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Abstract

In this thesis we relax the locally tree-like assumption of configuration model
random networks to examine the properties of clustering, and the effects
thereof, on bond percolation. We introduce an algorithmic enumeration
method to evaluate the probability that a vertex remains unattached to the giant
connected component during percolation. The properties of the non-giant,
finite components of clustered networks are also examined, along with the
degree correlations between subgraphs. In a second avenue of research, we
investigate the role of clustering on 2-strain epidemic processes under various
disease interaction schedules. We then examine an N-generation epidemic by
performing repeated percolation events.
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CHAPTER ONE

NETWORKS AND THEIR
COMPLEXITY

A complex system is a system that is composed of many individual parts that display
collective, global behaviour that does not follow trivially from considering the microscopic.
A complex system is more than the sum of its parts. Due to this abstract definition,
complexity can be observed in almost all areas of natural and computational science; it
is a broad field transcending traditional boundaries, that encompasses a wide range of
analytical and experimental methods. Network science has an almost innumerable list
of applications including condensed matter systems, ecosystems, economies, markets,
biochemical networks, and certainly, human contact networks fall under the umbrella of
complexity.

Network science is the unification of topology and dynamics; whom interacts with
whom, as well as the nature of the interaction itself. The scaling and criticality (phase
behaviour) of the dynamics is dependent on the nature of the contact topology; however,
interestingly, this is often independent of the details of the system under study. For instance,
swarm behaviour observed in schools of marine life is semantically similar to the emergent
patterns that occur when birds group together during their mating season. The global
magnetisation that results from spin alignment within an individual ferromagnetic crystal
domain at the Curie temperature is also broadly similar to an avalanche that results from a
sudden collective behaviour of many snowflakes.

A mathematical model is a representation of reality. For instance, consider the timely
example of a disease spreading through a population. Epidemiological knowledge tells us
that there must be some vector of transmission from an infected person to a susceptible
person. A traditional modelling procedure is to assume, in the first instance, that the
population is well mixed; in other words, we ignore the role of contact structure and
concentrate on the dynamics. This first approximation might be well justified; however,
it may also be overlooking a fundamental aspect of the reality. Perhaps, the contact
structure plays a significant role in the outbreak pattern in the population. Indeed, the well
mixed model assumes that an airborne flu or common cold spreads in a similar fashion
to a sexually transmitted disease such as HIV. Network science allows us to model, and
therefore to understand, the role that contact structure plays in the dynamics. It enables
topology to be another variable in the mathematical model; and often, we see significant
variation in the dynamical properties as a result.
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1.1 Network definitions

To discuss network structure, we must understand some metrics from graph theory. A
network is a collection of individuals, which we call vertices, that are connected together
by links, which we call edges. To a mathematician a network is a graph, and we use the
two terms indiscriminately. The number of edges that a particular vertex has is called
its degree. For instance, in a social network of human interactions, a person with lots
of contacts has a high degree, whilst a person with few contacts has a low degree. The
probability distribution of choosing a vertex from the network that has degree k is the
degree distribution, p;. The degree distribution is a fundamental descriptive object for a
network as many other properties can be calculated from it.

There are many different kinds of networks that are classified by some distinguishing
property. The property could be the colour of vertices or edges when arranged into layered
networks, or it might be the presence or absence of closed loops in clustered networks, or
it might be the analytical form of the degree distribution.

A random graph 1s a graph that has been created by randomly connecting a collection
of degree-labelled vertices together according to some stochastic algorithm. Many different
random graphs can be made by repeating the construction process and thus a given random
graph belongs to an ensemble of such networks. This is in contrast to an empirical network,
which is a particular realisation of a graph that has been collected from some observation in
a field of study. Any given graph can be mined for its properties such as degree distribution,
its number of closed loops, its average path length or diameter. It is often the case that
analytical methods are well equipped to describe the mean properties of the ensemble of
random graphs, but are not so equipped to single out a particular realisation. Therefore,
the properties of real-world empirical networks often become inferred from the mean field
description of random graph ensembles that can be analytically studied by a mathematical
model.

A model might start by assuming that all of the contacts are tree-like [7, 54], that is to
say, that there are no short cycles or loops among the vertices, see Fig 1.1. This removes
correlations (feedback circuits) between a vertex’s edges and makes the analytical model
quite straightforward. Models based on locally tree-like approximations have provided
much insight into the properties of random ensembles and empirical networks [37]. A
tree-like approximation might well be a valid representation of a given empirical network;
however, it is unlikely that a social network of human contacts would be tree-like. This
would suggest that an individual’s friends did not know one another, which is unrealistic.
It is natural to ask how might the induced correlations brought about by the presence of
short-range loops in the contact structure effect the structural properties of the network?
In turn, how do these structural changes effect dynamical processes that occur over the
network? For instance, does the clustering of social contacts allow an epidemic to spread
more easily through a population or does it make it more difficult?

To examine the effects of loops in random networks we must relax the locally tree-like
assumption. Such networks are known as clustered networks; and have received much
attention in the literature using a variety of different analytical approaches [39, 28, 52, 20,
22,18,47,11,5, 63, 62, 32, 19]. From this extensive work in the clustered-graph literature,
it has become apparent that not only does the presence of short-range loops bear significant
effect on the properties of networks, but also how those loops are structured with respect
to one another is important. Not all clustered networks are equivalent. Consequently, there
are many different ways to induce clustering into a random graph model.
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Tree Locally tree-like Clustered

Figure 1.1: The presence of loops (red) among vertices causes correlation among the edges
of the network. When the network is locally tree-like, analytical methods based on trees
provide good approximations [37]. For clustered networks these approximations often fail
to describe the details of dynamical processes [47, 40, 52]. There is no strict definition of
when a locally tree-like network is a clustered network.

1.2 Structure of this thesis

In this thesis we will examine the properties of clustered networks. We use the configuration
model (see section 1.5) as a means to create ensembles of random graphs for simulation
purposes and the generating function formulation as an analytical toolkit to study their
properties theoretically. We are mostly concerned with the bond percolation process,
described in section 1.3, which also has strong links to the SIR dynamical process from
epidemiology, see section 1.4.

There are two themes in this research: i) the analytical treatment of clustered networks;
i1) the study of epidemic processes on clustered networks. Chapters 3, 4, 5 and 6 fall under
the first branch of this research, whilst chapters 7 and 8 examine the latter.

1.3 Bond percolation: the GCC and the RG

Bond percolation is a stochastic process developed by Broadbent and Hammersley in
1957 and is perhaps one of the simplest models that exhibits complexity. It examines the
consequences, to the global connectivity of a network, of adding or removing connections
between each possible pair of vertices. For a network comprising an unconnected set
of vertices, bond percolation attempts to connect adjacent vertex pairs with a fixed and
statistically independent probability 7. In the special case that T = 0.0, no connections
are added to the network; conversely when 7' = 1.0, all possible connections are created.
Equivalently, bond percolation can also be conducted over the edges of a substrate network.
In this case, edges are occupied with probability 7" and unoccupied with probability 1 —T'.
Once all of the edges of the substrate network have been examined in this way, the process
has reached its absorbing state. This equilibrium is static in nature; since, there are no more
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dynamics to occur. As experiments are conducted at larger 7" values within the unit interval,
the absorbing state network becomes increasingly connected by occupied edges. At some
critical value, ¢, known as the percolation threshold, small clusters of occupied edges join
up and large clusters of connected vertices span the graph. The largest of these clusters is
known as the giant connected component (GCC). Vertices that do not belong to the GCC
belong instead to the residual graph (RG), see Fig 1.2. The percolation threshold marks
the value of T at which the GCC first appears and long range connectivity is established.

Residual graph

R

Substrate graph

Figure 1.2: (left to right) A substrate network has undergone bond percolation to create a
GCC of vertices connected by occupied edges (red) and a RG of vertices not contained
within the GCC (grey).

Bond percolation is concerned with the global connectivity of a network, which depends
on the sizes of the connected clusters. However, the presence of global connectivity also
depends on the size of the underlying network; a cluster of 200 connected vertices will
span a small network, yet is barely visible within a very large network. To address this
formally, we must replace the finite size of the network with an infinitely large system. The
central question of bond percolation now concerns the presence of an infinitely spanning
cluster. By Kolmogorov’s zero—one law, for any given 7, the probability that an infinite
cluster exists is either zero or one. The zero-one law indicates that the properties of the
infinite system cannot be altered by finite perturbations. For instance, the presence of an
infinite cluster in an infinite network is undisturbed by the addition or removal of a finite
number of edges; which is not true for a finite sized network. For a given value of T, an
infinite cluster will exist with probability one or zero; when 7" < T the probability is zero,
whilst for 7 > T, the probability is one.

It is Kolmogrov’s law that leads to the phase behaviour observed in infinite systems.
Below the percolation threshold, the probability that there is an infinite spanning cluster
is zero. We could be forgiven for thinking that as we infinitesimally increase 7 to T 4 €
where € is a very small constant, that the probability of finding an infinite cluster might
also increase in a gradual fashion. However, by the zero-one law, the infinite cluster is
either present or not. At and above the percolation threshold, we are guaranteed to find a
spanning cluster in an infinite system if we examine it close enough. This behaviour leads
to a phase transition in the global connectivity of the infinite system, see Fig 1.3.

The presence of the GCC follows the zero-one law; however, its size does increase
in a gradual fashion with increasing 7. Finding the size of the GCC is a central topic



1.4. EPIDEMICS ON NETWORKS 5

0.81

0.6 1

0.4 -

Size of the GCC

0.2 1

0.0 1

0.0 0.2 0.4 0.6 0.8 1.0

Figure 1.3: The size of the GCC following bond percolation on Erdds-Renyi networks
with (k) = 3 as a function of 7 € [0, 1]. Below the critical point 7. = 1/3 the size of the
GCC is zero, whilst at and above T, the GCC occupies a finite fraction of the network,
growing at different rates as a function of 7.

for network science and this thesis; it is the order parameter of the percolation problem.
The location of the critical percolation probability and the rate of growth of the GCC are
extremely dependent on the topological properties of the substrate network. For instance,
the critical point of Erd&s-Renyi networks occurs at 7, = 1/(k) where (k) is the average
degree of the network. If the vertices of the substrate network have a larger number of
edges on average, then the probability of forming a GCC increases and so the threshold
value of bond occupancy probability 7, drops. Conversely, the critical point in scale-free
networks occurs at 7, = 0 and hence, a GCC can always be found.

1.4 Epidemics on networks

The study of the spread of disease on networks has attracted considerable attention from the
statistical physics community [45]. This unusual fact is a consequence of the equivalence
between the properties of the susceptible-infected-removed model (SIR) and those of the
bond percolation process, which has an exact solution on networks. The SIR model is
an epidemiological model that considers the a population to be divided into three states:
susceptible (S), infected (I), and removed (R). Infected individuals can pass their infection
across an edge to a susceptible neighbour, which in turn becomes infected. The average
infection rate per unit time is . At each moment, the infected vertex might recover with a
given recovery rate per unit time, ¥, and no longer play an active part in the dynamics of the
process. The equilibrium of the process is reached when all of the infected vertices have
recovered and it is a static absorbing state comprising of recovered vertices and susceptible
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vertices that did not become infected. This is the key part of the equivalence to bond
percolation: the binary nature of the equilibrium.

Consider a particular infected vertex i and its susceptible neighbour j. We assume that
the infectious period for all vertices is fixed to 7 units of time. The probability that the
edge fails to transmit the infection is 1 — 7;;, which is

1-T;=1-(1-By)" (1.1)

where f3;; is the probability per unit time that the edge transmits infection which is an
independent and identically distributed (iid) random variable. The average transmission
probability, 7, is found by integrating over 3 [21, 45, 66, 61]

r—1- [ PB)1-P)dp (1.2)

which takes values in the unit interval. Thus despite variation in the individual transmission
probabilities between different vertex pairs, the disease propagates as if all transmission
probabilities were equal to 7. This is precisely the ordinary bond percolation model.
Therefore, the minimum transmissibility that a disease must have in order to create a
population-wide outbreak is given by the percolation threshold; similarly, the size of the
outbreak is equivalent to the size of the GCC.

We remark that the infectious period is assumed to be drawn from a single-valued
distribution for all vertices. If we relax this assumption, then the mapping between
percolation and SIR no longer holds; but, it can be recovered by considering percolation
on a semi-directed networks instead [38, 27].

1.5 The configuration model

The configuration model is a protocol to create random graphs from a given sequence
of vertex degrees. Upon each construction, a particular random graph is obtained from
an ensemble of degree-equivalent, uncorrelated random graphs. It might happen that the
realisation is not well represented by the ensemble average; therefore, simulations of
dynamical processes over these networks require repetitions to establish the mean field.

In the model, the vertices of the graph are assigned an integer, drawn at random from the
degree distribution, which indicates its degree. The degree sequence {k} = ky,k,...,ky,
where ) ; k; = 2E for a network of V € N vertices and E € N edges, is a sequence of the
degrees of the vertices and is typically displayed in descending order such that k; > ky >
.-+ > ky. To construct configuration model networks from a degree sequence, vertex i
is inserted k; times into a set for all i € V. Pairs of vertices are then drawn at random
and connected together. In the limit of large and sparse networks, the probability that the
construction process chooses pairs that are either already connected through another edge
or belong to the same vertex is vanishingly small. These networks are said to be locally
tree-like, meaning that cycles have zero measure when V — o and hence the networks
contain no short-range loops; they are also absent of degree-correlations.

It is often the case that a given degree sequence can be used to construct an ensemble
of different graphs. However, not all degree sequences are valid, or graphic, such that
some sequences of integers cannot be used to create a graph. The Erdés-Gallai theorem
(EGT) states that in addition to the handshaking lemma (HL), } ;k; = 2E, a sequence is
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graphic if and only if the Erdés-Gallai inequality (EGI)

Vv
ki <I(I—1)+ Y min(k;,!) (1.3)
1 i=l+1

™~

holds for 1 <[/ < V. It is trivial to construct degree sequences that satisfy the HL (EGI)
but do not satisty the EGI (HL) and are thus not graphic. For instance, with V = 3 and
{k} ={(1),(1),(1)} the inequality in Eq 1.3 is satisfied but the sum of degrees is not even;
whilst, {k} = {(2),(0),(0)} satisfies the lemma but not Eq 1.3.

1.6 The generalised configuration model

The generalised configuration model (GCM) is a protocol to create random graphs whose
vertices can be members of predefined subgraphs. Therefore, it allows us to construct
random graphs with tailored clustering that we can fine tune by allowing different subgraphs
to be part of the model, in different quantities. In the GCM, the degree distribution is
replaced by a joint degree distribution that describes a vertex’s involvement in motifs such
as ordinary edges (2-cliques), triangles (3-cliques), 4-cliques etc. For instance, consider a
GCM network with 2-cliques and 3-cliques, a vertex that is involved in n; ordinary edges
and n3 triangles is specified by joint degree (n,n3) and the usual degree is recovered
from k = ny + 2n3. Similarly, allowing 4-cliques into the topology set, the joint degree
of a vertex that is a part of n, ordinary edges, n3 triangles and ny 4-cliques is given by
(n2,n3,n4) and occurs with probability py, s, »,, its ordinary degree is recovered from
k = ny + 2n3 + 3n4; which is a Diophantine condition [59]. In this introductory setting, we
assume that the permissible motifs are cliques of various sizes {2,3,...,m}; however, it is
important to note that the GCM can be applied to any subgraph topology.

To construct a GCM network, each of the vertices is assigned a tuple of integers,
distributed according to the joint degree distribution, that describes their membership in
each clique. A set is created for each motif topology, and each vertex is inserted once for
each independent motif it is a member of. For instance, if a vertex belongs to 2 2-cliques,
1 3-clique and 0 4-cliques, it is inserted twice into the 2-clique set, once into the 3-clique
set and zero times into the 4-clique set. Each set is then used sequentially to construct the
network. For a given topology, members are randomly drawn from the set and connected
together in the required manner. Once all motifs have been created the process terminates
and a particular realisation of the joint degree sequence is obtained, see Fig 1.4. For
example, when constructing a 3-clique, three members are drawn at random from the set
of vertices involved in triangles, and are connected together in the correct manner.

In GCM networks, cycles are still independent of one another (edge-disjoint), in much
the same way that simple edges are in the original model. This means that the accidental
formation of a 4-clique during triangle construction through the choosing of two vertices
that are already involved in a triangle vanishes with large and sparse networks. Thus,
each motif in a GCM network regenerates the locally tree-like property of the ordinary
configuration model when considering connections to vertices outside the pre-defined
subgraphs. The probability of edge-sharing between independent motifs is dependent
on the number of vertices and triangles in the subgraphs for a given number of motifs,
however, so this result is valid only for V — oo.
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¥ s mm)
«
Joint degree sequence

Figure 1.4: In the generalised configuration model a joint degree sequence (left) of stub
edges (green) and stub triangles (red) is created by assigning joint degrees, drawn from
a joint degree distribution, to a set of vertices. The stubs of each topology are connected
together at random (right). The connective structure of each realisation can vary following
this procedure. Generating functions (section 2) describe the properties of the entire
ensemble of networks for a given joint distribution. Figure inspired by [20]

The degree sequence of a configuration model network is a sequence of tuples

(n2,17n3,17"'vnm,1)7'"7(”2,V7n3,V7"'7nm7V)7 (14)

where ny ; is the number of motifs of topology 1 that vertex i is a member of for some
set of clique motifs {2,3,...,m}. As with ordinary edges, not all sequences lead to the
successful creation of networks and we now consider necessary conditions on a joint
degree sequence in order that it is graphic. The following analysis is taken from Mann et
al [36]. It is natural to separate the degree tuples and order the joint sequence along each
topology as ny | > np 5 > --- > np y for the ordinary edges, n3 | > n3 > -+ > n3 y for the
triangles (and so on) such that

np|=npp > 2Ny
n3|>n3p>-- > N3y (1.5)

Ml = M2 27 2 Ny
(1.6)

It is clear that the EGT (the EGI and the HL) must still hold among the overall degrees
of the model for the joint degree sequence to be graphic. However, the EGT is no longer
sufficient to ensure the graphicality of joint degree sequences according to the GCM. For
example, consider the following ordered joint degree sequence for 3 vertices describing
ordinary edge and triangle membership, {(ny,n3)} = {(0,1),(1,0),(1,0)}. This sequence
is graphic according to the EGI, (Eq 1.3, and the HL applied to the overall edges), but is
not according to the GCM. In the GCM, we require the EGT to hold among the ordinary
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edges such that ) ;ny ; = 2H where H € N is the number of ordinary edges and that

[
Z i <I(1—1)+ Z min(ny,;, 1) (1.7)

i=l+1

holds for 1 </ <V. For the triangle degree sequence to be graphical, we require that the
sum of the number of triangle edges is divisible by 3

V
2Y n3;=3T (1.8)
i=1

which is a modified handshaking lemma, as well as a modified inequality

2Zn3,gz (I-1)+ Z min(2n3,;,1) (1.9)
i=l+1

must hold for 1 </ < V. The factor of 2 in Eq 1.9 is due to the each vertex consuming
two edges per triangle. Together these conditions extend the Erdés-Gallai theorem to the
tree-triangle model, ensuring that the joint degree sequence is graphic. This can now be
readily extended to other GCM networks. The necessary conditions for the graphicality of
joint degree sequences of configuration models comprising cliques can now be written by
exploiting the characteristic size of each clique. Whilst is is easy to convince ourselves
that these conditions are necessary conditions for graphicality, we do not, however, know
if these are sufficient conditions.

1.7 Computational considerations

In this section we will discuss aspects of the Monte Carlo simulation that has been used to
create the networks and run percolation experiments as well as other computational work.

1.7.1 Percolation

Random graph models were created using Networkx, a Python library for complex net-
works. Clustered networks were created according to the configuration model algorithm
discussed previously. In order to find close agreement between the analytical approach of
generating functions and simulation, it is necessary to create large networks, of the order
of 1e5 vertices, with sparse connections so that the locally tree-like property holds and we
do not create short range loops by accident. To run bond percolation over these networks,
one simply iterates the edges of the graph and tests if they are occupied or not, with a fixed
probability 7', against a random number; removing those edges from the graph if they are
unoccupied. Networkx has methods to find the GCC, as well as other useful properties
of networks within its APL. The complexity of this bond percolation procedure is O(E?)
where E is the number of edges in the network.

This style of percolation experiment is not the most optimal in terms of computing
time. In practice, the Newman-Ziff algorithm (NZA) offers superior experimental run
times to the conventional percolation algorithm, with an estimated complexity of O(E). In
the NZA, a single run conducts simulations for all values of 7" at once; in contrast to the
conventional method. As T is incrementally increased over the unit interval, connected
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components are joined together by the addition of bonds to the network. Rather than
throwing the occupied clusters away at each value of 7', bonds are simply added to a given
realisation and the clusters are updated due to the possible merging of existing clusters.
The components are represented by trees, where the root of each tree labels it. When two
clusters are merged, the root of one is connected to a vertex belonging to the other tree,
such that only one root now remains. The size of the cluster is stored at the root calculating
the largest component is simply a lookup exercise. This is an example of a union-find
algorithm.

Extending the NZA to the case of multiple interacting epidemics, like those discussed in
this thesis, has not been performed (yet); in those cases, the standard percolation algorithm
was applied to the relevant sections of networks, such as the RG (for cross-immune
diseases) or the GCC (for coinfecting diseases), see chapter 7.

1.7.2 Motif finding algorithms

In a separate avenue of research, the problem of taking an empirical network and covering
it with edge-disjoint cliques arose, see chapter 6. For this purpose, we derived a novel
clique covering algorithm, which we called the motif preserving clique cover MPCC; as
well as implementing other covers from the literature [6].

1.7.3 Fixed-point equations

The generating function method yields either a single or, more generally, a system of
self-consistent non-linear coupled equations of the form f : R" — R such that

x=f(x) (1.10)

where x € x is an element of vector x. Such a system can be converted into a homogeneous
form, x — f(x) = 0 and solved using a non-linear optimiser. We remark that it is often that
case that simple fixed-point iteration is sufficient to find a solution for suitably initialised
x; we found x = 0.5 to work well since the solution is unique by Jensen’s inequality.

1.7.4 Derivatives

Often, we are required to evaluate the coefficients a; of an infinite series, f(x) = Y apxk.
To achieve this, we can find derivatives of the infinite series and evaluate them at x = 0 to
recover ay, as

1 d*

ax =7 f() (1.11)

x=0

If an analytical solution is not available in closed-form, the derivatives can be performed
numerically or symbolically; however, small errors can compound and lead to incorrect
results. Newman and Moore [43] indicate that performing a numerical contour integral
over the unit circle via the Cauchy formula is the appropriate method

e

0 - 27 §k+]

1 dF

x=
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1.8 Chapter summary

In this chapter we stated the purpose of this thesis: to study the properties of clustered
networks that undergo dynamical processes. We introduced complexity as a topic that
transcends traditional disciplines, both in application and method. We discussed random
graph ensembles and distinguished between trees, tree-like networks and clustered net-
works by the inclusion of short range loops that induce correlation among the vertices. We
outlined the configuration model as a means to create a particular random network with a
prescribed degree distribution. This was then extended to the generalised configuration
model that affords the creation of clustered networks. Finally, we introduced the bond
percolation process and discussed its criticality, as well as equating it to the final state of
the SIR epidemic model.






CHAPTER TWO

GENERATING
FUNCTIONS

In this section will discuss the use of generating functions to obtain the properties of a
network following bond percolation. The use of generating functions to find solutions
to the bond percolation problem originated (we believe) with Fisher and Essam in 1961
[13] where they derived an exact solution for site and bond percolation on Cayley trees.
Within the network science community, the next breakthrough was found by Callaway,
Newman, Strogatz and Watts in 2000 [7] which provided a solution for general degree
distributions. A series of key papers around this time had an enormous influence on the
style and direction of research in network science over the next decade [55, 46].

Most of this chapter is background material with the exception of section 2.3, which,
although has been derived independently during the PhD, is unlikely to be the first time
these functions have been considered. Similarly, the extension of the clustering coefficient
to GCM clique networks was developed independently but is likely to have been considered
previously.

13
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2.1 Generating the degree distribution

A generating function is a mathematical object that collects the terms of an infinite
sequence into the coefficients of a formal power series. The ordinary generating function
of a sequence a,, is given by

G(x) —aytaxtax’ +ax +... 2.1

Generating functions provide a systematic way to count combinatorial objects. The
coefficients of the generating function can be recovered by differentiation

1 dF

= EWG()C) (2.2)

ag
Generating functions, and their manipulation, are commonplace analytical tools in network
science to obtain structural properties of graphs. Their utility in this area arises since
many of the problems faced in network science are enumerative; often the counting of
all possible combinations of a particular configuration or state is required. For instance,
suppose that the probability distribution for the fraction of vertices in a network with
non-negative integer degree k is py, then, the generating function for the distribution of
degrees is

Go(x) = Y pedt (2.3)
k=0

Since the coefficients of this generating function constitute a normalised probability
distribution, evaluating this function at x = 1 we have Go(1) = 1. Further, since it is
positive definite, Go(x) is absolutely convergent for all |x| < 1.

Let us examine Go(x) in more detail. Consider a network of N vertices which each
have one of three degrees: k1,k; or k3 with probabilities py,, pr, and py,, respectively. Let
us imagine that there has been an epidemic among the population, and that the probability
that an edge transmits infection is g, which for now, we assume is a known quantity. Let us
pick a vertex at random from the network and examine the probability that it is an infected.
Assuming that the network is locally tree-like, the infection probabilities of a vertex’s
edges are independent of one another; there are no correlations. The probability if choosing
a vertex of degree ki is py,, and the probability that all k; of its contact fail to infect is
simply the power of single-edge probabilities, g¥!; since, the edges are independent of one
another. Therefore, the probability that we choose an uninfected degree k| vertex is

P, g (2.4)

Similarly, if we had chosen a vertex of degree k, or k3, we can write the probability that
they also fail to be infected. The total probability that the vertex we had chosen from the
network at random failed to be infected is then the sum that all vertices we could choose
that were uninfected, which is

Go(g) = pr, 8" + P& + pr,g® (2.5)

Clearly, this is a very useful quantity. The generating function has allowed us to collect the
information on the topology of the network by knowledge of the degree distribution and
relate it to dynamical quantity g, in turn allowing us to calculate a global property that is
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a function of network structure and the dynamics of the process. This is a fundamental
method in generating functions: enumerate the properties of a single vertex before scaling
it to the global properties of the network.

As another example of the utility of the generating function method for the calculation
of network properties, consider the first derivative of Go(x)

—G() Z kpkx (2~6)

When evaluated at x = 1, this is simply the average degree of the network G (1) = (k).
Higher moments can also be obtained and in general we have

=Y K 2.7
k

which can readily be found by applying the operator (x%)m to Go(x) evaluated at unity.

Many other properties of a network, such as: the distribution of component sizes, the
average number of neighbours at distance /, graph diameter, average path length, clustering
coefficient, correlation structure and so on, can be extracted by conducting mathematical
operations on generating functions.

Ordinary generating functions can be generalised to coefficients with multiple indices;
for instance, a bivariate generating function is written as

xy) =Y Y auty (2.8)
k=0/=0

Consider a network whose vertices are arranged into both ordinary edges and edge-disjoint
triangles. The joint probability distribution for the fraction of vertices in a network with ny
ordinary edges and nj3 triangles is py, »,. The generating function for this distribution is

[

G()(X,y) = Z Z pn27n3xn2yn3 (29)

n2:O n3 =0

The average number of ordinary edges the average vertex is connected to is given by

d (o] (o] B
--Go(x.) =Y L Py (2.10)
* x=ly=1  m=0n3=0 x=1y=1
whilst the average number of triangles the average vertex belongs to is
d oo (=] , n3_1
7-Go(x,) = 2 Y mpmut™y (2.11)
Yy x=ly=1  nm=0n3=0 x=1y=1

The average overall degree, the number of edges that a vertex has when clique membership
is ignored, is then
(k) = (n2) +2(n3) (2.12)

Similarly, the generating function for the joint probability distribution, py, ns... n, Of @

SMm
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network whose vertices belong to edge-disjoint cliques up to some size m is

Go(x2,X3, ..., Xp) = Z Z Z Py g i Xo X3+ - X! (2.13)

ny=0n3=0 1, =0

where n,, is an index over the number of m-cliques per vertex. The average overall degree

is then
m

(k)= Y (1 —1)(kn) (2.14)
n=2

where 7 is an index over clique sizes 1 = 2,3,...,m, N — 1 is the number of edges per
vertex that belong to an 1-clique and (ny) is the number of independent 7-cliques that a
vertex will belong to on average in the network. The network model does not need to be
limited to clique subgraphs; any edge-disjoint subgraph can be used as a basis for a set of
motif topologies, see section 5. However, as we will see later, cliques have a closed-form
expression for their percolation properties required for calculation. This is due to two
factors: 1) the removal of one vertex and its edges from an m-clique generates a clique of
size (m — 1); and ii) all possible edges between each vertex pair are present in a clique.
These properties are not held by any other type of motif, even k-regular subgraphs. (See
section 5 for a discussion of these points.)

2.2 Generating the excess degree distribution

The philosophy of the generating function approach for the elucidation of network prop-
erties is to determine the k-th term of a probability generating function, Go(x), in detail.
Once the k-th term is known, Gy (x) can be constructed and the properties of the network
can be obtained using the machinery developed in section 2.1.

This analysis is performed by selecting a focal vertex, a vertex that is chosen at random
from the network and examining the properties of its neighbours. Often, in order to
determine some information (for now we leave the nature of this information quite abstract)
of a particular vertex, information from a neighbour is required. Under the locally tree-like
approximation, the properties of the neighbours of a particular focal vertex are independent
of one another; they are independent and identically distributed (iid). Therefore, once
information associated to one of the neighbours has been found, all £ edges of a degree
k focal vertex can also be determined. This iid property of tree-like networks transforms
the determination of neighbour properties into the determination of the properties of a
vertex that is reached by randomly choosing an edge from the network and following it in
a randomly chosen direction.

The probability distribution of ordinary edges of a vertex that is obtained by traversing
a randomly selected edge in a random direction from the network is not equivalent, in
general, to the ordinary degree distribution. This is seen clearly by the zeroth term of the
degree distribution, py, there is no manner to select a degree zero vertex by following an
edge; since, it has no edges to traverse.

For networks comprised of entirely ordinary edges, the excess degree distribution of
a vertex is defined as the distribution of edges that a vertex has minus 1 (discounting the
edge that was used traversed to reach it). Its generating function can be calculated from
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the following expression using the generating function of the ordinary degree distribution

-1
Gi(3) = | £-Got0) e @.15)

The expression can be simplified using G;,(1) = (k) to obtain

1
a@=@am (2.16)
The excess degree distribution can then be recovered by differentiating according to Eq
2.2. For networks that are comprised of edge-disjoint clique subgraphs, it follows that the
probability distribution of clique membership of vertices reached by random edge traversal
is dependent on the type of edge that is traversed, see Fig 2.1.

Figure 2.1: A network constructed from 2- and 3-cliques; higher-order structure (such as
the 5-cycle) is ignored. If the edge we select at random happened to be the blue 2-clique
edge, which was then followed to the blue vertex, we know the vertex must belong to at
least one 2-clique. If we had selected the red 3-clique edge instead, and followed it to the
red vertex, we know the vertex must belong to at least one 3-clique. The distribution of
2- and 3-cliques at a vertex obtained by selecting and traversing a randomly chosen edge
depends on the topology of the subgraph it belongs to.

For instance, the distribution of ordinary edges and triangles of a vertex selected by
edge traversal in a graph comprised of edge-disjoint ordinary edges and triangles depends
on whether the edge that was followed was an ordinary edge or belonged to a triangle.
The neighbour must belong to at least one of the cliques that was followed to reach it,
whilst there is no restriction on the membership to other cliques. Therefore, there is an
excess degree required for each permissible edge-type that is defined in the model. For
instance, for a random graph model that comprises edge disjoint 2- and 3-cliques, there are
two associated generating functions; one that generates the excess degree distribution for
vertices reached from an ordinary edge (the 2-clique) and the other for the excess degree
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distribution for vertices reached by traversing a triangle edge

-1

d d

Gip= {d—GO(sz)} d—Go(xz,X3) (2.17a)
X2 x=1x3=1 A2
d -1 d

Giz= [d—Go(Xz,)@)} d—Go(xz,xg) (2.17b)
X3 xp=1,x3=1 X3

where the 1 notation G 5 denotes the clique size 1 = 2, 3.
In the general model with all clique sizes up to size m, there are m — 1 excess degree
distributions G p, : R”~! — R and hence m — 1 generating functions given by

d d

~1
Gl/n = [EG()(.XQ, .y T’,...,xm):| EGO(.}CZ, .y rl,...,xm) (218)

with n = 2,...,m and where the notation x = 1 in the derivative indicates it is evaluated at
(x2,%3, ..., %m) = (1, 1,...,1).

2.3 Specific examples of generating functions

In this short section we consider some specific examples of the generating functions and
methods that we frequently use throughout the thesis. Within this section, we consider
T={2,3,...,m} to be a set of clique sizes that are defined in the model. For instance, a
random graph that is composed of 2-, 3- and 4-cliques would have T = {2,3,4}.

2.3.1 Poisson degree distribution

The first example we will consider is the joint Poisson distribution [32]. In this case, the
number, n;, of independent 7-cliques a vertex is a member of is drawn from a Poisson
distribution with average (n;). Since each n. is an independent variable this is simply a
product of independent Poisson distributions

Prysomm = [J ¢ "T (2.19)

TET

where the product extends over each clique topology. This is generated using Eq 2.13

Go(22,---rzm) = [ [ eV (2.20)
TET
since N .
le<Vlr> — Z (Zf'fln:')) (221)
}’lf:O T

It is clear that in this case G ¢(z2,...,2m) = G1(22,.-.,2Zm) VT € T, which can be shown
by evaluating Eq 2.18 using Eq 2.20.
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2.3.2 Power-law degree distribution with exponential degree cutoff

Next, consider the case where each subgraph is distributed as a power-law distribution
with exponential cut-off [32] of the form

pn27l’l3,‘“ Mm = C H n;afeinf/’(f (2.22)

TET

where C, o and k; are constants. The normalisation constant can be found from the
condition Go(1,...,1) =1as

Vlz/K‘Q e I’l3/K'3 efnm/Km

-y Y-y e (2.23)

ny=1n3=1 nm=1

which is a multipolylogarithm or the form
Lig g1,z = Y, n; 'z (2.24)
np>>m>0 \ j=1

which is convergent on the disc |z¢| < 1 V7. The Gy and G|, generating functions can
then be computed as

Lia27~-7am (Zzeil/Kza ce 7Zmeil/Km>
Go(22,---,2m) = EP P R (2.25)
Li B —1/x o —1/Kn
Giy(z2y. .y 2m) = —— 2@l (2™ 1™,y zme” ) (2.26)

zvLlioy. a1, .oy (€12, . e 1/Km)

and when k; — o0 V7 € T we have purely power-law networks. In this case we have

Liaz,...,ocv—l,...,am (Z2, < 7Zm)

Giv(z2,. . 2m) = 2.27)
v n) (o, ..., 0y—1,. s )
where {(sy,...,s;) are the multiple Riemann-zeta values
ko
Clstynsi) = ), I1»" (2.28)
ny>-->m>0 \ j=1

2.3.3 Degree partitioning

In the next example we examine a method of partitioning an (ordinary) degree distribution
into a joint distribution of cliques [22, 20, 31]. This method is distinct from the previous
examples as it attempts to cover an existing set of degrees with cliques rather than indepen-
dently distribute cliques. We believe this approach was first introduced by Gleeson and
Hackett for 3-cliques [22, 20]; however, the extension to all clique sizes is (we believe)
written here for the first time.

Consider an ordered set v,7 € T = {m,...,3,2} of clique topologies arranged in
descending size for convenience. Let the number of 7-cliques be n; and the probability that
an edge belongs to a 7 clique be x; such that } . x; = 1. The overall degree distribution,
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P} is then partitioned as

k n
Promscmn =Pk 20 2, 2 ( >x22x’§3---xzr6w (2.29)

ny=0n3=0 1, =0 na,n3,...,Nm

where 9; ; is the Kronecker delta which ensures that the number of edges in the partitioned
sequence is equal to the overall degree k; and, where D =ny +2n3+ -+ (m—1)n, is a
linear Diophantine equation. We then have

k (t—1)n
= Db X ’ (2.30)
Pro.ig, - kaZ’k <n2,2n3, ceey(m— l)nm) TCT ’

The multinomial coefficient can be factored as products of binomial coefficients

(n2,2n3,...],((m— l)nm) =11 (k_z(vf_r(lv),;l)nv) 2.31)

T

and we then have

[(k=Xy<c(v=D)ny)/(t—1)] k— v—1)n
Pnyng,my = ch Z ( ZV<T( ) V)

e\ {2} =0 (z—1)ne
k=Yo(9—1)ng
w x{F e (1— y x(,,) (2.32)
peT\{2}

where |z] is the floor function, and 0 <k —Y,, (v — 1)ny < k is the number of available
edges (those that do not belong to other cliques given the current decomposition of the
overall degree into subdegrees).

As an example, consider the edge-disjoint clique decomposition of an overall degree k
vertex into 4-clique, 3-clique and 2-clique subgraphs such that T = {4,3,2}. The degree
distribution p, = pp, n; 1, 15 given by

LTI [(k=3n4)/2) /1 3
_ 3n4 na\ 2n; 1 — xu — xa )k—3n4=2n3 )
Pn = Py n;_,o (3n4)x4 ,1;0 ( ons )x3 (1 —x4—x3) (2.33)

With this motif partitioning method, we can investigate the importance of how a networks
clustering is distributed to its percolation properties. For instance, consider a random
graph model composed of 2- and 3- cliques. We might wonder if a doubly Poisson degree
distribution in each motif

Pny.nz = Pois(ny)Pois(n3) (2.34)

has different properties to a model where the overall degrees k are Poisson distributed, but
the clustering is then created through the partitioning method

— Pois(k N 1 — x3)k2m3 2.35
Pny,nzy = ois (k) Z m X3 (1-x3) (2.35)
n3=0 3

where a suitable constraint is placed on the sum n; + 2n3 for the doubly distributed case
such that the first moment of the overall degree distributions are equivalent.
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2.3.4 The degree-6 model

While these networks have identical overall degrees, the degree assortativity can also be
tuned [22, 20, 31]. To examine the effect of assortativity on the distribution, we use the
degree-0 model to allow control of the degree correlations among the subgraphs. For
instance, we can fix the clustering to the low degree sites by

pn6ns.,15n,,15nc,0’ k= 3,
DEL _ B
Pn - pn6ns.,16nt,05nc,l; k = 4, (236)
Pn 6](7”5 5,,[7() 51%707 otherwise.

In other words, vertices in the network are not clustered unless their overall degree is k = 3
or k =4, in which case, they are involved in exactly one 3-clique and one independent
edge or one 4-clique and one independent edge. This distribution forces the clustering
to be positively assorted towards the periphery of the network yet also connects the
clique components to the main graph. Of course, we could contain the clustering to the
high-degree vertices instead to obtain graphs with different properties.

2.4 Generating the clustering coefficient

One of the fundamental properties of complex networks is the tendency for edges to cluster
together. This property is the transitivity of the graph. In mathematics, a relation o on a set
{a,b,c} is transitive if the relations ao b and b o ¢ also imply a o c. For instance, equality
is transitive, a = b, b = ¢ and hence a = c¢. In networks, transitivity indicates that the
presence of an edge between vertices i and j and j and [ also indicates an edge between
vertices i and /. Transitive relations in empirical networks, particularly social networks,
are defining features of the networks structure and lead to different percolation behaviour.

The clustering coefficient of a network is a measure of edge clustering for all vertices.
In this section we will show how the generating function formulation can be used to recover
the clustering coefficient of a random graph model that is composed of clique subgraphs,
as Newman performed for 2- and 3-clique graphs [52]. The global clustering coefficient C
of a network with V vertices is defined as

3N,

C=
N3

(2.37)

where N, is the number of triangles in the network and N3 is the number of connected triples.
Consider a random graph that is composed of clique motifs of sizes n € {2,3,...,m}. The
number of triangles that a vertex that belongs to ny 2-cliques, n3 3-cliques and so on is

NA,nz,...,nm = Vp(n27 cee 7nm>(n2 +-- .umnm) (238)

where Uy, is the number of triangles that a vertex belongs to as a member of a 1-cycle

1
= (’7 , ) (2.39)

For instance, (3 = 1 while a vertex in 4-clique belongs to 3 triangles. The total number of
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triangles in the network is found by summing over the joint degree

= T D,y .
Na=Y - Y Na (2.40)

n,=0 1, =0

The number of connected triples is given by [52]

k
N3=VY <2)pk (2.41)
k

(k%) — (k)

=V
2

(2.42)

where k = Y., (n — 1)ny. For instance, when the model consists of 2- and 3-clique
subgraphs, we have k = n; + 2n3 and the average number of triangles is simply (n3)
In this case, the clustering coefficient is given by

2(n3)
(k2) — (k)
If the clique distribution is Poisson distributed according to Eq 2.20, then we have
Go(x,y) = e2)=1)lm)=1) and this expression reduces to

C = (2.43)

(2.44)

CPoisson =

2.5 Generating the size of the GCC

Chief among the usefulness of generating functions is their ability to determine the size
of the GCC in a network that has undergone bond percolation. Initially, we restrict our
attention to networks comprised of ordinary edges (or 2-cliques). We recall from section 1
that the absorbing state of a bond percolation process is binary: vertices either belong to
the GCC (if one is present) or they do not; instead they belong to the RG. Applying the
philosophy of the generating function approach, in order to determine the macroscopic
properties of the network ensemble, the microscopic properties must be considered in
detail. In this case, the residence of the k neighbours of a degree k vertex, whether they
reside in the GCC or in the RG, is the information that enables the size of the GCC to be
calculated.

The calculation proceeds as follows. Let u, be the probability that a neighbour at the
end of a 2-clique edge does not belong to the GCC. Consider an edge that connects the
focal vertex to one of its neighbours; let g»(u2,7T) be the probability that the edge fails
to connect the focal vertex to the GCC. We use the iid property of the neighbour states
to construct the probability that all of the edges of a degree k vertex fail to connect it to
the GCC by raising g, to the power of k. The probability that an edge is selected and
traversed at random to reach a vertex of excess degree k is generated by G (x). Therefore,
the probability that the vertex reached by traversing an edge does not belong to the GCC is
G1(g2). However, by the iid property of neighbour states, this is simply the probability
that a neighbour is in the RG of the percolation process. Hence, we can write

Uy = G1 (gz) (2.45)
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This is a self-consistent expression that can by solved by fixed point iteration starting
from a suitable initial guess. When there is no GCC present in the network, the only root
is the trivial solution u, = 1. This corresponds to the case when the probability that the
neighbour is not connected to the GCC is unity. At the critical point, a GCC forms in the
network and the solution bifurcates to yield an additional fixed point in the unit interval.
Once u» has been calculated, the expectation value for the fraction of the network occupied
by the GCC, S, is given by

S=1-Go(g2) (2.46)

Generalising this to the clique subgraph model, a probability uy, is introduced for each
edge-type that could be traversed from a focal vertex to a neighbour that represents the
probability that the neighbour that is reached is not connected to the GCC. Due to the
presence of the interconnecting clique edges, the residence states of neighbours within a
given clique are no longer iid. For instance, if one of the vertices in a clique is attached to
the GCC, it is more likely that other vertices within the clique are also connected when
compared to degree equivalent vertices with ordinary edges, simply due to the additional
edges between the neighbours. The probability that a focal vertex is not connected to
the GCC despite its membership in a 1-clique subgraph is gg_l = gg_l (un,T); which is
the probability that all of the  — 1 edges fail to connect it. By containing the neighbour
correlations induced by each clique into gg_l , the iid property between independent cliques
is recovered. Thus we have the following system of coupled equations

uy = G12(g2,83,---,&" ) (2.47a)

3= G13(82:83,--:&m ') (2.47b)

: (2.47c)

= G1n(82.83,--+8m ) (2.47d)

Similarly to the simple case, the system has a trivial root at the fixed point up, u3, ..., u,,; =
(1,1,...,1) that bifurcates in each dimension as the GCC emerges. Performing a linear
stability analysis at this fixed point leads to the elucidation of the critical bond occupancy

probability.
The expectation value for the size of the GCC in the clique model is then given by

S=1-Go(gz,85,...,8™ ) (2.48)

2.6 Equivalent expressions of g,

We now discuss the details of how g, can be calculated. The probability, g, that the edge
fails to connect the focal vertex to the GCC is given by the sum of all the probabilities that
allow it to fail to do so. However, as we see below, there is more than one way to enumerate
g> and the interpretation of the enumeration procedure is a point of philosophical debate
which we would like to explore. The expressions in this section are all due to Newman
from various papers that span over a decade and whilst they are numerically equivalent, the
structure, the motivating logic as well as implicit assumptions regarding the residence state
of the focal vertex are not equivalent in all cases. We might ask is there a representation
with a particular benefit; or equivalently, does a particular interpretation yield insight that
the others do not?
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The exact closed-form expression for g, was introduced by Newman [45] and is given
by
g=1-T+uT (2.49)

This formula includes the probability that the edge was unoccupied by the percolation
process, 1 — T'; and, the probability that the edge was occupied, but the neighbour did not
belong to the GCC, u,T. It can be concluded from this expression that the focal vertex
must itself be unattached to the GCC; since, the neighbour can not be unattached and the
edge to the focal vertex occupied simultaneously. Thus, the expression enumerates the
possible ways for a focal vertex to reside in the RG.

Consider again that the focal vertex was unattached to the GCC. The neighbouring
vertex could be unattached, u;, or it might be attached but then failed to occupy the edge,
(I —up)(1—T), such that the focal vertex remains unattached to the GCC with probability

g=u+(1—up)(1-T) (2.50)

We infer that this expression apriori assumes that the focal vertex belongs to the RG
because the occupation state of the edge that connects to the unconnected neighbour (the
first term, u»). For instance, the edge could be occupied, 7', or unoccupied, 1 — 7', which is
equivalent to multiplying the term by unity, up(1 — T + T'). This expression was used by
Newman to model two seasonal epidemics where the second disease spreads on the RG
created by the first [49]. In this case only the uninfected neighbours can be infected by the
second disease. This expression was used because it isolates this term directly.

Next, consider that the focal vertex itself is in the GCC. There are now three neighbour
types that surround this embedded vertex: unattached neighbours, attached neighbours (by
vertices other than the focal vertex) and attached neighbours (that the focal vertex directly
attached). These three possibilities sum respectively to yield the following expression for
82

g2:uz(l—T)+(1—u2)(l—T)+u2T 2.51)

This expression was considered by Newman and Ferrario [53] to model two seasonal
epidemics where the second disease spreads on the GCC created by the first. In this case,
the infected neighbours can be sources of the second disease. This expression isolates
these with particular focus on the infection pathways in the GCC.

Lastly, we consider another expression that was first introduced by Newman and
Ferrario [53]. The probability that an edge fails to connect the focal vertex to the GCC is
given by 1 minus the probability that the edge successfully connects it to the GCC. This,
in turn, is given by the probability that the neighbour was itself connected to the GCC and
that the edge was occupied (1 —uy)T such that

g2=1-(10—-u)T (2.52)

This expression does not apriori indicate a residence state for the focal vertex; it can
belong to the GCC or the RG. It only indicates that the particular edge in question failed to
connect the focal vertex.

For a comparison of formulae for g3 in a similar manner to the analysis conducted for
g2, please see appendix A.
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2.7 Generating the critical point

From section 1.3, we understand that the expected size of the GCC undergoes a phase
transition from zero to non-zero as the bond occupancy probability is increased in the
unit interval. The specific value at which this occurs is the critical threshold 7. In this
section we show how generating functions can be used to find 7 for tree-like networks
and examine the critical point of two random graph models.

1.04{ — z=Gi(u1)
—— y: Ul /
® Correct root for u; /

0.8 A

0.6

G1(up)

0.4

0.2 4

0.0 +

Figure 2.2: A depiction of the graphical solution with the non-trivial root marked with
a scatter point where the generating function crosses the y = u dashed line, other than at
u=1.

At T < T, the probability that a neighbour does not belong to the GCC along an
ordinary edge, u,, is exactly unity; since, a GCC does not exist in the network. In other
words, up = 1 is always a trivial solution of

k
=y %gél (u2) (2.53)

k

where g»(u7) is the probability that an edge fails to connect the vertex to the GCC. This
corresponds to the absence of a percolating cluster, S = 0, from

S=1=Y pig"(u) (2.54)
k

At the critical point another solution for u, appears in the unit interval. This can be
determined graphically by plotting u, = F(up) where F(uy) = Y kpkglé_l / (k) against
y = up. When up =0, we have F(0) = p;/(k); whilst, at up = 1 we have F(1) = 1.
The first and second derivatives are always positive for 0 < u, < 1 which, by Jensen’s
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inequality [24], implies that F' is monotonically increasing and convex with u;. The point
of intersection between the curve y = F(u;) and the line y = u, exists only when the
derivative F’(u;) at u, = 1 is larger than the derivative of y = u,. This condition is written
as

d
TGilg)|  >1 (2.55)
u uy=1
or, in full we have
d kpk k—1
— L8 (u) > 1 (2.56)
dus (; we @)

At the point when the derivative equals unity, the GCC first forms in the network and the
solution for u, bifurcates with the presence of a non-trivial root. Performing the derivative,
with g>(1) = 1, we arrive at the condition [8] for the presence of a finite sized GCC in the
network as

(k)
T.= (2.57)
C )=k
Therefore, the critical bond probability is a function of the topology of the network itself
through the first and second moment of the degree distribution. When 7' = 1 we have
(k%)
AV (2.58)
(k)
This condition is known as the Molloy-Reed criterion [42] and is exact for infinitely sized,
uncorrelated tree-like networks. For Poisson networks, using (k%) = (k)((k) + 1) we have
a giant component if (k) > 1. Therefore, the average degree has to be larger than 1 for a
GCC to exist. For scale-free networks with V' vertices, the m-th moment of the power-law
degree distribution with exponent « is

kmax
K = (o — D! / e (2.59)
1
_ a—ka—l [krnr’ia—xa-i-l . krnr’ii;a-i-l] (260)

 m—q+ | min

where kni, and kpax are the minimal and maximal degrees, respectively. For 2 < o < 3
we have

(k) ~— 3 — ¢ min "max

In the infinite size limit, V — oo, the degree of the largest hub becomes infinite, kpyax — o0
and hence the second moment diverges for finite (k). In this case, the Molloy-Reed criterion
is always satisfied and a GCC is always present in the network. For bond percolation, the
critical point occurs at 7. = 0 from Eq 2.57. However, there could be a non-zero threshold
when certain degree correlations are present [3, 4, 44], or if the network is low-dimensional
[60], or if transitivity has significant measure [12] .

For random graphs that do contain short range cycles, including networks with clique
subgraphs, the standard Molloy-Reed condition fails to predict the critical point. We will
examine the critical point of these networks in chapter 4.

2
-2
<k > o ka—2k3—a (261)
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2.8 Chapter summary

In this chapter we have reviewed the use of generating functions to describe the structural
properties of locally tree-like complex networks as well as properties relating to bond
percolation. It was shown that the degree distribution is the fundamental descriptive object
required for the formulation along with a microscopic view of the local environment of a
randomly selected vertex and its immediate neighbours. We then discussed the generalisa-
tion of this model for the case of clustered networks that are constructed according to the
GCM algorithm. Due to their simplicity, it was assumed that the subgraphs permitted in the
model were cliques of a given size; however, we will broaden this later in Chapter 5. We
gave two example degree distributions for GCM networks: joint Poisson and power-law
with exponential degree cutoff as well as discussing the partitioning of overall degrees
into clique covers via the degree-6 model due to Gleeson er al. We also gained a deeper
understanding of the critical point of the percolation process and how the generating
function formulation can be used to find the critical bond occupation probability or trans-
missibility. We also introduced a clustering coefficient for GCM graphs and commented
on the different representations of the quantity g, and their various implications on the
component of the network that it belongs to.






CHAPTER THREE

CLIQUE RANDOM
NETWORKS

In this chapter we will discuss the enumeration ggfl for random graphs composed of edge-
disjoint clique subgraphs. In section 3.2 we examine a closed-form formula for all cliques,
using 3-cliques as a motivating example of the counting procedure involved. In section
3.3 we introduce an alternative expression for gg_] based on a semantic reformulation of
the problem that builds on the discussion in section 2.6. We will show in section 7.2 that
the expression described in section 3.2 is the correct approach for the study of subsequent
percolation events on the RG of a bond percolation process; whilst the new architecture
from section 3.3 is the correct description of gg_l required for the study of coinfecting
epidemics on networks.

29
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3.1 The effect of clique clustering on percolation

The role that clustering plays on the percolation properties, such as the location of the
critical point and the size of the GCC, have been the subject of much investigation in the
literature [39, 28, 52, 20, 22, 18, 47, 11, 5, 63, 62, 32, 19]. This is because there are a few
subtleties in the way in which clustered networks can be constructed; and, without explicit
control, they can lead to dichotomous conclusions regarding the effects of clustering. The
confusion is best summarised by Miller [39]

... a number of studies have investigated the impact of clustering on epidemics.
Some found that clustering reduces the sizes of epidemics and raises the epi-
demic threshold. That is, clustering reduces the size of giant components and
raises the percolation threshold. However, others have shown that clustering
appears to reduce the threshold. (Miller, 2009)

Miller shows [39] that the discrepancy occurs due to the associated assortativity among
clustered vertices. Vertices involved in triangles tend to have higher degrees than vertices
with only ordinary edges. During the construction process of the GCM, by connecting
triangles together, inevitably vertices with a high proportion of triangles are segregated
from those with a low proportion of triangles. If the overall degrees of vertices with lots
of triangles are different from the degrees of vertices with few triangles, then this effect
will cause correlation of among the degrees. By constructing clustered and unclustered
networks with the same degree distribution and nearest-neighbour degree correlations,
Miller found that clustered networks have smaller GCCs and higher critical thresholds
than unclustered networks.

When high degree vertices are preferentially connected together, (by either ordinary
edges or triangles) the critical threshold is always reduced. This is because it is easier for a
connected component of occupied edges to form from a well connected substrate during
percolation. Likewise, the finite components are likely to be preferentially composed of
low degree vertices. This explains the slower growth of the GCC compared to ordinary
configuration model networks with equal degree distributions for 7. < T < 1; since, as finite
components attach to the GCC, only a few vertices are added to the well connected core.
This point is independent of clustering. Gleeson et al [20] takes this further by examining
the correlation structure beyond the nearest neighbours in the coloured-edge model. Whilst
supporting Miller’s findings, Gleeson also showed that long range correlation structure
(beyond nearest neighbour correlations) also influence the properties of the percolation
process.

For clustered networks, the size of the GCC reduces with increasing clustering when
compared to networks with equivalent correlation structures such that

Sclustered < Sunclustered (3- 1)

This happens because triangles contain redundant edges whose presence does not increase
the size of the GCC. One in three edges in a triangle are redundant in this way; since, its
removal does not isolate a vertex. Thus for a given average degree, and hence a given
total number of edges, fewer vertices can be connected together in a network of triangles
than in a network of ordinary edges [52]. According to Gleeson [20], the increase in the
percolation threshold for clustered networks is a simple consequence of this result
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... since the GCC size in the clustered network is smaller than or at most equal
to that in the unclustered network for all 7', the transition point where the
clustered GCC size becomes nonzero must be larger than the transition point
for the unclustered network. (Gleeson, 2010)

Therefore, we conclude that clustering acts to increase the percolation threshold

clustered nclustered
pelustered > unclu (3.2)

To illustrate the role of larger clique sizes on the percolation threshold and the expected
size of the GCC, see Fig 3.1.

3.2 An exact closed-form expression for cliques

Until recently, there were two methods to obtain the gg_l polynomials for random graphs
composed of edge-disjoint cliques. These are: i) the exhaustive enumeration of all pos-
sible combinations of occupied and unoccupied edges resulting in an equation, which is
described as an exponentially slow procedure with increasing clique size; or, ii) numerical
evaluation by recursion, which is fast, but yields no equation. Newman had previously
found the polynomials for clique networks via a recursive method [47] to numerically
determine gg_l for a n-clique. Newman’s method depends on the probability, P(k | 1),
that a particular vertex belongs to a connected cluster of k vertices in an 1-clique, including
itself. This is given by Eq 7 in [47] as

P m) = (7))@= e ) 33)

where we have relabeled Newman’s p — T and ¢ — 1 — T to be in-keeping with our nota-
tion. These conditional probabilities are evaluated via recursion from an initial condition
of P(1]1) and

k—1
P(k|k)=1-=Y P(l|k) (3.4)
=0
For the purpose of comparison to our closed-form expression which we develop in this
chapter, we have the following equality

n
81 e Zk;P(k ) (3.5)

Mann et al [36] recently introduced a closed-form expression for gg_l based on
enumerating the ways that a focal vertex can remain unattached to the GCC despite its
involvement in a 1n-clique. The expression results in a polynomial in increasing powers of
uy with coefficients equal to the total probability that the focal vertex fails to be connected
to the GCC, multiplied by the number of different ways that failure-mode can occur. For
the 2-clique, this method yields Eq 2.49 and hence, we refer to this closed-form expression
as the canonical approach. Each increasing power assumes that an additional neighbour in
the n-clique is itself unattached to the GCC. For example, the first term in the polynomial
for an n-clique is given by

uy(1—=T)1"! (3.6)
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Figure 3.1: The fraction of the network occupied by the GCC as a function of bond
occupancy for increasing clique sizes, T with inverted assortativities. Vertices are either
degree 4 or 6 with high (low) degree vertices tending to be clustered in the top (bottom)
experiment. From these experiments we observe that higher-order clustering increases
the percolation threshold and reduces the size of the GCC. However, the dominant effect
depends on the assortativity of the clustering. Scatter points are from Monte Carlo
simulation whilst plotted lines are theoretical results. Figure reproduced from [32].

which accounts for the unique mode in which all of the focal vertex’s neighbours in the
n-clique are attached to the GCC and so all of the edges to the focal vertex must not be
occupied in order that it resides in the RG. The next term accounts for the contribution of
those cases when there is one neighbour that is also in the RG with the focal vertex and so
is linearly dependent on uy. For this to occur, the edge connecting the focal vertex to this
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neighbour is occupied, but all of the remaining edges to the other vertices in the clique are
unoccupied. The first occurrence of this mode is for a 2-clique. The linear term occurs
with probability uT’; since all edges are exhausted, there is no dependence on (1 —T).
Next, consider this mode for the 3-clique, both of the other edges in the clique are required
to be unoccupied, (1 — T)z, and there are two ways for this to occur due to the symmetry
of the triangle; hence, we obtain 2u37 (1 — T)Z. For larger cliques, the coefficients of the
u}] term depends on the number of ways the focal vertex can connect to a single neighbour
and that they both fail to become connected to the GCC. Since there are only 2 neighbour
vertices in a 3-clique, the polynomial for a triangle terminates at quadratic dependence on
uz. Together, g3(u3, T) is given by

g3, T) = (1=T +2T(1=T)u3 + (3T*(1 - T) + T*)u3 (3.7)

The clusters for this expression are shown in figure 3.2.

YWYV TY)V

Figure 3.2: A graphical representation of g% from the closed-form expression in Eq 3.7.
Occupied edges are solid lines whilst unoccupied edges are dashed; in each case the focal
vertex is the bottom vertex.

The closed-form expression for the evaluation of ggfl now proceeds as follows. Con-
sider a 6-clique whose edges are all occupied and partition the edges into exterior (around
the outside) and interior (through the middle of the clique) sets, see Fig 3.3. For the graph
to be connected, and the focal vertex (bottom vertex in Fig 3.3) to be unattached to the
GCQC, all vertices must themselves be unattached to the GCC; hence the expression for gg
that accounts for these graphs will be proportional to ug. For the fully connected case the
probability, P(0 | n7,0), that the focal vertex remains unattached to the GCC is

P(0|n,0) =y ITnTN(M1-1-2)/2 (3.8)

where we have partitioned the edges into 1 exterior edges and (1 — 1 —2)/2 interior
edges. The notation P(j | n,r) indicates a clique of size 11 with r vertices attached to the
GCC and j edges removed in addition to those that connect to the » removed vertices (see
below).

If one of the interior edges is unoccupied, we have

P(1]|n,0) = gy nn_1)au" 7T 0 () (3.9)

where g, ; is the number of connected graphs of n labeled vertices over k edges (see
appendix B).

It happens that all of the interior edges and one of the exterior edges can be removed
and the graph can remain connected, (Fig 3.3, right). The removal of another edge would
isolate a vertex, and so, the term would no longer require all vertices to be unattached; it
would be proportional to ug.
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Figure 3.3: All of the interior and one of the exterior edges can be removed from a clique
and still make a connected graph among all of the vertices.

The enumeration of the contribution of all graphs that can occur that require ug can

now be written as

nm—-1-2)/2+1
Pm,0)= Y  P(j[n,0) (3.10)
j=0
where
n(n—1-2)/2+1 . :
PM,0)= Y gypmonyp T2 - ) (3.11)
j=0

where (1 —1—2)/2+ 1 is the number of interior edges plus 1, j is an index of the number
of currently removed edges between 0 and all those possible that lead to a connected graph.
The notation P(n,0) is the probability that an n-clique with 0 removed vertices fails to
attach the focal vertex to the GCC.

We now examine the case where a single neighbour vertex within the n-clique is
attached to the GCC, see Fig 3.4 (left). There are (1 — 1) vertices that could be attached
and all of the edges which connect to this removed vertex must be (1 —7'), of which there
are (n — 1). This occurs with probability

P(O|n,1)=(n— Du" 270 2pn-D0=1-1=2)/2(y _)n-1 (3.12)

Similarly to the previous case, we can remove edges from this graph and still retain
connectivity among the 11 — 1 vertices that belong to the RG. Removal of a single edge
occurs with probability

P(1,m,1) = (N —1)gn_1x,  u" 27127 DO=1=122)/2p _yn=IHl(3.13)
where Xy, ; is the number of edges in the (1 — r)-clique minus j
Xprj=M-r)n-r-1)/2—j (3.14)
The removal of j € [0,E(n —1)] edges, where

E(N) = erl (3.15)
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occurs with probability

E(n-1) , _
P =(=1) Y agryx, w2712 OTNOHEE )17 (e
j=0

Removal of any further edges would isolate another vertex and so, we have enumerated
all possible graphs that can embed a focal vertex in the RG with ugfz vertices from the
n-clique also in the RG. When a second vertex belongs to the GCC in the clique, all

Figure 3.4: (left) A single vertex (red) belongs to the GCC and so there are 11 — 1 occupied
edges to ensure the rest of the subgraph remains in the RG. (right) When two vertices
belong to the GCC we do not specify the state of the edges that connect them together.

of the edges that connect this vertex to those in the RG must be (1 —T'). However, the
connections between these removed vertices does need not be unoccupied, see Fig 3.4
(right). Therefore, the total number of edges that are required to be (1 —T') is given by the

quantity
4 -1
o(r) =Y (n—i)— r(r2 ) (3.17)

i=1

where Y/, (n —i) is the total number of edges that connect to the removed vertices and
r(r—1)/2 is the number of vertices that connect removed vertices to each other; the ones
that aren’t required to be (1 — 7).

The expression for a clique of size 1 with two removed vertices is given by

P(0|n,2) = (77 ; 1>un3Tn3T(n2)(n212)/2(1 —T)2n=2) (3.18)

where @(2) = 2(n —2). All connected graphs among the 11 — 2 vertices in the RG now
occur with total probability

E(n-2

P(n,2) = n-1 (nz ) n-3pn-37(n-2)(n-2-1-2)/2-j

n7 - 2 ~ anZ,Xn_z,ju
]:

x (1—T)2=2)+] (3.19)

All logic required to extend this expression for all cliques has now been encountered. The
total probability that a focal vertex fails to be attached to the GCC in an n-clique is

a =Y Y PGInr) (3.20)
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which is given by

- B - o
i :Z< r ) Y dnerxy (g T)TITENT I ()0 (321

Further information on the derivation of this expression, its computation and confirmation
of its exactness, can be found in [36]. To compare the polynomials from Eq 3.21 to those
derived by Newman [47], we set u = 1 in Eq 3.21. In section 3.3 we will consider an
alternative expression of this quantity.

3.3 An alternative closed-form expression of gg_l based
on inverse logic

In section 3.2 we reviewed the closed-form expression for gg_l introduced by Mann et al

(2021). In this section, we introduce an alternative exact, closed-form expression for gg_l
based on the semantic re-interpretation of uy, similar to the discussion in section 2.6.
Consider a 2-clique motif. Let zo = 1 — u, be the probability that the vertex reached by
traversing a randomly selected edge does belong to the GCC. The probability, f>, that the
edge connects the focal vertex to the GCC is given by f» = zoT. We observe the following
relation g» = 1 — f>, a manifestation of the property of mutual exclusivity of the binary
percolation equilibrium. It happens that z; satisfies the following self-consistent expression

2 =1-Gi(1-2T) (3.22)
and the size of the GCC can be calculated as a function of z» rather than u, as
S=1-Go(1—2T) (3.23)

This expression of the percolation problem for random graphs appears in Newman and
Ferrario [53] and was discussed in section 2.52. In Fig 3.5, we see the graphical solution
for z; exhibits a concave appearance, rather than the convex shape of the graphical solution
for us.

Extending this logic, we next consider the 3-clique. Let zz3 = 1 — u3 be the probability
that a triangle the focal vertex is a member of is attached to the GCC. The probability that
the focal vertex is also attached to the GCC following bond percolation is

f3=2T(1-T)z5+BT*(1-T)+T°)z3(2 —z3) (3.24)

where each term is shown graphically in Fig 3.6 and the final bracket is 1 — u% =z3(2—23).
This expression is similar to g%, depicted in Fig 3.2. We notice that the mode that fails to
connect the focal vertex to the GCC, (1 — T)z, in Eq 3.7 is absent from Eq 3.24, however.
The size of the GCC for a mixed 2- and 3-clique network can readily be obtained from
these expressions as

S=1-Go(l - fo,1-f3) (3.25)
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Figure 3.5: The graphical solution of Eq for z = 1 — u, at three values of 7. The value of
z=01is always a fixed point of the system; at the phase transition an additional solution
appears. The root for each point is marked with a scatter point and corresponds to the case
when v = w and the self-consistent expression for z; holds. Unlike the case for u,, the

curves are monotonically concave rather than convex. In this example, an Erdds-Renyi
network was used with (k) = 3.

VTV Y

Figure 3.6: A graphical representation of f32 from the closed-form expression in Eq 3.24.
Similar to Fig 3.2, occupied edges are solid lines whilst unoccupied edges are dashed; in

each case the focal vertex is the bottom vertex and neighbours in the GCC are depicted
with squares.

where

7 = 1—G172(1—f2,1—f32) (326&)
5z=1-Gi3(1—f,1—f3) (3.26b)
The expression for f,;’ ~! now follows by simple adaptation of Eq 3.21. Re-labelling

un — zpn and truncating the expression to only remove up to 1 — 2 vertices to the RG, such
that we always retain at least one connection between the focal vertex and the GCC in the
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clique, we have

J
% TnfrflTE(n*r)*lfj(l _ T)w(r) (3.27)

-1 n-2 n—1 E(n—r) i
I :2( ) gy o (1= (1—zg)1"1)
=0

r=0 r

The z; values are computed as

2=1-Gia(l—fo,1—fF,...,1—fm1h (3.282)
53=1-G3(1—fo,1—fF,...,1—fm 1 (3.28b)
n=1-Giu(l—fo,1—f3,... . 1—fm1h (3.28¢)

Whilst it may seem a tautological change, the concept of inverting the logic from
connecting to the RG to connecting to the GCC is an important step for the following
section where we define a complement bond percolation problem.

3.4 The complement problem

In section 2.6 we discussed how to calculate the expected size of the GCC for networks
composed of 2-cliques. It was found that there is more than one way to derive the quantity
g2, which is the probability that an ordinary edge fails to connect the focal vertex to the
GCC. In this section we introduce an additional way to characterise the probability g; as
well as the complement probability 1 — g».

Whilst the expressions for g; in section 2.6 all have different motivating logic, each
relies on the property of mutual exclusivity of the binary-state percolation equilibrium to
find the size of the GCC. For example, the exact closed-form expression calculates the
probability that a single edge fails to connect the focal vertex; the probability that a degree
k vertex is not connected is then simply gé (since the neighbour states are iid over each
edge) and hence, the total probability that the average vertex does not belong to to the
GCC is Go(g2). The probability that the average vertex does belong to the GCC is 1 minus
this quantity (see Eq 2.46).

In this section, we will consider an alternative method of calculating the size of the
GCC by enumerating all connecting pathways to the GCC. This problem is significantly
more difficult than the previous methods and constitutes the complement problem to the
typical method. It is naturally a harder task because there are many ways in which a degree
k vertex can be connected to the GCC; whilst there is only one unique way that it fails to
be connected. It might be that only 1 < k of the edges is occupied or it could be that all k
edges are occupied. Both scenarios are sufficient to connect the vertex to the GCC and all
modes of connection must be accounted for.

Such a scenario is a manifestation of the Anna Karenina principle. The name of the
principle derives from Leo Tolstoy’s 1877 novel Anna Karenina, whose opening line
begins:

All happy families are alike; each unhappy family is unhappy in its own way.

The same principle was stated much earlier by Aristotle [1]
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Again, it is possible to fail in many ways (for evil belongs to the class of the
unlimited, as the Pythagoreans conjectured, and good to that of the limited),
while to succeed is possible only in one way (for which reason also one is
easy and the other difficult — to miss the mark easy, to hit it difficult); for these
reasons also, then, excess and defect are characteristic of vice, and the mean
of virtue; For men are good in but one way, but bad in many.

In this case, the success of the generating function method is based on the uniqueness of
the manner in which a vertex fails to be connected to the GCC, much like the happy family
in Tolstoy’s novel.

The complement expression for each degree k vertex will be in the form of a polynomial
in u and T'. For each k we know that the polynomial must satisfy

h=1-g (3.29)

which provides a useful condition to check the exactness of fé‘ once calculated. Consider
a vertex of degree k = 1 that is connected to the GCC. The probability that the edge is
occupied and that the neighbour is connected to the GCC is (1 — uy)T. We notice that the
consistency condition 1 — g» = (1 —uy)T holds. For a degree k = 2 vertex at least one of
the edges must lead to the GCC; however, both edges could connect the focal vertex. We
have

1-g3=[(1—u)TP*+2(1 —up)T(1 =T +uT) (3.30)

which is the sum of the probability that both vertices connect to the GCC and the probability
that one edge connects and one edge fails, which can occur in two ways. For k = 3 we
have

A =1(1=u)TP+3[(1 —u2)T1*(1 = T 4 upT)
+3(1—up)T(1 =T +usT)? (3.31)

We leave it as an exercise for the reader to confirm this is equal to 1 — g% and we display
the first three polynomials graphically in Fig 3.7.

L VIV WIVLIVL

Figure 3.7: A graphical representation of the first 3 polynomials that arise during the
inverse calculation procedure for networks composed of ordinary edges. Occupied edges
are solid lines whilst unoccupied edges are dashed; in each case the focal vertex is the
bottom vertex.

The recipe for a general formula for a degree k vertex is simple: all combinations of
connected and unconnected neighbours, subject to the condition that at least one of them is
occupied, must now be enumerated and multiplied by the number of ways they can occur.
We find the general case for a degree k vertex is given by

k
1-gs=Y (1;) (1 —w)T) [1 =T +upT]<! (3.32)
=1
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Notice that the summation index starts at 1, which has the effect of removing the / =0
term from the polynomial.
We can now calculate the u, value as

uy =1-— 1 i(k+ 1) prst f (k) (1 —up)T)'[1 =T + up TF (3.33)
<k>k:0 ' =1 [

This expression contains all infection pathways to the GCC, and so its size can be calculated
directly rather than using the mutually exclusive trick as the other methods do

k

1 & k _
S = Wk:zb(ﬂ 1)pk+112 <1) (1 —w)T)'[1 = T + upT)*! (3.34)

=1

We apply this complement counting procedure to cliques in section 3.4.1.

3.4.1 The complement problem for 3-cliques

In section 3.4 we developed an expression for the expected size of a GCC in a random
graph composed of ordinary edges without using the mutually exclusive logic that the
expressions in section 2.6 rely upon. Here, we extend this approach to enumerate the
probability that a focal vertex involved in ¢ edge-disjoint 3-cliques is connected to the
GCC. For brevity, we reproduce Eq 3.7 below, which is the probability that a vertex in a
triangle fails to be attached to the GCC despite its membership in the triangle

B=0-TP+2T(A1=T)2us + BT*(1 =T) +T3)u3

Consider a focal vertex that is connected to a single triangle. The complement poly-
nomial ( f32)1 for the probability that the vertex belongs to the GCC is the sum of all
combinations of possible connection modes. The expression must be equal to 1 minus the
probability that the triangle failed to connect the vertex,

() =1-g3 (3.35)
We find from section 3.3 that the expression is given by
() =2T(1-T)*(1 —u3) + (3T*(1 = T) + T?)(1 —u3)* (3.36)

The reader can assure themselves that this equality is true by inserting the expression for
g% into Eq 3.35. The corresponding polynomial for a vertex that has membership in 2
edge-disjoint triangles is given by
(/3) =RT(1=T) (1 —u3) + BT*(1 = T) + T°)(1 —u3)°”
+2R2T(1=T)*(1 —u3)+ 3T*(1 = T) +T3)(1 —u3)?]
X [(1=T)* 42T (1 =T)uz + (3T*(1 = T) +T*)uj] (3.37)

The general expression for the probability that a focal vertex attaches to the GCC when it
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is a member of ¢ triangles is given by

~

g} Z() T (1= TY2(1 =)+ (BT(1 - T) + T3 (1 —s)?)’

X [(1=T)?>4+2T(1 —T)%u3 + (3T*(1 = T) +T>)u3]" ™ (3.38)

We can now calculate the u3 as

—_itt —TVY(1-u 201 _ 31 — ua) 2
uz =1 <t>l;(l)[2T(1 TV (1 —u3)+(3T*(1 =T)+T°)(1 —u3)?]

X [(1=T)?+2T(1 =T)us + (3T*(1 = T) + T3] ! (3.39)

The GCC is then given by

1

_%Z() 27 (1—-T)*(1—u3)+ 3T*(1 = T) +T?)(1 —u3)?)’

l:l
X [(1=T)*+2T(1 =T)*uz + 3T*(1 = T) + T*)u3) ! (3.40)

3.4.2 The complement problem for mixed clique networks

In sections 3.4 and 3.4.1 we developed an approach for calculating the properties of
networks that have undergone bond percolation that are composed of 2-cliques or 3-cliques.
In this section we continue to investigate the complement problem to account for vertices
that can be members of both single edges and triangles. This problem is harder still, as
connection to the GCC, if one exists, could occur through any of cliques, regardless of
their topology.

For a vertex that belongs to exactly 1 2-clique and 1 3-clique, (s,7) = (1,1), the
probability that it is connected to the GCC using the mutually exclusive logic can readily
be calculated as

P(1,1) =1—gg3 (3.41)

where the polynomial P(s,7) indicates membership of s 2-cliques and ¢ 3-cliques. Perform-
ing the complement analysis, connection to the GCC could occur via both the 2-clique and
the 3-clique, or just one of them, see Fig 3.8. The probability of this is given by

P(1,1)= frfi+82f5 + 83 (3.42)

where go =1 —T7T +u,T and g% is given by Eq 3.7, both in the canonical form; whilst, f>
and f32 use the alternative expression derived in section 3.3.

N ARV

Figure 3.8: The possible modes of connection to the GCC for a focal vertex (bottom) with
joint degree (s,¢) = (1,1).
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The problem can be formalised by introducing a variable Xy for each clique topology,
n = 2,3, that accounts for the number of connections that are made within each topology.
For example, for the (s,7) = (1, 1) focal vertex in Fig 3.8, the variables associated to each
connection mode are (X; = 1,X3=1),(X, =0,X3 = 1) and (X, = 1,X3 = 0). We seek the
probability that at least one connection leads to the GCC, which is

P({X2 > 1} U{X3 > 1} | 5,1) = P({X2 = 0} U{Xs = 0}° | 1) (3.432)
= 1-P({X =0} N{X3 =0} | 5,1) (3.43b)
= 1-PX,=0]s)P(X3=0]1) (3.43¢)

where {-}¢ indicates the complement set. In the final equality, we have recovered the
typical complement solution, that uses the mutually exclusive logic from section 2.6 which,
written in more familiar notation is simply

1-P(X2=0|5)P(X3=0]1)=1—g5¢% (3.44)

We have

N t

)3 ( ) < ) ) (82) () (&3) (3.45)

i=0j=0

and therefore,

Pz oz a0 =Y 3 (3) () e o3y

i=0j=0
x (83) "/ — g3e3 (3.46)

Unlike the expression for ordinary edges in Eq 3.32, we cannot simply start the summations
at 1 to remove the zeroth term and so we are forced to manually remove the i = j = 0 term
explicitly.

The expression for a mixed-clique topology network is then given by the multi-binomial
theorem (not to be confused with the multinomial theorem) which deals with products of
binomial expressions

s no/e\ » n (D) i mo
ORI Y W O R (A el | PR
i=0  j=0

=2
with
m
x=J{x>1} (3.48)

and where s is the number of 2-cliques, i is an index over s that counts the number of
occupied 2-cliques, n is the number of m-cliques with j indexing occupied m-cliques. The
final term accounts for the unique mode where all cliques that the focal vertex belongs to
are unoccupied and thus fail to connect it to the GCC.

The calculation of u, now proceeds as

)

= —%i Zsps,...7nP(X ‘ S_17""n> (3.49)

s:O n=0
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and similarly for each 1 € [2,m]. The size of the GCC is given by

oo [}

S=Y Y po.aP(X]|s,....n) (3.50)

Whilst this may seem a rather complicated way to calculate the GCC, we will see in the
coming chapters the benefit of this method for describing interacting epidemic processes
on networks using bond percolation.

3.5 Chapter summary

This chapter has concerned the ensemble properties of clique networks that are constructed
according to the GCM algorithm. We discussed how subtle differences in the construction
process of these networks can lead to networks with globally distinct percolation prop-
erties. In order to elucidate those properties, a quantity g?fl must be enumerated. Our
contribution to the literature was to find a closed-form exact analytical expression for this
quantity through a combinatorial enumeration method that counts the connected subgraphs
that can be induced on a clique. This expression was formulated around the paradigm of
counting the complete set of scenarios in which a randomly selected vertex that belongs
to a clique fails to be attached to the GCC. We then showed that this expression can be
semantically inverted to yield the probability that the vertex we chose was embedded in
the GCC. Utilising the dual description, we reformulated how the generating function
formulation can be used to describe the percolation properties of clique-clustered networks
by introducing the complement problem.






CHAPTER FOUR

COMPONENTS OF
CLIQUE RANDOM
NETWORKS

In chapter 2.7 we examined the Molloy-Reed condition which marks the critical point of
tree-like random networks. When the number of cycles in the network has finite measure,
the condition fails to locate the critical point of these networks. In this section we will
derive an expression for the critical point of random graphs that comprise of clique
subgraphs; extending the Molloy-Reed condition. To achieve this, we extend Newman’s
work on the critical point of tree and triangle model graphs [52]. Specifically, we provide
a derivation of the generating function ho(z) from first principle combinatorial arguments,
before using the expression to find the average component size, which in turn is used to
find the critical point of the percolation process. Whilst hy(z) cannot be evaluated directly,
the coefficients can be extracted by Lagrange inversion. We perform this procedure for
single topology networks and then extend these results to GCM graphs composed of an
arbitrary number of clique topologies. We confirm our formulas by comparing them with
Monte Carlo simulations of GCM graphs whose clique membership is Poissonian. We
do not draw conclusions on the effect of clustering on the size distribution of the finite
components due to the presence of as-yet uncontrolled degree assortativity in the Poisson
models; which we hope to investigate further at a future point.

45
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4.1 The distribution of component sizes

Consider a random graph model that is comprised of cliques with sizes n € 2,3,...,m
where 7 is an index over the clique sizes. Let h;(z) be the generating function for the
distribution of number of vertices accessible via the vertex at the end of a single edge;
similarly, let /13(z) be the number of vertices accessible via the vertex at a corner of a
triangle and so on for increasing clique sizes. Extrapolating Newman’s results for 2- and
3-cliques [52], these distributions are given by self-consistent expressions

hy(z) = 2G12(ha(2), M3 (2), - .., W (2)) (4.1a)
h3(z) = 2G13(ha(2), K3 (2), ., BT 1 (2)) (4.1b)

= : 4.1¢)
hin(2) = 2G1m(ha2(2),13(2), ..., K ' (2)) (4.1d)

The probability that a vertex chosen at random belongs to a component of a given size is
generated by

ho(z) = 2Go(ha(2), K3(2), - iy~ (2)) (4.2)

It is the aim of this section to formally derive this expression from elementary arguments
in enumerative combinatorics.

Let the probability that a random vertex has ny,n3, ..., n,, cliques be given by py, . 4.
and, leti = 1,...,ny be an index over each particular clique of topology 1 € [2,m]. The
probability that a particular 1 clique leads to ¢ accessible vertices is p;. By definition /4 (z)
is given by

2)=) pt (4.3)
=0
The probability P(s | np,ns,...,ny,) that a vertex of joint clique membership ny,ns, ..., ny,

belongs to a component of size s is the probability that the number of vertices reachable
along each of its edges sum to s — 1. We construct this as follows. The probability that the
sum of the number of accessible vertices along all edge topologies is s is given by

P(s') = H Pr, (4.4)

=Y Y 4.5)

The limits on the summation and product are due to there being 7 — 1 edges to be counted
per n-clique. To ensure that this sums to the correct value, s — 1, we use a Kronecker delta

n—1)ny

P(s Z_: ;) H I_"[ Pry, (4.6)

1

There are many different combinations that make a given component size; we account for
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each possible way to achieve a given configuration.

m (N=nyp o m (N—=1)ny m (n—1)ny
P(s|ny,...,ny) = Z Z Z (s—1, Z Z tni)H H Py, 4.7)
n=2 i=0 =1 n=2 i=0 n=2 i=

For instance, a vertex that belongs to ny 2-cliques and n3 3-cliques has
(s | n2,m3) = Z 3 M) IS MR IO anﬁan, HPrzHst (4.8)
t2n2 =1 B3,= =1 l3n3 =1

The probability that a randomly chosen vertex belongs to a component of size s and that it
has joint clique degree ny,...,n,, is then

P(s,n2,....,0m) = Pny,...n,P(s | N2, ... 1) 4.9)

We then average over all combinations of ny, ..., n,, to give the total probability of belong-
ing to a component of size s as

g = Z Z PrsnP(s | 12, 1) (4.10)

ny=0 n3=0

Finally, we generate the distribution of component sizes as

ho(z) =Y w2’ (4.11)
s=1
Inserting Eq 4.7 we find
m o ) M—Dny m (M—1)ng m (M—1)ng
=L X e Y Y S6-LY Yo m) [T IT ey
N=2ny=0 s=1 =0 1p=1 n=2 =0 n=2 i=l
(4.12)

s—1

Next, we factor Z%2 = z-z°" and evaluate the Kronecker delta

mo e £ D o w (=D
D=2y, Y, Prymyd 2 Y IT I1 ew (4.13)
n=2ny=0 i=0 =1n=2 i=I

In the configuration model, a vertex’s edges are independent of one another. This means that
if the distribution of a property of a neighbouring vertex is generated by a given generating
function, then the distribution of the total property summed over all independent edges is
generated by the power of that generating function [54]. More formally, this property is
n-ary multiplicative operation on a distribution f(k) known as an n-fold convolution power

Flk)™ = f(k) =D ®) (4.14)

where f(k)*® = 1. The convolution power can be expanded into a sum of products of the
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form

[l =Y Iﬁﬂm (4.15)

ky -ty =k i=1

where each k; > 0. If F(z) generates f (k) then f(k)*" is generated by F(x)". For instance,
consider the component distribution of a vertex with two ordinary edges. We can expand
the power of the generating function as a double sum of products

[h12(2)]> =Y pjpee’ (4.16)
Jk
_ 0 1 2
= popoz + (Pop1 +P1P0)z + (Pop2 + P1P1 + P2P0)2
+ (pop3 + p1p2 + P2p1 +P2Po)z3—|—... “4.17)

where each power of z is the overall component size whilst the coefficients sum the different
ways in which the configuration can be constructed. The convolution power can be applied
to multivariate generating functions as

F)™ = f(k)" "V s f (k) (4.18)
with f(k) = o (k) and
fk)«gk)y="Y f(j)g(k) (4.19)
Jjtk=n

where the summation is over all partitions of vector n into two parts. We use this fact to
write the sum of products in Eq 4.13 as powers of /1 ;(z) to obtain

oo (n—1)ny
ho(z) = Z Z Pna,. ,an [Z P12 ] (4.20)

=0  n,=0 n=2 |tm=1
SED IS Yy § (UIET @21)
ny=0 1, =0 n=2
= 2Go(h(2),m53(2),.... Ky 1(2)) (4.22)

which is the postulated expression. Similar arguments can be made for Eqs 4.1 and we
reproduce Newman’s expressions when restricted to 2-clique [51] and 2- and 3-clique
models [52].

4.2 The mean component size

The expectation value for the average component size in the network is found from the
expectation value of /(z), which is obtained by taking the derivative with respect to z
evaluated at z =1

o6 91y
dhy dz |,

(ho) :Go(hz(l),...,hmfl(l))ﬂi(v— (4.23)
v=2
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The derivatives o, (1) are given by

ahv -1 il aleah‘u
=Gy, (h2(1)7"'7hm (U)"’Z (V_l) : (4.24)
9z z=1 Y " uzzlz 8hﬂ 9z z=1
Inserting the definition of Gy, from Eq 2.18 we obtain a Hessian condition
— =Gry(h(l),....h, (1
52| = Gulin() 1)
i d 1 d oh
+z —1)=— | —=—Go(ha(1),.... K" (1 }—“ 4.25)
“g(u )3hu Tny) Oy ol2(1),.. i~ (1) | =~ . (

With /(1) = 1 from Eq 4.11 we have Gy v (1,...,1) = 1, and so this result can be rewritten
as the following matrix equation

h=1+a 'HB -h (4.26)

where 1 = (1,1,...) and h = (h},...,h,,) are vectors, H is a Hessian of partial derivatives
of Go(ha,...,h"~1) with respect to hy, and hy such that

03, 03, ... 93,
92 92, ... o2

H=| ** 7 3.m 4.27)
0%, 023 - Opn

while & is a diagonal matrix of expected values of the number of cliques of a given
topology and B is a diagonal matrix of the number of direct contacts the focal vertex has
per clique such that

(ny) 0 0 1 0 . 0
0 (n3) ... 0 02 ... 0

a=| . o R B=1. . . . (4.28)
0 0 ... (ny) 00 ... m—1

Rearranging this equation allows us to solve for the derivatives in Eq 4.23 to find the
average component size

(I-a'HB)-H=1 (4.29)
where 1 is the identity matrix and where diagonal elements are given by 1 — 83’\, /(ny) and

off-diagonal elements are —857\, /(ny). For example, consider a random graph with 2- and
3-clique subgraphs. The average component size is given by

(ho) = 1+ (na) K5 (1) +2(n3)H5(1) (4.30)
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Figure 4.1: The average component size for GCM networks consisting of 2- and 3-cliques
whose membership is Poisson distributed with means (ny) and (n3), respectively. The
average component size diverges at the critical point. This result shows that increasing
the number of triangles reduces the critical point; however, this is due to the degree
assortativity, rather than the effect of clustering.

The derivatives 45 (1) and #(1) are given by

/ _ 1 aZGO(lal) / 2 82Go(1,1) /
1 9%Gy(1,1 2 9%Gy(1,1
Hy(1) =1+ oL, )h’2(1)+ oL, >h’3(1) (4.31b)

<l’l3> 8h38h2 <l’l3> 8h38h3

The derivatives of G are readily calculated as dy,,,, Go = (n3) — (n2), Ipyn, Go = (n3) — (n3),
and Jj,n, Go = (n2n3). Inserting these, multiplying Eq 4.31a by (n2) and Eq 4.31b by (n3)
we have
By (1)(2(n2) — (13)) = (na) + 2(nanz)hs (1) (4.32a)
15(1)(3(n3) —2(n3)) = (n3) + (nan3)hy(1) (4.32b)

Multiplying Eq 4.32a by (3(n3) — 2(n3)), inserting the right hand side of Eq 4.32b and
isolating 4 (1), we find

(n2)(3(n3) —2(n3)) + (man3)(n3)

H(1) = (4.33)
T (3{ns) —2(nd) (2{n2) — (n3)) — 2{nan3)?
A similar process can be applied to Eq 4.32b to obtain an expression for /(1)
2 2
H(1) = (n3)(2(n2) — (n3)) + (nan3) (n2) 434)

(3(n3) —2(n3))(2(n2) — (n3)) — 2(nan3)*

These equations can now be used to solve for the average component size in Eq 4.30.
In the general case, when the determinant vanishes, det(I — o~ ' HB) = 0, the average
component size diverges, signalling the onset of the giant component. The generalisation
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of the Molloy-Reed condition that indicates when a GCC can be found in the network is
det(I—a 'HB) <0 (4.35)

For instance, when the network contains only tree-like edges, then the determinant in
Eq 4.35 yields the familiar Molloy-Reed criterion, (n3)/(ny) —2 = 0. When the network
consists of tree-like and triangular edges, Eq 4.35 reduces to

B) =)\ (08— (n) (nams)?
< (n2) 1) (2 n3) 1)§2<n2><n3> (339

a result obtained by [40, 52]. We can also obtain this result from the divergence of Eq 4.30
(i.e. when the denominator in Eqs 4.32a and 4.32b is zero). This result shows that a GCC
can be formed in three ways: over the entire set of edges, independent of their topology;
or, in either the triangles or the independent edges if the average number of independent
edges or triangles vanishes, respectively. Similar findings occur for random graphs that
have larger cliques [32]. For networks composed of a single clique-type of size v, the
Molloy-Reed criterion is given by

<(v— 1)§Zii —v) <0 (4.37)

4.3 Single topology networks

The generating function /(z) contains a lot of valuable information regarding the structure
of the network. The coefficients, 7, are the probability that a vertex selected at random
belongs to a component of size s. Unfortunately, we cannot evaluate ho(z) directly;
however, the coefficients of the generating function can, in some cases, be found.

In this section we examine how to extract the coefficients of /(z) for random graphs
that are constructed from a single clique topology and therefore, build the distribution of
finite component sizes. The GCM construction process gives rise to components that are
comprised of edge-disjoint cliques of a given size, see Fig 4.2. Due to the locally tree-like
property of these components, the accidental joining of two motifs has a vanishingly small
probability. The means that the size distribution of the finite components of GCM networks
composed of 1n-cliques larger than the 2-clique (ordinary edges) is only non-zero at values
of s given by

s=Iln—1)+1 (4.38)

where [ is the number of 1-cliques in the component. In this case, the system of equations
given by Eqs 4.1 is reduced to

ho(z) = 2Go(h1 ' (2)),  hn(z) = 2G1q(H) " (2)) (4.39)

The smallest component possible is an isolated n-clique and therefore the generating
function of the component sizes, ho(z), is of leading order of at least z. This means that
ho(z) contains an overall factor of z which can be divided out. Differentiating /(z)/z, we
can write the probability of belonging to a cluster of size s by extracting the (s — 1)-th
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Figure 4.2: The small components for GCM networks consisting entirely of 3-clique (top)
and 4-clique (bottom) motifs. Only values of s = (1 — 1) + 1, for integer [ = 1,2,3,. ..
and clique size 1 are permissible under the locally tree-like GCM construction constraints.

coefficient of z in hg(z)/z. We find

1 a1 (hy
= — 4.40
s (s—1)![dzs—1(z)L_0 (+40)
1 &% [d 1
= —Go(hy] 4.41
o L (a0 ))L—o 4D
The innermost derivative is evaluated as
d _ 1 n_odh
d—ZGo(hg Y =M= 1){ny)Grn(h] i) d—Z” (4.42)
and so, we obtain
(n—1)(ny) [ d*2 1 2dh
" (s—1)!17 dz =2 Gun(hm iy dzn (443)

To proceed with the derivative, we must find a way to eliminate the requirement to directly
evaluate /. This can be achieved by applying the Cauchy formula to the derivatives. In
general, consider a holomorphic generating function F(zy,...,z4) = Y.,a,Z" in d variables,
with r being a d-tuple of integers and Z" = Z{' -- -Z:l" € C“. To recover the coefficients
{a,} from F we employ the Cauchy integral formula

r! _, dZ

where T is the torus comprising closed disks about the origin of each coordinate, dZ/Z is
(Zy - -Zd)*1 times the holomorphic volume form dz; A--- Adzg and r! =rq!---ry!l.
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For our case, we have

a n—1y,n—2dhy (s—2)! 1 ST
dzs— g2 (Gln(h )hn 4z = - j{ZS_ZHGLn(hn )hn h;vdz (4.45)
-1
(s=2)! [[Gra(h) )P
- 27 f [hn]S*I*nJrZ dhy (4.46)
(s=2)! @& " s
= mytden (GG (4.47)

where we inverted Eq 4.39 to consider z as a function of sy and G 5, before applying the
Cauchy formula once more. Therefore, the s-th coefficient of 4(z) is given by

—1)(n s—2)! a5 s
Ty = (n(s_)1<)'n> ((S— n))l dzs— 1 [Gl,n (Zn_l)}

(4.48)

where the derivatives are to be evaluated at z = 0. Importantly, this expression removes the
need to evaluate Ay in order to obtain 7. The only exception to this expression is when
s = 1, for which Eq 4.48 incorrectly yields yields ; = 0/0. However, since the only way
to belong to a component of size 1 is to have no connections to any other vertices, the
probability 7 is trivially equal to the probability of having degree zero

= po (4.49)

For ordinary edges, 11 = 2, and we obtain Newman’s result [51]

(k) a2 s
= — |G 4.50
where (k) = (ny) is the average degree. For 3-cliques, 1 = 3 and we have
2nz) (s—2)! d*3 2178
= G 4.51
= oDl s_3)ide— 1) (#51)

As an example, consider the finite components of a graph that is composed of edge-disjoint
n-cliques. The distribution of the number of cliques a vertex belongs to, ny, is Poisson
distributed with mean (n,,). We have

[G()(Znil)]s — eS<n1ﬁ’>Zn—|efs<nn> (452)

We will remove the constant e~*"1) for now and also set a = s(ny) and n — 1 = m for
ease. Consider the Taylor series of z with a small parameter t — 0.

m m tn
a(z+t) a(z+t)
Z l~>0 dt” n! (4.53)

This is a common trick in combinatorics to find the n-th derivative: express a series
expansion as the exponential generating function before applying a wealth of tools to find
the n-th coefficient in closed-form. The n-th coefficient of this exponential generating
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function is the n-th derivative we seek. We have

oo m\k
alz+0)" _ (alz+1)")" 4.54
e k_zo iz (4.54)
o _k mk
K\ . ,
_y e <’” )ZJImkf (4.55)
k=0 %" j=o \ J
ok mk—1
k—1\ . :
=) %zmk Y (m j )z]tmklf (4.56)
k=0 " j=0
mk—1 j ) )
- Z i ™y Z( )( ) Syt (4.57)
j=0 r=0

where in the last step we have used Vandermonde’s identity to expand the binomial

coefficient
m+n\ " (m n
")=2 (005 @50

Consider the terminal negative binomial coefficient in more detail. In general we can write

(‘k”) - kiH( r—i) (4.59)

i=0
k k—1
<k1') [0+ (4.60)
(=D (r+k—1)
ok (r=1)! (4.61)
=<—1>"<r+',i_1> (4.62)

When r =1 and k = j — r we have

(j__lr) = (—1)/" (4.63)

Inserting this back into the main expression we have

a(z+e)" i

mk—1 j (mk)‘ AR
ng) L kD e (4.64)

All that remains is to extract the n-th coefficient of this series, which we achieve by
re-indexing the summation and comparing to Eq 4.53 to arrive at

k j k :
d_neazm — eaZmZ*n i Z <_1)j (azm) (1 _Jm+km_n)” (465)
k=0 j=0 .]'(k_.])'
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where (x), is the Pochhammer symbol

n—1

(x)n = [J(x—k) (4.66)

k=0

This is equivalent to an exponential Riordan array, B,, = [1, (1 +x)™ + 1]. A Riordan array
is a lower triangular matrix whose elements satisfy a recurrence relation. An exponential
Riordan array is a matrix that is defined by a pair of generating functions f(x) and g(x)
such that the k-th column has exponential generating function g(x) f(x) /k!, and satisfies
criteria to be defined as a member of a Riordan group. Numerically, all this means is that
we can use a recurrence relation to obtain the n-th derivative as a lower triangular matrix

d e = (Z bn7k;m(ax)k’"_"> e (4.67)

n
dx keZ

It remains to insert these values into Eq 4.48 to obtain 7. For triangles the n-th derivative
of 47’ yields a closed-form expression in terms of the Hermite polynomials; which, when
evaluated at z = 0 produces the Hermite numbers, H,. The Hermite numbers are only
non-zero when s — 3 is even; therefore, 7, only takes non-zero values for odd s, as predicted
by Eq 4.38. We confirm the accuracy of our expressions by comparing the results against
Monte Carlo simulation in Fig 4.3.

We remark that the coefficients of /p(z) can be found by application of the Cauchy
formula as was performed in section 4.3. The Cauchy formula approach to extract the
coefficients of a generating function is a particular of the Lagrange inversion theorem
[15, 29]. The theorem is as follows. Given ¢ (x) and p(x) are formal power series such
that ¢ (x) = xp (¢ (x)), then for formal series f(x) the coefficient of f(¢(x)) at x” is given

Lo,
W (9(0) = "1 (0)p" (x)
where [x"] f(x) is shorthand notation for the coefficient of f(x) at x". In the network science
literature we substitute f(z) = Go(z), ¢(z) = h1(z) and p(z) = G| (x) to obtain Newman’s
result [51] directly from the theorem.

4.4 Finite components of arbitrary GCM networks

In section 4.3 we examined GCM networks that are composed of a single clique topology.
In this section we generalise this expression to account for random graphs that are com-
posed of an arbitrary number of edge-disjoint cliques. The evaluation of 7, proceeds in the
same manner as previously, until the derivative of Gy is calculated

1 2 (d m—
Ty = (S — 1), [dzs—Z (d_ZGOU/lZ(Z)ah%(Z)a cee 7hm I(Z))>:|Z=O (4.68)

where the derivative is evaluated as

d 1 n_adh
d—ZGo(hz(z),hg(z),...,hﬁ_l(z)):Z(r’—l)(nn)GLn(hﬂ Y Zd—Z” (4.69)
n
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Figure 4.3: The small components for GCM networks consisting entirely of edge-disjoint
m-cliques. Scatter points are the average of 250 repeats of Monte Carlo simulation on
networks with 2e5 vertices with clique membership Poisson distributed with fixed first
moment (m — 1)(k,,) = 1 across all experiments. The curves are the theoretical results of
Eq 4.48, evaluating the required derivatives of the Poisson generating function using the
Riordan array recurrence relation given in 4.67.

By the linearity of the derivative operator, the Cauchy formula now acts on each term in
the sum and so we find

e (0= ) [ R
”5_; (s—1)! les—z (Glm(hn )y Az (4.70)

Expanding this expression with the Cauchy formula, inverting Ay (z) = zG1 5 (ha,..., K7 1)
for z and considering each % (z) as an independent holomorphic variable (so we can undo
the Cauchy formula) we have

—1)(ng) (s—2)! @*n )
" ; (n(s —1)1<)!n> ((s - i,))'z jzsn [Gin (@) 4.71)

This expression is simply the sum of the components along each edge topology in Eq 4.48.
We use this expression to investigate the effect of clustering on the finite components of
mixed 2- and 3-clique networks in Fig 4.4. We notice that clustering tends to increase 7,
for a given s; however, we will not draw premature conclusions until further studies have
been conducted that also control the overall degree assortativity.

An interesting observation is that the distribution of 7, can oscillate at small s before it
converges to its asymptote as s grows, see (n2,n3) = (0.25,0.625) in Fig 4.4. We believe
this is due to the mixing of the components that can be made from 2-cliques and those that
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Figure 4.4: The small components for GCM networks consisting of edge-disjoint 2- and
3-cliques. Scatter points are the average of 20 repeats of Monte Carlo simulation on
networks with 2e5 vertices with clique membership Poisson distributed with fixed first
moment (n;) +2(n3) = 1.5 across all experiments. The curves are the theoretical results
of Eq 4.71.

can be made from 3-cliques. For instance, triangles cannot contribute to components of
size s = 2; however, components of size s = 3 can be made either 2- or 3-clique motifs.
Therefore, the number of available vertices to contribute to each value of s is different.

4.5 Bond percolation threshold

We now turn our attention to the location of the critical point for the formation of a GCC
among networks comprised entirely of 1-cliques during bond percolation. To obtain the
percolation properties of the network, we have to evaluate the derivative of g?fl with
respect to u. This derivative is found to be

dgl
o —z( D=y zanxnr,

x (uT)1"27EM=r)=J (1—T) @(r) (4.72)
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The percolation threshold is then obtained by evaluating the derivative at u = 1, and
following a similar analysis to the tree-like topology we obtain

Ogi | dmp—m) (4.73)
: .

du nn)

u=1
where (ny) is the mean number of 7-cliques a vertex belongs to. For example, the

derivative for 3-cliques is found to be

0 2
% = 2T(1—T)? +6uT*(1 —T) +2uT> (4.74)
u

Evaluated at u = 1 and inserted into Eq 4.73 we have

(n3 —n3)
(n3)

For networks in which a vertex’s membership in a given clique size is Poisson distributed,
we can reduce (n,z7 —ny)/(ny) to simply (ny). Further, factorising the pre-factor in T

2AT*+T -T2 —1=0 (4.75)

we have 2T (1 +T — T?)(n3) — 1 = 0. Using the discriminant, this cubic expression is
reducible in 7 into the quadratic form whose roots yield the critical transmissibilities of
the model, and hence, the critical point occurs at

N 1
Tppisson = —1+24 1+ @ (4.76)

We repeat the calculation for the 4-clique to obtain the following polynomial

984

5 =37 (27> +7T* =773 +2T +1) (4.77)
u

u=1

The Galois group of the quintic part is the symmetric group, S5, which means that a
root cannot be found. It is unlikely that percolation properties of larger cliques can
be resolved analytically due to the Abel-Ruffini theorem, which states that there is no
solution in radicals to general polynomial equations of degree five or higher with arbitrary
coefficients.

4.6 Chapter summary

In this chapter we have investigated the properties of the finite (non-giant) components of
clustered networks. We first derived an expression for (z) from first principles before
using this expression to find the mean component size for GCM networks. We showed
that the expression diverged at the critical point of the model when an infinite cluster
first appears. We then turned our attention to the analytical form of the distribution of
component sizes for random networks; restricting our focus to networks composed of
a single clique topology. We found that the component size distribution took non-zero
values only at specific sizes and supported this by a simple counting argument. We then
generalised this to GCM networks with multiple clique topologies. In all cases we found
excellent agreement between the analytical expressions and Monte Carlo simulation. The
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bond percolation threshold of clique networks was then derived and it was postulated that
the roots of the resulting polynomials could not be deduced, in this manner, for cliques
larger than n = 5.

Upon first inspection, for Poisson distributed motifs with fixed first moment, our results
show that larger clique sizes increase the component probability distribution 7y. Further,
increased clustering coefficient for fixed clique size mixed-topology GCM networks also
increases 7. This is supported by the reduction in the percolation threshold, evidenced
from the divergence of the mean component size for these networks. However, it is
well-known that, for Poisson distributed GCM networks, clustering also increases the
degree assortativity; therefore, more experiments are required, using the degree-6 model,
to understand the role of assortativity.






CHAPTER FIVE

FINDING g FOR
ARBITRARY SUBGRAPHS

In the preceding chapters, we have examined methods to construct the GCC for random
graphs that are comprised of clique subgraphs. Cliques have perfect symmetry. As we
saw in section 3.2, a closed-form, exact expression for gg_l for all sizes of clique can be
written. In this chapter we discuss subgraphs that are not cliques and thus, in general, do
not have perfect symmetry. Of course, there are many other motifs that are symmetric, for
instance chordless cycles, or k-regular motifs, see Fig 5.1.

Figure 5.1: A series of chordless cycles (curled brackets) with increasing size; and, an
example of a k-regular subgraph on 6 vertices (right). The 3-clique also belongs to both of
these sets.

We will examine the gy expression for these special cases and discover a hidden
complexity with these motifs. We will show that the important property that cliques hold is
not symmetry, rather, it is the induction of a clique subgraph of size 1 —r when r vertices
are removed from an M-clique as well as the fact that all possible edges between each
vertex pairs are present. These properties motivate the recursion relation derived by
Gilbert [17] and later Newman [47]. We will formalise the exact enumeration of gy for
arbitrary motifs, which is NP-hard, before introducing a counting methodology based on
the closed-form expression for cliques, see chapter 3.2. In the final part of this chapter we
then consider a different approach, based on the SIR equivalence, that approximates gy by
enumerating the non-self-intersecting walks in a motif.

61
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5.1 Chordless cycles

Perhaps the simplest set of subgraphs to consider is the set of chordless cycles of increasing
vertex count. In the ordinary configuration model, chordless cycles of length O(logN) are
formed accidentally during the construction process [56]; therefore, the resulting graphs are
only guaranteed to be locally tree-like. In this section we expressly incorporate chordless
cycles into the GCM to investigate their properties under bond percolation. It happens, due
to their simplicity, that a closed-form expression for the probability that a focal vertex fails
to be connected to the GCC despite its membership in an 1n-cycle, g%, can be obtained [32].
The exponent of g% is always 2 because all vertices in a chordless 1-cycle have degree 2.
To see this, consider a chordless n-cycle with all of its edges occupied, and hence, all of
its vertices in the unconnected state. A single edge can be unoccupied before a vertex is
removed and so the coefficient of #~! has two terms

P1.0)= Y. (T)wryrirtia -1y G5.1)

J=0

Subsequent removal of an edge will isolate a vertex, and so, all states belonging to the
term proportional to #~! have been exhausted.

We now examine the case that a single neighbour vertex within the cycle belongs to
the GCC. For the rest of the cycle to remain unattached to the GCC, both of the edges that
connect to this vertex must be unoccupied. There are 11 — 1 vertices to choose from and so,
we have

P(n,1) = <n1_1>(uT)n_1_1(1—T)2 (5.2)

No edges can be removed from this motif without further isolation of a vertex, indicating
that the coefficient of u~2 is complete. Considering the next term, u3 we find

P(n.2) = (” 1‘2) ()12 (1~ 7Y (53)

More generally for the removal of r vertices we have

n—1

n—1 _
Z P(Tl»’") = Z (n 1 r) (l/lT)nilir(l — T)(r”H)*(r*l) (54)
r=1

r=1

where the power of (1 — T') is the number of edges that no longer have an occupied path
to the focal vertex, (r+ 1), minus the number within the removed component that we
cannot specify the state of (r— 1); this evaluates to (r+ 1) — (r — 1) = 2; since, only the
connections to the focal vertex are required to be unoccupied. The summation over r
extends to r = 1 — 1, such that the power of u on the final term is u°, which corresponds
to an isolated focal vertex, with both of its edges unoccupied. The final expression for
the total probability that a focal vertex remains in the RG despite its membership in an 1)
cycle, g%, requires the combination of Eq 5.1 and Eq 5.4 into a single expression. The
most straightforward way to achieve this is simply to sum the independent terms

n—1
gn =P(n,0)+ Y P(n,r) (5.5)

r=1
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where
n-1 I . .
PO+ Y. P = Y (".)< Ty (1 - 7))
r=1 j J

=0
=l
+ (1)(uT)"—l—’(l—T)(’“)—(H) (5.6)

With an exact closed-form expression for g% for chordless cycles Mann et al [32] showed
that cycles of increasing size behave increasingly similar to the 2-clique approximation,
see Fig 5.2. In other words, the correlations induced by the presence of a closed loop is
largest for triangles and becomes reduced as the path length of the loop grows. This is the
foundation for the success of the tree-like approximation: the properties induced by short
cycles disappear as the cycle length approaches log N — oo.
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Figure 5.2: The size of the GCC for random graphs composed of chordless cycles where
each vertex has a fixed degree k = 4 and is therefore a member of two cycles. Intuitively,
larger cycles behave increasingly tree-like. Scatter points are from Monte Carlo simulation
whilst plotted lines are theoretical results. Figure reproduced from [32].

5.2 k-regular subgraphs

In this section we examine the possibility of a closed-form percolation expression for
subgraphs whose vertices are degree equivalent to one another (k-regular), but that are not
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either cliques or chordless cycles. We demonstrate that the expression for these subgraphs
is not readily obtained in closed-form for all sizes, unlike the expressions for chordless
cycles and cliques. Any formula that can be obtained for a class of subgraphs appears to
be distinct from the expressions for other, seemingly related, motifs. An exact expression
for these motifs therefore relies upon an exhaustive enumeration of states once more. For
this purpose, consider a subgraph comprising of n > 6 € 2N degree equivalent vertices
in which each vertex has degree 3, see Fig 5.1 (right). (Note the motif cannot be formed
for odd n.) Application of the enumeration scheme developed in section 3.2 to obtain the
probability that a particular focal vertex does not become attached to the GCC through its
role in this motif proceeds as follows. The subgraph can lose up to /2 + 1 edges before a
vertex is isolated, the probability that j € [0,17 /2 + 1] are removed is given by

P(j | 1,0) =g}y i ot TV (1= T) (5.7)

where ¢/, is the number of conencted graphs that can be made with n vertices and k edges
that are also subgraphs of the original motif. Hence the total probability P(n,0) that we
can still retain a connected graph despite the removal of edges is

n/2+1
P(n,0)= Y P(j|n,0) (5.8)
j=0

With any further edge removal, a vertex is pruned from the motif. The resulting cycle has
N — 3 deg(3) and 3 deg(2) sites in the subgraph.

There are now 1/2 — 1 interior edges and 1 — 2 exterior edges remaining from the
original set of edges. It happens that we can remove all of the remaining interior edges and
proceed without vertex-isolation; however, we cannot remove any of the exterior edges.
Thus, the total probability P(n, 1) that describes the motif with one vertex removed is
given by

n/2-1
/ -2
P(n71) = (7? - 1) Z() qn717n72+n/2717j”n
j:
x TN=2n/2=1=j(1 — 1)/ +3 (5.9)

At this point, the subgraph now contains mixed degree vertices. We must distinguish
upon whether the vertex we now remove has degree 2 or degree 3 as removing either
vertex will lead to different probabilities for successive counting. Further, considering
Fig 5.3 where 1 = 10, supposing we had removed a degree 3 vertex from the original
motif (left) to generate the middle motif, we must distinguish whether the neighbours of
the currently considered deg(3) vertex are themselves deg(2) and deg(3) (Fig 5.3 blue
vertex) or are both deg(3) (Fig 5.3 red vertex) as in each case, the resulting probabilities for
further counting are non-equivalent; they are history dependent. And, whilst it is certainly
theoretically possible to enumerate the combinations into a single expression, it seems
unlikely that such a formula would be readily derived, or that it would be transferable
to other related cycles that differ even by a single edge. Similar complexities arise for
other k-regular motifs and this is the basis of the complexity in enumerating percolation
formulas for arbitrary subgraphs [36].
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Figure 5.3: A k-regular cycle on 10 vertices where each vertex also has a chord (left). The
removal of a vertex (dashed edges) results in 3 x deg(2) sites within the motif, in addition
to the original (1 —3) x deg(3) sites. Further counting depends on the degree of the focal
vertex as well as the neighbours of the focal vertex. For instance, the blue and red vertices
have neighbours of different degree. Both of these factors lead to different probabilities
when enumerated, and so, complicate the counting procedure.

5.3 Arbitrary subgraphs

Across the preceding sections, all of the subgraphs that we have considered so far have
been symmetric prior to percolation. In this section we relax this condition to consider
subgraphs whose topology is arbitrary. A closed-form solution for subgraphs with arbitrary
topology would render the percolation problem on random graphs exactly solved for all
graphs. One could imagine considering the largest Hamiltonian cycle that could be formed
from the graph as a subgraph for the model. It is speculated that this might capture the
long range correlations between distant neighbours in networks with more accuracy than
an edge-disjoint clique cover perhaps could. Consider the specific examples of subgraphs

<P I

Figure 5.4: Subgraphs with arbitrary topology.

with arbitrary topology in 5.4. From left to right we have: a subgraph on 4 vertices with
one chord; a 5-vertex chorded subgraph with a single chord, a 2-chord 5-vertex subgraph
(where the choice of the two distinct options for placing the second chord are highlighted
in blue and red); and finally, two distinct single chord subgraphs on 6 vertices. It is clear
that as the cycles become larger, there are multiple locations to place a single additional
chord, and in the case of a 6-vertex cycle, even the location of the first chord is not unique.

Karrer and Newman [25] introduced a framework for the elucidation of the percolation
properties of graphs comprised of subgraphs with arbitrary topologies. Their model is
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similar to the system of equations in Eq 2.47; where each clique topology has its own
argument in the Go generating function and its own excess degree distribution. Now, an
argument for each unique site within a subgraph must be created as well as an excess
degree distribution. For instance, consider a network composed of the 4-vertex chorded
cycle in Fig 5.4. There are two unique sites in the cycle: 2 x deg(2) sites and 2 x deg(3)
sites. A vertex that is a member of more than one 4-cycle could be the deg(2) site in one
of the cycles and the deg(3) site in the other, see Fig 5.5. Given this, the joint probability

Figure 5.5: A focal vertex (blue) that is a member of two chorded 4-cycles as both the
deg(2) site and the deg(3) site.

of choosing a vertex at random that is a member of i chorded 4-cycles as the deg(2) site
and j chorded 4-cycles as the deg(3) site is p;;; which is generated by

Go(x2,x3) = Z Z pijxéxé (5.10)
i=0 j=0

Each site has an excess degree distribution which are respectively generated as

1 dGo(x2,x3)

G12(x2,x3) T om (5.11)
1 9Go(xa,
G13(x2,x3) =m$ (5.12)

where (i) is the number of deg(2) sites that the average vertex belongs to in the network
whilst () is the average number of deg(3) sites.

The probability that a deg(2)-site neighbour to a particular focal vertex does not belong
to the GCC is up; with uz similarly defined for the deg(3) site. The probability that a
focal vertex fails to be attached to the GCC despite its membership in a deg(3) site is
g5 (uz,u3); whilst, the probability that a focal vertex in a deg(3) site fails to be attached is
g%(uz, uz). We notice that the gg expressions are now coupled in both u variables. Once
the gg expressions have been evaluated (which we will discuss in a moment), the uy values
can be calculated as

un = G1,(83,83) (5.13)
and the size of the GCC is given by

S=1-Go(g3,g3) (5.14)

Extrapolating this logic, and with a slight notational change, we now arrive at Karrer
and Newman’s model as follows. The joint probability distribution for the probability of
randomly selecting a vertex that is a member of m topologically distinct cycles, each of
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which has m,, different sites is
Ply..1,..my..my (515)

which is generated as

) oo kl K,
GO(xlp---axmn) = Z Z pll...mnxll1 "'xm;n (516)
k1,20 ky=0

The excess degree distribution for each edge-topology is defined as

1 dGy

T o (5.17)

G, =

The probability that a vertex in the i-th site of an n-cycle fails to belong to the GCC is uy,;
which is generated as

un, = G (81,5, 8my) (5.18)

where we have dropped the exponent notation of gy,, the probability that a vertex in an 7);
site fails to be attached to the GCC, for generality. The size of the GCC now follows from

SZI_GO(g117"'7gmn) (519)

As with the other methods that are constructed in this way, the percolation threshold can
be found by performing a linear stability analysis around the fixed point uy, = 1, Vn; €
(M1, 1], V1 € [1,m].

It remains now to calculate the g, polynomial for each site of each subgraph that
is included in the model; a process which is described by Karrer and Newman to be
exponentially slow [25] and we recognise as NP-hard. Extending their work, we now
outline our own counting method to enumerate the required combinations to find an exact
expression for gy, for arbitrary motifs. Consider a motif 1 with 1y vertices and 7, distinct,
labelled sites. We consider sites to be equivalent if the motif has either rotational or
reflectional symmetry; otherwise if a symmetry operation cannot be performed, the sites
are distinct. For example, the number of sites for each motif in Fig 5.4 (left to right) is
given by: 2 for the 4 cycle, 3 for the single chorded 5-cycle, 3 for the red and 5 for the
blue 2-chorded cycles, 2 and 4 for the 1-chord 6-cycles.

Let the probability that a vertex in site 1; fails to become attached to the GCC, despite
its membership in the motif, be given by gp,. The probability that a vertex in a n;-
site is unattached to the GCC is given by uy;. Consider the set, {up }, that contains all
un;,Vj € [1,Mn] where each element up, is inserted as many times as it occurs in the motif.
For instance, for the chorded 4-cycle the set would be {us} = {ua,,u4,,ua,,us, }; since,
there are two deg(2) sites and two deg(3) sites.

The form of gy, is a polynomial in all combinations of the elements of {uy, }, including
the empty set, excluding a single copy of uy,, which is currently being considered as the
focal vertex. For instance, g4, is a polynomial in all combinations of {u4,,u4,,us,} such
that

843 = Clay 4y 43} + Clay apytay +2C, 45yus
+ 2C{42}u42 uq, + C{43} (u42 )2 + C{@} (1/142 )2u43 (5.20)

where C; are the as yet undetermined coefficients; the subscript A = {--- } indicates the
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identities of vertices in the motif that belong to the GCC, which are subsets of {uy }. Each
coefficient is itself a polynomial of the form

E
Cr=Y dp, T (1 T)WK)+r (5.21)
r=0

where n = N — card(A) and k are the number of vertices and edges in the motif at the
current starting point, respectively. The number of edges, k is given by the maximum
number of edges that can be occupied without attaching vertices in the RG to the GCC.
The number of connected graphs that can be made from n vertices and k edges that are also
subgraphs of the original motif is given by ¢/, ,. Index r accounts for the number of edges,
up to a maximum of E, that can be removed whilst still being able to make a connected
graph of size equal to N — card(A). Note, E is not simply n — 1; since, we impose that
the graphs be subgraphs of the original motif; it is determined by the topology of the
specific motif. Finally, W (k) is a function that accounts for the number of unoccupied
edges required to ensure that vertices in the RG do not have an occupied path to vertices in
the GCC. All of these quantities are dependent on the topology of the original motif as
well as the set of removed vertices, {1 }.

Consider once more the calculation of g4,; with reference to the polynomial in Eq 5.20
we now examine the coefficient Cyg that accounts for the case where all vertices belong
to the RG. The polynomial is given by

Cioy (g, uay = T (qh sT> + 4 4aT(1 = T) + gy 3(1 = T)?) (g, ) s, (5.22)

The number of connected graphs that are subgraphs of the original motif can be calculated
by enumerating the number of ways that the edges can be removed less those combinations
that isolate a vertex; we have

5 5 5
a5 = (0), Gaa= (1) dh3 = (2> —2, (5.23)

Subsequent edge removal would isolate a vertex, and so, we have enumerated all graphs.
Next, assuming that the 45 site belongs to the GCC we have

Ciag (uay)* = T*(1=T)* (us,)? (5.24)

If one of the 4; sites belong to the GCC instead Cyy4,) can be constructed as

3
2C (4,  Uay gy =2 (T3(1 —T) + (1> T2(1— T)3) g, U (5.25)

The counting process can be continued for each term in the polynomial expression for g4,
where we find

2C(4, ayyua, = 2T (1 —T)’us, (5.26a)
Ciayaryiia; = T(1 = T) us, (5.26b)
Clayarayy = (1-T) (5.26¢)

Having derived an exact formula g4,, one must now consider the 4, site as the focal vertex
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and derive the probability that it remains unattached to the GCC, which we do not perform
here. It is clear that the expressions that are obtained by this enumeration method are not
transferable to other motifs, even if they differ by the presence, or indeed the placing of a
single chord across the substrate motif.

We also observe that for cliques, the number of connected graphs g, x is a known result
from graph theory; whilst, in general the number of connected subgraphs qﬁL « depends on
the motif topology. When all connections between each vertex pair are possible in the
substrate motif, g, , = g -

5.4 An approximate method based on non-self
intersecting walks

In section 5.3 we discussed Karrer and Newman’s formulation [25] for deriving the
probability, gy, that a vertex in an 7); site is attached to the RG for arbitrary subgraphs. !
Mann et al developed a method that yields an approximate formula for the g, probability
for arbitrary subgraphs based on enumerating the non-self intersecting walks within a
motif.

The approximation is based on Miller’s exact logic for triangles from [39] (see Eq A.3
from appendix A). In essence, for cliques, the enumeration of gg_l considers a vertex
as the focal vertex and then, for each neighbour in the clique, considers the probability
associated to each non-self-intersecting walk from the neighbour to the focal vertex as
a possible connection pathway. Other vertices that are in the connection pathway also
belong to the GCC; whilst vertices outside of the connection pathway belong to the RG. As
with the exact formula, edges that connect vertices in the RG to vertices in the GCC must
fail to be occupied. Thus, we must enumerate all walks back to the focal vertex starting
from each neighbour. We will spare the reader the derivation of the expression and instead
will consider a motivating example using the 4-clique. The key to understanding the
formulation is that walks of a given length in a clique have equal probability of occurring.
Therefore, we must count all walks of a given length through the clique from all potential
source vertices to the focal vertex and then enumerate the probability of this walk. We
find that the probability that a vertex involved in a 4-clique belonging to a finite-sized
component during bond percolation is given by

g =(1 =T+ usT)® —6(1 —ug)usT*(1 = T)(1 —usT?)*(1 — (1 —uy)T)
—6(1 —ug)u3T3(1-T)° (5.27)

The rationalisation of this expression is quite simple and can be read from left to right as
follows. Consider a 4-clique and choose a vertex to be the focal vertex. The first cubic
term relates to the failure of the three direct-contact vertices to connect the focal vertex
to the GCC. These are 0-hop walks as they concern the direct linkage to the focal vertex.
Labeling the vertices according to Fig 5.6 (left) we notice that if vertex 1 fails to connect
the focal vertex directly, it can still connect it through edges in the clique. There are two

IRetrospectively, it is clear that the counting scheme that we formalised in section 5.3 can readily be
converted to an algorithm that yields a symbolic expression for the polynomials we require. However, Mann
et al were not aware of Karrer and Newman’s paper [25] (and hence the generating function formulation for
arbitrary subgraphs) at the time of writing [33] and [32].
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Figure 5.6: The 4-clique (left) with labelled vertex sites and focal vertex chosen to be
vertex 0. Assuming that vertex 1 is attached to the GCC (diamond checked red vertex), then
there are two types of non-direct walks back to the focal vertex. The 1-hop walk (center)
requires that vertex 2 is not attached to the GCC (vertical green pattern). Bond occupation
(solid edges) must occur through the path [1,2,0], which we term the success path. The
state of vertex 3 is unspecified by the success path (grey checked pattern). However, all
other paths, from any starting vertex, that do not cause intersection with the success path,
must fail to attach vertex 0 to the GCC (red dashed edges). We term these the failure paths
for the given success path under consideration. For the center success path, the failure
paths are [1,3,0], [2,3,0] and [3,0]. The first two assume that vertex 3 is in state u4, while
the final path assumes vertex 3 was attached to the GCC prior to this.

distinct paths that can be made back to the focal vertex: 1-hop (center) and 2-hop (right)
walks.

The second term in Eq 5.27 concerns the 1-hop walks in the clique. Consider (for
instance) that vertex 1 is the source vertex. For this walk to occur vertex 1 must be
attached to the GCC with probability (1 —uy), but it has failed to attach the focal vertex
directly with probability 1 — 7. vertex 2 (for instance) must become attached through
bond occupation from vertex 1 with probability usT, which then goes on to connect to the
focal vertex through its direct edge with probability 7. We then must ensure that all the
remaining pieces in the clique that have not been assigned a probability must be dealt with,
we cannot leave them unaccounted for. Both vertex 1 and vertex 2 must fail to exercise
their alternative 1-hop walks back to the focal vertex. The probability of each of these
walks failing is 1 — u4T2. However, it might happen that vertex 3 was also attached to the
GCC, in which case, it must fail directly with probability (1 —us)(1 —T'). The factor of 6
accounts for the path multiplicity; each vertex has 2 1-hop walks back to the focal vertex.
For instance, we depicted the success path in Fig 5.6 as [1,2,0], however, another valid
1-hop walk from 1 is [1,3,0].

The final term is much easier to rationalise. Consider again that vertex 1 is attached to
the GCC, but that it has failed directly to connect to the focal vertex, Fig 5.6. The 2-hop
walk [0,2,3,0] back to the focal vertex around the clique must fix both vertices 2 and 3 to
be unattached and involve three bond occupation events. Further, both interior edges in the
clique must not short-circuit the 2-hop walk into a 1-hop walk, so they too, in addition to
vertex 1s direct edge, must be unoccupied. The other 2-hop walk starting from 1 is given
by [1,3,2,0].

The method is abstracted to all clique sizes [32] where the magnitude of the error of
the approximation is also discussed. A series of applications of this method were presented
[33]; including multilayer models, arbitrary motifs and semi-directed networks.

The probabilities of not becoming part of the GCC through the 4-cycle sites, g4, and
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84, are given by

g4y = [ua, + (1 —1uay) (1 = T) P [utay + (1 — ua ) (1 = T)]
—2(1 — g, ) (1 — T)ug,uq, T?
= 2(1 = ua)) (1= T)ug, T*(1 = ua, T*)(1 = (1 — ) T)
—2(1 —ugy) (1= T)ugy T*(1 — gy T*) (1 — (1 — ug,)T) (5.28)

and

84, = [uay + (1 —uay)(1 - T)]Z
—2(1—=T)*(1 — u4, ) ug,us,T>
—2(1—us,)(1-T) u4%T3
(1 u42)u43T (1_u43T2)2(1_(1_u43)T)
—2(1—=T)(1 — gy )ugy T*(1 — g, T*)(1 — (1 — ug,)T) (5.29)

These equations are understood as follows; firstly, we pick a unique vertex-site in the cycle
as the focal vertex for the cycle under consideration. The first term in its g; equation is the
product of probabilities that each direct-contact edge fails to connect it to the GCC. The
leading term of g4, is cubic in [u¢ + (1 —u;)(1 —T')] while g4, is quadratic. The remaining
terms capture the probabilities that vertices use cycle-edges to connect the focal vertex to
the GCC. An interesting observation is that this method essentially enumerates connected
SIR trees of a given size in a clique motif. In reference to the percolation-SIR equivalence,
there must also be an equivalence between the probability of all connected trees and all
connected graphs on a clique; a relation we hope to investigate further.

5.5 Chapter summary

This chapter has discussed the application of the generating function formulation to
GCM networks that are composed of non-clique subgraphs. This composed of applying
Karrer and Newman’s [25] generalised system of equations and finding the appropriate
gn expression, which is an NP hard problem. To find gy, we applied the combinatorial
counting algorithm which previously afforded the closed-form clique expression in chapter
3. We successfully found the percolation formula for chordless cycles in closed-form. It
is unlikely, however, that a general closed-form expression could be found beyond the
expressions presented in this chapter simply due to the complexity and uniqueness of each
distinct motif. We believe there is more work to be done in characterising the effects of
subtle changes in topology or edge arrangement for a family of subgraphs, with a given
vertex count, that lie within the bounds of the chordless cycle and the clique. In the final
section, we reviewed an alternative method to find g, based on the SIR equivalence of
finding connected infection trees within a motif. Whilst not exact, this method has proven
to be very accurate for a range of networked phenomena including: semi-directed, modular,
multilayer and networks with arbitrary motifs [32, 33].






CHAPTER SIX

DEGREE CORRELATIONS
IN CLIQUE RANDOM
NETWORKS

Correlations among the degrees of vertices in random graphs often occur when clustering
is present. In this chapter we define a joint-degree correlation function for vertices in
the giant component of clustered configuration model networks which are comprised of
higher-order subgraphs. We use this model to investigate, in detail, the organisation among
nearest-neighbour subgraphs for random graphs as a function of subgraph topology as
well as clustering. We find an expression for the average joint degree of a neighbour in
the giant component at the critical point for these networks. Finally, we introduce a novel
edge-disjoint clique decomposition algorithm and investigate the correlations between the
subgraphs of empirical networks. We compare our clique cover to other methods in the
literature by examining the correlations between clique motifs of an empirical network.
We find our method performs best when large cliques are present in the network.

73
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6.1 Degree correlations in clique random networks

Consider an arbitrary set of edge topologies including ordinary edges, triangles, squares,
4-cliques, pentagons and so on, denoted by T = {_L,A,0J,..., v}, where 7 is the topology
of the final element. In the following, we reserve 7 and v as indices over elements of 7. We
define the number of cycles that a vertex plays a role in for each topology 7 € T by vector
ke; = {ky,ka,...,ky} with [ = 0,1 representing the focal vertex and nearest-neighbour
joint sequences, respectively. We reserve ky ; € kz; as an index for the number of cycles of
topology v around a given vertex in layer /; we drop the [ label where obvious. The joint
probability distribution for choosing this vertex at random is then denoted as py, . The
number of edges that a given vertex has within each cycle is defined by m; for instance a
vertex contributes two edges to each triangle it connects to and hence mp = 2. We define
N¢ v i, to be the number of vertices with ky, cycles of topology v that we reach by following
an edge of topology 7 from the focal vertex to a nearest neighbour. There are dim (?2) of
these expressions. Let a particular configuration of type v following T edges be n; , such
that

nry = {nr,v,l Nt v2y.-- } (6.1)
Then, we define the set of all configurations of the neighbours following 7 edges to be
ne = {ng | ,nca,...}. Finally, the set of all configurations is denoted by n = {n | ,na,...}.
The number of vertices reached by following all of the 7 edges is

N = Z etk = kzonr,wkv T 7é \4 (6.2)

k=1

The total number of vertices 1-layer out from the focal vertex is the sum of all vertices
reached by traversing each edge topology

N=Y N, (63)

TET

Let P(n | N) be the probability that the nearest-neighbour configuration is given by set
n and that the total number of vertices in the first layer is N. This is given by

Pl =TT (TTIT 2o ) T

T \vtky=0"T.V kv ke=1 17,7 ke

Ne Nz

Me.tke (6.4)

| ‘crk,

where g; v 1s the probability of traversing an edge of topology 7 to a vertex with ky
independent cycles of topology v. We also have the understanding that each term of the
product over v # 7 has its own index k, starting from zero; we have pulled out 7 from this
expression since, by definition, there must be at least one 7-edge present to follow it to a
nearest neighbour vertex and so the index starts at 1. The probability P(GC | n) that the
component is the GCC for a particular configuration n is given by

(GC | n, N -1 _H ( H H mvkv ”lrvkv) H [u’;’lf(krfl)]nr’f,kr (65)

T VETky= k=1

where we have introduced u; as the probability that a vertex at the end of a randomly
chosen edge of topology 7 fails to connect to the GC. The probability that the configuration
is n, that the component is the GCC given that there are N nearest-neighbours is found
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from Bayes’ theorem as
P(n,GC|N)=P(GC |n,N)P(n|N) (6.6)

Let P(N | kz) be the probability of there being N vertices in the 1st layer given that the
joint degree of the focal vertex is k¢ o and that the component is the GC. We can use this
to find the probability P(n,GC | k¢ ) that the nearest-neighbour configuration is n given
the joint degree of a vertex in the GCC is k¢ ¢ as

P(n,GC | kg o) =) P(N | kz0)P(n,GC |N) (6.7)
N

where the summation is over all combinations of N; such that

L=r) (6.8)

Ni Np
We find

P(n,GC | kgo) = ;P(N ‘ k‘c,O)H (H H

T \V#Tky =0t vky

% [ H <H H |: mqokv] Tl-!P-kV) kHI[M}T?]/ln(krl)]nn’n’kT] (6.9)

N \e#nky= =

N:

n‘rvkv H nTTkT
] ’L'Vkv | TTkr

1 Ntk

for 7,v,n,@ € T. We now generate this probability by summing over all permissible
configurations of the nearest-neighbour joint degrees to obtain

Foc(X | keo) =Y P(n,GC | ke o) [ ] (H H Z;V,fg) | R (6.10)
n k=1

T VT ky=0

where

;:ZZZZ 6.11)

ny1nj A NALBAA

We simplify the expression by substituting Eq 6.9, swapping the order of the summations
and collecting terms in like powers to obtain

I’lkav H N‘L‘ Nt t ke
; rvkv yqrrkf
k=1

=1, ke

Foo(X | kep) = ZZPN“%o H(

T VET ky=

x [1 _H (H H [ur(g‘pk"]"n-mﬁkv> H [u’:;n(krl)]nnﬂnh]

n \e#nky=0

<I1 (H [Tx0 ) | R (6.12)

T \v#Tky=0 =

=
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to find

Foe(X [ ko) = ;; (N [ kzp) H(H [1

T V#Tky=0 T"kv

‘Ir vy X1,v kv) T'v’k">

X - '(q’t7r7kTX77T>kf)nTﬁT,kT
k=1 Nt tke-
ky 19,ky ke—1)1pn
y [ H(H H [ Mg } n.9 ) H[u’:;n( )] nnkq] (6.13)
n O#N ky= k=1

The multinomial theorem can now be applied to each of the terms in the product to obtain

N
Foo(X [keo) = Y P(N [keo) [ [(H ) CIr7v7kvXT,v,kv> ) Qf,akTerkT]
N

T V%Tkv:() krzl

- ;P(N ko) [ ]

T

myk mz(kz—1)
X [(H Z qr.v iUy’ er,v.,kv> Z Groiclr Xk,

VT ky=0 k=1

Ne

(6.14)

The probability that an edge of topology 7 can be followed to reach a vertex with ky
cycles of topology Vv is given by g; v x,. The probability that an edge of topology 7 can be
traversed to reach a vertex with ky cycles of topology v for all v € T is the joint excess
degree distribution, g, ,. This can be constructed from the separable distributions such
that

sy = [ [ aevin, (6.15)
\%

With this we can write

Ne
FGC(X | k‘r,O) = ZP(N | k‘rO [ Z Z dt ks, 1 TVkvX’L"L'kT
N =1k,=0

N¢
T kfr 1
_ZP(N | k‘r,O) [H Z Z 9z k,,-,l"t’\T}Vkv el )Xr7v7ker,r7kT]
N T

VAT ke=1 ky—
(6.16)

The probability that there are N nearest-neighbour vertices given the joint degree of the
focal vertex is k¢ o is simply a particular term from the Go(Z) generating function. Inserting
this definition into our expression we arrive at the generating function that describes the
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distribution of nearest-neighbours given a particular joint degree of the focal vertex as

mrk‘c,O
Foe(X | k) Pk,OH[H ) quk,, TV ky ka]

T | vATki=1ky=

m‘tk‘r,O

_pkrOH [H Z Z qr kr,l’f"\}}"kv”?f(kr I)XT,V,kVXT,T,kf

T | v#Tk=1ky=

(6.17)

The expectation number of the number of nearest-neighbours with a given joint degree is
found from the expectation value of Fgc(X = Z | kzp). We then find

FGC — Z mTkaOkT 09+ ke (1 . (kr otke1— 1)-1 H u’:}v“‘v,O‘”‘v,l)) (618)

TET ver\t

where the derivative is evaluated at Z; | = 1 (see appendix C for a complete derivation
using the tree-triangle model). The bracket is one minus the probability that the none of
the edges to the second layer lead to the GC; whilst the prefactor describes the probability
of following k: o T-cycles, each of which has m; edges to follow to reach a vertex whose
joint degree is given by g ¢,

In a similar way, we can find the generating function Fgc(X) for the probability
distribution that a randomly chosen vertex has a nearest neighbour configuration given by
n and belongs to the GCC as

Foo(X) =Y Foc(X | ke p) (6.19)
kzo
mrk'c,O
:Zpkr,OH [H Z Z ‘hkﬂ T,V.ky rrkT]
kzo T [v#Tk=1ky=0

mrkr,()
- Zpkr,on [H Z Z dr k,,-,l'/"\q/Wkv ek I)X‘c,v,k\,Xﬂ:,r,kT] (6.20)
kzo

T | v#Tki=1ky=0

which is simply Go(Z). The expectation number for the of nearest-neighbours from a
random focal vertex in the GCC is given by

Foe =Y, me(ke)[1 — =] (6.21)

TeT

where @; represents the number of vertices in the cycle. We can use the quotient of these
expectation values to define a symmetric joint-probability distribution Pgc (k7 0,kz,1) =
F{/F)c that two nearest-neighbours in the GCC have joint degrees ko and k7 | as

(1 o umf(kr,0+knl *1)*1

T

Poc (k‘E,()? k'r,l) = Z mrpkr,okr,oqtkf.l
T€T

X H kv 0+kv1 )/ Z me k‘L‘> [1 o umrwr] (622)

vet\t TET
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where Pgec(kzo,kz,1) = Pocc(ki 0, kyo,k1 1,-..,ky1). This equation is a central
result and can be used to compute many interesting properties of the correlation structure
within configuration model networks. At any time, we can compress the information
contained within Pgcc (kg 0,kz,1) to find Pgec(ko, k1) which is the probability that a focal
vertex with overall degree k( attaches to a neighbour whose overall degree is k.

P(()}\géall (k07 kl) = ZZPGCC (k’l',(), kT,l )5k07k(())verall 5k1,k8VCraH (623)

T kg

where kgvera“ =Y: ka mzkz o and k‘f"era“ =Y. ka mzkz 1 are the overall degrees of the
focal and neighbour vertices. However, this degree lumping procedure overlooks the
fine structure among the correlations as many joint degrees can contribute to a given
overall degree. Indeed it is precisely this structure which acts as a fingerprint of a network
ensemble.

Let us introduce the conditional probability

Poc(ki 1. ky1 | kio,... kyo) = Poc(ke | kzp) (6.24)

that the nearest neighbour has joint degree k1 given that the focal vertex has joint degree
kz o in the GC. Applying Bayes’ theorem to our discrete multivariate joint probability we
have

Poc(ki o, kyo | ki, - kyt)Poc(ki s ky)

Psco(k kro) = (6.25)
aelker | eo) = e ek [ Ketse e kg )Pac(ese - y)
kJ_J,...,kY’]
Which simplifies to
PGC(kT Oak’L' 1)
Psc(k kro) = ’ ’ 6.26
oe ket | kro) Y. Poc(kz0,kz.1) (0:20)
k1
Inserting Eq 6.22 we find

m (k otk 71*1)71 m (k otk _1)
Y mrPkT,OkT,OCIr,kTTI (1 - ”rr e I1 uvv e

TET veT\T
Poc (ks | ko) = PRTIT TR
me(KgormKe1—1)— my(Ky 0TKy,1
Y X mrpkryokr,oan“ (1 — Uz [T uy )
TE€Tke veT\t

(6.27)

We can use Pgc(ke,1 | kg ) to find multivariate conditional expectation values for a

given focal vertex joint degree, generalising [57] for the GCM. The expectation value for

vector X given vector Y is a vector E[X | Y] = (E[X; | Y],...,E[X, | ¥])T whose elements
are the expected values of each of the variables defined as

EXi|Y=y|= Y xiPoc(xi,....x,|Y =) (6.28)

X100 Xn

For instance, the average joint degree of a neighbour to a focal vertex whose joint degree
is k¢ is the vector (E[k| | | kzo),...,E[ky1 | kryo])T whose elements are

Elke1 | kool = Y ke P(ke | ko) (6.29)
ke
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Figure 6.1: The probability P(k; ,kz 1) for Erd6s-Renyi random graphs comprising of a
single motif topology, 2-cliques (A), 3-cliques (B) and 4-cliques (C), respectively, as a
function of ko for several k; 1. The overall mean degree is fixed at (k) = 2.5 for networks
with N = 60000 vertices. Scatter points are the average of 100 repetitions of Monte Carlo
simulation while the lines are the theoretical predictions from Eq 6.30. The legend is the
same for each plot.

We examine this expression in Appendix C for the tree-triangle model.

In this chapter we have introduced a theoretical model, based on generating functions,
to investigate the NNDC in the GCC of random clustered graphs, constructed according
to the GCM, comprising of higher-order clusters. We now examine a series of pertinent
examples of this model.

6.1.1 Single topology

In the special case that the network consists of a single homogeneous subgraph (a homoge-
neous subgraph is one where all vertices are degree-regular), then Poc(kz0,k¢,1) from Eq
6.22 is given by

(1 o umT(kT,0+kT,1_])_l

Tl 0 qtke 097 kz 1 (6.30)
Uz

Psc (kr,Oa kr,l ) -

and similarly from Eq 6.27 we have the related conditional probability

m‘c(kr.o“‘kr.l_l)_l
1—u ’
Sl Gtk (6.31)

1 mrkr,o

Poc(ke | kro) =

which reproduces the results of [2, 65] for the nearest-neighbour distributions on the GCC
of tree-like networks when 7 = . We examine the NNDCs for single-topology networks
with Poisson distribution participation in motifs with fixed mean degree (k) = 2.5 in
Fig 6.1. The networks are composed of discrete clique topologies; specifically 2, 3 and
4-cliques in Fig 6.1 A, B and C, respectively. The markers are the averaged results of
Monte Carlo simulation while the lines are the theoretical predictions of Eq 6.30; both are
in excellent agreement. In each case, Pgc (k¢ 0, k@l) is plotted as a function of increasing
kz o for several k1 values. We note that for each clique size Pgc(1,1) = 0; since, this
combination cannot exist in the GC. For networks comprised of a single topology, the
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Figure 6.2: The probability Pgcc(so,%,51,¢1) for Poisson random graphs comprising of
mixed 2-clique and 3-clique topologies for three different clustering regimes. In each plot,
the joint degrees of the focal vertex up to overall degree k = 4 are plotted on the horizontal
axis for a given (sq,7;) neighbour. Scatter points are the average of 250 repetitions of
Monte Carlo simulation on networks with 2 x 10° vertices; whilst lines are the analytical
results of Eq 6.22. The legend is the same as tile (A) for all plots.

average degree of a neighbour can be found from Eq 6.29 as

c(kro+ks1—1)—1
Zk‘r,lqtkr‘](l_u;ﬂ( otker=1) )

kf,l

Elke | ko] = (6.32)

m‘rkr,O

l_uf

which is in agreement with [41] for tree-like topologies.

6.1.2 Tree-triangle model

We now examine how clustering influences the degree correlations in the GCC of the mixed
topology tree-triangle model. The theoretical details of this model are derived in Appendix
8.3. Fixing the first moment of the model to (k) = 2.5 the limiting cases of (k) = 0 and
(ka) = 0 are presented in Fig 6.1 and we now examine i) an even neighbour distribution by
setting (k| ) = 1.25 and (ka) = 0.625; ii) a weakly clustered regime with (k, ) = 1.5 and
(ka) = 0.5 and finally iii) a strong clustering regime with (k| ) = 0.5 and (k) = 1.0 in Fig
6.2. The joint degree of the horizontal axis is ordered by increasing overall degree. When a
given overall degree can be formed in multiple ways, such as k = 2 from (2,0) or (0, 1), the
degenerate cases are ordered by increasing local clustering coefficient. Each tile in Fig 6.2
A-H plots a given neighbour joint degree (as a function of the focal vertex joint degree) for
the three clustering regimes. We observe some encouraging results from these plots: firstly,
as with the results of experiments with single-topology networks (Fig 6.1), the probabilities
Psece(1,0,1,0) and Pgec(0, 1,0, 1) are both zero for the vertices in the GCC (see Fig 6.2
A). We also notice that Pgcc(so,fo,S1,11) takes zero values for impossible combinations,
such as neighbours whose edges are of a single, yet opposite, topology to one another.



6.1. DEGREE CORRELATIONS 81

Further, the probabilities are symmetric such that Pgcc (kz,0,kz,1) = Pocc(ke,1,kz0) which
is an expected result for undirected random graphs. Among the non-zero combinations
we observe that some peaks, particularly among focal vertices with non-zero degrees in
both topologies, are aligned across all series; for example Pgcc(1,1,1,1) in E. Conversely,
other peaks such as Pgcc(2,0,2,1) in G peak in the weak and even regimes, yet trough in
the strong clustered regime.

We also observe, across all tiles in Fig 6.2 that the correlations among the weak (blue
squares) and even-neighbour (orange circles) regimes are generally of higher magnitude
across all focal vertices than the strongly clustered regime (green triangles). In other words,
the networks with strong clustering exhibit NNDC that have smaller magnitudes with the
exception of tiles C and H, which consider neighbouring vertices that only have triangle
motifs.

In tile F we notice that vertices with a high tree-like degree do not tend to connect with
neighbours with triangles, especially in the strong clustering regime.

Collectively, these results give insight into how the network is held together at the
microscopic level and how the presence of clustering alters this structure. This could prove
useful for creating synthetic networks or for a better understanding of network resilience
under targeted attack.

6.1.3 The effect of clique size on NNDC

In this section, we examine the effect of increasing the clique size on the NNDC of
mixed topology GCM networks. To achieve this, we extend the calculations performed
in appendix 8.3 from the 2- and 3-clique model to a binary model composed of 2- and
m-cliques, whose topology we denote by ¢. For this model, the NNDC for a focal vertex
with s ordinary edges and ¢ edge-disjoint m-cliques in the GCC of a GCM network can
be obtained from

N so+s'—2 mg(co+c)
Pccc(s0,¢0,5',¢') = |:pSOCOSOQJ_,(s’,c’) [1 —u"" Tug’

+ Mo CoPsycodo, (s ') [1 — u‘l‘)”’u?"(c‘)“‘ 1)1}] / [<S>(1 — ui)
+mg(c)(1— u‘g"’)] (6.33)

The results of this expression are shown in Fig 6.3, where the overall neighbour degree
is plotted against the overall degree of the focal vertex for several increasing clique sizes.
The scatter points are the results of Monte Carlo simulation of networks with 100000
vertices, whilst the plotted lines are the theoretical results of the model; both show excellent
agreement with one another. The networks are constructed according to the GCM algorithm
before the GCC is selected from the possibly disconnected graph. The motifs counts at
each vertex are drawn from Poisson distributions with averages chosen such that the first
moment of the distribution of overall degrees is fixed at (k) = 6 across all experiments
whilst the average 2-clique count is held fixed at (k;) = 1.25 and the average clique
count (ks) is the solution of (k) = (k| )+ ms(ks). From Fig 6.3 we observe that the
average neighbour degree of networks with larger cliques increases. For cliques larger than
2-cliques, oscillations in the average neighbour degree appear at low focal vertex degree.
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Figure 6.3: The average overall degree of a neighbour for increasing focal vertex degree for
binary-topology networks comprising 2-cliques and higher-order cliques. Scatter points are
the average of 1000 repetitions of Monte Carlo simulation whilst the plotted lines are the
result Eq 6.33, collected by overall degree according to Eq 6.23. The networks are created
from the GCM algorithm with Poisson marginal distributions of each motif topology and
overall average degree fixed at (k) = 6 with (k) = 1.25 across all experiments.

The amplitude of the oscillations increases with clique size. In each case, the oscillations
dampen to a fixed value in the limit of large focal vertex degree.

6.1.4 Emergence of correlations

At criticality, as the GCC emerges, we have that u; — 1; the probability of not belonging
to the GCC is near unity. In this case, the multivariate limit of Eq 6.22 does not exist.
However, in the case that the network is composed of cliques of various sizes which are
each independently Poisson distributed at each vertex such that

k kr,l
Phey = 4rks, = | | e‘<’<f><kL VTeT (6.34)

TET T7l '

we have that u; = ™7,V [25]. In this instance Eq 6.22 is a univariate distribution and we
can use L’Hopital’s rule to determine the expected limit to be

;mfpkmkr,o/\rq'c,k“
Y mZoq (kr)
T

lim Pocc(kr,0,ke,1) = (6.35)
u—1
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where
Ar=me(keotker—1) =1+ Y my(kyo+ky 1) (6.36)
V#T

The critical point can be found by linearising u; = G (47") in a small perturbation &
around u; = 1 — &; [32]. To leading order in the small parameter &; we have € = A€
with € = [€),&,,...]T. The GCC forms at the point when the determinant det|A — /|
vanishes, where A = [0G/du:|, G = [G11,G a,...,G1,] and identity matrix . With
mixed topology networks a GCC can form in many different ways. For instance, the GCC
of a random graph model with two topologies can form by three distinct mechanisms: a
GCC can emerge solely in either of the topologies or global connectivity can occur through
a mixture of the binary topologies.

As we approach the critical point from below, we introduce a characteristic scale k;
[64] associated to the joint degrees of the focal vertex and a neighbour given by u; = e /%,
Inserting this expression into Eq 6.22 for finite x; in each topology, the correlations fall
exponentially with increasing k; and hence Pgcc (ke 0,kz,1) tends to the uncorrelated value
of

Z mrPkT,OkT,OCIr,k,‘]/ Z mrg <k1> (6.37)

TET TET

Therefore, when the joint degree exceeds the characteristic scale, the GCC is uncorrelated.
It is clear that as u; approaches unity the scale diverges k; — o and hence, the GCC
always exhibits degree correlations. In addition, approaching the critical point, the average
joint degree (Eq 6.32) falls exponentially with increasing degree along each topology for
fixed xr.

Y keiqep,, (1—e?)

7,1

éa[kr,l ’ kT,O] =

1— e_mrkr,O/Kr (638)
where ¢ = mq(keo+kpp—1)—1 /%;. Thus, the correlations which are present at the
critical point are negative in nature. It might happen, however, given the number of ways
that the GCC of a mixed motif random graph model can emerge, that the characteristic
scales of all topologies don’t diverge at the critical point. For instance, consider a doubly
Poisson distributed tree-triangle model with a critical average tree degree, but a sub-critical
average triangle degree. A GCC will form among the tree edges, but the probability of
those vertices involved only in triangles, (0,7) forz = 1,2,3,..., connecting to this GCC
is small; since, their connection requires them to connect to mixed-topology vertices,
which in turn connect to the GCC. Thus, we might find that the negative degree correlation
structure among the triangles has not yet formed despite there being a non-zero density of
triangles in the GCC.

6.1.5 Empirical networks

We now examine the correlation properties of the GCC of the ensemble representation
of empirical networks using our joint degree model. Random graphs are elements of
an ensemble ¢ of graphs with V vertices and E edges; each member occurring with
probability P(G) [2]. The average value of a property of graph G, Z(G), (such as its degree
distribution or average degree) can be averaged over the entire ensemble

(Zy="Y Z(G)P(G) (6.39)

GeY
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The generating function formulation describes the properties of the ensemble. Empirical
networks G are particular realisations of members of ¢. The properties of a particular
realisation are given by

P(Z)=) 6(z—-2(G))P(G) (6.40)

Ge¥

If P(Z) is well represented by the ensemble average then the generating function formula-
tion can be used to describe the properties of G. To study the NNDC in the GCC of g using
generating functions, we must represent the largest component of an empirical network
by a joint degree sequence of subgraphs. Whilst the choice of subgraphs is arbitrary [33],
we only include cliques in the topology representation due to the vast literature on clique
finding algorithms and the simplicity of calculating their properties. The clique decompo-
sition of the GCC of g whose cliques have order less than or equal to @ can be performed
in many different ways; and the resulting joint degree sequence can exhibit significantly
different properties in terms of the number of subgraphs present their clustering, and other
properties. Given that the method to create the joint degree distribution is not unique, and
that the ensemble properties of each particular decomposition are often dissimilar, we now
examine three clique decompositions and compare their properties.

The trivial decomposition is to simply cover g with 2-cliques; we refer to this as
the single-edge-decomposition (SED). The degree sequence can then be used to create
realisations using the ordinary configuration model. Another simple cover is the minimal
cover of maximal cliques. However, it is very likely that the edges of the cliques will not
be disjoint, i.e. a single edge will be a member of more than one clique. Whilst this could
be an accurate representation of a vertex’s local environment, the construction process for
random graphs using the GCM will not work. Thus, we must impose that the cover is
edge-disjoint.

One proposed method of clique decomposition is defined heuristically as follows [6]:
we obtain the set C of all maximal cliques from the network; each maximal n-clique
cie€C,ne{l,...,o} is scored according to the fraction of edges it shares with other
members of C. The largest clique within the set of lowest score cliques are included in
the representation and C is recalculated. The process is repeated until the edges of the
substrate network are expended. Such a covering is known as a edge-disjoint edge clique
cover (EECC), see Fig 6.4 for details. We propose a novel clique cover as follows: the
set C of all cliques present in the network (including those induced from subgraphs of
larger cliques) is obtained from the empirical network. The set is ordered such that the
largest cliques have the highest precedence. The subset of cliques within C that have equal
size Vn € {1,...,®} are then randomised; thus the cover is a Monte Carlo method. The
largest cliques are drawn from C and placed on the network if their edges do not overlap
other with cliques that have already been placed in the network. The list is iterated until
all edges belong to an independent clique. This method draws non-maximal joint degree
sequences; however, higher-order cliques are preferentially preserved, we describe it as an
edge disjoint motif preserving edge clique cover (MPCC), see Fig 6.5. In the particular
case that the set of maximal cliques are edge disjoint, the distribution obtained from both
the EECC and MPCC motif decomposition algorithms are in agreement with one another.
It should be mentioned that both covers are not unique when two cliques of a given size
can be chosen. Within the MPCC, we resolve these degeneracies by retaining the cliques
associated with higher degree vertices. In our implementation of the EECC, we choose
cliques from the set of degenerate cliques at random.

Once a suitable cover has been formed for the network, its joint-degree sequence can
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Figure 6.4: The clique decomposition of a substrate network (left) can be performed
in multiple ways. Two examples are shown (right). The shaded faces are higher-order
cliques whilst the green edges are 2-cliques. The clustering of the resulting joint degree
distributions (and their random graph ensembles) are significantly altered depending on
how the decomposition is performed. The maximal representation has 6 cliques in total
whilst the non-maximal representation has 8 cliques. When only maximal representations
are extracted the decomposition is a EECC.
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Figure 6.5: The results of the two clique decomposition algorithms (MPCC) and (EECC)
for a particular substrate graph. The MPCC favours the formation of large cycles, leading
to 9 cliques (a single 4-clique and 8 2-cliques) whilst the EECC leads to 6 cliques (4
3-cliques and 2 2-cliques). The joint degree sequence obtained from the MPCC network
creates a non-maximal random ensemble of GCM networks.

be extracted. This sequence is then used to create an ensemble of GCM networks. As a
concrete example of this method we extract the joint degree sequences using the SED,
EECC and the MPCC of the GCC of the network science authorship network [50] in
Fig 6.6 and Fig 6.7. Plotted are the experimental results from the original network (red
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Figure 6.6: A member of the MPCC random graph ensemble of the GCC of the network
science authorship network with higher-order cliques (larger than 3-cliques) coloured for
clarity. Unlike random graphs constructed using the EECC method, larger cliques are
preferentially retained in the ensemble.

crosses), the SED (green squares), the EECC (pink triangles) and the results from the
MPCC algorithm (light blue) as well as their average (dark blue). The average neighbour
degree, k| obtained from the SED shows poor accuracy when compared to the experimental
results. Instead of the detailed NNDC structure over the range of focal vertex degrees,
the neighbour degrees tend to fluctuate around ki = 8. In contrast, the MPCC exhibits
a rich correlation structure whose average follows the trends of the experimental data.
Additionally, the average neighbour degree for the high-degree vertices is well represented;
however, this is at the expense of the lower degree information, where the representation is
less accurate. The EECC shows fair agreement across the range of focal vertex degrees,
outperforming the MPCC at low degrees. We notice from the variance of the MPCC that
the NNDC of the empirical network is dense within the set of ensemble representations.

6.1.6 Anticorrelated modular networks

As an example of the generating function method, consider a multiplex network with
anticorrelated clustering. Multiplex networks are a special class of multilayered networks
[30] in which a set of vertices is connected by M different sets of coloured edges. Each
layer contains a replicated set of vertices and connects them together with edges of a given
colour. In anticorrelated networks, if a vertex has an edge of a given colour, then it has a
vanishingly small probability of having edges of other colours. In this model, we extend
that property beyond ordinary edges to the anticorrelation of the subgraphs that each vertex
can belong to. The joint distribution for a maximally anticorrelated degree sequence, where
the set of motifs in the model is T = {1,...,n}, is given by

1
p(ky,... ky) = N Z Nyp(ky) H 6kw,0 (6.41)

VET wet\{v}
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Figure 6.7: The ensemble expectation value of the overall degree of a neighbour as a
function of focal vertex degree for clique covers of the network science authorship network.
Plotted are the experimental results (red crosses), the average EECC (pink triangles), the
average MPCC (dark blue circles) and its variance (light blue circles) for each realisation.
Each simulation was performed 1000 times. The SED (green squares) doesn’t capture
the correlation structure for this network. The MPCC accurately captures the correlation
structure of the high-degree vertices due to retaining the larger motifs that a vertex belongs
to; however, the low (mid) degree sites are generally under (over) predicted. Conversely,
the EECC performs well for the low and mid-degree vertices, but tends to the SED for the
high-degree sites.

where 0; ; is the Kronecker delta. For each v € 7, ky is only non-zero when each k, for
o € T\{v} is zero. Note Ny is the number vertices in the network that are involved in
topology v.

When the marginal distribution in each v is Poisson distributed with mean degree A,,
then we have

n Akv
plki,... .k Z =7 11 %o (6.42)
v=1 v:

Thus, each module is a component comprised of a given subgraph topology where motif
membership is Poisson distributed about an average. The generating function for the
probability of choosing a vertex at random from the network with a given degree sequence
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Due to the condition of maximal anticorrelation the distribution is separable and so this
expression reduces to

L v v At

NZMN@) (6.44)

v=1

Go(z1s---12n) =

The model can be numerically solved by defining a variable, u, for each v € 7, that
describes the probability that site v remains unattached to the GCC. Each of these variables
satisfies a self consistent equation

uy = —YeMv(gv=1) (6.45)

where gy is the probability that a vertex in site V fails to become attached to the GCC. Once
these variables are found, the percolation properties follow from S = 1 — Go(uy,...,u,), see
Fig 6.8. Performing the linear stability analysis at uy = 1 for each module, the percolation

thresholds are given by
(kz)
(t—1)

(ke)

where 7 is the length of the topological cycle and (k¢) is the average number of cycles a
vertex connects to.

In Fig 6.8, in order to highlight the individual contribution each module makes to the
overall GCC on the network, we have set the Poisson mean degree of each module to be
an order of magnitude apart. This means that the orange triangles, with mean A percolate
first, while the orange tree-like module, with mean degree 0.14 percolates next. The green
tree-like edges follow with mean degree 0.01A4 and finally, the fourth phase transition
occurs when the green triangles, with mean degree given by 0.0014, connect to the GCC.
We observe a stepped phase transition for the network as each module connects together.
Each colour splits into a double phase transition; with additional hyperfine splitting within
each layer associated with the anticorrelation between subgraph topologies.

— ‘L') <0 (6.46)

6.2 Chapter summary

This chapter has opened a discussion on the nearest neighbour correlations between vertices
with a given joint subgraph degree. To investigate this, we derived a correlation function
that evaluated the probability of a vertex with a given joint degree having a neighbour with
another specified joint degree. We plotted this correlation function against Monte Carlo
simulation and found excellent agreement. We then investigated the correlations in detail
for tree-triangle networks as well as some limiting examples. In a second line of research
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Figure 6.8: An example of an anticorrelated modular network with Poisson distributed
subgraph membership in either 2- or 3-cliques coloured either orange or green and sparse
inter-module connections (left). The percolation properties of the ensemble of such graphs
(right). The average degree of orange triangles is given by A; the average degrees of the
remaining topologies have been set such that their percolation transitions occur orders
of magnitude apart from one another. Specifically, the Poisson average of the number
of orange tree degrees a vertex belongs to is 0.1A4, the green triangle average is 0.014
whilst the green tree-like edges by 0.001A. Vertical dashed lines indicate the predicted
percolation threshold

we developed a novel stochastic clique covering algorithm which places edge-disjoint
cliques over an empirical network. Our algorithm works by preserving the cliques with
the largest size. If there are multiple cliques with a given size that overlap, then cliques
are chosen at random to be part of the model. This enabled us to obtain the joint degree
sequence for an empirical network and then, by constructing a joint degree distribution,
enabled us to construct an ensemble of GCM networks. We then compared the properties
of the ensemble, which we know that the theoretical correlation function supports, to the
properties of the single-realisation empirical network. We also performed this for other
clique covers in the literature. We displayed our results by compressing the joint degree
information into an overall degree, finding fair agreement with the empirical network’s
overall degree correlations.

We also studied the percolation properties of multilayer anticorrelated networks with
clustered topologies. We found that it was possible to isolate the phase behaviour of each
module.






CHAPTER SEVEN

TWO-STAGE EPIDEMICS
ON CLUSTERED
NETWORKS

In this chapter we utilise the percolation-SIR equivalence to consider three 2-strain
sequential epidemic processes on clustered networks using the generating function method.
This defines a new field of investigation and is thematically distinct from the preceding
chapters. In each of the models, the nature of the interaction between the diseases is
changed; the first two are extensions of the framework Newman introduced [49, 53] for
tree-like networks to the case of clustered networks. The third is a generalisation of
these models also for clustered networks. In the first instance, we consider a perfect
cross-immunity disease interaction, this assumes the second strain will only infect vertices
that did not belong to the GCC of strain 1. In the second model, we examine perfect
coinfection; which, constrains disease 2 to spread only on the GCC of the first disease
(if one exists). The third model relaxes these constraints and allows the second disease
to infect all vertices in the network regardless of their residence state within the GCC or
RG. Such a model is known as a partial immunity interaction, although our model also
encompasses partial coinfection. This generalisation adds more realism to the model and
accounts for a far wider spectrum of disease interactions between the limiting-case logic
of Newman’s models.

91
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7.1 Complete cross-immunity

In this section we extend Newman’s model of perfect cross-immunity on tree-like networks
[49, 26] to graphs with clustering. In the cross-immune model, a bond percolation process
1s run over a substrate network to create a GCC and a RG. The vertices in the RG are then
percolated a second time by a second disease.

%@%q%@%
O O e
Cross-immunity
e,

Substrate graph

Figure 7.1: A conceptualisation of the cross-immunity model. A substrate network
undergoes bond percolation to create a GCC and an RG. In the cross-immunity model, the
RG is then percolated further by a second bond percolation process to create an embedded
GCC (green). Vertices that were not in the RG of the first process cannot be included in
the GCC of the second process.

By now, we are well aware of how to construct the probability that a randomly chosen
vertex does not belong to the GCC in clustered networks. Restricting our attention to a
mixed 2- and 3-clique GCM graph, the outbreak size of an epidemic is given by

Si[uz,u3:T] = 1 — Go(g2,83) (7.1)
where
ur = G1.¢(22,83) (7.2)
and with
gz(uz;T) :u2+(1 —uz)(l —T) (7.3)
—1
o) ("7 )il () 1=
X [2u3(1 —u3)(1 =T)(1—T2)B~I=m (7.4)

7.1.1 Strain-2

Once the first strain has passed through the network, a fraction, Sy, of the vertices will have
contracted it and consequently a fraction, 1 — S, remained uninfected. In the case that
vertices infected by strain 1 have perfect cross immunity against further strains, then only
those vertices in the RG, 1 — S, can become infected by the second strain. The threshold
criterion for the emergence of the second strain on unclustered random graphs has been
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solved previously by Newman [49]. We now proceed to understand the role of clustering
on the second strain.

Setting the transmissibility of the second strain to 73, the probability that the second
strain fails to infect a vertex chosen at random is comprised of the probabilities that both
the tree-like edges and the triangle edges each fail to transmit the strain. In analogy to the
first disease, we define the probability /; to be the probability that a tree-like edge remains
unoccupied following both strains and introduce v; is the probability that a neighbouring
vertex at the end of a tree-like contact does not have disease 2. The probability that a vertex
with k tree-like contacts has precisely / < k susceptible neighbours following disease 1 of
which m <[ also failed to contract disease 2 is given by

k

ho(u,vo; T, T2) = (l

) (’;) [zv2] " [tz (1 —v2) (1 =)™ [(1 —up) (1 =T (7.5)

Similarly, the probability, h% that a focal vertex involved in a triangle fails to become
infected is given by the probability that each avenue of infection fails, as considered for the
first disease in Eq 7.4. Defining v3 to be the probability that a vertex involved in a triangle,
that is also in the RG of the first strain, remains uninfected during the second epidemic, we
now examine each bracket in Eq 7.4.

In the first case, both vertices are uninfected with strain-1 with probability u% To
remain uninfected with strain-2, these vertices must fail to transmit to the focal vertex.
This can occur in three distinct ways: either both neighbours fail to contract strain-2,
v3, or they both have disease-2 but fail to transmit, ((1 —v3)(1 —T3))?, or finally, one
remains uninfected with strain-2 and the other fails directly to infect with probability
2v3(1=w3)(1 = T7).

Next, in the case when the RG contains both an infected and an uninfected vertex, there
are only two ways that the focal vertex can remain uninfected by strain-2. These are the
probability that the neighbour remains uninfected, v3, or is infected but fails to transmit,
(1 —v3)(1 —T3). Together, these terms can be written as

st = (] )l ()03 (")t - - - 7y
<=1 -m) (T s - - -2

x(’}“)[vzlf[u—vs)(l—nnmf[<<1—u><1—T>>21"’m 7.6)

Upon application of the binomial theorem this expression becomes

3 (u3,v3; T, T2) = [u3[v3 +2v3(1 —v3)(1 = T) (1 = T37) + [(1 — v3) (1 = T2)]?]
+Ruz(1—uz3)(1=T)(1 = T?)[v3+ (1 —v3)(1 = T)]]
+{(1—uz)(1-T))] (7.7)

Despite the length of this equation, the interpretation is simple, we spread strain-2 according
to the triangle formula of Eq 7.4 in the case that the residual motif is a complete triangle,
we spread according to the tree-like expression when the residual triangle has only one
neighbour in the RG; and finally, we do not spread strain-2 in the case that the motif is
completely part of the GCC of strain-1. We can generate v; by writing self-consistent
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expressions, this time however, dividing by the prior probability that the neighbour does
indeed belong to the RG, which is simply u;.

ve = G1¢(ha,h3) /us (7.8)

The expectation value for the probability that a randomly chosen vertex fails to be infected

by either strain is

A Go(ha,h3)
1-5;

where we have divided by the prior probability of belonging to the RG of disease 1. The

fraction of the RG that belongs to the outbreak of the second strain, the giant residual

connected component (GRCC), is then given by

(7.9)

Safue,ve; T, o] = (1 —A)(1—8)) (7.10)

The complete prescription is as follows: we use Eq 7.2 to compute u; V7 € T, we can then
use Eq 7.1 to compute the epidemic outbreak size of the first strain. With these ingredients
we calculate v; V7 € T using Eq 7.8 before finalising the calculation of the second outbreak
fraction with Eq 7.10.

7.1.2 Numerical results

A numerical example of the both strains can be seen in plot (C) of Fig 7.2 for varying
clustering coefficients. The networks for the model are created according to the configura-
tion model [40, 52] where the stub-degrees of both tree-like (k) and triangle (1 = k3/2)
topologies of each vertex are Poisson distributed. The joint degree-distribution is given by
[52]

kv

k! t!

where  is the average tree-like degree and Vv is the average number of triangles. The
clustering of each network is varied such that the mean degree is fixed at 2. From this
we find the means of each Poisson degree sequence as it +2v = 2. As the clustering
coefficient increases the epidemic threshold of the first strain decreases. Specifically, when
C = 0 we have v = 0 indicating the threshold is 7, = 1/2, while at C = 1/3 we have u =0
and hence find the critical threshold as the root of T2 + 2T — 1 = 0 yielding T, ~ 0.41.

The overall epidemic size at T =1 is reduced as a function of increasing clustering
coefficient. Therefore, in this experiment, clustering is seen to have a dual effect on the
outbreak of strain-1 depending on T'; clustered networks can expect an epidemic at lower
T, but also expect fewer people to become infected. Setting 7, = 1, the total outbreak size
of the second strain decreases as a function of increased clustering.

In a second experiment we fix the degrees of each vertex according to the uniform-
degree model, defined by Miller [40], enabling the effects of degree-assortativity to be
understood. Bond percolation is run on three networks whose vertices have either degrees
2,4 and 6, but their clustering is distributed differently. The first has a joint degree
distribution of p(2,0) =1/3, p(2,1) = 1/3 and p(0,3) = 1/3, increasing the clustering
of the high-degree sites. The second network has an even neighbour distribution with
p(2,0)=1/6, p(0,1)=1/6, p(2,1) =1/3, p(4,1) = 1/6 and p(0,3) = 1/6. Finally, the
third network has clustering predominantly among the low-degree sites with p(6,0) =

ps,t)=e (7.11)
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Figure 7.2: The percolation properties of the 2-strain model over clustered doubly-Poisson
networks with clustering coefficient, C, and fixed average degree u +2Vv = 2 of tree-like
and triangles, respectively. (A) The epidemic threshold of strain-1 (solid) as a function
of C. The critical thresholds for a GC to exist solely among tree-like edges (small dash)
or triangle edges (long dash) from Eq 7.12 are plotted in (A). Similar analysis in plot (B)
shows the coexistence threshold, 7%, as a function of increasing clustering coefficient.
Also plotted in (B) is the difference 75 = T, — T* between the epidemic and coexistence
thresholds. Plot (C) shows the expected epidemic size of each strain. Scatter points
indicate experimental results of bond percolation on a network of size N = 40000 with 70
repetitions. Solid lines represent the theoretical predictions of Eqs 7.1 and 7.10 for each
strain.
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Figure 7.3: The residual network of the three networks described in section 7.1.1. In this
model [40, 23], clustering can be shown to increase both the size of the GRCC and also the
coexistence threshold relative to the configuration model. We also observe dichotomous
results depending on the nature of the degree assortativity among the clustered edges.
When clustering is assortatively confined to low-degree vertices, the results of the Poisson
experiment are reproduced.

1/3, p(2,1) =1/3 and p(0,1) = 1/3. The percolation properties of these networks are
presented in Fig 7.3, along with the prediction from the configuration model. In contrast
to the random Poisson networks, clustering is shown to increase both the GRCC and
the coexistence threshold relative to the configuration model. Assortativity among low-
degree clustered vertices leads to the emergent properties observed by the random Poisson
networks.

713 Ry

The Ry value, also known as the case reproduction number of a disease, is a quantity used
in epidemiology to represent the number of infections that the average infected vertex
in the network will cause. When the disease has a low transmissibility 7 < T;., we do
not expect that an epidemic will occur throughout the entire network, in other words, the
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infections fizzle out over time. In these cases the Ry value is less than unity. Ry = 1 marks
the threshold for which the epidemic infects a macroscopic fraction of the population
and at this value the transmissibility experiences a critical point, 7 = T;.. Under the bond
percolation isomorphism, a GC of occupied edges forms in the network at and after this
bond occupancy probability. The critical transmissibility of the first strain can be found
by applying the Molloy-Reed criterion to the configuration model [40]. Specifically,
linearising u; = Gl,f(g(uf)) in € around u; = 1 — &; [32]. To leading order in €&; we have
€ = Ag with € = [, ¢&3,...]T. The GC forms at the point when the determinant det |A — |
vanishes, where A = [dG/du;], G = [G|2,G 3] and I is the identity matrix. We thus
obtain the following condition

dgo (k3 — k) dgs (k3 —k3)
<E ) ‘R°> (2% ) ‘RO)

_ dg2dgs (kaks)?
dM2 du3 <k2> <k3>

(7.12)

where (k) is the first moment of the degree distribution (and similarly for other quantities)
and each derivative is evaluated at the point u; = 1. Each bracket on the left hand side can
be used to investigate if a GC occurs among the edges of a given topology; or, the entire
expression can be used to determine of the entire network is connected, irrespective of the
edge-type, see plot (A) in Fig 7.2. It is clear from this plot that clustering increases the
interval T € [T, 1] by the reduced epidemic threshold, allowing a finite-sized epidemic at
lower transmissibilities.

Newman [49] found that the RG also experiences a phase transition due to the avail-
ability of vertices that are not within the GC as a function of 7. In the case of clustered
networks, we find the condition to be given by

ohy (k3 —ky) ohz (k3 —k3)
(a_vz ) ‘R°> (za_vz ) ‘RO)

_0hy dhy (koks)?
— T 0vy 93 (ko) (k3)

(7.13)

The derivatives are evaluated at the point v; = 1; however we must find the point (7, )
that satisfies this where the coexistence threshold, T*, signifies the emergence of a GC
among the tree-like edges of the RG was derived previously by Newman [49].

As with the first strain, the presence of a GC of the second pathogen among only the
tree-like or the triangle edges can be found by examining each bracket on the left hand
side of Eq 7.13. The emergence of a GC among the entire RG is found using the entire
expression, according to plot (B) in Fig 7.2. Setting 7; = 1, we find

Oy, h2 | b (7.14)

V2=1 -
and hence the coexistence threshold among tree-like components is

*

TF—_ 2
Gia(uz) —1

(7.15)

The coexistence threshold for the emergence of a GC among the triangles is slightly harder
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to solve. Again, with 7, = 1, we find

o3| =2u3+2u3(1—uz)(1—-T)(1—1T?) (7.16)

V3=
For brevity, we use the notation k = (k3 — k3)/(k3) and hence we arrive at an equation just
inT

2xG15(1,(83)%) — 1
2KG13(1,(83)*)(1 = G 3(1,(85)%))

where we have used Eq 7.2 to solve for u3 given T in the absence of tree-like edges.

From plot (B) in Fig 7.2, it is clear that the interval [0, Tl*], which defines the transmis-
sibility range within which strain-2 can exist on the network, is reduced as 7* decreases as
a function of increasing C. Comparison of plots (A) and (B) indicates that while both 7
and T* fall with C, the interval [T, T*|, which defines the coexistence of each strain on
the network, also is reduced, since, T* falls faster than 7. This indicates that clustering
reduces the total fraction of the population affected at any given T'; decreasing the range
of values of T at which strain-2 can coexist with strain-1 present; and finally, decreasing
the largest value of T at which strain-2 is found in the network, squeezing it to a smaller
region of the model’s phase space.

(T*) = (T")* - T* + —0 (7.17)

7.1.4 Cross-immune epidemics on multilayer networks

We will now apply the 2-strain model to clustered multilayer networks that exhibit modu-
larity [56, 33]. For simplicity, we consider a 2-layer system comprised of tree-like edges
in the first (orange) layer and triangle edges in the second (green) layer. In this example,
the two layers are sparsely connected via interlayer tree-like edges; however, this is not a
requirement, see Fig 7.4. Modular networks can be used to represent the different social
contact structures that individuals might experience. For instance, a given family might
have different contact topologies for schools, workplaces or social settings; each unique
setting being represented by a distinct layer.

The multilayer model is an extension of the previous model; strain-2 spreading over the
RG created by the GC of the bilayer networked system. Representing interlayer tree-like
edges that an orange (green) vertex has as 1 g (Lgo), the vector of permissible topologies
is given by T, = { Lo, Log} for the orange layer and T, = {A,, Lgo} for the green layer,
respectively, where A, represents a triangle in the green layer. Following [30, 33], each
layer has its own G ; (z) equation, and each element of the topology vectors has its own
G| 1 1(z) equation also, where A € {o,g} is a layer index.

As a numerical example consider the case where all edge topologies follow a Poisson
distribution such that the number of 7 edges is 1; then

ne e <nJ_> nL.og e_<nl.og>
Por(1L,M 1L 0g) = <m>m' <m’°g>m , (7.18)
! og!

and
<,7A>mef<m> <myg0>m.goe—<m.go>

nA! nJ_,go!

Per(Mas N1 o0g) = (7.19)
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Figure 7.4: An example of the multilayer network used to in the numerical example. The
green layer consists solely of triangles while the orange layer is tree-like. Each layer is
connected via a few tree-like edges to allow the GC to span the network.

The expected outbreak size of the first epidemic on the orange layer is then

Sy =1 — 81 (M) =1) g8 Log (M1 0g)—1) (7.20)

while the green layer has

Sy = 1 — e8alMa)=1) g8 Lol 0) 1) (7.21)

The g; equations for each are given by Eqs 7.3 and 7.4 for the intralayer tree-like and
triangle edges, respectively. The interlayer tree-like connections have a subtle symmetry
breaking depending on which layer we consider the focal vertex to belong to. We define

gJ_,og(”J_,go; T) = U] go + (1 - uL,go)(l - T) (7.22)

and
gLng(uLog; T) =U] og + (1 — I/lJ_70g)(1 — T) (723)

since, each focal vertex depends on the other end being uninfected. Each u; is then the
solution to a self-consistent equation according to Eq 7.2.
The outbreak of the second epidemic follows from section 7.1.1 and in the Poisson

case is
Syo=1— Mt (M) =1L og((NL0g)=1) (7.24)

while the green layer has

S2 o= 1— ehA(<nA>_l)ehL,g0(<ni,g0>_l) (725)
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Figure 7.5: The expected epidemic size of each strain on a Poisson distributed clustered
multilayer network with 2-layers (see Fig 7.4). In this experiment, the orange layer has a
clustering coefficient of C = 0 while the green layer is set to C = 1/3. Interlayer tree-like
edges have been added to allow the GC to span the entire network. Scatter points indicate
experimental results of bond percolation on a network of size N = 20000 with 25 repeats.
Solid lines represent the theoretical predictions of Egs. Also plotted is the SLCC and the
SLRCC, peaks in which indicate a phase transition. From this plot we can see that peaks in
the SLCC and the SLRCC do not align with each other, their separation defines the region
of coexistence of both strains.
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We examine this system in Fig 7.5. The network is constructed such that the clustering
coefficient of the green layer is C = 1/3 with mean degree (ky) = 6 while the orange
layer is C = 0 with mean tree-like degree (k; ) = 3.3; a small number of interlayer edges
were then added to connect the layers. In our experiment, the green-layer undergoes its
phase transition at a lower T than the orange layer due to its clustering. This causes the
outbreak fraction of the first strain to show a double 2nd-order transition [9, 33]. We
confirm the presence of a phase transition by plotting the experimental second largest
connected component (SLCC), peaks in which indicate a critical point.

Due to the different connectivity of each layer, the RG also experiences two critical
points. We confirm this by plotting the second largest residual connected component
(SLRCC), peaks in which indicate the presence of a phase transition in the residual
network. The difference between the first peak in the SLCC and the last peak in the
SLRCC defines the transmissibility range that allows coexistence of each strain in the
network.

7.1.5 A model of the SLCC

In this section, we investigate how the two-pathogen model can be used to indicate the
expected size of the second largest connected component (SLCC) for tree-like networks.
We make the assumption that the giant connected component of the residual graph of a
network that has undergone bond percolation (GRCC) is isomorphic to the SLCC. The
model is based on [49] which studies the competition between two pathogens and can be
adapted to the clustered model in this chapter by simply setting 7> = 77. In other words,
the SLCC from the first percolation is assumed to have an equivalent structure to the GCC
that can be formed from the RG (the GRCC), when the second strain percolates with
occupancy equal to the first strain.

Let the probability that a neighbour is not connected to the GCC be u. Now, let v be
the probability that the neighbour was not in the SLCC, given that it was not in the GCC.

We can generate a self-consistent expression for both u and v with the introduction of
two generating functions

Go(x) =Y p(k)x*,  Gi(x) =Y q(k)x* (7.26)
k k

where p(k) and g(k) are the degree distribution and the excess degree distributions, respec-
tively. It is well-known that we can write u = G| (1 — T +uT), finding a fixed point in
u € [0,1]. The fraction of the network occupied by the GCC is then

GCC =1-Go(1 =T +uT) (7.27)

Let us consider a vertex of degree k. The probability that: a fraction m, of the
neighbours are not in either the SLCC or the GCC is [uv]™; that [ — m of the k vertices are
not in the GCC, but are in the SLCC, but that they fail to attach the focal vertex to the
SLCC s [u(1 —v)(1—T)])'=™, and that there are k — [ neighbours in the GCC is

P(SLCC | not in GCC) = (ll‘) (;) [wv]™[u(1 —v)(1 =T]™[(1 —u)(1 = T)]*! (7.28)
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Figure 7.6: Theoretical curves of the GCC and the SLCC from Eqs 7.27 and 7.30, re-
spectively, as well as the critical point (dashed) for Poisson networks with (k) = 2.25.

Now, u is the solution to u = G (1 — T 4+ uT), whilst v is the solution of

Giw+u(l—v)(1-T)+(1—u)(1-T)
Gi(1—T+uT)

(7.29)

V=

The size of the SLCC is then given by

SLCC = Go(1 =T +uT) — Go(uv +u(1 —v)(1 = T) + (1 —u)(1 = T) (7.30)
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Figure 7.7: Plotted are the theoretical SLCC and the experimental SLCC fractions. The
network is a a 2-layer network consisting of independent and triangular clustered edges
according to the model in section 7.1.4. Percolation on this network was found to exhibit
two critical points, corresponding to the emergence of a GCC on each layer. We see that
the theoretical model correctly predicts two peaks in the SLCC. However, the theoretical
line is noisy and not aligned with experiment.

7.2 Perfect coinfection

In this section we extend the model by Newman and Ferrario [53] to the realm of clustered
networks. In a coinfection model, an epidemic occurs over a substrate graph. One
equilibrium has been attained, the GCC created by the first process (if one is present) is
then percolated a second time. In this paradigm, infection with the first strain is paramount
for infection by the second. We examine the effects of clustering on the critical points as
well as the outbreak sizes of coinfecting epidemics.

7.2.1 Strain-1

Once the dynamics of the first pathogen have run their course over the network, the vertices
have either been infected or remain uninfected; a binary state equilibrium. To study an
infected vertex in the GCC of strain-1, we must examine all the permissible final states
that could surround the vertex through each edge type and assign a probability to each
one. We can then sum the combinations of each state by creating a generating function
that encapsulates the total probability of finding a particular infected vertex with a given
final-state neighbour distribution. In this way, we use the local environment of the vertex
to average over all possible neighbour states, weighted by the degree distribution, and then
build a macroscopic description of the percolation properties of the entire network. To do
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Figure 7.8: A conceptualisation of the coinfection model. A substrate network undergoes
bond percolation to create a GCC and an RG. In the coinfection model, the GCC is then
percolated further by a second bond percolation process to create an embedded GCC (blue).
Vertices that were not in the GCC of the first process cannot be included in the GCC of the
second process.
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Figure 7.9: The tree-like edge topologies found in the GCC following the first strain and
their probabilities with u | = u.

this we must find the probability that the infected vertex transmitted or failed to transmit
its infection to a neighbour during the dynamics of strain-1 through each topological
edge-type. We do this first for tree-like edges as they are simpler than triangles and we
note that a similar formula was found by Newman et al [53].

Assuming that the focal vertex is infected, there are three kinds of tree-like neighbours
we can expect after strain-1: uninfected, infected (not by the focal vertex) and infected
(by the focal vertex directly) according to Fig 7.9. Defining u; to be the probability that
the neighbour found by following a tree-like edge was uninfected, the probability that
it doesn’t then become infected by the focal vertex is 1 — 7. The probability that the
neighbour was infected by vertices other than the focal vertex is simply 1 — u,. Finally,
vertices that were uninfected by their other neighbours can be infected directly by the focal
vertex with probability u; 7.

Therefore, an infected vertex with s tree-like neighbours, of which / remain uninfected,
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m are infected by their neighbours (other than the focal vertex) and m’' = s — [ — m are
infected directly by the focal vertex, occurs with the following probability

fa(usTh) = C) ux(1—T1)]] (S;l)

X [1 — uz]m[ule]s_l_m
X [1—=(1=T1)"] (7.31)

The terminal bracket accounts for the probability that one of the m neighbours must
have infected the focal vertex. This is expressed as one minus the probability that all m
neighbours fail to infect it, each failure occurring with probability 1 — 77.

The corresponding equation for triangles, f32(u3; T1) is a more involved calculation
which we now examine. Defining u3 to be the probability that a vertex involved in a
triangle is uninfected, there are six basis triangles to consider following strain-1, see Fig
7.10.

uA(,\'_'/)uA 1—uy . 1—uA
A
1-Ty 1-T, 1-T; 1-T

1-T,%
Up up 1-uy /,\‘ U
D

T T 1-T, 1-T,
_ 1-T,%

Up (\7\ uy 1—uy Up

E
1-T; T, 1-T, T,

Figure 7.10: The 3-cycle edge-topologies found in the GCC following the first strain
and their probabilities with u| = u, and up = u3. vertex colours and patters are defined
according to Fig 7.9. Triangles D, E and F consist of inhomogeneous neighbour-states and
hence, due to the symmetry of the shape, their reflection about a vertical axis bisecting the
focal vertex can also occur with equal probability. The curved arrows in triangles D and F
indicate the additional pathway through the cycle that the infected neighbour could infect
the focal vertex.

We will now discuss each triangle in turn from Fig 7.10. Triangle A assumes that both
neighbours are uninfected, each with probability u3(1 — 7). Triangle B assumes that each
neighbour is infected by means other than the focal vertex, each occur with probability
1 —u3. Similarly to the tree-like edge-topology, the focal vertex infects a neighbour with
probability u377, this occurs twice in triangle C. The remaining triangles D,E and F can
also be formed by swapping each neighbour with equal probability of occurrence, hence,
these configurations contribute twice to the neighbour-state distribution.

With these considerations in mind, the probability that a focal vertex involved in ¢
triangles having precisely a of type A, b of type B (an so on) is
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fi(uz:Ty) = (;) 3 (1 —Ty)]* (t_ba> [ — us]?® (f —Z—b) usTy | (l —a;b - c)

x 2u3(1 —3)(1 —Tl)]d(t_“_’z_c_d) 22Ty (1 - Ty)]¢

> [21/!3(1 . u3)Tl]t—a—b—c—d—e[1 - (1 _ Tl)2b+d+6(1 o T12)d+e] (1.32)

The terminal bracket accounts for the total probability that one of the infected neigh-
bours (other than those the focal vertex infected) actually managed to transmit the infection
to the focal vertex in the first place. This probability is constructed as one minus the
probability that all the previously infected vertices failed to transmit their infection. Trans-
mission can fail to occur in two ways in the 3-cycle: either directly with probability 1 — 77,
or around the cycle in the special case that the adjoining neighbour was initially uninfected,
which occurs with probability 1 — le. Both methods are highlighted in red in Fig 7.10.
Cycle B has two direct edges and cycles D and E are free to transmit around the outer
skeleton of the triangle prior to the infection of the focal vertex.

Due to the terminal brackets in Eqs 7.31 and 7.32, the generating functions consist
of two terms, the first considers all of the infections that all infected vertices create and
amounts to unity, while the second subtracts those that were not part of the GCC or
analogously the major outbreak of the strain due to the failure of the indirectly infected
neighbours to infect the focal vertex.

To construct the generating functions we must insert both f; and f% into Go(x,y) and
sum over each index

co oo

Hy(%) = Z Z p(s,t)fszﬁxi_l_mxgxﬁxglxgx%_d_e (7.33)
s=01=0

with A =7 —a— b — c. Applying the binomial theorem we obtain

Hy(%) = Go(up (1 —T) + (1 — uz)xy + uaTyxa, u3 (1 — T1) + (1 — u3)?x3 + (us3 1) x4
+2u3(1 —T7)(1 —uz)xs + 2uz(1 — Ty )usTyxe + 2(1 — u3)uzTyx7)
—Go(ua(1=T7) + (1 —up) (1 = Ty )xy + uaTyxa, u3 (1 — T1)?

+ (1 —u3) (1 =T1))2x3 + (usT1)2xg + 2u3(1 — T1)* (1 — uz) (1 — T¢)xs

+2u3(1 — Ty )usTyxg +2(1 — u3)us T (1 — Ty) (1 — T )x7) (7.34)
We will also define Hj ; as the tautological analogue of Eq 7.34; however, in this case the
Gy generating function is replaced by G ;. Each u; value then satisfies a self-consistent

equation given by
I/tf:.ll,f()_c‘), )_C):{l,...,l} (7.35)

where

Jl,f(f) = Gm(uz(l — Tl) + (1 —uz)(l — Tl)xl —I—ulexz,u%(l — Tl)z
+ ((1 —u3)(1 —T1>)2X3 + (u3T1)ZX4+2u3(1 —T1)2(1 —u3)(1 —le)xs
+2u3(1 — T )usTyxe +2(1 — u3)usTy (1 — T1) (1 — T2)x7) (7.36)

which is the argument of the second bracket of Eq 7.34. The outbreak size of the first
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pathogen, S;, can be generated by the following expression

Sl[uz,u3;T1] = H()()_C»)7 {x =1, Wxe )?} (7.37)

7.2.2 Strain-2

When the second pathogen emerges on the network, the immunological landscape it
experiences consists of vertices that became infected by the first disease and vertices that
remained uninfected. An additional consideration is the infection history of each infected
neighbour; they could have received the disease from the focal vertex itself or via other
vertices they are connected to. To retain this important epidemiological information, it
is necessary to define multiple probabilities, v, of not becoming infected by the second
disease for each scenario present in the GCC following the first pathogen. In other words,
there is a v; value for each distinct vertex-site in Figs 7.9 and 7.10 that include disease-1
infected vertices. This is in analogy to the analysis in section 7.2.1 that defined a u; value
for each subgraph that the first strain is incident upon in the contact network. In more
detail, cycles B, C and F retain their triangle topology in the GCC of strain-1; cycles
D and E have become fractured by strain-1 and hence spread strain-2 as if they were in
fact trees; finally, the two neighbours in cycle A do not allow the proliferation of strain-2
under the limit of perfect coinfection because they both remain susceptible following the
first epidemic. Given the topologies above, we determine that there are eight distinct
vertex-sites and hence eight v Values required to define the second pathogen. These
include: two tree-like values vA and v2 for the externally— and directly-infected neighbours
in Fig 7.9, respectively; along w1th Ve, v3 , v3 , v3 and v 'and v3 2 for each triangle in Fig
7.10 that has neighbours in the GCC of disease-1. Cycle F contains two infected vertices;
however, their infection histories are non-equivalent, each requiring a unique description.

The probability, S», that the focal vertex does not contract disease-2, given that it had
contracted disease-1 is the found to be

Ho(g(v3),8(v5), > (v5), h*(+5),
g(v9), g(v5), P (V! vi2)) /81 (7.38)

where g(v) = v+ (1 —v)(1 —Tp) is the probability that a single edge fails to transmit
disease-2; and

hZ("mvb) =8(va)g(vp)
— (Va+vp—2vavp) TF (1 — T) (7.39)

with the notation convention that 42 (v,v) := h*(v), is the probability that infection fails
when a vertex belongs to a triangle. The interpretation of Eq 7.38 is that the first bracket
calculates the spreading of the second disease over the infected subgraph from which we
then subtract those contributions that were not part of the GCC, or the major outbreak, of
the network. It remains now to compute the 8 probabilities v¥ defined above. The recipe
for these is quite straightforward: we compute the probability that each site fails to infect
the focal vertex with disease-2, given that the focal vertex did indeed have disease-1. The
H, (X) generating function can then be used to derive some of the probabilities that a
neighbouring vertex belonging to a given site fails to infect the focal vertex. Within these
8 scenario probabilities, we must correctly normalise by the probability of obtaining a
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Figure 7.11: The outbreak fractions for the 2-strain coinfection model on doubly Poisson
random graphs with 7, = 0.6, N = 25000, for varying clustering coefficients and fixed
overall mean degree (s) +2(t) = (k) to be (k) = 2. It is clear that clustering reduces
the epidemic thresholds of both diseases and reduces the outbreak size of the first strain;
however, it increases the coinfected fraction of the network. Scatter points are the average
of 500 repeats of Monte Carlo simulation while solid lines are the theoretical predictions
from Eqs 7.37 and 7.38.

particular site as well as multiplying by the probability that the focal vertex did or did not
infect it. We find that

vy = Hia(8(v4),8(v3),h*(V8), i (45),
(%)) 12 (v3',v3%)) /(1 — 2) (7.40a)

=J12(8(%),8(v8),n*(v5), h* (+5),
g(V),8(v), i (Vi1 vi?)) Jua (7.40b)

vy = Hy3(8(v3),8(v5),n*(v5), h* (v5),
g(v8),g(v5), 2 (vy' Vi) /(1 —u3) (7.40c)
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V§ =J13(8(1),8(v5), B> (V5), h* (v5),
g(v8),g(v§), (v Wi%)) Jus (7.40d)

V8 = Hi3(8(v2),8(v5), h* (v5), i (¥5),

2
g(v8),g(v5), P2 (vy Vi) /(1 — u3) (7.40¢)

vy =J13(80),8(v5), > (), hz(%)
g(v3 ) g(v3 ) (V3 7V3 ?))/u3 (7.40f)

vyt = Hi3(g(4),8(v3), h* (v8), i* (%),
(%), 805), 1 (v3',v3%)) /(1 — u3) (7.40g)

V2 = J13(2(4),8(V8), 2 (VE), 2 (+5),
g(v9),8(vE), K (Vi vi2)) Jus (7.40h)

The complete prescription for solving the system of equations then involves: solving for
the outbreak size of the disease-1 using Eqs 7.36 and 7.37 before solving the simultaneous
system of Eqs 7.40a to 7.40h to find the v-values and finally using Eq 7.38 to find S,. The
fraction of the network that then contracts both diseases is then given by S;(1 —S3).

7.2.3 Numerical results

In this section we consider the coinfection model for two random graph ensembles. In
each scenario, the model is compared with Monte Carlo simulation. The details of the
simulation is as follows: a substrate network undergoes bond percolation at a given bond
occupation probability 77. The GCC is then percolated at a second occupation probability
T, which represents the coinfected sub-population.

An example of the 2-strain model is shown in Fig 7.11 for networks with fixed mean
degree (k) = (s)+2(t) = 2. In the limit of large network sizes, the joint degree distribution
is given by the double Poisson distribution

p(s,t) = e <S>Se_<t><t—>l (7.41)

In this instance, the generating functions Go(x,y) = Gy 1 (x,y) = G a(x,y) := G(x,y) and
we can write
G(x,y) = e<S>(X*1)e<l>(y*1) (7.42)

The clustering coefficient for these graphs is then found to be

2(t)

= —2<t> i (7.43)

We can use this expression to determine the tree degree and the average number of triangles
per vertex for a fixed average degree, (k), along with (k) = (s) +2(¢t). We use this
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expression in Fig 7.12 to numerically investigate the epidemic thresholds of the two strains
as a function of increasing clustering coefficient. An outbreak is considered to be an
epidemic if the fraction of the network infected, S(71), is larger than € = 1 X 1073, and
hence, we can use Eqs 7.37 and 7.38 to approximate the epidemic threshold of each strain
to sufficient accuracy. It is clear that increased clustering coefficients lead to a broadening
of the region of the model’s parameter space which can sustain coinfection at the increasing
expense of the single strain equilibrium.
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Figure 7.12: An analytical investigation of the critical transmissibilities of both strains
for increasing clustering coefficients for the doubly Poisson networks defined in Fig 7.11.
The curves are generated from Eqs 7.37 and 7.38 at the value of T in which the outbreak
fraction becomes large than €. The critical points reduce as C increases, indicating that
contact clustering helps to spread an emergent epidemic. The interval [T}",7,] is the
transmissibility window in which strain-1 exists as an epidemic on the network without
strain-2. We observe that increased clustering reduces the interval and thus increases the
extent of coinfection in this model, at the expense of the mono-infection equilibrium. We
note, however, that clustering can never reduce the coinfection critical point below the
single strain threshold due to the strict conditions of perfect coinfection in the premise of
the model.

The double Poisson model can display the properties of clustering as well as afford
an exact solution. However, it is known that the distributions of contacts in many social
networks are not well represented by the double Poisson distribution; instead, they often
follow a power law. Further, whilst the average degree of Poisson networks can be fixed,
the degree correlations are known to change with increasing C, which has been the subject
of much research [40, 23, 20]. In this section, we investigate another clustering model
that is more representative of real-world social networks as well as holding the degree
correlations steady as we vary the clustering coefficient.
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We propose a realistic model of human contact networks with tunable clustering based
on Newman [46] and Hackett er alia [22, 20]. Contact networks often follow a scale-
free (SF) distribution and of particular importance is the SF degree distribution, pStC(k),
whose maximum degree is curtailed by an exponential degree cut-off (SFC) [10]. Such a
distribution is given by

pSFC(k) = ck~%e /¥ (7.44)

where 2 < a0 < 3 is the power law exponent, kK € Z is the degree cut-off and c is a
normalisation constant. In order to extend this degree distribution to the tree-triangle
model, it is necessary to decompose the degree of a vertex, k, into tree-like and triangle
contributions. We achieve this by introducing 0 as the probability that a given vertex is a
member of precisely ¢ triangles. Thus, the clustered human contact network (CHCN) has
tree-like and triangle degrees distributed according to

k/2]
PN ) =) ) <kazj) 6'(1—6)/2 (7.45)
t=0

where || is the floor function. The normalisation constant can be found from the condition

[e ]

Y pH Nk =1 (7.46)
k=0

Configuration model networks generated using this distribution have an identical distribu-
tion of overall degrees; however, their tree-like and triangle decompositions are modulated
through 6. For high 0 values, the heavy tail of the distribution is able to introduce a
significant amount of clustering into the network. We observe the percolation properties of
the model for increasing 0 in the top plot of Fig 7.13. We find that clustering reduces the
epidemic threshold of both strains and, in contrast to the double Poisson model, reduces
the amount of coinfection in the network. Whilst CHCN networks have identical overall
degrees, there is no control of the degree assortativity across the different experiments,
however. Further, when the degree cut-off is large, we expect minimal assortativity, es-
pecially among the numerous low-degree sites. To examine the effect of assortativity on
these results, we propose a use the degree-6 model [40] to the distribution to allow control
of the degree correlations. The degree distribution is given by

{pCHCN<k>6k,sat,o k+#3

CHCN,6 (k)
PN (k) 8,161 k=3

(7.47)

P

In other words, vertices in the network are not clustered unless their overall degree is
k = 3, in which case, they are involved in exactly one triangle and one independent edge.
This distribution forces the clustering to remain among the low-degree vertices towards
the periphery of the network and thus, we expect clustering to be positively assorted. We
examine this degree distribution in the bottom plot of Fig 7.13 for a lower degree cut-off
and find, in agreement with [40, 20, 23], and in contrast to the results from Eq 7.45, that
clustering increases the epidemic threshold of both strains.
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Figure 7.13: (Top) The outbreak fractions of both strains for increasing triangle proba-
bilities within the CHCN degree distribution defined in Eq 7.45. Clustering reduces the
epidemic threshold, in agreement with Poisson graph experiments; however, coinfection
decreases with increasing 6. (Bottom) The expected epidemic sizes of both strains for a
pCHEN(k) network with 8 = 0.0 and a degree-§ CHCN distribution network defined by Eq
7.47. Clustering increases the epidemic threshold in this model. Markers are the average
of 100 repetitions of bond percolation on CHCN networks with N = 10,000 vertices and
T, =0.6.

7.3 Partial immunity

In the previous section we extended Newman’s work on temporally separated, two strain
epidemics that are constrained to spread on either the RG [49] or the GCC [53] created by
the preceding epidemic, on tree-like networks to the clustered network GCM paradigm
[31, 34]. We then investigated the role that clustering plays on the epidemic properties,
such as the critical points of the model and the size of the GCC. There are many avenues
that we could explore from this starting point including: the effect of the presence of
other subgraphs, such as cliques or chordless cycles; subsequent percolation events (which
we do in chapter 8) or perhaps the most important generalisation, the relaxation of the
strict conditions that the subsequent process is forced to spread under. In other words, a
model in which the proliferation of the second disease is only modulated in some manner
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(either competitively or cooperatively), but the infection state of a vertex is not a hard
constraint on catching the second disease or not. Such a model is a partial interaction
model; which we colloquially simplify to a partial immunity model despite this implying
only competition [34]. The model is conceptualised in Fig 7.14 and is the subject of this
chapter.

- =)

Substrate graph 1st percolation Partial immunity

Figure 7.14: A conceptualisation of the partial immunity model. A substrate network
undergoes bond percolation to create a GCC and an RG. In the partial immunity model,
the entire network is then percolated further by a second bond percolation process to
create its own GCC. All vertices in the network, despite their residence following the first
percolation process, can be included in the GCC of the second process. Vertices that were
in the GCC (RG) of the first process and are present in the GCC of the second process are
coloured blue (green).

The defining feature of the partial immunity model lies in the discussion from section
2.6 regarding the different interpretations of g>. Chapter 3.4, on the complement solution,
also hints at this by writing the probability of belonging to the GCC in full rather than
using the mutually exclusive “1 minus” approach.

Consider the neighbourhood of the two vertices that we might choose from the equi-
librium of the first disease in a clustered network. Across both focal vertices, we observe
14 different motifs that could surround a pair of vertices chosen at random. Among these,
there are 18 different neighbour states with unique infection histories comprised from three
basis states of neighbour vertex: uninfected (green), infected externally (grey) and infected
directly (blue). For example, consider the infected focal vertex (red) in Figure 7.15. There
are 9 different motifs [F-N] that could potentially surround the focal vertex. Counting each
tree-like neighbour and each vertex within a triangle (excluding the focal vertex itself) that
is not related by symmetry to its neighbour, there are 12 different neighbouring sites; each
site is occupied by one of three infection states: uninfected (green), externally infected
(grey) and directly infected (blue).

7.3.1 Uninfected vertex description

The local environment of a vertex in the RG created by the first strain is considered here
[35]. This accounts for all motifs that have the yellow focal vertex in Figure 7.15. The
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Figure 7.15: The 14 motifs that surround both focal vertices in the percolation model.
In each case the lowest vertex in the motif is the focal vertex; of which there are two
considerations, uninfected (yellow) and infected (red). There are three states a neighbouring
vertex could be in: uninfected (green), infected externally (grey) and infected directly
(blue), although the latter only occurs when the focal vertex is infected. Motifs [A-C] are
the triangle motifs surrounding an uninfected focal vertex; D and E are the two types of
tree-like edges. Motifs [F-H] are the tree-like edges that could surround an infected focal
vertex and finally, motifs [I-N] are the triangles that an infected focal vertex can belong
to. Among these motifs, there are 18 unique vertex-sites in total. Symmetric triangles
(about a vertical axis bisecting the focal vertex) only contribute one site-type, whilst mixed
triangles contribute two site-types and tree-like edges contribute one site-type each. The
numbering convention for mixed triangles always proceed from left to right; for instance,
in the mixed state triangle B the uninfected neighbour is B1 whilst the infected neighbour
is B2. Also, we do not have to include the mirror image of mixed triangles, since, they
occur with equal probability.

generating function for the probability of choosing an uninfected focal vertex (yellow)
from the network, puninfected = Fo(X), is

Fo(X) =Go(uax1 + (1 —up) (1 —T7)xp, (u3x3)2 + (1 —u3)(1— Tl)X4)2
+2u3(1 —u3) (1 —T7) (1 — T?)xs) (7.48)

where u3 is the probability that a neighbour vertex in a triangle is uninfected. The vector
X = {x1,...,x5} has 5 dimensions, one for each of the 5 motifs that could surround the
uninfected focal vertex. We define two additional generating functions Fj > (¥) and Fj 3(X)
by replacing Go(X) in Eq (7.48) with Gy »(X) and G 3(X), respectively. Eq (7.48) can be
used to generate the size of the GCC of strain 1 according to the following self-consistent
set of equations

uy =F 5(1) (7.49)

us3 :F1’3 (T) (750)

followed by S| = 1 — Fy(1).
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7.3.2 Infected vertex description

The local environment of a vertex in the GCC created by the first strain is presented here
[31]. The generating function, pinfected = Ho (), for picking an (externally) infected focal
vertex (red) from the network that is part of the GCC is given by

Ho(¥) = Go(ua(1 = T)y1 + (1 —w2)y2 +uaTiys, (us(1 = T1))*ya+ (1 —u3)’ys + (u3T1)?ys
+2u3(1 = T1)(1 —u3)y7 +2u3(1 — Ty )usTrys +2(1 — uz)uzTiyo)
— Go(ua(1=Ty)y1 + (1 —u2) (1 = T))y2 + us Ty, (uz(1 = T1)) s
+ (1 —u3)(1=T1))%ys + (u3T1)?ye
+2u3(1—T1)*(1 —u3) (1 — T7)y7 +2u3(1 — T1 )usTyys
+2(1 —u3)usTi (1= Ty ) (1= T7)yo) (7.51)

We will also define H; »(¥) and H; 3(¥) by replacing Go(¥) by G 2(¥) and Gy 3(¥), respec-
tively. Additionally, we generate a description of the directly infected neighbour state
(blue) as

J1.2(%) = G (ua(1 = T)y1 + (1 —u2) (1 = T1)y2 + uaTiy3, (u3(1 —T1) )4
+ (1= u3)(1=T1))?ys + (u3Th)?y6 + 2u3(1 = T )*(1 — u3) (1 = T{ )ys
+2u3(1 = Ty)usTiys +2(1 — u3)us Ty (1= T1) (1 — T)yo) (7.52)

The size of the GCC of strain 1 can be found by solving

uy =J1 (1) (7.53a)
uz =J1 3(1) (7.53b)

and then S| = Ho(1). In relation to the uninfected vertex description we have that Fy ;(1) =

J1.(1) and that Hy(T) = 1 — Fy(1). Thus, the full description of the binary state equilibrium
following bond percolation is given by the relation

1= Fy(T) + Go(T) (7.54)

This expression constitutes a novel way, to our knowledge, of using the generating function
formulation and it is this key equation that allows us to create the partial immunity model.
This concept has been developed earlier in chapter 3.4, where the connections to the GCC
were written explicitly in that case.

7.3.3 Strain 2

We have seen above how the GCC of the first strain can be obtained from either description
of members of the percolation equilibrium: an uninfected vertex in the RG or an infected
vertex in the GCC. To calculate the outbreak size of strain 2, we proceed as follows. For
each of the 18 possible neighbouring vertex states, we must introduce a probability that
infection with strain 2 does not occur through this channel by some means. Therefore,
we introduce 18 distinct probabilities that a neighbour of a given state fails to infect a
given focal vertex with strain 2. Although arbitrary, we choose different symbols for these
probabilities depending on whether the neighbour state surrounds an uninfected vertex or
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an infected vertex. We will see in a moment that subsets of the 18 sites are generated by
the same expressions, and as such, the dimensionality of the model can be significantly
reduced. However, we proceed in full for the moment.

There are 6 unique states that surround an uninfected focal vertex and thus, we define
a set of 6 probabilities, {w}, that each hold the value of not becoming infected by strain
2 from one of these states. Specifically, there are 4 triangle neighbours and 2 tree-like

neighbours so
{W} {WA W3 ,W3 7wngz 7W2} (755)

Similarly, there are 12 states surrounding the vertex in the GCC and so we introduce a
set, {v}, that holds the values of the probabilities of not becoming infected with strain 2
from these states. Specifically, there are three states reached by tree-like edges and 9 states
within the triangle motifs. Hence,

H J Ll L2 Ml
{v}={v »Vz V2 7V37V3»V3 V3 V3, V3,

R A ERVARY (7.56)

We next need to write self-consistent expressions for each of the values in {w} and {v}.
Before we do this, we define two functions that express the probability of transmission
failing through a tree-like edge, g(v,T) =v+ (1 —v)(1 —T), and a triangle motif

h(vl.L7vV>TLL7TV) = g(vua T,ll>g(vV7TV)
—vu(1—=w)(1 =TT, Ty
—vw(l=vy)(1 =TT, Ty (7.57)

with the convention that i(vy, vy, Ty, Ty) = h(vy, Ty ). We will insert these functions into
the X and y vectors in the arguments of the generating functions; each insertion describing
the probability that strain 2 isn’t contracted from a particular motif. The probability of not
getting infected by strain 2 from the uninfected neighbour at the end of a tree-like edge is

wh = Fi/uy (7.58a)

The probability of not contracting strain 2 from the infected neighbour at the end of a
tree-like edge is

w§ = Hyo/(1 —up) (7.58b)

We now turn to the triangle probabilities {w’é, w3 ,wgz, g} The probability that the
uninfected focal vertex doesn’t get strain 2 from the symmetric susceptible site is

wh = Fi3/u3 (7.58¢)

The probability that the symmetric infected site doesn’t transmit to the uninfected focal
vertex is

w§ = Hy3/(1—u3) (7.58d)

The mixed triangle follows. For the uninfected focal vertex, we have the probability of not
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becoming infected with strain 2 from an uninfected neighbour as
wil = Fi3/u3 (7.58¢)
Whilst for the infected site we have

wi? = Hy3/(1 —u3) (7.58f)

We now have all of the probabilities that we require to describe the local environment of
the uninfected vertex. We now turn to the description of the infected vertex in the GCC of
strain 1. The three tree-like sites, {v5,v5,vE}, are generated as follows: the uninfected
neighbour

Vi = Fio/un (7.58g)
the externally infected neighbour
VS =Hi /(1 —u) (7.58h)
and the directly infected neighbour
v =J12/ua (7.581)

We now require the 9 triangle values {v4, v}, v& VA1 L2 ML M2 N N2Y The probabil-
ity that an uninfected neighbour fails to transmit strain 2 through a symmetric uninfected
triangle 1 is

v3=Fi3/u3 (7.58j)

The probability that the infected focal vertex in triangles J and K does not contract strain 2
is

v3=H;3/(1—u3) (7.58k)
and
K =015/u3 (7.581)
The mixed triangle L is given by
ViU =Hy 3/(1 —u3) (7.58m)
and
v3 =Fi3/u3 (7.58n)

Triangle M follows as

= F173/u3 (7580)
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and
Vi =J13/us (7.58p)
Finally, triangle N is given by
=H;3/(1—u3) (7.58q)
and
VY2 =J13/us (7.58r)

At this point, we have not yet written the arguments of each generating function, X and y.
It happens, that there are several equivalent expressions among the variables, allowing us
to reduce the dimension of the problem considerably Specifically, we notice the following
redundancies among the relations VIT = L2 = L = Bl = 4 W2 = w§ =0 =01 =

vé, w2 = vg, wé) = v2 , and v3 = v]3v 2 =3 M2 This over prescription affords a reduction n
the number of system variables to only 6 independent variables, one for each of the possible
neighbour vertices: uninfected, externally infected and directly infected for tree-like edges
and triangle motifs, respectively. Therefore, if we write the argument of each generating
function Fi5,Hy»,J12,F13,H;3 and J 3 once, it is known for all occurrences of that
function in the model. Further, we observe that the only difference between Fy 7, H; ; and
Ji,z for 7= 2,3 is the underlying G ; function, not the argument. In other words, the
arguments of F > and F} 3, for instance, are equivalent; we do not distinguish based on
their topology. A final simplification can be achieved by noting that the arguments of J; ;
and H| ; are also equivalent. Therefore, there are only two arguments to write: one for F ¢

and another for Hj ;. These are given by X = (f and y = E where

= {gwh, 1), g(W5. T3), (WA, T2), h(w§, T3) , h(wh' WE, T, T3) } (7.59)
and
g: {g(v§7T2) g(vgvTZI) g(VIj’Té) h(vgvTZ) h<vé7T2/)7h(V§7T2/)vh( V3 7V3 7T2’T2)
< h(AT A2 T, T, h(Vy' V2, T, 1) } (7.60)

which constitute vectors of probabilities that each neighbour site fails to transmit infection
to the focal vertex (or connect it to the GCC). With this in place, we now have an expression
for all of the required probabilities {w} and {v}. The size of the second outbreak over the
network is then found by solving

$» =[Fo(1) +Ho(1)] — [Fo({) + Ho(&)] (7.61)

where [Fy(1) +Ho(1)] = 1. Qualitatively, this expression is 1 minus the probability that a
vertex obtains strain 2 from either uninfected or infected neighbours.
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Figure 7.16: The outbreak fractions for several (T3, 7,) combinations of the model all in
the absence of clustering. From left to right: (A) complete cross-immunity (7,7;) = (1,0)
, (B) partial cross-immunity (7»,7;) = (0.6,0.39) , (C) partial coinfection (73,7;) =
(0.4,0.7) and (D) perfect coinfection (7»,7;) = (0,0.6) . Markers are the average of 50
repeats of bond percolation over CCM networks of size N = 65000, oo = 2.0 and 6 = 0;
square markers are strain 1 whilst circles are strain 2. Solid lines are the theoretical results
of Eq (7.61) for strain 2.

7.3.4 Numerical results

The results of the model under 4 different strain interactions for tree-like networks in the
absence of clustering are shown in Figure 7.16 as Tj is varied. Across the simulations,
the networks are built according to the clustered contact model, (CCM) [31], which is an
example of a configuration model degree distribution with clustering. Power law contact
distributions are typical of those found in real-world social networks [48]. The underlying
degree distribution is given by a power law model with exponential degree cut-off (PLC)

defined as "
k=% k¥
PLC
k)= —F——F— 7.62
where x is the degree cut-off, o € [2,3] is a power law exponent and Li,(z) is the n-th
polylogarithm of z [46]. Each k is then decomposed into tree-degrees, s and triangle

degrees, ¢, according to Gleeson’s method of edge partitioning [18]

[k/2]
pCCM(k) _ pPLC(k) /<Z2 ('.kizj) 91(1 _ Q)Lk/ZJ—I (7.63)
t=0

where | -] is the floor function and 6 € [0, 1] is the probability of a pair of edges belonging
to a triangle.

We simulate bond percolation for both strains numerically using Monte Carlo simu-
lations. Following strain 1, infected vertices are labelled and subsequent infection with
strain 2 occurs with probability 75 for vertices in the RG or T, for vertices in the GCC.

In Figure 7.16a we have 7> = 1 and T, = 0, a perfect cross-immunity model [49] in
which infection with strain 1 prevents infection with strain 2. In Figure 7.16b we relax
this hard limit, with 7> = 0.6 and Tz’ = (.39, to obtain a partially cross-immune interaction
whereby the transmission of strain 2 is reduced for strain 1 infected vertices. For 71 < Tj
we observe the steady-state of strain 2 without competition from strain 1. AtTy =T; . a
GCC in strain 1 emerges and the number of cases of strain 2 drops, but does not vanish;
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in the limit 77 = 1 strain 2 reaches its lowest incidence rate as competition is maximised.
In Figure 7.16¢ we observe a partial coinfection model, with 7> = 0.4 and 7, = 0.7. In
this case, strain 2 is facilitated by the presence of strain 1 in the network; the symbiotic
interaction leading to an increase in the incidence of strain 2 infected vertices. Figure
7.16d shows the hard limit of a perfect coinfection model [53] with 7, = 0 and T2’ =0.6,
strain 2 cannot survive without a GCC of strain 1 present in the network.

With an understanding of the model without clustering, we now examine the case where
0 # 0 for both partial interaction models with ¥k =20, @ =2 and 6 = 0.5, see Figure 7.17.
The epidemic threshold of strain 1 is reduced with clustering, so too is the overall outbreak
size of strain 1 at large 77, compared to unclustered networks. The incidence of strain 2
exhibits dual behaviour over the range of 77. For the partial immunity scenario (Figure
7.17a), with T, = 0.6 and Tz’ = 0.4, clustering reduces the incidence of strain 2 at low 77;
however, it increases it as 71 — 1. Conversely, for partial coinfection (Figure 7.17b), with
T» = 0.4 and T, = 0.7, having lowered the epidemic threshold of strain 1, clustering causes
an increase in the incidence of strain 2 at lower 7} values compared to the unclustered
analogue.

In Figure 7.18 we perform a second experiment using the degree-6 model [40, 20, 31].
We define a distribution in which the degree of vertices involved in triangles is fixed to k =3
and thus (s,7) = (1, 1), whilst all other degrees are given by Eq (7.63) for (s,t) = (k,0).
With the degree-correlations among triangles fixed, the epidemic threshold of the first
strain increases with clustering. The partial cross-immune coupling (Figure 7.18a), with
T> = 0.8 and 7, = 0.65, no longer exhibits a cross-over in expected size of strain 1 and
strain 2; clustering reduces the incidence of strain 2 for all values of 77. Similarly, the
partial coinfection model (Figure 7.18b), with 7; = 0.6 and Tz’ =0.75, exhibits a reduced
incidence of strain 2 compared to the unclustered analogue. As 77 — 1, however, the
coinfection is reduced in the clustered graph compared to the unclustered.

7.4 Chapter summary

In this chapter we have introduced three models of 2-strain sequential epidemics on
clustered networks. The first two are generalisations of Newman'’s prior work to the case of
networks with finite measure clustering. These include the case of perfect cross-immunity
and perfect coinfection, whereby, the second strain spreads solely on the RG or GCC,
respectively. In the third model, we framed these two scenarios as limiting cases of a
spectrum of infection criteria for a vertex to be infected with the second strain. Relaxing
the infection prerequisites for the second epidemic allowed it to spread more readily over
the network, with non-zero probabilities either side of the phase transition of the first strain.
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Figure 7.17: The outbreak fractions for both strains for clustered (Eq 7.63) and unclustered
networks as 7} is varied under two disease couplings: (A) partial cross-immunity (7>, 7, ) =
(0.6,0.4) and (B) partial coinfection (7>, T,) = (0.4,0.7) . Simulations are the average of
50 repeats of bond percolation on networks with N = 35000 and 8 = 0.0, oo = 2.0 and 0.5
for the unclustered and clustered networks, respectively. Solid lines are the theoretical
results of Eqs 7.51 and 7.61. In general, clustering reduces the extent of plural infections
in the network; however, degree assortativity within the contact topology causes a reversal
of this at high (low) values of 77 in A (B).
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Figure 7.18: The outbreak fractions of the degree-0 model with clustering constrained
to low degree assortativity for (A) partial immunity (73,7,) = (0.8,0.65) and (B) partial
coinfection (73,7;) = (0.6,0.75) disease interactions. Simulations are the average of 50
repeats of bond percolation on networks with N = 35000, o« = 2.0; solid lines are the
theoretical results of Eqs 7.51 and 7.61. Clustering reduces the fraction of the network that
becomes infected by both strains for all values of 7.



CHAPTER EIGHT

EPIDEMICS WITH
N-STRAIN VARIANTS

In this chapter we formulate an extension of the epidemic models from the previous chapter
by allowing additional generations of the percolation process to occur on the network.
Specifically, we consider N generations of both the perfect cross-immunity model, which is
manifestly a competitive process, and the perfect coinfection model, which conversely is a
cooperative process. In the competitive process, subsequent percolation events occur on
the RG created by the preceding generations, see fig 8.1 (top). In the cooperative process,
future percolation events can only occur on the GCC created by the previous generations.
We acknowledge that these models can be used to investigate the behaviour of repeated
attacks on networks. For this purpose, we study the response of networks that have Poisson
and scale-free degree distributions by examining the degree distribution and the cumulative
degree distribution of the resulting graph structures. We find that scale-free networks are
more robust than Poisson networks to repeated percolation.

Cross-immunity

— y ’ O 7
) | Coinfection
‘ : ] . o -@
Substrate graph GCcC % -

Figure 8.1: A conceptualisation of the both the cross-immunity (top) and coinfection
(bottom) models with N-strain logic.

Whilst both of these branching processes are destined to burn out due to the exhaustion
of available vertices, an N-strain partial interaction model would continue indefinitely as
all vertices are potential substrates for future infection. We do not treat this case in the

123
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thesis;, however. We also restrict our attention to tree-like networks, rather than graphs
with clustering.

8.1 N-strain cross-immunity

In this section, we define the i-th competitive branching process as successive bond
percolations occurring on the RG created by the i — 1 previous processes fori=1,...,n.
This process has been studied previously using generating functions by Newman and
Karrer when n = 2 [49, 26]. The structure of the RG has also been studied for clustered
and modular networks [35]. From a network science perspective, this model allows us
to study the structure of the RG of sequential bond percolation processes. In particular,
we observe how those sequential processes fracture the RG into isolated components and
study the phase behaviour associated with the sudden inability of the RG to support a
GCC. Within the context of the SIR isomorphism, this model considers the behaviour of n
seasonal strains of a disease (or separate diseases) that confer complete cross immunity to
all subsequent pathogens. The model allows us to study the expected outbreak size of each
generation and the point of natural burn-out due due to the shrinking of the susceptible
sub-population.

8.1.1 Outbreak size

To the i-th process, i = 1,...,n, we assign a bond occupation probability 7; and aim to
calculate the probability that a randomly chosen vertex does not belong to a percolated
component. From this, we can find the mutually exclusive probability that a vertex does
belong to the i-th GCC, A;. To do this, we define the probability that a neighbour of our
randomly selected vertex is not part of the i-th GCC, u;, given that it does not belong
to any of the previous percolated components. Under the SIR isomorphism, 7; is the
transmissibility of the i-th strain and u; is the probability that a neighbour is not thus far
infected.

There are two ways in which an edge emanating from the focal vertex can fail to
connect it to the GCC: firstly, the neighbour could itself be unconnected, the probability of
which by definition is u;. Secondly, the neighbour could be connected, (1 — u;), but the
bond is unoccupied (1 — T;). Therefore, the probability, g;, that an edge fails to connect the
focal vertex to the i-th GCC given that the neighbour does not belong to any other GCC is

8i(Tu;i |RG) =u; + (1 —u;))(1-T;) 8.1

The total probability that a neighbour belongs to the RG of the i-th percolation can
then be found through a set of recursive functions, g; that describe the probability that each
iterative percolation failed to occupy this edge as

gi(T,u)=ui 18+ (1 —u—1)(1-T—1) (8.2)

with uy = 1. A hierarchy of self-consistent equations [45] can be written to sequentially
solve for each u; value
Gi(gi)

wp= U i i (8.3)
i Hjuj
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The size of the i-th GCC (epidemic) is then found by
i—1
Ai = [1Go(g)) — Go(s:) (8.4)
j=1

The total infected fraction of the network is given by A =) ; A;.

1.0 e Strainl PP o L i
Strain 2 ’.:'
0.g1 ¢ Strain3 e
m Strain 4 4 ,
) hod x  Total infected
Strain 5 # 0.95-
0.61 3
Aj
0.4
0.2
0.0

Figure 8.2: The outbreak fractions for five generations of the competitive branching process
as a function of 77. Solid lines are the theoretical results from Eq 8.4 whilst scatter points
are the average of 50 repetitions of bond percolation over a network with N = 35000
vertices. The inset shows the total number of infected vertices.

As an example of Eq 8.4, we can obtain the expected outbreak size of the first epidemic,
n =1, from this system as A} = 1 — Go(g1) where u; = G(g1) and g = u; + (1 —
up)(1 —Ty), [45]. In the case that n = 2 [49], we have Ay = Go(g1) — Go(g2), where
up = G1(g2)/uy and

g =ui (2 + (1 —uz)(1 - 1))
+(1—u)(1-T) (8.5)

Similarly, for n =3 we have Az = Go(g1)Go(g2) — Go(g3) with us = G1(g3)/(uy - uz) and

g3 =u1 (ua(uz + (1 —u3)(1—T3))
+(1—u)(1=T2)) + (1 —up)(1-T) (8.6)
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With these examples, it is hopefully clear how to write further generations of the competi-
tive percolation process.

8.1.2 Ry

The Ry value is defined as the number of new infections caused by an average infected
individual. When Ry < 1, the epidemic fails to infect a significant portion of the network;
the GCC comprises O(1) vertices. When Ry = 1, the probability that an epidemic infects
a macroscopic fraction of the network, O(N), is non-zero. This point is also the critical
point in bond percolation that marks the smallest value of 7' that can form a GCC. Within
our model, there is an Ry ; value and a critical transmissibility for each strain. This critical
point is a function of both the network topology and the transmissibilities of the previous
strains. If the transmissibility of a particular strain is below its critical threshold, it only
infects O(1) vertices before it burns out. Therefore, in the following analysis, we assume
that the transmissibility of each strain is greater than its minimum threshold.

The critical point for the i-th percolation can be found by applying linear stability
analysis around the fixed point u; = 1. This is the point at which the fixed point in u;
bifurcates into two solutions and A; becomes non-zero. Performing this analysis, we find
the following condition

JG(gi) 9&} -
Roi=||uj| ——=— (8.7)
o ljl ’ |: 8gi aui ui=1
where the derivatives are given by
9i _ 7 ﬁ 8.8)
25t 1T u: _
81/!,‘ lj:] J

When evaluated at u; = 1, G/ (g;) becomes G (g;—1) from Eqs 8.1 and 8.2. The critical
transmissibility is found when Ry ; = 1 to be

1
G\ (gi-1)

Thus, the minimum transmissibility required for each strain to create an epidemic is a
function of the network topology and the transmissibilities of the preceding strains. Given
that the coefficients of G’ (x) are non-negative and therefore monotonically increasing
on the positive real line (within its radius of convergence), and that g; € [0,1] (since it
is a probability) and because Tj,u; < 1, then it follows that G (g;) < G/ (gi—1) Vi. This
indicates (from Eq 8.7) that T; . > T; 1 .. In other words, the epidemic threshold of each
strain increases with each generation. This is an intuitive result, since, as each strain passes
through the network, vertices with higher degree are preferentially embedded into the GCC
of that strain. Therefore, the RG is increasingly comprised of lower degree vertices as it
fractures with each iteration of the percolation.

Following [26] we can also prove a stronger condition on the minimum bond occupation
probability that a subsequent strain must have in order to exhibit an epidemic on the
network. It happens that each generation of the disease must have an increasingly higher
transmissibility than the last in order to infect O(N) vertices in the RG. To see this, we
note that g;(T,u) is the probability that an edge fails to connect a vertex to the GCC of the
i-th epidemic and that this probability can only decrease or stay constant as 7; increases;

Tic= (8.9)
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Figure 8.3: (top) The cumulative degree distribution of vertices in the substrate network
and the GCCs of the RG following competitive bond percolation at 77 = 0.0. (bottom) The
outbreak sizes of the competitive branching process. The parameters are (75,73, 74, T5) =
(0.3,0.5,0.6,1.0) on a scale-free network with power-law exponent oo = 2 and k = 20.

Scatter points are the average of 35 repeats of Monte Carlo simulations over N = 30000
vertex networks; whilst, solid lines are the theoretical results.
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Figure 8.4: (top) The degree distribution of the RG created once each strain from Fig
8.2 has spread over the network at 77 = 0.0; and, the corresponding cumulative degree
distribution (bottom). Scatter points are the average of 50 repetitions of N = 35000 Erd&s-
Renyi networks with (k) = 4. Curves are the theoretical results from the model. These
plots show how the RG becomes increasingly fractured with each percolation.

this implies that dT;/dg; < 0. Inverting this quantity such that 7; = T;(u, g;, T\{T;}) where
the notation S\ {s} excludes element s from set S, and performing the derivative we have
an expression that involves 7; and G’ (g;—1). This can then be isolated and it can be shown
that 7; . > T;_; Vi € [1,n]. For example, the critical point of strain 2 is known [49, 26] to

be greater than the transmissibility of strain 1, 77. The critical point of strain 3 is given by
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T3 = 1/G)(g2) from Eq 8.7 which, through the above prescription satisfies

=1 (8.10)

This logic can be applied to all adjacent strains to create an ordered set of critical transmis-
sibilities {71 < Ta,..., T, }. This indicates that transmissibility must evolve to increase

in order for a given strain to create an epidemic in the presence of others.

8.1.3 Coexistence threshold

The coexistence threshold 7 [49, 26] for two pathogens marks an additional phase transi-
tion in the model. It is the largest value of 7} that still allows the RG to retain sufficient
connectivity to support its own GCC for future strains. For instance, when 77 > T, the RG
fails to be globally connected and strain 2 fails to infect O(N) vertices even if T, > 15 ...
For our purpose we extend the definition of the coexistence threshold, 7; x, in the context
of n sequential strains to be the largest transmissibility of strain-i that allows the RG to
support a GCC for future generations, assuming that they are sufficiently transmissible.
Thus, T; , is a function of the bond occupancy probabilities of all previous percolations,
Tix =T x(u,T\{T;}). As for n =2 [49, 26], Eq 8.7 implicitly defines the coexistence
threshold of the i-th strain and we find that 7; , is the value of 7; for which G/ (g;) = 1. For
instance, for an Erd6s-Renyi degree distribution this condition becomes

1 i—1
—In|u | |uj| =g —1 (8.11)
<k> [ le;[l .I] !
from which we can solve for T; . by inverting g;. For i = 1 we have

ln(ul) 1
(k) (u1—1)

In Fig 8.2 we plot A; for n =5 against T € [0,1] and 7> = 0.35, T3 = 0.5, T, = 1.0 and
Ts = 1.0 for a Erd6s-Renyi random graph with mean degree (k) =4 and N = 30000
vertices. We observe excellent agreement between experimental bond percolation (scatter
points) and the analytical results of Eq 8.4 (plotted lines). Below the epidemic threshold
of the first strain, 77 < Tj ., strain 1 does not exhibit a GCC. Hence, the RG is large
enough to enable the subsequent strains to form their own GCCs, each consuming more
of the available space. With 7y = 1, the last edges in the RG are occupied and, despite
a supercritical 75, we have A5 = 0. Strain-4 is bimodal, exhibiting two turning points
as a function of 7. This is because, at the first turning point, the transmissibility of the
previous strains is sufficient to form their own large GCCs in the RG; however, as Tj
increases, strains 2 and 3 fall below their critical thresholds, allowing strain-4 to consume
the available sites into its own GCC. The outbreak size of strain-4 then falls to zero through
a final turning point as the transmissibility of strain-1 is increased beyond the coexistence
threshold. The inset figure shows the total fraction of the network that has become infected,
A versus T7. Against intuition, the largest fraction of the network that is occupied by (any)
disease, is not constant. To see this, we understand that the early generations of the disease
consume the high degree sites. As these become embedded within the GCC, those vertices
they connect to can become isolated and thus, cannot be incorporated in subsequent GCCs

Ti.= (8.12)
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(see Fig 8.4). The effect of this is prominent at the onset of the GCC of strain 1 and leads
to a local minimum in the total infecteds. Therefore, a disease of low transmissibility early
on not only consumes vertices into its own GCC, but also reduces the accessible sites by
removing the infection pathways. As the transmissibility of the initial pathogen increases,
this effect is reduced and the total infected fraction of the network increases to A ~ 0.9.
The global minimum at 77 ~ 0.45 coincides with the coexistence threshold for strain 1;
we observe the inability of subsequent strains to create their own epidemic. At this point,
strain 1 is sufficiently transmissible to fracture the RG such that it can no longer support a
GCC for the other generations of the disease. Beyond this point the total infected fraction
follows the number of infected vertices of strain 1.

8.2 N-strain coinfection

In this section we define the i-th generation of a collaborative branching process as a bond
percolation process occurring on the GCC that is created by the i — 1 previous processes
fori=1,...,n. We impose the strict requirement that only vertices in the GCC created by
all of the previous generations are included at the i-th generation. This process has been
studied previously by Newman and Ferrario when n = 2 [53] as well as for clustered and
modular networks [31]. Within the context of the SIR isomorphism, this model studies the
ability of the i-th disease to become an epidemic given that coinfection with all other i — 1
strains is a prerequisite for infection with the current strain. The model is slightly more
complex than the competitive percolation and is best understood in terms of epidemiology,
so we will continue to use that setting for this section. If a vertex fails to become infected
with a particular strain, then it cannot become infected with further generations of the
disease; strains that have a low transmissibility significantly reduce the pool of available
vertices for future outbreaks.

To describe the model we index the generations i € [1,n] as before. We choose a vertex
at random from the GCC of the (i — 1)-th percolation, prior to the i-th percolation. The
neighbours of the vertex are either attached to the GCC or they belong to the residual
graph with probability u;. Of those neighbours attached to the GCC, a fraction have been
directly attached by the particular chosen vertex, whilst the others have been attached by
one of their other neighbours. In the context of epidemiology, we emphasize the particular
subset of infected neighbours which the focal vertex directly infected from those that where
infected by one of their other neighbours. A rich and complex epidemiological lineage,
which we call the infection history, can be written for any neighbour given a particular
focal vertex and generation index. For instance, the focal vertex could transmit strain- 1
to a particular neighbour, which in turn, might be the vertex that transmits strain-2 to the
focal vertex. It happens that the probability of passing each strain around is quite different
depending on the precise infection history of each neighbour; the direction of infection
transmission over a particular edge is important. Therefore, we must explicitly track all
possible neighbour states and define a probability, u;,, that each possible edge fails to
connect the focal vertex to the i-th GCC for a given history ij,. There are as many u;, values
as there are independent maximally coinfected (states which have contracted all possible
strains) states in the i-th generation, which we now examine in detail.

As each percolation unfolds over the network, the number of states that neighbouring
vertices can occupy increases. Each generation branches the current number of maximally
coinfected states by a factor of two (accounting for directly and indirectly infected neigh-
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bours of the coinfected vertices in generation i — 1). This means that the total number of
neighbour states, 7;, in the i-th generation is

ni=1+Y 2 (8.13)
j=1

comprising all of the states in the previous generation (which did not contract the i-th
strain) in addition to 2/~ new states that are directly and indirectly infected, plus the
uninfected branch. Thus, the set of all infection histories for for a given generation i, {h};,
has cardinality 2~ !; therefore, each generation requires 2~ ! new uj, values, with ij, € {h};,
h=1,...,21

For instance, with reference to Fig 8.5, a vertex in the GCC of the first percolation has
three neighbour-types represented by the three triangles: susceptible (unfilled triangle),
directly (checked triangle) and indirectly (filled triangle) infected vertices. A vertex in the
GCC of the second percolation has seven neighbour-types: susceptible (unfilled triangle),
directly (checked triangle) and indirectly (filled triangle) infected with strain-1 but not
infected by strain-2; and finally, coinfected states (squares and pentagons) via direct
(checked) and indirect (filled) infection with strain 2 over both the direct (squares) and
indirect (pentagons) branches of strain-1. The third generation has 15 potential vertex
states comprising the seven states from the previous generation and twice the number of
coinfected states 2 x 4 and so on.

Percolation root

S

A A A

/NN

A e A

Figure 8.5: The possible neighbour vertex states surrounding a particular focal vertex for
the first two generations of the collaborative branching process. Each level of the tree
represents sequential generations of percolation, starting from an un-percolated root, to
which all vertices belong. Unfilled vertices represent states that do not belong to the GCC,
solid vertices represent states that are externally infected whilst checked vertices represent
states that have been directly infected by the focal vertex. For instance, the filled square
of the third generation has been externally infected with disease 1 and disease 2; whilst
the checked pentagon has been directly infected by the focal for both strains. All states
from the (i — 1)-th percolation are brought forward into the i-th level, representing failed
infection by generation i.
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Figure 8.6: A graphical representation of a degree k focal vertex (center) with / uninfected,
m externally infected and k — [ — m directly infected neighbours.

8.2.1 Outbreak size

The aim of this section is to define a prescription to obtain the outbreak size of the i-th
epidemic. Each generation requires 2°~! unique u;, values to be written; each accounting
for a particular infection history that a neighbouring vertex could have. Each u;, value
will then be generated by a self-consistent expression in a similar way to those of the
competitive model as

wi, = Gi (Plh)

0i,

where P, is the probability of not obtaining strain i for infection history i, and Q;, is the
prior probability that the neighbour has infection history ;. Note, P, is analogous to g;
from the competitive model. Thus, it remains to calculate both the prior probabilities and
P;,. It happens, for a given generation i, that the probabilities F;, can be factored; thus,
each P, expression comprises two parts: a multiplying common factor, C;; and, the unique
part of the probability of each specific infection history, H;, such that

(8.14)

P, =CH,, (8.15)

Firstly, we calculate C;, which is simply all of the common terms belonging to each P,
Vi, € {h};. Consider each branch point of the collaborative process from the perspective
of an infected vertex as we progress from generation j — 1 to j. Neighbours either do not
contract strain- j; or they do, from either the focal vertex or one of their other neighbours;
there are always three branches from a given state (see Fig 8.6). Let fj(u,,v,w) be
a function that encapsulates the three possible neighbour scenarios and let u;, be the
probability that a neighbour is uninfected by any of its other neighbours by the j-th strain
at this branch point, given that its infection history is j,. We have

(uj,v,w) = - (- u;, (1-T; Ly (k- — ;)] [, Tyw]E
) = X (=10 B ()0 =il 1 616

mj, =0 mj,

We have indexed the variable m with the infection history for later convenience. Despite
the complicated form of this expression it is straightforward to construct each term by
considering the probabilities associated with each neighbouring state. In detail: u, (1 —T)
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is the probability that a neighbour was uninfected by its other neighbours given history &
and that the focal vertex did not transmit strain j; 1 —u;, is the probability that a neighbour
was already infected and u , T; is the probability that a neighbour was directly infected by
the focal vertex. The arguments v and w are placeholders that allow the further subdivision
of the number of neighbours in a given infected state following the next generation.

We construct the common factor C; by first constructing a related factor, C;, composing
this branch-point logic with itself 7 times and terminating the composition withv =w =1
at the deepest levels (i.e. the leaves of the branching process) such that

Ci=filf2(---£:0)))) (8.17)

The function C; has 2/~ ! arguments. The values of jj, in u j, are given by the particular
elements of {h}; j=1,...,i— 1. The common factor for the percolation root (prior to any
diseases) is unity, Cy = 1; since all strains belong to the same state. Following strain-1 C,
is given by

Ci(1,1) = fi(u,,1,1)
=u, (1-T1)+1—w, +u, Ty (8.18)

for i = 2 we have

C2(17 13 171) = fl(u117f2(u21717 1)3f2(”22717 1))
= Mll(l —Tl) + (1 —ull)(uzl (1 —T2)+ 1 —up,
+u21T2) +u11T1 (u22(1 — Tz) +1 — U, +u22T2) (8.19)

similarly, for i = 3 we have

C3(1) = fl(ulafZ(l/Ql ,f3<l/t31, 1, 1)7f3<u327 L 1)),f2(u22,f3(u33, L, 1),f3(1/l34, L, 1)))
(8.20)
and so on. An interesting observation is that this expression is always unity and that there
are always as many terminating 1s as there are unique infection histories required for the
next generation. We must define another related probability, f;, as

k k=1 _
filuj,vyw) = lg{) (l;) [u;j(1— Tj)]lmX::O (km l) [(1—u;) (1 — TV [u;Tyw]F =™ (8.21)

which is the probability that none of the externally infected neighbours transmitted their
infection to the focal vertex. Given these two functions, we can now build the common
terms in the probability that the focal vertex does not contract the i-th strain as

Ci=Ci_1(f;) (8.22)

Thus, C; contains the common terms in the probability that describes the neighbouring
states prior to strain i, along with the probability that each of those states then fails to
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transmit strain i itself. For example, the first few values of C; are

Ci = fi(ur,1,1) (8.23a)
C2:Cl(f_<u217171)7f_(u227171)) (8.23b)
C3 = Co(f3(u3,, 1,1), f3(us,, 1,1), f3(us,, 1,1), f3(uz,, 1,1)) (8.23¢)

With a clear prescription to derive C; for each generation, we must now calculate the
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Figure 8.7: Four generations of the cooperative branching process with (T»,73,T4) =
(0.6,0.5,0.45) and on an Erdgs-Renyi network with mean degree (k) = 4. Scatter points
are the average of 35 repeats of Monte Carlo simulations over N = 30000 vertex networks;
whilst, solid lines are the theoretical results. Subplot (a) shows the outbreak sizes; (b)
shows the degree distribution at 77 = 1; (c) is the cumulative probability that a vertex has
degree larger than k at T} = 1.

probability associated with each infection history H;, in order to finalise the expressions
for P, , which in turn we require in order to write self-consistent expressions for each u;,
value in Eq 8.14. To do this, we consider each pathway from the percolation root to the
leaves of the tree created by the collaborative branching process (see Fig 8.5). If, at a
particular branching point, we progress via direct infection, we require that the focal vertex
was the vertex that transmitted infection to the neighbour. For this to occur we require
that the other neighbours other than the focal vertex failed to transmit their infection. This
occurs with probability (1 —7;)", with reference to Eq 8.16. Similarly, the probability
that the neighbour was infected by a vertex other than the focal vertex is 1 — (1 —T7;)"".
We now see the utility of subscripting m in Eq 8.16 as it allows us to track each particular
set of externally infected neighbours over the arguments of C;. For instance, there are
two infection histories at the start of the second process, strain-1 infected vertices have
either been externally infected, 21, or directly infected by the focal vertex, 2, such that
{h}2 ={21,22}. The number of externally 1-infected neighbours is given by m;, and so
we have

Hy =[1—(1=T;)™] (8.24)
Hy, = (1—T;)™ (8.25)

Similarly, a vertex can obtain strain-3 from one of four different neighbour states: externally-
1 and externally-2 infected (31); externally-1 and directly-2 infected (3,); directly-1 and
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externally-2 infected (33), or finally, directly-1 and directly-2 infected (34). Thus, there are
four infection histories to generate with {h}4 = {31,32,33,34}. We then write

= Hy,[1— (1 —T)" "] (8.26a)
=Hy, (1-Tp)"™ " (8.26b)
= Hy, [l — (1 —Tp)"1 ") (8.26¢)
= Hy, (1 —T)"1 " (8.26d)

[
i (

[

(
Each history is constructed from the necessary probabilities to create each scenario. For
the next generation, each of these unique infection histories are branched into two to give
eight potential sources of strain-4.

With these examples, we now have a prescription to write F;, for each potential infection
neighbouring state. The last component we require in order to calculate the associated u;,
values in Eq 8.14 is the prior probabilities that the neighbour was indeed in that particular
state following all of the previous strains, but prior to the i-th strain itself. It happens that
this probability follows a recipe that is simple to compute for each term. We define the
following rule: if a neighbour is externally infected at the j-th strain, we multiply the prior
probability by (1 —u;, ); otherwise, for direct infection, we multiply by u ;, instead. The
logic behind this rule is simple: to be directly infected by the focal vertex, a neighbour
must not be infected by their other neighbours; the focal vertex must be the successful
infection pathway. Therefore, for the first branch point, the prior probabilities that the
neighbour was externally and directly infected, respectively, are given by

Q= (1—uy,) (8.27)
Q2, = u1, (8.28)

Similarly following the second strain the prior probabilities for the four infection histories
are

03, = (1—uy,)(1 —uy)) (8.29a)
03, = (1 —uy, )uy, (8.29b)
03, = up, (1 —uy,) (8.29¢)
Q3, = uy,uz, (8.29d)

(8.29%)

With this last component we can now construct the self-consistent expressions required to
compute the u;, values in Eq 8.14. At this point, a useful check to ensure that the derived
components (priors, histories and base term) are correct is to set f; = 1. When evaluated
at unity, the u;, values should be equal to one.

Next, we require the outbreak size of the i-th strain, A;. It happens that this expression
is very simple to construct once we have performed the above work; we simply have to take
the expression for u; , for the maximally indirect, maximally coinfected infection history
i1 (i.e. the expression for the history where every vertex-state was externally infected),
remove the prior denominator and replace the Gj(z) generating function with a Gy(z)
generating function. We then subtract this value from the previous outbreak size such that

Ai=A;i_1—Go(P,) (8.30)
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Since Gy (P, ) can never be negative, we observe that the outbreak size of each generation
can never exceed the size of the previous one. We detail the expressions for the first few
generations in section 8.3 and show the percolation results for the first four generations
spreading over an Erdés-Renyi network in Fig 8.7. In Fig 8.7 (a) we plot the outbreak sizes
of each strain; each exhibits a smaller size and a larger percolation threshold with increasing
strain index. In Fig 8.7 (b) the degree distribution of each of the GCC substructures is
plotted. The average degree is reduced and the height and variance of each distribution is
increasingly reduced and shifted to the left. In Fig 8.7 (c) the cumulative probability that
the degree of a vertex is larger than k is shown for each strain. These results indicate that
eventually the spreading of cooperative processes on Erdds-Renyi graphs will be limited
by the fractured topology of the substrate network available to each strain in addition to
the transmissibility of the disease.

The complete prescription for solving for the outbreak size of the n-th generation of
the cooperative branching process is to hierarchically solve the coupled linear system of
equations for each u;; given by

u,-j:uij(ull,uzl,...,u,-zl.fl;Tl,...,T,-) (8.31)
for infection histories j = 1,...,2""!, and generations i = 1,...,n and functional form
given by Eq 8.14. More detail on the structure of these expressions in terms of a perfect
binary tree is treated in section 8.3 as well as an examination of their solutions.
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Figure 8.8: Four generations of the cooperative branching process with (T, 73,T4) =
(0.6,0.5,0.45) and on a scale-free network with power-law exponent & = 2 and kx = 20.
Scatter points are the average of 35 repeats of Monte Carlo simulations over N = 30000
vertex networks; whilst, solid lines are the theoretical results. Subplot (a) shows the
outbreak sizes, (b) shows the degree distribution at 77 = 1; whilst, (c) is the cumulative
probability that a vertex has degree larger than k in each GCC at 71 = 1; the inset shows
the same data on a logarithmic scale.

8.3 Outbreak sizes for collaborative branching processes

In this section we describe how to use the prescription to obtain the outbreak sizes of the
first few generations of the collaborative branching process. We also examine the graphical
solution for the resulting non-linear system of equations for each strain. This allows us to
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examine the relative contribution of each infection mode to the overall outbreak size of the
epidemic.

8.3.1 Strain 2

For strain 2 there are two possible infection histories that a neighbour might have: either
the focal vertex infected it directly or it was externally infected. The probability that
the focal vertex doesn’t get strain 2 from each of these neighbour states is uy, and u»,,
respectively. The common factor is given by

_Cl(f_<u2171;1>7f_(u225171)) (832)

which is simply

k k—1 _
G = Z (];) [ull (1 — Tl)]l Z (k l) [(1 —uy, )f_(MZI)]mll [ull T1f<u22)]k—l—m11

my, =0 mi,

(8.33)
where we have dropped the 1s in the function arguments of the f functions. Following
the prescription, the history of uy, is H>, = [1 — (1 —71)™"1] whilst the history of uy, is
Hy, =(1— T1)™1. Since the up, history branches from the 1 —u;, compartment, the prior
probability is simply Q> = 1 —uy,; whilst Q», = uy,. Thus, we have

uzl Z quQHzl (8.34)

Q21

u

=0 quCsz2 (8.35)
2 k

We exhibit the graphical solution for these coupled equations in Fig 8.9.
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Figure 8.9: The graphical solution of the generating functions for strain 2 at three different
T values with T = 0.6. Plotted are y = uy, for i = 1,2 against up, as well as the value
of the generating functions z; = G1(C2Hy,)/(1 —uy,) and zp = G1(C2Ha, ) /uy,. Each z;
varies up, whilst the other value is held fixed at the correct root. The intersection of y = u,
and z; corresponds to the root, which is also marked with a scatter point. We notice that
the trivial root of up, = up, = 1 is no longer shown as the system moves away from the
critical point when the GCC first forms. This is also graphical motivation for finding the
critical point from a Taylor series around the trivial root. We also notice the increase (loss)
of convexity in up, (up,) as we increase 77. This indicates the increasing (decreasing)
importance of the uy, (up,) branch to the formation of the GCC at larger transmissibilities.

8.3.2 Strain4

We have
Ca = fi(u, folua,, 53y, fa(uay), fa(uay)), f3(usy, fa(uay), faua,))),
X f2(u22’f3(u337f4(u45)7f4(u46)),f3(1/l34,f4(u47)7f4( 48)))) (836)
Z:( )[u;(l )] li( ) [ = o [ T, ot
[ \ | |
Z( )[uzl(l—Tz)]wa:“(mu)[l Uz ]2 3172 Z( )[uzz(lsz)]lmZ“(mzz)[l71422]"‘22[“2;11]
3, / X
| ‘ : ) s
Z( Juact- mzz,("‘“)[l e 3 Y Y- Z( -l s
"5 gl P M

Figure 8.10: A visualisation of the perfect binary tree of coinfected neighbours which a
focal vertex could be surrounded by and the equations that generate the base probability
C3(1). In this notation, the left child always represents external infection whilst the right
child represents direct infection. Thus, the leaves of the tree represent all possible infection
histories for the 4th strain.



8.3. OUTBREAK SIZES 139

1 - m m m m
= T T () A ACsHa 1= (1= Ts) e st 8.37a)
1 1 1/ k=0
1 - m m m m
ey = T s i A CaHs (1= T3) 7 s (8:37b)
1 1 1 k=0
1 oo
T 0w g, (1— ) Y qrCaHs,[1 — (1 —T3)"31 M s Ty (8.37¢)
1 1 2/ k=0
1 (o]
e (1 —uy, )uz,u3 Z qrCaH3, (1 — T3)"1 M Fmss sy (8.37d)
1 1 2 k=0
1 (oo}
s (1 —uay) (1 —us,) Y rCaHs,[1 — (1 —T3)"1 a0y (8.37¢)
1 2 3/ k=0
1 oo
U4y = Y arCaHs, (1 — T3)"™1 T s sy (8.371)
ull(l - u22)u33 k=0
1 (o]
M, (1— s, Y GCaHy,[1— (1 — T3)"o T s s, (8.37g)
1 2 4/ k=0
Uy, = L Y quCaH3, (1 — T3)™51 s sy (8.37h)
8 Uy uz,u3, =0 4
(8.371)

We show the solution to these expressions graphically in Fig 8.11 around the critical point
and for large T values. The outbreak size is then given by

Ay =A3— Y pkCaHs [1— (1 = T3)"1 3375 (8.38)
k=0



140 CHAPTER 8. EPIDEMICS WITH N-STRAIN VARIANTS

1.0 : 1.0

0.8 0.8

0.6

G1(ug,)
Gi(ug,)

0.4+

0.2 0.21

,
0.0 0.0

Figure 8.11: The graphical solution of the generating functions for strain 4 around the
critical point of strain 1 (left) with 77 = 0.325,7> = 0.6,73 = 0.5, 74 = 0.45 and away
from the critical point at 71 = T = 0.6,73 = 0.5, 74 = 0.45 (right). Plotted are y = uy, for
i=1,...,8 against u4, as well as the value of the generating functions z; = G1(C2Ha,)/Qa,.
Each z; varies uy; whilst the other value held fixed at the correct root. The intersection of
¥y = ug4, and z; corresponds to the root, which is also marked with a scatter point from a
non-linear solve. We notice that uy4, varies convexly over almost the entire unit interval
whilst the gradient of the other generating functions is increasingly flat in this region of
the parameter space. This indicates that the contribution of these values is less important
than that uy4,. Thus, we can expect that this infection history is the dominant term in the
non-linear system that describes strain 4.

8.3.3 Strain 5

Following the recipe, the outbreak size of strain 5 is calculated as follows.

Cs = fi(ur, fo(ua,, f3(us,, fa(ua,, fs(us,), fs(us,)), fa(us,, fs(us, ), f5(us,))),
X fa(u3y, fauay, f5(uss), fs(us,)), fa(ua,, f5(us,), f5(usy)))),
X f2(u22vf3(u33’f4(u457fS(”59)afS(u510))7f4(”467f_5(u511)7 _5(14512))),
X f3(usy, fa(uay, f5(usys), f5(us,,), fa(uag, f5(uss), f5(us,6))))) (8.39)
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1 oo
o CsHy, [1— (1-Ty)" 8.40a
5 (l—ull)(l—uzl)(l_u31)(1_u41)kz‘64k 5 4,[ ( 4) ] ( )
1 )
o CsHa, (1 =Ty 8 40b
2T 0=y, ) (1 =z, ) (1 — u3, s, l;)CIk SHy, (1—Ty) (8.40b)
1 oo
- CsHy,[1 - (1-T3)" 8.40c
53 (1—u11)<1—l/lzl)u3l(1_u42)k_ZOQk 5 42[ ( 4) ] ( )
1 )
o CsHa, (1= Tu)" 8.40d
54 (l—ull)(l—uzl)u3lu42k§)qk 5 42( 4) ( )
1 oo
T CsHay[1 — (1 - Ty 8.40c
55 (1—u11)u21(1—u32)(1_u43)k§)‘]k sHa, [1—( )M ( )
1 )
e CsHay (1= Ta)" 8.40
k (1—u11>u21(1_u32>u43k§)qk sHi, (1-T4) (8.40f)
1 o
oo CsHa,[1 = (1= Tu)" 8.40
7 (1—M11)M21u32(1—u44)]§)qk sHa,[1—(1-T2)"] (8.40g)
l oo
o CsHa, (1 - T)" 8.40h
& (1 — w1, )uz,u3,uq, kZ{)Qk sHa, ( 4) ( )
1 )
- CsHas[1 — (1 =Ty 8 .40i
59 ull(l—MZz)(l—M33)(1—u45)1§6q" sHy [1—( )M ( )
o 1 Y a:Cot (172" (5.40)
10 ”11(1_”22)(1_’433)”45 = 5
1 )
e CsHag[1 = (1= Ta)" 8.40k
S ul](l_u22)u33(1_u46) k;oqk 5 46[ ( 4) ] ( )
e 1 iquSH“ (1=1)" (8.401)
12 ut, (1 —up,)uz,ug, = 6 ‘
1 )
e CsHa,[1 = (1= Tu)" 8.40m
513 M]luzz(l_u34)(l_u47)k;0qk 5 47[ ( 4) ] ( )
1 oo
e CsHa, (1= T)" 8.40n
S14 u11u22(1_u34)u47 kzl()qk 5 47( 4) ( )
1 oo
e CsHy[1 - (1-Ta)" 8.400
515 u11u22u34(1_u48)]§6‘1k sHag[1—( 1" ( )
50 i, By A1 T (8.40p)
16 u11u22u34u48 ) 8
(8.40q)
8
with M = Y. my;. The outbreak size is then given by
j=1
As =As= Y piCsHay[1 = (1= T2)"] (8.41)

k=0
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834 Ry

In this section we examine the critical points of the cooperative model, generalising the
result of [53] for n > 2. As with the competitive percolation, there is an R ; value for
each generation or strain. If at any point the outbreak size of a generation is subcritical,
then there can be no subsequent outbreaks as coinfection is a strong condition on the
proliferation of future strains. However, assuming that the previous i — 1 strains did indeed
cause an O(N) outbreak, then there is some point 7; . at which the i-th strain can also lead
to a finite sized propagation if its transmissibility exceeds this value.

The critical point for the i-th percolation can be found by applying linear stability
analysis around the fixed point {ufl} = 1, which is the trivial root of the system of equations
for each generation (see section 8.3). The critical point of the first strain is identical to the
results from the competitive branching process; however, it is prudent to review this result.
Given that u;, = 1 at the critical point, we perform a Taylor expansion about £, =1 —uy,
using Eq 8.14 and truncate it to 1st order to obtain

e, #1=Gi(A),, _ + G, e (8.42)

Rearranging this result, with G| (1) = 1 and f{ = Tj, we obtain T} . = 1/G/ (1) in accor-
dance with Eq 8.9 at i = 1. For the second strain, we now have two variables to consider
depending on the unique infection history of the neighbouring vertex. The critical point
occurs when both uy, and uy, are unity (see section 8.3 for a graphical motivation of this)
and we again perform a Ist order Taylor expansion about small parameter &; = 1 —uy; to
obtain the following coupled system

&, ~E 9y + € oFy
2 R & 2
! lauzl 28u22

&, = &, E +&,—— (8.43)

where we have set the functional form of Ui in Eq 8.14 to ui; = F; and evaluate the
derivatives at the fixed point u, = up, = 1. The derivatives are

oF
5 2 =T G\ (1 =Ty +u, T))(1 - T\, (8.44)
uz,
&le uy, Ty /
= 1-G(1-T )| T 8.45
s, 1_u11[ {1 =Ti+u;, 1) T (8.45)
and
oF G,(1-T T1)(1— 1-T;
duy, up,
oF
5 2 = G\(1 =Ty +u, )T\ T (8.47)
uz,

Thus, we have the following linear system

un 1 un
J 1) = ! 8.48
(“22) I <”22> (8.48)
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where J is a Jacobian matrix with eigenvalue 1/ 15 .. Following [53] the system has two
eigenvalues and by examining the 77 — 1 limit, the correct eigenvalue is

2
TP —4A

where 7 is the trace of J and A is the determinant.
In the general case we have the following linear system

1. (8.49)

2i—l aEl

& ~ —L¢g; 8.50
Lj l; &uik Ik ( )

with i € [1,n] and j € [1,2/!]. The derivatives are given by

oF;  Gi(P) 9CimiH;; 9
dui Qi) dfi  Iuil,

(8.51)

The derivative of the final f; term is always 0 f; = T; meaning that we have a leading factor
of 7; multiplying all terms. Thus, we can create the following linear system by simple
re-arrangement
1
Ji=—i (8.52)
ic
where i = {uj,,uz,,. .. NU }T and J is a Jacobian matrix with elements ;. F; ; /T; eval-
uated at the fixed point u = {1,1,...,1}. We then find the eigenvalues by solving
det(J — %]I) = 0 where I is the identity matrix. The characteristic polynomial of an n X n
matrix can be expressed in terms of powers of the trace; however, roots of polynomials of

degree five or more are unlikely to yield a closed-form solution in general.

8.4 Chapter summary

In this chapter we have considered the repeated percolation of random tree-like graphs
extending the 2-strain epidemic models of Newman [49, 53]. We have discussed the
outbreak size and the critical behaviour of the models. These experiments are similar to
a repeated attack on a partially damaged network and so we have also plotted the degree
distribution for each outbreak, for each topology and its cumulative value. We found that,
for a coinfecting disease that spreads on the GCC of the preceding outbreaks, Poisson
networks fracture more readily than scale-free networks; whilst the converse is true for
cross-immune diseases that spread on the RG.






CHAPTER NINE

CONCLUSION

In this thesis, we have endeavoured to rationalise the properties of clustered configuration
model networks using the analytically exact method generating functions. This topic is
important because of the widespread usefulness of complex networks across multiple
disciplines to describe networked interactions and the effect on the governing dynamics of
the topology of those interactions. Analytical models tend to assume that the network is
locally tree-like. Clustering could be defined as the failure to be tree-like; it is the tendency
of contacts to aggregate into closed loops, inducing correlations into the locally tree-like
assumption. There has been much research in the literature on the role that clustering plays
on dynamical processes; in particular, bond percolation. It is often the case that changing
the extent of clustering within the network also changes other properties, particularly
within the configuration model, such as the degree assortativity, which is the tendency of
high-degree contacts to preferentially connect together or not. Degree assortativity also
plays a significant role on the percolation properties of a random graph; and so, clustering
and assortativity are often studied together.

To inject clustering into a tree-like network, the generalised configuration model
assumes that a vertex can belong to a number of predetermined motifs, such as cliques or
other small cycles. The joint distribution of the vertices motif membership is then used to
create random graphs with potentially tight clustering, upon which Monte Carlo simulation
of percolation can be performed.

Analytically, the joint distribution can be used within the generating function method to
provide an exact theoretical model (in the limit of infinitely sized networks) to complement
the simulation.

In chapter 3, we have provided an exact closed-form expression for the percolation
properties of cliques and chordless cycles via arguments from enumerative combinatorics.
The expression is based on the probability that a vertex fails to be attached to the giant
connected component despite its membership in a clique or chordless cycle. It was shown
that this expression can be inverted to describe the probability that a vertex does belong to
the giant component. This dual description was then exploited to introduce the complement
problem, where the entire network was described, rather than either the giant component or
the residual graph. It was then stated that this full description is the fundamental reasoning
behind the utility of the partial immunity model we later discussed in chapter 7.

In chapter 4, we derived the distribution of finite components in random configuration
model graphs that are composed of cliques. The finite components of single-topology
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networks were studied and supported analytically, before being generalised to mixed-
clique networks. There is more work to be done to understand the role of clustering on the
distribution of components, their average size as a function of bond occupancy probability
and the effect of assortativity on these results.

In chapter 5 we formalised the counting procedure for other motifs, which do not exhibit
regular structure of cliques or chordless cycles and discussed the difficulties in finding
an all-encompassing closed-form expression for their percolation properties. We then
reviewed our approximate method, based on counting SIR trees rather than enumerating
induced subgraphs.

In chapter 6, we derived the probability that motifs of different topologies are connected
together and supported our expressions with Monte Carlo simulation. We then introduced
a novel clique cover algorithm and showed that the ensemble of random graphs that can
be created from our clique cover accurately describes the correlation properties of an
empirical network, particularly the high-degree sites.

Chapter 7 defined a new avenue of research for the thesis to discuss epidemics on
networks. In this chapter, we extended two important 2-stage epidemic models from the
literature to the realm of networks with 3-cliques. We then generalised this interaction
mechanism, based on the description of the giant and residual components from chapter 3
to a partial interaction model.

In chapter 8, in a break from all previous endeavours, we examined the repeated
percolation of tree-like networks under the interaction conditions of cross-immunity and
coinfection. We used this to probe the robustness of scale-free and Erdds-Renyi networks.

9.1 Future work

There many unfinished avenues of research from this work. These include the proper
investigation of the properties of the finite components of random networks composed of
cliques, chordless cycles or arbitrary motifs under percolation and controlled assortativity
conditions.

I am intrigued to re-derive the approximate percolation model based on counting
connected trees within motifs versus counting connected subgraphs. It would be interesting
to see if I simply counted it incorrectly, and that it could be made exact. This would also
hint at a deeper connection between the probabilities associated to percolation of trees and
graphs.

I believe that the complement problem, where the entire network following percolation
is fully described, will allow the analytical description of a Potts model, which could be
likened to a contemporaneous multi-strain epidemic model. This would proceed via the
principle of inclusion-exclusion, which is a counting technique in combinatorics to find
the union of finite sets.

The correlation properties of networks should be investigated further. I think the current
portrayal of zig-zag patterns is unintentionally misleading, and is mostly due to choice
of neighbour on the x-axis (see Fig 6.2 for instance). It would be better to continue the
analytical development of the model and introduce an overall degree-correlation function
or similar. It would also be interesting to study this for bond percolation over a substrate
network, or extend it to the repeated percolation epidemic model from chapter 8.

I think the properties of 2-strain epidemic on random graphs with cliques and chordless-
cycles should be investigated. Most likely in the form of the partial immunity model.
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Similarly, the N-strain epidemic model should be generalised to the case of clustered
networks as well as the partial immunity interaction.

I would be very interested to see if an endemic equilibrium could be described in terms
of N-strains of a partial immunity SIR model with fixed transmissibility.

Other studies should also be performed: such as addition-deletion processes (whereby
motifs are added or deleted from random graphs); the effect of heterogeneous susceptibility
and transmissibilities (percolation on semi-directed clustered networks); or the study of
multilayer networks with multiple interaction pathogens, should be investigated also. I find
the addition-deletion process very interesting, as this is essentially a birth-death process
and it could potentially be coupled with an epidemic process also.






APPENDIX A

EQUIVALENT
EXPRESSIONS FOR g3

In this section we will examine some of the different expressions for g% that are currently in
the literature, in a similar manner to the analysis of g, performed in section 2.6. Perhaps the
earliest expression for g3 in the network science literature is due to Newman in 2003 [47];
although earlier work in 1959 by Gilbert contained the same terms [17]. The expression is
obtained from application of the recursive method for cliques, detailed in 3.2; however, it
was not written out in full by either Gilbert or Newman. The polynomial that is obtained is
also the one used by Karrer and Newman in 2010 [25]; Hasegawa et al [23] and is also
given by Mann’s Eq 3.21 and Eq 5.6 [36, 32]. It is written as

g5 =(1-T)*+2T(1—T)*u3 +3T*(1 = T)u* + T’ (A.D)

The logic behind each term of this polynomial is graphically displayed in Fig 3.2 and is
based on enumerating the ways that a focal vertex can remain attached to the RG.

In 2009 Newman extended the configuration model to account for random graphs with
2- and 3-clique subgraphs [52]. The expression that he used for g% is based on the inverse
logic of section 3.3 and is given by

B=1-2T1-T) x5 -3T*(1-T)(1 - (1—23)%) = T>(1 — (1 —3)?) (A.2)

where z3 = 1 — u3 and therefore 1 —u3 = (1 — (1 —z3)?). This expression is constructed
as unity minus the number of ways that a vertex can be attached to the GCC, g% =1- f32.
This is similar to the logic behind Eq A.1; however, the semantics of which graph (GCC or
RG) we connect to are inverted.

Also in 2009, Miller contemporaneously extended the configuration model in the same
manner as Newman [39]. Miller’s logic is distinct from the first two counting methods

g3 =(1—T+usT)? —2uz(1 —u3)T*(1-T) (A.3)

This expression first counts the probability that both edges connected to the focal vertex
fail to connect it to the GCC as if they were independent of one another, which is simply
(g2)?; minus the probability that the third edge is used to connect the focal vertex. For this
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to occur, one of the neighbours must be attached to the GCC and fail to occupy its edge to
the focal vertex; the other must initially be in the RG such that the first neighbour has a
path around the cycle to reach the focal vertex. Miller’s equation is the motivation behind
Mann’s approximate method to enumerate gy for arbitrary cycles [32, 33].

The next expression for g% is due to Mann in 2021 [35]. In this case we assume that
the focal vertex is a member of the RG and enumerates the ways in which its neighbours
fail to attach it to the GCC as

g =13+ [(1—u3)(1=T) +2u3(1—uz)(1-T)(1 - T?) (A4)

Specifically, from left to right, both neighbours can themselves belong to the GCC, both
can be in the GCC but have unoccupied edges to the focal vertex or one can belong to the
GCC (with the other in the RG) and both the 1-hop and 2-hop paths fail to be occupied.

The final expression we consider is also due to Mann in 2021 [31] and is based on the
premise that the focal vertex is connected to the GCC. In the assumption, the embedded
focal vertex has 3 types of neighbours: vertices in the RG whose full set of neighbours
failed to occupy edges to connected it; vertices in the GCC that were attached by their
neighbours other than the focal vertex; and finally, vertices in the RG whose neighbours
have failed to connect it, but then the focal vertex did connect it to the GCC. Each pairwise
combination of neighbour must then be enumerated and the resultant expression is given
by

g =u3(1=T1)* + (1 —uz)(1 = 71))* + (w3 Th)?
-|—2u3(1 —T1)2(1 —I/l3>(1 —T12)+2u3(1 —Tl)u3T1
+2(1 —u3)u3T1(1 — T1>(1 - le)) (A.5)
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An .k

The number of connected graphs of n labelled vertices over k edges is given by g, x. This
quantity has a well known recursion formula as well as a closed-form analytical solution
[16, 67, 58, 47]. Given the importance of this quantity to the contents of this thesis, we
will review this derivation now.

Let O be the combinatorial class of connected graphs and G the combinatorial class
of all labelled graphs [14]. The relation between these two classes is the set-of relation:
a graph is a set of connected components. This indicates that the mixed exponential
generating function G(z,y) of G can be generated from Q(z,y) according to the following
relationship

G(z,y) = exp0(z,y) (B.1)

For m vertices, there are a total of (g’) = m(m— 1) /2 potential edges not allowing self-

loops or multi-edges between the vertices. This set has 2(3) possible partitions. Therefore,
counting vertices (with z) and edges (with y) we have that

G(z,y) = ;ZI‘, % ((%1)>z’”y’ (B.2)

From the binomial theorem we find

Gly) =Y 1+ (B.3)
or
_ mm—1)/2%"
G(z,y)=1 +,7,Z>:1(1 +y) . (B.4)

This yields an expression for the entire series of connected labelled graphs, Q(z,y); since,
0(z,y) =1logG(z,y) such that we obtain

0(z,y) = log (1 +Y +y>"’<m‘”/2j7m,> (B.5)

m>1
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We can then perform a series expansion of the logarithm using

o0 )k+1
log(1+x) = Z
k=0
to obtain
1 m\'
0(zy)= Y (D) [ L (L4yymlm=h22 (B.6)
I>1 ! m>1 m!

We now examine the case of n vertices and k edges where kK > n — 1 by extracting the
coefficient g, x of [z"][y*]. Note that the term in the parenthesis has minimum degree / in z,
allowing us to disregard the series beyond / > n. This yields the formula for the number of
connected labelled graphs with n vertices and k edges as

n

an_n| Z l+11
=1

l
x (Z (1 +y>’”<m“>/2,%> (B.7)

m=1

The coefficient of 7" is given by the integer partitions A  n of length /, multiplied by their
multiplicity (number of compositions)

A0

where for partition A we have A = 1/12/23/3... and so on, such that we have
—1)* /n [ A;
gri=Y TV (1+y)2(3) (B.9)
Abn ! A f

for A; € A. The coefficient of y* is found from the binomial theorem to yield a final
expression for g, x as

B ROETD)




APPENDIX C

DEGREE CORRELATIONS
WITHIN THE
TREE-TRIANGLE MODEL

In this section we derive the expectation values for the tree-triangle model. For this model
the generating function for the number of nearest-neighbours given the joint degree of the
focal vertex is k¢ o = (so,%0) is given by unpacking Eq 6.17 for T = {_L,A}. We obtain

21‘0 so 2ty

FGCC(x7y7S()7t0) Pso, l‘of — DPso,t08 1 8A (Cl)

_ 2(r—1
where fr =3,), Ar,(s,0)%st> 81 = D CIJ_.,(s,t)”i_ luitxsyt and Y}, QA,(s,t)uiuA( )xsyt-
The evaluation of the expectation values for the nearest-neighbours to a vertex of joint
degree (s0,%) in the tree-triangle model is given by the following derivative

écc: d (C.2)
s't! th/—l
We evaluate this as follows
dFGCC d 2z0 50 ,2t0
= Psoio ) Psoto8 .8 (C.3)
dZS’f’ Z=1 dZS’t/ Z=1 00 dZS'f' Zyp=1 W0SLoA
1 fJ_ 2 1, dfa
= Dsoto ( Ofso f() +2t f OfA tO fAdZ )
s't!

d 1) dga
— Ps (Sogsf ! d‘-‘” A0 +210876, " g df/ﬂ) (€4
S

Atzgy =1 we have fz(1) =1, g¢(1) = GI’T(uL,ui) and also

dfs
! VY e onzs (C.5)

dZS/l‘/ s t
=qz(sr) (C.6)

Zy=1 dZS "t
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and
dg.
q.1.( “ 3 ' 25t (C.7)
dzgy zg=1 dzsl’;; (54) Lt
=q.1, )ui_]ui’ (C.8)
d8a ZZqA ot Nz (C.9)
dzgy Zgp=1 dZst’ e
12('—1
= ga oy (C.10)
Thus, we find
dFGec 1 2 2
T = Psoto SOQJ_,(s’J’)+2IOCIA,(s’7t’) — DPsoto SOMJ_ QJ_ (s’ t/)ui MAt uAtO
s't! Zs/rlzl

+2touLuA( _1)quA (s ,)uiui(l_l)> (C.11)

The evaluation of the expectation values for the nearest-neighbours to the average vertex
in the tree-triangle model is given by the following derivative

dF;
Feee=Y. ), dGCC (C.12)
st 't Zy=1
where Fgcc is given by unpacking Eq 6.20 for T = {_L,A} to find
Foce(xy) = LY por LA = LY pug’8d (C.13)
s t
To evaluate this consider the following derivative
dFsce d d
= Go(fL,fa) — Go(81,8a) (C.14)
dZS,t/ Zgp=1 dZs/[/ Zgp=1 dZs/[/ zgp=1
d d
= ZZpsth - Z): pugigy  (C.15)
dzslt/ Zgp=1 s dzslt/ Zgp=1 s
dfy dfa
= p: Craft Vg
;; st{ L d” A 1JA dZs/ﬂ
n d
—ZZm{sgL —gL X +2gigy east } (C.16)
5 ZS/[/

When evaluated at z(y ) = 1 we have that f;(1) = 1 and so the first bracket simplifies
significantly. The second bracket is more involved; however, using the self-consistent
expressions for u; = Gl?l(ubui) and up = Gl,A(uL,ui) we can write g | (1) =u, and
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ga(1) = ua to obtain

=LY Py {S‘M,W,ﬂ) +21q4 (5 1) } —L Py {suilcu (it iy
t

Z=1 s t s

dFgcc
dzslt/

2(t—1 It -1
+2tuiuA(t )quA(Y ,)uLuA(t )} (C.17)
We now sum over (s',7') to obtain

dFgcc
ZZ d _Zzpst SZZqJ_ (s'1 +2tzqu st
st gt zgp=1 s J st

_Zzpsz{sus ! itZZCIL (s',t) ”J_ luit
s t

s

+2tu‘iui(t_l)uAZZqA’(S/7,/ uiui(t _1)} (C.18)
t/

Sl

The probability distributions are normalised and hence have the following property
YsX:qq,(sr) = 1, so the first bracket reduces trivially to the sum of the average degrees
of each edge topology. The second bracket also reduces; dealing first with the double
summation over dashed variables we find

ZZ@ _Zzp“ (s+2t) ZZP“{S”L luAuL—i—ZtuLui(f l)ui}

T dzgy =1 3 -
(C.19)
before observing that
Zzpszsxs_ly’ = (5)Gy,L(x,y) (C.20)
ZZW = (1)G1a(x,y) (C.21)

to arrive at

LY

s

dFgcc
dzs’t/

= (5)+2(t) — (5)G1 1 (ug, ui)uL —2(t)Gy a(ug, ui)ui (C.22)

Zgp=1

Substituting the self-consistent relationships for # | and ua we finalise the expression as

LY

s

dFgcc
dzs’ t

= (s) (1 =) +2() (1 —u3) (C.23)

zgp=1

In the case that there are no triangles present in the model, then up = 1 and (t) = 0; the
expression reduces to

dFgce

e = (s) (1 —u?) (C.24)

s zg=1
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which is the result of [41] in the case that / = 1. In the opposite case, when there are no
ordinary edges, we find
dFgcc

a2, =2(t) (1-u}) (C.25)

zy=1

l/

The probability P(kzo,kz1) = P((s0,%0),(s',t")) is given by the quotient of Eqs C.11 and

C.23 where we find
/ Z Z dFgcc
zgp=1 st dzslt/
s'—1. 2t 21

—1
= Psoty (Soquscr') +2f061A,<scr'>) — Psoty (Sousf G (s ) UR Uy

+ 215 ului( - )quA s l)uiui(t/l))/@) (1 —ui) +2(t) (1 — ui)
(C.26)

dFgcc
dZs’ t

P((So,to), (S/7t/>) =

z=1

The conditional probability that a neighbour has joint degree (s',7') given a focal vertex of
joint degree (so,%p) is

+ 22t+t 45 2(tg+t'—2)+1
PsotgS04 1 (s 1y [1 — 23] 4 2pstoda, (o) [1—u? ot

Pioro (50 +210) [1 — u0uz]

P( l‘ |S()7l‘())

(C.27)
Using Eq 6.29 we find the average joint degree of a neighbour to a (sg,#y) vertex as

T
I:k'rl |k¢-o (ZSPS l‘ |S(),l‘() ZIPS l‘ |So7l‘0)) (C.ZS)

st st
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Figure C.1: An example of the degree correlation model in the tree-triangle model; 3-
cliques are shaded orange whilst 2-cliques are coloured green. The joint degree of the
focal vertex in layer [ = 0 is k7o = (2,2). We can follow edges of topology L or A to the
first neighbours. The distribution of the joint degrees of vertices in layer / = 2 depends on
the topology of the path that we choose to reach it. Note, we do not traverse edges between
triangles that lead to vertices in the same layer.
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