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Summary

Opinion dynamics study the evolution of the ideas of interacting individuals, whether they
are people, organizations, or entire communities. Social networks are modeled as graphs,
in which every node represents an individual, paired with a real number that models its
opinion, and every edge represents an interaction or a social bond. In recent years, interest
in the topic has been increasing, and different models have been proposed. The present
work focuses on the analysis of a quantized model, which is founded on the premise that
people don’t have access to the exact opinion of the individuals they are interacting with.
Instead, every person can infer an approximation of their interlocutors’ opinion based on
the behaviour they display.

The model in question is discontinuous in state and piecewise linear. This discontinuity
complicates the study, and requires to redefine the concept of solution of a differential
equation. To study the model, we focus on Carathéodory solutions. A phenomenon
caused by the discontinuity is the presence of extended equilibria ([1]), points that attract
some solutions, despite not being proper equilibrium points as we would expect in the
continuous case. The first original result presented concerns the basin of attraction of
such points. Then, the study focuses on specific graphs, providing two sets of original
results. The first set provides analytical expressions of extended equilibria on the line and
ring graphs. The second set of results is presented under the assumption of binary action,
which means restricting the opinion of the nodes to the interval [0,1], and thus having
only two possible behaviours, 0 and 1. In this section, we provide convergence results
for the line and ring graphs, an algorithm to find extended equilibria on tree graphs, and
show the presence of a Zeno point in the directed cycle graph with 3 nodes.
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Chapter 1

Introduction

When discussing, two people will share their ideas, and influence each other. By learning
about each other’s point of view, their opinions will grow closer, and they might end up
agreeing. If their initial opinions are too different, it might take a lot of time and multiple
interactions. Obviously, society requires frequent interactions between many different
people, and predicting the development of people’s ideas is far from an easy task.

The field that focuses on modeling such social connections is that of opinion dynamics,
that has received growing interest in the past decades. Graph theory allows to study net-
works of interacting individuals, representing every agent as a node, and every interaction
(an encounter, discussion, social bond, relationship) as an edge. Every node is associated
with an opinion, usually modeled as a real number. The main distinction between differ-
ent models lies in the equation describing the evolution of these opinions. For instance,
time can be modeled as either discrete or continuous, and in the latter case, under which
the model studied in this thesis falls, we have a differential equation.

As for most complex problems, models of opinion dynamics have to balance accuracy
of the results and complexity of the analysis. The first models proposed (summarized
n [9], [10], along with more advanced models), the French-De Groot and the Abelson
models, simply have every node move their opinion towards the average of its neighbours’,
which under very basic assumptions eventually leads to consensus between all the nodes.
Although consensus can sometimes be achieved, it is unreasonable to assume that every
group of people interacting will eventually agree. More recent works refine these models
by integrating realistic assumptions into the update law.

One family of such models is referred to as bounded confidence models (e.g. [3], [4]).
Here, the assumption is that, when interacting, people will ignore the other person’s
opinion if it is too far from their own, as it is considered to be unbelievable or simply
wrong. This translates in a graph that varies in time, as any pair of nodes initially
connected might stop interacting if their opinions diverge too much.

Another family of models, that contains the model subject of this thesis, goes under the
name of continuous opinion and discrete action models (e.g. [1], [5], [6]). The assumption,
here, is that people in most cases do not have access to their interlocutor’s precise opinion.
Instead, they can get an approximate idea based on the behaviour displayed, i.e. the
actions taken. Different hypothesis can be added, which lead to different models, for
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instance [5] assumes discrete time and binary action, i.e. restricts the opinions to the
interval [0,1], and adds a weight to model extremists, individuals with opinions close to 0
or 1, who are more unlikely to easily change their mind.

The model studied in this work is referred to as quantized model, in which every node’s
opinion is defined as a real value x; € R, but is seen by every neighbour as rounded to the
closest integer. This assumption causes the model to be discontinuous in state, as long the
nodes’ behaviour is constant the dynamic is linear, but when a node’s opinion x; crosses
the middle point between two integers, its quantized value changes, defining a new linear
dynamic for its neighbours. The discontinuity requires that we redefine the concept of
solution of a differential equation, in this work we focus on Carathéodory solutions, which
are the translation of classical solutions to the discontinuous case.

The main phenomenon that we are analyzing is the presence of extended equilibria,
points that are attractors, i.e. some solutions asymptotically converge to them, but aren’t
proper equilibrium points as we would expect in a continuous model, which means they
generate non-constant solutions if picked as initial condition. The first part of the study
focuses on finding analytical expression for the extended equilibria on particular graphs,
the line and ring graph. On the second part, we assume binary action, which simplifies the
model while still maintaining many potential applications, as it fits the situations in which
there are only two options, like answer yes or no to a question, or do or don’t do scenarios.
The main results provided are a partial description of the basin of attraction of extended
equilibria in the most general case, the analytical expression of extended equilibria for
the line and the ring graph, and when binary action is assumed, convergence for the line
graph, an algorithm to find extended equilibria on tree graphs, and finally the presence
of a Zeno point in a directed cycle graph. The study conducted is mainly analytical, with
some support provided by simulations.

The thesis is structured in 4 chapters. Firstly, we go through a brief rundown of the
mathematical tools required, concerning graph theory and ordinary differential equations.
After that, a quick overview of the models found in the literature takes place. The
third chapter is where most of the work done is concentrated, and the results found are
shown, proven and explained. Finally, we wrap up the paper with some conclusions,
interpretations and open problems.

1.1 Preliminaries

The first section of the work quickly introduces the mathematical elements needed, mainly
regarding graph theory and ordinary differential equation.

Definition 1 (Graph). A graph is a pair G = (V, E), where V' = (v1,v9,...,v,) is the
set of nodes, and E is the set of edges, which are ordered pairs of nodes (i,j) C V x V|
representing the connections between two nodes of the graph.

For every graph, we can define the adjacency matrix, whose generic entry a;; is deter-
mined by whether there is an edge between node v; and node v; or not.

Definition 2 (Adjacency matrix). Given a graph G = (V, E), its adjacency matrix A =
6



1.1 — Preliminaries

(aij)ijev is defined as
a — 1 if (i,5) € B,
Yoo if (i) ¢ B,

If all the edges are bidirectional (v; is connected to v; <= v; is connected to v;), the
graph is called undirected, otherwise it is called directed.

Definition 3 (Undirected graph). Given a graph G = (V, E), G is undirected if and only
if its adjacency matrix A is symmetric.

For every node, we can define the set of nodes it is linked to in the following way.

Definition 4 (Neighbourhood). Given a graph G = (V, E), the neighbourhood of a node
v; is defined as

N; = {v;|(i,j) € E}.

The cardinality of N;, i.e. the number of nodes v; is connected to, is called out-degree
of v;. Vice versa, the number of nodes connected to v; is called in-degree.

Definition 5 (Out-degree). Given a graph G = (V, E) with adjacency matrix A, the
out-degree of v; is defined as
di = Z CLZ‘]'.
j=1

Definition 6 (In-degree). Given a graph G = (V| E) with adjacency matrix A, the in-
degree of v; is defined as
di = Z CLZ‘]‘.
i=1

Definition 7 (Degree matrix). Given a graph G = (V| F) with adjacency matrix A, we
can define its degree matrix D as

D;; = i .if‘i:.j’
0 ifi#j.

Definition 8 (Laplacian matrix). Given a graph G = (V, E) with adjacency matrix A,
we can define its Laplacian matrix as

L=D— A,

where D is the degree matrix of the graph. Components-wise, we can write the Laplacian
as

L»-_{_aij ifi#Fj
! Z]’;&iaij ifi=j

All the following definitions refers to a given graph G = (V, F) with adjacency matrix
A.
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Definition 9 (Walk). A walk of length k is a series of nodes vy, vs,..., v, such that
(vi,vi41) is an edge for all 4.

Definition 10 (Cycle). A cycle is a walk such that v; = v, i.e. a walk that returns to
the starting point.

Definition 11 (Path). A path is walk such that v; # v; for i # j, i.e. a walk with no
self-intersections.

Definition 12 (Period of a graph). The graph G is called periodic it has at least one
cycle and the length of every cycle can be dived by an integer p>1. The maximum such
p is called the period of the graph.

Definition 13 (Strongly connected). The graph G is called strongly connected if for all
v;,v; there exists a walk starting in v; and ending in v;.
Definition 14 (Complete graph). G is a complete graph, if for all v; and v;, with i # j,
(Ui, ’Uj) e FE.

Complete graphs are usually denominated K,,, where n is the number of nodes.

Definition 15 (Complete bipartite graph). G is a complete bipartite graph, if the nodes
can be divided in two subsets Vi C V and Vo = V' \ V4, such that (v;,v;) is an undirected
edge if and only if v; € V} and v; € V4.

Complete bipartite graphs are usually denominated K, ,,, where n; is the number of
nodes in V;.

Definition 16 (Undirected line graph). G is an undirected line graph if its nodes can be
numbered in a way such that (v;, v;41) is an undirected edge for i =1,...,n — 1.

Definition 17 (Directed cycle graph). G is a directed cycle graph if its nodes can be
numbered in a way such that (v;,vi41) is a directed edge for i = 1,...,n — 1, and so is
(Un, 01).

Definition 18 (Ring graph). G is a ring graph if its nodes can be numbered in a way
such that (v;,v;+1) is an undirected edge for i = 1,...,n — 1, and so is (v, v1).
Definition 19 (Subgraph). G’ = (V', E’) is a subgraph of G if V/ C V and E’ C E.
Definition 20 (Tree). G is a tree if it is undirected, connected and has no cycles.

Definition 21 (Spanning tree). A spanning tree of G is a subgraph of G such that V' =V
and that is a tree.

1.2 Ordinary Differential Equations

Differential equations are used to describe a huge variety of problems in different fields.
For this work, we only need Ordinary Differential Equations, for which we provide some
useful definitions and properties in the following pages. Throughout this section, we
consider the differential equation

(t) = f(x(t)), (1.1)
where t € I C R, z € R" and f: R" x R".



1.2 — Ordinary Differential Equations

Definition 22 (Cauchy problem). A Cauchy problem is a pair given by an ordinary
differential equation and an initial condition

{d:(t) = f(x(t)), (1.2)

where tg € I.

Definition 23 (Solution). A (classical) solution of the Cauchy problem (1.2) is a function
o(t,zg) : I x R" - R"
differentiable in ¢ such that

Qb(tvxo) = f(‘p(t7 1‘0)) vtel,
and ¢(tg, z9) = xo.

Definition 24 (Orbit). Given a solution ¢(t, ), its orbit is the set

V(o) = {p(t, wo)[t € I}.

Definition 25 (Equilibrium point). Given a differential equation, an equilibrium point
is a point * € R™ such that
o(t,z*)=a" Vtel.

We remark that, if f is of class C*', a point 2* is an equilibrium point if and only if
f@*) =o.

Definition 26 (Periodic point). z is a periodic point if it is not an equilibrium point and
for some T'> 0, o(T,x) = x.

Definition 27 (Cycle). A cycle is a closed curve that is the orbit of a solution starting
in a periodic point.

Definition 28 (Lyapunov stability). Given a compact set M € R™ M is (Lyapunov)
stable if for all €, exists d such that
dist(z, M) < § = dist(p(t,z), M) <e Vt>D0.

Remark 1. The previous definition is particularly important when M is made of a single
equilibrium point z*, in which case we say that z* is stable. Analogously, in the following
definitions keep in mind that M will usually be considered to be an equilibrium point.

Given a point z € R™ and a set M C R", we say that

Definition 29. x is attracted by M if

lim dist(p(t,z), M) = 0.

t—+o0
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Definition 30 (Basin of attraction).
A(M) = {x € R"|z is attracted by M}
is the basin of attraction of M.
Definition 31 (Attractor). M is an attractor if it has non-null basin of attraction.
Definition 32 (Limit cycle). A limit cycle is a cycle that is an attractor.

Definition 33 (Asymptotic stability). If M is stable and is an attractor, it is said to
be locally asymptotically stable. Furthermore, if A(M) = R", it is said to be globally
asymptotically stable.

For now we’ve considered generic differential equation, but in this thesis we will work
with linear systems, for which we now give some results.

Definition 34 (Linear system). A linear system is a differential equation of the type
z(t) = Az(t) + b,
where x € R", b € R™ and A is a n X n matrix.

Theorem 1. Given a linear system, the set of equilibria X = {z* € R"|Az* + b =0} is
a translation of a subspace of R™.

Theorem 2. Given a linear system i(t) = Ax(t) + b, and an equilibrium point x*, let
A1, ..., A be the eigenvalues of the matriz A. Then

o x* is asymptotically stable if and only if Re(\;) < 0 Vi,

o x* is stable if and only if Re(\;) < 0 Vi, and the eigenvalues such that Re(\;) = 0
are reqular, i.e. they have algebraic multiplicity equal to their geometric multiplicity.

Theorem 3. In linear systems, if the equilibrium point x* is locally asymptotically stable,
then it is also globally asymptotically stable.

Let us explicitly solve the following differential equation, as it will be significant later
in the thesis.

Proposition 1. Consider the Cauchy problem
x(0) = xo.

Its solution is

o(t) = <x0 - ’;>e—f’t n ’;. (1.4)

10
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Proof. The equation can be solved using the formula for linear differential equations, that
is, given the linear equation

the solution is

x(t) = ef“(t)dt</b(t)ef abdt gy 4 c).

In the case considered, a(t) = p, b(t) = k, so the solution becomes

pt
a(t)=eJ Pdt( / kel Pitat + c) = epf( / kel’%t) +ce P = ke P 4Pt =

p
=~ +ce P

Applying the initial condition we get

k k
z(0)=—+c=x0=c=120— —,
p p

so that the solution of the Cauchy problem (1.3) is

k k
x(t) = (:1:0 — >ept + —.
p

b

11
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Chapter 2

Opinion dynamics models

2.1 French-DeGroot model

Opinion dynamics models are used to study how information and ideas spread across a
network, described by a graph. Every node represents an individual, whose opinion is
modeled by a real number that varies in time. Any two individuals interact if there is an
edge connecting them. Historically, one of the first opinion dynamics models proposed was
the French-DeGroot model, a discrete time model that describes the change of opinion
of a node as dependent on the difference with the opinion of its neighbours. In general,
the edges of the graph are weighted, to evaluate the strength of the link between two
individual (as for instance we might value more the opinion of a close friend, than that
of an acquaintance). Given a graph G = (V, E) with n nodes, adjacency matrix A, and
weights w such that 77 ; w;; = 1, for i = 1...n, the equations of the model are

z(k+1)=Waz(k), k=0,1... (2.1)
or in components
l‘l(k—i-l) :wa%(kz), k=0,1... (22)
j=1

where x is the vector containing the opinion of the n nodes, k € N is the time step and
W = D71A is a stochastic matrix, with D = diag(w).

The weight w;; represents the contribution of node j’s opinion on the update on i’s
opinion, while 0 < w;; < 1 is 4’s openness to change its mind: if w; = 0, at every time
step node i will update completely relying on its neighbours opinion, disregarding its own,
while if w;; = 1, the node is stubborn, as it will never change value, no matter what the
other nodes think. From Z;-Lzl w;j = 1, we can write 1 —w;; = i Wij which substituted
in Equation (2.2) yields

J#
This form of the model that highlights the dependence of the update on the difference of
opinions with the neighbours.

13
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This model, under light hypothesis presented in the following theorem, converges to
consensus, i.e. a point z* = (¢,¢,...,c),c € R in which all nodes share the same opinion.

Theorem 4. Given a strongly connected graph G, the model (2.2) converges if and only
if G is aperiodic.

2.2 Abelson model

The linear Abelson model is the translation of the French-DeGroot model in continuous
time, indeed starting from Equation (2.3), the left-hand side term represents the increment
Ax;(k), that is an approximation of the derivative for the time step that goes to 0. The
Abelson model is thus described by the equations

(1) = Y aigla (1) — (1)), (24)
J#
where a;; > 0 are the entries of the matrix of infinitesimal influence A, which, unlike W,
is not necessarily stochastic. The previous equation can be written in matrix form as

i(t) = —L[AJx(t), (2.5)

where L[A] is the Laplacian matrix of the graph. The main convergence result of the
Abelson model is as follows.

Theorem 5. The linear Abelson model converges to consensus if and only if G has a
directed spanning tree. In that case,

lim @;(t) = pLx(0),

t—o00

where ps € R™ is found by solving pX. L[A] = 0 and pL 1, = 1.

2.3 Other models

The main issue with the models above is that the requirements for consensus are extremely
loose, and convergence to non-consensus can only happen if the graph is not connected.
In reality, though, consensus is not what we expect to see in most cases, thus we look
for models that can more accurately describe society. The main phenomenon we would
like to observe is the lack of consensus, usually reached in the form of polarization or
clusterization of opinions.

Different ideas have been proposed to achieve this goal, for instance the Taylor model
[2] adds communication sources, e.g. mass media, that broadcast constant opinions on
the nodes, who are influenced by them without being able to influence them back. The
presence of multiple sources with different static opinions impairs consensus, as each
individual will be influenced in different ways by the external information.

Another approach is used in bounded confidence models (e.g. [3], [4]), in which nodes
interact only if their opinions don’t differ more than a set threshold. The idea behind

14
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these models is that when we listen to someone whose opinion is completely different from
our own, we might find it unbelievable, consider it wrong and not be affected at all by it.
These models can lead to clusterization of opinions, as different sets of nodes can converge
to opinions too distant from each other, and thus stop interacting.

The model that will be the subject of this work belong to the family of CODA models,
where the acronym stands for "Continuous Opinion, Discrete Action'. The idea behind
such models is the following assumption: when interacting, nodes know precisely their
own opinion, and display a certain discrete behaviour, a sort of approximation of their
opinion, that can be seen by their neighbours. This implies that each individual doesn’t
have access to their neighbours’ precise opinion, which impairs communication making
consensus harder to achieve.

A typical example helpful to describe this type of models is that of political elections.
Each person votes for the candidate whose vision they share the most, so by knowing who
someone voted for, it’s possible to understand in what range their opinion lays. Although,
as every candidate will be voted by a variety of people, all with slightly different ideas, it
will be impossible to pinpoint the exact opinion of every voter.

Mathematically, an edge going from v; to v; represents v; observing v;’s behaviour
and consequently being influenced by it. The opinion z; will be adjusted according to a
certain h;, a value somehow close to x;, but in general not equal, as the information z; is
hidden from v;’s sight.

Different models can be created, with different update laws and different ways of
defining the nodes’ possible behaviours. For instance, [5] proposes a discrete time model
with binary action, that uses the update law

1) = puth) + PP 57 gy ),
’ JEN;

where p;(k), ¢i(k) € [0,1] are respectively the opinion and the action of node 7 at the time
step k.

The weight p;(k)(1 — pi(k)) is a way of modeling the fact that people with extreme
opinions are usually less inclined to change their mind. In fact, the weight considered
goes to 0 as the opinion grows closer to 0 or 1, the edges of the domain, and is maximized
when the opinion is in the middle.

Looking at another example, the model proposed in [6] takes a statistical approach,
viewing opinion of a node as the probability they think one option is better than the other,
and using an application of Bayes theorem to define the update law. The model is then
updated ([7]) to introduce the presence of contrarians, individual who tend to oppose the
opinion of their neighbours, instead of moving towards them. It is then updated again
([8]) to consider the concept of trust between individual, because as we change our opinion
on a certain topic, so does our opinion on the people that influenced us.
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Chapter 3

Quantized model

The CODA model analyzed in this work goes under the name of quantized model. The
update law resembles the Abelson model, but instead of considering the precise opinion
of the neighbours, we round it to the closest integer.
In order to do this, we introduce the quantizer function ¢ : R — Z defined as
1

alay) = o+ 5. (3.1)

N ———— 1

Figure 3.1: The quantizer function ¢(z).
Notice that, as € R, the codomain of ¢(z) is the entire Z, meaning there are infinite

possible behaviours.
With this definition, the equation that describes the model is

xl(t) = Z Aij [Q(‘Tj(t)) - xi(tﬂ? i=1,....n, (32)

17
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that can be rearranged to be written in matrix form as
&i(t) = Z aijlq(w;(t)) — xi(t)] = Z aijlq(zj(t)) — x;(t) + 25 (t) — 2:(t)] =
j=1 j=1

= i aijlq(z;(t)) — z;(8)] + Zi: aijlz;(t) — ()] =

X(t) = Alg(x(t)) —x(t)] — Lx(),
where A is the adjacency matrix and L the Laplacian matrix of the associated graph.

Recalling that L. = D — A, where D is the degree matrix, we can also write the model
in the following form:

x(t) = Alg(x(t))] — Dx(2). (3.3)

This simple modification of the Abelson model drastically complicates the analysis, as

the system is now discontinuous in state. In fact, the dynamic changes when a node’s

opinion crosses the middle point between two integer numbers. The dynamic is affine

inside hypercubic-shaped domains that we label S}, properly defined in the following, and
changes when a border is crossed.

Definition 35 (Extended equilibrium). Given h € Z", we define S, C R" as

1 1
Sh:{xeR"\hi—§§xi<hi+§7i:1,...,n},

i.e. Sy is the set of vectors whose quantized value is equal to h.

Remark 2. We will often need to work with the topological closure of Sy, defined as
_ 1 1
Sh:{IERn’hi—i §I2§h1+§,lzl,,n}

The discontinuity requires us to generalize the notion of solution.

Definition 36 (Carathéodory solution). Given a differential equation

@(t) = f(z(t)), (3.4)
with initial condition z(ty) = o, and I = [ty,T) C R where T" < 400, a Carathéodory
solution is a function

o(t,zg) : I x R" — R"
such that
@(t,fEO) = f(sp(taxO))a
for almost all ¢ > ¢y and ¢(tg, xo) = zo.
Moreover, the solution satisfies

t

p(t,z0) = o + t flp(r,z0))dr.

18
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This type of solution is the natural extension of classical solutions of a differential
equation, with the difference of requiring to satisfy the equation only almost everywhere,
i.e. everywhere except for a set of points of null measure. When simply referring to a
"solution", throughout the thesis, it is to be regarded as a Carathédory solution.

A more generalised type of solutions is given by Krasovskii, taking into account solu-
tions that may slide along the discontinuity.

Definition 37 (Krasovskii solution). Given a differential equation

with initial condition z(ty) = xo, and I = [tp,T) C R where T' < +o00, a Krasovskii
solution is a function
o(t,zg) : I x R" — R"

such that
where

Kf(a)= () co{f(y) | ysuch that |y —z| < o},
6>0

where ¢0{ X'} is the closure of the set of convex combinations of the elements of X.

The definition of Carathéodory/Krasovskii equilibrium is a natural extension of the
classical equilibrium:
Definition 38 (Carathéodory/Krasovskii equilibrium). z* is a Carathéodory/Krasovskii
equilibrium if
p(t,x7) = a7,
for almost all ¢ € I, where p(t,z*) is a Carathéodory/Krasovskii solution of (3.4).

In [1] was proven that solutions of (3.2) exist, but are not unique. The results on
existence of solutions and an example of non-uniqueness are recalled here for convenience.

Theorem 6 (Properties of solutions). Solutions of (3.2) have the following properties.

1. For any initial condition, there exist a Carathéodory and a Krasovskii solution of

(3.2),
2. Any Carathéodory or Krasovskii solution is bounded on its domain,

3. Any Carathéodory or Krasouvskii solution starting at to € R is defined on the set
[t0, +00).

Ezample 1 (Non-unique Carathéodory solutions). Consider the system
i1 = q(z2) — 1,
To = q(z1) — 72,
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with initial conditions z1(0) = 22(0) = 3. As ¢(3) = 1, we can solve

T =1—1x1,
i)g =1- o,
with the given initial conditions to obtain the solution @1 (t) = za(t) = —3e~* + 1.
However, Carathéodory solutions allow us to choose arbitrary vector fields in single

instants. If in ¢ = 0, we consider a negative derivative for z1 and x5, immediately we enter
S(0,0), in which the dynamic is

jf‘l = —I,

ij = —T2,

which yields the solution z1(t) = x5(t) = e, which satisfies (3.5) for all ¢ € (0, +00),
that is for almost all ¢ € [0, +00) .
This shows that there are two Carathéodory solutions of (3.5) branching from (z1, x2) =

(3:3):

Figure 3.2: The two solutions found in Example 1.

Remark 3. In [1] was found that for the complete and complete bipartite graphs, conver-
gence to consensus is guaranteed for all initial conditions. These graphs have diameter 1
and 2 respectively, and because it is reasonable to assume that a quick flow of information
between everyone helps with agreement, a conjecture that could be made is that consen-
sus is always achieved for graphs of diameter < 2. Unfortunately, this conjecture doesn’t
hold, as shown by the following example, considering a graph of diameter 2.

Consider the graph in Figure (3.3). The dynamic is defined by

i1 = q(x2) + q(zs) — 211,
io = q(z1) + q(x3) — 212,
i3 = q(72) + q(z4) + q(x5) — 373,
tg = q(z3) + q(x5) — 214,
@5 = q(x1) + q(x3) + q(4) — 35



Quantized model

The point 2* = (3,1, 2,1, 2) is an extended equilibrium on S 11,1, as
0+1—2'%:07
0+1-2-1=0,

foo11(@") = O+1+1—3.§:0’
1+41-2-1=0,
0+1+1-3-2=0.
1
2 5
8 4

Figure 3.3: The graph of diameter 2 considered in Remark 3.

A~ x1
0.9 s u
/ x3
081/ “
/ x5
0.7
06
%05 o

04
03r /
0.2

0.1

Figure 3.4: Solution converging to the extended equilibrium 2* = (3, 3,

1, 2) discussed
in Remark 3.

SUIN
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Quantized model

3.1 Equilibrium points and extended equilibria

One of the phenomena due to the discontinuity of our model is the existence of what we
call extended equilibria, points to which solutions can converge to, despite them not being
(Carathéodory) equilibria. Consider a solution asymptotically converging to a point: as
the solution grows closer, its derivative goes to 0; if the dynamic is locally continuous, then
the derivative in that point is 0, and we have a regular equilibrium point. On the other
hand, if the point is placed exactly on the discontinuity, then the derivative can suddenly
jump to a non-null value, and we therefore have a solution asymptotically converging to
a non-equilibrium point.

We now rigorously define extended equilibria for our model, and provide an example
right after.

Definition 39. Let h € Z™ and f}, be such that
(fa)i(z) = aij(h; — z;).
J#i
Then, an extended equilibrium is a point 2* € R™ such that there exists h* € Z" such
that f+(2z*) =0 and 2* € Sp-.

Remark 4. Notice that f(x) coincide with @(t) on Sy, in fact € Sy, = g(z;) = h;. We
can write fj,(x) as

(fn)i(x) =D aij(hy —x) =Y aghy =Y ayw; = by — diw; =
Gi JFi J#i
fu(x) = =Dz + b,
where b is a vector whose entries b; are all constant.

FEzample 2. Consider a line graph with 4 nodes. The dynamic is defined by

The point z* = (0, %, %,1) is an extended equilibrium.

In fact, * € S,01,1) and f(o,0,1,1)(z*) = 0, as

0-0=0,
foo1n(") = 0+1-2-1=0,
1-1=0.

However, z* is not a Carathéodory equilibrium: 5 = q(xg) —x1 =1 -0+ 0.
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3.1 — Equilibrium points and extended equilibria

x1
0.9 —

%3
0.8
0.7 /

x4
061

Zos =
0ar
0.3
0.2 .

0.1

Figure 3.5: Solution converging to the extended equilibrium considered in Example 2.

Remark 5. Extended equilibria are placed on the frontier of different hypercubes, which
means that z* € Sy, for multiple values of h € Z", but only one hypercube, the one with
h = h*, is such that f,(2*) = 0. Given z*, we will refer to Sy~ as his corresponding
hypercube.

Mind that h* is not the quantized value of z*, but for ¢ — +o0 it is the quantized value
of the solutions converging to xz*. In fact, * is an attractor for all points in Sy«, as we
will show in the next section.

3.1.1 Basin of attraction of extended equilibria

The classic concepts of stability don’t apply to extended equilibria, as the point itself
generates a non constant solution moving away from the equilibrium, meaning that for
every small neighbourhood there will be at least one solution making the point unstable.

Despite this, extended equilibria are attractors, and as such we are interested in their
basin of attraction. In particular, we want to prove that each extended equilibrium z*
attracts the entire corresponding Sh-.

Proposition 2. Given an extended equilibrium x* on a connected graph, consider h* € Z"
for which fp-(x*) = 0. Then, for all xy € Sp~

(,D(t, xO) — $*7
fort — 4o00.

Proof. To prove the statement, we need to show that z* is asymptotically stable for the
local dynamic fp+ and that (¢, zg) cannot leave Sy« for ¢t > 0.

Firstly, we prove that every dynamic f, for all h € Z", has a single equilibrium, that
is globally asymptotically stable. This is easy to see, as from Remark 4, fj is linear and
can be written as

fh(l') =—Dx + b,
23



Quantized model

where the matrix —D is diagonal with negative entries (if the graph is connected), which
implies that all the eigenvalues are negative and therefore the only equilibrium is locally
asymptotically stable. Since the dynamic is linear, local stability can be extended to
global stability, thus the equilibrium is globally asymptotically stable.

Notice that it is not sufficient to extended the local dynamic fj« to R™ and prove that
x* is globally asymptotically stable, to conclude that x* attracts Sp«. Actually, a solution
©1(t, zg) of fr«(z) starting from zy € Sp+ could in theory not coincide with the solution
a(t, o) of the quantized dynamic. In fact, @a(t, o) could potentially leave Sp, and
consequently stop obeying the dynamic fy«, drifting away from ¢4 (¢, zg) (see Figure 3.6),
so that ¢1(t, zg) converging to x* doesn’t imply the same for result for ¢(¢, o).

Z2

Figure 3.6: Example of a solution that would converge to z* = (0,0) if the dynamic in
S(0,0) were to be extended to R?, but doesn’t in the discontinuous dynamic, as it enters
S(-1,0) in which the dynamic is different.

This is true for a generic h, but, as we are about to show, for A* associated with an
extended equilibrium we have that the solution cannot leave Sp«, or in other words

xo € Spr = (t, x0) € Spr ¥Vt > 0= p(t,x9) —> x* for t — +00.
Take xg € Sp+, we can write the coordinates of the solution starting in xg as

with A; € [ L 1).

202
We can do the same with the equilibrium point,

x; =h; + A7,
* 11
where A} € [-3, 5]
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3.1 — Equilibrium points and extended equilibria

The dynamic is described by

Bi= Y qlay) —diwi= ) h; —di(h; + A,

JEN(z;) JEN(z;)

in which we can substitute the expression h] = z7 — A} to obtain

= S R —diaf - AT+ A) = (S B —dial) — di(— AT + A,

JEN(z5) JEN(z;)

The first term is the derivative fp+(2*) which is null by definition of extended equilibrium.
The end result is thus
— d(A - A,

where d; > 0 because the graph is connected. This relation shows that z; asymptotically
converges to z}, as x; moves to the right (has positive derivative) when its placed to the
left of x* (A; < AY), and vice versa x; moves to the left when placed at the right of the
extended equilibrium (see Figure 3.7), with speed that decreases linearly with the distance
between the two. This implies that x; always moves away from the frontier, hence it can
never cross it.
Since this holds true for all the coordinates, and all the equations are independent,
x — x* for t — 400, Vg € Sp-.
O

Figure 3.7: For all 7, the vector field points toward =] = h] + A7.

3.1.2 Line graph

We now move to study particular cases, starting from the line graph. Given n nodes,
the line graph is the connected and undirected graph that impairs communication the
most, and as such non-consensus is to be expected. The focus of this section is to find
the extended equilibria.
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The dynamic (3.2) on the line graph becomes, for i =2,...,n —1

Ty = q(w2) — 11
T = q(viq1) + q(Tio1) — 224 (3.6)

Ty = q(xn—l) —x, =0.

Proposition 3. Let k € Z" such that ky =k, = 0,k; € {—1,0,1} for j =2,...,n—1, and
S ki =0.

Then extended equilibria in a line graph with n nodes can be written in the form
¢ =h+ 2", (3.7)
where h = (h,h,...,h),h € Z and z* is such that

i} 1 i—1 . ‘
x; = 51@ —l—jz_;(z — J)k;.

Proof. To find equilibrium points, we set to 0 the derivatives defined in (3.6) and we
obtain

g(xzg) —21 =0
q(@it1) + q(zi-1) — 22, =0
q(rp—1) —x, =0.

We have that x1 = ¢(z3), which means that 27 must be an integer.
Let 21 = h € Z, we obviously have ¢(z1) = h, and from the first line of the system we
have that g(zq) = h.
Rearranging the term in the second line of the system, we see that

T, = a(Tis1) JQFQ(%_l) for i=2,...,n—1,
which means that x; is half of an integer.
With this information, if we know the quantized value g(x;), we have 3 possible values
of x;: either q(z;) — 4, q(x;) or q(z;) + 5 (remember that extended equilibria are on the
closure of the hypercubes).
We write this in compact form as z; = q(z;) + %ki, k; € {—1,0,1}.
We apply this fact to x5 to obtain z9 = h + %k‘g.
Let us consider again the second equation of the system, this time centered in x;_;. We
have

q(xi) + q(xi—2) — 22521 = 0 = q(x;) = 2x1 — q(z_2),

which allows us to find ¢(x;), fori—1=2,...,n—1=1=3,...,n. We can now compute
the value of x3, which can be used to compute x4 and so on:

1 1
q(x3) = 229 — q(x7) :2(h+§k2) —h=h+ky = 235 = h+k2+§k3,
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3.1 — Equilibrium points and extended equilibria

1 1
q((lj4):2(E3—q($2):2(h+k2+§k3)—h:h+2k2+k3:>{E4:h+2k2+k3+§k4,

1 1
q($5) = 2$4—Q(1'3) = 2(h+2k‘2+l€3+§]€4)—(h+k2) = h+3ky+2ks+ky — x5 = h+3k’2—|—2]€3—|—/€4—|—§k55.

We now prove by induction that ¢(z;) = h + Z;;é(z — j)kj, and by consequence that
x; =h+ 23;12(2 —J)kj+ %kl From the previous computations, we see that the statement
holds true for i = 3,4,5.
Moving to the inductive step, we assume that the statement holds for s —2 and i — 1, and
we check that it still holds for i:

i—2 i-3

qxi) = 221 — q(zia) = 2h + 203 (i =1 — j)k; + %ki—l) —h=Y (i—2—j)k;=
j=2 Jj=2
i—2 i—3
=h+ki71+22(i—1—j)kj_ (i—2—j)k;=
j=2 j=2
i—3 i—3
=h+ki1+26i—1—i+2kia+> 26—1—jk;—> (i—2—jk;=
j=2 j=2
i—3
=htkion+ 2k + Y 20— 1—7) = (i =2~ )]k =
J=2
i—3 i—1
=h+ki1+2kio+ Y (i—jkj=h+> (i—jk;
7=2 §=2

Finally, we consider the third line of the system, in which we substitute the expressions
q(rn-1) = h+2?;22(n—1—j)kj and x, = h+2?;21(n—j)k‘j. Notice that z,, = q(z,—1), i.e.
x, is an integer, and consequently x,, = q(z,,) = k, = 0. The condition ¢(x,,—1) —z, =0
becomes

n—2 n—1
h+> (n—1—jkj—h—=> (n—jkj=0=
j=2 j=2

n—2 n—2
S n—=1=5)k;i =Y (n—jkj —kpo1=0=>
=2 j=2
n—2
Z(n—l—j—n+j)k:j—kn_1:0:>
j=2
n—2
=Y kj—kp1=0=>
j=2

n—1
> ki =0.
j=2

Lastly, both z; and x, must be integer, thus they are equal to their own quantized value,
that is ky = k, =0, g.e.d. O
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Quantized model

Remark 6. The sum 2;1;12(@"— j)k;, present in the expression of the extended equilibria,
can equally be written as >2%_; (i — j)k;, since

S 3y = (= Dk 30y (6 ks = 3G~ )k

as k1 = 0. We will often use the second form as it’s more intuitive and easier to compute
with.

Remark 7. The choice of h is arbitrary, which allows us to assume h = 0. This is not
restrictive, as every extended equilibrium having h # 0, can be thought as an extended
equilibrium having h = 0 in the reference system with origin in h = (h, h,...,h) € Z".
To simplify the notation, throughout the rest of the thesis we will refer to these points,
denoting them and their corresponding hypercube with an asterisk.

Notation 1. h* = (h{,h%, ... h}) and =* = (aF, 25,...,2}), where

hi = (i — j)kj, (3.8)
i=1

1

Ezample 3. Let us compute all the extended equilibria (with A = 0) on the line graph
with 4 nodes defined in Example 2. The only possible values for k are

e ko =(0,0,0,0),
e ky=1(0,1,-1,0),
e ke =(0,-1,1,0).
For k, we simply have h} = (0,0,0,0), z% = (0,0,0,0), as all the term in the sums are null.

For ky, the corresponding hypercube and extended equilibrium are hy = (0,0,1,1), z} =
(0, é, é,l) In fact, hj, = 0 and
hZQZkble, hZ3:2kb1+k52:0+1:1, h?;4:3kb1+2kb2+kb3:0+2]-_]-:1
Then, z; = hj + 3k = (0,0 + 3,1 — £.1) = (0, 3, 3.1).

Analogously, k. = —kp leads to b = —h} = (0,0, —1,—1),and z} = —z} = (0, —%, —%, —1).
Remark 8. To simplify the computation of A* in more complex cases, we point out that

hi can be obtained from h; ; as
i i1 i1 i1 i1

hi =Y (i=ikj=> (i—=kj= (i—j—Dkj+Y kj=h,+) kj

J=1 J=1 J=1 J=1 J=1
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3.1 — Equilibrium points and extended equilibria

Example 4. Let us see an example of the computation of one extended equilibrium in a
more complicated case, with the help of Remark 8.

Take n = 13 and k£ = (0,0,1,1,0,—1,—1,0,0,0,1, —1,0). We have

3
hi=h3=0, hi=h3+0=0, hij=hi+> k=0+1=1,
j=1

4 5
he=hi+> kj=1+2=3 hj=hi+> kj=3+2=5,

j=1 j=1

6 7
We=hi+> kj=5+1=6, hi=hi+> kj=6+0=6,

j=1

j=1
h=hjo="h{; =6, as > k=0 for m=289,10,
j=1
11 12
j=1 j=1

We have found h* = (0,0,0,1,3,5,6,6,6,6,6,7,7), the extended equilibrium corresponding to
k is therefore

13_911 13 13
= =3 =, —,6,6,6, —, —
) 27 27 Y 27 2 I 2 I’ 2 )
Remark 9. In [1] was found that the furthest extended equilibrium from consensus, i.e.
the extended equilibrium with the greatest difference between z7 and z},, is such that

—92)2 .
. (n 1 S if n even,
i =

" =D03) i odd.

1
=4+ k= (00 7).

|z
This is achieved for k£ of the form

1. k=(0,1,...,1,—1,...,—1,0) if n is even,

2. k=(0,1,...,1,0,—1,...,—1,0) if n is odd,

and their opposites. In fact, if 27 = 0 in the first case we have

n—1 n/2 n—1
w=) (n=gki=Y (n-j)= Y (n-j)=
Jj=2 Jj=2 j=n/2+1
—m-24n- )G -5 - (-1-F+ DG - 3) -
B n 1 (n—=2)(n—2) (n—2)?
=(m—24n—g-nt+l+g-1n-2) ;= . .,
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while in the second case

n—1 5 n—1
rh=> (n—iki=> (n=j)— D> (n—j)=
n—1 n—1 1 n+3 n—1 1
— _2 — —_ =) — — — =) =
(n—2+n- ") - - - - 5)
n 3 I (n—1)(n—3)
=(n-—2 — =+ - — e S | —-1-2).- - =
(n +n 2+2 n+2+2 )(n )4 1

3.1.3 Cardinality of the set of extended equilibria

In this subsection we investigate the cardinality of the set of extended equilibria, to see
how it scales as n grows larger. The extended equilibria are infinite due to the arbitrary
choice of h in Equation (3.7), what we are interested in is the cardinality of E} = {z*},
with 2* defined in (3.9) for a line graph with n nodes. To this end, as there is a 1
to 1 correspondence between extended equilibria and the k& defined in the hypothesis of
Proposition 3, it suffices to count in how many different ways k can be written while
respecting such hypothesis.

Given a line graph with n nodes, we have that k; = k,, = 0, therefore the values that
can vary are only m = n — 2. We will find the cardinality by partitioning the set of k
in subsets according to the number of cells equal to 0 in k, i.e. X" is the set of k with
m cells, of which p cells are null. Let’s start by considering m even, and by counting the
cases for which k; # 0 for all 4. Since k cells must sum to 0, & is formed by % cells with
value 1 and 7 with value -1. The cardinality # X" of this first subset is then given by a
permutation with repetition:

(5.%) _ m!
Consider now the subset of k& with 2 cells equal to 0, and consequently m — 2 cells # 0.
Just like in the previous case, these m — 2 cells can be ordered in
9 (m 2 m 2 ( 2)
#Xo' " =Py, = w2 ma
2 "2

From there we must add the 2 null cells. From every result of the permutation of the
m — 2 non-null cells, we can add the 2 null cells in Py(n2 M=2) Jifferent ways, where in the
apex the 2 represents the repetition of the null cells and the m — 2 the repetition of the
non null ones. This mean that

#X’én_ ( 2 ) P(2m 2)

m—

We can repeat the same process to find k with p = 4,6,8, ..., m null cells, to find

#Xm — P(?V?) . P(p,mfp)
p m—p m :
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3.1 — Equilibrium points and extended equilibria

We then have, for m even, that the cardinality we are looking for is the sum of the
cardinality of all these subsets, i.e. for p = 2i,

m

2 m—2i m—2i

Mw\s

HE, = pxp =3 P57 ) pEmeR -
1=0 =0
& (m—2d)! m!

7 (2522 (@)1 (m —20)!

%

m!
(N2 (20)

The case for m odd is similar. Notice that necessarily there is an even number of non
null cells, as there must be an equal number of 1s and -1s. Consequently, if m odd there’s
at least one cell with value 0. Elements in X{" can be obtained by adding a null cell to

P = m) per

Mw\s i

elements in Xg“‘l, which can be done in m different ways (notice that
element in X", so that

—lml

X7 = X om = P70 ) pllmeh),

Analogously we can get the cardinality of the sets X;)” for p = 3,5,7,..., m and by summing
them we obtain

" = m—1 (7YL 1— 2L m— 1 21) (21+1 m—1—22)
#E" = Z #XQZ Z 1 21 Pm ’ =
1=
m—1
2 (m—1—29)! m!

pard ((%*%)!)2 @i+ D (m—1—20i)

ml
- Z m 1 21 (2Z+1)

The results obtained using these formula are shown in Table 3.1.

Remark 10. Notice that a line graph with 2 or 3 nodes is a complete bipartite graph,
for which convergence to consensus is guaranteed. The single extended equilibrium found
is the consensus, which is a Carathéodory equilibrium, a particular case of extended
equilibrium.

3.1.4 Ring graph

Similar computations can be done for the ring graph, which can be obtained by a line
graph by simply adding an edge connecting v; and v,.

Proposition 4. Let k € Z" such that
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#E;
1
1
3
7
19
51
141
393
1107

N=l Neo'ol IEN | e I | TSN NGUY I NG i

oo || o | w0~ 3

—
o

Table 3.1: Computed cardinality of the set of extended equilibria on the line graph with
n nodes.

o kj e {-1,01} for j=1..n,

° 2?21 kj =0,

o Yi1(n —j)k; is a multiple of n.

Then extended equilibria in a ring graph with n nodes can be written in the form
¢ = h+ 2",

where h = (h,h,...,h),h € Z and z* is such that
1 i—1

Proof. Extended equilibria must satisfy q(z;—1) + ¢(x;41) — 22, = 0 for ¢ = 1,...,n,
considering zg := x, and x,4+1 := x1. This can be rewritten z; = W, i.e. x; is
half of an integer, thus we can write it as x; = q(z;) + %kl Analogously to the line graph

case, by rearranging the terms we get

q(x;) =2z, — q(z-0) =

1
xi = 5]{?7] + 2.’172‘71 - Q(‘ri72)7

meaning that we can find any value z; if we know the value of the previous two nodes.
Let 1 = hy + %]ﬁ, Tn = hp + %km where h; = q(z;). We obtain

1 1
To = §k’g + 2z — q(:):n) = §l€2 + k1 + 2h1 — hy,

1 1 1
T3 = §k3+2zg—q(:v1) = §k3+k‘2+2k‘1+4h1—2hn—h—1 = §k3+k‘2+2k}1+3h1—2hn,
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3.1 — Equilibrium points and extended equilibria

1 1
x4:§k4+2$3—q(372):§k4+k3+2k2+4]€1+6h1—4hn—k1—2h1+hn:

1
= 5/{74 + k3 + 2ko + 3k + 4hq — 3h,.

By induction we notice that

fk Jrz i — j)k;j +ihy — (i — 1)hy.

j=1

The expression holds for ¢+ = 1,2,3,4. For the inductive step, let us assume it holds for
i — 1 and i — 2 and check it holds for 7 (keep in mind Remark 6 when dealing with the
last term of a sum):

1
T; = §/€¢ + 221 — q(zi—2) =

i—1 1—2
km 142 (1—1=j)kj+2(i— 1) —2(i—2)hpy— > _(i—2—j)kj—(i—2)h1+(i—3)hy =
Jj=1 j=1
i—2 i—2
fk thiog+2) (i=1=j)k; =Y (i—2—j)kj+ (2 —2—i+2)h — (2i—4—i+3)h, =
j=1 j=1
i—2
k thici+ Y (20 —2—2f —i 42+ j)kj +ihy — (i — 1)y, =
j=1
i—2
k kit + Y (0= j)kj +ihy — (i — Dh, =
j=1

1 i—1
= ki + > (i = j)kj +ihy — (i — 1)hy, =
=1

1 7
= ki + > (i = j)kj +ihy — (i — 1)h,.
j=1

Applying the expression to x, = %kn + h, yields

1 1 L
Ty = —kp + hy = —ky, + E (n— j)kj + nhy — (n — 1)h,, =
2 =

\)

hn + (n—1)h, —nhy = Z(n -k =
j=1

n

nhy, —nhy =Y (n— j)k;. (3.10)

Jj=1
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Equation (3.10) can be written as h, —hy = = 3" (n — j)k;, and since hy and hy, are

integer, necessarily >-%_;(n — j)k; is a multiple of n.

Previously we set 1 = %kl + hq, and it must hold 1 = %kl + 22, — q(xp—1), thus

1 1
T = 5161 +h = §k1 + 22, — q(Tp1) =

n n—1
hi =kn+2) (n—j)kj+2nhy —2(n—1)h, — > (n—1—=j)k;j— (n—1)hy+ (n—2)h, =
j=1 j=1
n—1
hi=ky+> 2n—2j—n+1+5kj+2n—n+1)h — (2n—2—n+2)h, =
j=1
n—1
ha —(n+1)h1+nhn:k‘n+2(n—j+1)kj —
j=1
n—1
nhy —nhy =kn + Y _(n—j+ 1)k;. (3.11)
j=1
By comparing Equations (3.10) and (3.11), we obtain
n n—1
dn—=jkj=kn+> (n—j+1)k =
j=1 j=1
n—1 n—1
bt 3 (=54 Dy =3 (n—j)k; = 0=
j=1 j=1
n—1
k+2n j+l—-n+jk;=0=
j=1
n—1
kn+ Y kj=0=
j=1
> k=0
j=1
O

)k; is a multiple of n seems to be a condition of

Remark 11. The condition > 7 (n
(n—j)k; =0. If nis

symmetry. Let us assume k to be symmetric and check that Z?:l
even, we have k; = k,11_; and

n/2

Z(n—j)k‘j Zn J)kj+ Z (n—j)k
j=1 j=1

j=n/2+1
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3.1 — Equilibrium points and extended equilibria

Let us write the second sum with the new index i = n 4+ 1 — j, considering that by
symmetry k; = k;:

n/2 n/2 n/2

Zn—]k’—i— Z n— jk—Z(n—j)kj+Z(i—1)k;

j=n/2+1 Jj=1 =1
Having the same index, we can write everything in the same sum,
n/2 n/2 n/2

Dl =5)+ G =Dk =D (n—=Dkj = (n=1) ) k;.

J=1 J=1 J=1

Noticing how Z] 1 k =2 ien/241 ki =3 E?:l k;, we finally obtain

n/2 1 n
(”_1)ijz Zky:
j=1 j=1

If n is odd, then k symmetric implies knr1 = 0. In fact,
2

n—1 n—1
n

:ij:ikj+k%+ > k~:k%+2§:kj:>

j=1 j=1 j=nid j=1

n—1

koot = =2 kj = kan =0

Jj=1

since kny1 € {—=1,0,1} and 23,2, k; is an even number. We then have
2

n 5 n
Stn—=ikj=> (n—ikj+ > (n—jkj,
j=1 j=1 = k3

which we can treat analogously to the case with n even to reach the same conclusion.

Since we are working on a cycle graph, we can arbitrarily shift all the indexes of the
nodes. With the help of an example, we will show that this takes the sum »>7_ (n — j)k;
from value 0 to a multiple of n. Let n = 5 and k¥ = (1,-1,0,—1,1), the extended
equilibrium can be computed to be x* = (2, 2,1, é, %) with A* = (0,1,1,1,0). By renaming
the nodes through a position shift, we have £ = (—1,0,—1,1,1) associated with z* =
(3.1,3.3,3) and h"* = (1,1,1,0,0). Now 7, (n— j)kj = —4—2+1= -5 = —n. In fact,
hy— by =230 (n—j)k;=—%-5=—1

This is true in general, as a shift of k& to the left means increasing the coefficient of
each k; for i = 2,...,n by 1, and decreasing the coefficient of k1 by n — 1 (shown in Table
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3.2), which results in an increase/decrease of n (or 0 if &y = 0). In fact, considering k" as
the shifted of &,

n n n

n n—1
> (n—j)k :Z”—J k=) (n—j+1kj=> (n—5)kj+> k=
Jj=1 Jj=1

j=2 =2 j=2

n

= zn:(n —Jkj —(n—1)k; — k1 = Z(n — J)kj — nk,

j=1
meaning that if 377 ; (n — j)k; is a multiple of n, it still will be after an arbitrary amount
of shifts.

k1 ko kn—1 ky,
n—1 n—2 1
Ey=ko | kKh=ks| ... |k 1=k | Kk, =k
n—1 n—2 1 0

Table 3.2: Entries of k and relative coefficients before and after the shift.

Ezample 5. The sum " =1 (n—j)k; (and consequently the difference between the quantized
of two adjacent nodes) cannot be arbitrarily large. Starting from a symmetric k, after

every shift the sum will keep growing in modulus as long as k] # 0 keeps having the same

sign. Since there can be at most % consecutive 1 in k (if n even, or 251 if n odd), 2

marks the higher limit for |hj — hj,,|. For instance, for n = 16, the furthest extended
equilibrium from consensus is

e k=(1,1,1,1,—-1,-1,-1,-1,—1,—-1,—-1,-1,1,1,1,1),
« h*=(0,1,3,6,10,13,15,16,16,15,13,10,6,3,1,0)

272792192121 272°2°2°2°2°222:2:22)
that shifted becomes

e k=(-1,-1,-1,-1,-1,-1,-1,-1,1,1,1,1,1,1,1,1),

e h* =(10,13,15,16,16,15,13,10,6,3,1,0,0,1,3,6)

*

for which in fact hy — hy, = =% 320 (n — j)k; = rl(;<—15 —14-13-12—-11-10-9—
8+7+6+5+4+3+2+ ) 82—y
Ezample 6. Invisible consensus: For n =8, k= (1,—1,—1,1,1, -1, —1,1) yields

° h* = (071717070717170)7
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3.2 — Binary actions

x* is a non integer consensus extended equilibrium point. It is interesting to notice that,
since x* has a non null basin of attraction, there are solutions for which all the nodes
will asymptotically share the same opinion, while having different behaviours. This is an
example of an undetectable consensus, as an observer can only see the different actions
taken, without knowing the true opinion of each individual.

x1
0.9 —_—2
p]
x4
x5
07N X6

A x7
x8

08|

02f/

01f

Figure 3.8: Solution with initial conditions in S 1,1,00,1,1,0), converging to z* =

11111111 :
(5, 51921919195 99 5), Computed 1mn Example 6.

3.2 Binary actions

To simplify our analysis, we focus on the dynamic in the hypercube [0,1]", meaning that
q(z;) is either 0 or 1. This simplified version is still of interest, as it models binary be-
haviours (in general choices between two options, like yes/no or do/don’t type of actions).
One example could be the decision whether or not to buy a certain product, my opinion
will in be in [0,1] while evaluating pros and cons, but my final decision (and what my
neighbours will be able to see) will be either 0 or 1 (to buy it or not).

We now show some convergence results for the line graph.

3.2.1 Line graph

Our focus is to find the hypercubes that entirely converge to the consensus 0 = (0,0, ... ,0),
in other words we’re looking for a condition on h € Z™ in order to have that for all g € Sy,
x(t,z0) — h as t — +o00.

Then, by symmetry, the condition for convergence to consensus 1 can also be found.

Proposition 5. Let h = Y | hje; where h; € {0,1} and e; is the i-th vector of canonical
basis of R™.
If for all i :

1. hi:0:>d%zjeNihjS%,
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2. hi:l:Z]eNihj:O

then Yo € Sp, limy_, 1o z;(t) — 0 Vi.

The two conditions mean respectively that, in the starting hypercube, each node with
action 0 has at least one neighbour with action 0, and that every node with action 1 has
all neighbours with action 0.

Proof. Firstly, notice how if for instance q(x;—1) = 0,¢q(x;) = 0,¢q(z;+1) = 1, then x; can
not leave the interval of quantization 0. In fact, &; = q(z;—1) + ¢(xi41) — 22; = 1 — 2a;
which asymptotically converges to %, i.e. x; keeps getting closer to the frontier, but with-
out ever trespassing in the adjacent interval of quantization. This means that, until the
dynamic changes (either z;_; or ;41 change action), we will have ¢(z;) = 0.

Condition 1 excludes the case in which an x; such that g(x;) = 0 has all neighbours
with action one. The possible cases are therefore as follows:

o x; is at the edge of the graph (either ¢ = 1 or i = n, and its only neighbour has
action 0,

e x; is in the middle (2 <i <n — 1) with both neighbours with action 0,

e z; is in the middle and has one neighbour with action 0 and one with action 1.

In the first two cases, x; obviously goes to 0, while in the third cases z; goes to % while
maintaining ¢(z;) = 0.
In summary, condition 1 doesn’t allow the variables with quantization 0 to swap actions
as long as the dynamic doesn’t change.

On the other hand, condition 2 grants that every z; such that ¢(z;) = 1 will eventually
go to 0, as ; = —d;x;.
Thus, combining the two conditions, we have that we go from the starting hypercube to
a hypercube with one cell (or more) swapped from 1 to 0. This new set still satisfies the
two conditions, therefore we can recursively apply the same argument until all the cells
are equal to 0. Once in S(g,. ), we know by Proposition 2 that the solution will converge
to h = (0,...,0).

O

Remark 12. The hypercubes satisfying the two conditions are such that the second and
second to last cell are equal to 0 (otherwise condition 1 would be violated for the node on
the edge), and the cells with value 1 are far enough from each other, at least three index
numbers away.

For instance (0,0,1,0,0,0,1,0,0,1) satisfies the conditions.

FExample 7. Let us consider the binary action dynamic on the line graph with 4 nodes.
The starting hypercubes that completely go to consensus 0 are:
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3.2 — Binary actions

0,0,0,0),

)
1,0,0,0),
0,0,0,1),
)

(

(

(

(1,0,0,1).

By symmetry, the hypercubes that completely converge to consensus 1 are
e (1,1,1,1),

0,1,1,1),

There are two extended equilibria, z, = (0,%,%, ), placed on S, = (0,0,1,1), z, =
(1, %, %,O), placed on S, = (1,1,0,0). By Proposition 2 S0,0,1,1) and S(1,1,0,0) completely
converge to these points.

The remaining possible sets,

« (0,1,0,0),

0,0,1,0),

( )
(0,1,0,1),
. (1,0,1,0),
(1,1,0,1),
(

1,0,1,1),

are more difficult to study, In fact, for these cases, different starting condition in the
same hypercube will lead to different convergence points. Take for instance h =(0,1,0,0).
While z3 and x4 cannot leave their interval of quantization, both z; and x5 can. It is
then a matter of who reaches the frontier first: if z1 does, the solution will enter S 10,0
and will go to the extended equilibrium, while if x5 is the fastest we enter S 0,0) and
consequently go to the consensus.

In the plane (x1,23), we can compute the analytic expression of the line separating the
two areas leading to the two different equilibria. From the dynamic

l..l =1- Ty,
ij = _2$27

with initial conditions 20 € S, = 29 € [0, 3),29 € [3,1), we can write the solutions
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Let be T1,T5 such that

1 1
1 (Th) = > zo(Th) = >

then the smaller T; determines which coordinate will cross the frontier first. If 77 < 15,
x1 switches action first and we enter h* = (1,1,0,0), on the contrary if 75 < 77 we end up
in h* = (0,0,0,0). 71 = T» marks the separation line we want to find. Computing T3, T,
we get

- 1

- =
2(2} - 1)

1
(x?—1)67T1+1=§:>6

1 0
~Ti=mn (- ST 1)) — Ty =In(—2(2§ — 1)) =
Ty = In(2 — 229);
_ 1
29e™? = — — 2T, =1In <21’8) = Ty = ~ In(229) =

From which T, = T} becomes
In(y/229) = In(2 — 229) = /229 = 2 — 227 —=

0 (2 - 250?)2
2 - .

To —
2
Finally, we can define
1 1 9 _ 9,0)2
G 050, 2 g B2
11 5 9,02
92:{($1,m2)‘03x1<272§x2§17x(2)>(2m1)}7

and conclude that if (z9,29) € Q1, then the solution will converge to consensus (0,0,0,0),
and if (29,29) € Qy, then the solution will converge to the extended equilibrium with
h* = (1,1,0,0).

In theory this process can be done for every number of variables that can potentially
change actions, although complexity highly increases with the number of switch candi-
dates, as there will be many different hypercubes in which the solution can enter.

Ezxample 8. Consider now the line graph with 7 nodes, and let us pick starting hypercubes
that violate one of the two conditions to show that, in these sets, there could be solutions
converging to extended equilibria.
Using the interpretation given in Remark 12, the hypercubes violate at least one condition
when one of the following occurs:
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3.2 — Binary actions

Figure 3.9: The two areas separated by the line computed in Example 7.

1. they have a 1 in the second or second to last cell, e.g. (0,0,0,0,0,1,0),
2. they have two adjacent 1s, e.g. (0,0,1,1,0,0,0),
3. they have two 1s, two index numbers apart, e.g. (0,0,1,0,1,0,0).

In case 1, solutions can either enter hypercube (0,0,0,0,0,0,0) and go to consensus, or
enter h* =(0,0,0,0,0,1,1), which contains the extended equilibrium z* = (0,0,0,0, %, %,1),
as hy =375, (i — j)k; for k= (0,0,0,0,1,-1,0).

In case 2 we already find ourselves in a hypercube that is home to an extended equilib-
rium, that is * = (0, %, %, %, %70,0)7 as h* = (0,0,1,1,0,0,0) is such that hf = 375, (i —j)k;
for k= (0,1,—1,—1,1,0,0) (to verify, notice that Vi > 2, h; = h;—1 + Z;;ll kj).

In case 3, z4 is allowed to change action as its neighbours both have action 1, and
if that happens we enter the hypercube (0,0,1,1,1,0,0), that similarly to the previous
case respects the condition for the presence of an extended equilibrium, this time for
k= (0,1,-1,0,—1,1,0), that generates z* = (0, %, %,1, %, %,O).

Proposition 6. The dynamic on the line graph restricted to the hypercube [0,1]" converges
for all initial conditions.

Proof. Let h; = 0, we’ve seen that if for instance h;_1 = 0 and h;31 = 1, then h; can’t
change value (unless h;_1 or h;41 change first) as x; will asymptotically go to % In the
case of the dynamic in [0,1]", if at any time 7" two adjacent nodes have the same action,
then they will stay in that quantization interval V¢ > T'. In fact, if h;_1 = h; =0, h; can’t
reach value 1 unless h;_1 does so first, but analogously h;_; can’t reach value 1 unless h;
does first.
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Let us assume x¢ € Sy, where h is such that h;_; = h; for some 7. Let’s show that h;
is definitely constant Vj = 1...,n. By assumption, and following the previous reasoning,
we have that h;_1 and h; are constant, without loss of generality say h;_1 = h; = 0Vt > 0.
Consider h;iq, if also h;y; = 0, then it has an adjacent cell with the same value, which
implies h;;q definitely constant. If instead h;11 = 1, we have two options: either h; 1o =0
for a long enough time for h; 1 to reach 0, or h; 1o = 1 (or h;12 = 0 but it switches action
before h;i1). In either case, we end up having h; 11 = h;12 = h;11 and h;; 5 are definitely
constant. Kssentially, we have that a string of 2 adjacent nodes with same action leads
to a string of m > 2 nodes with definitely constant action, which has the last two cells
with equal value, allowing to repeat the process until the end of the line. Since x,, always
copies x,_1’s action, once h,,_1 is definitely constant, so will be h,, shortly after. Once we
enter the last hypercube, the dynamic becomes linear, and since it’s bounded, necessarily
it is convergent, concluding the analysis.

If §i such that h;_; = h;, then h is made of alternating 1s and Os, e.g. h =
(0,1,0,1,0,1,0), that is every cell has all neighbours with opposite action, meaning that
each coordinate is pulled towards the middle and is allowed to cross the frontier. In most
cases, solutions will move from a hypercube to the other through a face, which is repre-
sented by a single coordinate switching action (a coordinates reaches % before everyone
else). If that happens, that coordinate will have the same action of its neighbours, thus
we have converge thanks to the previous analysis.

In general, solutions can enter new hypercubes through an edge (more than one coor-
dinate reaches % at the same time), which causes the behaviour switch for m coordinates,
where 1 < m < n. This implies that there are at least 2 adjacent cells such that one
switches and one does not, causing two adjacent cell to have same action, and therefore
leading to the previous case again.

The last possibility is that of all coordinates reaching % at the same time, when the
solution reaches the vertex of the hypercube. Let’s show that there cannot be a switch of
all actions. Working with Carathéodory solutions, we can potentially enter any hypercube.
When attempting to enter the hypercubes with all coordinates switched, though, we find a
vector field that pushes back towards z = (3 1), not allowing Carathéodory solutions

5’ ceey 5
to enter the hypercube (see Figure 3.10). In fact, let h be such that h; = a € {0,1} and

b a, ifn odd,
o 1—a, ifneven.

By switching all the actions, the hypercube becomes

h,:l_h:{l—a, if n odd,

a, if n even.

Apparently, a cycle between h and h' could seem possible, but notice that by switching
all the action we reverse the vector field. Going from h to A’ is only possible through the
point x = (%, . %), but when in z, the solution cannot enter A’ as the vector field there
opposes it. In summary, not all actions can change at the same time, making a cycle
between h and h' impossible.
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Tit1

Figure 3.10: Visualisation of the vector fields around z = (

N[
N—

gy

N[

O

Remark 13. Proposition (5) and Proposition (6) also hold for the ring graph, that only
differ from the line graph for a single edge. Adding the edge connecting vy and v, means
that nodes are indistinguishable, in particular every node has the same degree, which
makes the requirement hy = h,_1 = 0 not necessary.

3.2.2 Tree graph

In this section we provide an algorithm to build extended equilibrium on undirected tree
graphs, when we consider binary action and opinions in [0,1]. Firstly, let us introduce
some useful definitions.

Definition 40 (Level). In an undirected tree graph, one arbitrarily chosen node is defined
to be the root. The level of a node is the distance between the root and the node in
question.

Definition 41 (Leaf). In a tree graph, the nodes of degree 1 (that are not the root) are
called leaves.

To build the extended equilibria, we will work only with the quantized values, i.e. we
will build A* such that there exists an extended equilibrium z* € Sj-. Knowing h*, it is
trivial to find x*, by simply setting z; equal to the average of its neighbours’ quantized
values.

To find all the possible h* let us start by setting h; = 0 (the cases with h; = 1 can
then be obtained by symmetry), where v; is the root. The idea is to show that we can
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Level 0

Level 1

Ny

Level 2

tJ: \ \oy
/\\ Level 3
(o (o

Figure 3.11: Visualisation of the concept of level.

(somewhat arbitrarily) set the values for the level 1 nodes, then for level 2, and so on,
without finding ourselves forced to make a choice for h; that would break the equilibrium
of the previously set nodes.

Firstly, consider the set of level 1 nodes, which we label L;. In order for the root node
v1 to be in equilibrium, we need the average of the quantized values of the v;’s neighbours
(i.e. level 1 nodes) to be no greater than 1. To achieve this, we can have at most |4 |
nodes set to 1, whereas the remaining nodes (up to dy) will be set to 0. Notice how leaves
must necessarily be set to the same quantized value of their only neighbour. In fact,

having degree 1, a leaf’s dynamic is described by
&y = q(xj) — @,

from which 77 = 0 = z} = q(z}) = hj = h}.

After setting the level 1 leaves to 0, we need to fill the remaining d; — #(L1 N L),
where £ is the set of leaves, thus #(L; N £) is the number of level 1 leaves. From a
combinatorics point of view, each possible way to assign the remaining values is a result
of the extraction of dy —#(Ly N L) elements from a pool containing L%J times the element
1 and dy — #(L1 N L) times the element 0. To write all equilibrium points, we need to
write down all possible outcomes.

In general, the i-th step of the algorithm sets the values of level i nodes, for i =
2,. .., lmae, Where 1,4, is the depth of the tree. The actions taken are the following:

 for all v; € L;_y, consider the set X = N; N L;,
« set the leaves in X to the value h;,

« assuming h; = 0 (if it’s not, the results can still be obtained by symmetry), compute
all possible outcomes of the extraction of d; — 1 — #(L; N L) elements from a pool
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containing d; — 1 — #(L; N L) times the element 0 and |% | — hy, times the element
1, where hy, is the quantized value of the only v, € N; N L;_5 (since there can be at

most L%J neighbours with value 1, if h;, = 1 there is one less available 1 to be set in
X).

Notice that, in a tree, a node of level ¢ > 1 has exactly one neighbour of level i — 1
and d; — 1 neighbours of level ¢ + 1. This explains the —1 that appears in the number
of values that need to be set through combinatorics, d; — 1 — #(L; N L), which can also
be seen as #(X \ £). This fact also explains why the algorithm works. When setting the
values of the nodes in Ny N L;_1, the value chosen for h; doesn’t matter (so long as v; is
not a leaf), even if h;j # hy, it only takes v; to have a single other neighbour to ensure its
own equilibrium. Since v; is not a leaf, d; > 2 which implies that there are d; —1 > 1
neighbours of v; in L;. To summarize, a level ¢ node is set in equilibrium at the i-th step
of the algorithm if it is a leaf, and at the (i 4+ 1)-th step if it isn’t. At some point, a level
set will only contain leaves, ending the algorithm.

\/ Level i-2

Level i-1

Level i

Figure 3.12: The set of nodes of nodes the algorithm works on for all v;.

Let us apply the algorithm on an example.

Example 9. Consider the tree graph in Figure 3.13. We start by setting h; = 0. Since
v is a leaf, necessarily ho = hy = 0. hg can either be set to 0 or 1, as in either case
v1 will have neighbours of average < % In fact, dy — #(L1NL) =2—-1 =1 and
L%J = % = 1. Moving on to Lo, we will have hy = hg, while for vs and vg different
choices can be made. A total of L%‘J — hy of them can be set to 1. If h3 was set to 0, that
becomes 2 — 0 = 2, i.e. both hs and hg are allowed to be 1 and we will have four options:
(hs, he) = (0,0); (0,1); (1,0); (1,1). Otherwise, if hg = 1, we work by symmetry, pretending
hs = 0 and hy = 1 from which only one between hs and hg is allowed to be 1 so that the
options are (hs, hg) = (0,0); (0,1); (1,0);, which, by reverting the symmetry, end up being
(hs, he) = (1,1);(1,0); (0,1). The last three nodes are leaves and as such they copy their
neighbour’s value.

45



Quantized model

7 8 9

Figure 3.13: The graph considered in Example 9.

To summarise, so far the possible extended equilibria are found when A is one of the
ones shown in Table 3.3, where for simplicity the leaves were left out, as they don’t add
degrees of freedom.

[P [ hs | s | Ds |
(0Jo0fofoO]
(0f[0]O]1]
(0Jof[1][0]
(0O 1 ]1]
(o011 ][]
[0 [1][1]0]
[o[1]O]1]
Table 3.3

To obtain all the extended equilibria, by symmetry we list all the options that sprout
from the initial choice hy = 1. In Table 3.4, all the extended equilibria are shown.

Remark 14. A potential way to find extended equilibria on a generic connected graph
would be to work on one of the graph’s spanning trees, find all the extended equilibria of
the spanning tree, then add one by one the missing edges, updating the list of equilibria
at each step. Notice that when connecting two nodes that aren’t leaves, some extended
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[ [ oo [ s [ a | Bs | B | By | Bs | B |
(0[0JO0JO0OJo0OJO]O]O]O]
(0]0]0JO0JO]t1[O0]O]1]
(0Jo0JoJoJ1]O]1[1]O0]
(0JoJoJo ]t ]t]t[1]1]
(0Jof1 [ttt ]t]1]1]
(0JOJ1[t]tJoJi1]t]oO]
(001 [1]0]t1[0]O]1]
(L[t ]t ]t1]1]t]t[1]1]
(L[t ]t ]1]1]oft[1][0]
(L [1[1[1]0]t][0]O]1]
([ L[1[1[t]oJo]o]O]O]
(1 [1[0]0]0]0[0]O0]O]
(L[1JoJoJoJi1]oJo]!l]
(t[1fofoJtJoft]1]oO]

Table 3.4: h* found in Example 9 such that Sy~ contains extended equilibria.

equilibria can be lost, as the average of the nelghbours of the nodes in question can change
and leave the interval of equilibrium, [0,1] or [1,1] depending on the quantized value of the
nodes. On the other hand, if we add an edge connecting a leaf to another node, the leaf
stops having degree 1, and so it will be able to having different values, therefore opening

up possibilities for new equilibria.

3.2.3 Directed cycle graph

We now consider a directed cycle graph. The dynamic is
i,’ :q(xi_H) — Ty, Vi = 1,...,n, (312)

considering x,11 = x1 by definition.

The aim of this section is to investigate the presence of limit cycles for n = 3, as in
[11] was found a limit cycle for n = 6 and we would like to check if they can be found in
smaller graphs as well.

For n = 3, the dynamic is

i1 = q(x2) — z1,
o = q(23) — 22, (3.13)

i3 = q(x1) — w3.

We start our analysis from the initial conditions z° = (5 +46, 5 —¢, 3) with &, e > 0. This
choice is due to the fact that we must not be in a consensus cube Wthh would imply the
convergence to the consensus point. In this case we chose our initial cube to be S g 1),
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Figure 3.14: Directed cycle graph with n = 3.

as despite the arbitrary choice of the value of ¢(x9), z3 is pointing towards z; which has
action 1, so x3(t) > 3,q(x3(t)) = 1 for ¢ € (0,T;). However the choice doesn’t matter,
as any non consensus cube can be obtained from (1,0,1) by simple changes of variables
(rotation of indexes and/or symmetry with respect to 3).

Moreover, one of the variables is picked to start with value % The dynamic inside any

hypercube is linear, not allowing cycles inside a single cube, which means that any cycle

1

at some point will necessarily cross the border between different cubes, i.e. x;(T) = 5 for

some ¢ and some T'. We choose Ty = 0, and define 17,75, ... the times at which the other
infinite frontier crossings of the hypothetical cycle will happen.

We start by solving Equation (3.12), using Equation (1.4), in the starting cube, i.e.
we consider ¢(x;) constant for all i. We have

i = q(Tip1) — 2 = @ = 17 — q(zi)]e™ + q(@in),
which applied to (3.13) with 2% = (1 4+ 6,1 —¢, 1) yields
zi(t) = (3 +0)e,

To(t) = (=3 —€)et +1,
—fe t 4+ 1.

8
w
—~
~
~—
I

Now we compute 77, the time at which the solution crosses into a new cube. Either z; or
9 can reach value % and therefore switch actions. Notice that if o does so first, we enter
S(1,1,1), which can never be left. Since we are interested in the case of infinite switches,
we consider the case in which xy crosses first, entering S 1), that happens under the

condition ¢ < e. Tj is found as follows:

1 1 1
£U1(T1) = (2 + 5)6T1 = B = ¢ 1 = 5 _

(3 +9)
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3.2 — Binary actions

—Tl—ln( >:>T1—ln(1—l—26).

1420
Computing z5(71) and z3(71) we get

ZCQ(Tl) = (* % *E)G_Tl Jrlz (

—L_ec 1 1 1

B L +—1—2e+1+25_1
1425 02 2 2

2(1 + 26)

and
1 1
,I'S(Tl) = —§€_T1 —+ 1= —ieln(ﬁ) + 1=

1 111
2(1 + 20)

The solution at time 77 is then

1420-1 1 6

T3T373

T30+ 27

xl(Tl) = %7
wo(Th) = 5 — 1672657
$3(T1) = % + ﬁ,

- % - e)el"(ﬁ) +1=

1 e-0
2 142

1+26°

which has a similar structure to the initial condition: one variable has value % and the
other two have disagreeing actions (remember that § < €). To make it clear, we apply the

change of variables

which, dropping the apostrophes, results in

_ 1 -5 _ 1 !
)=+ =317,
1 ) 1 /
o(T) =35 — 155 =3 — €
1
r3(Th) = 3,
. ! __ e—0 )
Wlth5—1+26>0and€—m>0.

We are in the same configuration as where we started from, we
reasoning to obtain the same results, this time in function of ¢, ¢’
0" < €, which happens at time Ty = T + In(1 + 2¢'), yielding

x1(Ty) = % + 6",
.'EQ(TQ) = % - 6//,
.:C3(T2) = %7

o
Ne}

can reiterate the
x1 crosses first if



Quantized model

with 8" = f;_g‘g, and €' = %;6,. This can be iterated i times to find 6, @ as a

function of §¢~1 =1 (and in cascade as a function of 4, €) with the law

i—1 i—1 i—1
50 _ eli=1) _ 56=1) ) §li=1) (3.14)
1+256=1 7 1+ 266" '
To go to step ¢ + 1, it must hold
60 < €@, (3.15)

otherwise the solution will enter the consensus cube.
Our goal is to investigate the behaviour as the number of possible switches goes to
infinity. Looking for an expression of 6(), e we start by computing 6", €”:

[ —6 26—
5" — ¢ =0 1425 16+25 . 1+2(65 B 20 — €
B o —0 - o —26 )
14 24 1+ 2(1€+25) 1+214+r§§ 2 11 2

-5 iy

¢ — & _ 1795 - 1725 _€—90

B - 5N\ 542¢—25 .
1+28 1+ 2(1€+25) 1+21i§§ 2 11 2¢

(@)

. , ()
One way to make computation easier is to write 6() = g‘ﬁw €0 = Ne (notice that the

DO
denominator is always the same for § and ¢), so that we can write
, } (i-1) (i-1) (1) _ pG-1D) . . .
50— R g@n _ ng) - Ne D<FJY>6 - NGED _Néz 1) B N(S(z)
14200 N T pan4entTY T -1 (-1 — DO’
142 ZEE— DOV
, NG-D NG-D . .
(1) _ 5(171) o Dfi—l) . D?iﬂ) i N(gz b . Ne(z)
142061 NG pl-npaNGTh oG (i-1) — p@)-
i 1+ 256 DI—l)é DU~ +2N;
The update laws are therefore
N® = NI, (3.16)
Néi) _ _Né(zel) 4 NGD = _Né(z;l) n Né’”), (3.17)
D = pi=b 4+ aN Y, (3.18)

which can be used to compute the values shown in Table 3.5. Notice also that the
condition ) < ¢ necessary to avoid the convergence to consensus for one more step,
can be written as Nél) < Ne(z) = N(gl_l) = Nél) - Nél_l) < 0, as the denominator is always
positive.

We notice the appearance of Fibonacci coefficients, by induction we can write
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3.2 — Binary actions

step N éi) Ne(i) D condition for next step
1= ) € 1 0 <e
i1=1] —0+e¢ ) 1420 20 > €
=2 20 — ¢ —d+e€ 14 2¢ 30 < 2¢
1= —36 + 2¢ 20 — € 1440 50 > 3¢
1=4 ] 50—3¢ | =36+2¢|1—2)+4e 8§ < be
1= —8)+5e| 50—3¢ | 1+8)— 2 136 > 8¢
Table 3.5
N = F_i 16 + F_ie, (3.19)

where Fj; is the i-th term of the Fibonacci sequence, considering that the Fibonacci
sequence, defined by Fyp =0, Fy =1, F; = F;_1+ F;_5, can also be extended towards —oo,
by writing F;_o = —F;_1 + F;. This yields the sequence
... 13,-8,5,-3,2,-1,1,0,1,1,2,3,5,8,13 . ..
In fact, Expression (3.19) holds for the ¢ > 0 results shown in Table 3.5, and
NOD = NIV L NGD = _F 6 F e+ Fy 6+ Fipoe =
5 = —NNj s =—F Cit1€t+ P10+ Fljoe =

=(—F_ i+ F_ i1)0+ (—F_jy1+ F_ji0)e =

=F_, 10+ F_;e.

Condition (3.15) can then be written, through a similar computation (since Néi)
N(i—l) o N(H—l)
0 ) )7 as

NO NV 0= —N"V = _F )6 —F i 1e<0= —F_; 56 < F_;_je.
Notice how F_; = —F; for i even and F_; = F; for ¢ odd. Thanks to this fact we can write

E+25 < Fi+16 if 4 even,
_F/L'+2(S < _Fi+1€ if 7 odd.

?*2(5 <€ ifieven,
== 5 .
20 >¢€ ifiodd.
i+1

Taking i even and combining conditions §® < €@ and 60+ < (1) we obtain
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FHQ(S <e< Firs

0.
Fita Fiia

The sequence ?if converges to ¢ = % for i — +o0 (from below for i even and from
above for i odd), thus we can conclude that the system goes through infinite switches if
and only if € = pd. Let us show that 6@, e — 0 for i — 4+00. Assume §@) — §,¢) — €.

It must hold

Sell

I
o
s

1426 R S -
_ _9 2
=5 1+26 (1+20)

)|

o 5 Y = T o2
{ = -3 5-5-20

5(1426)% 420" =0 = 0(1+46+45° +25) =0 =6 =0

as the second factor is always strictly positive. Also € = 0 by substitution.

Knowing that the solution asymptotically grows closer to (%, %, %), the last step neces-
sary to complete the analysis is to understand if that happens for a finite or infinite time.
Taking 7; = In(1 + 26(")) and € = @4, let us compute the time required to switch infinite

times, i.e.

i i Ns 0)
D L= W1+20") =23 60 =23~ <23 N7
i=1 i=1 i=1 i=1 i=1
Expression (3.19), when € = @0, becomes

Néi) = F_i_16 + F_ié = F—i—16 + F_Zcpé = 5<F_ZSO + F—i—l)-

A property of ¢ states that ¢" = F,¢ + F,,_;, which can be used in the previous
expression to obtain A
Ny = b,

from which

ZTi < 22]\7(@ = 25Zg0_i < +o00.
i=1 i=1 i=1

What we’ve found is that z* = (3, 3, 3) is a Zeno point, i.e. a point for which z(t) — z*
for t — T* < 400, meaning that the solution converges in finite time, while the dynamic
goes through infinite switches. If needed, the solution can be extended by defining it in
[T, +00) as the solution having z(7*) = x* as initial condition. In Figures 3.15 and 3.16

simulation results are shown, that will be discusses in a dedicated section later.

Remark 15. The previous proof implies the convergence for all initial conditions for the
directed cycle with 3 nodes. Indeed, we’ve seen that the only initial conditions that don’t
cause the solution to end up in a consensus cube after a finite number of switches converge
to the Zeno point. The proof only took in consideration solutions crossing from a cube
to the other through a face (i.e. only one variable equal to % at the time). This is due
to the fact that if a solution crosses through an edge or a vertex, it necessarily enters a
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x1
0.9 el
x3

08
07T
0.6
041
03+

02

01

Figure 3.15: Plot of x1(¢), z2(t), z3(t) on the directed cycle, when the Zeno point arises.
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Figure 3.16: Plot of the quantized values (translated up and down to avoid overlap and
grant better clarity). The vertical lines represent the switch of a quantized value, and
consequently of the dynamic. Many switches appear in the correspondence of the Zeno
point.

consensus cube right after, completing the convergence proof. In fact, in the first case the
crossing point will be of the type x¢ = (%, %, x), meaning that x5 will move towards x,
instantly copying their action. Consequently, also x1, moving towards xs, will copy z’s
action, as such we reach a consensus cube. Similarly, in the last case xg = (%, %, %), once
we arbitrarily decide the action of one of the nodes, the other two will instantly copy it,
ending the proof.

Remark 16. As mentioned earlier, in [11] a cycle was found on the directed cycle graph
with n = 6, starting from the initial conditions in S(1,0,0,0,1,1)

1 11
T=(5+053

11

1
_675_57§a§+6)3
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We can rearrange the terms to show the dependence on . In fact,

1 o 1-v5 w1
b= gVi-l = =g =73
f=16-VB =7 —i=1-¢

which allows us to write

b
2 )

2|6

71_£
2

N W

2
5

We highlight the distance from the quantized value each node is looking at, i.e. the
distance from h = (0,0,0,1,1,1), and then factor out % to show the presence of powers of

1
727

| —

)

N —

SC(]:(

(p.
_gle 1y w13 e
=gy T T gy T ) T
el 1 o 11 ¢
:h —_——— - ——  ——, = — — | =
+(2’2’2 27 27 2'9 2)
1
:h+§(8071790_17_807_171_¢)_
1

=h+ 5(901, 07t =t = —ph.

It is interesting to see how exponential solutions strictly depend on the golden ratio.
Furthermore, simulations seem show that the cycle is attractive for initial conditions that
keep that symmetry, i.e.

1
zy =h+ i(a, b,c,—a,—b,—c),

even when dropping the restriction of binary actions. Some examples are shown in Figure
3.19.

To investigate the cause let us consider the cycle, and focus on x3,z3 and x4, the

variables quantized to 0, as by symmetry everything will also work for the remaining
variables.

What happens in the cycle is that at a certain time T there is a switch in the values
of the variables, i.e. z;(T") = z;41(0). In particular, for the considered variables, we have

22(T) = 23(0), z3(T) = 24(0), z4(T) = 25(0) = 5 = 22(0).
To have this happen in general we would need 3 points a, b, ¢, such that

2o(T) =ae ™l =b, x3(T)=be T =¢, x4(T) = (c—2a)e” " +2a = a.

Since we want the cycle to revolve around %, it must be a = %, we can then compute

1
§e—T =b= —T = In(2b),
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Figure 3.18: x) = h + 1(0.8,0.9,0.7, 0.8, 0.9, —0.7).

Figure 3.19: Some examples of solutions converging to the limit cycle.

be T == c= 20,

1 1 1
(c—l)e‘T:—§:>(2b2—1)-2b+§:O:>4b3—2b—|—§:0.
One solution of this equation is negative (see the plot in Figure 3.20) and thus unaccept-
able, while the other two are b = %, (trivial solution, all three points coincide so they
"swap" places at time T'=0), and b = ‘%1, which yields the cycle. We can check this fact
by substitution:
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—1: 3 -1
® @ 11 45 41
4 ) WA Ty — =
(2) 5 TgTg¥ ¥ Tty
1 1 3 1
— (23 —(p—)F==p—o—p+l4==0
2(30 3)— (v )+2 pog el g =0

Figure 3.20: Solution of the equation 2% + % = %x

The importance of ¢ can also be seen through the following construction. Take the
function z(t) = €', and the subset of the domain A C R, A = {jlny,j € Z}. We have
codA = {y’,j €L}, as ‘
Ing? _ @’

What we see is that by taking a linear sequence of times a;, we obtain a sequence of
positions z(a;) for which x(a;) = z(a;—1) + z(a;—2).

This is due to the property of ¢

z(jlnp) =¥ =¢

spn — spn—l + S0n—2’

that can be proven using the relation ¢" = F,po + F,,_1, as
90"_1 + SDTL_Q = I'n-1¢ + Fo_o+ an%o + Fho3 =

:(Fn71+an2)S&+Fn72+Fn73:anp“i’anl:Qpn~

This implies that, if we consider the family of solutions of the Cauchy Problems

{ij(t) = z;(1),
z(0) = ¢,

with j € Z, we have 2;(T) = x;41(0) for T' = Ing, i.e. every solution takes the place
of the following one. Notice that the solution of the Cauchy Problem for a generic j
is zj(t) = plet = et 5o that studying the solutions is equivalent to studying the
evolution of the sequence of the elements of A, that all change in time according to the
law z(t) = et.

Our aim was to find initial conditions from which one exponential solution would cover
as much space as the other two combined in the same time. The same time requirement
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3.3 — Comments on simulations and numerical issues

explains the linear sequence of the elements of A, while ¢ appears to satisfy the other
condition. In fact, we want

z(a;) = x(a;i—1) + x(a;—2),

but it also holds that

a;

z(a;) = x(a;—1) +/ x(t)dt.
a;—1
Consequently, imposing this condition means requiring z(a;—2) = [ ; ' x(t)dt, which from
a generic succession b; = ¢1n b, yields

b; . ) .
z(bi_o) = / eldt <= V2 =ehi — it = b b == P b —1=0
bi—1

= b=y

since b > 0.
In brief, ¢ seems to appear due to the presence in the cases considered of three variables,
one of which must be the sum of the other two.

3.3 Comments on simulations and numerical issues

In the previous sections, some simulation results were shown. Simulating discontinuous
equations is a delicate matter, however the numerical approach to discontinuous equa-
tions is not in the scope of this thesis. The simulations were run mostly in order to
provide graphs to help show or explain the analytical results found, and in that matter
the simulations have always been coherent.

The simulations in question were run on the software Matlab, using the Implicit Euler
method. The time interval considered was ¢ € [0,10] which allowed to show all the
phenomena of interest, while the time step of the numeric method was set to be dt = 107*.

Regarding the method used, the update law used by Implicit Euler to solve the ordinary
differential equation &(t) = f(x(t)) is

x(k+1)=xz(k)+dt- f(z(k+1)),

which applied to Equation (3.2) becomes

=1

where k is the index of the current time step.

Notice how this would require the use of z;(k+1), that is yet to be computed for j > i.
For this reason, the method was coded to use the updated value x;(k + 1) for x; and the
non-updated value z;(k) for z;, resulting in the update law

zi(k+1)=z;(k)+dt- Zaij[q(xj(k)) —xz;i(k+1)].

J=1
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The graphs in Figure 3.15 show the behaviour of the solution closing in on the Zeno
point. However, due to the approximating nature of numerical methods, it is obviously
impossible to see all the infinite switches of the quantized values, as they happen at time
intervals of length decreasing to 0, which quickly become shorter than the time step chosen.
This makes spotting the presence of the Zeno point impossible from simulations alone,
so that we require an analytical study to prove its existence. However, its presence can
become more evident by running the simulation with smaller time steps, as more switches
become visible, as shown in Figure 3.23, where ¢(x1) and ¢(z3) can be seen to go through
an additional switch when using the refined time step dt = 10~7. The switches appear
as vertical lines, as the variables stay in the quantized interval 0 for an extremely short
time.

Another issue that can be caused by numerical approximation can arise when simu-
lating the previously mentioned cycle, as that requires a perfect switch of the the initial
conditions, thus small errors can add up in the long run, driving the cycle to break. This
problem can be avoided by choosing an adequately small time step for the interval con-
sidered. In Figure 3.26 can be seen the comparison of the results when using two different
value for the time step dt, 1073 and 10~*, when focusing on the interval ¢ € [0,10].
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Figure 3.22: dt = 1077,

Figure 3.23: Quantized values of the variables around the Zeno point, for different time
step sizes. 59
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0.1 i i i i i i i i i

Figure 3.25: dt = 1074

Figure 3.26: Comparison of the effect of numerical errors on the cycle for different time
step sizes.
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Chapter 4
Conclusion

In this thesis we have provided a variety of results for Carathéodory solutions of the model
(3.2). Firstly, Proposition 2 states that every extended equilibrium, in the general case,
attracts the entire hypercube it is defined on. Secondly, we expanded on the work on
extended equilibria done in [1], by providing analytical expressions for extended equilibria
on the line and ring graphs, as well as formula for the cardinality of the set of extended
equilibria on the line graph.

After introducing the binary action hypothesis, we provided a proof of convergence for
all initial conditions on the line graph, that trivially translates to the ring graph as well
from Remark 13. Furthermore, we described an algorithm to find extended equilibria on
tree graphs. Finally, we recalled from [11] the existence of a cyclic solution on a directed
cycle graph with n = 6 nodes, and we tried to obtain a similar result for n = 3, which
lead to the discovery of a Zeno point instead.

We now conclude the thesis by discussing some possible interpretations of the model
in a social setting, and later listing the main problems still unanswered.

4.1 Interpretation

The model proposed shows a variety of phenomena. We've seen how disagreement is the
norm, how clusters of adjacent nodes with the same action are the expected outcome,
even how in some cases opinions keep changing without ever settling down.

Some other interesting considerations can be made. Consider, as an example, the
extended equilibrium z* = (0, %, %,1) € 5(0,0,1,1) on the line graph with 4 nodes. This
example shows that a node’s behaviour doesn’t depend only on its opinion, but also on
its past history. In fact, zo and x3 share the same opinion, but behave differently. An
interpretation is that these individuals influence each other to the point where they agree,
but they both continue doing what they were doing before out of force of habit. This effect
is further amplified in Example 6, in which all nodes agree but show different behaviours.

Another aspect worth highlighting is the influence of the degree of the nodes. We know
that consensus is always achieved in the complete and complete bipartite graphs, both of
which model networks with high level of connection. Indeed, in these cases the average
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degree of the nodes scales linearly with the number of nodes n, while on the line graph
the maximum degree is 2 no matter the size of the graph. It is realistic to think this fact
impairs the flow of information, supported by the wide variety of non-consensus attractive
points the line graph presents.

The degree of the nodes is not the only factor, though, as the structure of the graph
also matters. For instance, consider the following example.

Ezample 10. Take a complete graph K, at consensus 0, a complete graph K|, at consensus
20, then create an undirected edge going from a node of K1, to a node K%, in a one to
one correspondence. The resulting graph is already in his final hypercube, as every node
of K, converges towards the average of its neighbours’ actions which is equal to % < %,
hence it doesn’t change action (the same can be said for K7j)).

We have created a graph that is in equilibrium with 2 sets of nodes that have drastically
different opinions, and this difference can be arbitrarily increased when increasing the
number n of nodes in the graph. Notice that each node has a considerable degree d; =
5, which is the same of the case of the complete bipartite graph K 2.z, which instead
always converges to consensus. This suggests that when the degree is high, non-consensus
can still arise due to the lack of communication between different communities. This is
realistic as modern day society is characterized by very high degrees of interaction, and

yet disagreement is still the normality:.

4.2 Open problems

The present work focused mainly on the study of convergence of the solutions, particu-
larly on finding extended equilibria, as convergence to these points appear to be the most
frequent outcome. The results presented were obtained on specific graphs, thus the main
open problem is to find a generalisation to any graph, that is finding analytical expression
for extended equilibria on a general graph, and determining conditions under which con-
vergence is achieved. Notice that we have examples of non convergence of the solutions
(limit cycle in the directed cycle graph with 6 nodes), but most cases seem to converge.
It could be interesting to find large classes of graphs for which convergence is guaranteed,
good candidates might for instance be undirected graphs and acyclic graphs.

It could also be interesting to investigate other graphs that might manifest cyclic
behaviours, namely the directed cycle graph with a number of nodes different from 3 and
6. Finding examples on other kind of graphs would be useful to try and understand what
condition allows cyclic solutions to exist.

Another problem is the translation of the results found for binary action to the general
case ¢(x;) € Z. The restriction to binary action drastically simplifies computations, but
could be not necessary in many cases, likely for example for the convergence on the line
discussed in section 3.2.1.

Finally, the topic of numerical simulations could be studied, to understand which of
the multiple solutions is computed and in general to formally justify the reliability of the
numerical results.
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