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Introduction

This PhD thesis describes topics of network theory along three main themes.
In Ch. 1 a general introduction to network ensembles is given, and the relations
with “standard” equilibrium statistical mechanics are described. The canoni-
cal ensembles of networks, i.e. ensembles where some selected constraints are
satisfied on average, provide answers to questions such as: how many networks
satisfy the considered constraints, and how these constraints affect more complex
observables and behaviours. Moreover, the entropy measure for the canonical en-
semble is fundamental for the computation of the probability marginals and its
interpretation has been exploited for relevant applications. In particular, net-
work entropy, corresponding to the logarithm of the number of typical graphs
in the considered ensemble, has been the starting point for further studies on
biological networks integrated with different types of omics data. We modelled
the statistical properties of the integrated PPI-signalling-mRNA expression net-
works in different cases (i.e. cancer studies and ageing studies) interpreting the
network entropy measure as the extent of the parameter space allowed to the
cell, in terms of cell phenotypes or clonality. The major results of this chapter
have been reported in two papers: the first one is Menichetti and Remondini

(2015) and the second one is currently under submission.
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Multilayer networks and, in particular, multiplex networks (in which different
networks share the same nodes) are the main topic of Ch. 2. Multilayer networks
were introduced to evaluate and quantify the correlations between interdepen-
dent networks or, moreover, to throughly describe also a single network in which
different kinds of interaction are represented. For example, in biological systems,
gene, protein and metabolite networks have strong correlations and interdepen-
dencies that cannot be fully pictured in terms of single graphs. In this chapter a
fully description of the main observables related to multiplex networks is given.
We consider the formalism of multilinks in order to fully characterise link over-
lap in maximum-entropy multiplex ensembles. We showed some real examples
in which relevant information could be uncovered only by considering the mul-
tiplex nature of the given system. The first presented case is APS, i.e. citation
and collaborations networks from different journals of the American Physical So-
ciety. We built different types of duplex networks and thank to the multilink
observables we discovered some relevant patterns in the citation-collaboration
behaviours. The second example is a biological duplex network: starting from
a case-control study on colorectal cancer, one layer is related to normal sam-
ples, while the other one to cancer samples. Also in this situation, multilinks
highlight significant differences and nontrivial similarities between healthy and
cancer biological processes. Moreover, on this particular duplex, we tested our
null models and the related algorithms. The results in this chapter are described
in Menichetti et al. (2014a) and Menichetti et al.| (2014b)).

The last chapter is completely dedicated to control theory and its relation with
network theory. Control theory has a wide range of applications, from drug

discovery to the study of biomass flows, or furthermore, to the description of
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dynamical process in the brain. We define the controllability of a network as
the possibility to drive its dynamical state to any desired state by applying dif-
ferent external signals only to a subset of nodes defined as driver nodes. In
this chapter, the main concepts and calculations of this theory are presented,
and a short introduction to cavity method / belief propagation is given. More-
over, we characterise how the structural controllability of a network is affected
by the fraction of low in-degree and low out-degree nodes. Finally, we present
a novel approach to the controllability of multiplex networks since, in the last
years, large attention has been given to the dynamics taking place on multiplex
networks but no studies consider their controllability. We studied the case in
which the driver nodes are forced to be the same in each layer. As expected, a
multiplex network is more demanding in terms of controllability than the situ-
ation in which each layer is considered separately. Anyway, the introduction of
some correlations in the low degree nodes can reduce this gap. Moreover, in the
case of Poisson duplex networks, small variations of the average degree can cause
discontinuities in the number of driver nodes. In this chapter we collected all the
preliminary theoretical work needed to fully characterise real data. These results
are described in two papers, the first one is [Menichetti et al.| (2014c) while the
second one, related to multiplex controllability, is in progress.

In summary, this thesis provides a thoroughly theoretical background in network

theory and shows novel applications to real problems and data.



1 Network Ensembles

1.1 Introduction to network ensembles

Equilibrium statistical mechanics provides a general framework for the devel-
opment of null models in network theory. Modelling, as always, helps us in the
understanding of the important features characterising the network structure and
the interplay with processes that take place on it (e.g. the flow of traffic on the
Internet, the spread of a disease over a social network). Dynamical processes are
affected by the phenomenological quantities characterising the underlying net-
work (Park and Newman, [2004). In particular, the study of community structures
and motifs has become very popular both in social systems and omics studies
(e.g. KEGG pathways).

Are these higher order characteristics explainable in terms of low level features
such as the degree sequence of our network or are they additional structural pat-
terns? In statistical mechanics the essential concept of ensemble is defined as
a large number of copies of a system (sometimes an infinity), considered all at
once, each of which represents a possible state in which the real system might be
in (microstate). Also in network theory, ensemble models are those that do not

focus on a single network, but consider a probability distribution over many pos-
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sible networks. Moreover, in network ensembles with specified constraints, all the
other features become completely random. We define these network ensembles
randomised: for a given real network, different randomised networks ensembles
can be generated, depending on the structural characteristics of the network we
want to consider as constraints (Bianconi, |2009). These ensembles have been
introduced and systematically used as reference to identify non-random patterns
in real network and to reveal how a typical graph with given properties looks
like (Squartini and Garlaschelli, 2011; Hartmann and Weigt|, 2005)).

An observed real network is then considered just as a single realisation of a larger
statistical ensemble gathering all the possible realisations compatible with some
defined features. Mathematically speaking, a statistical ensemble of networks can
be defined as a set of graphs G where, for each graph G € G a probability P(G)
is defined. We are mainly interested in the so-called maximum-entropy graph
ensembles with given constraints. The concept of entropy shows up naturally in
many different situations and theories, starting from the first probabilistic inter-
pretation of thermodynamic entropy given by Ludwig Boltzmann, and becoming
a key-concept of information theory and hypothesis testing over large deviations
(Greven et al., 2003). From the point of view of statistical mechanics, given a
set of macroscopic variables, entropy gives us a measure of the spreading out of
probability over different possible microscopic states.

The method of the maximisation of network entropy with given constraints pro-
vides { P(G)} and the analytical expression for the marginal probabilities {p;;}
(probability of having a link between node i and node j). Expected values of
quantities of interest can be calculated analytically, without sampling the con-

figuration space as in the huge time-consuming local rewiring algorithm (micro-
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canonical approach). We can distinguish, then, the main properties explained by
the given constraints from those more non-trivial. In Squartini and Garlaschelli
(2011) a comparison among the main procedures of randomisation for real net-
works is presented.

Once calculated {P(G)}, the related entropy value can be interpreted as a mea-
sure of the level of organisation and order. A real network is characterised by
a collection of features that we want to investigate with our models. If we want
to assess the role of these structural features a useful recipe is considering a sub-
sequent series of randomised networks ensembles, with an increasing number of
structural constraints shared with the real network. The entropy value of these
network ensembles decreases with the addition of more constraints. Furthermore,
we can evaluate how selective a particular constraint is if it produces a significant

difference in the subsequent entropy values (Bianconi| 2009)).

In the following we present an introduction to the main topic of exponential
random graph models or so-called canonical network ensembles and some hints

of the maicro-canonical network ensembles.

1.1.1 Exponential random graph models

We talk of exponential random graph when we consider the distribution over
a specified set of graphs that maximises the entropy with given constraints. It is
literally the analogue of the Boltzmann distribution of a physical system over its
microstates at finite temperature (Park and Newman, 2004). Like all maximum
entropy ensembles, it gives the best prediction of an unknown quantity, given a

set of enforced constraints (Jaynes, [1957; (Cover and Thomas, 2006)).



1 Network Ensembles

In this introduction to the subject, for the sake of simplicity, we consider just
undirected simple graphs (at most a single edge between any pair of vertices),
without self-loops.

Let’s consider a set G of graphs with the same number of nodes N. We call G a
graph in our set of graphs and define P(G) as the probability of that graph within
our ensemble. Each graph G is identified by the so-called adjacency matrix {a;;},
where each a;; could be 0 (event no link) or 1 (event link). The sum over all the

graphs G of the ensemble G is then

Soy =y (1.1)

P(G) is chosen such that the expectation value of each our observables {O;}
is equal to its observed value. The best choice of probability distribution, as

previously explained, is given by the maximisation of the Gibbs entropy.

S=—3 P(G)log(P(G)) (1.2)
Geg

subject to the constraints

%:P(G)Oi(G) = (0) (1.3)

Y P(G) =1 (1.4)
G

where O;(G) is the value of O; in the graph G.

For this kind of maximisation problem with constraints, we introduce the La-



1 Network Ensembles

grangian multipliers «, {\;} and we solve the following equation

M%DF+a@—%P@O+;&(WQ—ZP@Wﬂ#H:0 (1.5)

G

for all graphs G. This leads to the solution

P(G) = (1.6)

where H(G) is the graph Hamiltonian, defined as H(G) = X; \;0;(G), and Z is

@), Following the path

the partition function, defined as Z = e*t! = yge H(
given by the conventional statistical mechanics we introduce the free energy as

F = —log Z. If we substitute in Eq. the probability distribution given by

Eq. [1.6], we obtain
S(G)=(H(G))+1logZ =(H(G)) — F (1.7)

This equation looks familiar and similar to the physical equation ¥ = U — TS
(even if the true parallelism is with the gran canonical ensemble).

We consider now one of the most popular ensembles, the conjugate-canonical
ensemble of the so-called con figuration model. This is one of most important
model used in network theory because it encodes the main topological notions
of a real network. It specifies only local constraints, namely, the degree k; (the
number of incident edges) of each vertex (i = 1,..., N). The Hamiltonian for this

model expresses the constraints upon the degrees

H=Y \k (1.8)
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Using the formalism of the adjacency matrix, each k; is equal to k; = >4 a;5. H
then becomes H = ¥ \iaij = Yi<;j(Ai+Aj)a;j. The computation of the partition

function is

Z = ) exp (— > (A + Aj)%‘) (1.9)

{aij} i<j
= [T(Q+e W) =1] 2, (1.10)
1<j 1<J

The probability P(G) of a graph in this ensemble can be written as

e~ Zi<j (/\i—&-)\j)aij

P(G) = 1.11
(G) e (1 T 6f(>\i+/\j)> (1.11)
and the free energy is
F ==Y log(1+e W) (1.12)
i<j
The probability p;; of a link 7, j is
(9F 1 e_(/\i+>‘j)

pij = (aij) >= (1.13)

N+ ) NN T T e )

In this ensemble these marginal probabilities show some natural correlations

given by the degree sequence, i.e. p;; # f(\;)f(A;) (Bianconi, 2009).

Equations [1.10} [1.12| and [1.13| recall a physical grand canonical ensemble where

edges become particles and pairs of vertices are single-particle states. The par-
tition function Z can be expressed as the productory of N(N — 1)/2 single-
particle state partition functions Z;;. The exponential random graph models
are generally called canonical network ensembles because in network theory we
mainly consider the distinction between soft and hard constraints. We define

microcanonical network ensembles by imposing a set of hard constraints that
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must be satisfied by each network in the ensemble, while canonical network en-
sembles are considered those who satisfy soft constraints, i.e., the constraints are
satisfied on average.

Using an approach more similar to the physical gran canonical ensemble, the

partition function Z can be expressed as

Z = Y exp (e”L — ;Alkl) =3 exp (M doaij — > (N + Aj)%‘)

{aiz} {ai;} 1<j 1<jJ

= JI(1+er~HN) (1.14)
i<j

where L express the number of edges in the network. In this formalism Z plays
the role of gran partition function and the previous free energy F' can be con-
sidered as gran potential. Usually, the chemical potential i is not considered
explicitly since it can be considered as an additional constant in the hamiltonian
(Garlaschelli and Loffredol 2006)).
Following the usual parallelism, the link probability p;; behaves like the average
occupation number of a specific single-particle state. Moreover, Eq. re-
calls the Fermi-Dirac distribution: simple graphs have each single-particle state
occupied at most by one particle, according to the Pauli exclusion principle.
Therefore, simple graphs have many similarities with systems of non-interacting
fermions (Park and Newman), 2004]).
For the sake of completeness, we make a small reference to weighted networks.
We consider the situation where the weight of a link a;; can take only integer val-
ues. This is not a very restrictive constraint since any finite network with weights
of the links taking rational numbers can be easily reduced to a network of integer

weights (Bianconi, 2009). These integer values can be considered as an arbitrary

10
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number of unitary links between any pair of nodes. Weighted networks have a
correspondence with Bose-Einstein gas. Fixing on average a specific strenght

sequence we obtain

Z =11 (1 - elumj)) (1.15)

1<j
1 e~ (XitA))
wij = {aij) = NN 1 ] — ety (1.16)
pij = (0ay;)) = e N+ (1.17)
mijlay) = (0(ay)) = e Yt (1 — ety (1.18)
P(G) = ]I mij(aij) (1.19)

i<j

where w;; is usually called average weight and is the expected number of unitary
links between nodes ¢ and j, and 7;;(a;;) is the probability of having weight a;;
between nodes i and j with p;; = X4, 20 mij(ai;).

We present now another useful approach for canonical ensembles, especially con-
sidered in our biological models. The main role here is played by the marginals
pij, the probability of having a link between node ¢ and node j. Each undirected
simple graph G, belonging to a canonical ensemble, is described by its probability

distribution P(G), defined by its adjacency matrix {a;;}
P(G) =TT pij (1 = pij)' (1.20)
1<J

where a link between nodes ¢ and j is present with probability p;;, otherwise

absent with probability (1 — p;;). Considering Eq. and Eq. this

equality appears straight clear. The matrix elements appear as independent and

uncorrelated random parameters. Defining the log-likelihood function as L =

11
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—log (P(G)), entropy S becomes nothing more than the average log-likelihood

over the probability distributions of the marginals

S = (L) = =2 pilogpy — >.(1 —py;)log(1l — pij) (1.21)

1<j 1<j

The entropy of a canonical ensemble is considered as the logarithm of the number
of typical networks and it takes exactly the form of a Shannon entropy (Anand
and Bianconi, 2009)).

In the same way we previously computed P(G) we now maximise S with some
constraints in order to find {p;;}. The two expression of entropy in Eq.
and are exactly equivalent. This can be proved performing the following

calculation

5 = = 5 T tog Tt - )=

{a;;}1<J k<l
= — Y pijlogpi; — > (1 —pij)log(l — p;j)
1<j 1<j

We suppose that our ensemble is subjected to k = 1...M structural constraints,
l.e.

fe{pij}) = Fi (1.22)

where fi({pi;}) is a constraint function on the probability matrix f({pi;})-
The link probabilities are provided by the maximisation of the Shannon entropy
subjected to our constraints. The marginal probabilities p;; are given as the

solution to the system of equations

8189@ 5 Fé Aol B = fol{pig})} = 0 (1.23)

12
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For the configuration ensemble we have N constraints given by

k=3 pi (1.24)
i

In order to calculate p;; we introduce the function

F* = =% pijlogpij — > (1 —pi;)log(1 — pij) + ZM (kz - szj) (1.25)

1<j 1<j

and we impose

OF™ 11— Dii
= log LN+ X)=0 1.26
o o ( i) (1.26)
The marginal probabilities result
—(Ait+A)) .
pii = — “i% (1.27)

B 1+ e~ (Aitd)) B 14 ZiZj

with the variables z; = e~ which are commonly referred to as hidden variables.
The probabilities in Eq. and Eq. are exactly equivalent.

Lastly, we make a few considerations about microcanonical network ensembles.
These ensembles are composed by all those networks which satisfy exactly the
constraints. Following the approach presented in Bianconi (2009) one may in-
troduce a partition function Z that counts the number of networks which fulfil
the requirments. The main equations for undirected simple networks in the con-

figuration model are

N
Z = Z H ) (Z Q5 — kz) exp (Z hijaij) (128)
{a;;} =1 J 1<j
Y = i1 A
= N og

=0 0 (129

13



1 Network Ensembles

where Y is defined as entropy per node (Bianconi, 2009). As long as we consider
network ensembles with an extensive number of constraints the microcanonical
entropy per node Y and the canonical entropy per node S/N are not equal
in the thermodynamic limit (Anand and Bianconi, 2009, 2010). In both the
situations if two graphs satisfy in the same way the constraints they will have
equal probabilities (i.e. P(G1) = P(G2)). Anyway, the microcanonical ensemble
defines a null probability for all those graphs in which the constraints are not
matched exactly, while for the canonical ensemble all possible graphs can occur
(constraints on the average values). From this perspective canonical ensembles
are more robust to errors in the original data: the true graph will never appear
in a microcanonical model based on the observed and biased data (Squartini and
Garlaschelli, 2011). If we consider the uncertainty affecting biological data the

canonical approach should be the best one.

1.2 Biological applications of network entropy

Biological systems can be seen as complex systems that translate genomic in-
formation into phenotypes Pagel and Pomiankowski (2008); De Las Rivas and
Fontanillo| (2010). A useful approach is to describe these systems as networks,
with the system elements (eg. genes, proteins) as nodes, and the relation-
ships between them (eg. transcription or protein-protein interaction) as edges
(Barabasi and Oltvai, 2004; |Alm and Arkin), |2003). An important class of bio-
logical networks comprises the protein-protein interaction networks (PPI, Vidal
et al.| (2011)); |[Cerami et al. (2011)); Szklarczyk et al.| (2011)): edges in these net-

works describe interactions between proteins that are part of the same physical

14
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complex or post-translational modifications mediating signal transduction flows.
Networks of interacting proteins can be thought as characterizing the cell pheno-
types given their genetic and transcriptomic profile. These and other interactions
are also encoded into functional pathways, such as signalling and metabolic path-
ways, as are mapped for example in KEGG database (Kyoto Encyclopaedia of
Genes and Genomes, www.genome.jp/KEGG). In our study we are interested
in the integration between the transcriptomic and the interactomic data, thus
the statistical properties of integrated PPI-signalling-mRNA expression networks
seem to be good observables to investigate systemic pathologies such as cancer
and ageing (Teschendorff and Severini, |2010; Barea and Bonatto, [2009). This
approach can be more informative than analyzing gene expression data on its
own. Indeed, integrative PPI-mRNA expression studies have helped to tease
out relevant patterns of expression variation in the contextual framework of sig-
nalling pathways and protein complexes (Pagel and Pomiankowski, |2008; West
et al., 2012; van Wieringen and van der Vaart, 2011)).

Using the tools presented in Sec. we have the chance to build up a thorough
biological network model. Thanks to some suitable constraints encoding the most
relevant network features, we can evaluate the information content of biological
structures, and moreover, we can apply specific methods for time-dependent and
time-independent data (Anand and Bianconi, 2010; Bianconi et al., 2009).

Our approach relies on the theory of network ensembles with given topology
(encoded in the degree sequence) and metrics (represented by distance between
values assigned to the nodes): the PPI-signalling structure is embedded in the
network topology, while mRNA expression data define the values assigned to the

nodes.

15
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We studied two biological phenomena that encode different landscapes of cel-
lular perturbation, namely cancer and ageing in humans, and whose datasets
were characterized by a different experimental design (case-control studies and a
time series built on samples of different age). Network entropy approach offers a
new perspective to the study of such phenomena, highlighting a more systemic
behaviour of the cell beyond single-element analysis, but nonetheless it can be
applied at several scales, from a whole-cell point of view (the full network) to
single biological pathways characterising the main cell processes like metabolism
and signalling (subnetworks defined by a priori biological knowledge), up to single

nodes (genes/proteins in the network).

1.2.1 Omics Data

PPI-signalling network

In order to define a network in which the nodes (namely proteins, measured by
their mRNA transcription profile) could be adequately annotated both in terms
of their biological function and their potential interactions, we considered only
the genes that were annotated both in KEGG database and in PathwayCommons
(www. pathwaycommons.org) PPI network.

We started considering the protein-protein interaction network extracted from
the Pathway Commons database regarding Homo Sapiens proteins. The initial
PPI network contained 11604 nodes and 420601 links: after self-interaction and
redundant annotation removal we obtained a giant component of 11394 nodes
and 420516 links. Since we used different gene expression datasets on different

microarray platforms, we considered the intersection of the PPI protein IDs with

16
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the gene annotations of each microarray platform, considering only the genes
that had also a known annotation in the KEGG database. In this way, each
network could be further divided considering nodes annotated into each single
KEGG pathway.

This procedure produced different networks for each considered platform, with

a number of nodes ranging from 2000 to 3000.

Cancer datasets

The analysis has been performed onto four datasets by downloading the nor-
malised data from GEO Omnibus (www.ncbi.nlm.nih.gov/geo).
The first dataset (referred to as “Colon”, GEO accession number GSE4183 (Gy-
orffy et al.| 2009)) is composed by 8 normal colon biopsies and 15 colorectal
cancer samples.
The second dataset is related to Ewing’s sarcoma (“Ewing” dataset, GEO acces-
sion number GSE12102 |Scotlandi et al. (2009))), consisting of 30 primary and 7
metastatic tumour samples. Other two dataset refer to breast cancer samples:
in the first we have primary tumour specimens that developed metastasis or not
(97 and 28 samples respectively, referred to as “Met”, GEO accession number
GSE2990 Sotiriou et al.| (2006); |Loi et al.| (2007))), while in the second there are
primary tumour biopsies that relapsed or not (107 and 179 samples respectively,

referred to as “REL”, GEO accession number GSE2034 Wang et al.| (2005)).
Colon and Ewing datasets are both profiled with the Affymetrix U133 plus 2

microarray platform, and the intersection with the PPI network and the KEGG

database resulted in a network with 2835 nodes.

17
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Rel and Met datasets are both profiled with the Affymetrix U133 A microarray
platform, and the intersection with the PPI network and the KEGG database

resulted in the a network of 2618 nodes.

In each dataset, a restricted gene list (and a corresponding reduced network)
was obtained by performing a Student’s T test for uncoupled samples over the two
groups in which each dataset is divided into. The main purpose of this selection
is to evaluate the behaviour of the network entropy measure for a subset of nodes
that significantly behave differently in the two groups, as compared to the full
set of available nodes in the network.

For the Colon dataset we applied a P < 0.05 significance threshold plus
Benjamini-Hochberg post-hoc correction, obtaining a subnetwork of 312 nodes.
For the Ewing and the Breast datasets we only applied a P < 0.05 significance
threshold, obtaining a network with 136 nodes for Ewing, 151 and 313 nodes for
Met and Rel datasets respectively, since almost no genes would have passed the
post-hoc correction. This is probably due to the fact that in these datasets the
differences between groups are less pronounced than in a normal-cancer compar-
ison, as described in the related papers from which the data were collected.

Since we can calculate the network entropy value for each sample, we obtain
23 entropy values for Colon, 37 for Ewing, 125 for Met and 286 for Rel datasets,
both for the full network (that will be used for single-node entropy calculation,
as described below) and the 5% significance gene selection.

In order to estimate significant differences between the groups, as a typical case-
control study design, since the null distribution of network entropy values is not

known in advance for arbitrary networks, we performed nonparametric Wilcoxon
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rank sum tests between the entropy values for each group.

Ageing dataset

We considered a cross-sectional study (time series) of 25 whole-genome expres-

sion profiles of T lymphocytes extracted from healthy males of ages spanning
typical adult human lifespan (from 25 to 97 years, see |Remondini et al.| (2010))
for further details). This dataset is naturally divided into 5 age groups: A) 25-34
y (mean = 29.6 y); B) 43-46 y (mean = 44 y); C) 55-62 y (mean = 58.2 y); D)
70-79 y (mean = 74.2 y); E) 92-97 y (mean = 94.4 y).
The gene expression dataset (obtained through a custom array, see Remondini
et al.| (2010)) after processing is composed by 13103 probes x 25 age samples.
The intersection with the giant component of Pathway Commons data and the
KEGG database results in a PPI network of 1976 nodes, used for single-node en-
tropy analysis. A restricted gene list was obtained by performing a 1-way Anova
over the age groups, in order to look for genes significantly changing expression
profile in time. With a P < 0.05 significance threshold plus Benjamini-Hochberg
post-hoc correction we obtained a subnetwork of 217 nodes. We applied the
same significance threshold considered in the original paper in order to compare
the results obtained by gene expression analysis and the results obtained by this
network entropy approach.

We obtained 25 network entropy values (one for each sample) both for the
whole network and for the 5% significance gene selection. Also in this case we
applied nonparametric test for network entropy comparisons, namely Kruskal-
Wallis test over the 5 age groups, to define a subgroup of genes significantly

changing expression profile over the whole time series, and Wilcoxon rank sum
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test for comparison between any two groups.

1.2.2 Modelling biological networks: the role of network
entropy

Based on the formalism developed in Sec. [1.1.1], we apply the concept of
entropy of network ensembles to a real biological situation. In our case study,
each sample can be described by a network of N nodes (adjacency matrix {a;;})
and by an additional distance matrix {df;} (where the label a identifies the con-
sidered sample). The first set of observables is related to the network topological
structure, and is given by the degree sequence of the PPI network, namely the
N-dimensional vector of the connectivity degree of each node: {k;},i=1,..., N,
with k; = ¥4 a;j. Since we consider a network (and calculate an entropy value)
for each sample, these topological constraints are equal for all the sampled] The
second set of observables is related to the distance values of the network, ex-
pressing metric relations between nodes: assigning to the nodes of each sample
the values of mRNA expression of the corresponding genes in the selected mi-
croarray ¢¢ (with index ¢ ranging over all the nodes and index a ranging over all
the samples of the dataset), we define df; as the euclidean distance of the gene

expression values, i.e.

di; = \/(gf — g9)* = |gi — g} (1.30)

We collect all these values into an histogram with N, bins, with a number of bins

equal to the square root of the number of nodes in the network: N, = VN (a

IMeasured on the same microarray platform.
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reasonable choice considering the sparsity of the PPI network and of its subsets).
For each couple of genes we have a particular distance value but not necessarily
a link in the PPI network. The second set of network observables refers to the
number of the PPI links whose distance values fall in a given bin. For each
distance bin we count the number of these PPI links related to it and we fix
them on average. We remark that this set of observables is specific for each
sample, being related to its expression profile.

The entropy of network ensembles follows from Eq. [1.21] where as previously
defined, p;; represents the probability of having a link between node 7 and node
J. In a generic graph of this ensemble, a link a;; is present with probability p;;,
otherwise absent with probability (1 — p;;).

We define the spatial ensemble as an ensemble of network obtained by enforcing
the constraints on the degree sequence {k;} and on the number B; of PPI links

belonging to each distance bin, d;; € I;, described by the following equations:

N

J
N
1<j

where N is the number of nodes in the network, N, is the number of bins con-
sidered for the empirical distribution of distances, and y; is the characteristic
function of each bin of width (Ad);: x;(z) = 1 if z € [d;, d; + (Ad)], xi(z) =0
otherwise.

The probability matrix {p;;} is obtained by the constrained maximization of the

entropy function (Eq. [1.23), as described in the following equation:
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0 N Nb N
Opi; {S+ 2 A (’“z - ZW) + El:gz (Bz - ZM(CL:;-)%)} =0

1<j

where )\, and ¢g; are the the Lagrangian multipliers related to our constraints.

For each (7, j) the resulting marginal probability is

6—()\i+)\j+gl)

L & ziziWi
Pig = zl: xil(diy) 1 + e~ NitAi+a) - Zl: xi(dij)

1+ ZZ'ZjVVl

(1.33)

where z; = e, W, = e %, commonly known as hidden variables, are functions
of the Lagrangian multipliers \; and ¢;. If we consider only the constraints on
the degree sequence stated in Eq. we come back to the so called configura-
tion ensemble that was fully explained in the previous section. The number of
constraints for the configuration ensemble is /N, while for the spatial ensemble
it is N + N,. The additional Lagrangian multipliers {W;} contain information
about gene expression profiles, modulating the probability p;; of having a link
between node ¢ and node j with a given expression difference d;;. We remark
that a significant difference between the network entropy calculated in the spatial
and configuration ensembles reflects the relevance of the information encoded in
the gene expression data, as will be the case for all of our analyses. In particular,
what matters is how this genetic information is filtered by the PPI network.

The canonical ensemble deriving from a real instance gives an entropy value that
is considered as the logarithm of the number of “typical” networks in this ensem-
ble, given the constraints to be satisfied on average by each network belonging

to the ensemble (Anand and Bianconij 2009).

Considering the link probabilities p;; obtained for the full PPI network, it is
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also possible to define a single-node entropy-like measure (in analogy with the
Shannon entropy) for the i-th node. Since p;; > 0 V(4, j), and since the relation
>j+i Pij = k; is enforced for each node 7, we can define an entropy-like measure
S; as follows:

Dij

Si = — Zpéj logp;j p;j ~ (1.34)
7 (3

Given the single node entropy values {S;} for each sample, we checked by a non-
parametric Wilcoxon rank sum test for significant differences at a single node
level between the groups of our datasets. Since we know the KEGG annotation
for each gene of our network, we also performed a functional analysis of specific
biochemical pathways, based on enrichment analysis of pathways by genes sig-
nificantly changing their single-node entropy value .S;. In this way the entropy
analysis could be scaled from the full PPI network to single-node and single-
pathway level.

Taking advantage of the a priori biological knowledge available from the KEGG
database, we remark that it is indeed possible to obtain several subnetworks of the
initial PPI network: at a first level, the genes annotated in the PPI can be divided
into 6 functional groups, that can be further subdivided into 42 metapathways,
and again into 191 KEGG biological pathways (see Fig. [1.3). We decided to
apply our analysis at the pathway level, in order to gain more information on
the single known biological mechanisms described into the KEGG database.

For the calculation of the entropy values, the link probabilities p;; and the
Lagrangian multipliers, we developed an iterative algorithm: given a random
starting guess for the value of the lagrangian multipliers {z;} and {W;}, the p;;

values are calculated according to Eq. [1.33, These values are then substituted in

the constraint equations|l.31]and [1.32|for the updating of the lagrangian multipli-
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Table 1.1: Cancer datasets: median values of the network entropy groups S7 and
Sy as pictured in Fig. [I.I(a)] in a typical case-control design. With
pw we consider the p-value given by the Wilcoxon ran sum test.

Sl SQ Size Pw

Colon 13.0349 13.0680 312 4.35-107*
Ewing 8.8057 87569 136 0.0023
Met 9.9483  9.9159 151 4.12-107*
Rel 15.4700 15.4664 313 0.0197

ers. The process is repeated upon convergence. We checked by random sampling
that the application of the iterative algorithm for different initial guesses leads
to the same final entropy values (since under these constraints it is a convex
function that admits an unique maximum). The threshold for the convergence
of the algorithm was set to 107>, and we remark that every significant change
in entropy values was at least of a order of magnitude higher, thus the chosen

precision is not affecting our results. This algorithm is available in Matlab code.

1.2.3 Results

Network entropy

The first analysis consisted in comparing the entropy values for the samples
belonging to the different classes (see Figure [L.I)). For the Colon dataset (Fig.
[L.1| Panel a) we see a significant increase of network entropy S between normal
and cancer samples (P = 0.00043) when considering the selection of genes which
expression profile differed between normal and cancer samples. At a full-network
level, the same trend is observed, but the result is weakly non significant (P =
0.057) We interpret this result as an increase in cell deregulation when passing
from normal to cancer cell, reflected in a higher “phenotypic space” available,

since many regulation mechanisms (eg. related to cell cycle, apoptosis or DNA
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Figure 1.1: Boxplots for the network entropy values in the studied cancer
databases. Panel a: colon cancer, normal vs. cancer samples. In
this case cancer samples have a significantly higher entropy. Fig-
ure b, ¢, d: Ewing sarcoma, metastatic and relapsing breast cancer
databases, respectively. In b, ¢, d cases a primary tumour samples are
compared with tumour samples that relapsed or developed metastasis
during disease progression. In these cases entropy has a significantly

higher value in the primary tumour groups.

repair) are lost in a cancer cell (Hanahan and Weinberg, [2000)).

If we consider single-node entropy, we find 665 genes (over 2835) with a signifi-

cant difference between normal and cancer samples (see supplementary file). The

single genes with highest significance are involved in known cancer-related path-

ways, such as “WNT”, “MAPK”, “Notch” and “Cell communication” pathways.

The role of the genes which single-node entropy is differing significantly between

normal and cancer samples can be better understood at a KEGG pathway level:
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Figure 1.2: Boxplots for the network entropy values in the studied ageing
Successfully aged people have a significantly lower en-

database.

tropy. We show the results for the Kruskal-Wallis test over the five
age groups and for the Wilcoxon rank sum test for each pair of groups

in Tab.

1.2,

an analysis based on the hypergeometric distribution (i.e. counting the num-

ber of genes with significant differences in single-node entropy for a particular

pathway, given the total number of significant variations in the whole network)

shows that 25 (over 191) pathways are significantly enriched (P < 0.05), among

which “Oxidative phosphorylation”, “Focal adhesion”, “TCA cycle”, “Cell com-

munication”, “Apoptosis”, “Cell adhesion molecules” with a clear involvement in

cancer progression both at a signalling and at a metabolic level (Hanahan and

Weinberg, 2000)).

For the other class of comparisons, between primary and secondary cancers
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(metastatic or relapsing) we find instead a significant decrease in network en-
tropy (P = 0.014 for the Ewing dataset, P=0.00041 for MET dataset, P=0.02
for the REL dataset). In this case, the change from a primary cancer to a
metastatic or relapsing state implies an evolutionary selection, since some spe-
cific steps need to occur, e.g. regarding epythelial-to-mesenchymal transition
mechanisms (Brabletz and Brabletz, 2010) or adaptation to pharmacoresistance,
or clonal selection induced by therapy. The reduction in “phenotypic” space is
thus a measure of this phenomenon. In the Ewing dataset, 142 genes have a
significant difference in single-node entropy S; (P < 0.05) between primary and
metastatic samples, involved in many pathways, with a large majority of lipid
metabolism pathway. A significance analysis at KEGG pathway level produces 33
significantly enriched pathways, such as “Glycolysis/Gluconeogenesis”, “Pentose
phosphate”, “Galactose metabolism”, “Glycosphingolipid biosynthesis”, but also
“Cell communication”, “Focal adhesion” and “ECM-receptor interaction” that
might be involved in metastatic processes such as cell migration. In the MET
dataset, 342 genes have a significant difference in single-node entropy. Even if
the cell type is different (primary breast cancer) many pathways are the same
as for the Ewing dataset, in particular related to the lipid metabolism. Func-
tional analysis highlights 48 enriched pathways, among which “Glycolysis/Glu-
coneogenesis”, “Galactose metabolism”, “Glycosphingolipid biosynthesis” as for
Ewing dataset, and also pathways such as “Cell adhesion molecules” that can
be again related to metastatic progression. For the REL dataset, 331 genes had
a significant difference in single-node entropy, and 23 pathways were function-
ally enriched with a P<0.05. Among these pathways, some of them are related

to metabolism (“Ether lipid biosynthesis”, “Biosynthesis of steroids”, “Pyrim-
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Table 1.2: Ageing dataset: in the upper part of the table we show the median
values for the five network entropy age groups as pictured in Fig. [1.2]
With pg we consider the p-value given by the Kruskal-Wallis test
over the five age groups. In the lower table we show the results for
the Wilcoxon rank sum test for each pair of groups.

Sy S S S4 Ss Pk
11.4249 11.4331 11.4497 11.4495 11.3972 0.0028

Pw group 1 group 2 group 3 group 4 group 5
group 1 0.5476  0.0952  0.0079  0.0079
group 2 0.4206  0.1508  0.0079
group 3 1 0.0079
group 4 0.0079

idine metabolism”), but also to specific functions such as “RNA polymerase”,
“DNA polymerase”, “Proteasome”, “Cell adhesion molecules” and “Metabolism
of xenobiotics by cytochrome P450”.

We remark that the pathways involved in a change in entropy, as shown above,
are very different from the pathways that can be obtained by an identical func-
tional analysis performed on genes with a significant change in gene expression
(thus related to gene up or downregulation) reflecting the different information

encoded in network entropy at whole-cell and single-node level (data not shown).

For the Ageing dataset, we exploited the time series design by applying a
Kruskal-Wallis test over the age groups, in order to evaluate significant changes
in network entropy over the whole life span. The trend for the five groups was
significantly different (P=0.0028, see Fig. [1.2). In particular, among the 5 age
groups a multiple testing by ranksum revealed that only the oldest age group
showed a significantly different behaviour, with a lower Network Entropy than

the other age groups. The last age group is related to successfully ageing people,
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Table 1.3: Pathway analysis: number of significant genes and pathways based
on the single node entropy variations. For the genes we applied a
Wilcoxon rank sum test in the usual case-control setup. For the
pathways we performed an enrichment analysis, highlighting those
paths enriched by genes significantly changing their single-node en-
tropy value.

Significant genes Significant pathways

Colon 665 25
Ewing 142 33
Met 342 48
Rel 331 23
Ageing 290 16

since their age is larger than average life expectancy, thus it represents a very
selected group from an epidemiologic point of view. Its different value in network
entropy could be explained in two ways, that our data do not allow to distinguish:
first, the successfully ageing group represents a selection, in terms of phenotype,
over the human population. Thus the reduced entropy highlights their peculiar
expression profile. As a second hypothesis, the oldest group shows a smaller plas-
ticity in terms of the possible phenotypic profiles that the cells can assume. This
aspect can be related to the “frail” phenotype (Ferrucci et al., 2008; [Fried et al.,
2004)), for which old people are less capable of adaptation, both from a psycholog-
ical and from a physical point of view. For the single-node entropy and functional
enrichment analysis we considered a comparison between the youngest and the
oldest age group, representing the two extremes of our time series: a rank sum
test found 290 (over 1976) genes with a significant difference in S; (P < 0.05).
The KEGG pathways mostly enriched by significant genes are in part related to
the specific cell type, ie lymphocytes ("T cell receptor signalling”, "B cell receptor

signalling”, “hematopoietic cell lineage”), metabolic pathways (”Androgen and

estrogen metabolism”, "Biotin metabolism”, "Histidine metabolism”), and path-
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ways involved in cellular degradation/production machinery (”Proteasome”), in
particular at the nucleolar level, such as "Ribosome” and "DNA polymerase”

that are known to be altered during ageing (Bellavista et al., 2014; Lempiainen

and Shore, 2009)

1.3 Conclusions

In this chapter we have introduced the main concepts of Statistical Mechanics
of network ensembles. As expected, there are strong analogies with the usual sta-
tistical physics, especially considering the parallelism with fermionic and bosonic
distributions (in the unweighted and weighted network cases respectively). On
the other hand, the same formalism can be easily interpreted from the point of
view of Information theory.

This approach define correct and unbiased null models of networks, giving the
chance to quantify which network features are peculiar to the studied system and
which are simply due to randomness.

Moreover, we have shown how this approach provides observables for real data,
such as the measure of network entropy that we applied to omics data, in a typ-
ical setup of Systems Biology.

In the presented biological study the measure of network entropy successfully
integrates the topological information encoded in the protein interaction net-
work with gene expression profiling. This measure is introduced to characterise
different levels of cellular perturbation, namely the comparison between healthy
and cancer samples, primary and metastatic cancer samples, and a time series

of healthy samples with different ages across the whole human lifespan. This
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measure estimates the number of networks that satisfy given constraints, in our
case the degree sequence of the protein network and the distribution of the link
distances as given by the difference in expression between genes, and can be inter-
preted as the extent of the “parameter space” allowed to the cell in a given state
in terms of gene expression plasticity, or also in terms of different cell phenotypes
(in terms of cell clonality for the case of cancer).

Different case studies help to clarify this interpretation. Regarding the compar-
ison between healthy and cancer cells, we observe an increase of network entropy,
possibly due to a larger deregulation of the biological mechanisms and functions
involved or to an increase in cell phenotypical diversity. When we consider pri-
mary and metastatic (or relapsing) samples, network entropy shows a significant
decrease instead, reflecting the canalisation or the evolution (in terms of clonal
extent or gene expression profile) necessary to achieve this specific state. In a
time series of ageing people, we see a sharp decrease of network entropy for the
successful ageing group (with an age larger than typical life expectancy) that
could also in this case represent a sort of selection of specific ageing phenotypes.

The formalism allows to define a measure of entropy at different scales, from
single gene to biological pathways, that highlights how the changes in entropy
are specific for the biological function and the experimental design (case-control,
cell-type) considered. This method provides a different perspective on the analy-
sis of gene expression data, integrating single-gene expression measurements and
functional relationships between genes due to biological functions inside the cell.
The entropy measure S seems an observable sensitive enough to evaluate the
effect of physiological perturbations such as the changes occurring during the

cellular ageing process, and also the differences between cancer subtypes before
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the progression to metastatic and relapsing phenotypes. The statistical signifi-
cance of S resulted independent on network properties, such as the number of
nodes, and increased when a selected subset was considered, thus reflecting the
biological relevance of the data used.

We were able to scale the analysis at different levels based on a priori biological
knowledge (as obtained from KEGG database) so to apply the analysis to specific
biological functions and pathways.

The approach can be generalised to other systems as well, considering dif-
ferent networks for the topological constraints, like transcription or metabolic
networks, different high-throughput observables, for example methylation states
or metabolic compounds, and finally considering different metrics, like correlation

or mutual information, to define the weights of the network.
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Figure 1.3: KEGG database: the genes annotated in the PPI can be grouped
following KEGG into 6 functional groups, further subdivided into 42
metapathways, and finally into 191 pathways (data not shown)
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multiplex networks

2.1 Introduction to multilayer networks and
multiplex networks

Network theory investigates the global topology and structural patterns of the
interactions among the constituent elements of a number of complex systems
including social groups, infrastructure and technological systems, the brain and
biological networks (Albert and Barabasi, 2002; Newman, [2003; Boccaletti et al.|
2006; [Fortunato, 2010). Over the last fifteen years, a large body of literature has
attempted to disentangle noise and stochasticity from non-random patterns and
mechanisms, in an attempt to gain a better understanding of how these systems
function and evolve. Further advances in the study of complex systems has
clarified that in order to understand the complexity of a large variety of systems
is not enough to consider single networks, but it is necessary to describe the
complex set of interactions between different networks by adopting the framework
of multilayer networks. Multilayer networks are formed by a set M of layers

constituted by single networks, and by interlinks connecting the nodes in the
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G, Multilayer network 47

Projection Network
proj(s)

A A,
A A

21 2

A, =

Figure 2.1: A representation of a generic multilayer network M = (G,C) com-
posed by two graphs: G and Gs. The interlayer connections are in
red while the intralayer connections are in green for graph G; and
in blue for graph G5. The adjacency matrix of the related projection
network proj(M) = (X, Enr) is displayed in the lower-right corner.
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different layers. Formally, a multilayer graph is described by a pair M = (G,C)
where G = {G,; «a € {1,....,M}} is a set of graphs G, = (X, E,) (called

layers) and by
C={Eus C Xo x Xg;, 8 € {1,.., M},a # 3}

defining the set of interconnections between nodes of different G, and G (a0 # ).
The elements of Eqs (o # [3) are called interlayer connections (see Fig. [2.1], red
edges) while the elements of each E, are called intralayer connections (see Fig.
2.1 green edges for graph G; and blue edges for graph G>). We denote by
Xo = {af,...,2% } the set of nodes of the layer G, and by A* = {af}} € RV>>*No,
Furthermore, associated with E,s we define a similar adjacency matrix A% =
{af}ﬁ} € RYo*Ns  The projection network proj(M) = (X, Eam), related to the

multilayer M, is given by

Xm=Uli Xoa  Eum=(ULE) U (U5t arsBas)

Its adjacency matrix is indicated as Ay (see Fig. [2.1). In biological fields there

are many interesting examples well modelled by multilayer networks. For exam-
ple, the biological functionality of the cells can be described by a multilayer net-
work involving at least metabolic, protein interaction and transcription network
layers. Moreover, the so-called systems medicine seems naturally embedded in
a multilayer network (see Fig. 2.2). The definition of systems medicine has been
forged with the introduction of complex network methodology in biomedicine:
it involves a systemic view of the organism where the various elements build-

ing living beings are considered in their interplay. Systems medicine looks at
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multilayer networks as possible tools for combining the characterisation of the
main constituents of the cell: genes, proteins and metabolites. Up to now, many
different complex networks have been studied, e.g. gene-gene coexpression net-
works, protein-protein interaction networks, metabolite-metabolite coexpression
network. Each one has been considered separately, not including the strong
correlations and interdependencies with the other complex networks. The repre-
sentation of the cell, and moreover of the living being, as interdependent layers
may give a new insight about the appearance of systemic pathological conditions.
Furthermore, focusing on the interdependencies among genes and proteins, we
can build a multilayer network encoding both experimental setup (coexpression
matrices from experimental profiles) and annotated reactions (protein-protein in-
teraction network, Recon X). This structure naturally pictures the gene control
upon the production of proteins, turning into catalysers of the metabolic reac-
tions. Furthermore, a multivariate statistics and an integrated clustering can be
performed.

Multilayer networks can be distinguished in multiplex networks (Szell et al.| 2010;
Cardillo et al., 2013} Nicosia and Latora) [2014; Donges et al., 2009) and interact-
ing networks of networks (Gao et al., 2012; Bianconi and Dorogovtsev, 2014)). In
interacting networks of networks the nodes in the different layers represent dif-
ferent elements of the system. For example, in the cell, metabolites, proteins and
transcription factors remain distinct biological entities. In a multiplex network,
instead, the same set of nodes forms M networks, one in each layer corresponding

to different types of interactions. Examples of multiplex networks include:

« social networks: the same individuals can be connected through different

types of social ties originating from friendship, collaboration, or family
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Clinical trait

Microbial
species

Metabolites

Proteins

Transcripts

Figure 2.2: Systems medicine: a multilayer network point of view

relationships (Szell et al., [2010)

e air transportation networks: different airports can be connected through

flights of different companies (Cardillo et al., 2013; Nicosia and Latoral,

2014)

e brain networks: different regions can be seen as connected by the func-

tional and structural neural networks (Bullmore and Sporns, [2009; |Castel-

lani et al., [2014)

Most of the studies so far conducted on multiplex networks have been con-

cerned with the empirical analysis of a wide range of systems (Szell et al., 2010;

(Cardillo et al., 2013; Donges et al., 2009; Morris and Barthelemy] [2012), the
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modeling of their underlying structures (Battiston et al., 2014 Halu et al., 2013},
Mucha et al., 2010]), and the description of new critical phenomena and processes
occurring on them (Buldyrev et al., 2010; Baxter et al., 2012; Gémez et al., 2013},
Brummitt et al., 2012)). In particular it has been found that multiplex networks
encode in their structure important correlations: we can distinguish for example
between degree correlations (Min et al., 2014; Nicosia et al., 2014) determining
whether a hub in a network is also an hub in another network, overlap determin-
ing to what extent any two nodes of the network are linked in several networks
at the same time (Szell et al., 2010; Cardillo et al., [2013; Bianconi, 2013; Halu
et al., 2014)), or pairwise activity correlations measuring if the presence of a node
in one network is correlated with the presence of another node in the same net-
work (Nicosia and Latora, 2014). Many multiplex networks are also weighted, i.e.
the links between the nodes not only are distinguished by the type of interaction
linking the nodes, but also by the intensity of these interactions.

Despite this growing interest in multiplex networks, a fundamental question still
remains largely unanswered: what is the advantage of a full-fledged analysis of
complex systems that takes all their interacting layers into account, over more
traditional studies that represent such systems as single networks with only one
layer? To answer this question, one should demonstrate that novel and relevant
information can be uncovered only by taking the multiplex nature of complex
systems directly into account, and would instead remain undetected if individ-
ual layers were analysed in isolation. In the following, an attempt is made to
offer a possible solution to this problem within the context of weighted multiplex

networks, presenting two data-sets from the real world:

American Physical Society (APS) citation and collaborations networks from
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different journals of the American Physical Society

Gene-gene duplex two gene-gene networks extracted using the gene expression
of a pool of cancer patients and a pool of healthy subjects respectively for

each layer

The results show how in these systems it is possible that the weights of the links
are correlated with the pattern of overlap observed between the links of differ-
ent layers. It is therefore very important, as previously explained in Ch. [I] to
propose mazimum-entropy multiplex ensembles with given constraints (Park
and Newman, 2004} Bianconi, 2008; [Bianconi et al., [2008; Anand and Bianconi,
2009; |Annibale et al., [2009; [Squartini et al., 2011}; |Garlaschelli, [2009; [Squartini
and Garlaschelli, 2011; |Garlaschelli and Lofiredol, [2009; Sagarra et al., 2013, [2014;
Del Genio et al., 2010; Zlatic et al., 2009): these models can be used to generate
multiplex networks with different types of correlations. These models, on one
side can be used to simulate dynamical processes on different multiplex network
topologies, on the other side, similarly to what happens for single networks, their
entropy (Bianconi, [2008; Bianconi et al, 2008) can be used to evaluate the infor-
mation content of some of their properties (see Sec. [1.2] Bianconi et al.| (2009)).
Here we provide the theoretical framework to generate null models for multiplex
networks, using the combined tools of canonical network models (exponential
random graphs) and the recently introduced concept (Bianconi, 2013)) of multi-
links, that is able to distinguish between different patterns of overlap of the links
in the multiplex network.

This chapter is structured as follows: in Sec. we give a general introduction
to the main observables characterising multiplex networks; in Sec. we present

a large series of null models for uncorrelated and correlated multiplex networks,
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both unweighted and weighted; in Sec. we analyse two real datasets, i.e. the

American Physical Society dataset and a biological case study.

2.2 Measures on multiplex networks

In a large variety of cases real multiplex networks show a significant overlap of
the links through different layers, meaning that the number of links present at the
same time in two layers or more is not negligible with respect to the total number
of links in the different layers. This is one of the most important kind of correla-
tion that we observe in multiplex networks, along with the deriving correlation
in the node connectivity pattern through different layers. Social communications
and interactions offer a natural landscape for this kind of correlation: we usually
communicate with our friends in different ways, i.e. by phone-calls, by e-mail,
by instant messaging. These means of communications are nothing more than
different layers, different graphs with same nodes. If we pick , for example, the
layer of phone calls and the layer of instant messaging, it is very likely to observe
a high link overlap, and moreover, a non-trivial local overlap of links related to a
given node. One way to fully characterised the link overlap is by the introduction
of the so-called multilinks. The multilink formalism was introduced in [Bianconi
(2013) for unweighted multiplex networks. In this section we present the more
general approach for weighted multiplex networks and we give a comparison with
the usual single-layer measures. We define all the observables for weighted mul-
tiplex, considering the unweighted situation as a particular case.

A weighted multiplex is formed by N nodes connected by M weighted networks

Ga, witha =1,..., M. A multiplex can be represented as G = (G1,Ga, ..., Gy, . ..
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where each network G, is fully described by the weighted adjacency matrix of
elements af;, with af; > 0 if there is a link of weight af; between node ¢ and node
J in layer «, otherwise we have af; = 0.

As previously explained in Ch. [I} in order to simplify the treatment of the
weighted multiplex, we suppose that the weight of the link between any pair of
nodes (i, 7), a;; can only assume integer values. This is a legitimate assumption
because in a large number of weighted multiplexes the weights of the links can be
considered as multiples of a minimal weight. Moreover, for the sake of simplic-
ity we consider only networks without tadpoles and with a symmetric adjacency
matrix {a%}, i.e. undirected networks. The generalisation of our approach to
directed multiplex networks is straightforward.

Since each layer of the multiplex is a weighted network, we can introduce the

so-called total strength, S, that takes into account the total weight of the links

in layer a. The expression for S, is

So =Y af. (2.1)

The total number of links L, for a specific layer « is strictly related to Eq. [2.1]

and is given by
L, = Z@(a%) (2.2)
1<

2.2.1 Single-layer observables

Each single layer « of the multiplex network is a weighted network (Barrat

et al., [2004; Almaas et al., |2004): for each layer we can characterise the topo-
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logical quantities (such as the degree distribution) but also the heterogeneous
interactions between the nodes. Interesting weights-topology correlations are
usually a signature of the given network. These correlations can be revealed by

measuring the following three quantities:
o the degree £ of a node 7 in layer «,
 the strength s{* of node 7 in layer «;
 the inverse participation ratio ¥;* of node 7 in layer a.

These quantities can be expressed in terms of the adjacency matrix elements

respectively as

k=3 0(a), (2.3)
J#i

where the function §(z) = 1 if x > 0 otherwise 0(x) = 0;

s¢ = > ag, (2.4)
J#

~

and

i o= Z(iz) : (2.5)

j#i \ 5

Moreover here we introduce for further convenience the quantity u"

uf =Y (s9)? =Y (a%)”, (2.6)
J#i
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which indicates the sum of the squares of the weights incident to a node. Similarly
to what happens for single networks (Barrat et al., 2004; Almaas et al., 2004), in
any given layer «, the strength s{* of a node indicates the sum of the weights of the
links of node 7 in layer a, while the inverse participation ratio Y indicates how
unevenly the weights of the links of node 7 in layer « are distributed. The inverse
of Y, has a range between 1 and k{'. The extremes of the interval correspond
respectively to an uniform weight distribution across the links of the node 7 in the
layer a, i.e. af; = s¢'/k{, that means (Y;*)~' = kf*, and to the opposite situation,
i.e. (V)1 ~ 1, when one particular link of the node i has a prevailing weight,
iLe. af, > af; for every j # r. In these terms Y characterises the effective
number of links of node 7 in layer a.

It is a standard procedure in network theory to evaluate the averages of the

strength and the partition ratio of the weights of the links conditioning on the

degree of the node. In a multiplex, we will then consider the following quantities

salk) = <s?a<k3,k>>:;§23%<kf,k>

LS Ve k) (2.7)

Yo(k) = <Y;“5(/f?,/€)>=]\,g ,

where V! indicates the number of nodes of degree £ in layer a. When considering
sy, similarly to what happens in general on single networks, we can expect a

scaling of the type
Sa(k) o< kPe (2.8)

with 8, > 1. We can distinguish Barrat et al.| (2004) between two main scenarios

depending on the value of the exponent. For 5, = 1 the average strength of
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nodes of degree k increases linearly with k. This means that the average weight
of the links incident to a node does not depend on the degree of the node, at
least if we consider only distinguishable links ( for a treatment of the case of
undistinguishable links see Sagarra et al.| (2013], 2014))). For 5, > 1 hubs tend
to have in average links with greater weight than low connectivity nodes. In a
multiplex, we might have that the weights in the different layers are distributed
differently. Therefore we might observe in some layers a superlinear growth of the
Sq(k) with the degree in that layer, while in other layers we can observe a linear
dependence of the strengths on the degree. When considering single weighted
networks it has been observed that in many cases the inverse participation ratio
scales as an inverse power-law of the degree of the node (Almaas et al., 2004).

In the multiplex scenario, this would imply

(2.9)

where the exponent A\, < 1 might change from one layer to another layer. The
exponent A\, = 1 indicates that all the weights incident to any node are equal,
while the exponent A\, = 0 would imply the opposite scenario where for every
node, one of the weights incident to them is significantly higher than the other

weights.

2.2.2 Total overlap and total weighted overlap of the
multiplex networks

In order to characterise the overlap existing between the links of the multiplex

networks, we define the total overlap O*® between layer v and layer o' as the
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Nodes 1 2 2 4 1 4 3 4

Layer 1

Layer 2 ' ' — ' :
Multilink Multilink Multilink Multilink
(1,1) (1,0) (0,1) (0,0)

Figure 2.3: Schematic view of a duplex (multiplex formed by two networks) where

any pair of nodes is linked by a different multilink m.
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total number of pair of nodes (4, j) connected both in layer a and in layer o/, i.e.,
0% =3 0(ay)0(as)), (2.10)
1<

where 0(x) = 1if x > 1 and 6(x) = 0 otherwise. This definition can be extended
to weighted multiplex networks by defining the total weighted overlap O)*e

between layer o and layer o as

we  w®

!/ . y 7 Y 7

0" = 3" min (a” .~ ) , (2.11)
1<j Winazr Wnazx

o . o
where w;»  is the maximal weight in layer a.

2.2.3 Multilink observables

It has been recently shown (Bianconi, 2013)) that multilinks are the most natu-
ral way to describe and generate multiplex networks with overlap of the links. We
say that two nodes are connected by a multilink 7 = (my, mo, ..., Mg, ..., M)
with m, = 0,1 if they are connected in every layer o such that m, = 1 and not
connected in every layer a where m, = 0. In figure we show an example of
a multiplex formed by two layers where each pair of node is linked by a given
multilink. In order to indicate if a mutlilink m is present or not between two
given nodes i and j we can introduce a multiadjacency matrix A™ with elements
AZ? equal to 1 if there is a multilink m between node ¢ and node j and zero
otherwise.

In terms of the weighted adjacency matrices a® of the multiplex the elements AZ-L
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of the multiadjacency matrix A™ are given by

Ag‘i = ﬁ [0(al)meq + (1 — 60(ad))(1 — my)] (2.12)

s R g
where §(z) = 1 if x > 0, otherwise #(x) = 0. The multilink 7m = 0 between two
nodes represents the situation in which in all the layers of the multiplex the two
nodes are not directly linked.
The multiadjacency matrices are 2 but there are only 2¥ — 1 independent

multiadjacency matrices because the normalisation condition

%Ai’} =1, (2.13)

is satisfied for any pair of nodes (i,7). Furthermore, since the multiadjacency
matrices have elements A?} = 0, 1, the above condition implies that between any
pair of nodes (i, j) there can be only one multilink 7. We indicate the type of
this multilink as

m=m" = (0(al),0(a?),...,0a),...,00a), (2.14)

v ) )

where 6(z) = 1 if z > 0 and otherwise #(z) = 0. The multilink 7 is characterised
by the overlap multiplicity v(m) = ¥, m, indicating that the multilink 7 links
two pair of nodes by v(m) links. Using the multiadjacency matrices it is possible
to define the multidegree m, kI of node i, given by

k=3 AT (2.15)

 “Tjo
JFi
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indicating how many multilinks /m are connected to node ¢. Consider for example
the social multiplex network where people interact by two means of communi-
cation (mobile-phone, email). The multidegree kz-(l’l) indicates the number of

friends of node ¢ that communicate with node 7 both by email and mobile phone,

k:gl’o) indicates the number of friends of node ¢ that only communicate with node

¢ by mobile-phone and 1432-(0’1) indicates the number of friends of node ¢ that only
communicate with node ¢ by email. Moreover, we define also the more global

L™ i.e. the total number of multilinks m

L™ =3 Afj, (2.16)
1<]
For a given weighted multiplex network we can study the relation between weights
and multilinks introducing, at first, the total multistrength m, S™ in a layer «
such that m, > 0 as
ST =3 al Al (2.17)

£~ g
1<J

Given a particular multilink m, this quantity indicates the total weight in layer
a of multilinks m and it is properly defined whenever m, > 0. The number of
total multistrengths m that we can define in a multiplex of M layers is given by
K = M2M~1 In fact we have that the total multistrength S” is non-trivial only
for multilinks m where m,, = 1, while for the remaining layers 3 the value of mg
can be either zero or one.

Moreover we can define the multistrength m, sta of node 7 in layer « such that

49



2 Multilayer networks and multiplex networks

me > 0, as

ij

s = af Al (2.18)
J#i

m

% of node ¢ in layer o such that

and the inverse multi participation ratio m, Y,

mey > 0 as

= 2
o it
aﬂ]) . (2.19)

a AMm
>r airAir

nﬁzz(

J#i
Using the same argument used to evaluate the number of total multistrengths m,
it is easy to prove that the number of local multistrength m and the number of
multi participation ratio 1 are given by NM2Y~1 Moreover here we introduce

uf"m, the sum of the squares of the weights incident to a node ¢ in layer o and

belonging to a certain type of multilink, as

u = YR = 3 (af AT (2.20)

1,0 1,00 ,
J#i

In multiplex weighted networks, it was found that multistrengths and inverse
multi partition ratio can have a different scaling behavior depending on the type

of multilink. In fact the average quantities

YR = (VTSR RT)) (2.21)
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are expected to scale like

Y™ o (kM)A (2.22)

with 8,7 > 1 and positive A\, < 1. The significance dependence of these ex-
ponents as a function of the multilink type m, i.e. on the presence of a certain
pattern of overlap or absence of it, indicates the rich interplay between the topol-
ogy of the weighted networks and their weights. For example in the CoCi-PRE
duplex described in Sec. 2.4.1] formed by authors of PRE that in one layer are
connected by collaborations and on the other layer are connected by citations of
each other work, the weight-topology correlation is revealed by the different ex-
ponent of the multistrength in the citation network calculated either in presence
of the overlap of the links in the two layers on in absence of it. This reveals the
tendency of scientific authors of PRE to cite more the scientists of high multi-
degree that are their co-authors than the scientists with the same multidegree
that are not their co-authors. These correlations between weights and overlap
patterns are a very general type of correlation likely to exist in large set of mul-
tiplex dataset with significant overlap of the links. It is therefore very important
to be able to construct null models for multiplex networks with the desired level
of correlations between weights and overlap of the links, i.e. with given weighted

properties of the multilinks.
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2.2.4 Overlap multiplicity v

Using multilinks m can be numerically viable only for weighted multiplex net-
works with a number M of layers such that M < log(N). As long as this con-
dition is not met, it is more efficient to study the properties of the v-multilinks.
The v—multilinks are only characterised by their overlap multiplicity v, i.e. the
v-multilinks are all the multilinks that connects two nodes of the multiplex with
v links in v different layers. Therefore in a multiplex social networks, where
the layers correspond to the means of communication between two people, node
© and node j are linked by a r-multilink if they can communicate by a maxi-
mum of ¥ means of communication, independently on the identity of these. For
example two people that communicate in Twitter and Facebook are linked by a
v-multilink with v = 2, and the same is true for two people interacting by mobile
phone and email.

We can therefore define the v-multiadjacency matrices A” with elements A}, =

0,1 given by
Al = >, Al (2.23)
mv(m)=v
M
= " (Z:) Ul[e(aij)ma + (1 = 0(ag;)) (1 —ma)],
and v =0,1,2..., M. The v-adjacency matrices are not all independent, since

between any two nodes there can be just one type of v-mutlilink, i.e.
M
> AL =1 (2.24)
v=0

Therefore we can consider as independent variables only the v-adjacency matrices
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corresponding to the non trivial v-multilinks with v = 1,2..., M. Moreover we

call with ¥ the type of v-multilink connecting node ¢ with node j, i.e. we have
Al =1 (2.25)

for all pairs of nodes (i, 7). The number of distinct and non trivial v-multilinks
with v # 0 is given by M, hence the v-properties of the networks are only
polynomial with M while the full mutlilink properties are growing exponentially
with M. Modelling networks with given v-mutlilinks properties is therefore con-
venient when considering multiplex networks with large number of layers M.
Given the definition of v-multiadjacency matrices it is straightforward to define

the v-multidegree k7 of node i, given by
N
ki = > Al (2.26)
j=1

indicating the number of neighbors of node 7 that are connected to node 7 by a
v-multilink, with v = 0,1,2..., M. The total number of v-multilinks is trivially
given by

L" =% A} (2.27)

i<j
If we consider the weighted properties of the v-multilink for a given layer o, we

can define the v-total strength Sy, the v-multistrength sequence {s{,}and the
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v-tnverse multi participation ratio {Y/’a}, as in the following,

Sy o= Y alAY, (2.28)
i<j

v _ o AV
Sia = Z aiinj
J#i

V aj A\
Yia = g STl (2.29)
JF rHars ar

Moreover, we can introduce the quantities w;"”, indicating the sum of the
squares of the weights incident to a node ¢ in layer o and belonging to a certain

type of v-multilink, as

Wy =Y (sh)? = 3 (aAY)”. (2.30)

7,00 1\«
J#i

Similarly to what described in the previous paragraph, we can evaluate the cor-
relations between the weights and the pattern of overlap between the links by

measuring the exponents 3, , and &, ,, determining the scaling

sa(k") o (k)%

YV(KY) oc (K7) Sew (2.31)
of the average quantities s” (k") and Y (k") given by

sa(k") = (si70(ki, K"))

YY(RY) = (Y8(k,EY)) (2.32)
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2.3 Canonical weighted multiplexes ensembles or
exponential weighted multiplexes

Null models for weighted multiplex networks can be constructed using the
formalism of canonical network ensembles also known as exponential random
graphs (Park and Newman|, 2004; Anand and Bianconi, 2009; Squartini et al.
2011). These ensembles of networks generate the least biased set of networks
satisfying a set of constraint on average. In fact, these ensembles are derived by
a maximal entropy approach conditioned to a series of structural constraints. The
entropy of these ensembles and of the correspondent microcanonical ensembles
enforcing the corresponding hard constraints (Bianconi, 2008; Bianconi et al.|
2009), can be used to quantify the level of information encoded in the structural
constraints that are imposed to the networks. In Bianconi (2013); Halu et al.
(2014) this approach was taken to model simple multiplex networks. Here we
show how this framework can be applied to model weighted multiplex networks.

A weighted multiplex ensemble is defined once the probability P (é) of any pos-

sible weighted multiplex is given. We can build a canonical multiplex ensemble

by maximizing the entropy & of the ensemble given by
S=—-Y P(G)log P(G) (2.33)
G

under the condition that the soft constraints we want to impose are satisfied. We

assume to have K of such constraints determined by the conditions

S PA)F(G) = ¢, (2.34)
G
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—

for 4 = 1,2..., K, where F,(G) determines one of the structural constraints
that we want to impose to the multiplex. Therefore, the maximal-entropy multi-
plex ensemble satisfying the constraints given by Eqgs. [2.34] is the solution of the

following system of equations

9 K o )
op(@) |° 2 M2 B OPIE) — AL PG)| =0 (2.35)

—

where the Lagrangian multiplier A enforces the normalisation of the P(G) prob-
ability distribution, and the Lagrangian multiplier A, enforces the constraint p.
Therefore we get that the probability of a multiplex P(é) in a canonical multi-
plex ensemble is given by

P(C) = o exp [— > AuFu(é)} (2.36)

where the normalisation constant Z = exp(14A) is called the “partition function”

of the canonical multiplex ensemble and is fixed by the normalisation condition

—

on P(G). The values of the Lagrangian multipliers A\, are determined by im-

—

posing the constraints given by Eq. [2.34] assuming for the probability P(G) the

structural form given by Eq. [2.36] From the definition of the partition function
Z and Eq. [2.36, it can be easily shown that the Lagrangian multipliers A\, can
be expressed as the solutions of the following set of equations,

Olog Z
o\,

C,=— . (2.37)

We call the entropy S of the canonical multiplex ensemble the Shannon entropy

of the ensemble.
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Further on, we can define the marginal probability for a specific value of the
element af; as

17 1)

mii(ag = w) = 3 P(G)d(afy, w) (2.38)
G

where d(z,y) stands for the Kronecker delta. The marginal probabilities 7{:(a)

sum up to one

2 milai) =1 (2.39)
We can compute also the average weight (af;) between node 7 and node j that is
<a?j> = ZP(G)G% = ; a;;mij(ag;) (2.40)

a -

ag=

In the layer a a link between two nodes ¢ and j exists with probability pf;,

that is related with all the possible weights different from zero
P = P(@)b(afy) = Zowf‘j(a%). (2.41)
G

2.3.1 Uncorrelated and correlated canonical multiplex
ensembles

The multiplex ensembles can be distinguished between uncorrelated and corre-
lated multiplex ensembles. For uncorrelated multiplex ensembles, the probability

of a multiplex P(G) is factorizable into the probability P,(G,) of each single net-

work G, at layer a, i.e.

. M
P(G) = TI Pa(Ga). (2.42)
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Therefore, the entropy S of any uncorrelated multiplex ensemble given by Eq.

2.33| with P(é) given by Eq. [2.42|is additive in the number of layers, i.e.

S = %1 So=— %lgpa(c:a) log Po(Gl) (2.43)

As a consequence of these relations, when each constraint depends on a single
network G, in a layer a the resulting multiplex ensemble is uncorrelated.
Example of these types of constraints are the total strengths S® in each layer «,
the strength s of the generic node ¢ in layer «, or the degree k{* of the node 7 in
layer .

In these ensembles of multiplex networks we have that the presence of a link in
a layer « is uncorrelated with the presence of a link between the same two nodes

in a layer 5 # «. Therefore we have

(aga) = (ag) (al). (2.44)

In correlated multiplex networks, instead the probability of a multiplex does not
factorize into the probabilities of the single networks that constitute the multiplex

network. We have in this case

M

P(G) # T Pua(Ga). (2.45)

a=1

and as a consequence of this there is at least a pair of nodes (i, j) and layers «, 3

such that the weights of the links connecting node ¢ and node j is layer a and
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layer 3 are correlated, i.e.

(agaly) # (ag) (al). (2.46)

Example of constraints that generate correlated multiplex ensembles are con-
straints on the multidegree sequence or the multistrength sequence.

In the following we provide many examples of uncorrelated and correlated mul-
tiplex network ensemble. In particular, the first section (Sec. is com-
pletely dedicated to unweighted multiplex ensembles, a necessary precondition

to weighted multiplex network ensembles.

2.3.2 Unweighted multiplex

We summarise here the main results related to unweighted multiplex ensem-
bles. Only for this section we consider N nodes connected by M unweighted
networks G,. Each network G|, is fully described by its adjacency matrix of
elements af;, with af; = 1 if there is a link between node ¢ and node j in layer «,

otherwise we have af‘j = 0.

Examples of uncorrelated unweighted multiplex ensembles

Multiplex ensembles with given expected total number of links in each
layer

As a first example of uncorrelated multiplex, we consider the case in which we
fix the average number of links in each layer a to be equal to L“. We have

K = M constraints in the system, indicated with a label « =1,2,..., M. These
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constraints are given by
> Fu(G)P(G) =X (z ag;> P(G) = L. (2.47)
G G

The probability distribution of a multiplex in this ensemble is given by Eq.

that reads in this case,

| M
P(G) = 7 €XP [— 1/43@ > a%] : (2.48)
a= 1<]

where the partition function Z can be expressed explicitly as

Z = Zexp [— % Ka Za?j] (2.49)
G a=1 1<J
S

The Lagrangian multipliers . defining the probability of the multiplex P(é),

are fixed by the conditions

Lt =

(2.50)

OlogZ [N\ e "e
Oky  \2)14eFa

For unweighted multiplex network the probability of having a link between node

¢ and node j in layer «, pf}, is simply equal to <a?j>, ie.,
Lo e Ha

a _ —
PRI e

(2.51)
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Fixed {p%}, the probability of a multiplex in this ensemble follows Eq. [2.42} and

is given by
— M a 1—_q®
P(G) = H1 L1 (pi5)" (1 = pfy) (2.52)
a=11<)
M . N o
= LM @ —pHE) (2.53)
a=1

in agreement with Eq. that we have previously met in Ch. [ With (¢ we
express the desired number of links for each layer a. The last expression properly
normalises if we take into account the multiplicity of a generic graph with given
e, ie.

(N(N —1)/2

o amn —

(2.54)

M N N M
> I I f) ™ (1 =)~ = > 11

{a%} a=1li<j {6} a=1

—

In this uncorrelated ensemble the probability P(G) is nothing more than the pro-
ductory of M binomial probability distributions. The entropy & of this canonical
multiplex ensemble is given by Eq. that can be rearranged in

M
S=—> > pilogpi; + (1 —pf)log (1 —pf;) (2.55)

a=1i<j

Using the marginals pf; given by Eq. we simplify the previous formula as

s = ~(5) L promr a-rosa - 250

a=1

If the number of layers M is finite, applying the Stirling’s approximation in the

S = Oé log [(N(NL_Q 1)/2)] . (2.57)

large N limit we get
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where Eq. was used.
It is instructive to calculate the average global overlap <OO"O‘/> between two layers

a and o/, following from Eq. [2.10 The computation easily gives

<Oa7a/> - prpw

1<j

(NN L
= 22?]9

2L LY
i 2.58
N(N —-1) (2.58)

As expected for uncorrelated multiplex ensembles <amaw> = <a%> <a%'> More-
over, if L = O(N) Va = 1,2, ..., M then <Oo"a'> is a finite number in the large
network limit and so, the overlap of links in this limit becomes a totally negligi-

ble phenomena: <OO"O‘/> is in fact much smaller than both L* and L (Bianconi,

2013).

Multiplex ensemble with expected degree sequence in each layer
As possible constraints we can consider the expected degree sequence {k¢} for
each layer a. The number of constraints in this case is K = M x N, indicated

with a label a = 1,2,..., M. These constraints are given by

S RGP = (Say) PG =it (2.5
G G

J7#i

The probability of a multiplex P(é) is given by Eq. [2.36| that in this case can

be written as

.1 M
P(G) = Zexp[ pobort z} (2.60)

i JFi
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where the partition function Z can be expressed explicitly as

7 = — g D Mia D i (2.61)

J#i

||{:1§ QiM

EI( e~ (Hatii)) (2.62)

and the Lagrangian multipliers ;o are fixed by the condition

alog Z B ef(ﬂi,oﬂ”,uj,oz)

Lo — _ _ ,
aﬂi,a ]#Z 1 —|— 6_(ﬂi,a+ﬂj7a)

7

(2.63)

The probability of having a link between node 7 and node j in layer «a, pf;,reads

*(,ui,aJrﬂj,a)
e
) ) 1 _|_ ef(,uz,a+ﬂj,oz)

(2.64)

The probability of a given multiplex P(é) and the related entropy S follow,

respectively, from Eq. and Eq. [2.55] substituting Eq. [2.64l

Examples of correlated unweighted multiplex ensembles

Multiplex ensemble with given expected total number of multilinks m

We consider a correlated multiplex ensemble, in which we fix the total number
of multilinks 73, given by L™. The number of possible constraints is equal to
K = 2M —1 because, as previously mentioned, the number of different multilinks
is 2 but only 2" — 1 are independent thank to the normalisation condition.

These constraints are given by

> FHG)P(G) =X (z A;?}) P(G)=1L"™, (2.65)
G G
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where the multiadjacency matrix element AZ-L is defined in Eq. [2.12 and for the

particular case of an unweighted multiplex turns into

Ag::ﬁpﬂnw+w1—a@x1—nmﬂ (2.66)

) (]
a=1

—

The canonical probability P(G) of a multiplex in the ensembles is given by the

general expression given in Eq. that in this case becomes

-y ﬁmZA?}] (2.67)

M0 i<

where the partition function Z is given by

7 = z() (2.68)
where
Z=14+ " (2.69)
m#0

The Lagrangian multipliers ™ (17, # 0) are fixed by the conditions

Olog Z .
— — =L" 2.70
oK™ ’ (2.70)
which yields
. (N e " N,
<2>1+Zm¢6€_w (2)< ) 270
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The probability of a multilink m between node ¢ and node j is p?;-‘ = <A;?> and

in this ensemble it is independent on the pair of nodes (i, j), i.e. pf;? = p™ and

= } L= 2.72
p — ™ (2.72)

p’ = 1-— Zp?zE (2.73)
m#0
- N . N\ =~
L’ = - Y "= P’ (2.74)
2 A 2

Fixed {p?;‘}, the probability of a multiplex P (é) can be rearranged as a function

of the marginal probabilities p’;;?, ie.

P(G) =

l<T ()" (2.75)
= M

" (2.76)
where {¢"} is the desired set of total multilink. The last expression correctly
satisfies the normalisation condition if we consider the right multiplicity of a

generic state with a given sequence of {¢"}, i.e.

S Y — x Y- D2

ST =1 (2.77)
{a%}i<j m {e} Hmf ! 7

like a proper multinomial probability distribution.

Finally, the entropy S of this ensemble can be calculated starting from its defi-
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nition Eq. [2.33|as a function of the probability marginals p;-?, ie.

S = =X > pfilogpy] (2.78)
1<j m
N - .
— —<2) melogpm (2.79)

where p™ is given by Eq. [2.72] If the number of layers M is finite, we finally get

(Stirling’s approximation in the large N limit)

N(N = 1)/2

S =log (2.80)

where Eq. was used. We can now evaluate the average global overlap

<OO"O‘/> from Eq. [2.10/for a comparison with the results for uncorrelated multiplex

ensembles (Eq. [2.58]). We get

(0™ = S Yl (2.81)

mime=my=11<j

and for the particular case of a duplex we have only one possible situation, i.e.

(0) = LM = (g) p'! (2.82)

This quantity can be significant even for sparse networks. Assuming L', L% and

L to be proportional to N implies an overlap not irrelevant (Bianconi, [2013)).

Multiplex ensemble with given expected total number of v-multilinks
In presence of many layers M we can consider as constraints the average total

number of r-multilinks LY with v = 1,2,..., M. With respect to the previ-
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ous case, now the number of constraints is sensibly reduced and is given by M

constraints, 1i.e.,

> F(G)PG) =Y (z Agj) P(G)=1L", (2.83)
G G

—

where AJ; is defined by Eq. 2.23. The canonical probability P(G) of a multiplex

in the ensembles follows from the general expression given in Eq. that in

this case becomes

| M
P(G) = < exp [— d>ow’ A;’J] (2.84)
Z v=1 1<J
where the partition function Z is given by
7 =z() (2.85)
where
M M v
Zzl—i—Z(V)e_w (2.86)
v=1

The Lagrangian multipliers w” (v # 0), are fixed by the conditions

(2.87)

which yields

(M ) e " (2.88)
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The probability of having a v-multilink p7; in this ensemble is independent on

the pair of nodes (i, 7), namely

P = (A) = (LJ;) _ 21,(]‘5) e (2.89)

We can even consider the probability of a given multilink 77 (independent on the

pair of nodes (i, 7) too)

. 1 o p/™
pr=(Al) = —e " = (2.90)
’ Z (V(m))

where, for a given i, v(m) = >, M.

The particular case for v = 0 depends on the other v—multilinks, i.e.

1

M
P’ = 1—2%:2 (2.91)
rv=1

L = (];[) — V%:lL” = (];[)po (2.92)

The probability of a multiplex P(é) can be rearranged as a function of the

marginal probabilities p”, i.e.

Ay
PG = 1111 ((p]\j)) (2.93)

=0 )
— 4 2;: 2.94
uHo(m) 290

where {¢"} is the desired sequence of v-multilinks. The last expression correctly

satisfies the normalisation condition if we take into account the multiplicity of a
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generic state with a given sequence of {L"}

Ay, w Iz
P\ NV =12 [ ] A
211 (m) R e i u“o(@f)) 2%

The previous multiplicity tells us that not only we choose in how many ways the

v-multilinks are distributed across the couples of nodes, but for each v-multilink
we have (Af) multilinks m,,(5)—, that can be represented, i.e. different patterns
of link activities that correspond to the same overlap multiplicity.

Starting from Eqg. the entropy S of this ensemble can be calculated as a

function of the probability marginals pj;, i.e.

S = =X S pilostrl) + X gl (M) (2.96)

1<j v= i<j v=0
= —(g) % p"log(p”) + (1;7) > 1 log (Af) (2.97)

V:O V:O

When M is finite we can always approximate the last expression thank to the

Stirling’s Approximation, i.e.

N LY
S — log (Hféfﬁv! ﬁo (*"f) ) (2.98)

where Eq. was considered.

Multiplex ensemble with given expected multidegree sequence

Here we consider another level of coarse-graining for the multiplex network and

we study correlated unweighted multiplex in which we fix the average multidegree
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sequence k! for each node i, for a given multilink 7. Following the previous line
of reasoning, we can express N x (2 — 1) constraints.

These constraints are given by
S FGPE) = £ (T A7) PG = . (2.99)
G

with ¢ = 1,...,N and m = (mq,me,...,mg,...,myr) with mg = 0,1. The

canonical probability P(G) of the multiplex in the ensemble is

~ 1 1 1
P(G) = —exp|— > D ZAij
Z m#A0 JF#i
1 1 Yy AT
=7 I exp { > (pi" + 1 )Aij] ) (2.100)
i<j m#A0

where the partition function Z can be expressed explicitly as

z = 1124 (2.101)
1<]
where
Zi=1+ Y e i) (2.102)
m#0

The Lagrangian multipliers p7* (m # 0) are fixed by the conditions

_ OlogZ
o

K= (AT, (2.103)
J#i

The probability of a multilink m between node ¢ and node j is p?;? = <AZL> and
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it is given by
- e~ (i +uy")

Pi;

T ley g €U (2104

As previously, the measures related to m = 0 depend on the other multilinks,

namely,

o - 1
py = 1= Y pji= (2.105)

mA0 Zij
o= N—1- > k" (2.106)
m#£0

The probability of given multiplex in this ensemble P (é) and the related entropy

value S follow from Eq. and Eq. [2.78|

Multiplex ensemble with given expected v-multidegree sequence
Considering now the v—multilinks we convert the previous model into a new
one, i.e. we fix the given expected v-multidegree sequence, with a number of

constraints equal to M x N:

> F(G)P(G) =3 (z A;j) P(G) =k, (2.107)
G G

JFi

The canonical probability P (é) of the multiplex in the ensembles reads

L1 M
P(G) = — exp [— D> (wi + W;/)AZ] (2.108)

Z i<jv=1

where the partition function Z is given by

Z =112, (2.109)

1<J
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where
M M v v
Zi=1+Y ( )e—@' +5) (2.110)
rv=1 v

The Lagrangian multipliers w? (v # 0), are fixed by the conditions

Olog Z
ow! & Jz:# < Y > ( )

The probability of a v—multilink between node ¢ and node j is pj; = <A;’j> and

it is given by

v v 1 M —(w!+w¥
pz’j:<Aij>:Z“<l/)€ e (2.112)

The probability of a given multilink m between node ¢ and node j

v(m)
- 4 — (W’ +w? Dij
P = (A}) = 7 (witey) = (_gvj) (2.113)

Finally, the probability of a given multiplex P(G) and the consequent entropy
value § follow from Eqs. [2.93] [2.96)

2.3.3 Weighted multiplex

We present now the most useful null models for weighted multiplex networks,
both uncorrelated and correlated. We start considering examples related to the
measure of total strength (a proper warm-up) and then we show the main cal-
culations for those ensembles that enforce in the same time constraints on the
strength sequence and on the degree sequence. For the analysis of real data

these ensembles are quite essential to study weight-topology correlations. For
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additional examples of weighted multiplex ensembles see Sec. [4.2]
In Sec. [2.3.3] we illustrate a null model with given expected multide-
gree sequence {k!"} and given expected multistrength sequence {s%,} applied to

biological data.

Examples of uncorrelated weighted multiplex ensembles

Multiplex ensembles with given expected total strength in each layer

As a first example of uncorrelated weighted multiplex, we consider the case in
which we fix the average strength in each layer a to be equal to S¢. In this case
we have K = M constraints in the system, indicated with a label « = 1,2, ..., M.

These constraints are given by
S E(GPG) =Y (z a,g;> P(G) = 8. (2.114)
G G

The probability distribution of a multiplex in this ensemble is given by Eq.

that reads in this case,

-1 M
P(G) = - €XP {— 21 Ao Zaf‘j] , (2.115)
a= 1<J

where the partition function Z can be expressed explicitly as

Z = Zexp [— % Aa 2. af}] (2.116)
G a=1 1<j
M 1 \G)
B al;ll <1 — 6>\a>
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The Lagrangian multipliers A\, defining the probability of the multiplex P(é),

are fixed by the conditions

Olog Z N\ e
Sa - - 8Aa == (2)1—6_)‘04 (2117)

Finally the average weight <a?j> can be evaluated from Eq. 2.40] and is given by

(2.118)

that is equivalent to say S, = ¥i<; <a%>

From Eq. [2.38 we write the marginal probabilities W(alj) in this specific multiplex

ensemble as

T (ad) = e (1 — e ). (2.119)

Ny

Moreover, from Eq. [2.41] - 1] the probability p; of having a positive weight a; > 0
of the link between node ¢ and node j in layer « is independent on the pair of

nodes (i, j), i.e. pf; = p* and is given by
a =Ny
p*=e "o (2.120)

We observe that we can write the Eq. in terms of marginal probabilities

«

7 (ag;), namely

P(G) = I 11 75 (2.121)

Therefore the entropy S of this canonical multiplex ensemble is given by Eq.
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and in this special case can be written as

(0.¢]

S=— % Z > Wf‘j(a%)log(wf‘j(a?j)). (2.122)

a=li<jaf;=0

Using the marginals W%(CL%) given by Egs. 2.119] and Eq. [2.117] the entropy

can be rearranged as

- [0l

st~ (3]s ()] o1

If the number of layers M is finite, applying the Stirling’s approximation in the
large N limit we get
(2.124)

(")

Multiplex ensembles with given expected strength sequence and degree

M
S=> log
a=1

sequence in each layer
We fix the expected strength s and the expected degree £{* of every node ¢, in
each layer . We have K = M x 2N constraints in the system. These constraints

are given by

G G \Jj#i
SR (GPE) = S otar)) @) = i, (2125)
G G \j#i

with o = 1,2,..., M. We introduce the Lagrangian multipliers \; , for the first
set of N - M constraints and the Lagrangian multipliers w;, for the second set

—

of N - M constraints. Therefore, the probability P(G) of a multiplex in this
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ensemble, of general expression given by Eq. [2.36] in this specific example is

given by
| M
PG) = yoxo |- £ SN - X T (a5
a=1 1 JF#i a=1 1 JFi

where the partition function Z can be expressed explicitly as

{ % > ( P0G + wi,OéH(a%))]

>_ex
G a=1 i j#i
M e (wl ofHU],oz)*()\i,ofi’Aj,a)
= ];[ 1;[ ( + [~ o Cuniin) ) : (2.126)
and the Lagrangian multipliers are fixed by the conditions
N Olog Z
S, = —
! O
Olog Z
S — 2.127
: D (2.127)

The average weight of the link (4, 7) in layer a, i.e. < %> is given by Eq. [2.40

that in this case reads

—(Wi,atwj.a)t(AiatAja)

(a%) = ‘ (2.128)

Z]> - (e)\i,a+)\j,a _ 1)(6_(Wi7a+wj,a) _I_ e)\i,a‘f')\j’a _ 1)

From Eq. [2.38 we write the marginal probabilities 7¢:(af;) for this specific en-

semble that is given by

e ()\z (x"’)\] a) (wz atwj, a) (a%)(l — 6_(/\i,a+)‘j7a))

o QN
7T(CL) - 1 + e—( i7a+)\j7a)(e—(wi,a+wj7a) — 1)

(YA

(2.129)

Moreover, from Eq. [2.41] the probability pf; that the link (7, ) in layer o has
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weight different from zero is given by

ef(wi,a“i’wi,oz)

(2.130)

pq' =
] 6—(wi7a+wj’a) + 6)\2'7&+>\j,a —1

The probability of a multiplex in this ensemble is given by Eq. [2.121]| with the

marginals 7¢:(af;) given by Eq. 2.129, The entropy S of this canonical multiplex

ensemble is given by Eq. [2.122]

Examples of correlated weighted multiplex ensembles

Multiplex ensembles with given expected total multistrength Sf‘

Here we consider a correlated weighted multiplex ensemble, in which we fix the
total multistrength 7, given by S™ for a layer « such that m, = 1. Since the
number of the possible multistrengths 77} in layer a are given by M - 2M~1 this
gives a number of constraints that is equal to K = M - 2"~ These constraints
are given by

S EHG)PG) =Y (z Ag}agj) P(G) = 8™, (2.131)
G

G \i<y

where the multiadjacency matrix element A;’} is defined in Eq. [2.12] The canon-

—

ical probability P(G) of the multiplex in the ensembles is given by the general

expression given in Eq. that in this case becomes

~ 1 M m m o
m+#0 a=1 1<]
where the partition function Z is given by
7 = z(5) (2.133)
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where

M e\
2=l |—== (2.134)
m a=1 1—e A
Without loss of generality, if m, = 0 we put A" = 1/2. We can do this because
the probability of a multiplex does not depend on any of these values, and we
need to define them only for simplifying the notation. The Lagrangian multipliers

A" with m, = 1, are fixed by the conditions

Olog Z o
— — = 9" 2.135
a)\gL (o] ( )

which yields

2 (NYT /o1 M
N . 2.1
S (2)2(1—6 /\m>5H1(1eAm) (2.136)

We now indicate with d;; the vector (a}j, afj, SN G TR a). The probability

of a multiplex P(G) can be rewritten as

1<]
with Z
. e Zoz 1M)‘ZLJ %
mi(dij) = = : (2.138)
where m = (m¥,...,m¥, ... mi) with m¥ = (afy). With m;;(d;;) we define,

for a position i, the probability of a particular sequence of weights on the layers.
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The normalization condition is fulfilled

aij

Further on we can compute the average weight of the link 75 on the multilink m,

in the layer o

<a%AZ7> Za”AmP() Zaw 77”( i) (2.140)

a”

Using Eq. [2.138| for the explicit expression of m(d;;) and comparing the results
with Eq. [2.136]it is easy to show that

%
2

(af;AT}) = (2.141)

e

()

The probability of a multilink m between node ¢ and node 7, p?;? = <Ag‘> in this

ensemble is independent on the pair of nodes (7, j). Therefore we have p?;‘ = p"

M e*)‘g" e
o=y 1—e—

o 2.142
p Z : ( )

with

where the normalization condition is fulfilled, namely,

Spli=1. (2.143)

m

Moreover, the relationship between pg? and the probabilities m;;(a;;) is

ZA Trl]( ) ng (2144)

a”
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—

Finally, the probability of a multiplex P(G) is given by Eq. [2.137 and the

entropy S of this ensemble can be calculated starting from its definition Eq.

[2.33} giving
S =— 2li< Z@'ij Tij (Jl]) log Wij(c_iij)- (2145)

Multiplex ensembles with given expected v-total strength S

In presence of many layers M we can consider as constraints the average v-total
strength S” with v = 1,2,..., M. With respect to the case with fixed total
average multistrength , the number of constraints is dramatically reduced and is

given by M? constraints
> 1 of(éﬂ (é) = (Z Q%Az‘yj> ! (é) = 5. (2.146)
G G \i<y

The probability P (@) of the multiplex network, is therefore given in terms of M?

Lagrangian multipliers A2, i.e.

L1 M M
P(G) = 7 &Xp [— MSTALYS A?ja%] (2.147)

v=1a=1 1<j

where the partition function 7 is given by Z = Z (2) with

Z-% Y I (ﬁ)m (2.148)

—\
v=0 | (m)=v a=1 l—e

The Lagrangian multipliers A/ are fixed fixed by the constraints Eq{2.147| that

can be also expressed as

Olog Z y
~ % = 5. (2.149)
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—

The probability P(G) of the multiplex network is given by Eq. [2.137 and the

entropy of the ensemble takes the simple expression given by Eq. [2.145 where

;;(@i;) is given by )
M\, g
e—z Aa

a=1 "o 17

Finally the probability p” of a v-multilink between any two nodes of the mul-

tiplex network is given by

1 M e~ \™
Y= — — 2.151
b Zal;ll (1—6_/\5) ’ ( ) )

while we have that the average weight of a v mutlilink is given by

o av S 1 1
(a5 AL;) = ™ =z (1_6—/\> X

M eng mp
x ¥ mQH() . (2.152)

Multiplex ensembles with given expected multidegree sequence {k/"} and

given expected multistrength sequence {sﬁa}

In many applications it is important to consider the weighted multiplex net-
works in which we fix at the same time the average multidegree sequence k7 and
the average multistrength sequence sfa. The number of independent constraints

is therefore K = (2% —1)- N+ (2M=1). M - N.
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In particular, the constraints we are imposing are the following,

S FLGPG) = Y (z_ Am) (@) = s
G G \j#i

S RMGPE) =X (£ 45) PO =47

G G \J#i

(2.153)

The canonical probability P(é) of the multiplex in the ensemble becomes

. 1 [ LM
P(G) = Eexp — Z#Z Z (w;”AZ; + > Ao Afjad;
mA0 ¢ JF a=1
1 B
Lo |- X X @ WAl x
z i<J 1D Y
M - — —
X exp —igj %:6 Zl()‘i,a + A7) Al ag
m#£Q &=

The partition function Z can be expressed explicitly as

Z =11 2

i<j

where Z;; is given by

g M ef(A??aJr)\Ta) Ma
Zij=1+ > e~ @) I e
77'”27&6 a=1\1— 6_( it j,a)

The Lagrangian multipliers are fixed by the conditions

olog Z = -
_8)\7% = Sia = ;&z <%in;’> 5

ologZ = -
_&ﬁ_ﬁ%_ép%y

)

(2.154)

(2.155)

(2.156)

(2.157)
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1 2 M

We can calculate the probability of a vector d;; = (a;;,a;; - . ., aj; ) characterizing

the weights of the links between node ¢ and node j in all the layers, getting

()

Z

€

T (@) = e~ Tamtw A X )agy (2.158)

Further on we can compute the average weight of the link 75 on the multilink
m, in the layer v and the probability of a multilink m between node 7 and node

J, P} = <AZ?>, respectively,

— (W +wi) 1
a gm\ _ € ’
(a5 AT) = Z; (1 _ e(A;?aH;?a)) .

M e~ s tAT) ™
y B 2.159
T oeom (2.159)
—(Wl4w™) M —(\7 oy e
N é 7 i e 7,0 7,
= — 2.160
vy =z L (1 - ewmw) (2.160)

Finally, the probability P(é) of a multiplex network G in this ensemble is

given by Eq. [2.137| and the entropy of the ensemble takes the simple expression

given by Eq. [2.145, with the marginal probabilities from Eq. [2.158

Multiplex ensembles with given expected v-multidegree sequence {k/} and

expected v-multistrength sequence {s/,}

In a multiplex networks formed by many layers, an efficient way to consider
both topological and weighted properties of the multilayer structure is to con-
struct multiplex networks with given expected v-multidegree sequence {k?} and

expected v-multistrength sequence {s},}. The N - M - (M + 1) constraints are

83



2 Multilayer networks and multiplex networks

given by

S PGP = Y (z A;;) P(G) =k, (2.161)
G G )

with:=1,2,.... N,a=1,2,...M and v = 1,2,..., M. The canonical prob-

—

ability P(G) of the multiplex in this ensemble can be expressed in terms of the

Lagrangian multipliers A7 , and w/, i.e.

P@G) = ;exp [—z

i<jv=1

M=

(wf +wi)A7| (2.162)

M=

1<jv

M
<o |~ £ 3 3 00+ AL

a=1

|
—

where the partition function Z is given by

Z =112y, (2.163)
i<j
with
By=lh e =y 2.164
’ v=1 mlv(m)=v a=1 (1 — 6_()\iva+)‘j,a)) ( )

The Lagrangian multipliers are fixed by the conditions Eq. [2.161] that can be

also written in terms of the partial derivatives of the partition function as

SOT =5 )
1,0 Ve
ologzZ ., 5
e k! —§<AU>‘ (2.165)

As in the previous cases, the probability P(é) of a multiplex network G is given
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by Eq. [2.137 The entropy of this ensemble takes the same expression given by
Eq. 2.145| with wij(ﬁij) given by

. 6_((‘)11'/ 'H'U; )
mij(@y) = ——F——

ij

o= Sactar N +A7 D )as, (2.166)

The probability p;; that the node ¢ and the node j are linked by a v-multilink

is given by
» e_(wzy—’_ng) M 6_()‘11‘/,04—’_)‘;'/,(!) Ma 2 167
i = Zij n'i|V(Zﬁ;)=u al;Il 1— 6_0\;}’0‘4—/\;“) ( . )

Finally, the average weight of the link af; belonging to a v-multilink is given by

o gv e~ i) 1
<aZ]AZJ> = ZZ (1 . 6_()\;{@_'_)\;(’&)) X (2168)

v v m
Mg tAT5)

M
X > maﬂH1(1

—

mlv(m)=v - 67(

Sampling multiplex ensembles with given expected multidegree sequence

{kﬁ} and given expected multistrength sequence {STa}

Here we want to discuss how the theoretical framework described in the previ-
ous section can be used to generate weighted multiplex networks sampled from a
multiplex network ensemble. We have chosen to focus specifically on the case of
a multiplex network ensemble in which the given expected multidegree sequence
{k"} and the given expected multistrength sequence {s/"} are constrained, but

the framework we outline here of this case can be easily extended to the other

ensembles discussed in the previous section. Given Eqs. [2.160] [2.158], the proba-

bility m;;(d;;) can be expressed as a function of the probability p?;? of a multilink
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m between node ¢ and node j, namely

J
[

oM #id  \mid %L il i me
Fij<6¢j) _ pz?w H ([e—()\ifa] +)\j,a]):| 7 [1 _ 6—(/\1',@] +)‘j,a]):|> (2169)

a=1

The productory in Eq. is the conditional probability of the multiweight
d;j, given the multilink m%. The new expression for 7;;(d;;) suggests a way for
sampling networks from the distribution given by Eq. , with 7;;(d;;) given
by Eq. R.169 In fact for sampling a multiplex network from this particular
ensemble , we draw a multilink m with probability p?;? for each couple of nodes
¢ and j. Subsequently, given a particular multilink, whenever m, = 1 we draw
the additional weight af; — 1 from a geometric distribution with parameter 1 —
ef(A??ijh\ff) and aly > 1.

Following Egs. we wrote a Matlab code that produces the Lagrangian
multipliers and calculates the entropy value of the ensemble. The algorithm runs

until it finds convergence with precision 10~ (this value can be always improved).

2.4 Weighted real data

Just as with single networks, links between nodes may have a different weight,
reflecting their intensity, capacity, duration, intimacy or exchange of services
(Granovetter, 1973)). The role played by the weights in the functioning of many
networks, and especially the relative benefits of weak and strong ties in social
networks, have been the subject of a longstanding debate (Granovetter] 1973;
Onnela et al., 2007; Karsai et al., 2014). Moreover, it has been shown that,

in single networks, the weights can be distributed in a heterogeneous way, as
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a result of the non-trivial effects that the structural properties of the networks
have on them (Barrat et al., [2004; Barthelemy et al., [2003; |Almaas et al., 2004;
Serrano et al., 2009)). In particular, correlations between weights and structural
properties of single networks can be uncovered by the analysis of strength-degree
correlations (Barrat et al., 2004) and by the distribution of the weights of the
links incident upon the same node Almaas et al.| (2004)). To characterize weighted
networks, it is common practice to measure the following quantities: i) the av-
erage strength of nodes of degree k, i.e. s = s(k), describing how weights are
distributed in the network; and ii) the average inverse participation ratio of the
weights of the links incident upon nodes of degree k, i.e. Y = Y (k), describing
how weights are distributed across the links incident upon nodes of degree k.
Here we show that these two quantities do not capture the full breadth of the
information encoded in multiplex networks. Indeed, a full-fledged analysis of the
properties of multiplex networks is needed that takes the multiple interacting
and co-evolving layers simultaneously into account.

In particular, in the following section different multiplex networks have been
extracted from the APS dataset in order to investigate the correlation between
the weights of the links and the overlap of the links in different layers. In the
multiplex networks formed by the PRE authors in which the scientists are linked
if they collaborated with each other and if they cite each other, has been shown
to display a statistical significant difference between the way scientists cite their
collaborators and the way scientists cite non-collaborators. This result shows
that in this as in other systems it is possible that the weights of the links are
correlated with the pattern of overlap observed between the links of different

layers.
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2.4.1 APS dataset

To provide empirical evidence that weighted properties of multilinks are fun-
damental for properly assessing weighted multiplex networks, we focus on the
networks of the authors of papers published in the journals of the American
Physical Society (APS), and analyse the scientific collaboration network and the
citation network connecting the same authors. These networks are intrinsically
weighted since any two scientists can co-author more than one paper and can
cite each other’s work several times. A large number of studies have analysed
similar bibliometric datasets drawing upon network theory (Redner| [1998; Park
and Newman|, 2004; Newman|, 2001; Radicchi et al., 2009, 2008)). Unlike these
studies, here we investigate the APS bibliometric dataset using the framework
of multiplex networks that allows us to explore novel properties of the collabo-
ration and citation networks. In particular, we show that multistrength and the
inverse multiparticipation ratio enable new relevant information to be extracted
from the APS dataset and that this information extends beyond what is encoded
in the strength and inverse participation ratio of single layers. Finally, based
on the entropy of multiplex ensembles, we propose an indicator = to evaluate
the additional amount of information that can be extracted from the weighted
properties of multilinks in multiplex networks over the information encoded in

the properties of their individual layers analysed separately.

Empirical evidence of weighted properties of multilinks

In this section, we will draw on the measures introduced above and provide
empirical evidence that, in weighted multiplex networks, weights can be corre-

lated with the multiplex structure in a non-trivial way. To this end, we analyze
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the bibliographic dataset that includes all articles published in the APS journals
(i.e., Physical Review Letters, Physical Review, and Reviews of Modern Physics)
from 1893 to 2009. Of these articles, the dataset includes their citations as well
as the authors. Here, we restrict our study only to articles published either in
Physical Review Letters (PRL) or in Physical Review E (PRE) and written by
ten or fewer authors, n, < 10. We constructed multiplex networks in which the
nodes are the authors and links between them have a two-fold nature: scientific
collaborations with weights defined as in Newman| (2001) (see Sec. ), and
citations with weights indicating how many times author ¢ cited author j.

In particular, we created the following two duplex networks (i.e. multiplex

networks with M = 2):

1. CoCo-PRL/PRE: collaborations among PRL and PRE authors. The
nodes of this multiplex network are the authors with articles published
both in PRL and PRE (i.e., 16,207 authors). These nodes are connected
in layer 1 through weighted undirected links indicating the strength of their
collaboration in PRL (i.e., co-authorship of PRL articles). The same nodes
are connected in layer 2 through weighted undirected links indicating the

strength of their collaboration in PRE (i.e., co-authorship of PRE articles).

2. CoCi-PRE: collaborations among PRE authors and citations to PRE ar-
ticles. The nodes of this multiplex network are the authors of articles pub-
lished in PRE (i.e., 35,205 authors). These nodes are connected in layer 1
through weighted undirected links indicating the strength of their collab-
oration in PRE (i.e., co-authorship of PRE articles). The same nodes are
connected in layer 2 through weighted directed links indicating how many

times an author (with articles in PRE) cited another author’s work, where
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citations are limited to those made to PRE articles.

Both these multiplex networks show a significant overlap of links and a signifi-
cant correlation between degrees of nodes as captured by the Pearson correlation
coefficient p (see Sec. [4.1). This finding supports the hypothesis that the two
layers in each of the multiplex networks are correlated. That is, the existence
of a link between two authors in one layer is correlated with the existence of a
link between the same authors in the other layer. Moreover, the multidegrees
of the multiplex networks are broadly distributed, and the hubs in the scientific
collaboration network tend to be also the hubs in the citation network (see Sec.
7).

In the case of the CoCo—PRL/PRE network, multilinks m = (1,0), m = (0, 1)
and m = (1,1) refer to collaborations only in PRL, only in PRE, and in both
PRL and PRE, respectively. Moreover, to distinguish between the weights used
when evaluating multistrength, we have « = PRL or « = PRE. Results indicate
that multistrength and the inverse multiparticipation ratio behave according to
Eq. (see Fig. [2.4). The difference between exponents S pry, for m = (1,0)
and m = (1, 1) is not statistically significant. Nevertheless, there is a statistically
significant difference between the average weights of multilinks (1,0) and (1, 1)
in the PRL layer. As to the inverse multiparticipation ratio, there is a significant
variation in the exponents, A o) prr = 0.84£0.03 and A1 1) prr = 0.7440.05 (see
Fig. 2.4, bottom left panel). This suggests that the weights of the collaborative
links between co-authors of both PRL and PRE articles are distributed more
heterogeneously than the weights of collaborative links between co-authors of
articles published only in PRL (see Sec. for details on the statistical tests).

Similar results were found for multistrengths evaluated in the PRE layer (see
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Fig. 2.4] right panels).

These findings clearly indicate that the partial analysis of individual layers
would fail to uncover the fact that the average weight of the link between authors
that collaborated both on PRL and PRE articles is significantly larger than the
average weight of the link between authors that collaborated only on articles
published in one journal. Moreover, the difference in functional behaviour of the
multipartition ratio across layers could not be captured if layers were analysed
separately.

In the case of the CoCi-PRE network, there are even more significant differ-
ences between the properties of the multilinks than in the previous network. In
the CoCi-PRE network the functional behaviour of multistrength also depends
on the type of multilink. Figure [2.5/shows the average multistrength in the CoCi-
PRE network. To distinguish between the weights used to measure multistrength,
we have layer a = col, which refers to the collaboration network constructed on
PRE articles, and layer o« = cit, which refers to the citation network between
PRE articles, where a distinction is also made between incoming (in) and outgo-
ing (out) links. First, in the scientific collaboration network, exponents [ .o are
not statistically different, but the average weight of multilink (1, 1) is larger than
the average weight of multilinks (1,0),in and (1,0)out. Moreover, exponents
A(1,0),col,in &0 A(1,0) col,ou ar€ larger than exponents A 1) colins A(1,1),col,out, indicat-
ing that the weights of authors’ collaborative links with other cited /citing authors
are distributed more heterogeneously than the weights of authors’ collaborative
links with other authors with whom there are no links in the citation network.
Second, in the citation network multistrengths follow a distinct functional be-

haviour depending on the different type of multilink, and are characterised by
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different By citinjows €xponents. In fact the fitted values of these exponents are
given by B 1)eit,in = 1.30£0.07, B1.1) cit,oue = 1.324£0.08, Bo.1,)cit,in = 1.11£0.01,
and 50,1)cit,out = 1.10+0.02. This implies that, on average, highly cited authors
are cited by their co-authors to a much greater extent than is the case with
poorly cited authors. A similar, though much weaker effect was also found for
the citations connecting authors that are not collaborators. Furthermore, in the
citation layer the inverse multiparticipation ratio for multilink (1,1) is always
larger than the inverse multiparticipation ratio for multilinks (1,0) and (0,1)
(see Sec. for details on the statistical test). Finally, when single layers were
analysed separately, we found (., = 1.03 £ 0.04 in the collaboration network,
and Bt in = 1.13 £ 0.02 and Bt e = 1.14 £ 0.03 in the citation network. This
indicates that in the citation network strength grows super-linearly as a function
of degree, i.e., weights are not distributed uniformly. Nevertheless, correlations
between weights and types of multilinks cannot be captured if the two individual

layers are studied separately.

Assessing the informational content of weighted multilinks

Recent research on single networks has shown that the entropy of network en-
sembles provides a very powerful tool for quantifying their complexity (Park and
Newman, 2004 Johnson et al.| |2010; Bianconi et al., [2009). Here, we propose
a theoretical framework based on the entropy of multiplex ensembles for assess-
ing the amount of information encoded in the weighted properties of multilinks.
Multiplex weighted network ensembles can be defined as the set of all weighted
multiplex networks satisfying a given set of constraints, such as the expected de-

gree sequence and the expected strength sequence in every layer of the multiplex
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network, or the expected multidegree sequence and the expected multistrength
sequence. As we showed in the previous sections, a set of constraints imposed
upon the multiplex network ensemble uniquely determines the probability P (é)
of the multiplex networks in the ensemble. The entropy & of the multiplex en-
semble follows from Eq. and it indicates the logarithm of the typical number
of multiplex networks in the ensemble. The smaller the entropy, the larger the
amount of information stored in the constraints imposed on the network. The
entropy can be regarded as an unbiased way to evaluate the informational value
of these constraints.

In order to gauge the information encoded in a weighted multiplex network
with respect to a null model, we define the indicator ¥, which quantifies how
much information is carried by the weight distributions of a weighted multiplex
ensemble. In particular, ¥ compares the entropy of a weighted multiplex ensem-

ble & with the entropy of a weighted multiplex ensemble in which the weights

are distributed homogeneously. Therefore, ¥ can be defined as

(2.170)

where ((58)2>F(

) 18 the standard deviation, and the average (...)ru) is cal-
culated over multiplex networks with the same structural properties but with
weights distributed homogeneously. In particular, when the weight distribution
is randomized, the multiplex networks are constrained in such a way that each
link must have a minimal weight (i.e., w;; > 1), while the remaining of the total

weight is distributed randomly over the links. In all the considered network en-

sembles we have assumed that the weights of the links can only take values that
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are multiple of a minimal weight. This assumption is by no means a limitation of

this approach because for every finite network, there is always a minimal weight

in the network such that this hypothesis is verified.

In order to evaluate the amount of information encoded in the weight of links

in single layers and compare it to the information supplied by multistrength, we

consider the following undirected multiplex ensembles:

o Correlated weighted multiplex ensemble. In this ensemble, we fix the ex-

pected multidegree sequence {k"}, and we set the expected multistrength

sequence {s/"*} to be

—

ST = i o (K0 ) i (2.171)

7

for every layer . We call " the W calculated from this ensemble.

Uncorrelated weighted multiplex ensemble. In this ensemble, we set the
expected degree k' of every node 7 in every layer @ = 1,2 to be equal
to the sum of the multidegrees (with m, = 1) in the correlated weighted
multiplex ensemble. We set the expected strengths s of every node ¢ in
every layer a to be equal to the sum of the multistrengths of node ¢ in
layer o in the correlated weighted multiplex ensemble. We call W' the W

calculated from this ensemble.

In the correlated weighted multiplex ensemble the properties of the multilinks

are accounted for, while in the uncorrelated weighted multiplex ensemble the

different layers of the multiplex networks are analysed separately (see see Sec.

for the details). Finally, to quantify the additional amount of information

carried by the correlated multiplex ensemble with respect to the uncorrelated
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multiplex ensemble, we define the indicator = as

\IJCOTT

Jyuncorr ’

(1]

(2.172)

As an example of a possible application of the indicator =, we focus on a case
inspired by the CoCi-PRE multiplex network, where we consider different expo-
nents B a,injout 101 different multilinks. First, we created the correlated multiplex
ensemble with power-law multidegree distributions P(k™) = C(k™)~ % with ex-
ponents y(1,m,) = 2.6 for my = 0,1 and (9.1 (injour) = 1.9 (Where for multidegree
(0,1) we imposed a structural cut-off). Multistrengths satisfy Eq. [4.11] with
Cia = 1 and B(1my)1 = 1, for ma = 0,1; B11)2 = 1.3, and B(p1)2 = 1.1. Second,
for the second layer, we created the uncorrelated version of the multiplex ensem-
ble which is characterized by a super-linear dependence of the average strength
on the degree of the nodes. We then measured ¥ as a function of network size
N for these different ensembles. Numerically, the average (...) ., was evalu-
ated from 100 randomizations. Figure shows that ¥ increases with network
size N as a power law, and that = fluctuates around an average value of 1.256.
These findings indicate that a significant amount of information is contained in
multistrength and cannot be extracted from individual layers separately. Simi-
lar results, not shown here, were obtained with a correlated weighted multiplex

ensemble characterized by non-trivial inverse multiparticipation ratios.

2.4.2 Gene-Gene Duplex

In this section we analyse a dataset of gene expression profiles from human

cancer and healthy subjects, using the framework of multilayer networks. For
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this analysis, we construct a duplex based on whole-genome gene expression data,
as taken from Geo Omnibus Database (NCBI (2014), GSE4183 dataset). We
have already met this dataset in Sec. and we referred to it as “Colon”.
From this dataset, a subset of 2835 genes was chosen, known to have a clear
biological role (i.e. belonging to known functional pathways as annotated in the
KEGG database KEGG| (2014)) and with potential interactions between each
other (as annotated in PathwayCommons Protein-Protein Interaction network
database, (Commons (2014)). In one layer, the network is reconstructed from
gene expression correlation of Ny = 8 normal colon samples, while in the other
layer N¢ = 15 cancer samples are considered. We define as e7; the gene expression
value for layer o (normal N or cancer C), in which i is the gene index (ranging
from 1 to 2835) and j refers to the sample (ranging from 1 to 8 for normal samples
dataset, and from 1 to 15 for cancer samples dataset).

Nonparametric Kendall’s 7 is used in order to evaluate the correlation between
genes, and in each layer a network is obtained by a thresholding on the absolute
value of 7 that keeps about ~ 10% of the possible links (7, = 0.5 and » = 0.4
for normal and cancer samples respectively).

We also associate a weight a7; to each duplex link, obtained from gene expression
values of the normal and cancer groups. We calculate the average value over all

samples for each gene in both layers, namely,

Nq

(ef) = ]\1[& €5l (2.173)

ol

=1
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with @ = N, C and define the weights on each layer as the absolute difference

between all gene couples
af. = () — (e?)| Vi,j=1,...,2835. (2.174)

The weights have been discretized as follows: given the minimum and maximum
over all values of af; (from the union of cancer and normal samples distance
matrices), we performed a uniform binning with 100 bins in this interval, thus
obtaining 100 possible values for the weights af;. This duplex encodes in its
topology all the connections among those genes with highly correlated or anti-
correlated gene expression profiles. Moreover, the weight distribution describes
their distances in terms of mean gene expression values. These kinds of informa-
tion are essentially different: for example, two genes can be highly correlated in
their trends across the samples but one could be much more expressed than the
other one.

We can integrate different aspects of gene expression data sets thanks to network
approaches, and furthermore, we can investigate different experimental setups
thanks to multiplex networks tools. The analysis of the multiplex network we
have constructed, formed by one layer for the normal samples and one layer for
those patients with colorectal cancer, can help us understand if there is a back-
bone of highly correlated genes that are conserved after the onset of the cancer
disease. Moreover, we can characterise all the interactions that are specific for
the two conditions.

In order to understand how the weights of the links in a selected layer are re-

lated to different multilinks we consider the distributions {s{% /k/"}, i.e. for each
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node we calculate the average weight of its interactions, classified according to the
multilinks. In Fig. we show these distributions, for a given layer a = 1,2 and
a given multilink m. In both layers, the distribution of average weights related
to multilink (1, 1) is significantly different from that one of the specific layer (i.e.
multilink (1,0) or (0, 1)), with a lower mean value and median of the distribu-
tion. For layer 1, we compared the distributions {31(711’1) / kgl’l)} and {s§}f°) / k§1’0)}
using a Wilcoxon rank sum test, a nonparametric test for equality of population
medians. The p-value is highly significant (3.88-1072?) and the two mean values
are, respectively,<{sl(-,ll’l)/kgl’l)}> = 19.36 and <{s§}fo)/k§1’0)}> = 20.92. For layer

2, the layer related to cancer samples, the rank sum test is always significant

but with a less dramatic p-value (5.23-107%). The mean values for this layer are

respectively <{s§’1271)//€§1’1)}> = 19.54 and <{5§?2’1)/ki(0’1)}> = 20.46.

We studied the relation between the weights of the set of overlapping links,
{aﬁj} )} and {%(]121)} A linear fitting shows that these weights are almost iden-
tical, with a relation al(-jl-,’;) = 0.94 - aﬁj) +3.30 (R? = 0.92). This result is not
trivial, since genes could be correlated (preserving the links) but expressed in
a different way (i.e. with different weights) in healthy and cancer samples, and
highlights the existence of a backbone of genes (and related biological processes)
that are conserved during the disease progression, possibly due to their funda-
mental functional role.

The main goal here is the creation of a null model for such a multiplex real

instance, in order to provide an example of possible application of the theoret-

ical framework here developed to model real datasets. In order to generate a
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null model, we will construct a network ensemble with given multidegree se-
quence and multistrength sequence and generate multiplex networks out of this
ensemble with the desired structural properties. Sampling multiplex networks
from their ensembles will offer the opportunity of comparing our real biological
structure with some compatible instances. Moreover, the entropy measure gives
us the logarithm of the number of “typical” duplex networks in the ensemble,
a value that can be used to compare different experimental setups and clinical
conditions, evaluating what is the level of information encoded in the selected

structural properties of biological networks.

Comparison between the null model and the biological case study

We compare now the structural properties of our biological case study with
the networks with the same multidegree sequence and multistrength sequence
generated by sampling the corresponding multiplex network ensemble. Starting
from our biological duplex network described in section [2.4.2, at first we cal-
culated the Lagrangian multipliers needed for {p} and {m;;(d@i;)}, secondly we
generated 100 different duplex networks. We checked the average values and
fluctuations across our 100 duplexes. In Fig. we compare the behavior of
the average values across the duplexes with the related real values, the assumed
fixed average values of the canonical ensemble. We found that the multidegrees
and the multistrengths are equal in average to the constrained values showing
that the multiplex network framework is able to reproduce well these properties.
Nevertheless from sample to sample the individual structural properties of the

nodes (their multidegrees and their multistrengths) might fluctuate. In Figure

99



2 Multilayer networks and multiplex networks

2.8 we investigate the role of the fluctuations by plotting the histogram of the
z-scores of values of the multidegrees or of the multistrengths for single nodes,
in the layer 2 of the duplex networks, the cancer layer. These distributions are

calculated over the 100 multiplex networks sampled by this ensemble.

2.5 Conclusions

In this chapter we gave an exhaustive description of multilayer networks, and
in particular, of multiplex networks. The main observables and the related null
models are displayed. To study the correlations generated by the overlap of the
links in different layers we use the multilink-formalism. For the particular case of
weighted multiplex networks , we have shown that significant correlations across
layers are present, and moreover, that weights are closely correlated with the
multiplex network structure. Thank to the introduced observables we proved
that many properties of multiplex networks cannot be reduced and predicted
by the measures obtained on single layers. These weighted multiplex proper-
ties capture the crucial role played by multilinks in the distribution of weights,
i.e., the extent to which there is a link connecting each pair of nodes in every
layer of the multiplex network. To illustrate these findings we presented two
datasets. In the first one we analysed the weighted properties of multilinks in
two multiplex networks constructed by combining the co-authorship and cita-
tion networks involving the authors included in the APS dataset. Based on the
entropy of multiplex ensembles, we developed a theoretical framework for evalu-
ating the information encoded in weighted multiplex networks, and proposed the

indicator ¥ for quantifying the information that can be extracted from a given
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dataset with respect to a null model in which weights are randomly distributed
across links. Finally, we proposed a new indicator = that can be used to evaluate
the additional amount of information that the weighted properties of multilinks
provide over the information contained in the properties of single layers.

The second dataset is related to omics studies, i.e. gene expression profiles of
healthy people and subjects affected by CRC. We showed that multiplex observ-
ables highlight significant differences and nontrivial similarities between biologi-
cal processes in healthy and cancer cells in this gene expression profiling dataset.

Moreover, we tested the performance of our null models on this particular dataset.
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Figure 2.4: Average multistrength and average inverse multiparticipation ratio

versus multidegree in the CoCo-PRE/PRL multiplex network. The
average multistrengths and the average inverse multiparticipation ra-
tios are fitted by a power-law distribution of the type described in
Eq. 4.8 (fitted distributions are here indicated by black dashed lines).
Statistical tests for the collaboration network of PRL suggest that
the exponents [ 1 defined in Eq. are the same, while exponents
A prr are significantly different. Similar results can be obtained for
the exponents in the PRE collaboration layer. Nevertheless, multi-
strengths sl are always larger than multistrengths s(0-PEL and
s(ODPRE when multistrengths are calculated over the same number
of multilinks, i.e., kY = (1.0 = £(0.1) (see Sec. {4.1|for the statistical
test on this hypothesis).
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Figure 2.5: Properties of multilinks in the weighted CoCi-PRE multiplex net-
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3

work. In the case of the collaboration network, the distributions of

multistrengths versus multidegrees always have the same exponent,
but the average weight of multilinks (1,1) is larger than the aver-
age weight of multilinks (1,0). Moreover, the exponents A ) ot in;
A(1,0),col,out aT€ larger than exponents A1 1) col,ins A(1,1),col,out- 10 the case
of the citation layer, both the incoming multistrengths and the outgo-
ing multistrengths have a functional behavior that varies depending
on the type of multilink. Conversely, the average inverse multipar-
ticipation ratio in the citation layer does not show any significant

change of behavior when compared across different multilinks.
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Figure 2.6: (A) Value of the indicator ¥ defined in Eq. indicating the
amount of information carried by the correlated and the uncorre-
lated multiplex ensembles of N nodes with respect to a null model in
which the weights are distributed uniformly over the multiplex net-
work. (B) Value of the indicator = defined in Eq. indicating
the additional amount of information encoded in the properties of
multilinks in the correlated multiplex ensemble with respect to the
corresponding uncorrelated multiplex ensemble. The solid line refers
to the average value of = over the different multiplex network sizes.
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Figure 2.7: Comparison of the real values of multistrength and multidegree se-

quence with their related average values calculated over 100 instances.
Angular brackets ({...)) indicate the real values (the fixed average
values of the canonical ensemble), while overbar (.~.) defines the av-
erage measure over the 100 duplexes. Considering the relative er-
ror between the real values and the average values for each node,
AE; = (z; — (x;))/{x;) i = 1,...,2,835, the average absolute relative
error (|AFE]), over all nodes for each measure, ranges from a mini-
mum of 0.5% to a maximum of 2.4%. In the last panel we display
the distribution of the 100 measures of the overlap between the two
layers (in the real duplex this value was 109, 056 links). The red line
is a Gaussian distribution with the same mean and variance as the
empirical distribution.
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Distributions of the z-scores {z;} related to some fixed values of mul-
tistrength and multidegree, in Layer 2 (colorectal cancer layer). In
each panel we display the 100 values of z across the sampled instances
(gathered in 10 bins), for a chosen node with that assigned value of
multistrength or multidegree. Similar results are also found for Layer
1 (normal samples).
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Figure 2.9: Biological case study: we display the distributions {sgﬁa /K™Y ie. the
average weight of each node’s interactions, classified according to the

multilinks.
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3.1 Introduction to control theory

Control theory is a well known branch of engineering with applications to a
large number of disciplines ranging from medicine and drug discovery (Csermely
et al.,[2013), to the characterisation of dynamical processes in the brain (Bullmore
and Sporns, 2009; Bonifazi et al., 2009; Power et al., 2011)), or the evaluation of
risk in financial markets (Delpini et al., 2013). Control theory is even involved
in the study of biomass flows in ecological systems. A dynamical system is
considered controllable if, given a designed choice of inputs, it can be driven
from any initial state to any chosen final state in finite time. The dynamical
rules are embedded in a network representing the interactions of the different
components of the system. The question of control placement (Ruths and Ruths,
2014)), namely, which nodes to control with external inputs in order to achieve
the controllability for the entire system, has many fall-outs in practical studies
of dynamical networks. In the typical EEG experimental design for instance,
electrodes can be used to stimulate brain voxels. In this brain model each node
is a cortical voxel, and its state is given by the level of excitation at a specific point

in time. The correlation in the EEG signals usually determines if one brain region
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is connected to another. For social sciences the mapping of sentiment or opinion
towards a particular subject is of great interest: considering people as nodes
and their relationships as edges (friendship, influence, authority) is possible to
map the opinion spreading over the population. The key-role of some influential
individuals is again matter of control placement and of particular appealing for
advertising (Ruths and Ruths, [2014).

In general, the dynamical information and the topological features are not always
available and well integrated and this is the main difficulty in dealing with control
theory. The interplay between network structure and its related controllability
has been recently analysed in the crucial papers (Liu et al., 2011}, 2012)). Topology
plays a fundamental role in affecting dynamical processes on a given network and

it seems as well playing a key role in network controllability.

3.2 Definition of controllability and structural

controllability of a network

Controllability studies the relationship between the state of a given system and
its inputs (Iglesias and Ingalls, 2009). We start considering the simplest picture,
a given system well described by canonical linear time-invariant dynamics. Many
real systems are better represented by nonlinear dynamics but we consider the
linear approach as a natural prerequisite of the nonlinear controllability problem.

Consider the system

=2 — Ax + Bu, (3.1)
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in which each element of the vector x(t), namely, z;(t) with ¢ = 1,2,..., N,
represents the state of node i at time ¢. This vector is therefore called the state
vector. A good example is given by gene regulatory network where each x;(t)
gives the transcription factor concentration of gene ¢ at time . The matrix A is
a N x N (asymmetric) matrix defined as the state matriz of the system. It en-
codes the directed weighted relation of each couple of system component and the
element a;; is associated with the link (j — ¢) on a directed network G(A). Al-
ways considering a gene regulatory network, the interaction can be both positive
(excitatory) or negative (inhibitory). Whenever all the links have unit strength
the state matrix A becomes the transpose of the adjacency matrix of G(A) .

B is a N x M matrix, so-called input matrix, defining which nodes are controlled
by the outside (M < N). The M external signals are indicated by the vector
u(t) of elements u, and « = 1,2... M. A system is controllable if the control
input u(t) is able to drive the state x(¢) from any initial condition x¢(¢y) € RY
to a final configuration x;(t;) € RV (Iglesias and Ingalls, 2009).

We define as driver nodes Np those controlled nodes which do not share input
signals and whose control determines the dynamics of the system. The main
goal is the identification of the minimal set of driver nodes which guarantees full
controllability.

For any given realisation of A and B, the dynamical system is controllable if it
satisfies Kalman’s controllability rank condition, i.e. the controllability matrix
C = (B,AB, A’B, ..., AYN"1B) is full rank (rank(C)=N). For a simple example
of controllability see Fig. [3.1].

In addition to the fact that the verification of Kalman’s condition can be com-

putationally very demanding for large systems, in most real systems the notion
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0 0 0 b o
A = a,, 0 O B=| 0 b,
a, 0 0 0 o

Figure 3.1: Controllability of a small system: the linear dynamics of Eq. is
defined by matrix A (state matriz) and by matrix B (input matrizx).
The system is controlled by two inputs u = (ui(t),us(t))" and the
input signals are displayed in blue. The controllability matrix C' =
(B, AB, A?B) has rank 3, meaning that Kalman’s controllability rank
condition is satisfied. Link directions follow the transpose of matrix
A. Maximum matching links (a3;) and matched nodes (X3) are shown
in red. Empty nodes are unmatched but connecting them to input
signals yields full control of the system.

of exact controllability is unusable since the entries of A and B are not perfectly
known. As an alternative, if we assume that the non-zero matrix elements of A
and B are free parameters, we can consider the concept of structural controlla-

bility (Lin| |1974). The system is structurally controllable if for any choice of the

free parameters in A and B, except for a variety of zero Lebesgue measure in
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the parameter space, C' is full rank (Lin| 1974). Since structural controllability
only distinguishes between zero and non-zero entries of the matrices A and B, a
given directed network is structurally controllable if it is possible to determine
the input nodes (i.e. the position of the non-zero entries of the matrix B) in a
way to control the dynamics described by any realisation of the matrix A with
the same non-zero elements, except for atypical realisations of zero measure. A
network is therefore structurally controlled by identifying the minimum number
of driver nodes.

In his seminal work, Lin defined the corresponding network analog of the linear
system [3.1], the so-called control-augmented graph G(A, B), formed by adding
control nodes to the original network G(A) (one for each control input). His
fundamental result states that a linear system (A, B) is structurally controllable
if and only G(A, B) is spanned by cacti. A cactus is the key structure of Lin’s

Structural Controllability Theorem and it is composed by elementary substruc-

tures, namely, (see Fig.

Stem — elementary path starting from an input vertex or control node called

root and ending in a terminal vertex called top

Bud — elementary cycle with an additional edge e called distinguished edge

of the bud (it ends but not begins in a vertex of the cycle)

U —rooted factorial connection — union of vertex-disjoint stems and

elementary cycles spanning G(A, B)

A cactus is then composed by a main stem with some buds attached only by their
distinguished edges (no distinguished edge starts at the top of the main stem).

Finally, “a cacti is a set of vertex-disjoint cacti” (Liu et al., 2011). Removing
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any edge from the cacti breaks the controllability of the system. This structure
is therefore minimal and is equivalent to the irreducibility condition on [A, B]
(Ruths and Ruths, 2014)).

Liu et al. (2011)), starting from Lin’s Structural Controllability Theorem, mapped
the problem of finding the minimal set of driver nodes into a maximum matching
problem. The so-called “Minimum Input Theorem” identifies the driver nodes
with the unmatched nodes. In most cases the structure of B is not known a priori,
this means that, once studied G(A), a suitable choice of input connections can
guarantee the controllability of the system. Applying the maximum matching
algorithm we gather the set of disjoint simple paths and loops that maximally
cover G(A). We connect a single input to each unmatched node, building then a
spanning cacti of G(A, B). Whenever a cycle does not have a distinguished edge
connecting it to a stem, we build a new bud taking one of the input nodes and
connecting it to any node of the cycle (no further input nodes are needed). For

further explanations see Fig. [3.2]

3.2.1 Matching, Maximum Matching and Perfect Matching

For an undirected network a matching is defined as a set of edges without
common vertices. A node is considered matched if it is incident to an edge in the
matching, otherwise it is called unmatched. We have a “maximum matching”
whenever a matching reaches the maximum cardinality, while we define “perfect
matching” a matching which matches all the nodes in the graph. These defi-
nitions naturally apply to bipartite networks where the famous Hopcroft-Karp
algorithm finds the maximum matching in O(v/V E) with V the number of nodes

and E the number of edges.
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Figure 3.2: Control-augmented graph G(A, B): input vertices and links are
marked in blue and in this particular system we have three control
nodes driving three stems, namely, (uq,1,3,4,5,6), (uz,2) and (us, 7).
Moreover, we have two loops, (12,13, 14,15,16,17) and (8,9, 10, 11).
Loop (8—9—10—11) has its distinguished edge (4, 8), forming together
a bud. Loop (12,13,14,15,16,17) does not have a distinguished edge
so we connect it to input w;, building another bud. The U-rooted
factorial connection is composed by: (u1,1,3,4,5,6), (us,2), (us,7),
(12,13,14,15,16,17), (8,9,10,11). The spanning cacti is composed
by one main cactus given by (u,1,3,4,5,6), (4,8), (u1,17) and
(12,13,14,15,16,17). The cactus (us,2) and the other cactus (usg,7)
are simply stems. Red edges belong to one the possible maximum
matching of G(A). We can appreciate how this algorithm finds a
set of disjoint paths and circles covering G(A): no two edges share
a common starting node or a common ending node. Red nodes are
defined as matched while empty nodes 1, 2, and 7 are defined as
unmatched. Each control node is then associated to one unmatched
node (Ruths and Ruths| [2014).
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In directed networks the definition of matching considers the existence of start-
ing vertices and ending vertices. Therefore in this version of matching no two
edges share a common starting or ending vertex. A node is matched whenever is
pointed by an edge in the matching, otherwise, it is unmatched (see Fig. and
Fig. [3.2)). The maximum matching of a directed network G(A) can be computed
always with the Hopcroft-Karp algorithm (Hopcroft and Karp), (1973), consider-
ing a bipartite version of the initial network. The new bipartite graph is created
with twice the number of nodes of the original network: the nodes are divided in
two groups, the first group V" = {v{", ..., v} } is composed by the original vertices
seen as out-vertices, while in the second group V'~ = {uy,...,vy} we collect the

in-vertices. The original edges are then translated in new links starting from V'

+

and ending in V=, in other words, an edge (v;", v; ) corresponds to the link ¢ — j

in G(A) (Liu et al., 2011)).

The peculiarity of directed matching is that its edges form elementary paths and
circles. In elementary paths every node is matched except the first one, while in
circles all nodes are matched, giving then an example of perfect matching (see
Fig. [3.2). These features gave the chance to map Lin’s Structural Controllabil-
ity Theorem into the matching problem on directed networks. Once obtained
the maximum matching for the given network we can connect an input to each

unmatched node.

3.2.2 Real networks and null models

In Liu et al.| (2011)) a set of different kinds of real networks was analysed and
for each one the density of driver nodes was obtained applying the maximum

matching algorithm. One of the main findings regards the role of hubs in the
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controllability of a given network. The fraction of driver nodes is significantly
higher among nodes with low degree than among hubs. Moreover, in all the cases
the average degree of driver nodes (kp) is either importantly smaller than or com-
parable to the average degree of the network (k) (where (k) = 2 (ki) = 2 (kout))-
Randomisation enlightens the interplay between topological features and control-
lability (see Ch. 1). A full randomisation procedure keeps the number of nodes
N and the number of links L unchanged. This procedure turns the real network
into a directed Erdos-Renyi random network. The results displayed in Liu et al.
(2011)) indicate how a full randomisation removes the topological features that
are related to controllability. On the other hand, a degree-preserving randomisa-
tion that keeps both the k;, and the k,,; for each node (Maslov, 2014)) does not
modify in a significant way the original number of driver nodes Np. The joint
degree distribution P(k;,, ko) seems to strongly characterise the controllability
of the underlying network. So fixed P(k;,, kout) the real network is just a given
instance of a more general ensemble of networks (see Ch. 1). Analytical methods
such as the cavity method give us the chance to calculate the average density of

driver nodes np over all network instances compatible with the given P(k;,, kout)-

3.3 Cavity method and Belief Propagation: a short
introduction

In this section the essential prerequisites of statistical mechanics for the analy-
sis of the matching problem on directed networks are presented. In the following
sections a similar formalism for the computation of the number of driver nodes,

using belief propagation and population dynamics, will be covered.
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3.3.1 Disordered systems

Among the methods for disordered systems replica method and cavity method
are the most common. In particular, given the context of this thesis we are
interested to the latter. An example of disordered system is given by the Ising
model on a random graph, a version of the spin glass problem in the dilute
case. We consider a random graph G = (V, E) drawn from of the ensemble
of Erdos-Renyi networks with N nodes and average degree ¢ (Hartmann and
Weigt|, [2005). The vertices are labelled as V = {1,2,..., N} and we assume that
the edges are drawn independently with probability p = ¢/N. The matrix J

becomes the adjacency matrix of G and its elements are
1 if{ij} el
0 if{ij}¢FE

The probability of a given graph belonging to the ensemble reflects the indepen-

dence of different edges and can be written as

P(J) = IL 11 = p)o(Jij) +po(Ji; — 1)] (3.2)

1<J

The Hamiltonian is given by (Hartmann and Weigt|, 2005)

HJ(O’l,...,O'N) = _Zjijo-io—j (33)

i<j
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where the spins are expressed with the popular notation o; = +1, ¢ =1,..., N.
Eq. is characterised by the microscopic configuration C = {o;} and by the
quenched disorder J. Quenched disorder means practically that the disorder is
fixed and it is not subject to thermal fluctuations (Zagordi, 2007). In physical
terms this means that the time scale characterising changes in the interactions
is much longer than that one regarding changes in the dynamical variables.

Eq. and the related free energy density depend on a specific realisation of

the disorder (matrix J), i.e.

1
fr=—2ylogZ, (3.4)

~3N
where N is the system size and Z; is the realisation-dependent partition func-
tion. Anyway, from physical considerations the typical features of a disordered
system do not change going from realisation to realisation (Zagordi, 2007)). This
sel faverageness property explains how, for large systems, the studied properties

do not depend on the given instance of J, i.e.

fe(B) = lim f,(8,N) (3.5)

Furthermore, the mean value of a self averaging quantity over the disorder, such
as the free energy density, is well defined and corresponds with the thermody-
namic limit:

f= lim

M G (log Zs); = f(B) (3.6)

This means that f should have small fluctuations (of the order of 1/N), a typical

situation in case of short range interactions (Zagordi, [2007)).
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Quenched average and annealed average

The so-called quenched average is given by

f={f2)y = [dIP()EF; = —;N [ dIP(J)log Z, (3.7)

Integrating the logarithm of the partition function shows many difficulties and the
famous replica trick was developed to avoid this issue (in this short introduction
we are not presenting the replica method). Another possible average is the so-
called annealed average, namely,

L [dip())z (3.8)

———1o .
3N g J

where we calculate the logarithm of (Z;) ;. This kind of approximation often

leads to wrong results (Zagordi, 2007)).

Cavity method

The cavity method (or Bethe-Peierls approximation) is a useful approach to
improve the classic mean-field approximation. In the usual mean-field the de-
grees of freedom of a single spin are treated exactly while all the other variables
are replaced by their average values (Nishimori and Ortiz, 2010)). In the cavity
method the configuration of nearest neighbours of a given spin are considered
with no approximation and all the spins beyond those neighbours are approx-
imated by their mean values. The neighbouring spins then feel effective fields

that express the influence of spins beyond them.
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This method is characterised by the locality of the dependencies among its vari-
ables and this is a common feature of many other inference problems. This
common trait belongs especially to the so-called graphical models: Bayesian net-
works, Markov random fields and factor graphs. With these graphical models
we can easily represent systems of Ising spins or constraint satisfaction problems
(e.g. random XOR-SAT), that are indeed related. For a general introduction to
graphical models and belief propagation we refer to [Yedidia et al. (2001)). Belief
propagation or BP is an efficient local message passing algorithm for the resolu-
tion of inference problems represented by graphical models. Moreover, it can only
converge to a fixed point that is also a stationary point of of the Bethe approxi-
mation of free energy. The main purpose of the BP algorithm is the computing of
marginal probabilities or belie fs, at least approximately (when the graph has no
loops the algorithm is exact), in a time growing linearly with the number of nodes
in the system and not exponentially (Yedidia et al., 2001)). The same algorithm,
named in different ways, has been repeatedly rediscovered in a large variety of
scientific fields: the forward-backward algorithm, the Viterbi algorithm, iterative
decoding algorithms for Gallager codes and turbocodes, Pearl’s belief algorithm
for Bayesian network, the Kalman filter, and finally, the transfer-matrix approach
in physics (Yedidia et al., 2001]).

Unlike the replica method, the cavity method gives results both for the quenched
average and the single graph. The results on a single instance are fundamental
for the parallelism with message passing algorithms. For the considered exam-
ple, i.e. Ising spins on a random graph, the two methods give exactly the same
results (replica symmetric regime).

The main and fundamental assumption of this method is the locally tree-like
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structure of the underlying graph defined by J, meaning that almost all loops
are of length O(log N) and therefore, in the thermodynamic limit, they go to
infinity:.

For the sake of simplicity we consider then a tree-graph. This kind of structure
allows the calculation of the partition function via an iterative scheme (Hartmann
and Weigt, [2005). Selecting an arbitrary node i we introduce the restricted par-

tition function Z;(0;), i.e.,

Zi(o) = Y €l zienmon (3.9)
{O'k,k'#i}

where the spin o; is fixed to +1 or —1 and Z = Z;(1) + Z;(—1). The subtrees
that are rooted in the neighbours j of ¢ are independent and disconnected if we
remove vertex ¢ and all its links. Eq. can be then rewritten as a function
of the restricted partition functions Z;_,;(c;) of the subtrees above i (Hartmann

and Weigt, 2005), namely,

Zi(o)) = X o I Zi (o))
{oj.JEN(i)} JEN(i)

- -Jrv[(-)zeﬁaﬂjzjw(%) (3.10)
jeN(i) %

where N () defines the neighbourhood of node i. Recursively, Z;_,;(0;) depends

on the subtrees above vertex 7, i.e.,

Ziiloj) = > P93 Lken(ini ok I Zis(ow)
{onkeN(5)\i} kEN(j)\i
= I X" Z (o) (3.11)

keN(j)\i 7k

In [Yedidia et al. (2001) the authors give an example of belief propagation
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Markov Random Fields

1/’,-,-( l.,oj)=e

BJ0.0;

m

i—j

Factor Graph
m. m .
1—>a BJjo.0; a=J
e
m . m.
a—i j—a
Function
node
a

Figure 3.3: Ising model on a random graph: representation of a single couple
of spins 7 and j in two different graphical models. For pairwise
Markov random fields each spin is a node variable (circle) with possi-
ble states &= 1. Each link is associated with a compatibility function
Vii(0s,0;) = €7%i%% The factor graph introduces instead a function
node a (square) representing f,(o;, ;) = /%%,

implemented on pairwise Markov random fields (MRF’s). The main result that

we want to mention about MRF’s is that they can reproduce our problem of Ising

spins on a network. Each spin variable is seen as a node variable with possible

states £1. Each edge (4, j) is associated with a compatibility function ;;(o;, 0;)
through the expression log ¢;;(0y, o) = BJ;;0i0; (see Fig. 3.3). The overall joint
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probability of the pairwise Markov random fields is

pod) = 11 vilon o) (312

(i,j)eE

that is equivalent to the usual Boltzmann probability distribution. For the BP
algorithm implemented on our graph two main definitions are introduced, the

belief p(o;) and the message update rule, i.e.,

plo) = K | lj_\r[(') m;—i(0;) (3.13)
JEN (1
mji(0i) = Y vij(oi05) 1T musj(oy) (3.14)
7 KENG)\i

These last equations are connected to Eq. and Eq. if we consider
mii =3 €2 i(0)) (3.15)

and p(o;) = Z;(0;)/Z (the normalisation constant is then K = 1/7).
The introduction of the cavity fields h;_,; simplifies the hierarchy of Eqgs. [3.10}

3.11] They are defined as
1 Z]—n("’l) 1 cosh ﬁ(hk—)j + 1)

h,i=-—log =——F+=— log 3.16
j_> 26 § Zj-i(—1) 28 keN (j)\i cosh B(hj—; — 1) ( )

In a similar way the local ef fective field is defined as

1 Zz("’l) 1 cosh B(hjﬁi + 1)
h;i=—1o = — 0
28 % Z,(—1) ~ 23 je%(,.) & cosh Bl — 1)

(3.17)

The interpretation of cavity fields and of the effective field is easier if we con-
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3 Y

Figure 3.4: Graphical solution of the cavity-field distribution (see Eq. : a
given cavity field is generated from the cavity fields of £ neighbours,
where k is the so-called excess degree and follows the nearest neigh-
bour degree distribution. Following a generic link in a given direction,
its associated cavity field (square, on the left) is defined considering
all the possible contributions from the cavity fields (squares, on the
right) acting on the spin (circle) at its “ending vertex” (from the right
to the left, the ending vertex has excess degree equal to 0, 1, 2)

sider the marginal probabilities p(o;) and p;_;(o;)

Zioi) e
p(oi) = Z  2cosh Bh; (315)
Zji(0;) G
(o) = _ 3.19
Pj— (0']) Z]_n(l) + Zj_ﬂ-(—l) 2 cosh ﬁhj—n' ( )

Eq. tells us that spin ¢+ behaves like a single spin in an external field h;.
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The same scenario leads to Z;(0;) = Ae’M with A a positive constant, and to
the usual expression for local magnetisation given by m; = tanh Sh;. Similar
arguments work for Eq. where now the global effect on spin j is considered
without its neighbour i and Z; ,;(0;) = Be~% with B a positive constant.

It is convenient to introduce also the joint probability distribution for spin ¢ and

4, p(oi,05)0;. Following [Yedidia et al.| (2001) we get

p(oi, Uj) = K%‘j(gz'? Uj) II musilon) 11 ml—m’(UJ)
keN (i)\j IEN(j)\i
1 40
= " Zi(00) Z;i(0))
(Zi2j(1) + Zins; (=1))(Zji(1) + Zji(=1)) o,
A
. (231 cosh ﬁhi—{j) (232 cosh th_m‘) Bo0;
Z 2 cosh Bh;—,; 2 cosh Bh;_;
BlBQeﬁUz‘Jj eﬂhiﬂjaieﬂhjﬁiaj
Zii(1)(Xo, €991 Z5i(04)) + Zinsj (1) (X, €771 Zji(05))
eB0i0j oBhi—sj0i oBhji0;

TS ePrsePhisoiehhs s (3.20)
i Vg

7ipisi(0i)pi—i(oj)

ebhi—joi ebhi—io;

where we considered Z;_,;(0;) = ByePhi=i% and Zii(o;) = ByePhi~i9 This joint
probability distribution p(o;,0;) is properly normalised and satisfies p(o;) =
Y5, P(04,05). Moreover, we can calculate the total joint probability distribution

p({o}) as a function of {p(0;)} and {p(oi,0;)}, i.e.

plio}) = TMence o) (321)

where k; is the number of neighbours of spin ¢. This computation is exact when-

ever the graph has no loops and it becomes equivalent to the usual Boltzmann

125



3 Control Theory

probability distribution for a given configuration {c}, i.e,
1 —BH(01,...,0N)
p({o}) = e 7w (3.22)

Solving Eq. the correct normalisation constant 1/Z is obtained considering

Z2|E|7N Z2(N71)7N

ZIEl z(N-1)

(3.23)

where 2|F| — N =Y, ki — 1 and |E| = N — 1 (we consider a tree-graph).
Whenever we deal with random graphs locally tree-like the factorisation of the
restricted partition function Z;(o;) in subtrees is not correct ( see Eq. [3.10).
Anyway, Z;(0;) depends on the joint partition function Zy);({o;}), where {o;}
are all the neighbours of node ¢, with ¢ removed from the network (Hartmann
and Weigt|, 2005). The cavity graph G; has origins from the initial graph G
where node 7 and its incident links have been removed. The requested locally
tree-like structure helps us: given a graph where almost all loops have length
of O(log N), in G; the neighbours N (i) become really distant from each other
and they can be considered practically uncorrelated whenever N > 1. The joint
marginal distribution of these spins then factorises.
The field equations Eq. and Eq. determine a self-consistent system and
they are solved in a similar way to the various massage passing algorithms. In
practice, for a given graph, starting with some initial conditions for {h;;}, for
each link (4, j), for each direction of the edge, we iterate Eq. till convergence.
Once obtained all the {h;_,;}, thank to Eq. we calculate the effective fields
{h;} and then the physical behaviour of our system becomes fully characterised.

We have just given the basic tools to solve our problem for a particular graph
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@

Figure 3.5: Graphical solution of the physical effective-field distribution (see Eq.
: an effective field is generated from the cavity fields of all its
neighbours k, where k follows the usual degree distribution P (k). The
light-red square represents the effective field acting on a generic spin
(circle), while the dark-red squares are the cavity fields, considered
in all their possible contributions to the given spin (from the right to
the left, the considered node has degree equal to 0, 1, 2).

(associated with a given J) of the ensemble. First of all, we introduce the cavity-

field probability distribution as

LS (80— By + 60— i) (3.24)

Pccw h) = —
() cN {ij}eE

where each edge gives two contributes to the fields (Hartmann and Weigt,, 2005).

We can see Eq. as the normalised histogram over all cavity fields. Moreover,
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also an ef fective — field distribution can be considered, namely,

P(h) = — ¥ 6(h — hy) (3.25)
N jev
In the thermodynamic limit both the cavity-field distribution and the effective-
field distribution can be determined by self-consistent equations, given the equiv-
alence of every links in a random graph. How can we write down these equa-
tions? Thank to their graphical representation in Fig. and in Fig. [3.5] This
method is similar to the usual procedure considered in network theory for the
computation of the giant component for uncorrelated random networks with the
generating functions.

Let’s start with the computation of the cavity fields: a generic h;_,; depends on
the cavity fields {h;—;} of k neighbours, where k follows the nearest neighbour
probability distribution, or equivalently, & can be considered as the excess de-
gree of node j with respect to edge (i,j) (Hartmann and Weigt, 2005). These

arguments lead to

Prw(h) = g /<f1<3k(>/€) /kljll dh; Pag (1) (h— 1%1 gizzﬁgi%)
X (k+1)P(k+ LIS S cosh 5(h; + 1)
- > @ /Hdh Praw(hi)d (h 2;1 coshﬁ(hi—l))

k=0

B . . | 1 cosh B(h; )
~— Y M/il_qldhlpcav(hz)é (h 26i_zllogcosh5(hi_1)) (3.26)

For P(h) the contributes come from all the neighbours of the considered node,
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meaning that the we need to consider the usual degree distribution P(k), namely,

P(h) = ZP /Hthm i) (h—El Ezziggf?i;)

_ kL/I]dh]%M (h—-§31 223x¥2jj13>(32n

kO

For the characteristics of the Poissonian degree distribution P..,(h) = P(h),
even if the fields on single vertices do not coincide. These equations give an
iterative recipe for the estimate of P(h) and the solution follows a fixed-point
procedure. In particular, for 0 < T" < T, (where T, is a critical temperature,
average-degree dependent, above which the model behaves as a paramagnet), we
can go ahead just numerically using a very popular algorithm called population-
dynamics (Hartmann and Weigt), [2005). We start considering a large population
{h1,...;har} of M > 1 fields, representing the field-distribution and firstly ini-
tialised randomly. We then run the algorithm that iteratively replaces some fields
inside the population, until convergence. The following pseudo-code represents

the main path of the population dynamics:

do
draw k from a Poisson distribution e=¢c* /k!

select randomly &k + 1 indices 4,41, ..., € {1, ..., M }

cosh 3(h;,+1)

replace hf'* with b = 55 T3, log

while not converged

return (hy, ..., hy)

The convergence of this algorithm means that the statistical properties of the

population (especially its histogram) become constant up to negligible fluctua-
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tions.

We give now an example of the computation a global quantity such as energy.
Energy can be calculated for a single network or it can be considered as the
energy density for the network ensemble.

For a single instance we have

<HJ>T - - Z Jij <ai0j>T
1<]
Zo,i o, O-Z’O-jeﬂaio—jeﬂhiﬁjo—ieﬂhjﬁio—j

- -3 J; (3.28)

i<j

Sy o, €599 eBhinj0i oBhi—i0;
1,0

where Eq. has been used. Averaging over the graph ensemble we obtain the

energy density, i.e.

20_170_2 0'10'2660—10—265}“01 eﬂhQUQ
Y0100 eBo1020Bh101 B0

_Hpp)y
€ = ]J\/vJ — _2/dhlthPcav(hl)Pcav(hQ)

(3.29)

3.3.2 Belief propagation on factor graphs

Another variant of the belief propagation algorithm is implemented over the
previously mentioned factor graphs. A factor graph is one of the possible graphi-
cal models together with Bayesian networks and pairwise Markov random fields.
A factor graph is essentially a bipartite graph containing two types of nodes
called function nodes (set F') and variable nodes (set /). In the previous section
we mentioned pairwise Markov random fields where there is just a single type of
nodes, i.e. variable nodes, and each connection between a pair of nodes defines
a compatibility function. The main feature of all these graphical models is the

factorisation of the overall joint probability (see Eq. [3.12)). For factor graphs the
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joint probability reads
p(x) o< I fa(xa) (3.30)

acF
where x, represents the vector of variable nodes in the neighbourhood of function
node a, in one of the possible configurations of their given states, i.e. x, contains
the arguments of function a. Two kinds of nodes need two different types of mes-
sages running over the factor graphs, differently from pairwise Markov random

fields where we updated just one type of message. These messages are formally

defined as

variable node v — function node a

mv—m(xv) = H mb—)v(xv) (331)
beN (v)\a

function node b — variable node v

Mpso(T0) = Do folxs) TT muss(ze) (3.32)

Xp\ Ty teN(b)\v

where for x, we denote one of the possible states of variable node v and ¥y,\,,
means summing over the states of all the neighbours of b except node v.

We define then two marginal distributions for each kind of nodes:

variable node

p(xy) o< 1 maso(zy) (3.33)
aeN (v)
function node
p(Xa) X fo(Xa) 11 Mosaly) (3.34)
vEN (a)
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The factor graph gives an alternative representation of the Ising model on a ran-
dom graph. Each interaction term becomes a function node and it is represented
by a square vertex, while each spin is represented by a circular variable node (see
Fig. 3.3). In this model every function node has degree two, i.e. each function
node is associated with just one link and connected only to two variable nodes.
Let’s consider the situation pictured in Fig. 3.3, Combining Eq. with Eq.
3.32 we find

misq(oi) = ] Zeﬁ"ia’“mk%b(m{) (3.35)
beN(i)\a Ik

where with o3 we denote one of the spins connected to o; in the real graph. On

the factor graph this spin o} is linked to o; through a generic function node b.

We modify b € N(i)\a in k € N(i)\j obtaining

mi_m(O'i) = H Zeﬁaiakmk%b(dk) (336)
keN(i)\j

(3.37)

This last equation is equivalent to Z;_,;(0;) (see Eq. [3.11)). Finally, we use Eq.

to evaluate p(o;, 0;) (see Eq. [3.20), namely,

p(0,07) o €77y o (03)mysa(0;) (3.38)

in agreement with Eq. [3.20]
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3.4 The BP approach to the maximum matching
problem

The maximum matching problem

The maximum matching problem can be treated by statistical mechanics tech-
niques (Liu et al., 2011} Zdeborova and Mézard, 2006; |Altarelli et al., 2011;
Mézard and Parisi, 2001; Martin et al., [2001; Hartmann and Weigt, 2005 such
as the cavity method. As previously introduced, a matching M of a directed
graph is a set of directed edges without common start or end vertices, and it is
maximum when it contains the maximum possible number of edges. The problem
of finding a maximum matching of a directed graph can be cast on a statistical
mechanics problem, by introducing variables s;; € {1,0} on each directed link
from node 7 to node j, indicating whether the directed link is in M (s;; = 1) or
not (s;; = 0). The configurations of variables {s;;} have to satisfy the following

matching condition,

Z Sij < 1, Z Sji < 1, (339)

JED i jED_i

where 0_i indicates the set of nodes 7 that point to node 7 in the directed network,
and 0,i indicates the set of nodes j that are pointed by node i (see Fig. [3.6)).
If these constraints are satisfied each node ¢ of the network has at most one
in-coming link that is matched, (i.e. one neighbour j € 0_i such that s;; = 1)

and at most one outgoing link (one neighbour j € 0, such that s;; = 1) that is
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matched. Moreover the variables {s;;} should minimise the energy function

N
N N
= Z(l—.Z'SJi)ﬁ—Z(l—.Z.SU)

i=1 JED_i i=1 JEOL i
— 9N, (3.40)
= 2(N — |M]|) (3.41)

where Np is the number of unmatched nodes in the network and this number
also determines the minimum number of driver nodes required to fully control
the network. |M| is the cardinality of the matching M and is also equal to the
number of matched nodes: each one of these nodes is associated to an ending

vertex of a matched link. Moreover, we remark

N N
> sji =y, >, sij=|M]| (3.42)
1=1j€0_i i=1j€a+i

The § — oo limit corresponds to the ground state, in other words the situation
in which the matching is maximum and the number of driver nodes is minimum.

We aim at finding the distribution P({s;;}) given by

Pl = C M0 (1= £ )

=1 jedyi

N

JjeO_i

where §(z) = 1 for x > 0 and f(x) = 0 for < 0 and where Z is the normalization
constant, that corresponds to the partition function of the statistical mechanics

problem. In particular our goal is to find this distribution in the limit 3 — oo
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+ j€a,i

Esﬁsl

j€a i

Figure 3.6: Once fixed node ¢ we define two sets: the first one is 0_i and it
gathers all those nodes pointing to node 7; the second one is 0,1
and it indicates all those nodes pointed by node ¢. To each link
we associate a variable s;; or sj depending on the direction of the
considered edge. For instance, let’s consider a generic link ¢ — j: the
related variable s;; is 1 if ¢ — j belongs to the matching, 0 otherwise.

in order to characterise the optimal (i.e. the maximum-sized) matching in the

network. The free-energy density of the problem f(/3) is defined as
BNf(8) = ~InZ, (3.44)

and the energy of the problem is therefore given by

_ ABNFB)]

E 95

(3.45)
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3.4.1 The BP equations

The distribution P({s;;}) on a locally tree-like network can be solved by the
BP message passing method by finding the messages that nearby nodes sent
to each other. In [Zdeborova and Mézard (2006) the problem of matching in
undirected random networks was solved using a factor graph: each node of the
original network becomes a function node and each link is represented by a vari-
able node. This representation is easily explained: the matching variables (i.e
s;j) are associated with the links of network but the constraint functions (simi-
lar to Egs. and the Boltzmann factor work in the neighbourhood of each
original node.

Moreover, a generic link ¢ = (i, j) has always degree 2, meaning that it has a con-
nection only with function node ¢ and function node j, and no further constraints
are applied to this variable node. For this link then, the outgoing message to
function node j is equivalent to the incoming message from function node 7 i.e.
me—j(se) = mie(se) (see Eq. . The formalism used in Zdeborova and
Mézard| (2006) is then rearranged in messages running only between couples of
function nodes, i.e. for node ¢ and j we get m;_,;(s;;) and m;_;(s;;).

For the particular case of directed graphs we distinguish between messages going
in the direction of the link, m,_;(s;;), and messages going in the opposite direc-
tion of the link, 1, ;(s;i). Moreover, as explained by Egs. , the neighbour-
hood of each node 0i is divided in 0,7 and 0_i. We are going to use normalised

messages as in the custom, i.e. P_,;(s;;) and f)Hj(sﬂ). Following directly from
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Eqgs. [3.31], [3.32, the BP equations for these messages read

1
Pij(sij) = > 9<1— > Szk)
Divsj (suikeoinj ke, i
X exp [—5 (1 - > Szk>]
k€8+i
x I Pesi(si),

kedyi\j
A 1
Pi,i(sji)) = = > 9(1_ > Ski)
Dij {sp}keo_i\j kD i
BTN
ked_i

X H Pk_m-(ski), (346)
ked_i\j

where D;_,; and D;_,; are normalisation constants. At function node ¢ for mes-

sages Pj_,;(s;;) we apply the function

fi (sqiny, k € 041) = 0 (1 - 2 Sik) exp {—5 (1 - 2 Szk)] (3.47)

k€a+i k€8+i

while for messages ]Si_m-(sji) we consider the function

fi (Sqeiy, k€ 0-i) =0 (1 - > Ski) exp [—5 (1 - Y skz)] (3.48)
keo_i keo_i

A

Similarly to Eqs. [3.16} [3.19, the messages { Pi—;(sij), Pi—;(s;i)} can be parametrised

by the cavity fields h;_,; and iLZ‘_m' defined by

Piyi(1) _ Bhi; pi%j(l) _ Bhis;
Po() = e’ Bo) = e’ (3.49)
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and, thank to the normalisation condition, rearranged in

Bhi_sjsij

e Joij o
Pioilon) = g, =7 Fiosl0) (3.50)
~ 65&%]'8;1 ﬁil' P
Poslsi) = i, =€ Bini0) (351)

In terms of the cavity fields, Eqgs. reduce to the following set of equations,

1 ~
his = —Elog (eﬁJr > eﬁh’“—”’),

kedii\j
A 1
hini = ——logle P+ S eflui], (3.52)
6 ked_i\j

that were first derived in |Liu et al. (2011) for this problem. These last equations
follow from Egs. introducing Eqs |3.50], [3.51}, namely

] . .
Pi-;(0) = D DN B | = ()
D; ., kedi\j k€dyi\j
1 A
P(1) = II FPii(0)
Di—>j kedii\j
N 1
B0 = L fers v o] oAl
i—sj ked_i\j keo_i\j

A 1
Pisi(1) = = II Pei(0)
Disj kes_i\j

and finally considering Eqgs. [3.49]
In the Bethe approximation, in a similar way to Eq. [3.21] the probability distri-

bution P({s;;}) is given by

N —1
%mﬂ%n:qa@%ry%@ﬁ (3.53)

<ij>
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where F;(S;) and Pj;(s;j) are the marginal distribution over the nodes and the
links of the network, that can be computed in terms of the cavity messages
Pii(sij), pi—)j(sji); or equivalently in terms of the cavity fields h;_,; and iLZ‘_U'. In
particular, S; = (sqixy, & € 0449) U (5143, k € 0-1) and F;(S;) follows the marginal
distribution for function nodes (see Eq. [3.34). The variable node s;; follows
instead the marginal probability given by Eq. [3.33] The marginal probabilities

read

_ﬂ[(1_2k68+i sik)+(1=>_peo_i Ski)l

e
Pi(S;) =
(5) :
(3.54)
><9<1— > Sik)9<1— > 3ki>
/43664,_2' keo_i
x 11 pk:—n’(sikz) II Pisi(ski)
keldti keo_i
1 .
Pijsij) = 5 Pioj(sij) Pioi(siy) (3.55)
ij
where C; and C;; are normalization constant given by
Ci — (€_B+ Z eﬁilk—n‘) (6_6+ Z eﬁhk—n)
kedyi keo_i
x I Pesi(0) TI Prsi(0) (3.56)
kedii keo_i
Cij = (14 imithinzdyp (0)P;_;(0). (3.57)
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3.4.2 Free energy and energy of the problem

The free energy of the problem can be found by evaluating the Gibbs free

energy Fains given by

- o Vlog [ LUsiib)
BEGibs {%}P({ ii}) log (6_5%({%})) (3.58)

This function assumes its minimal value —log Z when P({s;;}) = P({s;;})? =

e PEW({si;})/Z, where ¥({s;;}) indicates the constraints

(i) = Zlivll [9 (1 - X Sz’j) 0 (1 - JZ 5;z>] : (3.59)

JEOLT j€0_1

and P({s;;})? is the classical Boltzmann’s law. From the point of view of In-
formation theory, minimising the Gibbs free energy is equivalent to evaluate the

minimum of a Kullback-Leiber distance between P({s;;})” and a trial distribu-

tion P({SU}), i.e

DIPsDIPUs) = = Pllohlos gy 55 360)

In Bethe approximation, in a situation of in which our graph is singly connected,
we can use Eq. [3.53] and the related Eqs. [3.54] .55 The fixed-point solutions
of the BP equations [3.46] when the graph has no loops, determine the exact
marginal probabilities. We express then P({s;;})? in terms of Eq. [3.53 that
implies

1L C;

= 3.61
[I<ij>Cij (3.61)
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From the previous equations we can write the Gibbs free energy as

BEpetne = Y log(Cij) — élog(Ci). (3.62)

<ij>

Inserting Egs. [3.50], into [3.62, we obtain the free energy of this matching

problem, given by |Liu et al.| (2011), i.e.

BNIG) = -3 (eu 5 ﬁh)

ked. i

N
_Z (e_ﬁ_l_ Z eﬁhk—m‘)
i=1

keo_i
+ Z In (1 _|_eﬁ(hi—>j+hj—>i)> . (363)

Using Eq/3.45| we get the energy

N
E =2
i=1

5>

1=1

+ 2

<ij>

e — Yreo,i hivie” P
e + Theo, i €0 }
e — Yheo i hpie” h’”]
e™? + Ypeo_i el

(Riyj + hjoyi)ePUimithin)

1 —'- eﬁ(hi—)j+ﬁj—>i)

(3.64)

3.4.3 The 3 — oo limit

In the f — oo limit, the energy of a maximum matching can be written as

follows

N R N
E = — ;:1 max [—1, /?El%i% hk_n] — jzl max l—l, 15161%3; hk_m']
+ Z max {0, hi—>j + ilj_n’] (365)
<ij>
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in which for each directed link (i,7) the cavity fields {thlej} satisfy the
zero-temperature Belief Propagation equations, also known as Max-Sum (MS)

equations,

hi,; = —max _1’k£%?§§jhk_>i]’ (3.66a)
hi; = —max —l,kg%i}ij hk_m'], (3.66D)

where in these equations when node ¢ has only one outgoing link pointing to
node j, i.e. |04 = 1 we assume h,,; = 1; similarly, when node ¢ has only
one incoming link coming from node j, i.e. |0_i| = 1 we assume IA”LHJ =1. In
the infinite size limit, the MS equations are closed for cavity fields with support
either on {—1,1} or on {—1,0,1} (Zdeborova and Mézard, 2006; Liu et al.|
2011; Altarelli et al., 2011). When multiple solutions coexist, the dynamically
stable solutions of minimum energy are the correct solutions of the maximum
matching problem. As previously explained, the fields are sent in the same
direction h;_; or in the opposite direction iALZ-_U- of the links and indicate the
following messages (Zdeborova and Mézard, 2006): h;_,; = lAij = 1 indicates
match me, hi_,; = }Ali_m' = —1 indicates do not match me, finally h;_; = }ALZ'_U' =0

indicates do what you want.

3.4.4 BP/MS Equations in an ensemble of random networks
with given degree distribution

Eq. holds on a single directed graph. We can go further and calculate
the average energy density over an ensemble of networks with given P(kj,, kout)-

This situation is similar to the previous one related to the Ising model on random
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graphs (see Sec. [3.3.1). The self-consistent equations in this case read

o0 o0 kout out 1 [

~AA A 1 kout 1 A
P(kin, kout) [ H dh;P(h;)0 h+10g< + z e’ )]

g
> o Out/(nf[lth( )5[h+;10g< 5 °ileﬁh)]

A 00 00 k . kin—1
h) = Kin, Kout) dh;P(h:)é |h+ —log | e’ Bh
P) kmzlkgmw ( t/H P k) [*6%( T )]
& ki N O PO | PR Y
_ kzl <km>P(l~cm)/ H dhiP(h;)6 [h+ﬂlog (e 1 z e )]

These equations are solved numerically by the algorithm of population dynamics,
with a philosophy similar to Sec. |3.3.1] In the limit 5 — oo in which we look for
the optimal matching we have that these distributions can be written as a sum

of three delta functions, i.e.

P(h) = wid(h—1)+wid(h+ 1)+ wsd(h)

P(h) = @6(h—1) +wed(h + 1) + ws6(h), (3.67)

where the variables {wy, wq, w3} and the variables {1, W, w3} must satisfy the
following normalisation conditions, wy + wo + w3 = 1 and wy + w9 + w3 = 1.

The MS equations can be written as equations for the set of probabilities
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{w}, {w} obtaining

_ IPm(k) [1—(1—w)* ], (3.68)

with w3 = 1 — w; — wy and w3 = 1 — W, — Wwe. Moreover, the energy given by
Eq. in the § — oo can be expressed in terms of the distributions {w;} and

{w;} obtaining,

¥ = TP (G - - )]
> P"(k) {(w)" = 1= (1= )]}
—|—<l€>m [@1(1 — wg) + w1(1 — @2)] . (369)

In other words, the fraction of driver nodes np = E/(2N) in the network can
be simply expressed in terms of the distributions {w;} and {@;}. Egs. can
have multiple solutions for the variables {w;} and {@;}. In order to select the
correct solution of the matching problem one should ensure that the following
three conditions are satisfied.

i) The sets {w;} and {w;} must indicate two probability distributions;

it) The solution should be stable: The solution of the system of Eqs. should
be stable under small perturbation of the values of the distributions {w;} and
{i}.

1) Find the optimal stable solution: If the system of Eqgs. has more than
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one solution that satisfies both conditions i) and i), in order to find the optimal
matching one should select the solution with lowest energy E (when T" = 0 the
message passing algorithm could give spurious solutions; we verified the agree-
ment of the results given by the Hopcroft-Karp algorithm with the stable solu-

tions with lowest energy).

3.5 Controllability and minimal degrees

Liu et al. (2011)) characterise in detail the set of driver nodes for real networks
and for ensembles of networks with given in-degree and out-degree distribution.
By analysing scale-free networks with minimum in-degree and minimum out-
degree equal to 1 they have found that the smaller is the power-law exponent
~v of the degree distribution, the larger is the fraction of driver nodes in the
network. This result has prompted the authors of |Liu et al.| (2011) to say that the
higher is the heterogeneity of the degree distribution, the less controllable is the
network. In this section we explore the role of low in-degree and low out-degree
nodes in the controllability of networks. In the following, we show how changing
the fraction of nodes with in-degree and out-degree less than 3, conditions the
number of driver nodes of a network in a dramatic way. In particular, if the
minimum in-degree and the minimum out-degree of a network are both greater
than 2 then any network, independently on the level of heterogeneity of the degree
distribution, is fully controllable by an infinitesimal fraction of nodes. Therefore
the heterogeneity of the network is not the only element determining the number
of driver nodes in the network and that this number is very sensible on the

fraction of low in-degree low out-degree nodes of the network. This result allows
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us to propose a method to improve the controllability of networks by decreasing
the density of nodes with in-degree and out-degree less than 3, adding links to

the network.

3.5.1 Sufficient condition for the full controllability of
networks

Let us now show that for any network topology if the in-degree and the out-
degree of the network is greater than 2 the fraction of driver nodes is zero. First

we observe that the configuration in which all fields are zero , i.e. h;_,; = fLHj =

0, is an allowed solution of the Eqs. |3.664d], |3.660| as soon as the minimum in-degree

and minimum out-degree equal to 1. In fact if a node has in-degree 1 this link
must be matched, and a similar situation occurs for the nodes with out-degree 1,
generating a set of hard constraints incompatible with the configuration in which
all the fields are zero, while if the minimum in-degree or out-degree of the network
is greater than 1, all the nodes can be matched in a variety of ways therefore all
the fields can be equal to zero. This solution corresponds to a fraction of driver
nodes np = 0 if the minimum in-degree and the minimum out-degree are greater
than 1. This solution is also stable if, when we change a single field from zero to
a value different from zero, the perturbation does not propagate in the network.
Suppose that hisi is changed, say, from 0 to 1, meaning that the message is
match me, then all the nodes j € 0,7 neighbor of ¢ and different from k receive
a message do not match me. But if all the nodes j have more than 2 incoming
links, also if the link (j, %) is not matched they can still send to their incoming
neighbors the messages do what you want since there are different ways in which

the matching can be achieved and they do not have to impose to any of their
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Figure 3.7: Heat map representing the density of driver nodes np as a function
of the parameters P(1) and P(2) for networks of N = 10° nodes with
degree distribution given by Eq. and v = 2.1 (left), 3.1 (right).
The density np is obtained by numerically solving the BP/MS equa-
tions for an ensemble of networks with given degree distribution. The
region in which P(1) + P(2) > 1 is non-physical.

other links to be matched. Therefore the perturbation does not propagate in the

network. A similar argument holds for a change of the field hy_,; to 1 which does

not propagate if the out-degree of the network is greater than 2. This stability
argument shows that for every tree-like network for which the BP/MS equations
are valid, if the in-degree and the out-degree of the network is greater than 2 then
the density of driver nodes is np = 0. Note that this a sufficient condition for

the stability of the np = 0 solution but more stringent conditions are discussed

in the following for networks with given degree distribution.
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3.5.2 Conditions for the full controllability of random
networks

In the following we focus on ensembles of random networks with given in-
degree and out-degree distribution P™(k) and P°“!(k). In this case, it is possible
to write the BP/MS equations and the energy in terms of the probabilities w; €
[0,1] and @; € [0,1] with ¢ = 1,2,3 that the cavity fields h;_,; and iAij are
respectively given by {1,—1,0}. From the BP/MS equations of the matching
problem on random networks with given degree distribution, we found that the
solution np = 0 is allowed if and only if P™/°u(0) = P™/#(1) = 0. The
replica-symmetric cavity equations are supposed to give the correct solution to
the maximum matching problem if no instabilities take place. By analysing the
stability condition of the BP/MS equations, we find that the stability conditions
for this solution in an ensemble of networks with given in-degree and out-degree

sequence, are

<k>in2
2(k(k — 1)) our

<k>in2

P7(2) < , P"(2) < (3.70)
In particular when the minimum in-degree and the minimum out-degree of scale-
free networks are both greater than 2, i.e. P™/°%(0) = Pin/out(1) = pin/out(2) =
0, the fraction of driver nodes is zero in the thermodynamic limit, for any choice
of the degree distribution with this property. By changing the minimum in-
degree and minimum out-degree of the network the number of driver nodes can
change dramatically, independently of the tail of the degree distribution and the

level of degree heterogeneity.

In order to use the above calculation to estimate the role of low-degree nodes on
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2.1 2.5

Figure 3.8: Phase diagram of the density of driver nodes np as a function of
the parameters v and P(2) for networks of N = 10° nodes with
degree distribution given by Eq. and P(1) = 0. The density
np is obtained by numerically solving the BP/MS equations for an
ensemble of networks with given degree distribution. The solid lines
indicate the stability lines for N = 10°, the dotted lines indicate the
stability lines in the limit N — oo.
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the fate of the zero-energy solution in finite networks, we consider uncorrelated

random graphs with the following power-law degree distribution

P(1) if k=1
P (k) =P (k) =4 P(2) if k=2 (3.71)

Ck™ if ke [3,K]

with C' a constant determined by normalization and maximum degree

K = min(vVN,{[1 — P(1) — P@)IN}C7V) 4>2

K = min(N'Y7, {[1 - P(1) — P2)IN}0" ) ~e(1,2]

that is the minimum between the structural cutoff (Boguna et al., 2004} Seyed-
Allaei et al., [2006) of the network and the natural cutoff of the degree distribution.
These networks can be generated numerically using the configuration model. As
long as P(1) = P(2) = 0, the density of driver nodes goes to zero (np — 0)
for any exponent v > 1. More generally, the density np of driver nodes changes
dramatically as a function of P(1) and P(2) as shown by the heat map in Fig.
for v = 2.1,3.1. Moreover, in Fig. , we plot the phase diagram for P(1) = 0
indicating the region where the solution np = 0 is stable both for a finite network
of N = 10° nodes (white solid line) and for N — oo (white dotted line). Note
that, for v € (2, 3], stability line converges quite slowly to zero in the infinite size
limit.

A confirmation of the validity of this scenario is reported in Fig. from a
direct comparison of the theoretical results in the ensemble of networks with given

degree distribution, with those obtained by the BP algorithm or by computing
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Figure 3.9: Density of driver nodes np as a function of P(2) for in-degree and
out-degree distributions as in Eq. with P(1) = 0 and v = 2.3.
The fraction of driver nodes computed with the BP/MS algorithm on
a network of N = 10% nodes (averaged over 50 network realizations)
is compared with the exact results obtained using the Hopcroft-Karp
algorithm for maximum matching (Hopcroft and Karp, [1973) and
with the theoretical expectation for the density np in an ensemble of
random networks with the same degree distribution.

explicitly the maximum matching using the Hopcroft-Karp algorithm (Hopcroft

and Karp| 1973) finding very good agreement. Fig. also shows that np

vanishes by decreasing P(2). From our numerical results (see Sec. 4.3.2)), in the

region in which the solution np = 0 is stable and we are far from the stability

transition, both algorithms give a zero number of driver nodes Np = 0, meaning

that all the nodes are matched, and therefore a single external input can be used

to control the network.
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3.5.3 Improving the controllability of a network

These results suggest a simple and very effective way to improve the control-
lability of a network, by decreasing the fraction of nodes with in-degree and
out-degree equal to 0, 1 and 2. Starting from a network with given degree dis-
tribution, we first add links starting from any node of out-degree equal to 0 (if
present in the network) and randomly attached to any other node of the net-
work, or starting from any random node of the network and ending to nodes of
in-degree 0. When there are no more nodes with in-degree or out-degree equal
to 0, we repeat the process of random addition of links to nodes with in-degree
or out-degree equal to 1 and 2. At the end of the process the minimum in-degree
of the network and the minimum out-degree is equal to 3.

Fig. shows the reduction in the fraction of driver nodes np(AL) com-
pared to the original one np(0) due to the addition of a fraction AL/ Ly of directed
links to a network with pure power-law degree distribution and structural cutoff.
It is clear that by lowering the ratio of low in-degree and low out-degree nodes
it is possible to reach full controllability of the network. However this can be
costly, since for a given network the number of links that need to be added can
be a significant fraction of the initial number of links. Nevertheless, by means
of this link-addition process, the number of driver nodes decreases steadily and,
for example, in the case considered in Fig. the number of driver nodes is
decreased by 50% just by adding a 12% of links. Finally we have measured how
other properties of the network change during this procedure, observing that the
clustering coefficient does not change significantly while the average distance de-
creases. In Sec[d.3.3] we give an example in which this procedure is much more

efficient: we consider a network with the previous number of nodes and initial
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0.3 04 05
0

02
AL/L

Figure 3.10: Fraction of driver nodes np(AL)/np(0) (panel A), average cluster-
ing coefficient (C) and average distance ([) (panel B) of the network
as a function of the fraction of added links to low degree nodes.
The results are obtained from the BP/MS algorithm. The initial
network is a power-law network with in-degree distribution equal to
the out-degree distribution, N = 10* nodes, and power-law expo-
nent v = 2.3. The symbol AL indicates the number of added links
to the network, whereas L indicates the initial number of links of
the network.

average degree, but with the degree distributions with a power-law exponent
v = 3. Note that this procedure can also be applied to networks with other
degree distributions as Poisson networks (Sec 4.3.5]).
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3.6 Controllability of multiplex networks

In this section our purpose is the extension of the concept of structural con-
trollability to multiplex networks, thoroughly described in Ch. 2. This section
describes the preliminary theoretical work requested for the data analysis that
we are currently designing.

A multiplex network G = (G1,Gs,...Gg) is formed by K networks G, =
(Va, Ey) with @ = 1,2,..., K describing how the N nodes of the vertex set
V, interact in each of the layers. We indicate by (i,a) with ¢ = 1,2... N the
nodes in the set V, with a = 1,2,..., K and we call replica nodes the nodes
(7, ) with fixed value of i and different value of a. Our goal is to find the min-
imal number of driver nodes that need to be stimulated by independent signals
in order to drive the dynamical state of the multiplex network to any desired
state. Moreover, we impose that the independent external signals are applied
only to replica nodes (see Fig. [3.11]). This design seems particularly interesting
especially regarding a possible integration of different types of brain networks.
For example, for the same white-matter/grey-matter interface partition we can
have data of diffusion MRI, the so-called “structural brain”, and data coming

from the analysis of functional MRI, also known as “functional brain”.

3.6.1 The structural controllability of a multiplex network

We consider a multiplex networks in which every node ¢ = 1,2,..., N has a
replica node in each layer and every layer is formed by a directed network between
the corresponding replica nodes. We assume that each replica node can have a

different dynamical state and can send different signals in the different networks
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Figure 3.11: Controllability of a duplex network: in the two layers we force the
driver nodes (white nodes) to be the same. Red links define the
matching in each layer.

(each layers is characterised by a different dynamical process). In this case the

controllability of the layers can be treated by control theory methods used for

single layer taken in isolation. Looking back to the definitions of Sec. [3.2], for

each network G* = (V*, E%) associated with layer a the dynamical state can be

controlled by applying M“ independent signals to the driver nodes, according to
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the equation

dx“(t)
dt

= A*x" + B"u?, (3.72)

in which the vector x®(t), of elements x{'(¢) with ¢ = 1,2,..., N, represents the
dynamical state of the network in layer o, A% is the N x N state matrix of layer
a, and B® is the N x M“ input matrix describing the interaction between the
replica nodes of the layers and M < N external signals, indicated by the vector
u‘(t) of elements uj;; and p = 1,2... M®. Each layer of the multiplex networks
can be structurally controlled by identifying a minimum number of driver nodes.
Here we make the assumption that in the multiplex network, the driver nodes
must be the same in the different layers supervising the entire multiplex network
at the same time. For the sake of simplicity, we consider a multiplex network
formed by two layers. Finding the driver nodes of the duplex network, can be

mapped to a matching problem where
« every node has at most one matched incoming link
e every node has at most one matched outgoing link

o any two replica nodes either have no matched incoming links on each layer

or have one matched incoming link in each layer

This problem can be studied by statistical mechanics tools on ensemble of
duplex networks and on single duplex network realisations by the use of the cavity
method and the Belief Propagation algorithm providing the minimal number of

driver nodes.
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3.6.2 Mapping to a constraint Maximum Matching Problem

We consider a duplex network with layers a = 1,2. We impose that the driver
nodes in the two networks are replica nodes and we minimise the number of
driver nodes in the multiplex network. In order to build an algorithm able to
find the driver nodes in the multiplex satisfying our constraint we consider the
variables sf; = 1,0 indicating respectively if the directed link from node (i, @) to
node (j, ) in layer o = 1,2 is matched or not.

In the two layer of the multiplex we want to have a matching, i.e. the following

constraints must always be satisfied.

>, sy < L

Jjeoti

28: s < L (3.73)
JEO0%

In addition, we have the following constraints
Y osi= 3 sl (3.74)

These condition impose that each node has either two unmatched replicas or two
matched replicas in the two networks of the duplex. We consider the energy of

the problem E(() given by

EB) = 22(1 > s?‘)
= 22 E, (3.75)
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considering now

E*=1-— Y s (3.76)

JEOTi

3.6.3 BP Equations

In Sec. we gave the general formalism of the cavity method for the matching
problem over single directed graph and the related generalisation to an ensemble

of networks. The Boltzmann distribution P({s;;}) for this problem is given by

e PE
P({s;}) = —, 1;[1]9(1 Z_S?j)

=1 JjEI¥i
x5 s> s (3.77)
icoll; ico?;

where f(xz) = 1 for x > 0 and 0(z) = 0 for x < 0, §(z) is the Kronecker delta,
and where Z is the usual partition function of the statistical mechanics prob-
lem. Subsequently, we perform the limit § — oo in order to characterise the
maximum-sized matching in the two layers, enforcing Eqs. [3.73] [3.74] The dis-
tribution P({s;;}) on a locally tree-like network can be solved by the BP message
passing method by finding the messages that nearby nodes sent to each other.
In particular we distinguish between messages that in layer a are going in the
direction of the link, P, ,(s;;), and the messages that in layer a are going in the
opposite direction of the link, ]520;](3]2) We have then four types of messages

and their BP equations are
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1
PLi(si) =~ % > {e(l > sﬁ})

Dissj (s reallag {s2) keas el

Ol1— > sl lexp|-B[1— X sl —Bl1- % sk
ke&f]z‘ ke&ﬂ]i keaf]i

PGS = 5 % )3 {e(l )3 ”)

kea z\] k€8[2]
D~ (s keaPivs {sl)} keolli keoli

011 > sillexp|-B[1— 3 sl —Bl1- X sl
keaﬂ]i ke&f]i keaﬂ]z‘

[T Alisi) T ALGs LJ)}
B =r ¥ % {e(l— > s,EJ)

exp

exp

/{:6(9 Z\j kea[l]
Dy My kealivj {2} keal kel

<0|1— 3 sp|o| 2 s X st
keoi iea[_l]j z’ea[_Z]j

X H PIL—]M(S/%) H Pk—)z(sgcz})} )

keoMi\j ko

N 1
Pz'[i]j(sﬁ]): A2 > {9 11— > SEZJ)
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where D', ; and DZO‘ *,; are normalisation constants. Similarly to Eqgs. [3.49| pre-

viously defined for a single network, the messages { P, ;(s{}), Pf;]( )} can be

parametrised by the cavity fields h;_,; and hi_>j, defined by

A~

Pla—ﬂ( ) N hz—> Pz—>](]‘) _ hl_>

P = ¢ R = (3.79)
and rearranged in
o e/t Bhe. 5% pa

Pz—)y( Z]) - m =€ ”Pi—>j(0) (380)

o ;5% o R
P S — R 1
Z—)]( jl) 1+ eﬁh’iﬁj € 1= (O) (3 8 )

In terms of the cavity fields, Eqs. reduce to the following set of equations,

1 -
hf‘_m = ——log e P+ > el |
5 ked%i\j
N 1 1 (1]
hl[l_])j B _Blog snl2 + > el )
2peo; €7 pealliy
" 1 1 [2]
h?lj = ——log T+ Z eﬁh’f_" )
g Zkea[ﬁieﬁ T ped?li\g

(3.82)

These last equations are derived with the usual recipe: they follow from Egs.
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1 1 _ A 1
RO = St T ] AL
i—j k€0, i\ k€0 ill\j
x |e? + > 5h’”] II pILZ—]n(O)
ked il2\ ked,il?\j
1 ]_ A1 o 7 12] ) 12
CRUIES S A YUY ST B O KT
D;; keayi\ ked, i\ j ked, i)\ j
2 — 2
PELO) = —g e+ X M| T AP0
D~ ke, il2\ j ked,il2\ j
1] A
xleP+ 3 Bh’”] 11 P;El_]m(O)
ked, i\ j ked i\
2 1 ATl _ Bl ATl
P = g I BLO) e+ 2 el 1 RL(0)
D~ keayil2\j ked il j ke, illl\ j
N 1 [ 2] 1 2
PO = 1+ X e 3 ﬁ] 1 R0 T R0
D ked_il\j ked_il2l ked_ill\j ked_il2l
A1 1 2] 1 2
P = - X M I RL0) T R2(0)
D, keo it ked_ill\j ked_il2l
P ) = 1 Bh, oBhhL, P Pl
i-5(0) T |1 Z > II £50) II £=i(0)
D, ked_il2)\j keo_illl ked_il2)\j ked_ill
P 1y = 1 R, P PY 0
Z—>_]( ) A[2] Z € H k—)z( ) H k—>z( )
D= keo it ked_il2\j keo_ill

and finally considering Egs. [3.79, The equations for P, (s

two terms, one for each layer.

(s:) clearly factorise in

For our model the Bethe approximation of the probability distribution P({s;;})

reads

{2 {2

Y PSSRSO RS 80

dz.éfilzeex({ ZJ} {Sw} )

1 2
<H<i,j> Bij (ng] )Pz'j (Sz[j]))
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where B(ﬁl[a]’+) is the marginal distribution over node ¢ considering everything
that is pointed by ¢ in layer «, while Pz-(ﬁgl]’_, ﬁl[?]’_) is the marginal distribution
for node 7 taking into account everything that points to ¢ in both layers. Finally,

Fij(sg;) is the usual marginal distribution over link (i, j) in layer a. The explicit

expressions for these marginal probabilities read

iy 9(1_ > ) M A )
kealdl; kedyi ked, ile]

PS5y — ?9 (1 ) sﬂ) (1 ) sE‘J)é( > s ¥ sE?)

1
PZ.(*Z ’ ) = C'—F70[ eXp

jealtl jea? icol ico?
1 2 2
x ]I P]{[J—])’L'(ngi]) II P]{[J—])’L'(ngi])
keo_illl keo_il2
o 1 e e
PZJ(SZJ) - Ciapz—n( )Pj—m( z]) (384)

where C;7%, C;”, and Cf; are normalisation constant given by

e — (et ¥ eﬁﬁi‘w) 2.0

k€diiv k€04 iv
Cro= 1+ ¥ My T RO T AO)
| keo_illl keo_il2l keo_illl ked_il2l
Ch = (14t pe (0)Pr,(0). (3.85)
The free energy SF = —log Z is then computed following the expression of

the partition function Z by means of the normalisation constants, namely

e e ey
(1] ~[2]
I3 Cij Cij

)

Z:

(3.86)
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The free energy reads

N
—OF = ©Y

1=1

In|e?+ > eBhin
kedgi
B

+ In <1+ > el > eﬁhk’%i)

i=1, ke k'edBi

=

— Z Z ln <1 _|_ eﬂ(h?;jJril?ai)) , (387)

Finally, the energy £ = aaﬁ—’f of the model is given by

N
K>

1=1

_ 5 ho
e P — Sreoni hi_ e
1 + Z/{E@ii eﬁhg—n‘

1 _galY gnid
N Zkea[,”i hy e Zk’ea[f]z’ S
o 1] 2]

=1 145 oy €7 50y o, e

1] _snl, 2] gn2
N Xy o i€ Zk/ea[_?]ihk’ﬂ‘eﬂ Wi

. (1] B2
=1 L Sy, €70 Ty o,

T ifen L4 PR

(3.88)

In the limit 8 — oo the BP or (Max-Sum) equations determining the values of

these fields are given by

hi, = —max{—l,kg%%ﬁj hk_”-}

Bﬂj = —max{ max hgli,min 0, max hgli
kedli\j ked?j

iz?_]m = —max{ max hgli,min 0, max hELi : (3.89)
kedli\j kedlj ]

These equations close on the set of values {—1,0, 1} for the fields A", . and he

1—J 1—"
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The energy E can also be expressed in terms of the fields and is given by
N A
E = =) ) max l—l, max h%_n-]

S 1] 2]
— > max |0, max hy ., + max hi,;
=1 keo ' ked-"i

+3 % max |0,k + Ao (3.90)

a <>

3.6.4 The limit § — oo

The derivation of P,(h®) and P,(h®) for § finite is pretty similar to the pro-
cedures exposed in Sec. |3.4.4] The distribution of the fields over this ensemble

of networks for § — oo is given by

Po(h®) = wio(h® = 1) + wyd(h + 1) + wgd(h?),

W(hY) = @FS(h — 1) + @56 (A + 1) + wgs(h%), (3.91)

where the probabilities wq, w9, w3 are normalized w; + wy + w3 = 1 as well as
the probabilities wy, sy, w3 that satisfy @y 4+ w9 + w3 = 1. The BP equations
can be written as equations for the set of probabilities {w!!}, {1}, {w!@}, {1}

obtaining
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ka
w® = Pgut EY (¢ k-1
P g P )
« ka ou « A —
w§ = X PR [1— (1= af) ]
ke < >out
wy = 1—w] —wsy
wy = 1—af —0f
(1] 1
A k in(1.1] 1.2] [1] 2Nk
1 — k[%m <k[1]>znP (k 7k )<w2> {1 (1 w1 ) ]
a k2
N B2 pin ) g2y |1 (1 — o YI=1 1 (g oplYEI-1 (2
w2 wizz (K1) i (E5E) ( ) * ) ( )
2] k211
A2 k in(1.1] 1.12] [2] 2R
oo Kl l2] </‘J[2]>mp (F7k )<w2> {1 (1= wr) ]
k[z} ) ) 5 L[]
6 = % PR [ = ) (o)
ki iz (K2 in
(3.92)
Finally, the energy density in this limit becomes
o = o= ST P {(ag) - [1- (- ap)])
N©E
1] 2
R LD = (1= = ()
el
2]\ k12! AR
z R EPL = (1= )L (i )]
1] L2
> (K in [07 (1 — wh) + wy(1 — 03)] (3.93)
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3.6.5 Controllability of uncorrelated multiplex networks with
given in-degree and out-degree distribution

Let us consider the case of uncorrelated duplex networks in which the degree
of the same node in different layers are uncorrelated and there is no significant
overlap of the links. In this case each layer is formed by a network built using

the configuration model. If we define the generating functions,

Gam() _ Z]C:Pé"(k)zk,

GY"(z) =

T
Gaout() _ Zk:POUt(]{?)Zk,

G?,out(z) _ zk: Pout( ) k— 1) (394)

with o = 1, 2, then the BP equations can be rewritten in terms of the probabili-
ties {w{'}i=123 and {0 },—123. By means of these generating functions the BP

equation read as in the following
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wi = GY7(a),

wi = [1-GP™(1—af)],

w?? - 1_w?_wg7
ZIAJ? - 1_1@?_@37

ol = G ) 1= G- i)
wg] — 11— G[11],m(1 . w£1]> (1 . G([)2],m(
o =GPl [1 - G (- i)

(

lbg?} — 11— G[12],in(1 . w?]) <1 . G([)l],in

It follows that the density of driver nodes can be rearranged as

o = LAGE™ (@) - [1 = G3(1 - ap)]}
—{1 =G = wih = 6P (wi)
1= G (1 = w1 = GE b))

3 (i [0 = w) + wi (1 - 05)].

3.6.6 Phase transition in the controllability of Poisson

multiplex networks

(3.95)

(3.96)

We consider now the case of two Poisson networks with the same in/out average

degree in the two layers. The average in/out degree in the different layers is called
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Figure 3.12: Fraction np = E/N of driver nodes in a Poisson duplex network
with <km>m = <k[1]>0ut = <k[2]>m = <k[2]>out = ¢, plotted as a func-
tion of the average degree c. The red line is the numerical solution
of Egs. [3.99| - 3.100, The points indicate the average BP results
obtained over 5 single realisations of the Poisson duplex networks
with average degree ¢ and N = 10*. For every point corresponding
to the average BP result, the error bar indicates the interval of one
standard deviation from the mean.
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Figure 3.13: Values of the probabilities {w;}i—1 23 and {w;}i=123 for a Poisson
duplex network with <k3[”>m = <k:m>0ut = <k[2]>m = <k[2]>0ut = ¢,
plotted as a function of the average degree c. These probabilities
are calculated directly from BP results obtained over 5 single reali-

sations of these duplex networks with average degree c and N = 10%.
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Figure 3.14: Two directed Poisson networks with the same in/out average degree
in the two layers equal to ¢ and the same driver nodes: plotting Eq.
3.99 and Eq. |3.100| we show a phase transition for ¢ = 3.22.

c. In other words, we have <k3m>m = <k[1]>0ut = <k[2]>m = </€[2]>0ut = c. In this

case we might assume wl[l] = wZ[Q] and u?l[l] = IDZP] and then, the BP equations
become

wl — e—C(l—UA}Q)’

wy = [1—e ],

wy = 1—w; —wy,

w3 = 1 — 1y — o,

W, = e-C(].-’U)g) {1 . e—cwl] :

UAJQ _ {1 — ecwn + 67011)1670(17102)} .

(3.97)
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Figure 3.15: Phase diagram of the Poisson duplex network with average degrees
(kW)= (kW) =z and (k®) = (kP = z. The colour
code indicates the density of driver nodes np = E/N in the duplex
network.
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The density of driver nodes is given in this case by

nD — 2 [6—6(1—1f)2) - 1 + e—C?f)1:|
— 91 — e[l — e~cUimuz)]

+ 2c [1211(1 — wg) + w1(1 — ZZJQ)] . (398)

We can further simplify the BP equations considering only

—C(l—’LDQ)

Wy = e {1 S , (3.99)
By = [1—6—06‘6“‘“2’+e—ce‘“1‘”’”e—ce‘c“°1 , (3.100)

0 < 1 4+we <1

From the solution of these equations it is possible to find out a phase transition
occurring at ¢ = ¢* where the number of driver nodes np of the network has a
discontinuity (see Fig. [3.12)). The value of the average degree ¢* at which this
discontinuity occurs, can be found by imposing that the two curves of the plane

wh, Wy given by

W1 = h(t, 1) = e {1 _ e (3.101)
Wy = ho(tdy, ) = [1 e e—cec“ﬁ’”e—ceml] (3.102)

(3.103)

for ¢ = ¢* are tangent to each other at their interception. This point is found by
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imposing that the Eqgs. [3.101]—{3.102] are satisfied together with the equation

|J| =0, (3.104)
with J indicating the Jacobian of the system of equations w; = hy (i1, W9) and
'lZ}Q = hz(lz)l, 12)2) given by

| Omliady)  Oha(iai)
J I arUA}l 811)2

Imposing that the three Eqgs. [3.101] —-{3.102| - 3.104] are simultaneously satisfied,

the solution ¢* = 3.222326106 is found (see Fig. [3.14). For ¢ < ¢* we observe
that wg = w3 = 0. For ¢ > ¢* we observe a discontinuity in both w3 and ;.
Finally for ¢ > ¢* since the functions hy (i1, W) and ho(y, w9) are analytic, we

observe a singularity of the type

wy —wh x (c— )2

Wy — 05 o< —(c— )2, (3.105)

showing that this transition has the order parameters ws and w3 and that is

hybrid (see Fig. [3.13)). In fact taking the variations of the Eqgs. [3.101] — 3.102|

with respect to a change in the value of the average degree ¢ around the value
c = ¢, and expanding these equations up to the second order, one observes that
each of the variations 0w, = w; — W] and dwy = Wy — W5 are both proportional
to vVéc = (¢ — ¢*)Y2. A similar argument applies to dw; and dw,. Therefore
the maximum matching problem on multilayer networks can display an hybrid

transition in the case of a duplex formed by two Poisson networks. This hybrid
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phase transition with a square root singularity is in the same universality class
of the emergence of the mutually connected component in multiplex networks
(Buldyrev et al., 2010; Baxter et al., 2012; Boccaletti et al., 2014). We guess
it can indicates that multilayer networks can display an increased fragility to
random damage with respect to single layers, and that abrupt discontinuities
in the number of driver nodes can results for a small change in the multiplex
network topology. Moreover, we considered also duplex networks formed by two
Poisson networks with different average degree, i.e. with <k[”>m = <km>0ut =2z

and <km>m = </€[2]>0ut = 29 we solved numerically the BP equations in this case.

The phase diagram is shown in Figure 3.8

3.6.7 Dependence on the correlation between low in-degree
and out-degree nodes in the different layers

As we previously showed in Sec. [3.5] the number of low in-degree nodes and
out-degree nodes is able to modulate the number of driver nodes in single layers.
In fact, if the minimum in-degree and out degree are both greater than 2 then
the network is fully controllable. These results derive from stability considera-
tion of the BP equations. Also when considering the multiplex controllability,
and solving the corresponding BP equations, it is important to make stability
considerations in the same way we previously explained for a single network.

We evaluated the criterion for np = 0 also in this case and we found that the
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stability conditions read

< 1. (3.106)

When Pji(k) = Pi'(k) = Pyj(k) = Pg"(k) = P(k) we have just one stability

criterion for this particular solution and it reads

P(2) < 2<k:(<]l:;:>—1)> (3.107)

recovering the result for a single network with P (k) = P°“(k) (for further
details about the calculations see Sec. [£.4.1)).

We made a comparison between the results of Sec. regarding the phase di-
agram presented in Fig. for power law networks with minimum degree 2, and
the same situation for a duplex network (Pml(k:) = Pﬁ”]“‘t(k) = P[’{]L(k) = P[%ﬁ‘t(k) =
P(k)). In Fig. on the left, we present the results for a duplex network and
on the right, we display the results for two single networks, controlled separately.
As expected, the stability criterion works in the same way for the two systems
but the number of driver nodes needed to control a duplex network is higher.
Controlling a duplex network is then definitely more demanding. In order to
investigate further this situation and the role of low degree nodes in determining
the controllability of a network we consider now correlated duplex networks in
which nodes of low degree in one layer are also likely to be nodes of low degree
in the other layer. As showed, when such degree correlations are absent, the

number of driver nodes of a duplex is always higher then the sum of driver nodes
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2n_ single network
1 D

- 10.49

P(2)
P(2)

r 10.37

Figure 3.16: On the left: phase diagram of the density of driver nodes np as
a function of the parameters v and P(2) for duplex networks of
N = 10°% nodes with degree distribution given by Eq. and
P(1) = 0. On the right: phase diagram of the density of driver
nodes np as a function of the parameters v and P(2) for two separate
networks of N = 10° nodes with degree distribution given by Eq.
3.7l and P(1) = 0.
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in the two layers. But how does this difference change if the low degree nodes of

one layer are also the low degree nodes of the other layer? Looking back to Eqs.

3.92, 13.93 we introduce correlations modulating P™ (kM k). For low-degree

correlations we define P (k! k) as

POy P(KY) + (1 — p) P(RM) PRI, if k1T <2

pin(k[1]7 k[Q])

(1 —p)P(EM)P(ER), if kM >2 kP <2

pPEDPRNY 4 (1 — p) PR P(RE)), ik > 2 kP2 > 2

where C' = 1 — <o P(k) and we consider in particular P(k!M) = P(kl?) = P(k).
The probability p modulates the balance between the correlated scenario and
the classical uncorrelated situation. We studied also a total-degree- correlation,
namely, a degree correlation over the total range of the degree distributions in

the two layers. This total degree correlation is defined as
P (KU KRN = poye o P(RY) 4+ (1 — p) P(RM) P()

where the probability p plays the same role and again, P(kl) = P(kP?) =
P(k). For further computations regarding the density of driver nodes for these
correlated duplex networks see Sec. [4.4.2]

We consider at first the analytical solutions for a duplex formed by two Poisson
networks with the same average degree c. Varying the low-degree correlation
thank to p we change the profile of the density of driver nodes. In Fig.
with p = 0 we recover the previous trend for uncorrelated duplex networks. The

more we increase p the lower the density of driver nodes becomes and the smaller
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the discontinuity gap appears. Anyway, we never reach the profile given by two
separated poisson networks (the black dashed line in comparison with the grey
line for p = 1).

Moreover, we validated the scenario of low-degree correlations and total-degree
correlations thank to BP simulations. In Fig. and Fig. [3.19, we consider,
respectively, directed poisson networks with increasing average degree ¢ (N =

10%) and power law networks with v = 2.1,...3 (directed power law networks

with &, = ki, = 1 and structural cutoff &y, = ki, = /N (k) /0, With
N = 10%). Furthermore, we consider the total-degree correlation for p = 1,

i.e. the situation in which the replica nodes in the two layers have exactly the
same degree. In addition to a good agreement between analytical results and BP
simulations we found that no significant improvement on the number of driver
nodes can be made by correlating also the nodes with in degree greater than 2.
This result highlights once more the importance of low degree nodes also for the

controllability of multiplex networks.

3.7 Conclusion

In this chapter we gave a general introduction to control theory and we showed
how network theory plays a major role in the so-called structural controllability.
Moreover we presented the cavity method in some of its different versions. Using
these tools we have shown how the structural controllability of a network depends
strongly on the fraction of low in-degree and low out-degree nodes. For any
uncorrelated directed network with given in-degree and out-degree distribution,

the minimum fraction of driver nodes is zero, i.e. np = 0, if the in-degrees and
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Figure 3.17: Low-degree correlation for a duplex network composed by two Pois-
son networks with the same average degree c: we display the density
of the driver nodes np as function of ¢ and p. The result for two
separated Poisson networks is shown in black (dashed curve) while
the situation of uncorrelated layers is shown in red.
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Figure 3.18: Poisson duplex networks: BP results and comparison with the ana-
lytical results for low-degree (I1d) and total-degree (td) correlations.
We considered networks with N = 10* and each point is the average
over 5 BP simulations.
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Figure 3.19: Powerlaw duplex networks with structural cutoff: BP results and
comparison with the analytical results for low-degree (1d) and total-
degree (td) correlations. We considered networks with N = 10* and
each point is the average over 20 BP simulations.
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the out-degrees of all nodes are both greater than 2. For the relevant class of
networks with power-law degree distribution, the number of driver nodes can
change dramatically by changing the fraction of nodes with in-degree and out-
degree equal to 1 or 2. Moreover, we extended the formalism of control theory
to multiplex networks, introducing a novel approach: we have characterised the
controllability of multiplex networks in which the driver nodes are forced to be
the same in each layer. As expected, the multiplex network controllability is more
demanding than the controllability of single layers and it is possible to observe
discontinuity in the number of driver nodes as a function of the multiplex network
topology, as in the case a a multiplex network formed by two Poisson networks.
Finally, the introduction of structural correlations in the multiplex networks

affecting the low-degrees can reduce the number of driver nodes requested.
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4.1 APS dataset

We gather here the major details and statistics regarding the APS dataset
and the related multiplex networks. For further images picturing the degree
and multidegree distributions, and moreover, the relations between single-layer

observables, we refer to Menichetti et al. (2014a)) and its supplementary.

4.1.1 The two datasets

We have considered the American Physical Society (APS) research data that

is organised into two main datasets:

o Article metadata: for each article the metadata includes DOI, journal, vol-
ume, issue, first page and last page, article id and number of pages, title,
authors, affiliations, publication history, PACS codes, table of contents,

heading, article type, and copyright information.

o (liting article pairs: this dataset consists of pairs of APS articles that cite
each other. Each pair is represented by a pair of DOIs. The first id cites

the second id.
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In the APS metadata an author is usually identified by given name, middle name,
and surname. In different articles, the same author can appear with his/her full
name or with his/her initials. To deal with this issue, we decided to identify
a specific author with the initials of his/her given name and middle name and
with his/her full surname. We restricted our analysis to the article metadata
and citing article pairs that relate only to PRL and PRE. The total number of
PRL articles is 95,516 and the total number of PRL authors is 117,412. The
total number of PRE articles is 35,944 and the total number of PRE authors is
36,171. The number of authors that published both in PRE and PRL is equal
to 17,470.

Among the papers published in PRE and PRL, we focused our study only on
those containing a number of authors n,, < 10. This excludes most of the exper-
imental high-energy collaborations that are typically characterised by a number
of authors of a different order of magnitude. We decided to place such a cut-off
to the maximum number of authors allowed per paper to avoid biases due to very
large publications. Given the cut-off, our study thus becomes limited to 35, 766
PRE articles (99.5 %) and 35,205 PRE authors (97.3 %) on the one hand, and
89,245 PRL articles (93.4 %) and 92,436 PRL authors (78.7 %) on the other.
The intersection of these two datasets includes 16,207 authors (i.e., 92.8 % of

the previous intersection).

We analysed two types of interaction between APS authors: scientific collab-

orations and citations, with weights defined as follows.
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o C(Collaborations: two authors are connected if they co-authored at least one
paper. The collaborative interaction between author ¢z and author j is

defined as in Newman| (2001), Barrat et al.| (2004), i.e., the undirected

adjacency matrix element a;; is given by

s o0 (4.1)
a;; = =—1 04 .
! pel np — 1

where the index p indicates an article in the dataset I, n, indicates the
number of authors of article p and 6’ = 1 if node ¢ is an author of article
p, and 67 = 0 otherwise. The resulting network is undirected and without

self-loops.

o C(itations: two authors are connected by a directed link if one author cites
the other one. In this case, the element a;; of the directed adjacency matrix

indicating how many times node 7 cites node j is given by

aij = 3. 6705 bpy, (4.3)

p.p el

where b, ,;, = 1 if article p cites article p’, and b, ,; = 0 otherwise. Moreover

o7 is defined as above and indicates whether 7 is author of article p (67 = 1)

or not (6” = 0). The resulting network is directed and with self-loops.

We constructed the following two duplex networks:

1. CoCo-PRL/PRE: collaborations among PRL and PRE authors. The
nodes of this multiplex network are the authors who published articles

both in PRL and PRE (i.e., 16,207 authors). These nodes are connected
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in layer 1 through weighted undirected links indicating the strength of their
collaboration in PRL (i.e., co-authorship of PRL articles). The same nodes
are connected in layer 2 through weighted undirected links indicating the

strength of their collaborations in PRE (i.e., co-authorship of PRE articles).

2. CoCi-PRE: collaborations among PRE authors and citations to PRE ar-
ticles. The nodes of this multiplex network are the authors of articles pub-
lished in PRE (i.e., 35,205 authors). These nodes are connected in layer 1
through weighted undirected links indicating the strength of their collab-
oration in PRE (i.e., co-authorship of PRE articles). The same nodes are
connected in layer 2 through weighted directed links indicating how many
times an author (with articles in PRE) cited another author’s work, where

citations are limited to those made to PRE articles.

4.1.2 Total overlap and total weighted overlap of the
multiplex networks

In order to characterise the overlap existing between the links of the multiplex
networks, we consider the total overlap O®® between layer a and layer o/ and
its related total weighted overlap O™ defined, respectively in Egs. , .
Table reports details on the total overlap and total weighted overlap, and in-
deed shows that our multiplex networks are characterized by a significant overlap

of links.
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Table 4.1: Total overlap and total weighted overlap in the CoCo-PRL/PRE and
CoCi-PRE multiplex networks.

Dataset Layer Total overlap % Total weighted overlap %
CoCo-PRL/PRE PRL 35.75 28.35
CoCo-PRL/PRE PRE 39.10 33.84

CoCi-PRE coll 39.51 14.24

CoCi-PRE cit 12.64 20.76

Table 4.2: Kendall 7 coefficient measuring the correlations between the degrees
in the different layers and the strengths in the different layers in the
CoCi-PRE multiplex network.

T ko kY R 7 sy st s3®
kb 1 036 037] s; 1 053 053
kK036 1 038 s 053 1 041
kU 0.37 038 1 || s9 053 041 1

Table 4.3: Kendall 7 coefficient measuring the correlations between the degrees
in the different layers and the strengths in the different layers in the

CoCo-PRL/PRE multiplex network.

T Kk ko | T st 52
ki 1 044)s 1 0.37
kz 0.44 1 59 0.37 1
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4.1.3 Degree and multidegree distribution of the two
multiplex networks

The nodes ¢ = 1,2..., N of the multiplex networks have degrees k! in layer 1
and k? in layer 2. Moreover, we can define the multidegree &" of a generic node
¢ as the sum of the multilinks m incident on it. We observe that, since we always

have
K= (N—-1)— > k", (4.4)

we can therefore restrict the analysis to multidegrees m # 0. The degree and
multidegree for both the CoCo-PRL/PRE and the CoCi-PRE multiplex networks
are characterised by broad distributions. Moreover, in both duplex networks, the
degrees each author has in the two layers are positively correlated, as indicated
by the Kendall correlation coefficient between degrees (See Tables [4.2] ).
Finally, also multidegrees in the multiplex networks are correlated, as indicated
by their Kendall coefficients (See Tables 4.4 [4.5). This correlation coefficient
are calculated both for degree and multidegrees. In what follows, we give the
definition in the case of two degree sequences. The extension to multidegree
sequences is straightforward.

The Kendall’s 7 correlation coefficient between the degree sequences {k{} and
{kf } in the two layers « and (3 is a measure that takes into account the sequence
of ranks {z¢} and {z7'}. A pair of nodes i and j are concordant if their ranks
have the same order in the two sequences,.i.e., (z§ — 29)(zf —27) > 0; otherwise,

J J

they are discordant. The Kendall’s 7 is defined in terms of the number n. of
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concordant pairs and the number n, of discordant pairs, and is given by

Ne — Ng

N CT T rr——" (45)

T =

where ng = 1/2N (N — 1) and the terms n; and no account for the degeneracy of

the ranks and are given by

1
ny §Zun(un — 1),
1
ng = 521}”(@” — 1), (4.6)

where we call u,, the number of nodes in the nth tied group of the degree sequence
{k*}, and we call v, the number of nodes in the nth tied group of the degree
sequence {k°}.

Table 4.4: Kendall’s 7 coefficient measuring the correlations between multide-
grees in the CoCi-PRE multiplex network.

mn out mn out mn out
T 11 k9T 10 ko koi Koy

m1 0.63 -0.06 0.13 0.54 0.39
k063 1 012 -0.02 0.39 0.49
km o -0.06 012 1  0.68 0.03 0.12
kU 013 -0.02 0.68 1 0.13 0.09
ki 054 039 003 013 1 0.34

kg 039 049 0.12 0.09 034 1
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Table 4.5: Kendall’'s 7 coefficient measuring the correlations between multide-
grees in the CoCo-PRL/PRE multiplex network.

T kn ko kn

k1 0.13 0.13
ko 0.13 1 023

kop 0.13 023 1

4.1.4 Weighted network properties of single layers

Here we report the weighted network properties of the single layers of our
multiplex networks. In general, the average strength s of nodes with degree k
in layer a and the average inverse participation ratio ¥} of nodes with degree &k

in layer a are described by the functional behaviour

5% oc kP,

Y (4.7)

ke
We have considered both the CoCo-PRL/PRE dataset and the CoCi-PRE dataset
and fitted sj and Y;* according to this expected power-law behaviour.

The exponents shown in Table and Table have been computed with
the method “regression”, function of Matlab MathWorks| (2015). This function
performs a multiple linear regression, and for each coefficient gives the 95% con-
fidence interval. In the tables, we show also the coefficient of determination R?

indicating how well the power-law trend fits the data.

As shown by Table 4.6, the CoCo-PRL/PRE multiplex network is charac-
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Table 4.6: CoCo-PRL/PRE multiplex network: power-law exponents A\, and [,
determining the functional behaviour for the average strength sf of
nodes with degree k and the average inverse participation ratio Y},
with a corresponding to the collaboration layer in PRL or in PRE.

layer « Bq R? W R?

PRL 110.96 £0.04|0.96 | 0.84£0.03 | 0.97

PRE 211.01 = 0.05]0.96 | 0.80= 0.05 | 0.94

Table 4.7: CoCi-PRE multiplex network: power-law exponents A\, and (3, deter-
mining the functional behaviour for the average strength s of nodes
with degree k and the average inverse participation ratio Y%, with
a corresponding to the collaboration layer or to the citation layer,
both for PRE. For the citation layer, we consider separately the in-
behaviour and the out-behaviour.

layer Q Ba R? Ao R?

Co 1 1.03 £ 0.04 | 0.96 | 0.79x0.04 | 0.94
Ciyp | 2yiin | 1.13 £ 0.02 | 0.98 | 0.72+£ 0.03 | 0.85

Cigyt | 2,0ut | 1.14 £ 0.03 | 0.97 | 0.70+ 0.04 | 0.83

terized by a linear behavior of average strength as a function of the degree of
nodes. Table shows that the CoCi-PRE multiplex network is characterized
by a linear behavior of average strength as a function of the degree of nodes in

the collaboration network, and by a super-linear behavior in the citation network.
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4.1.5 Statistical analysis of the properties of multilinks in the

CoCo-PRL/PRE multiplex network

In this subsection, we discuss in detail the results of our statistical analysis of
the properties of multilinks in the CoCo-PRL/PRE multiplex network. In par-
ticular, we focus on the average multistrength of nodes with a given multidegree,
ie., s(kM) = <s§ﬁ’a5 (kM km)>, and the average inverse multiparticipation ra-
tio of nodes with a given multidegree, i.e., Y™ (k) = <Yim’0‘(5(/€f‘, km)> These

quantities are expected to scale as

yme iy = ™o (4.8)

with exponents B, > 1 and Az, < 1. We have computed these exponents
with the method “regression”, function of Matlab MathWorks| (2015) This func-
tion performs a multiple linear regression, and for each coefficient gives the 95%
confidence interval. We have also computed the coefficient of determination R?
indicating how well the power-law trend fits the data. For a complete list of the
exponents characterizing multistrength and the inverse multiparticipation ratio,
see Table[d.8. In what follows, we will label the PRL collaboration layer as a = 1

and the PRF collaboration layer as a = 2 .
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Statistical analysis of the average multistrengths in the CoCo-PRL/PRE

multiplex network

In the CoCo-PRL/PRE multiplex network, the fitted exponents (3 ; for mul-
tilinks m = (1,1) and m = (1,0) and the fitted proportionality constants in
Eq. are not significantly different. However, we can perform a paired samples
Student’s t-test to show how the average multistrength per fixed multidegree
s™:(k™) is significantly higher for multilinks (1,1) than multilinks (1,0). We
have identified pairs of average multistrength s (£(11) and 5,21’0)’1(16(1’0)), Ccor-
responding to the same multidegree value k'Y = £(1.0) = k. The paired samples
Student’s t-test returns a test decision for the null hypothesis that the values
log (s (k) /s (k)) come from a normal distribution with mean zero and
variance from the data. In our case, the null hypothesis is rejected with a p-
value equal to 2.90 - 10716, Furthermore, (log (s("V!(k)/s(101(k))) is equal to
0.53. This analysis suggests that for a particular value of degree k the related
s(k) is higher than s(:0:1(k), and the two average multistrengths satisfy the
relation s (k) & e%935(LO1(E). Similar results were obtained in the case of
the multistrengths on the second layer indicating the collaboration network on
PRE articles. The null hypothesis is rejected with a p-value equal to 8.98-1071°,
and <10g (3(1’1)72(k)/s(ovl)’Q(k))> is equal to 0.57.

Statistical analysis of the average inverse multiparticipation ratio in the

CoCo-PRL/PRE multiplex network

In the PRL layer the fitted exponents A, are significantly different. The
weights regarding multilinks (1,1) are distributed more heterogeneously than

the weights regarding multilinks (1,0). A similar situation is found also in the
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PRE layer. The paired Student’s t-test is also useful to understand the prop-
erties of the average inverse multiparticipation ratio. In addition to the fit-
ted exponents, we can perform a t-test as we did previously considering now
Y (k™). This test underlines how the inverse multiparticipation ratios regard-
ing multilinks (1,1) are significantly higher than those regarding multilinks (1,0)
or (0,1). In the case YI(k) vs YLOI(E), the t-test gives a p-value equal
to 0.002 and an average value <log (Y(l’l)’l(k:)/Y(l’O)’l(k;)» = 0.11. In the case
Y (D2 v YOD2(E) the p-value is equal to 6.64 - 1076, and the average value is

(log (Y002 () /Y 2 (k))) = 0.19.

Table 4.8: CoCo-PRL/PRE multiplex network: power-law exponents A7 and (5
and parameters p;, ¢ determining the functional behavior for aver-
age multistrength of nodes with a given multidegree, s(k™), and
for average inverse multiparticipation ratio of nodes with a given mul-
tidegree, Y (k™), with o corresponding to the collaboration layer in
PRL (1) or in PRE (2). The value of the determination coefficient R*
for the power-law fits is also reported.

m, o B G R? A P R?
(1,1), 1 | 1.06 + 0.09 | -0.51 £+ 0.26 | 0.94 | 0.74+0.05 | -0.09 £+ 0.16 | 0.95
(1,0), 1 [0.97 &£ 0.03 | -0.78 £ 0.10 | 0.99 | 0.84+ 0.03 | 0.06 4+ 0.12 | 0.97
(1,1),2 | 1.09 4+ 0.10 | -0.40 + 0.29 | 0.93 | 0.73+ 0.06 | -0.10 £ 0.19 | 0.93
(0,1), 2 | 1.00 & 0.04 | -0.71 £ 0.14 | 0.98 | 0.84+ 0.05 | 0.04 4+ 0.16 | 0.95
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4.1.6 Statistical analysis of the properties of multilinks in the

CoCi-PRE multiplex network

We analyzed the average multistrength of nodes with a given multidegree,

ie., Sﬁi,a,(in/out)(kﬁi(in/out)) _ < s (infout) 5(l€7ﬁ,(in/out)’km’(m/(mt))>7 and the av-

(3 (3

erage inverse multiparticipation ratio of nodes with a given multidegree, i.e.,

Yﬁi,a,(in/out}(kr_fz,(in/out)> _ <Yﬁi,oz,(in/0ut)5(kﬁ7z,(in/out)’km’(m/out)>>’ where a distinc-

2 2

tion was made between incoming and outgoing links in the citation layer. These

quantities are expected to scale as

— . . m,(iﬁ,out),l .
Sm,l,(m,out)(km,(zn,out)) — el (km (in/out) )6m,1,(zn/out)

m,2,(in/out)

Srﬁ,Q,(in/out) (kﬁl,(in/out)) — ol (km (in/out) )Bm 2,(in/out)

m,1,(in/out)

m,1,(in/out) r .m,(infout)y __ _p
Y (k ) = € (krﬁ(in/out ) m,1,(in/out)

1

)

17,2, (inJout) 1
(kﬁi,(in/out)) ,2,(in/out)

y 2 (infout) (g (infout)) - gy (4.9)
with exponents B o (injoury = 1 and Ag o (injoury < 1. We have computed these
exponents with the method “regression”, function of Matlab MathWorks (2015)
This function performs a multiple linear regression, and for each coefficient gives
the 95% confidence interval. We have also computed the coefficient of determina-
tion R? indicating how well the power-law trend fits the data. The complete list
of the exponents and the multiplication constants characterising multistrength
and the inverse multiparticipation ratio can be found in Table together with
the corresponding values of R2. In what follows we will label the PRE collabo-

ration layer as a = 1 and the PRF citation layer as a = 2.
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The statistical analysis of the average multistrengths in the CoCi-PRE

multiplex network

In the CoCi-PRE multiplex network, we can perform, at first, a statisti-
cal analysis of the multistrengths in the collaboration layer. The fitted ex-
ponents 1.1 1,ins B1,1),1,0uts B1,0),1,in a0d B(10)1,0u are not significantly differ-
ent. Conversely, the fitted intercepts of the log-log plot, regarding multilinks
(1,1), (in/out) are significantly different from the intercept for multilinks (1, 0), (in/out).

From a paired samples Student’s t-test, in the same way as we did for the
average multistrengths in the CoCo-PRL/PRE multiplex network, we obtained
that both s(bD1m(k) and s(bD1ow (k) are significantly higher than s(10:Ln (k)
and s(LOLout (k) In the case s(WD L (k) vs 5L (K we have a p-value equal
to 1.91-107% and an average value (log (s"117 (k) /s(LO-Lin(k))) = 0.78. In the
case s(bHLout () v s(LO:Louwt (k) - we have a p-value equal to 9.93 - 1073 and an
average value (log (s"1)1ou (k) /s(L0-Lout (])) ) = 0.80.

Based on the fitted parameters and the Student’s t-test, the data suggest that
both multidegrees for multilinks (1, 1) and multilinks (1,0) have a linear relation
with their own multistrengths in the collaboration layer, and that multistrengths
(1,1) are related to multistrengths (1,0) by a multiplicative constant. In the
citation layer, the fitted exponents 3 ;o indicate a super-linear scaling, and

are significantly different (see Table .

The statistical analysis of the inverse multiparticipation ratio in the

CoCi-PRE multiplex network

For the collaboration layer, comparing A 1)1, With Aq o)1, and A 1)1 0ut

with A(1,0)1,0u, the confidence intervals of these fitted exponents do not over-
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lap for a narrow window. Performing the t-test as usual, we found that the
inverse multiparticipation ratio for multilinks (1, 1) is always larger than the in-
verse multiparticipation ratio for multilinks (1,0). In the case YL (k) vs
Yy (LOLLin (k) the t-test gives a p-value equal to 3.70 - 10717 and an average value
(log (Y (L-Lin(g) /y 1O:Lin(k))) = 0.39. In the case Y(LDout yg Y (LO)LLout (k)
the p-value is equal to 5.48-10 'Y and the average value is (log (Y (11-1out (k) /y (10)Lout ()
0.33.
In the in— and out—citation layers, the fitted exponents A 2 (in/our) TEgarding
multilinks (1,1) are not significantly different from those regarding multilinks
(0,1). Nevertheless, the paired Student’s t-test shows how the inverse multipar-
ticipation ratio for multilinks (1, 1) is always larger than the inverse multipartici-
pation ratio for multilinks (0, 1). In the case Y (bD:2 (k) vs Y0120 (k) the t-test
gives a p-value equal to 7.60-1072! and an average value (log (Y (1)2n(k) /y (0.D:2in (f))) —
0.34. In the case Y (LD:20ut() vs Yy (0:):20ut (1) " the p-value is equal to 1.12- 10715
and the average value is <log (Y(l’l)’Z’O“t(k:)/Y(O’l)’2’0“t(k))> = 0.34.

4.1.7 ¥V and =

As an example of a possible application of the indicators ¥ and =, we analyze
a case inspired by the CoCi-PRE multiplex network. Due to the numerical
limitations of the programs that are able to evaluate the entropy of multiplex
ensembles, we perform a finite-size analysis of the indicators ¥ and = as a function
of the size of the multiplex network N = 128,256, ...,2048. In particular, we

consider the following undirected multiplex ensembles:

o Correlated weighted multiplex ensemble. First, we create the correlated

multiplex ensemble with power-law expected multidegree distributions with
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Table 4.9: CoCi-PRE multiplex network: power-law exponents A\, and 3, and pa-

rameters ps, ¢ determining the functional behavior for the average
multistrength of nodes with a given multidegree s (in/out) (mi(in/out))
and the average inverse multiparticipation ratio of nodes with a given
multidegree, Y™ (in/out) (pri(inout)) “with o corresponding to the col-
laboration layer (1) or to the citation layer (2), both for PRE. The
coefficient of determination R? determining the quality of the power-
law fit is also reported

m, «, in/out B G R? Ay iy R?
(1,1), 1,in | 1.02 £ 0.04 | -0.33 £ 0.15 | 0.97 | 0.76£0.05 | -0.03 + 0.16 | 0.94
(1,1), 1, out | 1.05 & 0.04 | -0.38 £ 0.14 | 0.98 | 0.7740.05 | -0.03 + 0.17 | 0.94
(1,0), 1,in | 0.98 + 0.05 | -0.97 + 0.17 | 0.96 | 0.88+ 0.03 | -0.03 £ 0.09 | 0.99
(1,0), 1, out | 0.97 £ 0.05 | -0.95 4+ 0.16 | 0.97 | 0.90+ 0.02 | 0.00 £+ 0.06 | 0.99
(1,1), 2,in | 1.30 & 0.07 | 0.47 £ 0.25 | 0.95 | 0.73+ 0.05 | -0.17 £+ 0.16 | 0.94
(1,1), 2, out | 1.32 £ 0.08 | 0.45 + 0.26 | 0.95 | 0.744+ 0.04 | -0.50 £ 0.20 | 0.80
(0,1), 2,in | 1.11 +£ 0.01 | -0.01 £ 0.07 { 0.99 | 0.75+ 0.05 | -0.12 £ 0.16 | 0.95
(0,1), 2, out | 1.10 + 0.02 | 0.06 4+ 0.09 | 0.98 | 0.69+ 0.05 | -0.62 + 0.22 | 0.77

exponents 72 = 2.6 for my = 0,1 and v = 1.9 (for multidegree (0,1)

we impose a structural cut-off). In particular, in order to avoid the effects of

fluctuations in the expected multidegree sequence, we rank the multidegrees

asr = 1,2,... N, and take the sequence in which the multidegree kf‘ of

rank r is defined by

(4

10)
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where we take the maximal cut-off K = N7 for A > 2 and K =
(k™Y N for 4™ < 2. Note that this is possible because the expected
multidegrees are real values. Moreover, the expected multistrengths are

assumed to satisfy
sV = e (KT (4.11)

with ¢ = 1, ™2 =1 for my = 0,1, 412 = 1.3, and gOV2 = 1.1.

o Uncorrelated weighted multiplexr ensemble. In this ensemble, we set the
expected degree k{* of every node 7 in every layer a = 1,2 to be equal
to the sum of the expected multidegrees (with m, = 1) in the correlated
weighted multiplex ensemble. Moreover, we set the expected strengths s
of every node 7 in every layer o to be equal to the sum of the expected
multistrengths of node ¢ in layer « in the correlated weighted multiplex

ensemble.

We measure the indicator ¥ that compares the entropy of a weighted multiplex
ensemble § with the entropy of a weighted multiplex ensemble in which weights

are distributed homogeneously. Therefore, ¥ can be defined as

U =

(4.12)

where the average (...)r(,) is calculated over multiplex networks with the same
structural properties but with weights distributed homogeneously. In particular,
when the weight distribution is randomized, the multiplex networks are con-

strained in such a way that each link must have a minimal weight (i.e. w;; > 1),
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CORRELATED UNCORRELATED
0.25 w 0.25 w
| | | —1024 | | | | —1024
—2048 —2048
0.20— M — 0.20— — -
0.15— ] —] 0.15— _:— —
2 2 -
A~ - &~ T .
0.10— — 0.10— T -
0.05— Bl —] 0.05— i —
| | | | I 0 | | | | |
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
S - <S>)/<5S S - <S>)/c$S

Figure 4.1: The P(S) distribution in the null models for correlated and uncorre-
lated multiplex ensembles in which the weights are distributed uni-
formly over the links of the multiplex network. The P(S) distri-
butions are calculated over 100 randomizations of the weights for
multiplex networks of N = 1024 and N = 2048 nodes.
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1057 L B ] 1027 T T T ]
r @ corr e r @ corr 7
r uncorr A r uncorr N
i B 1 - 1
[ — [ ’H -
.,;' 8-
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» 10 ’ — o Ul .- —
A ] : : ]
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L e i L i
®
e i i i
3 0
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10° 10° 10’ 10°
N N

Figure 4.2: The mean (S) and variance og as a function of the system size N for
the null models of correlated and uncorrelated multiplex ensembles
in which the weights are distributed uniformly over the links of the
multiplex network. The solid lines indicate the fit of the data in

which we assume (S) = aN log N and o5 = by/N.
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while the remaining of the total weight is distributed randomly across links.
When numerically evaluating (...),, we obtain the average over 100 weight
randomizations.

The distribution P(S) of the entropy S calculated over these randomizations,
both for the uncorrelated weighted multiplex ensemble and for the correlated
weighted multiplex ensemble, is shown in Fig. [£.1 In both cases, we observe a

distribution that can be fitted by a Gaussian function with mean and variance

scaling as (S) o« N log N and <(5S)2>7T(w) o VN (See Fig. 4.2)). We call U the

indicator ¥ calculated on the correlated multiplex ensemble and indicate with
Peor” the indicator W calculated on the corresponding uncorrelated multiplex
ensemble. Finally, to quantify the additional amount of information carried by
the correlated multiplex ensemble with respect to the uncorrelated multiplex
ensemble, we measure the indicator = as

\I]COTT

\Jyuncorr ’

(1]

(4.13)

The finite-size scaling of W' ¥ and = are shown in Fig. 4 in the manuscript.

4.2 Weighted multiplex ensembles

4.2.1 Examples of uncorrelated weighted multiplex networks

Multiplex ensembles with given expected strength sequence in each layer
We consider here the multiplex ensemble in which we fix the expected strength

s of every node ¢, in each layer . We have K = M - N constraints in the system
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indicated with a label a = 1,2,..., M. These constraints are given by

S RAGPE) = (Say) PG =5 (4.14)
G

G \J#i

The probability of a multiplex P(é) is given by Eq.(2.36) that in this case can

be written as

PG) = ;exp [— a%l S A Y ag;.] (4.15)

i JFi

where the partition function Z can be expressed explicitly as

Z = 3Ysexp [— Sy A Xjti aij}

= 1L Moy [1 — e—(xi,mj,a)rl : (4.16)

and the Lagrangian multipliers )\; , are fixed by the condition

«

Olog Z e~ MiatAia)
Si = — = v
ONia  Zil—e (NiatAja)

(4.17)

The average weight <a§fj> given by Eq. (2.40) can be calculated explicitly as a

function of the Lagrangian multipliers, giving

*)\ia )\'a
() = o~ (NiatAia)
i1/ = 1 — e iathia)’

(4.18)

which implies, together with Eq. (4.17)), s§ = >4 <af3>

From Eq. (2.38) we write the marginal probabilities W?j(a?j) for specific weight

(%

ag; as

mi(ag) = e~ Piatdia)ay (] — o= Piatdia)y, (4.19)
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i.e. the weight of a link is distributed exponentially, with a mean that depends

both on the pair of linked nodes (i, j) and on the layer a. Moreover, from Eq.

2.41]) we can evaluate the probability pf; of having a weight different from zero

that is given by
pZO; — 6_()\i,a+)‘j,a). (420)

Finally the the probability of a multiplex in this ensemble is given by Eq. (2.121])
with the marginals 7§} (af;) given by Eq. (4.19). Therefore the entropy S of this

canonical multiplex ensemble is given by Eq. (2.122]) with the marginals ﬂf‘j(ao‘)

ij
given by Eq. (4.19)

Multiplex ensembles with given expected strength sequence, given expected

degree sequence and given expected sequences {u{} in each layer

The last example of uncorrelated multiplex that we will consider is the one in
which we fix the expected strength s{', the expected degree k{* and the expected
u$ of every node 7 in each layer . We have K = M X 3N constraints in the

system. These constraints are given by

(4.21)
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with o = 1,2,..., M. We introduce the Lagrangian multipliers J\; , for the first
set of N x M constraints, the Lagrangian multipliers w; , for the second set of
N x M constraints and the Lagrangian multipliers z; ,, for the third set of N x M
constraints. Therefore, the probability P(é) of a multiplex in this ensemble, of

general expression given by Eq. (2.36)), in this specific example is given by

P(G) = Jexp |- 3 S A ¥
a=1 i JFi
M M
— 2 > wio E#Z Ola3) — 2 3% g(a?ﬁ

If we define as ]fj‘- the series

SO(
If;- = azl exp [_(Ai,a + )\j,a)a% — (Zz"a + Zj@)(a%)z} ) (422)
ag=
where S = ¥ s¢ The sum I; is convergent when (2;, + 2j0) > 0, the

partition function Z can be expressed as

M
Z=1] [I[1+e @otwnl (4.23)

a=1i<j

The Lagrangian multipliers are fixed by the conditions

OlogZ "
8>\i,a -
Olog Z
_ — kO
awi,a !
Olog Z
_ m—_— 4.24
9. W (4.24)

The average weight of the link (7, 7) in layer «, i.e. < 203> is given by Eq. (2.40

205



4 Supplementary Information
that in this case reads

e*(wi,ajijya)

(a5) = [1 4 e~(iatwia) 2] .

Sa
X | > ajjexp (=N + Nja)aiy — (Zia + zm)(a?j)Z)

[0
aij—l

From Eq. (2.38) we write the marginal probabilities ﬂfj(af‘j) for this specific

ensemble that is given by

e_()‘i,a"’)‘j,a)a%_(Wta"‘qu,a)e(a%)_(Zi,a"'zjﬁa)(a%‘)Q
S (as) = 4.25
Wz]( z]) [1 _|_ e_(wi’a+wj’a)1%:| ( )

Moreover, from Eq. (2.41]) the probability pf; that the link (7, j) in layer a has

weight different from zero is given by

e~ Wiatwja) [
ij

1+ e~ @iatwia) [0]

p% - [ (426)

The probability of a multiplex in this ensemble is given by Eq. (2.121) with

the marginals ﬂf‘j(a%) given by Eq. (4.25) while the entropy S of this canonical

multiplex ensemble is given by Eq. (2.122) with the marginals 7{:(af;) given by

Ea.

4.2.2 Examples of correlated weighted multiplex networks

Multiplex ensembles with given expected multistrength sequence {s,}
We study here a correlated weighted multiplex ensemble in which we fix the
average strength sequence sfa for each node i, in each layer « such that m, =1,

for a given multilink m. Following the previous line of reasoning, we can express
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2M71

properly just N - M - constraints.

These constraints are given by
> FL(G)P(G) = (z A;?a%) P(G) = s}, (4.27)
G G

with i = 1,...,N, m = (my,ma,...,mg,...,my) with mg = 0,1 and finally
a=1,..., M with the condition m, = 1. The canonical probability P(é) of the

multiplex in the ensemble is

P(G) - Eexp Z_'Z Z ZAzj zy]
mA0 a=1 i j#i
— 1;[ exp Z %(Am -+ )\m )AZ‘ f;] , (4.28)

where the partition function Z can be expressed explicitly as

zZ = 112 (4.29)
i<j
where
M e_()‘;n,la—’_)‘;?a) Mo
Zi=r N\ o) (4.30)

The Lagrangian multipliers A\™ | with « such that m, = 1, are fixed by the

ZCU

conditions

alOgZ m a AM
— P =S =) <%Aw> (4.31)
8>‘i,a j#i
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where <CL%A?}> is the average weight of the link between nodei and node j on the

multilink m, in the layer «. This quantity can be computed as

(af ATY) = 1 1 ﬁ e~ st \™
e Zii \1 — e_()‘Ta"_)‘fa) p=1\1— e_o‘fﬁ"_)‘fﬁ) .

1 2 M

We can calculate the probability of a vector d;; = (a;;,a;; . . ., a;j; ) characterizing

the weights of the links between node ¢ and node j in all the layers, getting

1 mid mid
mij(dij) = Z ¢ B WX Dty (4.32)
ij

These probabilities satisfy the normalisation condition given by Eq. (2.139)). The

probability p%? of a multilink m between the node ¢ and the node j is given by

1 o0 1 M e~ (\atAT) \
pij = (A7) = z, al;Il mperu syl B (4.33)

where these probabilities satisfy the normalisation condition given by Eq. (2.143)

and are related to the probabilities Wf}(d}j) given by Eq. (4.32)), by Eq. (2.144)).

—

Probability P(G) and entropy S follow Eqgs. (2.137)), (2.145) respectively.

Multiplex ensembles with given expected v-multistrength sequence {s,}
In the case in which one wants to describe multiplex networks with many

layers M, one can consider to fix the average v-multistrength sequence {3;’ ot

with?=1,2...,Nand v =1,2,..., M. Therefore, the number of constraints of
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the previous example is reduced to just N - M? soft constraints given by

> Fr(G)P(G) =X (z agA;;> P(G) = s, (4.34)
G

G \Jj#i

In this case, the probability P(G) of a multiplex network G in this ensemble is

expressed in terms of the N x M? Lagrangian multipliers A/, and is given by

.1 S
P(G) = Z exp [‘. 2, 2 (Aot Aja)Aja J} ’
1<

v=1a=1

where the partition function Z can be expressed as

Z=1] 2; (4.35)

i<j

with

M M 6_(/\Za+/\?,a) Ma
Zij= > (Z 11 (1 — e_(%”,a“?,a)) : (4.36)

The Lagrangian multipliers are fixed by the conditions in Eq.  (4.34), or

equivalently by

olog Z o Ay

JFi

The probability P(é) of a multiplex network G in this ensemble is given by

Eq. (2.137) and the entropy of the ensemble takes the simple expression given

by Eq. (2.145)) where m;;(d;;) is given by

1 V v OC
i (dij) = z ¢ Emsa O N (4.38)
ij

Finally, the probability p}; that the node ¢ and the node j are linked by a v-
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multilink is given by

.1 M AL\
pL] = Zw Z H (1 _ e()‘;”,aJr)‘;a)) 5 (439)

i (1m)=v a=1

while the average weight of the link af; belonging to a v-multilink is given by

o v 1 1
<CLiinj> - Z; (1 _ otV )> X

M (AY g +2Y ) mga
X - ma 11 (1 — 6()\;’/75+>‘j,/3)) ' (4.40)

Multiplex ensembles with given expected multidegree sequence {k/"}, given

expected multistrength sequence {s/"} and given expected sequence {u!" }

As a fourth case of correlated weighted multiplex ensemble, we consider the case
in which we fix the average multidegree /{:;ﬁ of node 7, for each nodei=1,... N,
for m # 0. Moreover, for each node i in layer a we impose the average multi-
strength s ', and the second moment of the weights incident to it and belonging
to a multilink m, i.e. ugﬁa The number of independent constraints is therefore
K=02Y-1).N+2M.M-N.

In particular, the constraints we are imposing are the following,

FLGP(E) = S (5 Ay PIO) = o,
G N7

J#i

1 ZJ

2

G

S FMGPE) =T (£ 1) P(E) =17
G G

x

G

P(G
FIL(G)P(G) = 3 | X(Afja)) ) P(G) = u", (4.41)
G

JFi
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The canonical probability P(G) of the multiplex in the ensembles is

- 1
P(G) = —exp |- Z(w + WA X (4.42)
Z 1<J m;ﬁ
[ M
X exp|— > Z Z(/\m —|—)xm )AZ‘ by
1<J m;é a=1
M
X exp _ZZ Z(za+zja)Am( )
1<J m;«é a=1
The partition function Z can be expressed explicitly as
zZ = H Zij
i<j
,( ﬁi+ n‘i) M .o Me
= I |1+ X e @D T (1) (4.43)
1<jJ m#0 a=1

[_

()‘Zia + /\fa>a% - %)2} )

(20 + 2ja) (@

where S = v, SZL@- The Lagrangian multipliers are fixed by the conditions

Olog Z

— 8Alf’?l,a Z< aAm>
8logZ
o A §< >
—8;322 7= 3 ((af)PAT) (144)
1,0 JFi

The average weight <a?jAZ’-§-L> of the multilink m between nodes ¢ and j in the

layer o and the probability p?} of a multilink m between node ¢ and node j are
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given respectively by

o eeen (g
<az‘inj> - Z@j (a(kﬁa+)\ﬁa)) "
Mo,
x 11 (17" B
IL57)
_ o Wil M o M
pij = Zijal;ll <Ii~7 ) )

The probability of a specific multiweight @;; in the between the nodes (¢, j) is

_(wlmij_;'_w;ﬁij)
Zi;
_ mid il y a2

X e Dam1,m(Za 250 )(af) (446)

~ 1]

e 7
ei Za:l,]\l(AZla +)\?,La )a’% X

mij(di) =

As previously, probability P(é) and entropy S follow Eqs. ([2.137)), (2.145) re-

spectively.

4.3 Controllability and minimal degrees

4.3.1 Stability condition

Here we consider the stability of the replica-symmetric solution of Egs.
(see e.g. Montanari and Ricci-Tersenghi (2003)); Rivoire et al. (2003)); Castel-
lani et al.| (2005); Lucibello and Ricci-Tersenghi (2014)) for discussions on the
RS stability). The replica symmetry assumes that all cavity fields have the
same distributions P(h) and P(h), that in the zero temperature limit can be
parametrized by mixtures of delta functions. If we relax such assumption, we

have to enlarge the functional space by considering distributions Q[P] and Q[ﬁ]
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of cavity field distributions. There are two ways in which the replica-symmetric
solution can be recovered in this enlarged functional space: 1) Q[P] = §[P — P*]
with P*(h) = £q wad(h—h,), and 2) Q[P] = X4 wad[P—0(h—h,)]. For the sake
of simplicity in this thesis we are going to show just the first approach. In this
situation, the replica symmetric solution can become unstable towards a func-
tional @ with non-zero variance and this corresponds to the dynamical instability
of the solutions under iteration of the Eqs. . In other words, the instability
means that the distribution of cavity fields does not actually concentrate around
discrete values, therefore the corresponding solution is not reachable from any
finite temperature. In order to evaluate this type of instability we compute the
Jacobian of the system of Eqs. and impose that all its eigenvalues have

modulus less than one. The 6 x 6 Jacobian matrix reads

0 0 0 0 ll,out(wQ) 0
0 0 0 Gul—d) 0 0
—1 —1 0 0 0
J (4.47)
0 o(wa) 0 0 0 0
Cal—w) 00 0 0 0
0 0 0 —1 —1 0
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where

Grin(z) = % <k]§inPi”(k)xk_1
e) = SR Pyt
e ngﬂww—% (1.48)

with (k)i = (k)ous- Two eigenvalues are zero, the other four have degenerate

modulus, therefore the stability conditions are

ll,in(l_wl) ll,out(wQ) < 1,

! (1—11\}1) ! (wg) < 1. (449)

1,0ut 1,in

By considering the zero-energy solution w; = wy = W = w9y = 0 and wg = w3 =
1, emerging for P™(1) = P°(1) = 0, the stability criteria implies the condition

Eq. that we rewrite here for convenience,

<k>in2
2(k(k — 1)) our

<k>in2
2(k(k = 1))in

P (2) < , P™(2) < (4.50)
Notice that for P™(1) = P°“(1) = 0 there is also the zero energy solution
wp = 0, we = 1,7 = 1,19 = 0 and the symmetric solution w; = 1, wy = 0,1 =

0,209 = 1. The first solution is stable when the stability conditions given by
Egs. (4.59) are satisfied, i.e. when

: / _ (k(k=1))in 2P™(2)
1,in<1) l,out(o) - <k>m <k>out < 17 (451)
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the second solution is stable when the following condition is satisfied

(k(k — 1))our 2P™ (2)
<k>0ut <k>zn

ll,m<0) ll,out(l) - < L. (452)

Therefore, when P™"(k) = P°“(k), these solutions are stable under the same
conditions in which the solution w; = w9y = W, = Wy = 0 is stable, and all these

solutions correspond to the same value of the energy density E/N = 0.

4.3.2 Number of driver nodes

The BP equations solving the maximum matching problem on a random net-
work ensemble are expected to give the correct value for density of driver nodes
in the limit of large networks N — oo. In particular, in the region in which BP
predicts a zero fraction of driver nodes np, the BP algorithm does not guarantee
that the exact number of driver nodes is zero, i.e. Np = 0. Nevertheless in our
simulations, by running the Hopcroft-Karp algorithm (Hopcroft and Karp, [1973)
on finite networks in the region where BP predicts a zero fraction of driver nodes,
i.,e. np = 0, we have always found that, as soon as we are sufficiently far from
the boundary of the region defined by the stability conditions, the networks have
a number of driver nodes equal to zero, i.e. Np = 0. In Fig. we show the
histogram of the results obtained by the Hopcroft-Karp algorithm corresponding

to the points of Fig. with predicted zero fraction, i.e. np = 0 of driver nodes.
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Figure 4.3: Histograms showing the number of network realisations that, out of
a total of 50 realisations, show a certain number of driver nodes Np
in the region of phase space in which BP predicts zero fraction of
driver nodes np = 0. The different histograms are displayed as a
function of P(2) for in-degree and out-degree distributions as in Eq.
of the main text with P(1) = 0 and v = 2.3. The size of the
networks is of N = 10*. The histogram refers to the exact matching
algorithm by Hopcroft and Karp (1973). As long as we are far from
the stability conditions P(2) = 0.181947, these results show that the
expected number of driver nodes is consistent with Np = 0.

4.3.3 Improving the controllability of scale-free networks

In the Sec. we gave an example of a power-law network with in-degree
distribution equal to out-degree distribution, N = 10* nodes, and power-law
exponent v = 2.3. We showed that in this particular case our recipe was quite
demanding in terms of fraction of links needed to reach the full controllability
of the network. Nevertheless, if we keep the same initial average degree and we

consider the degree distributions with a power-law exponent v = 3, implying
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Figure 4.4: Fraction of driver nodes np(AL)/np(0) (panel A) average cluster-
ing coefficient (C') and average distance (I) (panel B) of the network
as a function of the fraction of added links to low degree nodes.
The results are obtained solving the MS equations. The initial net-
work is a power-law network with in-degree distribution equal to out-
degree distribution, N = 10 nodes, and power-law exponent v = 3.
The symbol AL indicates the number of added links to the network,
whereas Ly indicates the initial number of links of the network.

that we start from a minimum in-degree and our-degree equal to 2, the fraction

of links for the full controllability drops to 13% (see Fig. [4.4)).

4.3.4 Poisson networks

In Sec. we have assessed the role of low-degree nodes in the controllability
of networks, especially considering uncorrelated random graphs with power-law
degree distribution. We consider now Poisson networks with the following degree

distribution
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P"(k) = P™(k) =3 P2) if k=2 (4.53)

CA it ke [3,00]

with C' a constant determined by normalization. We especially focus on the situa-
tion in which P(1) = 0 and the stability condition for the solution {wy, ws, w3} =
{O, 0, 1}, {@17 1@2, UAJ?,} = {0, O, 1} reads

PO < g ) (454)
where (k) and (k?) can be easily expressed as
et —1-—
k) = 2P(2)+ (1 - P(z))ef_( - ; = ;)/2 (4.55)
() = 4P()+ (1 - P2)C AT A ZA—2X (4.56)

A —1—\— \2/2

In Fig. we show the phase diagram pointing out the fraction of driver
nodes np as a function of the parameters A and P(2). The dark grey area
defines the region where the zero-energy solution is stable, hence the network
has an infinitesimal fraction of driver nodes (np = 0). Outside this region, the
minimum fraction of driver nodes necessary for a full network control is displayed

(lowest stable solution of the MS equations).
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012345678910

A

Figure 4.5: Phase diagram indicating the density of driver nodes np (indicated
according to the color code on the left) as a function of the parameters
A and P(2) for networks of nodes with degree distribution given by
Eq. (4.53) and P(1) = 0. The density of driver nodes is obtained by
numerically solving Egs. (3.68). The solid line indicates the stability
line.

0

4.3.5 Improving the controllability of Poisson networks

In Sec. we have described an algorithm that can improve the controlla-
bility of networks by adding links to it and reducing the number of nodes with
in-degree and out-degree smaller than 3. While in Sec. we show that such
algorithm can be used to improve the controllability of scale-free networks, here

we show that the same algorithm can be used to improve the controllability also
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Figure 4.6: Fraction of driver nodes np(AL)/np(0)(panel A) average clustering
coefficient (C') and efficiency E (panel B) of the network as a func-
tion of the fraction of added links to low degree nodes. The results
are obtained solving the MS equations with the Belief Propagation
algorithm. The initial network is a Poisson network with in-degree
distribution equal to out degree distribution, N = 10* nodes, and
average degree ¢ = 4. The symbol AL indicates the number of added
links to the network, whereas L indicates the initial number of links
of the network. The links are added to low degree nodes in the follow-
ing way. First links are added to nodes of in-degree and out-degree
0, then links are added to nodes of in-degree and out-degree 1, and
finally to nodes of in-degree and out-degree 2. This strategy can be
used to increase the controllability of networks.

of Poisson networks. In fact this approach can be applied to networks with any
type of degree distribution. In Figure we display the fraction np(AL) of
driver nodes when we add AL links in the network divided by its initial value

np(0) where the network has a Poisson degree distribution and average degree
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¢ = 4. We note that in this case the fraction of links that need to be added to
have full controllability is of the order of 5%. Here we have chosen to display the
efficiency E instead of the average distance (l) because the network, specially at
the beginning, is not fully connected.

When P™(1) = P°(1) = 0 the displayed network has P™(2) = P°“(2) ~ 0.21

and it becomes fully controllable.

4.4 Controllability of multiplex networks

4.4.1 Stability condition

We compute here the Jacobian of the system of Egs. (3.95) and impose that
all its eigenvalues have modulus less than one. We avoid to consider w§ and ¢
because they influence only the number of null eigenvalues (4 eigenvalues upon

12). The 12 x 12 Jacobian matrix becomes 8 x 8 and it reads

0 0 0 G[ll],out,/(ﬁ)gl])
0 0 G[ll],out,l(l _ wgl]) 0
0 Gl @l — g1 — wi?y) 0 0
. a1 —wihya - G wlly) 0 0 0
0 0 0 0
0 0 0 0
G @) ) gy o GEI (1 = w0l 0 0 0
0 G (1 = wl) (k) gy 4 G () 0 0
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0 0 0 0
G (wl) () gy 1 GEV (1 — w0l 0 0 0

0 A (1= wl'h) k) g 4, G () 0 0

0 0 0 glRhent! ([l

0 0 glPhent! (1 — @l?) 0

0 G w1 - G 1 — willy) 0 0
G = w1 - Gl 0 0 0

4 Supplementary Information

where, in similar way to Sec [4.3.1}, we define

Gy (x)

Gy ()
G (x)
G ()
G (x)

G?,Out,/(aj)

> B (k)at
k

5 PO ()t
k

k in k—1
2 Ty, o (B

(4.57)

I
S
N
Il
SN

o o . NGO
5§ =0and w§ = w§ =
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1, emerging for P*(1) = P2“/(1) = 0 the Jacobian matrix changes in

2P31(2)
0 0 0 e 0 0 0 0
(gl —
0 o & f,fm%it))wt 0 0 0 0 0
0 0 0 0 0 0 0 0
(1 (1] —
7 D
0 0 0 0 0 0 0 R
<k[2](k[2],1)>om
0 0 0 0 0 0
0 0 0 0 0 0 0 0
(2] (pl2] _
0 0 0 0 W 0 0 0
(4.58)

Four eigenvalues are zero, the other four have degenerate modulus, therefore the

stability conditions are

(KK = 1), PY(2)

<km>m <km>out
(KK — 1)), P2

<k"[2}>ln <k[2]>out

2

< 1. (4.59)

When Pjj(k) = Pji"(k) = Pgi(k) = Pgj"(k) we have just one stability criterion

for this particular solution and it reads

(4.60)

4.4.2 Correlations

We give here the calculations for the density of driver nodes when degree

correlations between the two layer are introduced (see Sec. [3.6.7)).
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Low-degree correlation

We introduce in Eq. and Eq. the joint probability
pék[g],ka(kU]) + (1 —p) PN PERY, if kM <2

Pk ER) = S 1 — )P P(R2), if kU > 2 gl <2

where C' = 1 — Yp<p P(k). For simplicity’s sake we consider P(kl1) = P(kl?) =
P(k). The probability p modulates the strength of the correlation. The modified

equations in become

PO 2P P
wy = p[(kz) 1+ %) 2(1—(1 1)) + (G1(w2) k)

_2Pk(2 wa)(1 = Gy(1 —w1)) | + (1 = p)Gi(wz) [1 — Go(1 — wy)]
(

)y 1 2P(2) P(1)  2P(2)
(k)

Ry ky (k)
P) _2P(@2)
(1 =) = T37 = = (1= wn))(1 = Ghfu))

p) (

[1 — G1(1 — wl) + Gl 1-— ’U)l)G() (wz)] (461)

2
9+ ——2

o (wy Fwi(l —wl)) +1—

ool
—(

+ (1-

where G§(z) = Tg>3 %ajk.

Finally, Eq. is modified in

np = 2 {GO (12]2) — [1 — G()(l — lf)l)]} + 2<k> [1211(1 — U)Q) + w1(1 — @2)]
— 21 =p){[1 = Go(1 — w1)][1 — Go(w2)]}
— 2p{P(Dwi(1 — ws) + P(2)(1 — (1 — w1)?)(1 — w3)+

C(1 = GH(1 —wy))(1 = Gh(wo))} (4.62)
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Total correlation

We introduce in Eq. and Eq. the joint probability
PRl kB = pék[2}7k[1]P(km) + (1 — p)P(EM)P(KP)) For simplicity’s sake we
consider P(kl)) = P(kP)) = P(k). The probability p modulates the strength of
the correlation. The modified equations in becomes

w1 = plGi(wz) — (1 — w1)Gr(wa(l — wr))]
+ (1 —=p)Gi(wa) [1 — Go(1 — wy)]
We = p [1 — G1(1 — wl) + w2G1(w2(1 - wl))]

+ (1 — p) [1 — G1(1 — wl) + Gl(l — wl)Go (U)Q)] (463)
Finally, Eq. is modified in

np = 2{Go(2) — [1 — Go(1 — )]} + 2(k) [1(1 — wa) + w1 (1 — 12)]
— 2(1 =p){[1 = Go(1 —w1)][1 — Go(w2)]}
— 2]){1 — Go(l — wl) — Go(wg) + Go(lUg(l — wl))} (464)
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