Pc (Xo) for controls obtained
using a MPC strategy with control horizon N (red) and presentation of the
optimal costs V:(Xo) multiplied by % where ay is computed as in [107,
Theorem 5.4]. For N < 4 no estimate of the type (2.10) could be established.

We further investigate the behavior of the particle system (4.2) for controls
with different MPC horizon. According to the behavior of the cost we expect
that for increasing time horizon we are closer to the optimal cost. Defining

E, = / 22 f(z)dx.
R
we obtain from equation (4.2)
Epi1 = —En +2Y2 +u, Y.

The running cost tries to minimizes a trade—off of the mean of the distribution
and the control action. If the mean Y;, tends to zero, then we observe that the
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Figure 4.3: Experimental results for the optimization problem with varying
optimization horizon N and regularization constant v = 10°.

energy F,, tends to zero exponentially fast. Therefore, we expect with longer
time horizon a mean Y;, closer to zero and small variance of the solution to
the kinetic equation. We simulate using M = 10° discrete points randomly
distributed on X = [—1, 1] as initial condition faso as in equation (4.1). The
MPC control is computed according to the considerations above for v = 102
and v = 103 reported in Figure 4.3 and Figure 4.4. In both figures we show
the computational results for the time evolution of the distribution f,, for
n=20,...,100. As expected longer optimization horizons leads to a faster
decay in the variance of the distribution f,.

3.5 Conclusion

We have extended the estimates for the suboptimal MPC to the mean-
field limit. The derived estimates yield performance bounds for general
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Figure 4.4: Experimental results for the optimization problem with varying
optimization horizon N and regularization constant v = 103,
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symmetric multi-agent dynamics. Except for the assumptions necessary
to obtain the mean-field limit no additional requirements compared to the
finite—dimensional theory are required. The results apply to common agent
dynamics modeling for example swarming, alignment and economics. We
exemplified the theoretical results as well as the estimates on a simple opinion
formation model. The stability of the mean-field controller is still open and
will be investigated in a forthcoming work. Further, the estimates on ap
are pessimistic due to its generality. It is expected that the bounds can be
improved for specific problems as in the finite dimensional case.

Appendix Ch.3

We collect some results of [48] for convenience; see also [29, Theorem 4.1].
The Kantorowich-Rubenstein distance d;j(u, v) for measures p, v € P(Q) is
defined as

di(p,v) = sup{/ dpdlp—r);¢:Q — R, ¢ is 1 - Lipschitz }. (5.1)

Theorem 3.5.1 (Theorem 2.1[48]). Let Q™ be a compact subset of RM.
Consider a sequence of functions (upr)y_; with up QM — R. Assume each
up (X) = up(21, ..., x0) 18 a symmetric function in all variables, i.e.,

UM(X) = UM(:CO'(l)) s 7x(r(M))

for any permutation o on {1,...,M}. Let d; be the Kantorowich—Rubenstein
defined in (5.1) and let w be a modulus of continuity independent of M.
Assume that the sequence is uniformly bounded |[uns|| oo (@ry < C. Further
assume that for all X, Y € Q™ and all M we have

uar(X) = up (Y)| < w(di(mi, my))

M
where méw € P(Q) is defined by mé\/[(x) =4 Zgl o(z —&).

Then there exists a subsequence (unr, )i of (un)m and a continuous map
U:P(Q) — R such that

lim sup |up, (X) — U(mgg’“)\ = 0. (5.2)
k—oo x cpM
Theorem 3.5.1 has been extended to the case of functions g(z;, X_;) :
XM c RM — R being symmetric only in X_;. Here, X is a compact subset
of R. The corresponding result is given in [29, Section 4] and repeated here for
convenience. For any permutation o of the set {1,..., M}\{i} and all z; € R
we have g(z;, X_;) = g(w;, (74(;));i). Moreover, there exists a modulus of
continuity w such that for all z;,y; € R and all M we have

lg(ai, X i) — g(yi, Y-i)l| < w(llzs — will) + w(di(my 1 myf ).
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Further assume that [|g(X)l ey < C. Then, g(z;, X—;) : RM — R can
be extended to a function Gps : X x P(X) — R by

Guz,v) = inf {g(e, Xo) +wldi(my ")} (5.3)

It can be shown as before that (Gr)a is a sequence of uniformly equi-
continuous functions on X' x P(X'). Therefore, (G r)as converges to a function
G : X x P(X), see also [29, Theorem 4.1].
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Chapter 4

Structure preserving schemes
for nonlinear Fokker—Planck
equations

4.1 Introduction
In this paper we construct and discuss a steady-state preserving method
for a wide class of nonlinear Fokker-Planck equations of the form

{atf(wvt) =Vy- B[f](wv t)f(wvt) + vw(D(w)f(w’ t)) ) (1'1)

f(wv 0) = fO(w)a

where t > 0, w € Q CR%, d > 1, f(w,t) > 0 is the unknown distribution
function, BJ-] is a bounded operator which describes aggregation dynamics
and D(-) > 0 is a diffusion function.

A typical example is given by mean-field models of collective behavior
where the nonlocal operator B[-] has the form

B[f](w,t) = S(w) + /Rd P(w, w)(w — wy) f(wy, t)dwsy, (1.2)
with P : R4 - R+ and S : R? — R With the choice (1.2) equation (1.1)
describes typical features of the collective behavior in multiagent systems
with nonlocal type interactions. These models of collective behavior has
been extensively discussed in the last decades at the particle, kinetic and
hydrodynamic level [10, 14, 23, 22, 50, 51, 52, 71, 141, 164]. In particular,
many heterogeneous phenomena like swarming behaviors, human crowds
motion and formation of wealth distributions are described by these type of
PDEs under special assumptions. We refer to [142, 145], and the references
therein, for a recent overview of such models.
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In the following, we focus on the construction of numerical methods for
such problems which are able to preserve the structural properties of the
PDE, like non negativity of the solution, entropy dissipation and large time
behavior. The methods here developed are second order accurate, they do
not require any restriction on the mesh size and are capable to capture
the asymptotic steady states with arbitrary accuracy. These properties are
essential for a correct description of the underlying physical problem.

The derivation of the schemes follows the main lines of the seminal work
of Chang—Cooper for the linear Fokker-Planck equation [41, 60, 137, 156].
However, in the nonlinear case, the exact stationary solution is unknown and
a more advanced treatment is needed in order to find a good approximation to
the problem. Similar approaches for nonlinear Fokker-Planck equations were
previously derived in [40, 127]. Related methods for the case of nonlinear
degenerate diffusions equations were proposed in [28, 58] and with nonlocal
terms in [42, 50]. We refer also to [8] for the development of methods based
on stochastic approximations and to [101] for a recent survey on schemes
which preserve steady states of balance laws and related problems.

Although we derive the schemes in the case of Fokker-Planck equations,
the methods can be easily applied to more general problems where the
solution depends on additional parameters and the PDE is of Vlasov-Fokker-
Planck type. In this case, preservation of the steady states is of fundamental
importance in order to develop asymptotic-preserving methods [78].

The rest of the paper is organized as follows. In the next Section we first
derive the Chang-Cooper type schemes in one-dimension with a particular
attention to the steady state preserving properties. Extension to the multi-
dimensional case are also considered. We then prove non negativity of
solutions for explicit and semi-implicit schemes and entropy inequality for a
class of one dimensional Fokker-Planck models. In Section 3 we introduce
a modification of the schemes based on a more general entropy dissipation
principle. We show that these entropic schemes preserve stationary solutions
and derive sufficient conditions for non negativity of explicit and semi-implicit
schemes. Several applications of the schemes are finally presented in Section 4
for various nonlinear Fokker-Planck problems describing collective behaviors
in socio-economic and life sciences. Some conclusions are reported at the
end of the manuscript.

4.2 Chang-Cooper type schemes

In the following we focus on the design of numerical schemes for (1.1)
which we rewrite in divergence form as

Opf(w,t) =V - [(B[f|(w, t) + Vo D(w)) f(w, t) + D(w)Va f(w, )] (2.1)
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We can define the d-dimensional flux
FlfNw,t) = (B[fl(w,t) + VyuD(w)) f(w,t) + D(w)Vy f(w,t),  (2.2)
therefore (2.1) reads
Ouf (w,t) = Vy - Fw, t). (2.3)
4.2.1 Derivation of the schemes

In the one-dimensional case d = 1 equation (2.3) becomes
Orf(w,t) = O FIf)(w,t), weTCR, (2.4)
where now
Flfl(w,t) = B[f)(w,t) + D"(w)) f(w, t) + D(w)dw f (w, 1) (2.5)

using the compact notation D'(w) = 9, D(w). Typically, when Z is a finite
size set the problem is complemented with no-flux boundary conditions at
the extremal points. In the sequel we assume D(w) # 0 in the internal points
of Z.

We introduce an uniform spatial grid w; € Z, such that w; 11 — w; = Aw.
We denote as usual w2 = w; £ A/2 and define the cell average as follows

() = ﬁ / T ) dw, (2.6)
Wi—1/2

Integration of equation (2.4) yields

d _ -7:i+1/2[f](t) —fi71/2[f](t)
afl(t) - Aw ’

(2.7)

where for each t > 0 Fj1; /5[ f](?) is the numerical flux function characterizing
the discretization.

Let us set C[f](w,t) = B[f](w,t)+D'(w) and adopt the notations D; /o =
D(wiy1/2), Dy y o = D'(w;41/2). We will consider a general flux function
which is combination of the grid points ¢ + 1 and

Fiv1plfl = Covrjafivijo + Di+1/2fi+ii;fi, (2.8)
where 3
fix172 = (1= 0i41/2) fir1 + 0iy1/2fi- (2.9)

For example, the standard approach based on central difference is obtained
by considering for all 7 the quantities

div172 = 1/2, Civ1/2 = é[f](wzﬂrl/%t)'
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It is well-known, however, that such a discretization method is subject to
restrictive conditions over the mesh size Aw in order to keep non negativity
of the solution.

Here, we aim at deriving suitable expressions for d; ./ and éz‘+1 /2 in such
a way that the method yields nonnegative solutions, without restriction on
Aw, and preserves the steady state of the system with arbitrary order of
accuracy.

First, observe that at the steady state the numerical flux should vanish.
From (2.8) we get

. D170
fir1 _ —0i41/2Ci12 + Aw 210
i 5 D12 '

(1 = 0i41/2)Cit1/2 + Aw

Similarly, if we consider the analytical flux imposing F|[f](w,t) = 0, we have
D(w)0y f(w,t) = —(B[fl(w,t) + D'(w)) f(w, 1), (2.11)

which is in general not solvable, except in some special cases due to the
nonlinearity on the right hand side. We may overcome this difficulty in
the quasi steady-state approximation integrating equation (2.11) on the cell

[wiv wi+1]

Wi+1 1 Wit1 1 /
/wi mawf(wvt)dw = _/m W(B[f](w,t)—l—D (w))dw, (2.12)

which gives

Now, by equating the ratio fi+1/fi and f(wjq1,t)/f(w;,t) of the numerical
and exact flux, and setting

5 Diyapp [ Blf](w,t) + D'(w)
we recover ) )
Siv1so = + , 2.15
2T N2 L exp(Miyr)2) (2.15)
where ~
vt Blf](w, t) + D' (w) AwCiyi/2
) = = 2.1

The numerical flux function (2.8)-(2.9) with CNiH /2 and 6;41 /5 defined by
(2.14) and (2.15)-(2.16) vanishes when the corresponding flux (4.10) is equal
to zero over the cell [w;, w;11]. Moreover the nonlinear weight functions
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di41/2 defined by (2.15)-(2.16) are such that 6; /o € (0,1). The latter result
follows from the simple inequality exp(z) > 1 4+ x. We refer to this type of
schemes as structure preserving Chang-Cooper (SP-CC) type schemes.

By discretizing (2.16) through the midpoint rule

+ O(Aw?), (2.17)

/wm Blf)w,t) + D'(w) , _ AwBiij2+ Dijy o)
w; D(w) Di+1/2

we obtain the second order method defined by

Aw(Biy1/2 + Dy g )

mid  __
)‘i+1/2 - Di+1/2 (318)
and D 1
mid i+1/2
mia n — (2.19)
2 Aw(Biy e + Di1j2) 1= exp(Af))

Higher order accuracy of the steady state solution can be obtained using
suitable higher order quadrature formulas for the integral (2.14). We refer
to Section 4.4 for examples and more details. For linear problems of the
form B[f](w,t) = B(w) with constant diffusion D’ = 0, the above scheme
(2.18)-(2.19) is referred to as the Chang-Cooper method [60, 137].

Remark 3.

e If we consider the limit case D; 15 — 0 in (2.18)-(2.19) we obtain the
weights
Oit1/2 = { 0 B2 >0,
1, Bi—l—l/? <0

and the scheme reduces to a first order upwind scheme for the corre-
sponding aggregation equation.

e For linear problems of the form B[f](w,t) = B(w) the exact stationary
state f°(w) can be directly computed from the solution of

D(w) 0w > (w) = = (B(w) + D'(w)) £ (w), (2.20)

together with the boundary conditions. Explicit examples of stationary
states will be reported in Section 4.4.

Using the knowledge of the stationary state we have

Jﬁ;iol — exp {_ /wi+1 D(lw)(B(w) + D’(w))dw} = eXp <_>‘ﬁ1/2) ’

(2.21)
therefore
oo floo
it1/2 = 108 <oo (2.22)
i1
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Table 2.1: Different choices of the weights in (2.9)

Scheme 5i+1/2 )\i+1/2
Central difference 1/2 0
1 1 Wi D
e . [ B+ D'
Aivrz 1 —exp(Aig1/2) w; D(w)
Aw(B; + D
SP-CCsy (midpoint) ! + ! Bivry: ZH/Z)
A1z 1 —exp(Aiy1)2) D172
1 00 foo
SP-CCpg (exact + il lo < g
& ) log(f°) — log(fio—ﬁl) i — [ ® it

and
o0
1 i1

050 0 = .
i+1/2 log(fioo) - 1Og(fz‘o$1) z’ofl - [

In this case, the numerical scheme preserves the steady state exactly.
Finally, in Table 2.1 we summarize the different expressions of the
weight functions.

(2.23)

4.2.2 The multi-dimensional case

In order to extend the previous approach to multi-dimensional situations
we consider here the case of two dimensional problems d = 2. We introduce a
uniform mesh (w;,v;) € Q C R?, with Aw = w; 11 — w; and Av = Vi1 — Uj.
We denote by Cj; the cell [w;_j /o, wit1/9] X [Vj_1/2,Vjq1/2], With wiiq/0 =
w; +Aw/2 and vj /5 = vj + Av/2. Let fi;(t) be the cell average defined as

1
fij = AwAv//C” fw, v, t)dwdv. (2.24)

Integration of the nonlinear Fokker-Planck equation (2.3) yields

if'  Firyelfl = Ficaplf] N Fijr12lf] = Fij—1)2lf]
dat’? Aw Av ’

(2.25)

being Fiiy/2,;[f], Fij+1/2[f] flux functions characterizing the numerical
discretization. The quasi-stationary approximations over the cell [w;, w;y1] X
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[vi, vi+1] of the two dimensional problem now read

He 1 ) _ i B[f] (w7 Yj, )+ 8wD<w7 Uj)
Aﬁ ﬂmwwaﬁwmﬂmwgﬁ D{w,v)) .

T g s _ [ Bf](wi, v, t) + 8, D(wi, v)
/v [ Oy f (wi, v, t)dv = /U dv.

7 wis 1) : D(wi,v) (2.26)
2.26
Therefore, setting
Gl — Diy1/2, /“’”1 Blf)(w, v),t) + 9w D(w,vy) ,
+1/25 = T AW w; D(w,v;) -
¢ = Digrye /”j+1 Blf)(wi, v, ) + 9,D(wi,v) '
1,7+1/2 — Av g D(wi’ U)

J

and by considering the natural generalization of the one-dimensional numeri-
cal flux

5 2 fiv1j — fij
Fiv1y2,lf1 = Civay2jfiv1/25 + Di+1/2,j+i7w]
fi+1/2,j = (1= di41/25) fir15 + 0iy1/2,5fij

5 7 fij+1— fij
Figrijelfl =Cijrrafijrie + Di,j+1/2%

(2.28)

figrip = (L =3 j41/9) figa1 + 0iji1/afijn

we define d; /5 ; and ; j41/2 in such a way that we preserve the steady state
solution for each dimension. The CC type structure preserving methods are
then given by

5 - ;
i+1/2, ANiy1/2;  1-— eXP()‘i—i—l/?J)’ (2.29)
B chi+1/2,j |
Ni1/2d = o
and
5 - ;
(412 Mijriz L —exp(Nijr1/2)’ (2.30)
B AvCi,j+1/2 |
N2 =T

The cases of higher dimension d > 3 may be derived in a similar way.
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4.2.3 Main properties

In order to study the structural properties of the numerical schemes,
like conservations, non negativity and entropy property, we restrict to the
one-dimensional case. To start with we consider the following simple result.

Lemma 4.2.1. Let us consider the scheme (2.7)-(2.8) fori=0,..., N with
no flux boundary conditions Fny1/2 = F_1/2 =0. We have

M d
Y —filt)=0, Vt>0. (2.31)
— dt
1=0
Proof. From equation (2.34) we have
N N
df; 1
7= Aw > (Fipz — Ficrp). (2.32)
i=0 i=0
Now since
N
> (Firrjo = Fimijo) = Fnrajo — Foijo, (2.33)
i=0
by imposing no flux boundary conditions we conclude. O

Positivity preservation

Concerning non negativity, first we prove a result for the explicit scheme.
We introduce a time discretization t" = nAt with At >0and n=0,...,T
and consider the simple forward Euler method

Fiiip—F
1 i+1/2 i—1/2

[t =i+ At (2.34)
Proposition 4.2.2. Under the time step restriction
Aw? ~

At < 2(MAw + D)’ M HllaX |Cz+1/2|> (2.35)

the explicit scheme (2.34) with flux defined by (2.15)-(2.16) preserves non-
negativity, i.e fz-""'1 >0 f>0,i=0,...,N.

Proof. The scheme reads

At
n+1 __ n

n 5n DiJrl 2 n
<(1 =641 /2)Cl 10 + Aw/) fita

- ~ 1
+ <Cin+1/25?+1/2 —Clyp(1 =061 )9) — M(Di+1/2 + Di—1/2)> fit (2.36)

n n Di_1/2 n
- i—1/2%—1/2 — Aw fi—l .
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From (2.36) the coefficients of f;%; and f;’; should satisfy

5 Ditiy2 51 Di_1/2
(1 — 57;4-1/2)6;:_1/2 + Tw >0, — i_l/gci_l/Q + Aw > 0’ (237)
or equivalently
1 Aic1/2
A l———F— | 20, — >0, 2.38
Tz ( I —exp )‘i+1/2> expA;_1/2 — 1 (2.38)

which holds true thanks to the properties of the exponential function. In
order to ensure the non negativity of the scheme the time step should satisfy
the restriction At < Aw/v, with

Diy1/2+ D12

YT oieN {é?+1/25?+1/2 — (1= 07y ) = A } (2.39)

Being M defined in (2.35), and 0 < §;44 s2 < 1, we obtain the prescribed
bound. O

Remark 4. Higher order SSP methods [102] are obtained by considering a
convex combination of forward Euler methods. Therefore, the non negativity
result can be extended to general SSP methods.

In practical applications, it is desirable to avoid the parabolic restriction
At = O(Aw?) of explicit schemes. Unfortunately, fully implicit methods
originate a nonlinear system of equations due to the nonlinearity of B[f] and
the dependence of the weights ;1 /, from the solution. However, we can
prove that nonnegativity of the solution holds true also for the semi-implicit
case

ﬁﬂJrl i ATL+1
FrH = g a2 T 210
where
1 fnJrll fn+1
_l’_
(2.41)
We have
Proposition 4.2.3. Under the time step restriction
A -
At < ﬁ’ M= max ICya 0l (2.42)

the semi-implicit scheme (2.40) preserves nonnegativity, i.e fl-"Jrl >0 if
f2>0,i=0,...,N.
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Proof. Equation (2.40) corresponds to

n At n n n n 1
f {1 ~Aw [ P /20i12 — Cilla (1 =6y ) — Tw(Di+1/2 + Di—1/2):| }

n At n n DH‘l/2
+ fifll {_Aw [(1 - i+1/2)ci+1/2 + TAw

n At 5n n Di_1/2 n
+ {_Aw [_ i-1/20%-1/2 T T AT ] } =fi
(2.43)

thanks to the definition of the flux function introduced in (2.8)-(2.9). Using
the indentity A" AwC} /2 /Dit1/2 We obtain

i+1/2 —
At A A
n+1 1,+1/2 7 1/2 n
. 1+ -2 | p. D, N
h { " Aw? H1/26><:p()‘;’1+1/2) " Zfl/zeXp(/\?—m) -1 ol 11/2)] }
At )‘?-5-1/2
+ ff“ ———D; ~ exp(Al'
o { Aw? T exp(Al ) —1 N1y2)
At /\?—1/2
+ i1y~ 2 Di- n =fi-
! { Aw? 12 exp(A} ) p) — 1
(2.44)
Let us denote o = )\?H/ 2 >0 and
i+1/2 exp(/\;‘+1/2) -1
Ri=1+_1+5 [Di+1/2ai+1/2 + Di120i 1 5 exp(NLy o)
Q7 = _mDi+1/2az‘+1/2 eXP()\i+1/2) (2.45)
P = _mDifl/Zai—l/Qa
we can write
Ry — QU = PRI = £ (2.46)
If we introduce the matrix
(Al = -QF, j=i+11<i<N (2.47)

—pPr, j=i—-1,0<i<N -1,

)

with R > 0, Q" > 0, P/* > 0 defined in (2.45) the semi-implicit scheme may
be expressed in matrix form as follows

A[f Tt = ) (2.48)
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with f* = (f&,..., f%). Since f* > 0, in order to prove that f"*1 > 0 it
is sufficient to show A[f"]~! > 0. Now, A[] is a tridiagonal matrix with
positive diagonal elements and if A is strictly diagonally dominant we can
conclude that A~1 > 0.

The matrix A is strictly diagonally dominant if and only if

R[> [QF[+ 1P, i=01...,N, (2.49)
condition which holds true if
At n n n n
1> Aw? |:Di+1/2ai+1/2 (eXP()‘z’+1/2) - 1) —Di_1/205" )9 (exp()‘i—l/2) - 1)}
At n n At 5, n
= Aw? {Di+1/2/\i+1/2 - Di—1/2)‘ze1/2} ~ Aw [Ci+1/2 - 6171/2} :
(2.50)
O

Remark 5.

e Higher order semi-implicit approzimations can be constructed follow-
ing [36]. Note, however, that the determination of nonnegative semi-
implicit schemes with optimal stability regions is an open problem which
goes beyond te purpose of the present manuscript.

o A similar argument permits to prove nonnegativity of the scheme with
the fully implicit fluxes

fn-l—ll _ fn+1
1 541 1 1 1 i+ i
iy = Gy [ = S ) I 4 Gia a7 4D o
(2.51)
with A
[w _ An+1
At < Wi M = ng%>§V|Ci+l/2|. (2.52)
Similarly, we obtain the nonlinear system
A[frH et — g (2.53)

where the matriz A[f" Y] has the same structure (2.47) with the entries
evaluated at time n+ 1. The above system can be solved iteratively at
each time step

fn+1 _ fn
o7 (2.54)
£ =AY, k=01,

where now each iteration step is explicit and can be made non negative
under a stability restriction analogous to (2.42). Therefore, if f;j“ —
£+ as k — 400 we can infer the nonnegativity of the scheme under
the condition (2.52), being A[f"*1] > 0 strictly diagonally dominant
and then A[f"T1~1 > 0.
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Entropy property

In order to discuss the entropy property we consider the prototype equation

O f(w,t) = O [(w —u) f(w, t) + Ou(D(w) f(w,1))],  wel=[-11],
(2.55)
with —1 < u < 1 a given constant and boundary conditions

Ow(D(w) f(w,t)) + (w —u) f(w,t) =0, w = *£1. (2.56)

If the stationary state f°° exists equation (2.55) may be written in the
Landau form as

0ufw.0) =0 | Dlw)fw 0o, 1ox ()| es)
or in the non logarithmic Landau form as
ouf(w.0) = 0 | Dwn=(wion (1271 (259
We define the relative entropy for all positive functions f(w,t),g(w,t) as
follows Fw.t)
w7
Hit) = [ stwnyios (120). (2.59)
we have [92]
d

where the dissipation functional Zp(-,-) is defined as

Io(£.) = [ Dw) w1 (aw log (f (w’”))zdw,

>(w)

!
- fororann (1) ()

Of course we might consider other entropies like the L? entropy which is

defined as

(2.61)

sy oy [ (0D = FR@)?
Ld(f’f )_/1 f(w) o (2.62)
%LZ(fv foo) = _JD(f7 foo)’
with )
To(f. %) =2 [ D) (aw (F) ) S e

see [92] for further examples.
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Lemma 4.2.4. In the case B[f](w,t) = B(w) the numerical flur function
(2.8)-(2.9) with Ciy1/2 and ;112 given by (2.14)-(2.15) can be written in
the form (2.58) and reads

Diy1y2 5 fig 7
no o D2 e (i1 Ty 2.64
i+1/2 Aw i+1/2 ( z‘o—fl fzoo> ’ ( 6 )
with P -
£00 l—i—l +1
S log < > . 2.65
2 z+1 floo inO ( )

Proof. In the hypothesis B[f](w,t) = B(w) the definition of \;|;/, does not

depends on time, i.e. A9 = )‘ﬁl/2 and if a steady state exists we may
write
log f7° — log fﬁl = )‘i+1/2' (2.66)

Furthermore, the flux function F assumes the following form

i+1/2

DiJrl 2 mn n n
Fiaye = Tw/ [)\z‘+1/2fi+1/2 + (fi = 1)

D;
= AJF;M Nis12(Fla 4 i1 o (7 = f0)) + (P — ]

(2.67)

where

1 o0
L 4+l 2.68
A T e O e 209

Hence we have
D; 00 fr—fn 00
n i+1/2 fl n i i+1 i+1 n n
Z+1/2 A’U) |: og < ZO_EI) ( i1 + log fioo _ log ffjl + ZQ_EI —_ fioo (f’L Z+1)>:| )

_ Dit1/2 [log(fioo) ( fit =1 4 i fi” ( i _ zﬂl))}
Aw o1/ \log [ —log f2y [ — 172\ [
(2.69)

which gives (2.64). O

Theorem 4.2.5. Let us consider B[f](w,t) =w — u as in equation (2.55).
The numerical flux (2.8)-(2.9) with Ciyy/o and 0,415 given by (2.14)-(2.15)

satisfies the discrete entropy dissipation

CHA( 1) = ~Ta(F.1%), (2.70)
where
Haw(f, 1) = Auw Z filog ( ff;) (2.71)
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and Ia is the positive discrete dissipation function

N
IA(f, ) = Z [log <fz;§1> — log (;;o)]'(fgl - &) ;O-El/QDi+1/2 > 0.

i=0 i+1 i+1 i
(2.72)
Proof. From the definition of relative entropy we have
1= 3wy 5 e () 1)
(2.73)

= Aw Z (log <ff;o
i=0 i

and after summation by parts we get

d’H(f, ) = —sz [log <f”1> —1lo <ff;)} Fir1y2. (2.74)

i+1

) + 1> (Fix1y2 — Fic1/2)s

Thanks to the identity of Lemma 4.2.4 we may conclude since the function
(x — y) log(x/y) is non-negative for all z,y > 0. O
4.3 Entropic average type schemes

In this section we introduce a second class of structure preserving numerical
scheme based on the entropy dissipation principle. To this aim, let us consider
the general class of nonlinear Fokker-Planck equation with gradient flow
structure [22, 50, 54]

Orf(w,t) = Vi - [f(w,t) Vol (w,t)],  weQCRY, (3.1)

and no-flux boundary conditions. In the case of equation (1.1) with constant
diffusion D we have

Vwé(w,t) = B[f](w,t) + DV log f(w,t). (3.2)
We focus on the following prototype of function &(w,t), w € R?
§= (U f)(w,t) + Dlog f(w, 1), (3.3)
which in our case corresponds to
B[fl(w,t) = V(U * f)(w, 1), (3.4)
with U(w) an interaction potential.
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The corresponding free energy is given by

&0 =5 | (U N0 t)dw+D [ 1o flu ) f(w. 0w (35
We have
GE0= [ astwndu+ [ (U £)w.t) + Dlog fw, )07 w,
Rd Rd

(3.6)
Hence from (3.1) and (3.3) and upon integration by parts we obtain the
dissipation of the free energy £(t) along solutions

G0 == [ 1VueP s, = 10 (.1)

where Z(+) is the entropy dissipation function.

4.3.1 Derivation of the schemes

Let us consider the discrete version of the entropy of the system given by

sz

AwZUj zfzf] +Df] long] (3'8)

Therefore, we have

—€A—sz AwZUJ ifig! fﬂ (logfj—l—l)dfj]

dt
_ N " (3.9)
— AwZO Aw;Uj_ifi + Dlog fj +1 675.
Now using the general discrete conservative formulation
dfy _ Fivip = Fiop
dt Aw ’
and the fact that §; = U x f; + Dlog f; we get
d N
@EA Z(fj + )(Fjr1/2 — Fj-1/2)- (3.10)
7=0

Furthermore, after summation by parts we can write the last term as
follows

d N
ﬁgA == Z(fjﬂ §i)Fjv1)2: (3.11)
§=0
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Now, integrating (3.2) in the one-dimensional case we obtain

Let us now consider a general scheme in the form (2.7), which in our case
can be rewritten as

_ D _
Fiv1e = <Bj+1/2 + Aw log <f]fj1> Kj+1/2> Jit1/2 (3.13)
with . s f
Kji10= = il fiv1 # fj- (3.14)

fj+1/2 (10g fj+1 - IOg fj)’

Therefore, we have

N
dgA——AwZ< J+1/2+ D log (f;-‘rl))
J

3 D fit1 5
<Bj+1/2 +xu log (;J) Kj+1/2> Jiv1/2:

Thus we cannot prove that the discrete entropy functional (3.8) is dissipated
by the Chang-Cooper type scheme developed in the previous sections, unless
Kj 1/, = 1. This latter requirement is satisfied if we consider the new
entropic flux function

(3.15)

fiv1 — fi ‘ ‘
;ﬁl/z _ 10g fi+1 — IOg f7, fl+1 7& fla (316)
fig1 fiv1 = fi-

We will refer to the above approximation of the solution at the grid point
i+ 1/2 as entropic average of the grid points ¢ and i + 1. In the general
case of the flux function (4.10) with non constant diffusion the resulting
numerical flux reads

Cisi)2 N log fit1 —10gfi> iE

E
F =D : . 1
i+1/2 i+1/2 (Di+1/2 Aw i+1/2 (3.17)

Finally, concerning the stationary state, we obtain immediately imposing
the numerical flux equal to zero

Civ1y2 N log fiy1 —log f;

=0,
Dit1/2 Aw
and therefore we get
Jit1 AwCit1)o
=exp| —— . 3.18
fi Dit1)2 ( )
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By equating the above ratio with the quasi-stationary approximation (2.13)
we get the same expression for C; i/ as in (2.14)

oo = Degin [ B+ D)
7,+1/2 - AU} wi D(’LU)

duw. (3.19)

4.3.2 Main properties

A fundamental result concerning the entropic average (3.16) is the following
Lemma.

Lemma 4.3.1. The entropy average defined in (3.16) may be written as a
convex combination with nonlinear weights

z+1/2 = 5z+1/2f1 (1- 7,+1/2)f1+17 (3.20)

where f )
§E = dHl 4 € (0,1). 3.21
2T f — fi log fi —log fi (0.1) (3:21)

Proof. From (3.21) we have

Fiiaje = i + 050 o fi = fis1)
Ji— fixa
log fi — log fi+1 (3.22)

= fix1 — fix1 +

__ fin—fi
log fit1 —log fi’

that is (3.17). It is a easy computation to verify that 5% i41/2 lies in the interval
(0,1). O

Remark 6. As a consequence the Chang-Cooper type average (2.9) and the
entropic average (3.16) define the same quantity at the steady state when
fi = f°. In fact, the Chang-Cooper type weights (2.23) are the same as
(3.21).

We can summarize our findings of Section 4.3.1 as follows.

Theorem 4.3.2. The numerical flur (3.17)-(3.16) for a constant diffusion
D satisfies the discrete entropy dissipation

d
&8 = ~Ia(1), (3.23)

where En is given by (3.8) and Ia is the discrete entropy dissipation function

%—MZQHQMWRO (3.24)
7=0

with {541 — & defined as in (3.12).
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Remark 7. On the contrary to the Chang-Cooper average the restrictions
for the non negativity property of the solution are stronger. In fact, by the
same arguments we used in the previous section, non negativity of the explicit
scheme requires

~ D, ~ D,
E i+1/2 E i—1/2
(1= 6731/2)Cl )2 + Ao o 0, —0; 12012+

> (0. (3.25)

However, the weights do not possess any special structure that permits to
avoid a constraint of the mesh size Aw which now must satisfy

Diy1/2 Di12 }

Conpal 1

Aw < mln{ (3.26)

Therefore, similar to central differences, we have a restriction on the mesh
size which becomes prohibitive for small values of the diffusion function D(w).
It is easy to verify that the same condition is necessary also for the non
negativity of semi-implicit approxrimations.

Next we consider the case of linear flux B[f](w,t) = B(w). The following
Lemma holds true.

Lemma 4.3.3. In the case B[f](w,t) = B(w) the numerical flux (3.17)-
(3.16) corresponds to the form (2.57) and reads

- D; : i i
Fan =g i (e (32) o)) w20
(2

i+1

Proof. If a stationary f>°(w) state exists it nullify the flux and we have

5 Di+1/2 00 0
Ci+1/2 = - Aw (108; fix1 —log f; ) . (3.28)
From the definition of the entropic flux (3.17) we obtain
~ 5 - Dit1ya .,  fiy1
Firye =Civrpafiiaye + 2 log H1 1
b Aw fi (3.29)
i+1/2 = oo o
:Tw/ 5-1/2 [(log fi+1 —log fi) — (log fi¥) —log f°)]
from which we conclude. O

We can now state the following entropy dissipation results for problem
(2.55) in the nonlogarithmic Landau form (2.58).

Theorem 4.3.4. Let us consider B[f](w,t) = w —u as in equation (2.55).
The numerical flur (3.17)-(3.16) with C;y1/o given by (2.14) satisfies the
discrete entropy dissipation

d

5 Al 1) = =IR(f £, (3.30)
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where Haw(f, £°) is given by (2.71) and IX is the positive discrete dissipation
function

- f fi\]? :
IR(f, F) = Z[ ( Z“) —log <f°°>} Dyp1jofE > 0. (3.31)

=0 i+1

Proof.

%”H(f, f) = —sz [bg(f’“) ~lo g( J;)] Flap  (332)

i+1 7
and being
D- . -
E i+1/2 fl+1 fz E
e [on (75) s (3] s
we have
N f f 2
oo i+1 7 x
ST 1) = Z[ < + ) —log( foo>] DisijofE Ly (3:33)
1=0 i+l i

O]

4.4 Applications

In this section we present several numerical examples of Fokker-Planck
equations solved with the structure-preserving schemes here introduced.
An essential aspect for the accurate description of the steady state is the
approximation of the integral defining the quasi-stationary solution

Wit Bl f(w, D' (w
)‘i+1/2:/ A Dt()uj; ( )dw. (4.1)

w;
Except for simple linear cases, a suitable quadrature formula is required. In
the following numerical examples we consider open Newton-Cotes formulas
up to order 6 and Gauss-Legendre quadrature.

4.4.1 Example 1: Opinion dynamics in bounded domains

Let us consider the evolution of a distribution function described by (1.1),
with w € I, where I = [—1, 1], and

B[f](w,t) = /P(w,w*)(w — wy) f(wy, t)dws, D(w) = %(1 —w?)?.

1
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The model describes the evolution of the distribution functions of agents
having opinion w at time ¢ (see [145, 164] for more details).

In the simplified case P = 1 the corresponding stationary distribution
reads

frolw) = —€ <1+w>u/(202)exp{_(1—w)}, (4.3)

(1—w?)2 \1-w o2(1 —w?)

with ¢ € R a given parameter, C' > 0 is a normalization constant and

u= [;wf(w,t)dw,.
We consider as initial distribution

f(w,0) = B [exp (—c(w + 1/2)2) + exp (—c(w — 1/2)2)] , ¢ =30,
(4.4)
with 8 > 0 a normalization constant. Since diffusion vanishes at the bound-
aries we present results for the Chang-Cooper type numerical schemes SP—-CC
only.

In Figure 4.1 we compute the relative L! error of the numerical solution
with respect to the exact (4.3) stationary state using N = 80 points for the
SP-CC scheme with various quadrature rules. We will adopt the notation
SP-CCy, k = 2,4,6,G when (4.1) is approximated with second, fourth, sixth
order Newton—Cotes quadrature or Gaussian quadrature respectively. It is
possible to observe how the different integration methods capture the steady
state with different accuracy. In particular with the Gaussian quadrature,
performed with M = 6 quadrature points, we essentially reach the machine
precision. In the same figure we illustrate how SP-CC scheme dissipates
the relative entropy (2.71) in the case of two coarse grids with N = 10 and
N = 20 points.

In Table 4.2 we estimate the overall order of convergence of the SP-CC
scheme for several integration methods. Here we used N = 20, 40, 80, with
reference solutions computed with N = 640 points. The time integration has
been performed with an explicit RK4 method and the time step chosen in
such a way that the CFL condition for the positivity of the scheme is satisfied,
i.e. At = O(Aw?). As expected the method is second order accurate in the
transient regimes and, as it capture the steady state, assumes the order of
the quadrature method.

In the general case P(w,w,) # 1 and it is not possible to give an analytical
formulation of the steady state solution f*°(w,t). In Figure 4.2 we represent
a typical evolution of an aggregation model in the bounded confidence case
[145]

P(w,w.) = x(lw —ws| < A), (4.5)

where x(+) is the indicator function, for A = 0.4, A = 0.8. Here, the evolution
has been computed through a SP—CC with Gauss quadrature, the integral
B[f](w,t) has been evaluated through a trapezoidal method.
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100 f —SP—CCq N =10
0.7 ——SP—CCg, N =20
—H
0.6
10°
2 oo
& S,
=
1010+ N%*H**M*H*i
SP—CCy Se
—-§P - CC,y s,
—+-SP—CC oecoeq
—o SP—CCq
107 : ‘ : ——
0 5 10 15 0 0.2 0.4 0.6 0.8 1

time time

Figure 4.1: Example 1. Left: evolution of the relative L' error with
respect to the stationary solution (4.3) for the SP-CC scheme with different
quadrature methods. Solution for the initial data (4.4) over the time interval
[0,10], 02/2 = 0.1, N = 80, At = Aw?/1602. Right: dissipation of the
numerical entropy for SP-CC scheme with Gaussian quadrature for two
coarse grids with NV = 10 and N = 20 points.

SP —CCy,

Time 2 4 6 G
1 1.9470 19773 1.9762 1.9762
5 1.9700 3.2323 2.3724 2.3522
10 1.9695 3.9156 6.8517 7.3252

Table 4.2: Example 1. Estimation of the order of convergence toward
the reference stationary state for explicit SP-CC, N = 20, 40, 80, reference
solution computed with N = 640, 02/2 = 0.1, At = Aw? /1652,

,,,,,,,

i
.

.......... if
f

mm vvvvv 1«11.4.1
Nf‘ffmm""m'lﬁlw
'l':':';"""'.""'.""'»'u'i‘l'l'l'l||mm

m“ u«uwm.mm.
'(c‘nmu‘ultlt,t".r"m

..y.mn."u'!’l'
i

n I’I’N'l

,,,,

vvvvvv

e
Wbl

—

|
=1 A I = P O o
05 QAL I m,/ W
0 o \
1 1
20 5 \; .
“ ne ' w 10 t

(a) (b)

Figure 4.2: Example 1. Opinion model in the bounded confidence case
with (a) A =04, (b) A = 0.8. In both cases we considered Aw = 0.05,
0?/2 = 0.01, At = Aw?/160%. The reference solution (green) has been

computed with a discretization of the computational domain of N = 640
gridpoints.
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4.4.2 Example 2: Wealth evolution in unbounded domains
Let us consider equation (1.1) with w € R and

0,2
B[f](w,t):/ a(w,w)(w —w) f(w,, O, D(w) = Tw. (46)

R+

With the above choice, the Fokker-Planck equation describes the evolution
of the wealth distribution w at time ¢ in a large set of interacting economic
agents (see [142, 145] for details).

In the case of constant interaction a(w,w,) = 1 the steady state of the
equation is analytically computable

f“%w)—ol_lyiexp{—“”_l}, (47)

D (pyw w

where p = 1+ 2/0? is the so-called Pareto exponent. In the numerical test
we consider the initial distribution

f(w,0) = B [exp (—c(w —u)?)] , c =20, (4.8)

with S > 0 a normalization constant.

Again, due to degeneracy of the diffusion on the left boundary we report
results only for SP-CC schemes. In Figure 4.3 we present the solution with
u = 2 in the domain [0, L], L = 10. In both figures a(-,-) = 1 whereas the
diffusion constant assumes different values. We report the evolution of the
solution and the relative L' error with respect to the stationary state using
N = 201 points for the semi—implicit SP-CC scheme (SISP-CC). We observe
how the introduced methods describe the stationary state with different
levels of accuracy. Note that, at the right boundary we must introduce an
artificial boundary condition in order to truncate the computational domain.
In our numerical results we impose the quasi stationary condition (2.13) in
order to evaluate fyi1(t), that is

fya(®) _ g [ Bl+ D)
N ORRN / b)) (4.9)

wWN

In Table 4.3 we estimate the overall order of convergence of the SISP-CC
scheme for several integration methods with N = 51,101, 201 for the domain
[0, L], L = 10, with reference solutions computed with N = 1601 gridpoints.
The time step is chosen in such a way that the CFL condition for the positivity
of the scheme is satisfied, i.e. At = O(Aw). We can observe that for short
times the order of accuracy is limited by the semi—implicit method, which is
first order accurate, whereas as we approach to the stationary solution the
order depends on the quadrature formula used.
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Figure 4.3: Example 2. Left: evolution of the density f(w,t) for (4.6) with
P(,-)=1,u=2,02/2=0.1, L = 10. In green we report the analytical
steady state solution (4.7). Right: evolution of the relative L' error for the
different quadratures methods for the semi—-implicit SP—CC scheme in the
case a(-,+) =1, 02/2 = 0.1 and Aw = 0.05

SP —CCy,

Time 2 4 6 G
1 1.3047 1.5010 1.5021 1.5021
10 1.9893 4.0634 2.8122 2.8682
20 1.9894 3.9842 6.0784 10.0422

Table 4.3: Example 2. Estimation of the order of convergence toward
the reference stationary state for the semi—implicit SP-CC scheme, N =
51,101,201, reference solution computed with N = 1601, ¢2/2 = 0.1.
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4.4.3 Example 3: 2D model of swarming

Let us consider a self-propelled swarming model of Cucker-Smale type [22]
with diffusion. In this model the evolving distribution f(z,w,t) represents
the density of individuals (birds, fishes, . ..) in position 2 € R? having velocity
w € R at time ¢ > 0. We have the following dynamic

O f(x,w,t) + wVgf(z,w,t) =V, [aw(\w[Q — 1) f(z,w,t)

+ (w = ug) (@, w, 1) + DV f (@, 1)),
(4.10)
" s Kt .0, s
r2a (2, y)wf(y, w, t)dwdy
uple,t) = Jgea K fly,w, t)dwdy ’

(4.11)

and K(w,y) > 0 a localization kernel7 a > 0 a self-propulsion term and
D > 0 a constant noise intensity.

The space homogeneous version of the model (4.10) may be formulated in
terms of the nonlinear Fokker—Planck equation (1.1) with

Bfl(w,t) = aw(|w]* - 1) + /R , Plosw)lw=w) flws Odw., o)

with « a positive constant and P(w,w,) = 1. The above equation can be
written as a gradient flow. In fact, if we define

E(w,t) = ®(w) + (U * f)(w,t) + Dlog f(w,t), (4.13)

with U(w) a Coloumb potential and ®(w) a confining potential given by

B(w) = a ('wf - “"2'2) , (4.14)

the equation reads
Ouf(w,t) = Vo - (f(w,)Vut(w, 1)), weR” (4.15)

A free energy functional which dissipates along solutions is defined by

wl? wl?
E(t) = /]R2 <oz|4’+ (1 —04)‘2|> f(w, t)dw \Uf]2+D/ f(w,t)log f(w,t)dw,
(4.16)
with
S wf(w, t)dw

up(t) = TR (4.17)
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a=0 SP—CCy SP — FEA,

Time 2 4 6 G 2 4 6 G
1 2.1387 2.1387 2.1387 2.1387 2.4142 2.4142 2.4142 2.4142
5 6.9430 6.9430 6.9430 6.9430 | 10.0712 10.0712 10.0712 10.0712
10 20.0127 20.0127 20.0127 20.0127 | 23.9838 23.9838 23.9838 23.9838

a= SP —CCy, SP — FEA,

Time 2 4 6 G 2 4 6 G
1 2.5310 2.5310 2.5310 2.5310 2.2614 2.2892 2.2892 2.2892
5 2.0498  7.6659 < 7.6659  7.6659 | 2.0635 10.9818 10.9818 10.9818
10 2.0503 18.7697 18.7697 18.7697 | 2.0613 14.8321 14.8321 14.8321

Table 4.4: Example 3. Estimation of the order of convergence for the
one-dimensional swarming model for the explicit SP-CC and SP-EA over
the domain [—L, L] with L =5, N = 21,41,81, D = 0.4, At = Aw?/L>.

Stationary solutions should satisfy the identity V,,& = 0 and have the form

w|? w|?
f(w) = Cexp{ —% [a’4| +(1 —a)’2| —ﬂ-w] }, (4.18)

with C' > 0 a normalization constant and % = uy. It is possible to prove the
following result (see [22] for more details).

Theorem 4.4.1. Let us consider equation (4.10) in the space-homogeneous
case, i.e. (1.1) with B[f](w,t) and diffusion as in (4.12), exhibits a phase
transition in the following sense

i) For small enough diffusion coefficient D > 0 there is a function u =
u(D) with limp_,o u(D) = 1, such that f*(w) with u = (u(D),0,...,0)
s a stationary solution of the original problem.

ii) For large enough diffusion coefficients D > 0 the only stationary
solution is the symmetric distribution given by (4.18) with uy = 0.

Since diffusion is constant, we compute the solution both using SP—-CC
type schemes and the entropic average schemes SP-EA. We use the same
subscript notation concerning the quadrature formula adopted. In Table 4.4
we estimate the order of convergence of the SP-CC and SP-EA schemes
in the 1D case for several integration methods. We can observe how each
method reach spectral accuracy in the case o = 0, i.e. when (4.12) is smooth
and has an exponential decay of the tails.

In Figure 4.4 we show that, as expected, on a coarse grid the SP-EA
method becomes unstable for vanishing diffusions, whereas the SP-CC scheme
remains stable and reduces to first order upwinding. In this case the solution
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Figure 4.4: Example 3. Stationary solution for the one-dimensional swarm-
ing model with &« =1 and D = 0.001, N = 41 (left) and N = 61 (right). As
expected the SP-EA scheme produces instabilities for a vanishing diffusion.
The SP-CC scheme remains stable and first order accurate.

becomes close to a Dirac delta in the velocity space. Finally, in Figure 4.5 we
present the resulting 2D nonlinear Fokker—Planck equation for swarming with
B[f](w,t) and D(w) in (4.12), for several values of the diffusion coefficient
and fixed self-propulsion @ = 2. The semi-implicit numerical scheme has
been used, with a 6th order open Newton—Cotes quadrature method. It is
possible to observe the threshold phenomenon occurring for an increasing
diffusion prescribed by Theorem 4.4.1. The results obtained with the two
different schemes are essentially equivalent in this case.

4.5 Conclusion

The construction of structure—preserving schemes for nonlinear Fokker—
Planck equations has been studied. Two different types of schemes have been
constructed. The first type represents a natural extension of the so—called
Chang—Cooper scheme to the nonlinear case. The second type of schemes
represents a modification with better entropy dissipation properties. Both
methods are second order accurate and capable to preserve the stationary
state with arbitrary accuracy. However, non negativity restrictions are more
severe for the second type of schemes. Even if the analysis is performed
in the one-dimensional case, extensions to multidimensional situations are
also considered. Several applications to linear and nonlinear Fokker-Planck
equations arising in socio-economic sciences are presented and show the
generality of the present approach. Extensions of the schemes to include
nonlinear diffusion terms and higher order schemes in the limiting of vanishing
diffusion are actually under study and will be presented elsewhere.
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Figure 4.5: Example 3. Stationary state of the two-dimensional swarming
model for several values of the diffusion coefficient D > 0 and fixed self-
propulsion o = 0,2,4. In the case a > 0 for increasing values of D the
mean of the stationary distribution approaches to [0,0]. We considered a
discretization (w,v) € [-L,L] x [-L,L], L = 3, Aw = Av = 0.05 and
At = dw/L. The initial distribution is a bivariate normal distribution
centered in (2,2) and diagonal covariance matrix with o2, = o2 = 0.5.
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Chapter 5

Opinion dynamics over
complex networks

5.1 Introduction

In recent years, the importance of large scale social networks has grown
enormously and their study has raised lots of attentions, with the aim to
understand how their structure and connections may influence the spread
of opinions and ideas through human networks [1, 12, 17, 72, 80, 150, 153].
A major research topic is how to model the information exchange and, in
particular, to understand and analyze the effects of interpersonal influence
on processes such as opinion formation and creation and removal of new
connections. The latter aspect is closely related to the construction of graph
models for complex networks and has emerged as one of the most active
research fields [3, 15, 20, 143, 159]. The empirical studies of technological
and communication networks has been actively investigated thanks to a huge
amount of data coming from the online platforms. From the theoretical
point of view it is an unprecedented laboratory for testing the collective
behavior of large populations of agents [21, 171]. The need to handle with
millions, and often billions, of vertices implied a considerable shift of interest
to large-scale statistical properties of graphs.

In this context kinetic theory may play a major role in designing effective
models to characterize the statistical features of the opinion dynamics over
such large collection of data. In particular, it can be used to analyze the so
called stylized facts of the dynamics, like the asymptotic degree distribution
of the connections in the network and the large time opinion behavior. To
this aim, in this paper, we extend the kinetic model of opinion formation
introduced in [164] to the case where each agent possesses a certain number
of connections in the network. These connections evolve accordingly to
a preferential attachment dynamics for the removal and creation of new
connections. In this sense, the model here proposed falls in the general class
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of kinetic models for socio-economic problems where the dynamics of the
model is influenced by additional characteristics of the agents, like personal
conviction, leadership and knowledge [11, 39, 82, 84, 145, 146, 147].

In principle, the modeling here proposed is not limited to a particular
kind of opinion dynamics and one can adapt other models developed in
the literature [37, 82, 162] to evolve over networks by following the ideas
presented in this paper. We mention here that recently opinion models
have been considered in the context of optimal control in [6, 11, 12]. In a
recent note [12] we faced the solution of an optimal control problem for a
model of opinion dynamics described by a system of ordinary differential
equations over an evolving network. More precisely we considered a network
with a fixed number of vertices and edges which modifies its configuration of
connections in time through a preferential attachment rewiring process.

A further contribution of the present manuscript is the development of
numerical methods which are capable to describe correctly the large time
behavior of the system. In particular we will focus on finite-difference schemes
for the mean-field description of the opinion model over the network inspired
by the well-known Chang—Cooper method [41, 40, 60, 127]. We remark
that, at variance with the standard Chang—Cooper method, the Fokker-
Planck model considered here is nonlinear. Similar schemes for nonlinear
Fokker-Planck equations have been previously introduced in [40, 127].

The rest of the chapter is organized as follows. In Section 2 we introduce
the kinetic model and describe the evolution of the network of connections.
The main properties of the network and the evolution of some macroscopic
quantities, like the mean and the variance of the opinion over the network,
are discussed. Next in Section 3 we derive a Fokker-Planck model for the
opinion dynamics under the classical quasi-invariant scaling. This permits
to compute asymptotic stationary solutions of the opinion over the graph
in some simplified situations. Section 4 is devoted to the construction of
numerical methods for the above problems. Monte Carlo methods for the
Boltzmann model and finite difference schemes for the Fokker-Planck model
which are capable to describe correctly the steady states of the system
are introduced. Finally in Section 5 several numerical examples illustrate
our findings and show the behavior of the model. In separate Appendices
we report proofs related to the main properties of the network and to the
positivity preservation property of the finite difference scheme.

5.2 The kinetic model

In this section we introduce a general mathematical model based on a
kinetic description for the study of the opinion formation on a large evolving
network.
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5.2.1 Opinion dynamics

Let us consider a large system of agents interacting through a given network.
We associate to each agent an opinion w, which varies continuously in a
closed subset whose bounds denote two extreme and opposite opinions, and
its number of connections ¢, as a discrete variable varying between 0 and
the maximum number of connections allowed by the network. Note that
this maximum number typically is a fixed value which is several orders of
magnitude smaller then the size the network.

We are interested in the evolution of the density function

f=f(w,et), f:IxCxRF = RT (2.1)

where w € I, I = [—1,1] is the opinion variable, ¢ € C = {0,1,2,..., cmax} is
a discrete variable describing the number of connections and ¢ € R* denotes
as usual the time variable. For each time ¢ > 0 we can compute the following
marginal density

p(c,t):/lf(w,c,t)dw, (2.2)

which defines the evolution of the number of connections of the agents or
equivalently the degree distribution of the network. In the sequel we assume
that the total number of agents is conserved, namely

Cmax

Z ple,t) = 1. (2.3)

c=0

The overall opinion distribution is defined likewise as the following marginal
density function

Cmax

glw,t) =Y f(w,e,t). (2.4)
c=0

We express the evolution of the opinions by a binary interaction rule. From
a microscopic point of view we suppose that the agents modify their opinion
through binary interactions which depend on opinions and number of con-
nections. If two agents with opinion and number of connections (w, ¢) and
(wy, cx) meet, their post-interaction opinions are given by

2.5
W, = wy — NP (wy, w; i, ¢) (W — w) + £ D(wy, ), (2:5)

{w’ = w — NP(w, wy; ¢, i) (w — wy) + ED(w, ¢),
where w,w, € I = [—1,1] denote the pre-interaction opinions and w’, w!, the
opinions after the exchange of information between the two agents. Note
that, in the present setting the compromise function P(-,-;-,-) depends
both on the opinions and on the number of connections of each agent. In
(2.7) the nonnegative parameter 7 influences the compromise rate while
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&, &, are centered random variables with the same distribution © with finite
variance ¢? and taking values on a Borel set B C R. The function D(-,-) > 0
describes the local relevance of the diffusion for a given opinion and number
of connections. We will consider by now a general interaction potential such
that 0 < P(w, wy, ¢, cy) < 1.

In absence of diffusion, £, &, = 0, from (2.7) we have

|w' — wl| = |1 — n(P(w, ws; ¢, cx) + P(ws, w; ¢y, ¢))||w — wy], (2.6)

then the post-exchange distances between agents are still in the reference
interval [—1, 1] if we consider n € (0,1). In agreement with [6, 11, 82, 164]
we can state the following result which derives the conditions on the noise
term to ensure that the post-interaction opinions do not leave the reference
interval.

Proposition 5.2.1. If we assume that 0 < P(w,ws;c,ci) <1 and
gl<d, &l <d,

where

d= min {M,D(w,c);éO},

(w,c)eIxC D(w, C)

then the binary interaction rule (2.7) preserves the bounds being the post
interaction opinions w,w, contained in I = [—1,1].

The evolution in time of the density function f(w,¢,t) is described by the
following integro-differential equation of Boltzmann-type

S Hw,e,0)+ NUfw,e, 0] = QUE s, ), 2.7

where N[-] is an operator related to the evolution of the connections in the

network and Q(-,-) is the binary interaction operator defined as follows
Cmax

QUL ) = Z / (B flw, ) f(ws, ) - Bf(w,c)f(w*,c*)) dw,dgde,,

(2.8)

where (‘w,’w,) are the pre-interaction opinions generated by the couple

(w,wy) after the interaction. The term J denotes the Jacobian of the

transformation (w,ws) — (w’,w,) and the kernels 'B, B define the binary

interaction. Here and in the rest of the section, for notation simplicity, the

explicit dependence from the time variable is omitted.
We will consider interaction kernels of the following form

Bluww,)—(ww,) = AOE)O(E)x([w'| < Dx(lwi| < 1), (2.9)

where A > 0 is a constant relaxation rate representing the interaction fre-
quency.

2x 1
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In order to write the collision operator Q(-,-) in weak form we consider a
test function ¢ (w) to get

(2.10)

) Z ([ () = b)) S v, )

where the brackets < - > denotes the expectation with respect to the random
variables £, &,. Equation (2.7) may be written in weak form as follows

/ F(w, ¢ty (w)dw + / NI (w, &, D]t (w)dw —
3 / () £ ), O, )

cx=0

(2.11)

An alternative form, obtained by symmetry is the following

/ ety + [ N, e, D w)du =

5 < / W)+ o(wl) — ) —vw)) (o)

=0

f(ws, i, t) f(w, e, t)dwdw, >

5.2.2 Evolution of the network

We introduced in the previous paragraphs the operator N[, characterizing
the evolution of the agents in the discrete space of connections. This, of
course, corresponds to the evolution of the underlying network of connections
between the agents. Here we will specify the details of the model considered
in the present paper, inspired by [175].

The operator N[-] is defined through a combination of preferential attach-
ment and uniform processes describing the evolution of the connections of
the agents by removal and adding links in the network. These processes are
strictly related to the generation of stationary scale-free distributions [20].

More precisely, for each ¢ =1, ..., cmax — 1 we define
N[f(w, ¢, )] =
2V (f;w)
. 2Va(f;w)

v+ a [(c—1—|—a)f(w,c—1,t)—(c—i—a)f(w,c,t)],
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where v = v(t) is the mean density of connectivity defined as

Cmax

W) =Y eple,t), (2.14)

c=0

a, > 0 are attraction coefficients, and V,.(f;w) > 0, V,(f;w) > 0 are
characteristic rates of the removal and adding steps, respectively. The first
term in (2.13) describes the net gain of f(w,c,t) due to the removal of
connections between agents whereas the second term represents the net gain
due to the process of addition of connections. The factor 2 has been kept in
evidence since connections are removed and created pairwise.

At the boundary we have the following equations

w17, 0.0] = = 22850 51
2nunwaﬂwﬂ¢%
2V(;Z;X (2.15)
N[f(w, Cmax t)] :,;_i_i,ﬁ(cmax + 6)]0(10’ Cmax; t)
_ 2‘/’;1:—]0;0[1”)(0111aLX —1+a)f(w,cmax — 1, 1),

which are derived from (2.13) taking into account the fact that, in the
dynamics of the network, connections cannot be removed from agents with 0
connections and cannot be added to agents with cp.x connections.

Remark 8. If one defines the characteristic rates as

v+ 08 v+ a
Vilfiw) =Ur———F—F———, Vulf;w)=U, ; 2.16
(fiw) vs + Bg(w,t) (fiw) vf + ag(w,t) (2.16)
where
vr(w,t) = cf(w,c,t), (2.17)
c=0

and Uy, U, are constants, the dynamics in (2.13) corresponds to a combination
of a preferential attachment process (o, B = 0) and a uniform process (a, >
1) for each agent with opinion w, with respect to the probability density of
connections f(w,c,t)/g(w,t).

The evolution of the network of connections can be recovered taking
¥(w) =1 in the master equation (2.11). From equation (2.2) we have

Golet)+ [ Nlftw,et]do =0 (218)
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From the above definition of the network operator N[-| it follows that

Cmax

p > ple,t)=0. (2.19)
c=0
Then, for the collisional operator defined in (2.10) and the choice of N[] in
(2.13), the total number of agents is conserved.
Let us take into account the evolution of the mean density of connectivity
v defined in (2.14). We can prove that, for each ¢ > 0

d_— o) Y Pe(w. t)
ﬁww—2lixﬁw> P aw

+2/1Va(f,w)wdw
2

+7f> J@Un@ﬂwﬂxﬁw
2(Cmax + @)

_ W/Iva(f;w)f(w,cmax,t) dw.

(2.20)

Therefore, v is not conserved in general. Asymptotically, conservation is
recovered in the case 8 = 0, if the characteristic rates are given by (2.16)
with U, = U, or are constants with V, = V,., and for a sufficiently fast decay
of the density function f(w, cmax,t)-

In Appendix 5.6-5.6 we report the explicit computations of the conservation
of the total number of connections (2.19) and of the evolution of the mean
density of connectivity (2.20).

In the particular case where V, and V,. are constants independent of f and
w, then the operator N[-] is linear and will be denoted by L[-]. In this case,
the evolution of the network of connections is independent from the opinion
and we get the closed form

< ple.t) + Llple, )] =0, (221)

where

Llplet)] == L5 e+ 1+ Bple-+1.8) = o+ B )] .

2 o= 1 alpe— 1.0) — (e + alole. ],

and at the boundary

2V, 2V,
Llp(0,1)] = — poare 5(6 +1)p(1,8) + poare ~ap(0,1),
v,
L[[)(Cmax, t)] :72_'_ ﬁ (Cmax + ﬁ)ﬂ(cmax, t) (223)
Va
- 72_’_ Oé(cnlax -1+ Oé)p(cmax — 1,t)
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Note that the dynamics described by (2.22) corresponds again to a combina-
tion of preferential attachment processes («, 5 ~ 0) and uniform processes
(ar, B> 1) with respect to the probability density of connections p(c,t).

Concerning the large time behavior of the network of connections, in the
linear case with V. = V,, 8 = 0 and now denoting by v the asymptotic value
of the density of connectivity, it is possible to prove the following result.

Proposition 5.2.2. For each ¢ € C the stationary solution to (2.21) or
equivalently

(c+1Dpc(c+1) = —— [(e(27 + @) + va)poo(c) —v(c — 1 + a)poc(c — 1)]

v+ o
(2.24)
is given by
()L S _
Poc(C) = ('y—i—a> C!a(a—F 1) (a+c—1)po(0) (2.25)
where

poo(O):< a >a. (2.26)

a+y

Detailed computations are given in Appendix 5.6.

Further approximations are possible in the cases @ > 1 and a =~ 0.
For big values of a the preferential attachment process, described by the
master equation (2.22), is destroyed and the network approaches to a random
network, whose degree distribution is the Poisson distribution [21]. In fact,
in the limit @« — +o00 we have (a + )~ ala+1) - - (a+c—1) and

—c

—«
Poo(c) = lim (1 + 1) ~¢ = ¢ ~C.
o'

o—r+00 c!

In the second case, for v > 1 and small values of «, the distribution can be
correctly approximated with a truncated power-law with unitary exponent

= (%)%

5.2.3 Evolution of the moments

In order to study the evolution of the mean opinion, defined as

my(c,t) = /wa(w,c,t)dw,

we consider ¥ (w) = w in (2.12)

d
% wa(w7c7t)dw + /]'UJN [f(’UJ, C’t)] dw =
& (2.27)
;CZ::O </12 (W' +wl —w = w.) fw, cs, t) f(w, ¢, t)dwdw*> )
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Figure 2.1: Stationary states of (2.21) with relaxation coefficients V, = V,, =
1, mean density of connectivity v = 30, cmax = 1500 and several values of the
attraction parameters «, and having fixed 8 = 0. Left: convergence toward
the Poisson distribution for big values of a. Right: convergence toward a
power-law distribution in the limit o — 0, we indicated with p(_k), k=1,2,3
the a—dependent stationary solutions for o = 10~1,1072, 1073, respectively.

We obtain

%mw(c, 0+ /IwN [ (w, ¢, 1)) dw =

)\ Cmax
T2
cx=0

f(we, co, t) f(w, e, t)dwydw.

/12 (w — wy) [P(wy, w; i, ¢) — P(w, wy; ¢, )]

Of course, if the compromise function P(-,;-,+) is symmetric with respect to
the pairs (w, w,) and (¢, ¢,) the overall opinion on the network is conserved

d
p Z my(c,t) = 0.
c=0

In addition, if the operator NJ[-| is linear, the evolution of the mean opinion
obeys the same closed differential equation of the network of connections

%mw(c, D) + Ll (e, )] = 0. (2.28)
Therefore, all the conclusions of the previous section hold also for the mean
opinion on the network.
More generally we will consider compromise functions P(-,-;-,-) with the
following form
P(w,wy; e, ci) = H(w,wi) K(c, cy), (2.29)

where 0 < H(-,-) < 1 represents the positive compromise propensity and
0 < K(-,-) <1 a function taking into account the influence of number
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connections in the opinion exchange process. Note that, in this case, even
if we consider a symmetric compromise function H and a linear network
operator we have

d
amw(c, t) + Lmy(c,t)] =

Cmax

A Z B(t,c,cx) [K(c, ) — K(c,c4)] (2.30)

c«=0

. H(wy, w)(w — wy) f(wy, e, t) f(w, ¢, t)dw,dw,
and the evolution of the mean opinion cannot be expressed in closed form
due to the influence of the different connections that the agents possess. This
is a fundamental difference compared to classical kinetic models of opinion
[164).
In the case of the second moment of the opinion ¢(w) = w?, if we assume
a symmetric function P, by denoting

Ey(c,t) = /wa(w,c, t)dw

1
we get,
GBulet) + [N (w.e.0)]du -
nA iﬂ:"/ (Wi, w; c*,c)2(w w*)2f(w*,c*,t)f(w ¢, t)dw,dw (2.31)
cx=0

LA / D2(c, w) f(w, ¢, t)du,
I

which, in the case of a linear operator L[] with P = 1 and in absence of
noise D = 0, simplifies to

Ey(e,t) + LIEy(c,1)] =

Cmax Cmax (2.32)
nA (Ew(c, t)+ plc.t) Y Bulce,t) — 2muylc,t) mw(c*,t)> .

cx=0 cx=0

d
dt

Equation (2.32) together with (2.21) and (2.28) form a closed system for the
evaluation of the second order moment of the opinion.

5.3 Fokker-Planck modeling

In general it is difficult to obtain analytic results on the large time behavior
of the opinion for the kinetic equation introduced in the previous section. A
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step toward the simplification of the analysis is the derivation of asymptotic
states of the Boltzmann-type equation derived from a simplified Fokker-
Planck-type models [145]. Here we recall briefly the approach usually referred
to as the quasi-invariant opinion limit [11, 39, 164].

5.3.1 Derivation of the model

The idea is to rescale the interaction frequency A, the interaction propensity
n and the diffusion variance ¢Z at the same time, in order to maintain
asymptotically the memory of the microscopic interactions. Let us introduce
the scaling parameter € > 0 and consider the scaling

1
n=e A==, ¢ =ed’ (3.1)

The above scaling corresponds to the case where the interaction kernel
concentrates on binary interactions producing very small changes in the
agents’ opinion but, at the same time, the number of interactions becomes
very large. From a modeling point of view we require that the scaling (3.1)
preserves the macroscopic properties of the kinetic system in the limit € — 0,
i.e. the evolution of the mean and the variance of opinion derived in Section
5.2.3.
The scaled equation (2.11) reads

/f w, e, 1)y >dw+/N[f<w,c7t>w<w>dw=

Cmax (32)
- Z </ w( ))f(w*7C*7t)f(wacvt)dwdw*>7
with scaled binary interactions given by
w —w = eP(w,wy; ¢, ¢y ) (we — w) + E-D(w) + O(e?), (3.3)

where §e is a centered random variable with variance 0. Since as ¢ — 0 we
have w’ — w we can consider the Taylor expansion of ¢ around w to get

Y(w') — d(w) = (W —w)y'w) + 5 —wP" @),  (34)
where for some 6 € [0, 1]
w = 0w+ (1 —-0)w,
and from (3.2) we obtain
°y < [ = 0w+ '~ e )
=0 (3.5)
f(ws, e, t) f(w, c, t)dwdw*> + R(e),
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where R(e) indicates the remainder, given by

1 Cmax

maz252:<ﬂ;w—wfwww—w%wvmm&¢vwmmmmm>.

cx=0
(3.6)
Therefore, the scaled binary interaction term reads

Cmax
/1'2

cx=0

(W, wy; ¢, cx) (W — w)Y' (w)

)

+ %D(w, 0)21///(10)] fw, e, t) f(w, ¢, t)dwdw, + R(e) + O(e).
(3.7)

By similar arguments of [164] it can be rigorously shown that R(e) in (3.6)
decays to zero in the limit € — 0. Thus, as ¢ — 0 we recover

G [ Hwenptiao+ [ Nirw.c0 vt -

Z [ P(w, wy; ¢, ci) (wy — w)Y (w) f(ws, e, t) f(w, ¢, t)dwidw
Cx —0
/D w, )2 ( )f(w,c,t)dw} .
(3.8)
Integrating backward by parts equation (3.8) we obtain the following Fokker-

Planck differential equation for the evolution of the opinions’ distribution on
the evolving network

o ey t) + N [Fw,e,1)] = 5P, )
e (3.9)
+ Eig(D(wv C)Qf(wv Cat))

where

(w,c,t) Z /P W, Wy €, Cx) (Wi — W) f (wWy, s, t)dw,. (3.10)

cx=0

5.3.2 Stationary solutions

In this section we will show how in some cases it is possible to compute
explicitly the steady state solution of the Fokker-Planck system (4.9). We
restrict to linear operators L[] and asymptotic solutions of the form

fOO(wvc) = goo(w>p00(c)7 (3‘11)
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where poo(c) is the steady state distribution of the connections (see Proposi-
tion 5.2.2) and

Cmax

/I Foo(w, )dw = poo(c), S folw,0) = go(w). (312)
c=0

From the definition of the linear operator L[] we have L[px(c)] = 0, so
stationary solutions of type (3.11) satisfy the following equation

0 o? 0? 9

%P[foo]foo(w,c) + ?W(D(w, ¢) foo(w, c)) = 0. (3.13)

Under some simplifications we can analytically solve equation (3.13), as shown
in [11, 164]. If we assume (2.29), i.e. P(w,ws;c,cy) = H(w,w,)K(c,c), the
operator P|fs] can be written as follows

Plfoo] (10, ¢) = (Z:jDK( c*>poo<c*>> ( [ v, - w)gw<w*>dw*)
—: Klpoe)(€)Hlgoc] ()
(3.14)

and if we further assume that K(c,c,) = K(c) is independent from ¢, and
H(w,w,) = H(w) independent from w,, we have

Cmax

Klp] = Z K(cx)poo(en) =k, Hlgoo] = H(w) (w — )

c«=0

where My, = Yo% my,(c, t).
Finally, if we consider D(w, ¢) = D(w), equation (3.13) reads
- o? 02

( 4 H(w) (w — M) goo(w) + 3 9l

Koo D(w)ngo(w)> Poo(c) =0. (3.15)

Therefore, on the support of ps(c), stationary solutions can be derived from
the following equation
_ B o2 0 9
KH(w) (w — M) goo(w) + E%D(w) Joo(w) =0, (3.16)
which corresponds to the solution of the ordinary differential equation
—_— =2 =—— - = . 3.17
dw <a2 D2 D ) I (3:.17)

Thus, we obtain

Joo(w) = D(sz))Q exp {i’; /w gl((:)l (Myy — v) dv} , (3.18)

where the constant C is chosen such that the total mass of g, is equal to
one. Some explicit examples are given below.
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o, 40
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70
c o ! c

Figure 3.2: Stationary solutions of type foo(w,¢) = goo(w)poo(c), where
Joo(w) is given by (3.19) with k = 1, my, = 0, 02 = 0.05 and peo(c) defined
by (2.25), with V;, =V, =1, v = 30 and o = 10 on the left and & = 0.1 on
the right.

1. In the case H = 1 and D(w) = 1 — w?, the steady state solution is
given by

— —24mypk/o? (4 \—2—mayk/0? o "/”'(1 — mww)
Goo(w) = Co(1+w) (1-w) exp { o 3

(3.19)

2. For H(w,wy) =1 —w? and D(w) = 1 — w?, the steady state solution
is given by

goo(w) = Co(1 — w)~2HA=muw)s/o® (] 4 ) =2+(tmw)s/o® (3 90)

In Figure 3.2 as an example we report the stationary solution foo(w,c) =
Joo (W) poo (), where goo(w) is given by (3.19) and peo(c) defined by (2.25)
for various a.

5.4 Numerical methods

In this section we consider the development of numerical methods for the
kinetic models studied in the previous sections. First we consider direct
simulation Monte Carlo methods for the Boltzmann model (2.8) introduced
in Section 5.2. Here the major difficulty is to consider a probabilistic
interpretation of the dynamics induced by the network operator N[-], whereas
the opinion interaction follows the standard binary sampling approach (see
[145] for details). Next we consider the derivation of numerical schemes for
the Fokker-Planck model (4.9), derived in Section 6.4. In particular we will
focus on the construction of finite-difference methods which are capable to
describe correctly the large time behavior of the model. To this aim we will
consider a nonlinear version of the Chang—Cooper type discretization which
has the nice feature of preserving the steady states and the non-negativity
of the numerical solution [60, 127].
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5.4.1 Direct simulation Monte Carlo

One of the most common approaches to solve Boltzmann-type equations is
based Monte Carlo methods. Let us consider the initial value problem given
by equation (2.7) with initial condition f(w,c,t = 0) = fo(w, ¢), the solution
at time t" = n - At™,n > 1 is obtained as a composition of the solutions
of the following problems: we first integrate the network term for all ¢ € C
along the time interval [t", ¢"1/2]

g "
W, e ) + N[f(w,c,t)] =0, (4.1)

f(w,c,0) = fo(w,c)

then we solve over [t"+1/2 #"+1] the interaction step

d
%f(w,c,t) =Q(f, N(w,c, 1), (4.2)

f(w,e,0) = f(w, e, t"T1/2).

The described process may be iterated in order to obtain the numerical
solution of the initial equation at each time step. At variance with standard
Monte Carlo methods for opinion dynamics, see for example [145], here we
face the additional difficulty of the network evolution. In the sequel we
describe the details of the Monte Carlo method for the network evolution in
the simplified case N[-| = L]].

Let f* = f(w,c,t") the empirical density function for the density of agents
at time ¢" with opinion w € [—1, 1] and connections ¢ € C. For a any given
opinion w the solution of the transport step is given for each ¢ > 0 and
¢ < Cmax by

1 (w, ¢) = (1 BN Ghli ) Atv“(c“‘)) F(w, )
B 7"+ (4.3)
Vi(c+ ) Va(c+ o) '
At———~ " -1+ At———2f" 1
FA g e m D A n et L,
with boundary conditions
n _ Va(C+()é) n Va(c—l—a) n
F7(w,0) = (1 apelete )f (0,0 + 8D gy,
W(C‘i‘ﬁ)) V;“(Cmax"i‘/@)
" max) — 1_At7 " ) “Imax Atin 7mx_17
(0, ) = (1= AZEED) 00, ) 4 20 B 0, 1)
(4.4)
and temporal discretization such that
. Y+ B '+ o
At < ) 4.
t_mln{v}(cmax_‘_ﬁ)’Va(Cmax“‘a)} ( 5)

An algorithm to simulate the above equation reads as follows
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Algorithm 5.4.1.
1. Sample (w?,c?), with i =1,..., N5, from the distribution f°(w,c).

2. forn=0 to ngp — 1
(a) Compute v = N% Z;V:sl s
(b) fiz At such that condition (4.5) is satisfied.
(c) fork=1 to N,

i. compute the following probabilities rates

(@  AtVe(cf + ) ) AtVu(cp + )
pk; - 'Yn + a ) k - 'Yn + 5 9

ii. set ¢ = cj.
iwi. 2f 0 < ¢} < Cmae — 1,

with probability p,(:) add a connection: ¢, = ¢ +1;
w. 1f 1< C]: < Cmagzs

(r)

with probability p,’ remove a connection: cj, = ¢ — 1;

end for

(d) set c?“ =c}, foralli=1,...,N;.

end for

The collision step may be solved through a binary interaction algorithm
[8, 145], where the basic idea is to solve the binary exchange of information
described by (2.7), under the quasi-invariant opinion scaling (3.1).

The time-discrete scheme reads

e = (1= 2) o+ LR w6

€

where we have made explicit the dependence of Q(f, f) on the frequency
of interactions 1/e and with QX (f", f) we denoted the gain part, namely
it accounts the density of opinions gained at position w after the binary
interaction (2.7). The collisional step (4.6) is a convex combinations of
probability density under the time step constrain At < e, which has to be
coupled with (4.5). For further details on the algorithm we refer to [8, 145].

In Figure 4.3 we show the two stationary states, already presented in
Figure 3.2, computed through the Monte Carlo procedure just described,
where we use Ny = 2 x 10* samples to reconstruct the density and scaling
parameter € = 0.01 and At = &.
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40 05 )
w 50 w

70
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Figure 4.3: Stationary solutions captured via Monte Carlo simulations, with
N, = 2 x 10* samples. Parameters of the model are chosen as follows
02 =0.05,V, =V, =1, =0, a = 10 on the right hand side and o = 0.1
on the left hand side.

5.4.2 Chang—Cooper type numerical schemes

We consider the Fokker-Planck system (4.9) that we will rewrite in the
form
0

0
af(wv Cy t) +N [f(w?cv t)] = %]:[f] (4.7)

2
Flf] = (P[f] + 02D’(w, ¢)D(w, c)) fw,c,t)+ %D(w, c)2a?uf(w, ¢, t),
(4.8)
and P|f] is given by (3.10).

The above equation is complemented with the initial data f(w,c,0) =
fo(w, ¢) and considered in the domain (w,c) € I x C with zero flux boundary
condition on w. Note that in the variable ¢ the equation is in discrete form
and therefore the discretization we will consider acts only on the continuous
opinion variable w € I.

Let us introduce a uniform grid w; = —1 4+ {Aw, ¢ = 0,..., N with
Aw = 2/N, we denote by w;1/o = w; = Aw/2 and define

file, t) = L /wH—l/2 f(w, e, t) dw.

Aw Wi—1/2

Integrating equation (4.7) yields

Fiv1/2lf] = Fic1polf] (4.9)
Aw ’

0
afi(CJ) + N{[fi(e,t)] =

where F;[f] is the flux function characterizing the numerical discretization.
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We assume a flux function as a combination of upwind and centered
discretization as in the classical Chang—Cooper flux

2
Fiv12lf1 = <(1 —0i172) (P fiay2l + U2D£+1/2Di+1/2) + QAwDiQH/2> Jit1

0.2
+ <5i+1/2(7)[fi+1/2] +0°Dj, 1 9Dit1y2) — 2AwDi2“/2) fis
(4.10)

where D; /9 = D(w;41/9,¢) and D£+1/2 = D'(wit1/2,¢)-

The weights 0,12 have to be chosen in such a way that a steady state
solution is preserved. Moreover, as it is shown in Appendix 5.6, this choice
permits also to preserve nonnegativity of the numerical density.

Preservation of the steady states corresponds to assume that the numerical
flux vanishes when f is at the steady state f°°. Imposing the numerical flux
equal to zero, from (4.10) we get

0.2
fir1 _ —0iv172(Plfivrjal +0°Diyy 9 Div1ya) + 555Dy o (4.11)
fi (1= 6i41/2)(Plfig1/2] + U2D§+1/2Di+1/2) + ﬁpfﬂ/g
Solving with respect to d;, /2 yields
o2D?
/2 ! (4.12)

+1/2 2Aw(7)[fl+1/2] + 02D§+1/2Di+1/2) 1- fi/fi-f—l

On the other hand the same computation directly on the flux (4.8) gives the
differential equation

o?D(w,c)?

5 ai}f(w,c,t) =— (P[f] + 02D/ (w, ¢)D(w, c)) flw, e, t), (4.13)

which in general cannot be solved, except is some special cases as discussed
in the previous section, due to the nonlinear term on the right hand side. A
possible way to overcome this difficulty is to consider a quasi steady-state
approximation as follows. We first integrate the previous equation in the cell
[wi, wit1] to get

Wi+1 10
/wl- <f8wf> (w, e, t) dw =

2 [ 1 21y
-5 5 W (P[f] +0°D (w,c)D(w,c)) dw,

and then
. 2 Wi41 1 ,
Ftmoo (< [ D (PU1+ D D0, dv).

(4.14)
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Next we can approximate the integral on the right hand side with a suitable
quadrature formula. Because of singularities at the boundaries w = +1 of
the integrand function we can resort on open formula of Newton-Cotes type.
For example, using the simple midpoint rule a second order approximation
is obtained

fir1

20w 1 9
7. A exp (‘(ng; (p[fi+l/2] +o D§+1/2Di+1/2)> . (4.15)

i+1/2

Now by equating (4.15) and (4.11) we recover the following expression of the
weight functions

1 1
172 Aig1z 1 —exp(Aiy1y2) (4.16)
where
20w 1
/\i+1/2 = 7D271/2 <P[fi+1/2] + U2D;+1/2Di+1/2> . (4-17)
it

Note that here, at variance with the standard Chang—Cooper scheme [60], the
weights depend on the solution itself as in [127]. Thus, we have a nonlinear
scheme which preserves the steady state with second order accuracy. In
particular, by construction, the weight in (4.16) are nonnegative functions
with values in [0, 1].

Higher order accuracy of the steady state can be recovered using a more
general numerical flux given by

]:z'+1/2[f] =

D2 Wi+1 21/ 2
i+1/2 s P[f] + 0*D'(w, c)D(w,c) a?\
Aw ((1 5z+1/2)/m D{w. o) dw + 5 fi+1

D? Wit1 21y 2
i+1/2 ) P[f] +o D (U),C)D(’U),C) _ 0—7 .
+ A’U} <6’L+1/2 /wl D('U),C)2 dw 9 fl)
(4.18)
and taking

ANig1j2 = % /w‘iJrl D(uic)z (P[] + 0*D'(w,¢)D(w,c)) dw. (4.19)

It is easy to verify that, independently of the quadrature method used to
evaluate the integrals in (4.18)-(4.19) the weights always satisfy (4.16). In
this way, thanks to (4.14), higher order approximations of the integrals in
(4.18)-(4.19) lead to higher order evaluations of the steady state solution.
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5.5 Numerical Results

In this section we perform several numerical test to validate our modeling
and numerical setting. We focus on the case a < 1, since it represents the
most relevant case in complex networks [3, 175]. For this case in fact we
proved in Section 5.2.2 the emergence of truncated power law distributions for
the network’s connectivity. Except for the first test case, where we analyze
the numerical convergence of the Boltzmann model in the quasi-invariant
limit, in all the other tests the opinion dynamics evolves according to (4.9).
Thus, in Test 2,3,4 the evolution is performed via the implicit-explicit scheme
(6.14) described in the appendix with the numerical flux (4.10) based on the
midpoint approximation (4.15) and using N = 80 grid points in w. We used
Aw = 2/N and a time step satisfying the stability condition (6.22) in the
Appendix. The choice of parameters for the different tests is summarized in
Table 4.1, the compromise and local diffusion functions, P(c, cy; w,w,) and
D(w, c), and additional parameters will be introduced in every single test.

5.5.1 Test 1

We first consider the simple test case where the opinion evolves indepen-
dently of the network and we validate the Chang—Cooper type scheme (6.14)
with the flux (4.18) comparing its convergence with respect to the DSMC
method.

We simulate the dynamics with the linear compromise function P(w, wy; ¢, ¢x) =
1, and D(w,c) = 1 — w?, thus we can use the results (3.19), to compare the
solutions obtained through the numerical scheme with the analytical one.
The other parameters of the model are reported in Table 4.1 and we define
the following initial data

go(w) = \/L(exp{—(w +1/2)?/(20%)} + exp{—(w — 1/2)*/(207)}).

2 2%0%

(5.1)
Test o2 U% O'% cmax Vo Vi 0 « I5}
#1 5x1072 6x 1072 — 250 1 1 30 1x107' o
#2  5x1072 6x 1072 — 250 — — 30 1x107t 0
#3 5x107° 4x1072 25x1072 250 1 1 30 1x107* 0O
#4  1x1073 — — 250 1 1 30 1x107' 0O

Table 4.1: Parameters in the various test cases
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N, = 10°
——N, = 10°

0.04 ——exact

Figure 5.4: Test 1. One-dimensional setting: on the left, convergence of
(4.6) to the stationary solution (3.19), of the Fokker-Planck equation, for
decreasing values of the parameter ¢, gév represents the initial distribution.
On the right, convergence of the Monte-Carlo (4.3) to the reference solution
(2.24) for increasing values of the the number of samples N;.

In Figure 5.4, on the left hand-side, we report the qualitative convergence
of the Monte-Carlo methods for the Boltzmann dynamics, see [8, 146] for
further details on the Binary Interaction algorithms, where we consider
N, = 10° samples to reconstruct the opinion’s density g(w,t) on a grid of
N = 80 points. The figure shows that for decreasing values of the scaling
parameter ¢ = {0.5,0.05,0.005}, we have the convergence to the reference
solutions (3.19) of the Fokker-Planck equation. On the right we report the
convergence to the stationary solution of the connectivity distribution (2.24)
foraa = 0.1 and V = 1 and with ¢pax = 250. In this case we show two different
qualitative behaviors for an increasing number of samples N, = {103,10%}
and for sufficient large times.

In Figure 5.5, on the left-hand side we report the qualitative solution of
the Chang—Cooper type scheme integrated with the explicit Euler method,
on the right-hand side we depict the decay of the Ly relative error to the
reference solution (3.19) i.e.

19 — gooll1

Tl (5.2)

with ¢V representing the approximated solution of the numerical scheme.
We test the convergence of the scheme for different quadrature rules, and
additionally we compared them with the error of the Monte-Carlo simulation.
The plot on the right-hand side shows how the Change Cooper type scheme
is able to reach high order of accuracy, for high order quadrature rules in
(4.18)-(4.19). For the discretization we consider the following parameters:
N =80, Aw = 2/N and At = (Aw)?/(40?) with a final time T'= 10. The
DSMC method (Binary Interaction algorithm) is performed with £ = 0.0005
and with Ny = 10° samples.
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g™ = geclli/ll gl

——Midpoint
——Milne rule |?
—e=5x10"" 7

Figure 5.5: Test 1. One-dimensional setting: on the left, the solution of the
Chang-Cooper type scheme with the flux (4.18) is indicated with g&¥ and
compared with the stationary solution (3.19), also the initial data g} (5.1) is
reported. On the right we report the decay of the L! relative error (5.2) for
different choices of the quadrature rule, mid—point rule (4.15) and Milne’s
rule (respectively of 27¢ and 4" order).

5.5.2 Test 2

Next we consider a second validation test in the full case where the opinion
and the evolution of the network are coupled, again with a constant compro-
mise function P(w, wy; ¢, cx) = 1 and local diffusion function D(w, ¢) = 1—w?.
In this case we are still able to characterize the analytical solution of the
model as the product of the two stationary solution for the opinion variable
and the connectivity, i.e. foo(w, ) = poo(€)goo(w). We consider the initial
data

foluw. ) = Zple)gi (w) + gmole = co)gy (w), (53
where
() = komax{e(c = 2100}, 46 = (e {~(w £1/2)*/ 2o}
7TO'F
(5.4)

and with coefficient ¢y = 20 and ko = 3/(2073). The parameters are defined
in Table 4.1 except for the characteristic rates, which will be defined in two
different ways in the following. We want to study the decay of the L' relative
error with respect to the time, as depicted in Figure 5.5.

In the first case we consider constant characteristic rates, i.e. V=V, =V,
showing that for increasing values of V' the convergence of the numerical
scheme is faster. This is not surprising, since for larger values of V' the
dynamics of the connectivity distribution relaxes faster towards the stationary
state.

We report in Figure 5.6 the evolution of the density f(w,c,t) in the time
frame [0, 7] with T' = 20, where on the plane (z,¢) the distribution of the
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Figure 5.6: Test 2. From left to right and from the top to the bottom:
evolution of the density f(w,c,t) at different time steps. The plot (a)
represents the initial data fo(w,c) (5.3) and plot (d) the stationary solution.
On the plane (z,c) we depict with a blu line the marginal distribution p(c, t)
of the solution at time ¢, with red line we represent the reference marginal
distribution of the stationary solution.

connections p(c,t) is represented in order to better enlighten the convergence
to the power-law like distribution.

In a second test we performed the same simulation but with characteristic
rates defined as in Remark 8, thus

Y+8
Ve(fsw) Urw = Ba(w )’
with U = U, =U,, B =0 and v¢(t) = > o cf (w, ¢, t). Simulations shows
that in this case the same stationary solution are obtained.

We report in Figure 5.7 the decay of the errors for different values of the
characteristic rates, in the two different cases V = {10%,10% 10°} for the
constant rate and U = {10, 10%,10°} for the variable rates. In both cases
we observe a faster convergence to the stationary solution for increasing
values of the characteristic rates. Observe that, the same order of accuracy
of the mid—point rule in Figure 5.5 is recovered, on the other hand, small

vt o
Va f;w :Ua
Uiw)=Uel 3 ag(w,d)

(5.5)

111



Opinion dynamics over complex networks Chapter 5

g™ = gocll1/llgoclls g™ = gocll1/Ilgecls

" , . , , , . , , , . , . | \ | | . |
° 0 2 4 3 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Figure 5.7: Test 2. Decay of the L' relative error with respect to the station-
ary solution (3.19). On the left, fixed characteristic rates V' = {103, 10%,10°},
on the right, variable characteristic rates defined as in (5.5) with U =
{103,10%,10%}. In both cases for increasing values of the characteristic rate
V and U the stationary state is reached faster.

differences in the decay are observed between the two cases. In Figure
5.8, we enlighten the different evolution of the transient solution at time
t = 1, of the simulation in Figure 6. On the left we depict the solution with
constant characteristic rates, on the right with variable characteristic rates,
which shows that lower density in the opinion leads to faster spread on the
connections.

5.5.3 Test 3

In this test we analyze the influence of the connections over the opinion
dynamics by considering a compromise function of the type

P(w,wy;c, ) = H(w,wy) K (c, cy),

where H(w,w,) = 1 — w? and K(-,-), which models the influence of the
connectivity on the opinion evolution, is defined as follows

K(c,c.) = (C:ax> h <c:x>b , (5.6)

for a,b > 0. This type of kernel assigns higher relevance into the opinion
dynamics to higher connectivity and low influence to low connectivity. The
diffusivity is weighted by D(w,c) = 1 — w?.

We perform a first computation with initial data

pos(c) exp{—(w + 3)*)/(20%)}, if 0 < ¢ <20,
Jo(w, ) = Co  poo(c) exp{—(w — 3)2/(202)}, if 60 < ¢ <80, (5.7)

0, otherwise,
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250 250

Figure 5.8: Test 2. Evolution at time ¢t = 1 of the initial data fo(w,c) (5.3)
as isoline plot. On the left in the case of constant characteristic rate on the
right variable characteristic rates defined as in (5.5). The right plot shows
that for lower opinion’s density the evolution along the connection is faster
and slower where the opinions are more concentrated.

where the choice of parameters is reported in the third line of Table 4.1
and a = b = 3 for the interaction function K(-,-) (5.6). The evolution is
performed through the Chang—Cooper type scheme with Aw = 2/N and
N = 80. We study the evolution of the system in the time interval [0, T
with T = 2.5.

In Figure 5.9 we report the result of the simulation. The initial configuration
is is split in two parts, the majority concentrated around opinion wp = —1/2
and only a small portion concentrated around wy, = 3/4. From the upper-
right and bottom-left figures we observe that, because of the anisotropy
induced by K (¢, ¢, ), the density with a low level of connectivity is immediately
influenced by the small concentration of density around wy, with a large level
of connectivity; the bottom-right plot shows the final configuration.

In Figure 5.10 we depict, on the left-hand side, the initial and final marginal
density of the opinion, respectively g(w,0) and g(w,T'), showing the change
of the total opinion. On the right, we enlighten the change of opinion plotting
the evolution of the average opinion.

5.5.4 Test 4
In the last test case, we consider a connection dependent Hegselmann-
Krause model [113], known also as bounded confidence model, where agents

interact only with agents whose opinion lays within a certain range of
confidence. Thus, we define the following compromise function

P(w,ws; ¢, c4) = X{jw—w.|<A(e)} (Wk); (5.8)
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Figure 5.9: Test 3. From left to right and from the first row to the second
row, evolution of the initial data (5.7) in time frame [0, 7] with "= 2. The
evolution shows how a small portion of density with high connectivity can
bias the majority of the population towards their position. (Note: The
density is scaled according to the marginal distribution p(c,t) in order to
better show its evolution, the actual marginal density p(c,t) is depicted in
the background, scaled by a factor 10).

where A(c) is the connection dependent confidence level. We define the
initial data

1
folws) = 5 pmel@), (59)
therefore the opinion is uniformly distributed on the interval I = [—1,1] and

it decreases along ¢ € [0, ¢max| following poo(c), as in (2.24), with parameters
defined in Table 4.1 and D(w,c) = 1 — w?. The evolution is performed
through the Chang—Cooper type scheme with Aw = 2/N, with N = 80. We
consider the evolution of the system in the time interval [0, 7], with 7" = 100.

We study first a confidence level independent from the number of connec-
tions, therefore we set A(c) = A = 0.25. In Figure 5.11 the evolution of the
initial data (5.9) shows the classical behavior of Hegselmann-Krause model,
where opinions’ clusters emerge.
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Figure 5.10: Test 3. On the left-hand side final and initial state of the
marginal distribution g(w,t) of the opinion, the green line represents the
evolution of the average opinion m(t), the red and blue dashed lines represent
respectively the opinions wy = 0.75 and wr = —0.5, which are the two
leading opinions of the initial data (5.7).

Next, we perform a second computation where the confidence bound
depends on the number of connections as follows

Ae) = dg——. (5.10)
Cmax

This choice reflects a behavior where agents with higher number of connections
are prone to larger level of confidence. We report in Figure 5.12 the evolution
of (5.9), where A(c) creates an heterogeneous emergence of clusters with
respect to the connectivity level: for higher level of connectivity consensus
is reached, since the bounded confidence level is larger, instead for lower
levels of connectivity multiple clusters appears, up to the limiting case ¢ = 0,
where the opinions are not influenced by the consensus dynamics.

5.6 Conclusions

The construction of kinetic models and numerical methods for the spread-
ing of opinions over time dependent large scale networks has been considered.
First we have introduced a Boltzmann model for the opinion interactions
based on a preferential attachment process for the creation of new connec-
tions between agents. If the preferential attachment is independent from the
agents’ opinion the large time behavior of the network can be described ana-
lytically and originates both Poisson type distributions as well as truncated
power laws. Next, we derived the corresponding mean-field approximation
which permits to have a deeper understanding of the asymptotic behavior
of the opinion dynamics and to compute analytically stationary states in
simplified situations. Robust numerical methods, based on stochastic as
well as deterministic techniques have been introduced and their property
discussed. The results, for various test cases, show that the present approach
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(c) t=50 (d) t=100

Figure 5.11: Test 4. Evolution of the Fokker-Planck model (4.9) where the
interaction are described by (5.8) with A = 0.25, in the time frame [0, T
with 7" = 100. The evolution shows the emergence of three main opinion
clusters, which are not affected by the connectivity variable. (Note: In order
to better show its evolution, we represent the solution as log(f(w,c,t) + €),
with € = 0.001.)

is capable to reproduce realistic opinion/network distributions including the
emergence of opinion clusters. In principle, the model here introduced admits
various extensions. First, one may consider the case where the number of
agents in the network is not conserved, as it happens in a real social network.
Moreover, control problems with the aim to force consensus over the network
may be introduced. These subjects are actually under study and the results
will be presented elsewhere.

Appendix Ch.5: Properties of the network

In this section we report explicit computations concerning the properties
of the network operator N[].
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Conservation of the total number of agents

First we show that

Cmax

> N[f(w, e, t)] dw = 0. (6.1)
c=0

From (2.13) we have

Cmax —

1 Cmax—1
S N[f(w,e 1)) = - 2Uiw)
c=1

’Y+’8 c=1
Cmax—1
= 2‘/’)7:(‘{7,8“]) [(Cmax + B)f(wa CmaX7t) - (6 + l)f(w’ 1’t)]
+ 2‘/’;1(—{;0111)) [(Cmax -1+ a)f(w, Cmax — 17t> - af(w7 O’t)] '

Using the boundary conditions (2.15) we have the desired property. As a
consequence we obtain the conservation of the total number of agents

% gP(Q t) = _/1 ggN[f(w,c, 1)) dw = 0. (6.2)

Mean density of connectivity

Next we consider the evolution of the mean density of connectivity ().
We prove that

Cmax

. . Yf+ ﬁg(wv t) . X vyt ag(w, t)
;CN[f(wvcvt)] _2VT(faw)T 2Va(f’w) vt
Vi(f; Va(f;
= 2 00,0+ 2 k)0 ).
(6.3)
In fact, thanks to (2.13), in the internal points we have
Cmax—1 . Cmax—1
=Y attrwen] <N e 1+ s e+ 1,0
c=1 c=1
—(c+B)f(w,c,t)] (6.4)

. Cmax —1
+W S clle—1+a)f(w,e—1,1)

c=1
—(c+a)f(w,c,t)].
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We observe that the first sum in (6.4) is equal to

. Cmax—1
W > lele+ 1) f(w, e+ 1,t) = A f(w,c,t)]

c=1
2V (fiw) RS
oy —74 Z [ef(w, e+ 1,t) — cf(w, e, t)],

= % [Cmax(Cmax + B)f(’w, Cmax,t) — (Vf + Bg(w,t)) + ﬁf(uu 07t)] .

(6.5)

Similarly the second sum in (6.4) is equal to

2V, (f;w) &<
T Y fele =1 (w,e=1,0) = f(w,e.1)

c=1

. Cmax_l

= W h/f(wa t) - Cmax(cmax - l)f(wa Cmax — 17 t) - Cmaxf(wv Cmax; t)]

N 2Va(f;w)a

vt o [g(w,t) - Cmaxf(wy Cmax — 17t> — f(w, Cmax,t)] .

(6.6)

Using the boundary condition for ¢ = ¢pax (since the one at ¢ = 0 does not
play any role here) we have

_CmaxN[f(w) Cmax t)] = - Cmaxmz(f;w)(cmax + B)f(wa Cmax» t)

+ 8
2Va(f;w)
+ max~— _ , _ \tmax ]-+ ) max_]-vt ’
s 2L )1 (0, s — 1,1)
(6.7)
which together with the above computations yields (6.3).
As a consequence we have
d Vs + Bg(w, t) / Vs + og(w, t)
—y(t) = =2 | V.(f;w)—"—"=d 2 | Vo(f;w)——F——=d
0 == [ V(i) LI D 2 [ Vi) L0
28 2(Cmax + @) /
—= [ V([ ,0,8) dw — —————— [ Va(/f; s Cmax; t) d
5 [ V.00 duw = TR [ )
(6.8)
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Asymptotic behavior

In the following we compute the explicit stationary solution pe.(c) for the
evolution of p(c,t) in the linear case with V, =V, § = 0 and assuming

Cmax Cmax

ZPOO(C) =1, ZCPOO(C) = Yoo
c=0 c=0

Note that in the sequel, for notation simplicity, we denote by v = 7~ the
asymptotic stationary value reached by the mean density of connectivity.

Proposition 5.6.1. For each ¢ € C the stationary solution to (2.21) or
equivalently

(c+ Dpole+1) = —— [(e(2y +a) +70)psc(c) = 7(c — 1 + a)psolc— 1)

¥+«
(6.9)
s given by
pel) = (1) Jalat (ke pe®) (610
where N
0= (%) (6.11)

Proof. Let us show (6.10) by induction. First, from the boundary condition
(2.23) at ¢ = 0 we immediately have

) = (-1 ) anlO) (6.12)

Now let us assume that (6.10) holds true for ¢, we want to prove that

poo(c+1):< ~ >c+1

v+«

croiet et ges(0). (6.13)

From (6.9) we have

(c+1)poo(c+1) :’y—i—la [(c(2’y + o) + va) <fy_f|y_oé> %a(a +1)---(a+c—1)pss(0)

v+«

(2] oo [

c—1
_fy(c—l—i—a)( 7 ) (6_11)!@...(044-6—2);)00(0)]

c+1
:<71a> éa---(a+c—1)(a+c)poo(0).

By direct inspection one verifies that also the boundary condition (2.23) at
C = Cmax 18 verified. O
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Appendix Ch. 5: Properties of the implicit-explicit
scheme

Let us consider the following implicit-explicit discretization of (4.9)

= LN = Fiap = Fia
At v Aw ’

where fI* = f'(c), endowed with a positive initial condition f(c) = fi(c,0).
The main motivation for the time discretization above is related to the severe
stability constraints of an explicit scheme applied to the network operator
which would require the time step to be O(1/cpax) Where cpax > 1.

(6.14)

Positivity
In order to study the nonnegativity property of scheme (6.14) it is conve-

nient to rewrite it as a sequence of two steps

2 ‘Firil/2
Aw (6.15)
Jrt = R - AN,

Fn
fin+1/2 N i+1/

The first step involves the Chang—Cooper type scheme and reads

12 :f.”+ﬁ

n 1 n
Aw ((1 —biv172) Bl + Mci+l/2>fz’+1

- ((1 - 62‘—1/2)3?—1/2 - i+1/2B?+1/2> [ = ﬁ (Ci+1/2 + Ci—1/2)fin

n 1 n
= (G1p2Bllaye - chi—lﬂ)fi—l]’
(6.16)

where B

i+1/2 Cit1/2 are given by

n D7;2+1/2 i 1 n 21y
Bl = 2 [ S PUw. ") + 02D (0,0} Dl ),

02

Cit1/2 = ?D{Ll/g > 0.
(6.17)

From the definition of the weight functions 6;, /o in (4.16), the coefficients
of f\ 1, fi'1, satisfy

1
(1= 6i+1/2)Biy12 + - Cit1/2 2 0,
27 Aw (6.18)

n 1
_5i—1/23i—1/2 + Twci_l/z Z 0
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In fact, setting = = B;‘+1/2Aw/0i+1/2, y = B?_1/2Aw/Ci_1/2 the two in-
equalities are equivalent to show that Vx,y € R

1 y
1- >0 >0 6.19
e E L (6.19)

which follow from the properties of the exponential function.
Then, in order to ensure the nonnegativity of the scheme the time step
must satisfy the restriction

A
At < =2 (6.20)
1%
where
V" = max {(1 —6i—172) By 0 — 0iv1)2 Bl + Aol 2 T Ay Ci—1/2}-

(6.21)
Now, since the functions D(w,c), P(w,ws;c, c,) are bounded for all w €
I,c € C we have that

Bl jo] <2 +0°M, Ciy12 < o?/2

where M = max; |D;+1/2|, and the condition (6.20) simplifies to

—_

Aw
2 2\
(2+02M+ Zg—w)

At < (6.22)

Therefore, we have shown

Proposition 5.6.2. Under the time step restriction (6.22) the first step
in (6.15) preserves nonnegativity, namely finH/Q(c) >0if fl'(c) >0, 1=
1,...,N, ceC.

Typically when o2 is large this will originate a parabolic stability condition
that requires At = O(Aw?). This can be avoided taking the diffusive part
implicitly, however, since we were mostly interested in the case of small
values of o2 we will not pursue this direction here.

Next, we consider the second step

£ e) = 2 (e) — AN (C)). (6.23)

Note that in general the fully implicit evaluation of N|-] would require the use
of a suitable iterative solver due to the nonlinearity in fi"'H. We therefore
will consider a semi-implicit linearized version of the operator.

The scheme can be written as
[1 +d" 2 () + a2 () + 572 ()| 7 (e) 620
— ") [ e 1) = R [ e = 1) = £ o),
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where

a2 (¢) = Attt 2 (e + 1+ B), ¢=0,..., Cmax — 1
bn+1/2(c) Atvn+1/2(6— 1—|-Oz) c=1,...,Cnax
drt1/? c) = Atvn+1/2 + Atv n+1/2 c=1,...,Cmax —
o L/2 Cmax) = 0, bn+1/2( 0) =0,

(
(
dn+1/2(0) bn+1/2( ) _ an+1/2(0)7
(C ) _bn+1/2 (Cmax) + an+l/2 (Cmax - 1)a

(6.25)

dn+1/2

and we have set v /2 = 2Vrn+1/2/( n+1/2 1 B) and ot = 2Van+1/2/(7"+1/2 + ).
Since alle quantities a™t1/2(.), b"*+1/2(.) defined in (6.25) are nonnega-

tive, equations (6.24)-(6.25) define a diagonally dominant matrix of size

(Cmax + 1) X (Cmax + 1) if

1 vn+1/2
At < , - >1,
077}+1/2 . vg+1/2 vg+1/2
1 v:}+1/2 a
At < ) > )
vfﬂ/z(l—i—ﬁ) YR Y2 T (14 8)
(6.26)
1/2
At < 1 fUcTLH— / > (Cmax + ﬁ)
Tl = 1+ ) — 0 P Cmax + B) vn TV (cmax — L+ @)
Note that when the above conditions on UT+ /% and vn+ /% are not satisfied,

no time step restriction occurs These conditions are not restrictive since in
practice 7"/2 > 1 and so vg 12 « 1 and v"Y? < 1. Thus, we have
Proposition 5.6.3. Under the time step restriction (6.26) the second step
in (6.15) preserves monnegativity, namely fI'""'(c) > 0 if ff+1/2(c) > 0,
i=1,...,N, ceC.

Remark 9. In particular, in the case where the rates are defined by (2.16)
since

Cmaz Cmaz

+12 +12
anH Zﬁzﬂ an / =" /7

c=0

the previous arguments applies to the fully implicit evaluation of V'™l =
Va(f T wi) and VI = Vo(ff T w).
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Conservations and stability

Let us consider the conservation properties of the scheme with respect to
the variable w. Let us observe that from scheme (6.14) we get

N N N Ar N
SO = Y SO =AY N+ o (Flae = Filage)
i=0 i=0 i=0 i=0
(6.27)
Now since
N N-1 N
> (f?ﬂ/z - fi”—lﬂ) =Y Flap =D Filapt Fhap—Flap
i=0 i=0 i=1
= ]:]7;07+1/2 - }—21/27
by imposing no-flux boundary conditions, i.e.
]T\L/+1/2 =0, ffl/Q =0, (6.28)

we obtain that for all n > 0 the following conservation equation for the
density of connections is satisfied

N

7 () = " (e) — ALY N[, (6.29)
=0

Summing over c¢ in the above equation yields the conservation of the total
number of agents

Cmax Cmax

POAICED S (6:30)
c=0 c=0

From this identity we have

Proposition 5.6.4. Under the time step restrictions (6.22) and (6.26), the
numerical scheme defined by (6.14) is stable in the discrete Li-norm.
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e

(c) t=50 (d) t=100

Figure 5.12: Test 4. Evolution of the solution of the Fokker-Planck model
(4.9), where the interaction are described by (5.8) with A(c) = doc/cmax and
dp = 1.01, in the time frame [0, 7] with 7" = 100. The choice of A(c) reflects
in the heterogeneous emergence of clusters with respect to the connectivity
level: for higher level of connectivity consensus is reached, instead for lower
levels of connectivity multiple opinion clusters are present. (Note: In order
to better show its evolution, we represent the solution as log(f(w,c,t) + €),
with € = 0.001.)

124



Chapter 6

Kinetic models for collective
decision-making

6.1 Introduction

The fallibility of human judgement is evident in our everyday life, especially
regarding our self-evaluation ability. Several tests have been designed in
cognitive psychology and clinical research in order to find an experimental
evidence for this phenomenon, see [85, 86, 111, 112] and the references therein,
showing that subjects are in general overconfident about the correctness of
their belief. This lack in metacognition, i.e. the self-assessment of our own
knowledge skills, goes hand in hand with the grade of competence of each
subject.

The correlation between competence and metacognitive skills is somehow
double and might be summarized in the following sentence: “the same
knowledge that underlies the ability to produce correct judgement is also the
knowledge that underlies the ability to recognize correct judgement” [124].
Here the authors found a systematic bias of the most incompetent agents
on their metacognition than the most experts; behavior which is usually
known as Dunning-Kruger effect. In other words, incompetence not only
bring people to poor choices but also disable to recognize that these are
wrong or improvable. Further, the overconfidence of the novices emerges
together with the under-confidence of highly competent individuals which
tend to negatively estimate their skills.

This coupled deviation from an objective self-evaluation of personal abilities
has been recently investigated in [131], where authors asked how people deal
with individual differences in competence, in the context of a collective
perceptual decision-making task, developing a metric for estimating how
participants weight their partner’s opinion relative to their own. Empirical
experiments, replicated across three slightly different countries as Denmark,
Iran, and China, show how participants assigned nearly equal weights to
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each other’s opinions regardless of the real differences in their competence.
This equality bias, whereby people behave as if they are as good or as bad
as their partner, is particularly costly for a group when a competence gap
separates its members.

Drawing inspiration from these recent results, we propose a multi-agent
model which takes into account the influence of competence during the
formation of a collective decision [39, 146]. After the seminal models for
wealth /opinion exchange for a multi-agent system introduced in [59, 157, 164]
some recent works considered additional parameters to quantify the personal
knowledge or conviction [39, 81, 82, 146] or constrained versions of these
models [6, 11, 117]. For example, individuals with high conviction are
resistant to change opinion, and can play the role of leaders [11, 82]. In [125]
there exists a threshold conviction beyond of which one of the two choices
provided to the individuals prevails, spontaneously breaking the existing
symmetry of the initial set-up.

More precisely, we introduce a binary exchange mechanism for opinion
and competence deriving a kinetic equation of Boltzmann-type [6, 11, 39,
84, 145, 146, 164]. The binary collision terms for competence and opinion
describe different processes:

e the competence evolution depends on a social background in which
individuals grow and on the possibility for less competent agents to
learn from the more competent ones;

e the opinion dynamics depend by a competence based compromise
process which includes an equality bias effect and change of opinion
through self-thinking;

e agents are driven toward an a-priori correct choice in dependence on
their competence grade;

In order to derive a nonlinear equation of Boltzmann-type for the joint
evolution of competence and opinion in the limit of a large number of
interacting agents, we resort to the principles of classical kinetic theory
(we refer to the recent monograph [145] for an introduction to the subject).
Furthermore, to simplify the study of the asymptotic behavior of the model,
we obtain a Fokker-Planck approximation of the dynamic in the so-called
quasi-invariant scaling.

The rest of the chapter is organized as follows, in Section 6.2 we introduce
the binary interaction model for competence and opinion. We discuss the
competence-based interactions between agents formulating a definition of
collective optimal decision which is coherent with the experimental setting of
[131]. Then the equality bias function is introduced acting as a modification
of the effective competence into perceived competence. In Section 6.3 we
derive the Boltzmann-type model and study the evolution of the moments
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under some specific assumptions. The Fokker-Planck approximation is then
obtained in Section 6.4, and we derive the stationary marginal density of
the competence variable. Finally in Section 6.5 we present several numerical
experiments which show that the model is capable to describe correctly
the decision-making process based on agents’ competence and to include
the equality bias effects. The latter, as expected, drive the system towards
suboptimal decisions.

6.2 Modelling opinion and competence

In this section we discuss the modelling of opinion dynamics through binary
exchanges, the analogous of dyadic interaction in the reference experimental
literature [131, 18]. The mathematical approach follows several recent works
on alignment processes in socio-economical dynamics [39, 146, 164, 82, 145,
84, 87, 139, 138].

6.2.1 Evolution of competence

It is evident that one of the main factors playing a role is the social
background in which an individual grows and lives, then it is natural to
assume that competence is, in part, inherited from the environment. More-
over, we clearly have the possibility to improve specific competences during
interactions with more competent agents.

Similarly to the works [39, 146, 145] we describe the evolution of the
competence of an individual in terms of a scalar variable xz € X, where
X C R*. Let z € RT be the degree of competence achieved from the
background in each interaction; in what follows we will always suppose that
C(z) is a distribution with bounded mean

C(z)dz =1, / z2C(z)dz = mp. (2.1)
R+ R+

We define the new amount of competence after a binary interaction between
two agents with competence z and x, as follows

(2.2)

=1 =Xx))z+ Ao(@)r. + Ap(x)z + ke
v, = (1= Mxi))zs + Ao(z)2 + AB(74) 2 + Ky,

where (), A\c(:) and Ap(-) quantify the amounts of competence lost by
individual by the natural process of forgetfullness [146], the competence
gained thanks to the interaction with other agents and the expertise gained
from the background respectively. Moreover, x is a zero-mean random
variable with finite second order moment o2, taking into account the possible
unpredictable changes of the competence process. A possible choice for Ao(z)
is Ac(x) = Agx(x > Z), where x(-) is the indicator function and z € X a
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minimum level of competence required to the agents for increasing their own
skills by interactions.

With the dynamics (2.2) we introduced a general process in which agents
respectively loose and gain competence interacting with the other agents
and with the background. It is reasonable then to assume that both the
processes of gain and loss, which are weighted by the coefficients A, A\c and
AB, are bounded by zero. Thus if A € [A_, \;], with A_ > 0 and A\; < 1, and
Ac(x), Ap(z) € [0, 1] the random part may be chosen to satisfy k > —1+ A,
For example, k may be uniformly distributed in [—1 + Ay, 1 — A4].

Let g(z,t) be the density function of individuals with competence x € X
at time ¢t > 0. Resorting to the standard Boltzmann-type setting, we refer
to [145] for an extensive treatment, it is possible to describe in weak form
the evolution of such density function as follows

cclit/XTﬂ(x)g(m,t)dx = </R+XX(¢(9U,) - ¢(33))9(9Uat)0(2)d:cdz>, (2.3)

where 2’ is the post-interaction competence given in (2.2), the brackets < - >
indicate the expectation with respect to the random variable x and ¥(-) is a
test function. By imposing 1(z) = x we obtain an equation for the evolution
of the mean-competence my(t)

d 1
Gme® =3 ([ 0ct@) =A@ e +2.)g(e. 0o dnde. +
dt 2\ Jx2
(2.4)
/ Ag(x)zg(z, t)C’(z)da:dz) ,
RtxX
which, for Ao(z) = Ao, Ag(z) = Ap, A(z) = A, yields
d
%mx(t) = —(A = Ao)mg(t) + Apmp, (2.5)
whose solution is given by
ma(t) = ma(0)e~A—3e)t L ABME (4 ~(r-det). (2.6)
A=A

Therefore if A\ > Ao we obtain the asymptotic exponential convergence of
the mean competence m, toward Apmp/(A — A\¢). Note that, if we assume
A = Ap + A¢ we have that the average competence of the system tends to the
mean competence induced by the variable z € RT. Finally we remark that,
compared to previous models where the notion of knowledge/convinction
has been introduced [39, 146], here we have a fully binary dynamics which
includes also the possibility to increase the agents’ competence as a result of
the interaction with the other agents.
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6.2.2 The dynamics of competence based decisions

Let us now consider a system of binary interacting agents, each of them
endowed with two quantities (w, x), representing their opinions concerning a
certain decision and the competence respectively. Let I = [—1, 1] be the set
of possible opinions for each interaction where the two extremal points 41
represent two alternative decisions.

Two agents identified by the couples (z,w) and (x.,w,) modify their
opinions after interaction according to the following rules

{w’ =w— agS(x)(w —wg) — apP(z, . w,w,)(w — wy) + nD(z,w)
Wl = wy — agS(zy) (Wi — wg) — apP (T4, T; W, w) (Wi — w) + N D (24, wy),
(2.7)

where w,w, € I denote the pre-interaction opinions and w’, w’, the opinions
after the exchange of information between the two agents. The positive
function S(-) drives the agent toward the correct choice wy € {—1,1} with a
rate dependent on its competence level, representing an individual decision
making strength. For example, a possible choice for the function S(-) is
S(z) = const. > 0 if x >  and S(x) = 0 elsewhere. In this case the agent
needs to achieve a competence threshold z in order to perceive the correct
choice. Observe that in (2.7) we introduced an interaction function P(-,-;-, ")
depending both on the competence and on the opinion of the pair of agents.
The nonnegative parameters a.g, ap characterize the drift toward the target
opinion wy € I and the interaction rate, respectively. The random variables
n, M« are centered and with the same distribution © with finite variance 2.
The function D(-,-) > 0 represents the local relevance of the diffusion for a
given opinion and competence, whereas the evolutions of the competences
x, T, are given by (2.2).

In absence of diffusion 7,7, = 0 and for a constant drift S(-) =5 <1 we
have

”U)/—’U):k’ < ’1 _aSS_aP(P(xax*;wuw*) —I—P(m*,x,w*,w))Hw _w*"

Then the post-exchange decisions are still in the reference interval [—1, 1] if
we assume 0 < P(-,+;-,-) <1 and ag + 2ap < 2. We can prove the following
result which identifies the condition on the noise term in order to ensure
that the post-interaction opinions do not leave the reference interval.

Proposition 6.2.1. We assume 0 < P(x,z;w,w,) <1, S(-) =5 <1 and
|”7‘ < (1—0(}3—{—045)(1, ’77*‘ < (1—0(}3—1—045)(1, ap < 1a

where

a=_min {5 Daw £of

(z,w)eX xI D(.T,’w)

Then the binary interaction rule (2.7) preserves the bounds being w', w!, €
[—1,1].
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Proof. The proof is analogous to those in [82, 6, 11], therefore we omit the
details. O

The introduction of a drift term follows from the set-up of the two-
alternative forced choice tasks (TAFC) addressed in [30, 152]. The (TAFC)
task is a classic behavioral experiment: at each trial agents are called to
recognize a noisy visual stimulus choosing between two alternatives. The
individual decision-making involves in its mathematical description a drift
term representing the fact that an increasing experience/competence drives
the agent towards the correct decision.

The compromise function 0 < P(+,+;-,-) < 1 depends on both the parti-
cles’ opinion and competence. As an example, a possible structure for the
interaction function is given by the following

P(w,wy;z,x4) = Q(w, wy) R(x, z4), (2.8)

where 0 < Q(+,-) < 1 represents the positive compromise propensity and
0 < R(+,) < 1 is a function taking into account the competence of two
interacting agents.

Empirical experiments have been done in order to measure the impact of
competence on collective decision-making tasks [124, 131, 18]. In general,
the participants are organized in dyads which are called to make a decision
about a visual stimulus. Among others two opposite models taking into
account the influence of the competence, or sensitivity in the psychology
literature, might be considered. The first proposes that nothing except the
opinions is communicated between individuals, in case of disagreement we
randomly select an opinion which coincides with the decision of the studied
dyad. We will refer to this model as coin-flip model (CF). The second model
takes strongly into account the competence of individuals: the decisions are
communicated and in case of disagreement the opinion of the most competent
prevails and then coincides with the decision of the dyad. This second model
is called maximum competence model (MC).

The aforementioned models can be described in our mathematical setting
by considering a compromise propensity Q(w,w,) = 1. Therefore the CF
model may be described by considering a Bernoulli process B(p), with typical
parameter p = 1/2. In other words, in the CF case, the competence does not
play any role in the decision process. We will consider an averaged version
of this model (aCF), which corresponds to R,cr(-,-) = 1/2. The MC model,
in our setting, is obtained by the Heaviside-type function

1 T < T
Ryo(z,xy) = 1/2 o=, (2.9)
0 T > Ty
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R(z,z,)

) 0 ‘ ‘ ‘ ‘
0.2, 05 0 05 1 0 02 0.4 06 08 1

T =T T

Figure 2.1: Left: Heaviside-type competence-based interaction function
Ryre(z, zy) and two examples of its continuous version defined in (2.10)
obtained with ¢ = 5 and ¢ = 10. Right: equality bias function ®(z)
of (2.13), the choice of coefficients ai, a9, as,aqs has been done such that
zg, = 03,29, = 0.4 and T = 0.5.

In terms of the competence gap x — z, we can approximate the discontinuous
function (2.9) of the MC model with a smoothed continuous version (cMC)

1
with ¢ > 1. We depict in Figure 2.1, left plot, the behavior of the function
R(-,-) for different choices of the constant ¢ > 0. We can observe how in the
half-plane z > x, the most competent agent is scarcely influenced by the less
skilled one, while in the half-plane z < z, the situation is inverted and we
see how an agent with less competence is influenced by the more competent
one.

Reyo(z,xy) = (2.10)

6.2.3 Dynamics of decisions under equality bias

On the basis of the decision process built in section 6.2.2, we modify
the microscopic model (2.7)—(2.8) in order to mathematically describe the
phenomenon called equality bias in collective decision—-making communities.
Our set-up is inspired by some recent works of the experimental psychology
literature [131, 18] and the references therein. Their findings are consistent
with the well-known cognitive bias called Dunning-Kruger effect regarding a
misjudgment of personal competence of unskilled people, which overestimate
their own ability. At the same time the most skilled individuals tends to
underestimate their competence, implicitly believing that their knowledge is
accessible to everyone [124].

Let us consider an agents with competence x € X. We introduce the
equality bias function

¢: X — X

x — O(x) (2.11)
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which measures the agent’s perceived level of competence. The choice of
the equality bias function ®(-) is related to the subjective self-confidence in
making decisions and experimental results show it is strictly dependent on
the degree of competence of the interacting agents.

Following the mathematical setting introduced in Section 6.2.2 we modify
the function P(-,-;-,-) as

P(®(x), P(xy); w, wy). (2.12)

In particular in the case (2.8) the competence based interaction function
modifies in R(®(z), ®(z,)) whose shape depends now on the perceived
competence. Therefore the equality bias emerges as a result of the binary
interactions of a multi-agent system with lack of metacognition. In agreement
with the experimental measurements of [124], and in order to exemplify the
action of the equality bias function, we depict in Figure 2.1 the function

O(x)=x <x j_l@ + agzexp{—h(z — a4)2}> , (2.13)

with coefficients a1, a9, as,aq4 > 0. In the presented equality bias function
we fixed the value x4, € X, that measures the average competence of a
population: the agents with competence x > x4 may be identified with the
most competent part of the system. Moreover, as experimentally suggested,
it exists a local maximum @ in x = zg, for the overestimation of the
competence of unskilled agents, together with the local minimum @9 in
T = xQ,. The asymptotic perceived competence depends on a1, whose speed
is weighted by as. Therefore we choose the coefficients a9, a3, a4 in such a
way that ®(x4) = x4 and for z = zq,,z = 2, we find a local maximum and
minimum respectively. The coefficient h > 0 is a scaling parameter. In the
rest of the paper we will refer to the dynamics of decisions under the action
of the equality bias with (EB).

6.3 A Boltzmann model for opinion and compe-
tence

In this section we derive a kinetic model for opinion and competence
reflecting the behavior introduced in the binary interaction model for opinion
and competence in (2.2)—(2.7).

Let f = f(xz,w,t) be the density of individuals with competence z €
X C Rt and opinion w € I = [—1,1] at time ¢t > 0. We derive the kinetic
description for the evolution of the density function f = f(z,w,t) through
classic methods of kinetic theory [145]. Let g(x,t) be the marginal density
of the competence variable x € X

g(w,t):/lf(a:,w,t)dw, (3.1)
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and [y g(z,t) =1 for each t > 0.
The evolution in time of the introduced density function is then given by
the integro-differential equation of the Boltzmann-type

0
af(.%‘,w,t) = Q(fa f)($vwvt)a (3.2)

where f(x,v,0) = fo(x,w) and Q(-,-) is defined as follows

arnwuwn = [ [ [ ce(B3tawnite. v

— Bf(z,w,t)f(z, wy, t))dw*dac*dndn*dz,
(3.3)

indicating with (‘w,’w,) the pre-interaction opinions given by (w,w,) after
the interaction and (“z,’z,) the pre-interaction competences. The term
J = J(x,w;x., wy) denotes as usual the Jacobian of the transformations
(w,wy) = (W' wh), (x,24) — (2/,2)) via (2.2) and (2.7). The kernels 'B, B
characterize the binary interaction and in the following will be considered of
the form

Bt = Beme ) x(|w| < Dx(jul] < Dx(a’ € X)x(@, € X),
(3.4)

where 8 > 0 is a scaling constant.

The presence of the Jacobian in the definition of the binary operator (1.3)
may be avoided by considering its weak formulation. Let us consider a test
function ¢ (z,w), we get

Qf, £)(@, w, ) (x, w)dwdx

XxI

=ﬁ< L) ) = i)

flz,w, t) f(xy, ws, t)C(z)dwdw*dzcdx*dz> (3.5)
. é ro A _
- 2< Lo ) o) = bl w) = pla )
fz,w, t) f(y, wy, t)C(z)dwdw*dxdx*dz>,

where the brackets < - > denotes the expectation with respect to the random
variables 7, 7. The weak formulation of the initial value problem (3.2) for
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the initial density fo(z,w) is given for each ¢ > 0 by

I e, w) f e w, t)dwde
at XxI

6 / / ! /
= 2< /]R+ /XQXIZW(x Jw) +(a, wy) — Y(z,w) — (s, wy)) (3.6)
f(z,w, t) f (s, wy, t)C(z)dwdw*dxda:*dz>.

From the weak formulation in (3.6) we can derive the evolution of the
macroscopic quantities like the moments for the opinion which may be

obtained choosing as a test function ¢ (z,w) = ¥ (w) = 1, w, w?.

6.3.1 Collective decision and variance

It is straightforward to observe that setting ¢ = 1 we obtain the conserva-
tion of the total number of agents. The mean opinion of the overall agents is
defined as

U(t):/XXwa(x,w,t)dwdx, (3.7)

which represents the collective decision of the system at time ¢, see [47, 93, 95].
The evolution of the collective decision is derived as marginal quantity from
equation (3.6) for ¢ (z,w) = w

8/ wf(z,w,t)dwdr = agf S(z)(wg —w) f(z,w,t)dwdz
ot Jxxr XxI
L0 (P w,w,) — P, 33w w)) (0 — w,) (3
2 X2x1?

flz,w, t) f(2x, wy, t)dwdw,drdr,.

If the interaction function P(,-;-,-) is a symmetric function and S(z) = s €
[0, 1], equation (3.8) reduces to

GU(t) = asps (wa— U(1)), (39)
whose solution at each t > 0 is U(t) = wq + (Up — wq) exp{—asBst}, with
Up = U(0) the initial collective decision. Therefore, in the limit ¢ — 400, the
asymptotic collective decision converges exponentially toward wg € {—1, 1},
i.e. Uoo = wq.

In the case of the aCF model P = 1/2 and S(-) = 0, the mean opinion of
the overall system is then conserved, which implies U(t) = Uy for all ¢ > 0.
Further if we consider a MC model, with interactions between agents based
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only on the competence variable and for S = 0, from (3.8) we have

d
— wf(z,w,t)drdw =
dt Jxxr
apf Ryo(x, i) (we —w) f(x, w, t) f (24, wy, t)dwdw,dzdz,  (3.10)
X2Zx1I?
_apf (we —w) f(z,w, 1) f(@h, Wi, t)dwdwydrdr,,
2 X2x]J2

being Ryro(z, x) — Ryo(2s, ) = 2Rpo(x,24) — 1 with Rye = 0 in the
half space x > x., which leads to

% /X u(z, t)dz =apf /X [U+($’t);U($’t)] o, £)dz

—I—aPB/X [p(mat);,fr(x,t)} we.t)da (3.11)

where u(z,t) = fI wf(z,w,t)dw is the mean opinion relative to the compe-
tence level x € X and

U™t (z,t) —/ /w*f(x*,w*,t)dw*dac*;
<z JI

p 9 t — ’ * %9 * Ex

In particular U™ (z,t) and p™(z,t) indicate the average opinion and the
density of agents with competence greater than z € X respectively. We
define also U™ (z,t) = U(t) — Ut (x,t) and p~(x,t) = 1 — pT(x,t) for each
x € X and ¢t > 0. Therefore, the variations of the mean opinion of agents
with fixed competence u(x,t) follow the choice of the most competent agents.

The second order moment for the opinion of the overall system is defined
as

E(t):/XXIMQf(x,w,t)dwdx (3.13)

135



Kinetic models for collective decision-making Chapter 6

and its evolution may be obtained from (3.6) with (x,w) = w?

Cpwy =a2p [ S2@)(w—wa)*f(z, w, )duwda
dt XxI
a3
+ L= [Pz(x,:c*;w,w*)—|—P2(x*,m;w*,w)](w—w*)2
2 X2xJ2
flx,w, t) f(zs, wy, t)dwdwdrdz,
—apf (W — Wy ) [WP (2, Ty; w, Wy ) — Wi P24, 25 Wi, w)]
X2x1I?
[z, w, t) f(2s, wi, t)dwdw,drdz, (3.14)
— 2058 S(z)w(w —wg) f(z,w, ,t)dwdz
XxI
+ agapf (w — wy)[S(x)P(x, s; w, wy ) (w — wg) — S(xx)
X2x1I2

Pz, x; we, w) (wy — wy)] f(z,w, t) f (s, Wy, t) dwdw,drdz,

+ apfo? D?(x,w) f(z,w,t)dwdz.
XxI

In the simplified situation P(z,z.;w,w,) = p € [0,1], S(z) = s € [0,1],
as = ap = a and in absence of diffusion, the equation (3.14) assumes the
following form

%E(t) = a?ps? /XXI(w —wy)? f(z,w, t)dwdz

- 2aﬂs/ (w? — wwy) f(z,w, t)dwdz
XxI
+ apfplap — 1+ as) / (w — w2 f(z,w, 1) f (T4, Wy, t)dw,dz,dwdz.
X2x1I?
(3.15)

Since under the same conditions U(t) is solution of equation (3.9) and
therefore converges for large time toward the correct choice wq, we obtain
that E(t) converges exponentially to w3 if

: 2(s+p)
Oéémln{:hm}, (316)
that is
/ (w — wq)*f(z, w, t)dwdr = E(t) — w3, (3.17)
XxI

under the above assumptions, converges toward zero in the limit ¢ — +o0.
We showed that the steady state solution of the interacting system is the
Dirac delta §(w — wq) centered in the decision wy € {—1,1}.
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6.4 Fokker-Planck approximation

In order to obtain analytic results on the large-time behavior from Boltzmann-
type models, a classical mathematical tool is given by the derivation of
approximated Fokker-Planck models through scaling techniques [6, 11, 14,
39, 91, 145, 146]. In what follows we apply this approach, also known as
quasi-invariant limit [145, 164], to the model derived in the latter section.

We introduce a scaling parameter € > 0 and the following scaled quantities
A = €N, AB — €AB, Ao — €Ao, O — \eog, (4.1)

where we assumed Ap(z) = Ap > 0, \¢c(x) = A\¢ > 0 and A(z) = A > 0.
This corresponds to the situation where each interaction produces a small
variation of the competence. The same strategy may be applied to the binary
opinion model taking the interaction frequency § = 1/e and rescaling the
interaction propensity a and the diffusion variance o2 as follows

ag — ey, ap — eap, o — +eo. (4.2)

The scaled equation (3.6) reads

g ¢($7w)f($7’w,t)dwd:z: =
ot Jxxr

1< [ ] o) = s (43)

flz,w, t) f(zs, wy, t)C’(z)dwdw*dxdx*dz>.

Under the assumptions on the random variables involved in the binary
exchanges k, 7,7, we define the following mean quantities

<2 —x>=- v+ Acxs + Apz =: G(x, 14, 2),
<w —w>=—asS(x)(w—wy) — apP(z, z;w,w)(w — wy)
=: Hg(z,w) + Hp(z, x; w, w,),

2.2

"~ x)? > = G*(x, 24, 2) + 0227,

< (z
< (w' —w)? > = (Hs(z,w) + Hp(z, x; w,w,))* + 02 D?(z, w),
< (2 —2)(w —w) >=G(x,24,2) (Hs(z,w) + Hp(z, Ts;w,wy)) .
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Then, we have

< Y@, w") — Yz, w) >=

(z,w) + (Hg(z,w) + Hp(x, x4; w,w*))gz(

x,w)

G(z,zy, z)gi)

1 (G2({L‘,IL‘*,2)—|—O'2:L'2) w( w) + (Hs(z,w) + Hp(x, 24w, wy))>

3

0% 0%

S 5 (T, w)) + Gz, 24, 2) (Hs (7, w) + Hp(:n,:n*;w,w*))m(x, w)

+ 0?D?(z,w)

+ T(LE, SL'*, w’ w*)v
(4.4)

where r(x, z.; w,w,) denotes the higher order terms of the Taylor expansion.
From the quasi-invariant scalings introduced in (4.1)-(4.2) by rescaling

G(x, 24, 2) = €G(x, x4, 2),
Hg(z,w) — eHg(x,w), (4.5)
Hp(z,z;w,wy) — eHp(x, T w, wy),

equation (4.3) takes the form

gt XXI¢(CCaw)f(=T,U),t)dUJd$ - /]R+ /X2><[2 Gz, 2, Z)gqi(fp,w)
2
+ Hs(x,w)g%(x,w) + Hp(af,x*;w,w*)gi( w) + ﬁ 2837#2 (2, 0) o

+ DQ( )821/; (z, w)] f(x,w, t) f(z4, we, t)C(2)dwdw,drdr.dz

+r(e) + O(e),

26 /]R+ /XQXp

+ (Hg(z,w) + Hp(z, z4; w, wy))?

with
2
o2
9%
w2

0%
+ G, 2)(Hs(,w) + Hp(, v w,0.)) 52 (,w) )

G2 (z,Zx, 2) = (z, W)

(z, w)
(4.7)

+ R(z, x4 w, w*)] flx,w, t) f(zs, we, t)C(2)dwdw,drdr.dz.

By similar arguments to [146, 164] it can be shown that the term 7(€) defined
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in (4.7) decays to zero in the limit ¢ — 0. Finally for ¢ — 0 we obtain

5 [ v e = [
ot Jxxr R+ JX2x12
0

+ HS(wi)ai(l’?w) + HP(IL',.T*; w7w*)w(‘r7w)]

G(a:,:c*,z)gﬁ(x,w)

ow ow
[z, w, t) f(z4, we, t)C(2)dwdwydrdr.dz (4.8)

L%k 29
2 X2x]2 aCL‘Q

2 2
P e
" 2 XszD (I’w)awz (z,w)f(z,w,t)dwdr.

(z,w)f(z,w,t)dwdz

Integrating back by parts equation (4.8) we have the following nonlinear
Fokker-Planck equation

0 0
ot (x,w,t) = %g[f](xvt)f(wivt)

b o HIf1 ) + o K] 1) (49)
2 92 0_2 82
S ($2f($7wvt))+?W(D2($aw)f(x7wvt))a

Ik 9
2 Oz2

where

Glfl(x,t) :/]R+ XXIG(x,:c*,z)f(x*,w*,t)C(z)dw*dx*dz (4.10)

= Ar — A\cmy — Apmp,

being m,(t) = [y, ;o f(x, w,t)dwdz, and where the functionals H|[f], K[f]
are defined as follows

Hf|(z,w,t) = Hp (2, 2w, wy) f (24, Wi, t)dwydx,
XxI

Klfl(wq) = o Hg(z,w)f(z,w,t)dwdz.

(4.11)

The Fokker-Planck equation (4.9) has been derived from (4.8) provided the
boundary terms produced by integration vanish [145]. In particular, we
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obtain the following conditions

02 +00
Q[f](:c,t) - f(fo(m,w,t)) =0,

e 0
22 f(z,w,t) =0,

0 P . (4.12)
(H[f] + K:[f])f(wivt) - ?%(D2(x7w)f<wivt)) . - 07

1

D?(z,w)f(z,w,t)| =0.

-1

6.4.1 Stationary states for the marginal density

By direct integration of the Fokker-Planck equation (4.9) with respect to
the variable w we obtain

0
at/[f(xawat)dw =

8x/g flx,t) f(x,w, t)dw + H[f] f(z,w,1)

1

1 2 (4.13)
+ Klf1f(z,w,t) —”— /fa:wtdw
2 8
+ (iiDQ(aj w) f(z,w t)
2 6 Y Y .
From the boundary conditions (4.12) equation (4.13) simplifies to

0 0 o2 0%

29 g(x,t) = &E()\ﬂﬁ — Acmz — Apmp)g(z,t) + ?@(90 g9(z,1)), (4.14)
being g(x,t) the marginal density of the competence variable defined in (3.1).
Furthermore, in Section 6.2.1 we showed that for large time m, — ;\Bn;\B

— AC

and it is therefore possible to give the analytic formulation of the stationary
solution of (4.13). The solution of

0 g o2 P,
vl () = F 55 (ag™ 4.1
am< Ax+A—AcmB>g (z) = 5 52 @™ (@) (4.15)
is given by
0oy - AApAco? 2 Apmp
<) = gt eol - o A} (4.16)

where ¢y 3, A\ ,02 IS & constant chosen such that the total mass of g> is equal
to one.
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Unlike the usual method for determining the stationary density developed
in [39, 146], here the asymptotic competence has been derived from the
complete Fokker-Planck equation (4.9) after the integration of the opinion
variable, and under specific boundary conditions.

6.5 Numerics

In this section we propose several numerical tests for the Boltzmann-type
model introduced in the previous paragraphs which show the emergence
of suboptimal collective decisions under the hypothesis of equality bias
compared to aCF and ¢cMC models. All the results presented have been
obtained through direct simulation Monte Carlo methods for the Boltzmann
equation (see [145, 144]).

The Fokker-Planck regime is obtained via the quasi-invariant scaling (4.1)-
(4.2) with € = 0.01. The local diffusion function has been considered in the
case

D(z,w) =1—w? (5.1)

which multiplies in the binary collision model (2.7) for the opinion, a uniform
random variable with scaled variance o2. The choice (5.1) implies that the
diffusion does not act on the agents with more extremal opinions. In the
competence dynamics we considered A(z) = A, A\¢(z) = A¢ and Ag(z) = Ap
and a uniform random variable s with finite scaled variance o2. The variable
z is a uniform random variable in the interval [0, 1].

6.5.1 Test 1: collective decision under equality bias

In this test we compute the collective decisions emerging from the Boltzmann-
type model (3.2) with interaction function (2.8) and Q(w,w,) = 1 and
R(z,x,) defined in the reference cases aCF-cMC and EB. The binary in-
teraction terms defined in (2.2)—(2.7) have been considered for a choice of
constants coherent with the bounds described in Section 6.2. In this test we
considered a vanishing drift term S(x) = 0, for each z € X.

We compare the emerging collective decisions in the aCF and cMC cases
considering the action of the equality bias function described in equation
(2.13). In this test we take into account the compromise behavior of two
strongly polarized populations with equal sizes (case A) and with different
sizes (case B). In both cases the group of competent agents is characterized
at t = 0 by opinions in the interval w € [—1,—0.75], whereas the second
population, composed by the less competent agents, expresses opinions
w € [0.75,1]. In the case of populations with different size we considered an
initial distribution such that the number of competent agents is five time
larger then the number of the incompetent ones. In Figure 5.2 we exemplified
the initial configurations for the two tests: Test 1A and Test 1B. We chose the
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T
w 10 w 10

Figure 5.2: Left: Test 1A, initial configuration of the multi-agent system
with an equal size of competent and incompetent agents. Right: Test
1B, initial configuration of the multi-agent system with a different size of
competent and incompetent agents, in particular the number of competent
agents is five times smaller than the size of the incompetent agents.

parameters A\c = Ag = 1072, A = A\¢ + Ap and 02 = 102 for the evolution
of the competence variable.

In Figure 5.4 we show the kinetic and particle solutions of the Test 1A for
a system of interacting agents in the aCF-cMC and EB1-EB2 models, where
the case of equality bias has been considered for two examples of equality
bias functions ®;(x) and ®2(z) of the type introduced in Section 6.2.3, see
equation (2.13), and whose behaviors are reported in Figure 5.3. Further
in Figure 5.3 we compare the stationary distribution for the competence
variable emerging form the Monte Carlo method and its analytic formulation
obtained in Section 6.4.1. In particular, in Figure 5.4 we can observe how
the emerging collective decisions of the EB1 and EB2 cases are significantly
shifted from the decision emerging in a model cMC.

In Figure 5.5 we show the stationary distributions of the opinion variable
in the four models of interactions both the Test 1A (left) and Test 1B (right).
We observe how the EB1-EB2 models in general defines a decision which is
suboptimal with respect to the competence based model cMC. Further in
presence of a strong overestimation of the opinions of the less skilled agents,
like in the EB2 model, we see how the emerging decision may perform worse
than an aCF model. In the case of the Test 1B we see how for asymmetric
populations the emerging decision may be deviated toward the positions
of the less competent agents, even in the cMC case. The same behavior is
highlighted in Figure 5.6 where we find the evolution of the mean opinion
of the multi-agent systems which leads to the formation of the collective
decisions.
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Figure 5.3: Test 1. Left: two examples of equality bias functions ®(z) if the
form introduced in (2.13) and passing through z = 0.5 with a; = 0.9 and
scaling parameter h = 102. In the rest of the paper we will refer to them as
&1 (z) and ®2(x). Right: convergence of the Monte Carlo method toward

the analytic steady state for e = 0.01.

6.5.2 Test 2: competence driven optimal decision

We consider here the action of the term driving the system to the correct
decision introduced in the opinion dynamics (2.7). In the described dynam-
ics we included a competence-dependent force with a rate given by S()
representing an increasing evidence in supporting the a-priori right choice
wq € {—1,1}. In particular, let us consider

() = {min{l,x} T > x4 (5.2)

0 T < x4

and \c = Agx(z > z4). In the proposed set-up we intended to mimic the
fact that extremely low skilled people (z < z4), in addition to make wrong
choices, have not the ability to realize the inaccuracy of their decision, a
phenomenon which follows from the Dunning-Kruger effect. In Figure 5.7
we report the evolution of the multi-agent system with the same initial
configuration as in Test 1B. The forcing term is characterized by (5.2) with
x4 = 0.3, which drives the opinions of sufficiently competent agents toward
wq = —1. Here the equality bias functions ®;(z) and ®2(z), represented in
Figure 5.2, influence the speed of convergence of the opinions toward wgy. We
compare in Figure 5.8 the convergences toward wy for the models aCF-cMC

and EB1-EB2. We consider the parameters A\c = Ag = 1072, A = A\c + Ap
and o2 = 1072 for the evolution of the competence variable.

6.5.3 Test 3: bounded confidence case

In the last test case we consider bounded confidence interactions [6, 14, 35].
Often we notice how more well-educated, more capable and more competent

143



Kinetic models for collective decision-making Chapter 6

1
12
03 10
£06 8
g
z 3
S04
4
02)
2
9 05 0 05 1 0
Opinion

= =1 -05 0 05 1
Opinion

(a) aCF t=1 (c) aCF t=10

(f) cMC t=10

12
) 10
8
6
4
2
o

-1 -05 0 05 1
Opinion

(i) EB1 t=10

12

. 10

8

6

4

- 2
1 -0.5 05 1

(j) EB2 t=1 (k) EB2 t=3 (1) EB2 t=10

Figure 5.4: Test 1A: kinetic solution at different time steps in the aCF-
cMC and EB1-EB2 model cases, respectively form the first row. The choice
of constants in this test is: ¢ = 10, Ag = A¢ = 1072, 02 = 1072 and
A = Ap + A¢. The mean competence of the multi-agent system is z = 0.5.
We see how the equality bias, through the equality bias functions ®;(z) and
®y(x) presented in Figure 5.3, influences the opinion dynamics, driving the
collective decision toward suboptimal states with respect to the cMC model.
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Figure 5.5: Asymptotic distributions of the opinion variable for the mod-
els aCF-cMC-EB1-EB2 Left: Test 1A, case of initial configuration with
equal size of competent and incompetent agents. Right: Test1B, case of
asymmetric populations as in Figure 5.2. The choice of constants is ¢ = 10,
A =Ac =1072, 062 = 1072 and A = Ap + A¢, the equality bias functions
are sketched in Figure 5.3.
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Figure 5.6: Collective decisions of the multi-agent system for the reference
models aCF-cMC-EB1-EB2 with the choice of parameters ¢ = 10, A\gp =
A =1072, 02 =10"2 and A = A + A\¢. Left: Test 1A. Right: Test1B.
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(g) EBI t=1 (h) EBI t=5 (i) EB1 t=10

I

(1) EB2 t=10

Figure 5.7: Test 2. Kinetic solution for the opinion dynamics with forcing
term with rate (5.2) at different time steps. The evolution of the competence
variable is given by Ag = 1072, A¢(2) = Acx(z > 24) where A\c = 1072 and
g = 0.3, A = Ag + A\¢, and 02 = 1072, We present the behavior of the
reference models aCF-cMC and EB1-EB2 under the action of the equality
bias functions ®4(z), Po(x) for three time steps.
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Figure 5.8: Test 2. Convergence of the mean decision in the reference models
aCF-cMC and EB1-EB2 under the action of the forcing term with rate (5.2)
and x4 = 0.3. The equality bias function ®4(z), which has been sketched
in Figure 5.2, slows down the convergence speed of the collective decision
toward wg = —1.

people are also those best disposed to dialogue. Then competence is generally
associated to the predisposition to listen other people. The higher this quality,
greater is the ability to value other opinions. Vice versa, a person unwilling
to listen and dialogue is usually marked by a lower level of the described trait.
Therefore, it is natural to consider a bounded confidence model where the
threshold on the exchanges of opinions depends on the degree of competence.

In particular, we consider a compromise function P(z,x.;w,w,) with the
following form

Pz, v w,we) = x(Jw — wi] <Az, 2.)), (5.3)

where A(z, x,) is a competence-dependent function that ranges in the closed
interval [0, 1] taking into account the maximum distance under which the
interactions are allowed, and v > 0 is a constant value. A possible choice of
for the function A(-,-) is

A(z,z.) = Repro(z, x4), (5.4)

where the function R(-) has been defined in (2.10). We observe how for
the choice v = 2 and A(z,z,) = Ryc the bounded confidence interaction
function reproduces the behavior of a maximum competence model.

In the biased case the bounded confidence model becomes

P(z,zw,wy) = x(Jw — wye| < AA(P(2), P(x4))). (5.5)

We perform the numerical test in the case of absence of driving force, i.e.
S(-) = 0. In Figure 5.9 we report the initial configuration of the multi-
agent system for the test and the asymptotic density function of the opinion
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Figure 5.9: Test 3. Left: initial configuration of the multi-agent system,
we considered the case with three population. Right: asymptotic marginal
density for the opinion variable, we observe how the bounded confidence
interaction function introduced in (5.3), v = 1/2, splits the system in two
populations for which the equality bias emerges separately as an action of
the equality bias function ®g(x).

variable taking into account the bounded confidence interaction function
(5.3) and its biased version (5.5). We chose the parameters \c = Ag = 1073,
A= Ag + Ac and o, = 107 for the evolution of the competence variable,
the function A(z — z4) is (5.4) with ¢ = 10? and v = 1/2.

In Figure 5.10 it is possible to observe how the evolution of opinion and
competence deeply changes under the effect of an equality bias function.
In particular we considered the equality bias function ®9(z),x € X with
the choice of parameter introduced in Figure 5.2. In Figure 5.9 (right plot)
we report the asymptotic marginal density for the opinion variable. The
system evolves towards two clusters, characterizing two subpopulations with
different decisions driven by the most competent agents. Finally, it is possible
to observe how the equality bias drives the system toward a suboptimal
collective decision for both populations where the influence of less competent
agents become more relevant.

6.6 Conclusion

We introduced kinetic models of multi-agent systems describing the decision-
making process. The models are obtained in the limit of a large number of
agents and weight the opinion of each agent through its competence. The
binary interaction dynamics involve both the agents’ opinion and competence,
so that less competent agents can learn during interactions from the more
competent ones. This lead to an optimal decision process where the results
is a direct consequence of the agents’ competence. The introduction of an
equality bias in the model is obtained by considering a suitable function
with a shape analogous to the one experimentally found in [124]. Numer-
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Figure 5.10: Test 3. Evolution of the multi-agent-system in the bounded
confidence case (BC), in the first row, and under the action of the equality bias
function ®3(z) (BC-EB), in the second row. The evolution of the competence
variable is given by A\c = Ag = 1073, A = Ag + A\¢ and o, = 107*

ical results show that the presence of an equality bias leads the group to
suboptimal decisions and in some cases to the emergence of the opinion of
the less competent agents in the group. Finally, we point out that using the
approach in [6, 117, 11] the present modeling may also address the influence
of external forces (like the Press and the Media in general) affecting adversely
the individual competence.
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Chapter 7

Uncertainty quantification in
control problems for flocking
models

7.1 Introduction

The aggregate motion of a multi-agent system is frequently seen in the
real world. Common examples are represented by schools of fish, swarms
of bees and herds of sheep, each of them natural phenomena with impor-
tant applications in many fields such as biology, engineering and economy
[145]. As a consequence, the significance of new mathematical models, for
understanding and predicting these complex dynamics, is widely recognized.
Several heuristic rules of flocking have been introduced as alignment, sep-
aration and cohesion [154, 167]. Nowadays these mathematical problems,
and their constrained versions, are deeply studied both from the microscopic
viewpoint [4, 52, 138, 179] as well as their kinetic and mean-field approxima-
tions [6, 11, 71, 73, 76, 139]. We refer to [145] for a recent introduction on
the subject.

In an applicative framework a fundamental step for the study of such
models is represented by the introduction of stochastic parameters reflecting
the uncertainty due to wide range of phenomena, such as the weathers
influence during an experiment, temperature variations, or even human
errors. Therefore quantifying the influence of uncertainties on the main
dynamics is of paramount importance to build more realistic models and to
give better predictions of their behavior. In the modeling of self-organized
system, different ways to include random sources have been studied and
analyzed, see for example [2, 108, 160, 167, 178]. In this paper we focus on
the case where the uncertainty acts directly in the parameter characterizing
the interaction dynamics between the agents.

We present a numerical approach having roots in the numerical techniques
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for Uncertainty Quantification (UQ) and Model Predictive Control (MPC).
Among the most popular methods for UQ, the generalized polynomial chaos
(gPC) has recently received deepest attentions [176]. Jointly with Stochastic
Galerkin (SG) this class of numerical methods are usually applied in physical
and engineering problems, for which fast convergence is needed. Applications
of gPC-Galerkin schemes to flocking dynamics, and their controlled versions,
is almost unexplored in the actual state of art.

We give numerical evidence of threshold effects in the alignment dynamics
due to the random parameters. In particular the presence of a negative tail in
the distribution of the random inputs lead to the divergence of the expected
values for the system velocities. The use of a selective model predictive
control permits to steer the system towards the desired state even in such
unstable regimes.

The rest of the chapter is organized as follows. In Section 8.2 we intro-
duce briefly a Cucker-Smale dynamics with interaction function depending
on stochastic parameters and analyze the system behavior in the case of
uniform interactions. The gPC approach is then summarized in Section 7.3.
Subsequently, in Section 7.4 we consider the gPC scheme in a constrained
setting and derive a selective model predictive approximation of the system.
Next, in Section 7.5 we report several numerical experiments which illustrate
the different features of the numerical method. Extensions of the present
approach are finally discussed in Section 7.6.

7.2 Cucker-Smale dynamics with random inputs

We introduce a Cucker-Smale type [71] differential system depending
on a random variable # € © C R with a given distribution f(#). Let
(z5,v;) € R?, d > 1, evolving as follows

z;(0,t) = v;(0,1)

(6,1)
5 > H(wi,25)(0(0,1) — vi(6,1))

Jj=1

N

(2.1)

0:(0,1) =

where K is a time dependent random function characterizing the uncertainty
in the interaction rates and H(-,-) is a symmetric function describing the
dependence of the alignment dynamics from the agents positions. In the
following we will always suppose location—based interaction to be determinis-
tic, in particular H(x;, x;) := H( [, x:f(0)d0, [, x;f(0)df). For simplicity of
notation we will maintain H (:U,, xj). A classical choice of space dependent
interaction function is related to the distance between two agents

1
|z —yP)
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where v > 0 and ¢ > 0 are given parameters. Mathematical results concerning
the system behavior in the deterministic case (K = 1) can be found in [71].
In particular unconditional alignment emerges for v < 1/2. Let us observe
that, even for the model with random inputs (2.1), the mean velocity of the
system is conserved in time

d

V(0,t) = > vi(0,1), ZV(0.4) =0, (2.3)

since the symmetry of H implies

N N
> Hwi z)vi(0,6) = > Hlwi, x;)vi(0, 1),

2,j=1 1,j=1

Therefore for each t > 0 we have V(6,t) = V(0,0).

7.2.1 The uniform interaction case

To better understand the leading dynamics let us consider the simpler
uniform interaction case when H = 1, leading to the following equation for
the velocities

K(0,1) &

0;(0,t) = N’ Z(vj(G,t) —v;(0,t)) = K(0,t)(V(0,0) — v;(6,t)). (2.4)
j=1

The differential equation (2.4) admits an exact solution depending on the

random input #. More precisely if the initial velocities are deterministically

known we have that
¢
v;(0,t) =V + (v:(0) — V) exp {—/ K(9, s)ds}, (2.5)
0

where V = V(0) is the mean velocity of the system. In what follows we
analyze the evolution of (2.5) for different choices of K(6,t) and of the
distribution of the random variable 6.

Example 1

Let us consider a random scattering rate written in terms of the following
decomposition
K(0,t) = Ek(0)h(t) (2.6)

where h(t) is a nonnegative function depending on ¢t € R*. The expected
velocity of the i-th agent is defined by

0i(t) = Eolus(0.0)] = [ (6.0)1(6)as (2.7)

Q

155



UQ in control problems for flocking models Chapter 7

then each agent evolves its expected velocity according to

Ti(t) = /Q [V+(Ui(0)—V)exp{—k(0) /0 th(s)ds}] FO)d9.  (2.8)

For example, let us chose k(f) = 0, where the random variable is normally
distributed, i.e. @ ~ N(u,02?). Then, for each i = 1,..., N, we need to
evaluate the following integral

v+“(02)7;2v Rexp{—H/Oth(s)ds}exp{—w;‘gy}dﬁ. (2.9)

The explicit form is easily found through standard techniques and yields

Bi(t) =V + (03(0) — V) exp {—M /Ot h(s)ds + “22 (/Ot h(s)ds>2}. (2.10)

From (2.10) we observe a threshold effect in the asymptotic convergence of
the mean velocity of each agent toward V. It is immediately seen that if

/t h(s)ds > 22 (2.11)
0 o

it follows that, for t — 400, the expected velocity v; diverges. In particular,
if h(s) = 1 we have that the solution starts to diverge as soon as t > u/o?.
Note that, this threshold effect is essentially due to the negative tail of the
normal distribution. In fact, if we now consider a random variable taking
only nonnegative values, for example exponentially distributed 6 ~ Exp(\)
for some positive parameter A > 0, from equation (2.8) we obtain

—+o00
oi(t) =V + (v;(0) — V) / e %" e dp, (2.12)
0
which corresponds to
_ A
vi(t) =V + (vi(0) — V)ma (2.13)

and therefore v;(t) — V as t — oo. Then independently from the choice of
the rate A > 0 we obtain for each agent convergences toward the average
initial velocity of the system. Finally, in case of a uniform random variable
0 ~ U([a,b]) we obtain

b
vi(t) =V + (v;(0) = V) / ﬁe—etde (2.14)
that is 0 . o
_ v;(0) =V (e ¢ e
vi(t) =V + T < o ) , (2.15)

which implies the divergence of the system in time as soon as a € R assumes
negative values.
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Example 2

Next we consider a random scattering rate with time-dependent distribution
function, that is

K(0,t) = 0(t) (2.16)

with 6(t) ~ f(6,t). As an example we investigate the case of a normally
distributed random parameter with given mean and time dependent variance,
0 ~ N(u,0%(t)). Tt is straightforward to rewrite 6 as a translation of a
standard normal-distributed variable 6, that is

0 =p+a(t)o, (2.17)

where 6 ~ N (0,1). The expected velocities read

Bi(t) :V+W/Rexp{—ut—é/ota(s)ds}exp{—é;}dé, (2.18)

which correspond to

¢ 2
0i(t) =V + (vi(0) — V) exp {—,ut + % </0 O'(S)dS) } (2.19)

Similarly to the case of a time independent normal variable a threshold effect
occurs for large times, i.e. the following condition on the variance of the

distribution )

( /0 t U(s)ds> > ot (2.20)

implies the divergence of the system (2.4). As a consequence instability can
be avoided by assuming a variance decreasing sufficiently fast in time. The
simplest choice is represented by o(t) = 1/t* for some « € [1/2,1). The
condition (2.20) becomes

1—a \ 2
> 2ut. 2.21
(1=5) > (221)
For example, if « = 1/2 the previous condition implies that the system
diverges for each pu < 2.
7.3 A gPC based numerical approach

In this section we approximate the Cucker-Smale model with random
inputs using a generalized polynomial chaos approach. For the sake of clarity
we first recall some basic facts concerning gPC approximations.
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7.3.1 Preliminaries on gPC approximations

Let (Q, F, P) be a probability space, that is a ordered triple with Q any
set, F a o—algebra and P : F — [0, 1] a probability measure on F, where
we define a random variable

6:(F)— (R,Br),

with Bg the Borel set of R. Moreover let us consider S ¢ R% d > 1 and
[0,T] C R certain spatial and temporal subsets. For the sake of simplicity
we focus on real valued functions depending on a single random input

g(z,0,t): SxQxT =R ge L*(0F,P). (3.1)

In any case it is possible to extend the set-up of the problem to a p—dimensional
vector of random variables 6 = (61,...,6)), see [97]. Let us consider now the
linear space of polynomials of € of degree up to M, namely Py;(6). From
classical results in approximation theory it is possible to represent the distri-
bution of random functions with orthogonal polynomials {®4(6)}4L, i.e. an
orthogonal basis of L?((2, F, P)

Eo[®4,(0)®1(0)] = Eg[®1(6)?]0n

with dp; the Kronecker delta function. Assuming that the probability law
P(071(B)),VB € Bg, involved in the definition of the introduced function
g(z,0,t) has finite second order moment, then the complete polynomial chaos
expansion of g is given by

meN

According to the Cameron-Martin theorem and to the Askey-scheme, results
that pave a connection between random variables and orthogonal polynomials
[45, 176, 177], we chose a set of polynomials which constitutes the optimal
basis with respect to the distribution of the introduced random variable in
agreement with Table 3.1.

Let us consider now a general formulation for a randomly perturbed
problem

D(z,t,0;9) = f(x,t,0) (3.3)

where we indicated with D a differential operator. In general the randomness
introduced in the problem by @ acts as a perturbation of D, of the function
g or occurs as uncertainty of the initial conditions. In this work we focus
on the first two aspects assuming that initial positions and velocities are
deterministically known.
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Table 3.1: The different gPC choices for the polynomial expansions.

Probability law of 0 ‘ Expansion polynomials ‘ Support

Gaussian Hermite (=00, 400)
Uniform Legendre [a, b]
Beta Jacobi [a, b]
Gamma Laguerre [0, +00)
Poisson Charlier N

The generalized polynomial chaos method approximate the solution g(z, 6, t)
of (3.3) with its Mth order polynomial chaos expansion and considers the
Galerkin projections of the introduced differential problem, that is

Eg [D(z,t,0;9) - Pn(0)] = Eg [f(x,0,t) - Pp(6)], h=0,1,...,M. (3.4)

Due to the Galerkin orthogonality between the linear space IPy; and the error
produced in the representation of g(x, 6,t) with a truncated series, from (3.4)
we obtain a set of M + 1 purely deterministic equations for the expansion
coefficients g, (z,t). These subproblems can be solved through classical
discretization techniques. From the numerical point of view through a gPC-
type method it is possible to achieve an exponential order of convergence to
the exact solution of the problem, unlike Monte Carlo techniques for which
the order is O(1/+/M) where M is the number of samples.

7.3.2 Approximation gPC of the alignment model

We apply the described gPC decomposition to the solution of the non-
homogeneous differential equation v;(6,¢) in (2.5) and to the stochastic
scattering rate K (0,t), i.e.

M M
Uzzv[(at) = Z @i,m(t)q)m(e)7 KM(H,t) = Zkl(t)q)l(e) (3'5)
m=0 =0
where
Vim (t) = Eg [0;(0, 1)@, (0)] Ki(t) = Eg [K(0,4)®;(0)]. (3.6)

We obtain the following polynomial chaos expansion

d M 1 N M A
2 D tim®m(0) =5 > H(wixy) Y Ki(t)(0m — 0im) 20(0) P (6).
m=0 j=1 I,m=0
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Multiplying the above expression by an orthogonal element of the basis ®,(6)
and integrating with respect to the distribution of

M
Z d .
m=0

1 N M .
=E | > H(wi,x) Y Ki(t)(im — Din) By(0) 8 (0) 5 (0)
j=1 l,m=0

we find an explicit system of ODEs

d 1 - X
G0 (0) = O H@is@3) 30 (0 = tiam) 3 Ki(t)eomn
h j=1 m=0 =0
(3.7)
1O < :
= 2 H (@i 25) D (B = Gim) Kn (1),

where Clmh — Eg[‘bl(e)@m(g)q)h(e)} and

M

X 1 .

Kmh(t): H(I)huz E Kl(t)elmh.
=0

We recall that the gPC numerical approach preserves the mean velocity of
the alignment model (2.4). In fact, from (3.7) follows

N d 1 N M ~
; %'&i,h(w :N ;1 H(x;, xj) ;Kmh(t)@j,m

1 S
- Z H(zi, xj) X:OKmh(t)@z‘,m =0,
jri=1 m=

thanks to the symmetry of H. More generally it can be shown that if

1 N
=) wilf,t) =V,
N =1

where V is time-independent, then its gPC decomposition is also mean-
preserving since

1 N M M 1 N
V2o 2 Eo[vi(0.)2m(0)] @m(60) = D> Eg | - > vil0, t)<1>m<9>] @, (0)
i=1 m=0 m=0 i=1
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Remark 10. The gPC approximation (3.7) can be derived equivalently
without expanding the kernel function K(0,t). In this way one obtains

d 1 M
Uz,h N Z xu l'] Z 'Uj m — U m mh (3-9)
j=1 m=0
where now
Ko (t) = Eg[K(0,t)®,, Pp].

1512

Note that, since in general N > M, the overall computational cost is

O(MN?).

7.4 Selective control of the gPC approximation

In order stabilize the gPC approximation of the Cucker-Smale type model
(2.1) with random inputs, we introduce an additional term which acts as
control of the approximated dynamics. More specifically we modify the
approximation of the alignment model (2.1) by introducing a control term
Up, to the hth component of its gPC approximation

d . N .
g0t Z (25, 75) ZKmh (0jm (£) = Dim (1)) 4+ @nQ(Din)-

(4.1)

The control 4y, is a solution of

171 g ,. v [T
= — — O (1) — Dg.p)?dt + — i, ()2 dt 4.2
Ty, argufilel{l{b [2/0 I ;(Uz,h( ) — Dap) dt + 5 /0 Up(t) , (42

where we assume to have, for each h = 1,..., M, a bounded control uy
having value in a admissible set U, C R¢, for example in the one-dimensional
case we consider @y, € [up 1, up r]. Parameter v > 0 is a regularization term

and (04,0, 04,1, - - ., 04,0 ) are the desired values for the gPC coefficients. For
example
. vg h=0
Uan = Eglvg®p(0)] = vgE[®,(0)] = 4.3
a,n = Eg[va®n(0)] = vaE[®4(0)] {0 h—1... ML (4.3)

where vy is a desired velocity.
Moreover the controller action is weighted by a bounded function,

Q:RY— R

Due to the dependence of the controller effect from the single agent velocity,
we refer to this approach as selective control, see [71].
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In order to tackle numerically the above problem, whose direct solution
is prohibitively expansive for large numbers of individuals, we make use
of model predictive control (MPC) techniques, also referred to as receding
horizon strategy or instantaneous control [135]. These techniques has been
used in [6, 7, 11] in the case of deterministic alignment systems.

7.4.1 Selective model predictive control

Let us split the time interval [0, 77 in N time intervals of length At with
t" = nAt with n = 0,..., N — 1. The basic idea of the model predictive
control approach, is to consider a piecewise constant control

In this way is possible to determine the value of the control i} € R?, solving
for a state v; 5, the (reduced) optimization problem

d 1 N M .
() = > H(wi, 1) D Kn(t)(05m(t) = 0im (1)) + anQ(01.1(t))
(% h(tn) = 17}1,h7

tn+l

Up = arg min
up €Uy tn =1

(4.4)
Given the control 4} on the time interval [t", t"*1] we let evolve 0, according
to the dynamics

d 1 N M )
20 = 2o Hl@iws) 3 K () (@5m (1) = Bin () + GQ(0(1))
(4.5)

in order to obtain the new state 0;, = 0; ,(t""!). We again solve (4.4) to
obtain fLZH with the modified initial data and we repeat this procedure until
we reach NAt =T.

The reduced optimization problem implies a reduction of the complexity
of the initial problem since it depends only on the single real-valued variable
@y On the other hand the price to pay is that in general the solution of the
problem is suboptimal respect to the full one (4.1)-(4.2).

The quadratic cost and a suitable discretization of (4.5) allow an explicit
representation of 4} in terms of Ei,h and @Z:l, as a feedback controlled system
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as follows

M
n+1 ° ~ N N
U:]er = Uz nt Z Z K:th(vjn,m - Uzrfm) + AtuhQZh’

m=0
/[)Zh = i}i,ha (46)

(O = Dan) Q7

i=1
where H]; = H(27,27) and Q7 = Q(9],). Note that since the feedback
control 4} in (4.6) depends on the velocities at time n + 1, the constrained
interaction at time n is implicitly defined. The feedback controlled system
in the discretized form results

At N M AtZ N
~n+1l __ ~n n N (AT ~n ~n+1 ~ n n
Vin =Uint 7 E H;; E Ko (07, — 07') — N (U h T Va,n) Q5 Q7 hs
j— m=0 j=1

0j'p, = Vi -
Again the action of the control is substituted by an implicit term representing
the relaxation toward the desired component of the velocity 944, and it can
be inverted in a fully explicit system.

Considering the scaling for the regularization parameter v = kAt, the
previous scheme is a consistent discretization of the following continuos
system

d 1 N M
f@@h(t) :N Z -Tu x] Z Kmh U],m(t) - {)z,m(t))

. m=0 (4.7)
Z Bah — 0, (1))Q(05,n()) Q05 4 (1))-

Now the control is explicitly embedded in the dynamics of the Ath component
of the gPC approximation as a feedback term, and the parameter x > 0
determines its strength.

7.4.2 Choice of the selective control

For the specific choice of weight function Q(-) = 1 we refer in general to
non selective control. Note that in this case the action of the control is not
strong enough to control the velocity of each agent, indeed in this case we
are able only to control the mean velocity of the system. In fact the control
term is reduced to

1. .
E(Ud,h — V), (4.8)
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where V), is the h—th coefficient of the expansion of V), that is

1 N
V), = N;@m(t).
J:

Then, only the projections of the mean velocity are steered toward the
respective components of the target velocity, i.e. as soon as Kk — 0 it follows
that V), = U4, Therefore, the choice of the selective function Q(-) is of
paramount importance to ensure the action of the control on the single agent.

In principle one can address directly the control problem on the original
system (2.1) as

xZ(G, t) = Ui(e, t)
K(0,1)
N

(4.9)

N
ZH(xi,xj)(vj(Q,t) - Uz‘(eﬂf)) + UQ(vi<97t))7

J=1

(6, 1) =

where the control term u is solution of

~ arg mi 1/T1§:( (0.4) )th+”/T (02t (4.10)
u=argmin | o ) N2 v; (6, Vg 3/, u , .

uEUy

Here vy € R? is a target velocity, v > 0 a regularization parameter and
Uy, the set of admissible control. Similarly to previous subsection, through
the approach presented in [6, 7, 11], we can derive the time-continuos MPC
formulation which explicitly embed the control term in the dynamics as
follows

\

(i‘i(g,t) = 'Uz'(eyt)
o  K(0,1) N e 53 s
i(0,t) = N JZ;H( i J)( ](07t) i(6,1)) (4.11)
N
ﬂ% > (wa — v (6, £)Q(v;(t, ) Q(ui(t, 0)).

=1

<
Il

Now the gPC approximation of (4.11) can be obtained as in Section 7.3 and
leads to the set of ODEs

d

M
L unlt) :% S Hiziyw) 3 Ko () (05m(t) —

N

= (4.12)
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where

Ri(wl,0) = 1o [(va = 1)@ (6 (0.0) @ (1} (6.0)) #4(0)).
(4.13)
In general systems (4.12) and (4.7), without further assumptions on the
selective function Q(-), are not equivalent. In addition to the non selective
case, there exist at least one choice of selective control that makes the two
approaches totally interchangeable. In fact, taking

Vg — V;

)
\/N ] 1(va — vj)?

and Q(v;) =0 if v; =vg, Vj=1,..., N, we have that Q(-) is bounded and
the control term in (4.12) takes the following form

(4.14)

HNZ b = g (= e 0.0)9(0)] = = (Gun — 1) (415)

Similarly the control term in (4.7) reduces to

1 Y 1

— (0an — 0jn () Q050 (1)) Q041 (t)) = - (Vap — Vip) 5 (4.16)
=1

and therefore system (4.12) coincides with (4.7). Note that as kK — 0 both
systems are driven towards the controlled state ©; , = 04, which implies a
strong control over each single agent.

In Figure 4.1 we summarize the two equivalent approaches. In the case of
non selective control and of selective function given by (4.14) the constrained
gPC system can be obtained from our initial unconstrained model (2.1)
through two different but equivalent methods. The first approximates the
solution of the Cucker-Smale type model via the gPC projection and then
introduces a control on the coefficients of the decomposition through a MPC
approach in order to steer each component to (9,0, 04,1, - - -, 04, ). Whereas
the second method considers a constrained Cucker-Smale problem (4.9),
introduces its continuous MPC approximation and then computes the gPC
expansion of the resulting system of constrained differential equations.

Remark 11. We remark that the choice of Q(-) stated in (4.14), for which
the two approaches sketched in Figure 4.1 are identical, is equivalent to
consider the constrained dynamics (4.9), modified as follows

#:(0,1) = vi(0, 1)
_ K(b.1)
N

50,9 (4.17)

N
ZH xi, xj)(vj(0,t) —v;i(0,t)) + us,
Jj=1
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[ Model ]
|
_ Y . . y .
Control Problem gPC
MPC Control Problem
gPC MPC

v
Constrained
gPC System

Figure 4.1: Sketch of the two numerical approaches to solve the control
problem with uncertainty, combining MPC and gPC. In both cases, of non
selective control, i.e. Q(-) = 1, and of selective control with Q(-) defined in
(4.14) the two approaches are equivalent.

where the control term, wu; for each agent i = 1,..., N, is given by the
minimization of the following functional

' LT LS 2V
J(r,- N, uN) = 5 ; N;[(“i( 1) —va)” + Jui() ]dt-
(4.18)

Since the functional is strictly convez, applying the (MPC) procedure on a
single time interval for the discretized dynamics of (4.17)-(4.18), we obtain

u; in terms of feedback control
1
u; = —(vg — v4), i=1,...,N. (4.19)
K

Thus the same considerations on the equivalence of the approaches hold.

7.5 Numerical tests

We present some numerical experiments of the behavior of the flocking
model in the case of a Hermite polynomial chaos expansion. This choice
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Figure 5.2: Error convergence for increasing number of polynomials in the
gPC decomposition approximation. Left: convergence of the mean error at
two fixed times T' = 1 and T' = 5. Right: convergence of the variance error. In
both cases we considered a random time-independent scattering K (0,t¢) = 6,
where the random variable 6 is normally distributed N(2,1/2). The system
of ODEs is solved through a 4th order Runge-Kutta with At = 107°.

corresponds to the assumption of a normal distribution for the stochastic
parameter in the Cucker-Smale type equation (2.1) and in its constrained
behavior (4.7). Numerical results show that the introduced selective control
with the weight function (4.14) is capable to drive the velocity to a desired
state even in case of a dynamics dependent on a normally distributed random
input, with fixed or time-dependent variance. In the uniform interaction
case, since the effect of agents’ positions do not influence the alignment we
report only the results of the agents’ velocities.

7.5.1 Unconstrained case

In Figures 5.2 and 5.3 we present numerical results for the convergence of
the error using the gPC scheme described in equation (3.7) for H =1 and
solved through a 4th order Runge-Kutta method. In particular Figure 5.2
shows the behavior of the error with respect to increasing terms of the gPC
decomposition. Here we considered the average in time of the error for the
mean and the variance at time ¢ > 0 in the L' norm

1O |o(t) — oM (¢ 1 L |a2(t) — a2M(t
B - 43 GEL <>‘ = 1 ()03@) |
(5.1)
where
o3 (t) = Eg [ (0:(60,1) - 0,()?] (5.2)

with v;(6,t) and v;(t) defined in (2.5) and (2.7). Observe that if the scattering
rate K (6,1) is of the from described in (2.6) with h(-) = 1 and k(#) ~ N (u, 0?)
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Variance
Error

Figure 5.3: Evolution of the variance-error E;2(t) defined in equation (5.1) for
the gPC decomposition for the unconstrained model (2.4) with K(0,t) =6 ~
N(2,1/2) over the time interval [0,7] with 7' = 5 and time step At = 107°.

than, in addition to the explicit evolution for the expected velocity as in
(2.8), we can obtain the exact version for the evolution of the variance of the
1th agent

a2(t) = (v;(0) — V)? (exp{—2ut + 20%t%} — exp{—2ut + a2t2}) . (5.3)

In (5.1) we indicated with 3> (¢) the approximated variance

M
oM (1) = D 02 (D Es[@n(0)] — 07 (1). (54)

It is easily seen how the error decays spectrally for increasing value of
M, however the method is not capable to go above a certain accuracy
and therefore for large M a threshold effect is observed. This can be
explained by the large integration interval we have considered in the numerical
computation, and by the well-known loss of accuracy of gPC for large
times [97]. In the case of the error of the variance, Figure 5.3, the gPC
approximation exhibits a slower convergence with respect to the convergence
of the mean. Next in Figure 5.4 we see how for large times the solution
of the differential equation (2.4) diverges and the numerical approximation
is capable to describe accurately its behavior only through an increasing
number of Hermite polynomials.

7.5.2 Constrained uniform interaction case

In Figure 5.5 we show different scenarios for the uniform interaction
dynamics with constraints. In the first row we represents the solution for
N = 10 agents, whose dynamics is described by equation (4.7) with vy = 1,
different values of x originate different controls on the average of the system,
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Figure 5.4: Left: 6th order Hermite gPC decomposition solved through a 4th
order Runge-Kutta. Right: 10th order Hermite gPC decomposition solved
through a 4th order Runge-Kutta. In both cases the final time considered is
T = 6, with time step At = 1072.

which however do not prevent the system to diverge. In the second row we
show the action of selective control (4.14). It is evident that, with this choice,
we are able to control the system also in the case with higher variance.

Observe that the numerical results are coherent with the explicit solution
of the controlled equation. Let us consider the time-independent scattering
rateK (0,t) = 0 ~ N(u,0?), then from the equation

%vi(é?, £ = 6V — v3(0,1)) + %(vd —(0,1)) (5.5)

we can compute the exact solution given v;(6,0) = v;(0)

KV + vy ' KVO + vy 1
vi(0,t) = P +(vl(0)—/€9+1 >exp{ <9+/€> t}. (5.6)

The asymptotic behavior of the expected value of (5.6) can be studied
similarly to what we did in Section 7.2.1. In other words in order to prevent
the divergence of the leading term of the controlled expected exact solution

we might study b
1 ot
exp{— <H+I{>t+2}7 (57)

t>a22<u+i>. (5.8)

Then for each fixed time we could select a regularization parameter k£ > 0
so as to avoid the divergence of (5.6). Moreover we can observe that in the
limit x — 0 the introduced selective control is capable to correctly drive the
system (5.5) for each ¢ > 0.

which diverge if
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Evolution with § ~ N (2,1)

Evolution with 6 ~ N/ (2,0.5)

T T
]

Figure 5.5: Evolution of the uniform interaction alignment model (4.7) with
N = 10 agents, at t = 0 distributed around V = 2 with unitary variance,
depending on a normal random parameter. Left column: 6 ~ A/(2,1). Right
column 6 ~ N(2,0.5). The control term shows its ability to steer the system
towards desired velocity vg = 1, with different intensities kK = 1 and k = 0.1,
when x = oo the control has no influence. First row shows the action of the
control acting just on the average velocity, @ = 1. Second row shows the
action of selective control with Q(-) as in (4.14).

In Figure 5.6 we consider the system with random time-dependent scat-
tering rate 6 ~ N'(u,02(t)). The dynamics shows how, for the choice of
time dependent variance described in Remark 7.2.1, that is o(t) = 1/t* with
a = 1/2, the convergence depends from the mean value of the random input.
In particular numerical experiments highlight the threshold effect for p = 2
which we derived in Section 8.2. In the second figure we show that the action
of the selective control (4.14), with desired velocity vq = V, is capable to
stabilize the system and drive the velocities towards the desired state.

7.5.3 Constrained space dependent case

Next let us consider the full space non homogeneous constrained problem
(2.1) with the interaction function defined in (2.2). In this case we assume
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---p =25

wleoro— )

—u=3

Figure 5.6: Solution of the uniform interaction case with time dependent ran-
dom parameter 6 distributed accordingly to a normal distribution A/ (y, o2(t)),
with a time-dependent standard deviation o(t) = 1/t%, and o = 1/2. Left:
we see the threshold for different values of p, i.e. for pu < 2 the system
diverges. Right: solution of the constrained model with x = 0.1, observe that
we are able to steer the system to the desired velocity vg = V), i.e. the initial
mean velocity of the system, using the selective control described in (4.14).

that K(0) = 6 with § ~ N(u,0?). In Figure 5.7 and 5.8 we consider a
system of N = 100 agents with Gaussian initial position with zero mean
and with variance 2 and Gaussian initial velocities clustered around +5 with
variance 1/10. The numerical results for (3.7) have been performed through
a 10th order gPC expansion. The dynamics has been observed in the time
interval [0, 5] with At = 1072. In Figure 5.8 we see how the selective control
is capable to drive the velocity of each agent to the desired state vg. In fact
in case of no control, see Figure 5.7, we have that the velocities of the system
naturally diverges.

7.6 Conclusions

We proposed a general approach for the numerical approximation of flock-
ing models with random inputs through gPC. The method is constructed
in two steps. First the random Cucker-Smale system is solved by gPC. The
presence of uncertainty in the interaction terms, which is a natural assump-
tion in this kind of problems, leads to threshold effects in the asymptotic
behavior of the system. Next a constrained gPC approximation is intro-
duced and approximated though a selective model predictive control strategy.
Relations under which the introduction of the gPC approximation and the
model predictive control commute are also derived. The numerical examples
illustrates that the assumption of positivity of the mean value of the random
input is not sufficient for the alignment of the system but that a suitable
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choice of the selective control is capable to stabilize the system towards the
desired state. Extension of this technique to the case of a large number of
interacting agents through mean-field and Boltzmann approximations are
actually under study.
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Figure 5.7: Numerical solution of (4.7), with v = 0.05 < 1/2, ¢ = 0.01,
through a 10th order gPC Hermite decomposition (3.7) with k = co with
time step At = 1072, The random input is normally distributed § ~ N(2, 1).
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with v = 0.05 < 1/2, ¢ = 0.01,
through a 6th-order gPC Hermite decomposition for the selective control
(3.7) with time step At = 10~2. Here we considered a normally distributed
random input 6 ~ AN(2,1), the desired velocity is v4 = 0 and the control
parameter is kK = 1.



Chapter 8

Mean—field equations
dependent on random inputs

8.1 Introduction

In the real world, the aggregate motion of a finite system of interacting
agents may be affected by different kind of randomness, like perturbed
boundary values, as well as unintelligible microscopic interactions. These
strongly non-linear effects may strongly influence the agents’ dynamics
introducing threshold effects which potentially destroy an emerging pattern
[13]. Thus, the introduction of uncertainty in mathematical modeling of
these real world phenomena seems to be unavoidable for applications.

Among a rather extensive literature on alignment models for interacting
systems, the Cucker-Smale model gained in the scientific research a special
place thanks to its simplicity and mathematical elegance both. Without
pretending to review the whole literature some references are [52, 53, 71, 139].

We will consider different ways to introduce random effects on the dynamics,
in particular we concentrate to the case of uncertain initial value with a
system of agents evolving through a deterministic model, as well as the case
of stochastic interaction rules. These situations make the introduced models
more realistic, miming the fact we can model these collective dynamics not by
considering universal physical laws but making use of external data available
from experiments. This is even more evident in many problems in socio-
economic sciences where the interaction rules are based on observations and
empirical evidence. Therefore, we can have at most statistical information
of the modeling parameters. In order to fully understand simulation results
and to produce effective predictions it is essential to incorporate uncertainty
propagating in the dynamics from the beginning of the modeling.

In particular, in this chapter we focus on the construction of a novel
numerical methods for the positivity preservation of statistical quantities
of randomly perturbed equations of the collective behavior. The proposed
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method conserves the property of fast convergence with respect to the random
inputs.

8.2 Microscopic alignment dynamics with random
inputs

In this section we introduce the main properties of an alignment model.
First we discuss some results in the deterministic setting already presented in
several works [52, 53], then we concentrates on the introduction of stochastic
quantities.

8.2.1 Property of the deterministic Cucker—-Smale model

In a deterministic setting we are interested in studying the dynamics
of N € N agents whose trajectories are given in the phase space by the
Cuker-Smale second order system of differential equations. Hence, for each
1=1,..., N we consider the following system fo ODEs
i’i (t) = V; (t

1 2.1
N (2.1

(t) =

=2

)
' H (i, 25)(vi(t) —vi(t)),

with initial locations and velocities z;(0) = x;0, v;(0) = v;0. In (2.1) we
introduced the interaction function between the agents i,j € {1,..., N}
indicated by H(-,-) which depends on the agents’ location. The classic
space dependent interaction function acts on the space gaps between agents
|z; — x|, where the metric defined by | - | is Euclidean and whose expression
is given by

K

H(l‘i,l‘j,e) = —(1 n ‘mi,ij)V.

(2.2)
We observe that being (2.2) a symmetric function, hence it is defined a
symmetric adjacency matrix {a;;}, 7,5 =1,...,N

i (2.3)

aij =
A possible variant of the Cucker-Smale model has been described in [139]
where the symmetry the introduced model is broken by considering an align-
ment based on the relative influence. Non-symmetric dynamics define more
sophisticated models where the ith agent may interact with the jth agent
but not vice versa, for example leader-follower models as well as limited
perception models [9, 53, 66, 141]
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In a deterministic setting, different regimes are described by the introduced
model, depending on the choice of K,~. In particular the following theorem
holds

Theorem 8.2.1. Assume that one of the following conditions holds

i) vy <1/2

ii) v >1/2 and

() -() ] ()™ > oo o

where

1 1
I(z) = 5211:2»—@5;, A(v) = §Z|vi—vj12. (2.5)
i#j i#j

Then there exists a constant By such that T'(xz(t)) < By for all t € R* while
A(v(t)) converges toward zero as t — +00, and the vectors x; — x; tend to a
limit vector Z;j, for all i,7 < N.

We highlight that the result has been improved in the case v = 1/2 for
any initial data in [52]. Therefore in the case v < 1/2 we will refer to
unconditional alignment (or flocking) given that the velocities alignment does
not depend on initial configuration of the system or on dimensionality. In
this case all the agents of the population have the same velocity, they form
a group with fixed mutual distances with a spatial profile which depends
on the initial condition. If v > 1/2 flocking may be expected under the
condition of equation (2.4).

8.2.2 Cucker—-Smale model dependent on random input

In what follows we will denote with (£2, F, P) the probability space where
we define the random variable 0 : (Q, F) — (R, Bgr), where F a oc—algebra
and Bgr the Borel set of R. We will also assume that 6 € Q is endowed with
known distribution function g(6) € P(2).

The CS may be affected by stochasticity in several way. In the following
we enumerate possible stochastic dynamics depending on a single random
input 6 €

a) Random perturbation of the initial data, i.e. foralli=1,..., N
zi(0,0) = 2(0),  vi(6,0) = v(0), (2.6)
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with known interaction function H(z;,x;). Therefore the dynamics is
written for alli =1,..., N as

i(0,t) =

@

i (0

t)v xi(ea O) = $?(9)7 vi(e’ 0) = U?(H),

1 & (2.7)
0i(0,) = < > H(wi(0,1),25(0)) (030, 2) — vi(0, 1)),
j=1
b) Random strength of interactions
K

(14 [ai(6,1) — (6, 2)[*)

with z;(0,0) = 2, x,(0,0) = xj and v > 0 a given constants. A further
simplification may be done by considering an interaction depending on
the expected locations Z; j = Eg[z; ;(6,t)]. In this simplified situation
we may rewrite the interaction function in (2.8) as

H(&:,2,0) = K(0)H (21, 2,), (2.9)
with
H (5,35) = H (13— 35) = o ’9_%1_ cEp 210
¢) Random alignment parameter
H(z,25,0) = K (2.11)

(L [zi = ;7O

with K > 0 is a constant, and the initial locations and velocities of

the dynamics z;(6,0) = 29 and z;(0,0) = x] are given. Again, a

simplification may be done by considering an interaction depending on
the expected locations Z; j = Eg[z; ;(6,t)] in equation (2.11).

In the cases described by (b) — (¢) the Cucker-Smale model assumes the form

#:(0,t) = vz(e 1),  :(0,0) = 29,v;(6,0) = 1

5(0:1) NZH zi,2,0)(v;(0,t) — v;(6,1)), (2.12)
7=1

where :c?, :1;9» are given and the interaction function H(z;,x;,0) is of the type

described in (2.8) and (2.11). We can prove the following result

Lemma 8.2.2. Let us consider the stochastic Cucker—Smale model (a) —
(b) — (¢), then the mean velocity of the system is conserved in time

1 d
=% z:: i(0.0), V(0.6 =0. (2.13)
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Proof. We show the result in the setting of (b) — (¢). From (2.12) we have

ZZH (xi,25,0)v;(0,1) ZZH (xi,x5,0)v:(0,1), (2.14)

=1 j=1 =1 j=1

and therefore V(6,t) = V(0,0), for all ¢ > 0. Similar considerations hold true
in the case (a). O

In the non homogeneous case we can prove the following result for the
evolution of the system of agents whose proof is reminiscent of well established
results in the literature [52, 139].

Proposition 8.2.3. Let (2, F, P) be a probability space and let us consider
the evolution of the stochastic Cucker—Smale model in case of random strength
as described in (2.8), i.e

x’i(é),t):v,-(e,t), Z:L N

. 1 K7(9)
0;(0,t) = N Zj’vzl (1+ |z(0,t) — z;(0,1)]?)7

(Uj (‘9’ t) - vi(ev t)),

(2.15)
subject to deterministic initial conditions z;(0,0) = 29, v;(9,0) = v for all
1=1,...,N. The support of the velocities exponentially collapse for large
time for each 6 € Q provided K (6) > 0.

Proof. We considered deterministic initial conditions, therefore we can fix
the positive radii R > 0 and Rg > 0 such that all the initial positions and
velocities lie inside the discs B(z, Rj) and B(0, R) respectively. For each
6 € Q the solutions of the system are C'*([0, c0), R??), we define then for each
t € ]0,00)

RY(0,t) := max |v;(0,1)|. (2.16)

i=1,...,N

Fix 0 € Q, over each time interval (tx,tx4+1) we can chose the index ¢ such
that RY(0,t) = |vi(0,t)| for all t € (tx,tx+1). Therefore, form an explicit
calculation we have

iRvet ——72 [(v:(0,t) — v;(0,1))vi (6, 1)]

dt
J#i
K(0) (2.17)

(1 + (Ja(0,1) — 250, 0)2)

Being (v;(8,t) —v;(0,t))v;(0,t) > 0, thanks to the choice of the index 4, and
H(z,2;,0) > 0, we have that R”(6,t) is non-increasing and then for all
0eQandallt>0 R"0,t) < Rg.

From the evolution of the position variable we have for all 6 € 2 and ¢t > 0

|lz:(6,t) — 29| < 2RY + RYt, (2.18)
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thus K(6)
H(xz;(0,t),2;(0,t),0) > , 2.19
with Ry = min(R{, Rjj). Now, from (2.17) we have
d v 2 QK(G)
—RY(0,1)? < — (0,1) —v:(0,1))vi(0,t
) (2.20)
2K
= — RY(0,1)*.
(1 +4Ro(1+¢2))7 (6,1)
From the Gronwall’s lemma we have for each 8 € Q and all t > 0
1 rf
RY(0,t) < Rgjexp <—2/ f(s)ds) , (2.21)
0
then, being
. %y 1Y)”
Jim 127 £() = (Rg) , (2.22)

we have that the function f(¢) is not integrable asymptotically for v > 1/2
and

t—+o00

t

lim / f(s)ds = +o0, (2.23)
0

from which we conclude. O

Following a similar argument of [52] it is also possible in the hypotheses of
Proposition 8.2.3 to prove that there exists R{ > 0 such that for all 8 €
and ¢t > 0

lzi(0,t) — 2| < RY,  i=1,...,N. (2.24)

This implies that x;(6,t) € B(z, R*) with R® = R} + R%.
Remark 12. In the simplified situation
H(z,25,0) = K(0)H"(z;, z;)
what has been proved in Proposition 8.2.3 still holds true, in fact
|z;(0,t) — xz;(0,t)] < 2R + 2Rg (2.25)

and we have

/Q (24(0,8) — 2:(0,1))9(6)d6| = |7; — ;] < 2RT + 2RY. (2.26)

Therefore for allt > 0,0 € Q andi,j=1,...,N

1
(14 4R3(1+t2))7"

H%®(|7; — 7;]) > (2.27)
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Let us consider the evolution of the system (2.12) with interaction function
described in the case (c¢) with deterministic initial conditions

K

H(z:,2;9) = (1 + |2 — 252

(2.28)

We study the behavior of the system of agents in a neighborhood of the
deterministic value vy < 1/2 for which unconditional alignment does emerge.
In other words we linearize the function H(-,-,-) as follows

H(z:,25,0) = H(z:, 25,7) + %iﬂ 200 —0) (229
with
J= Mot (1-A0),  Aeo1). (2.30)

Then (2.29) corresponds to

H(.fz‘, Zj, 9) :H(jjia jj|7'70)

Klog(1+|7; — z;]?) (2.31)
o (1 + ’3_7@ _ i.j‘Q)JZ/ ('7(9) - 70) + 0(72)7

Therefore, in a neightbourhood of 7y the function H(-,-,-) may be approxi-
mated as follows
H(ji, jja 0) %H(jlv jja 70)

o (2.32)
—log(1 + |Z; — 2;|°) H (%, Zj,70) (7(0) — 0)-

Hence, in this case the dynamics (2.12) may be formulated as follows

(9 t) Uz(e’t)v
N

= %Z (Zi, Zj,70)(v(0,t) — vi(6,1))
(2.33)

N
ZH %7%7’70 log(1—|—|xl—x3‘ )
]:1

{ (7(8) = 0) (v (6, 1) — vi(6,1)).

Proposition 8.2.4. Let (2, F, P) be a probability space and let us consider
the evolution of (2.12) with interaction as in (2.28). In a neighborhood of
Yo < 1/2, the asymptotic convergence of the velocities is therefore guaranteed
if

1
log(1 4+ R*)’

for all 6 € Q, where R* depends only on the initial particles’ locations.

7(0) <0 + (2.34)
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Proof. In a neighborhood of ~y < 1/2 the dynamics may be linearized as in
(2.33), from which we obtain the condition

1
0) < + , 2.35
Y(6) <0 gL+ 7 =2, (2.35)
for all 4,7 =1,..., N. Thanks to what we have shown we know that there

exists R® such that |z; — 7| < R®, i # j, for all t > 0 form which we have
log(1 + |z; — z;|) < log(1+ R"). (2.36)

Thus the condition (2.35) assumes the following form

1

. — 2.37
O Jog(1 + &)’ (237)

Y(0) <
for all 8 € Q. O

Remark 13. The evolution of the expected locations and velocities may be
obtained from (2.33) by direct integration of the random variable, which gives

jz(t) = 772(75)7
| X
@i(t) = NzHﬂji_j'j|7’70)(l_)j(0’t)_@i(eat))
, =t (2.38)
N 2 H(|Z; — 2;],70) log(1 + |z — 5]%)
{ Jo(r(0) = 70) (v (0, 1) — vi(0,1))dw(6),

and the support of the expected velocities collapses if the condition (2.37) is
satisfied.

8.3 Mean-field limit of stochastic models

In what follows we sketch a formal way to obtain the mean-field limit of
the Cucker—Smale model dependent from a random quantity.

Let us consider first the case (a) in Section 8.2. Here the stochasticity affects
the initial values of the problem whereas the coefficients of the interaction

are supposed to be deterministic. In this case for each fixed 6 € €2 we define
the empirical distribution density associated to a solution of (2.7) as follows

N
N (,0,0,1) = % S8 — (0, 5)(v — vil6, 1), (3.1)
=1
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with 6 the Dirac delta distribution. We observe how for each ¢ > 0 and
w € € the empirical measure define a probability measure in P(R??). We
assume that for each t > 0 and 6 € Q the particles (z;(0,t),v;(0,t)), €
S C R?® x R?? remain in a fixed compact domain. For the Cucker-Smale
model the hypothesis is fulfilled by considering, for example, a compactly
supported initial distribution f(z,v,6,0). In such a way, thanks to the
Prohorov’s theorem we have that the sequence fV(z,v,0,t) is weakly-*-
relatively-compact and there exists a subsequence (f™(z,v,0,t)); and a
function f : R — P(R??) such that

Y =i £ weak*-convergence in P(R??), (3.2)

pointwise in time and almost surely with respect to 8 € ). Therefore,
in a similar fashion of [53] we may obtain the mean-field version of the
Cucker—Smale model of flocking in the hypothesis (a) which corresponds to

Orf(x,v,0,t) +v- Vo f(z,v,0,t) = Vy - [H[f|(z,0,0,t)f(z,v,0,1)], (3.3)

where

Hf](x,v,0,t) = /]R?d WK—?JW(U —w)f(y,w,0,t)dydw, (3.4)

and f(fE,U,e,O) = fo(:n,v,ﬁ).

We derive the mesoscopic level of description in the cases (b) and (c)
making use of BBGKY hierarchy in statistical mechanics [63, 109]. Let us
define the N—particle density function

SN = fMN (g 0, a0, 1), (3.5)

whose evolution, tanks to the mass conservation, is described in the terms of
the Liouville equation

N N N
1
8tf(N) + Z v; - Vxlf(N) = _N Z Vvi . Z H(a:i, xj, 9)(’Uj — vl)f(N)
i=1 i=1 j=1
(3.6)
Further, we define the marginal distribution
FY (21, 01,0,t) = / F™ (@1, 01, 29, N, v N, 0, t)daa Ndva, N,
R24(N-1)
(3.7)
where
(w2, N,V2,. N) = (T2,02,...,ZN,UN). (3.8)

183



Mean—field equations dependent on random inputs Chapter 8

By direct integration of (3.6) against dzy . n,dvs, . N the transport term
corresponds to

N
/ Z 0iVe, fNdzy  ndva, N =01V, fD(z1,01,0,8).  (3.9)
R2d(N-1) i1

For what it may concern the last term of (3.6), thanks to the interchange-
ability of the particles we have

N N
1
N Z /R2d(N—1) Z Vo, H(xi, x5,0)(v; — Ui)f(N)de,--.,Nde-..,N =
= M (3.10)
1
N Josivs > Vi H(wr,25,0) (v — v1) f NV dws, . ydva, v,
=

By taking a closer look to this term we can observe how, thanks to the
symmetry of the problem for all 2 < j. k < N, j # k we have

/ H(x1,25,0)(v; — v1) fMday,_ydvs,. x =
R24(N—1)

(3.11)
/ H(zy, 2k, 0) (vp — v1) fNdag, ndva, . N
R2d(N-1)
Therefore (3.10) corresponds to
N-—-1
H(zy,x9,0)(vy — vl)f(N)dxzw_,Ndvgw,N. (3.12)

N R2d(N—1)

Similarly to f()(z1,v1,6,t), let us define then the marginal density function
f(2) (.%'1, U1, T2, V2, 07 t) as

FO (1,01, 22,09, 0,1) :/ fNdzy  ndvs N (3.13)
R2d(N—2)
We can then reformulate (3.12) as
N -1
7VU1 / H(:El, xTo, 9) (’UQ - vl)f(2)da:2dv2. (314)
N R2d

Finally, the integration of (3.6) against dxa N, dvs . N gives

8tf(1)(x1,v1,0,t) + 1 - Va;lf(l) =

N-—-1 3.15
- T H(l‘l,l‘g,e,t)(vg —Ul)f(Q)d$2dU2. ( )
R2d
Now, we define
f(xlavlaevt): lim f(l)(x17vl797t)7
N—+o00 (316)

f(mla U1, X2, V2, 97t) = N1—1>I-il}oo f(g)(x17vl7x27v2a Hvt)7
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and we make the usual ansatz for the propagation of chaos

f(.’El,Ul,l‘z,’UQ,e,t) = f(:El,Ul,e,t)f(.fﬂg,’ljg,e,t). (317)
From (3.15) we have
O f(z,v,0,t) +v-Vyf(z,v0,0,t) =V, [H][f](x,v,0,t)f(x,v,0,t)], (3.18)

where

H[f(@,v,0,t) = | H(z,y,0)(v—w)f(y,w,0,t)dwdy, (3.19)
R2d
and the definition of H(z,y, ) depends on special case introduced in Section
8.2.

We highlight how, for the simplified formulations for the N agent micro-
scopic system obtained by considering for all 4,5 = 1,..., N the interaction
H(z;,%;,0), we cannot consider standard techniques in order to derive the
mean-field equation. The mean—field formulation which may be derived is
unknown in the actual state of the art.

8.4 Numerics

In this section we make use of the Stochastic Galerkin (SG) numerical
methods for differential problem focussing on the alignment model introduced
in the latter section. In particular we will apply a numerical technique called
generalized polynomial chaos (gPC) developed in recent years based on SG
[13, 77, 97, 176, 177]. For this reason in the following we refer to these
methods as gPC-SG.

Further, we propose a novel approach for the derived mean—field equations
of the latter section of this chapter having roots in the mean—field Monte Carlo
methods developed in [8, 9] where the particle dynamics is now computed
through SG-gPC scheme.

8.4.1 gPC approximation

We consider a basis of the polynomial space PM given by the set of M
orthogonal polynomials {®4 ()} . We approximate the position and the
velocity of the ith agent as follows

M M
vi(0,t) m a} = aip(OTR(0),  vil0,8) o} =0, 8k(0), (4.1)
k=0 k=0
where
f@k = Eg[xi(e, t)@k(g)], ﬁi,k = EQ[’Uz‘(Q, t)@k(e)] (4.2)
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From (2.15) we obtain the following chaos expansion for (z},vM)

; kJEO klzl)N "
1 2 k(OP0) = 55 303 H(0.0),2(0.0,6)(04,(0) = 5, :(6)
k=0 j=1r=

Upon multiplying (8.4.1) by the orthogonal polynomial ®(6) for each h =
0,...,M and integrating with respect to the random variable, thanks to
the orthogonality, we obtain the following set of equations for each agent
i=1,...,N

Lainlt) = oinlt),
d 1 M (4.3)
Sin(t) =5 > e (i (t) = bin(t))

where

i 1 K(0
Qh:n@hwm2ﬂ;u44xM{1Mqaw¢4®¢hwwwwx (1.4)

define a time-dependent matrix £ = [ei]h]

r,h=0,...,M

Remark 14. Numerically we observe how equation (4.4) induces a high
computational cost, forcing to estimate an integral for each time step. In
the simplified situation H(z;,x;,0) = K(0)H(%;,%;) the dynamics in (4.3)
assumes the form

Shnlt) = 0a0),
N M (4.5)
ﬁmw—;;EWmmgwmm%mm»
with )
m:mwémmmmwmw (4.6)

From (4.6) the square matriz £ = {eyp }rh=0,.. m Mmay be precomputed before
the dynamics, dramatically decreasing the computational efforts.

8.4.2 MC—gPC methods for mean-field equations

In Section 8.3 we formally derived the mesoscopic description of a system
of agents of the introduced stochastic alignment dynamics. In what follows
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we propose a novel computational methods for mean—field equations capable
to efficiently approximate statistical quantities of the system and to conserve
their positivity.

We remark how the statistical quantities of the mean—field equations may
be derived from their gPC decomposition (MF—gPC), in fact we may obtain
with standard passages

M ~
> Honlz,v,t) fe(z,0,8)|,  (47)

r=0

8tfh($,v,t) +v- vﬁfh($707t) = VU

with
Hop = L / / H(z,y,0)®1,(0)2,(0)dg(0)d6(v — w) fr(y, w, t)dwdy
[2nl? Jr2a Jo

and fM(z,v,0,t) ~ ZQ/I:() fk(:z,v,t)q)k(G). Similarly to classical spectral
methods, the solution of (4.7) is not positive in each polynomial space and
the necessary positivity of statistical quantities cannot be guaranteed. This
fact represents a serious drawback for the description of transport phenomena
in collective behavior. In fact, the main motivation of these models is to give
real science approximation, further, at the actual state of the art, steady
state solutions are often determined through energy inequalities [22, 50, 148],
generating entropy schemes [148].

In order to overcome these difficulties, in what follows, we propose an
effective numerical methods for the solution of mean—field equations of the
collective behavior dependent on random parameters having roots in the
mean-field Monte Carlo algorithm (MF-MC) proposed in [8, 9]. We will refer
to the resulting numerical scheme as MC—gPC. In Figure 4.1 we represent
through a scheme the approach to MF equations depending on a random
input. In particular the right branch of the scheme introduce the MC-gPC
algorithm which allow to preserve the positivity of macroscopic statistical
quantities like mean and variance.

Recall that the main advantage of deriving numerical scheme at the meso-
scopic level relies in its computational cost. In fact, in a purely particle
setting nonlocal nonlinear mean-field equations are extremely expensive with
an overall cost of O(M2N?). We can reduce this cost by using a Monte
Carlo evaluation of the summation term as described in Algorithm 8.4.1.
The overall cost of a MC-gPC is in fact O(M2SN), where S < N.

Algorithm 8.4.1 (MC-gPC for MF stochastic equations).

1. Consider N samples (z;(0,t),v;(0,t)) withi=1,..., N computed from
the distribution f(x,v,0,t), initial deterministic distribution fo(x,v),
and S < N;
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[ MF equation ]
|

Y Y

MF—gPC MF-MC
Deterministic solver MC-gPC
f Approximation ) [ Reconstruction |
{ statistical quantities ) | statistical quantities )

Figure 4.1: In this graph we sketch the two possible approach to numerical
solution of MF equation depending on a random input. On the left, we
first project through SG techniques the MF equation, a deterministic solver
solves the coupled system of equations in order to post-process the statistical
quantities of interest. On the right, we propose an alternative method relying
on the MF-MC algorithm: the MF equation is formulated at the particle
level, gPC—-SG scheme determine the spectrally accurate evolution of the
at the micro level we can reconstruct statistical informations like mean and
variance.

2. forn=0toT —1

fori=1to N

a) sample S particles ji,...,js uniformly without repetition among
all particles;

b) perform gPC-SG up to order M > 0 over the set of S < N
particles: we need to compute the dynamics for (Z;, p,0j, n) where
s=1,....,.5and h=0,..., M.

¢) compute the velocity change
S M
. . At ids ¢ .
Ot = Dip + = > N e (B0 — Vi)

end for
3. Reconstruction Eg[f(x,v,,nAt)].

end for
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The overall cost of the introduced algorithm reduces to O(M?2SN), of
course in the case S = N we obtain the original cost for the explicit Euler for
an N particle system. Observe that the introduced method is still spectrally
accurate with respect to the random variable 6 € Q.

8.4.3 Applications

In this section we present some numerical experiments for the behavior
of alignment models dependent of a random input. We first show how a
random alignment model of the Cucker—Smale type evolves both in the case
of random strength of interaction and in the case of stochastic alignment
parameter, namely the cases (b) — (¢) described in Section 8.2. Hence, we
will the MCgPC numerical strategy for mean—field equations. In particular
we will show how the method is spectrally accurate for the random quantities
and preserves the positivity of the mean distribution.

Test 1: The particle case

In Figure 4.2 we present the evolution of a population of four flocks with
centers in (—1,1),(1,1),(1,—1),(—1,—1), radius 1/2 and velocities given by
the outbound normal unit vector. The interaction strength K (6) is here
supposed to be dependent on a random input 6 ~ U([—1,1]), in particular
we considered K (0) = (0 +1)/10 > 0.

We solved the approximating gPC system by considering an expansion of
order M = 10 with Legendre polynomials. The time-integration has been
performed through a RK4 method with fixed time step At = 1072. We can
observe how, the velocities of each agent of the system are aligned for large
times.

In Figure 4.3 we consider two concentric flocks with radial incoming
velocities with unit modulus. Here the interaction is again of the type
H(zi,x;,0) = K(0)H(2;,7;) with K(0) = (0 + 2) and ¢ with normal
distribution # ~ N(0,1). We solved the approximating gPC system by
considering an expansion of the order M = 10 with Hermite polynomials.
The time-integration has been performed through a RK4 method with fixed
time step At = 1072. The presence of negative tails in the distribution of @
forces the mean velocities of the system diverge in finite time. In this case
a selective control mechanism capable to drive the velocities toward a de-
sired state has been developed in the last chapter of the present thesis, see [13].

In Figure 4.4 we present the evolution the stochastic CS model of the type
(c), i.e. the case of stochastic alignment parameter v(#). We considered
here the evolution of the randomly perturbed system in a neighborhood of
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Figure 4.2: Evolution of the stochastic CS model with random strength
K(0) = (0 +1)/10, where 6 ~ U([—1,1]). The space-dependent interactions
between agents are weighted by H9(z;,Z;), where v = 0.1. The model has
been approximated by a 10th order gPC-SG coupled system, solved through
RK4 with At = 1072
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Figure 4.3: Evolution of the stochastic CS model with random strength
K(0) =0+ 2, where § ~ N(0,1). The space-dependent interactions between
agents are weighted by HI(z;,z;), where v = 0.3. The model has been

approximated by a 10th order gPC-SG coupled system, solved through RK4
with At = 1072
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Y < 1/2. In particular v(0) is of the form
vO0)=r+e, 0~U([-1,1]).

Hence, the gPC-SG system of equations has been derived by considering
Legendre polynomials up to order M = 10. We can observe how the system
aligns its velocities.

Test 2: The mean—field case

We show in this section the effectivity of the MC—gPC method for large
systems of agents. We consider first the uniform interaction case, i.e.
H(z,y,0) = K(6). In Figure 4.5 we compare the behavior of the estimated
mean density Eg[f(z,v,0,t)] obtained through the MC—gPC algorithm with
the one of a standard deterministic solver for the coupled gPC system of
deterministic equations

M
Oy fa(v,t) = Hfbt\?v” [Z e f;(v,t)] , (4.8)
r=0

In Figure 4.5 we compare the evolution of Ey[f (v, 0,t)] computed through
MF — gPC and MC—gPC with initial density function fy(v) of the form

folv) = Blexp{—c(v — 22} +exp{—c(v+2)%}],  c=20

where (3 is a normalization constant. we study the convergence of the
temperature of the second order moment of the system approximated by a MC—
gPC method, with respect to the variable 6 ~ U([—1,1]), K(0) =246 > 0.
For the computation we considered N = 10° particles computing the evolution
over the time interval [0, 1] with time step At = 1072, the MC-gPC method
considered an increasing number of interacting particles S = 10,102, 10%,

In Figure 4.6 we report the evolution over [0, 30] of a 2D mean—field non
homogeneous Cucker—Smale over the domain [—4, 4] with random interaction
H(x,y,0) model through MC—gPC. At the microscopic level in particular we
considered H (z;,z;,0) = HI(z;,7,)K(0), K(0) = 0+2 with § ~ U([-1,1]).
The reconstruction step of the mean density for position and velocity has
been done through a 100 x 100 grid both in space and velocity. We can
observe how the velocities of the system are aligned in finite time.
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gl o
SR e —
(a) t=0 (b) t=1 () t=3

(g) t=11 (h) t =15 (i) t =20

Figure 4.4: Evolution of the stochastic CS model with random exponent
v(0), where 79 = 1/2, ¢ = 0.01 and 6 ~ U([—1,1]). The space-dependent
interactions between agents are weighted by H det(i:i,ijj). The model has
been approximated by a 10th order gPC-SG system, solved through RK4
with At = 1072
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0.4

MCgPCiy
0.35 —gPC LF
0.3
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0.2 z
=
0.15
0.1
10 M({gF('m
0.05 —%—MCgPCyp
——MCgPCyyn

-5 0 5 0 2 4 6 8 10

v M
Figure 4.5: Left: we compare the MC—gPC method for the computation of
the mean distribution of the homogeneous MF equation, K(6) = 6 + 2, § ~
U([—1,1]), with a deterministic solver of the system of equations (4.8). The
MF-gPC is solved through a Lax—Friedrichs scheme with N = 2001 gridpoints.
Right: relative error for the second order moment for increasing dimension
of the polynomial space M = 0,...,10. The three curves correspond to
MCgPC for an increasing number of interacting particles at each time step,
namely S = 10, 102, 10°
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Figure 4.6: Evolution of the 2D Cucker—Smale type model at the mesoscopic
level with H (v, 7;,0) = HYY(z;,7;)K(0), K(0) = 0+2,0 ~ U([—1,1]). The
MC-gPC algorithm has been implemented with S = 10 in the mean—field
part and M =5 for the gPC.
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Appendix A

The Boltzmann equation

The equation that we are going to introduce has been developed by Ludwig
Boltzmann in 1872 and it is based on the physical model of a perfect diluite
gas of a large but fixed number of particles (N > 10?3), whose dynamics are
regulated in terms of classical Newtonian mechanics. Each particle has its
own position and velocity moving of linear motion before a collision with
another particle. A fundamental assumption of this model is dictated by the
nature of possible collisions, which are assumed to be binary. The collisions
between two particles obey to physical conservation laws of momentum and
energy. The Boltzmann equation may be derived by considering the Grad
limit, see [57, 96, 99, 155] for rigorous computations. Without intending to
review the whole literature, some introductory references on the argument
are also [56, 169, 170]. In the following we will introduce the physical model
proposed by Boltzmann and then we will give some analytic excerpts for
the existence of solutions of the related Cauchy problem for the Boltzmann
equation in the space homogeneous case.

A.1 Physical model

Let D be an open, limited and regular subset of R3. For each t > 0 let
f(z,v,t) be a function depending on = € D,v € R3. Therefore we define the
Boltzmann equation as follows

)
W+U.fo(x,v,t) =Q(f.f) (1.1)

f(:C, U, 0) = fO(xvv)'

The function f: D x R3 x [0, +00) — R is a probability density function
in the phase space, i.e. for each time ¢ > 0 we have

/ f(z,v,t)dzdv = 1. (1.2)
DxR3
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In (1.1) we introduced the so-called collision operator

QU )z, 0.1) = / ™ 0 f(w* 8) — f 0, 1) f (2w, )]

B (,v_w‘,fw' ) doduw,
v —w

where v*, w* are the post-collisional velocities given by the transformation

(1.3)

%
v*—v—i-[(w v)-o]-0o (1.4)
w'=w+[(w—v)-0o]-0o
and with S? = {0 € R? : |o| = 1} the unit sphere. In equation (1.3) the
object B(-,-) is known as collision kernel and the variation of the density
function f(-,-,-) is uniquely determined by binary collision of the particles,
induced by specific potential functions ¢(-). Let us restrict our analysis to
the case where no external forces influence the dynamics, we further suppose
that the center of mass of the system evolves linearly and that the center of
mass coincides with the origin of the axes. We consider potentials depending
on the inter-particle distance p = /22 4+ y? which define a purely repulsive
force, i.e. we have

c
o(p) = g seR,s>2. (1.5)
Through classic mechanics techniques we can define an explicit form for the
collision kernel [98, 126]. In the case (1.5) we may rewrite the collision kernel
as
B(z,z) = const.z*b(x), (1.6)

with b(-) an angular collision kernel that will be specified later on, and
§—5
A=

8_
s € R, s > 2 as follows

. Potential may in fact be classified in relation of the exponential

i) Coloumb potentials: s = 2

i1) Soft potentials: s < 5

i41) Maxwell potentials: s =5

iv) Hard potentials: s > 5.

It is straightforward to observe how in the Maxwell case, i.e. s = 5, the
collision kernel B(z,x) simplifies to

B(z,z) = const.b(x), (1.7)
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A.2 The space homogeneous case

Although the first proof of existence and uniqueness of solution for the
Boltzmann equation dates back to Carleman [49], it has been object of active
research of the last decades. Any detailed list of contribution would be
incomplete, among other a particular relevance assumed the Italian and
French school of kinetic theory, see for example the works of Cercignani,
Desvillettes, Lions, Pulvirenti, Toscani, Villani. A rather strong result has
been obtained more recently in [103, 104] for what it may concern existence,
uniqueness of global classical solutions, further they proved that the solution
of the complete Boltzmann equation are always well-behaved.

In the following we restrict to a simplified version of the Boltzmann equation
usually known as spatially homogeneous Boltzmann equation for Mazwell
molecules, describing a rarefied gas with spatial homogeneous particles driven
by a Maxwell potential

el [ 00 - fe) 0]
YT o) w(do)dw (2.1)
|v — w| ) (do)dw,

fw,0) = fo(v), veR3t>0,

where u(do) = U(do)/4m with U(do) the Riemann’s measure of the sphere
S2. The angular collision kernel is a general even function b: [~1,1] — R,
defined in terms of elliptic integrals and not integrable in z = 0.

The usual approach for studying the analytically equation (2.1) relyes on
the introduction of some hypotheses on the nature of b(-), here we present
some of them:

i) Grad cutoff: f_ll b(z)dr < 400,

i1) Weak cutoff: f_ll |z|b(z)dx < +oo,

i11) Very weak cutoff: fil |z|?b(x)dz < +00

Let us assume the Grad cutoff and impose for all v # w

/SZb(H-a>u(da):1,

it is possible to show that this latter condition corresponds to impose

/01 b(a)do = 1.
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Therefore, we can interpret b(-) as a probability density function and the
collision operator Q(-,-) in (2.1) may be written as

v—w

arn= [ e oswon(E20 o) udo)de - S0t (22)

v—w|

Further, the collision operatore in (2.2) defines a probability density function
[169] and equation (2.1) can now be written as

Of(v,t)
ot

It is possible to show the following result

:Q*(fv f)(’l),t) —f(’l),t). (23)

Theorem A.2.1. Let us consider the case of spatial homogeneous Boltzmann
equation for Mazwell molecules with the initial distribution fo(z,v) = fo(v),
we assume also the Grad cutoff. For each t > 0 an unique function f(v,t)
almost surely exists such that

i) the function v +— f(v,t) is a probability density

i) f(v,t) is solution of (2.1) for everyt >0 and a.s. in v € R3.

Moreover zf/ [v|? fo(v)dv < 400 then momentum and energy are conserved,
R

i.€e.
/ vf(v,t)dv = / v fo(v)dv, vt >0, (Momentum)
R3 R3
/ v f (v, t)dv = / [v|% fo(v)dv, vt > 0. (Energy)
R3 R3

Proof. Let us define for each ¢t > 0 and v € R? the function g(v,t) = e’ f(v,1),
therefore equation (2.3) corresponds to

WD _ 1qrg.9)w.1) -
g(U,O) = fO‘

Further, we define for each ¢ > 0 a time-dependent function 7(-) through the
Cauchy problem
r_ ot
T=e (2.5)
7(0) =0,

and a function h(v, 7(t)) = g(v,t). Explicit solution of (2.5) is 7(t) = 1 —e™,
7 € [0, 1]. Hence, equation (2.4) may be rewritten in terms of h(-, -) as follows

Oh(v,T)

= Q" (h,h) (v, 7)

R N (2.6)
h(v,0) = fo(v).
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Now we observe that the map
T +— (v — h(v, 7))

is analytic in the interval (=6, ), § > 0, with respect to the Fréchet derivative.
Then h(-,-) may be written in terms of the sum

+oo
= " An(v), (2.7)
n=0

where A,,(v) have to be determined. In what follows we determine explicitly
Ap(v) for each n > 0: forn =0

Ao(v) = fo(v) (2.8)

and for n > 0, from the definition of h(:,-) in equation (2.7) we have

Zm-" 1A ZTzAZ,ZTzA

= Z THQ (A Ap),
i,j=0
+oo kK

=) ) QT Ak, A))

k=0 j=0
+o00 k

:ZTk ZQ*(A]{/‘*])A]) )
k=0 j=0

and we obtain

+o00 +00 k
> (k+ 1)7h Apyr = ZT > Q@ (Ar—j, Aj) |
k=0 k=0 Jj=0

which gives

Apr1 = —— Q" (Ak—j, Aj). (2.9)

—_
o,
o

The term Ag defines a probability density function as well as A1 = Q*(fo, fo),
hence by induction Ajyq is a probability density for all kK € N and the density
solution of (2.3) may be written as

—+00

Flo,t)=> e (1—e ") A, (v). (2.10)

n=0
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For all ¢ > 0 the series (2.10) almost surely converges with respect the
variable v € R? and the function

v— f(v,t)

defines a density.
In order to prove the conservation of momentum and energy we write (2.3)
in weak form, for each test function ¢ € Cy(R?) we have

jt (v vtdv—/ o(0)Q*(f, f) vtdv—/ o) f(v,t)dv. (2.11)

Being T, : (v,w) — (v*,w*) a linear operator with det(Jac(T,)) = 1 and
T, 0T, =1, see [56, 79] we have

R
/S AL qﬁ(v*)f(v)f(w)dvdw] (L fua =
/. [ /. ¢(w*)f(w)f(v)dwdv] b (’Z - a> u(do).

Since
v+ wt =v+w, (2.13)
0 + [w** = Jo]* + |w]?, .

it is a simple computation to verify that first and second order moments are
conserved, in fact if ¢(v) = v

/Rg vQ*(f, f)(v,t)dv =
;/52[(1)* +w*) f(v,t)f(w,t)]b <

ﬁ , 0) w(do)dw = (2.14)
% [ 5 vf(u,t)dv+/RS wf(wvt)dw}

2

and similarly for ¢(v) = v* we have

/R3 0Q*(f, f) (v, t)dv =
;/92[(‘@*‘2 + ‘w*P)f(”at)f(w,t)]b <|U —

! [ /R P s, t)do + /R fwlf “”’“dw}
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We defined in the poof of the latter result the so-called Wild’s sum, let us
formalize this object in the following definition.

Definition A.2.1 (Wild’s sum). If the density function f(v,t) is solution
of the space homogeneous Boltzmann equation for Mazwell molecules (2.3),
then it can be written as

tz LA, (v), (2.16)

where
o) =0
A=l 3 2.17
k k:z; (Ak—1-5, 45)(v) k=1,2,..., (2.17)
and
Q*(p,q) = /R3><SQ p(v*)q(w™*)b <‘z : Z| -U) u(do)dw. (2.18)

A further structural property for the Wild’s sum is described by the next
result.

Proposition A.2.2. Under the same hypotheses of Theorem A.2.1 we have

/R3 vA,(v)dv = /]RB v fo(v)dv
|v|2An(v)dv :/ |v\2f0(v)dv
R3 R3

Proof. By induction. O

(2.19)

A.3 The Boltzmann equation for measures

In order to give the Boltzmann equation for measures we must extend
the definition of Q*(+,-) by introducing a new collision operator, denoted by
Q*[+, ], and depending on measures. We observe first that a general collision
operator in weak form reads

[, ot o= [ o (e ) udo)dodu
R3XxR3 %52 |U_w’

(3.1)

where the terms p(v)dv = p and ¢(w)dw = v are probability measures. In

the spatial homogeneous case with Maxwell potential we may write equation
(2.3) in weak form as

;lt F,0)é dv—/ (v )(v)dv—/RBf(v,t)qb(v)dv, (3.2)
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and in terms of measures we have

d V— W

G Loeomann = [ ow (120 a) v tutdw. uan)

/(b (dv,t)

Definition A.3.1. We define weak solution of the Boltzmann equation for
measures (3.3) with initial datum the probability measure ug the family of
probability measures {p(-,t)}s>0 over (R3,Bgs) such that:

i) u(-,0) = po(-)

i) t — [gs d(v)u(dv,t) € CO([0,+00)) NC! ([0, +00)) for each test func-
tion ¢.

(3.3)

iii) the space homogeneous Boltzmann equation for measures (3.3) is satis-
fied for each test function ¢ and t > 0.

Now we must investigate the convergence in distribution of the operator
Q" [, v](dv).
Definition A.3.2. We define Q*[u,v] as the weak limit

Q*[p, v](dv) = w— hm Q" (pn, gn) (v)dv, (3.4)

n—400
where py, qn, are approximating densities such that p, — p, ¢, — q.

In the following we prove that such limit exists and that it does not depend
by the considered approximating sequence. Let u,, 1, be the measures
induced by the densities p, and ¢, respectively, that is u, = p,dv and
Vp = gpdw.

For each n > 0, the the formulation of the collision operator Q*(py, gn) in
weak form reads

/ G(0)Q" (P, gn)dv =

o w (3.5)
/ </ d(v*)b < '0> u(da)) P (V) gn (w)dvdw.
R3xR3 \JS2 v —wl
In particular, let us consider for all (v,w) € R3 x R3, v # w
v—w
)b . d
[Low (2220 ) utao),
which can be extended as follows
v—w
W —— - d if
oo = {Ju PP (i o) wtte) itvre

P(v) if v = w.
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We observe that Hy(v, w) defines a bounded and continuous function and
we have

(V) Q" (Pn, qn) (v)dv = / Hey (v, w) pp(v)gn(w)dvdw . (3.7)
R3 R3 xR3
i @n (dvdw)

Further, if
P =P dv =
VUp = qpn dw = 1,

we have p, ® v, = u® v. Thanks to the Lévy’s Continuity Theorem, see for
example [120], we have that p,, converges in distribution toward p if and only
if 1, (&) — (&) a.s., where fi(€) is the Fourier transform of the probability
measure p. We can prove now for each test function ¢ the a.s. convergence

/ Hy(v,w)pn(v)gn(w)dvdw — Hy(v,w)p @ v(dvdw). (3.8)
R3xR3 R3 xR3

Observe that Q*(pn,qn) is a bounded operator, hence the following limit
exists for each £ € R

lim eCCQ* (P, qn) (v)dv = A(E). (3.9)

n—oo R3

In order to meet the hypotheses of the Lévy’s Theorem we prove that A(¢)
is continuous in £ = 0. We consider a sequence &£, — 0 and we show that
A(&) — A(0). If & — 0 it follows that

dr(v) = eiérr £

and we have
/ Hy, (0, w)p(do)v(duw) 2252 / Hy (v, w)p(do)v(dw), (3.10)
R3xR3 R3xRR3

begin |Hy, | <1, and Hy, (v,w) = Hi(v, w) from the definition of Hy, which
completes the proof.

Let us investigate more in details the Fourier transform of the operator
introduced in the Definition A.3.1

[, v = et 'Y v)v(dw)u(do). .
Q= [ b (L2 o) paolawyuldo). (311

Thanks to the definition of post-collisional velocity v* introduced in (1.4) we

have that , ,
elfv* — elf[v+((w*1})'0)"ﬂ (312)
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and we obtain

Qi) = [ ([ ererettmly (L2 o) utdo) ) uidow(au)
(3.13)

where the integral over S? can be written, for each fixed ¢ # 0, v, w € R3

and v # w, as
o [(w—v)-o]
|€]|w—v] w
e~ Tw—vl b| —— d 3.14
[, (= o) utdo) (3.14)

also known as Bobylev’s trick. Define then the unit vectors 7 and w as follows

_ £ L v—w
i ) 1)

The integral in equation (3.14) assumes the form

/ ()@ lElo—ulp (o . ) u(dor).
S2

Let us consider now a rotation of ¢ along the z—axis, hence

/ei(w)(w-a)lﬁlvwb(w.g)u(dg)_/ el ralEllw=rlp(r . o)y(do)
52 52

and we obtain

/SQe"(ﬁIZr”)( o)l o= wlb(é a> u(da)z/52ei<<”w> )5"b<|§| ) u(do).

From equation (3.13) we have

Q)= [ eelomiizy ( vow a) u(dv)(dw)u(do)

v — wl
= / ei€veitallw—v)-aly, (5 : 0> w(dv)v(dw)u(do)
R3 X R3 x 52 i

N /52 |:/]R3><R3 ei&’_i(s'”)(”"’)ei(E"’)(w'“)M(dv)y(dw)] ’ <§|§| ) u(do)
(3.16)

and thanks to the Fubini’s Theorem we obtain
/Rg =& () = (€~ (€ 0) - 0). (3.17)

Finally, the Fourier transform of the collisional operator for a couple of
measures (u, ) can be rewritten as follows

Q) = [ e 6 (e oo (7 utdo). 319
52 €]
This latter expression is known as Bobylev’s formula.
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Example 3. Let us consider
& = (sinpcos @, sin psin , cos @), p € 0,7],6 € [0, 2n]. (3.19)
The object 6 may be written in terms of the orthonormal basis of R3:
)
a,b, =+ as
i

Ffzsin(pcosﬁ&—&—singpsin@ZA)—&—Coscpé (3.20)

€1
Then the (3.18) corresponds to

21 T
Ol 1)(€) = / / 7€ — 6(0, 0)\€] cos o)
0 Jo (3.21)
sin pdpdf

(6, 0) €] cos @)b(cos ) T

and assuming that the measures p,v are of the radial type, that is fi(§) =

A(€D), and D(€) = €(|¢]), where 1, & are probability measures over (R, B(R)),
we have

Ol v1(€) = [ (il sin )€l cos )5 (cos ) sindy. (322
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