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Abstract

This thesis provides a unified methodology for analyzing structural properties of
graphs, along with their applications. In the last several years, the field of com-
plex networks has been extensively studied, and it is now well understood that the
way a large network is built is closely intertwined with its function. Structural prop-
erties have an impact on the function of the network, and the form of many systems
has been evolved in order to optimize for given functions. Despite the great progress,
particularly in how structural attributes affect the various network functions, there is
a significant gap in the quantitative study of how much these properties can change
in a network without a significant impact on the functionality of the system, or what
the bounds of these structural attributes are. Here, we find and analytically prove
tight bounds of global graph properties, as well as the form of the graphs that achieve
these bounds. The attributes studied include the network efficiency, radius, diameter,
average distance, betweenness centrality, resistance distance, and average clustering.
All of these qualities have a direct impact on the function of the network, and finding
the graph that optimizes one or more of them is of interest when designing a large
system. In addition, we measure how sensitive these properties are with respect to
random rewirings or addition of new edges, since designing a network with a given set
of constraints may include a lot of trade-offs. This thesis also studies properties that
are of interest in both natural and engineered networks, such as maximum immunity
to crosstalk interactions and random noise. We are primarily focused on networks
where information is transmitted through a means that is accessible by all the in-

dividual units of the network and the interactions among the different entities that
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comprise it do not necessarily have a dedicated mechanism that facilitates informa-
tion transmission, or isolates them from other parts of the network. Two examples
of this class are biological and chemical reaction networks. Such networks suffer from
unwanted crosstalk interactions when two or more units spuriously interact with each
other. In addition, they are subject to random fluctuations in their output, both due
to noisy inputs and because of the random variance of their parameters. These two
types of randomness affect the behavior of the system in ways that are intrinsically
different. We examine the network topologies that accentuate or alleviate the effect
of random variance in the network for both directed and undirected graphs, and find
that increasing the crosstalk among different parts reduces the output variance but

also contributes to a slower response.
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Chapter 1

Introduction

1.1 Motivation

The area of complex networks has seen an explosion in the last several years. Many
properties of large scale networks have been studied extensively, along with their
applications to engineering and biology [1, 8, 34, 37, 40, 45]. However, there have been
relatively few studies so far on the bounds of the structural properties of networks.
The purpose of discovering these bounds is twofold. First, these bounds will give
a clear measure of the importance of each property, especially relative to the others,
as well as their trade-offs. If for example a natural network has a clustering coefficient
that is very close to the theoretical maximum, it means that the clustering coefficient
provides some advantage, or that it is correlated with some other property that is
important for the function of the network. Otherwise, natural evolution would force
it to drift to an average value. In addition, since several of the properties of the
network require different or even contradicting topologies, usually there are limits on
how much of each property a network may have. Knowing where these trade-offs lie
can give us a clear picture of how important each property is relative to the others.
The second reason is for optimizing the way individual elements of a network
are connected and how they communicate, especially on a large scale. Knowing the

mechanisms with which specific properties affect the function of a networked system,
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it will be easier to optimize its function or design it in such a way that all constraints
are simultaneously satisfied with the given trade-offs. In biological and chemical
reaction systems, there is yet another compelling reason: Since the structure of a
natural system has been shaped by evolution, we have the chance to see the interplay
between structure and evolvability, and how they affect each other [19, 35, 50], or
even find evidence of different environmental conditions that may have shaped it [36].

On a different note, bioengineers have long started building simple biological net-
works, both as part of the cell [24] and in vitro [25, 38|, but despite the many efforts,
they remain relatively small so far [57, 58], especially compared with the natural
networks, which are orders of magnitude larger and more complex [71]. Two likely
reasons why engineering biological circuits is so difficult are the unwanted physical
interactions among unrelated molecules, and the fact that noise is often times much
stronger than the signal itself.

Biological networks make use of a variety of strategies in order to reduce noise,
and to increase the robustness to random changes, but these mechanisms may be
used for many different purposes, and are not yet well understood [39, 71]. The
ones that sense the environment and process the information received are usually
implemented by changing the number of molecules that are specific to each function.
More generally, in networks where the different parts are free to physically move
in a solution, and where interactions between different molecules require them to
come in contact, there are many unmodeled interactions, since there are no dedicated
information-transmitting mechanisms. Everything depends on physical presence of
molecules, which is by definition random and displays significant internal noise [55].
Relations between different entities may also depend on their physical shape, and the
different molecules that constitute the network may have compatible shapes, making
interactions easier. As a result, many molecules temporarily form complexes that
seem to serve no purpose, and in addition, prevent the respective molecules from

transmitting information, or helping the cell achieve a useful function.
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Another problem is that these kinds of systems are very prone to noise from many
different sources [54, 56]. Although noise has been shown to be a feature and not a
drawback in some cases [23], it is usually detrimental to the function of the network,
since it may reduce its reliability and accuracy in reading external stimuli, or reacting
to environmental inputs. Both of these problems are accentuated when there are few
molecules of each type and there are many types of each molecule, as actually happens
in most biological systems, and the number of molecules of each type cannot be a
continuous variable, making accuracy and reliability even harder to achieve [54]. In
certain contexts, it has also been shown that noise imposes limits to the accuracy of
a biological network [42].

In this thesis, we tackle both aforementioned problems from a network perspective.
We first find the extremal properties that are of interest in the function of many
networks, and then we study the structure that optimizes them. Then, we design
networks that minimize crosstalk and maximize noise immunity. We also study in
detail how noise propagates in such networks. Finally, we distinguish between two
types of variance sources that contribute to a nondeterministic output, the first being
the noise in the inputs, and the second being variance in the network parameters.
These two types of variance affect the network outputs in fundamentally different

ways.

1.2 Thesis Outline and Contributions

Chapter 2 introduces some basic notions and definitions from network theory, stochas-
tic calculus, and dynamical systems theory that will be used throughout this thesis.
It also revisits some properties of graphs, Wiener processes, and linear dynamical
systems that will be used in later chapters.

Chapter 3 focuses on theoretical results regarding the structural characteristics of

general graphs. It provides a detailed study of the extremal properties of networks,
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along with methods on how to build the networks that achieve these bounds. We
describe the structure of connected graphs with the minimum and maximum average
distance, radius, diameter, betweenness centrality, efficiency and resistance distance,
and average clustering, given their order and size. We find tight bounds on these
graph qualities for any arbitrary number of nodes and edges and analytically derive
the form and properties of such networks. We determine if a graph with one or more of
these extremal properties is unique or not, depending on the property and the graph’s
order and size. We also measure the sensitivity to rewiring of each architecture, and
how robust each structure is with regard to changes in the graph.

Chapters 4 and 5 are devoted to the study of networks where information is trans-
mitted through a means that is accessible by all the individual units of the network.
Such networks include biological and chemical reaction networks, where all reactions
take place in a solution in which all molecules may physically interact with all oth-
ers, based on their physical proximity. Crosstalk is defined as the set of unwanted
interactions among the different constituents of the network and is present in vari-
ous degrees in every such system. Using concepts from graph theory, we introduce
a quantifiable measure for sensitivity to crosstalk, and analytically derive the struc-
ture of the networks in which it is minimized. It is shown that networks with an
inhomogeneous degree distribution are more robust to crosstalk than corresponding
homogeneous networks. We provide a method to construct the graph with the min-
imum possible sensitivity to crosstalk, given its order and size. For networks with a
fixed degree sequence, we present an algorithm to find the optimal interconnection
structure among their vertices.

In Chapter 5, we describe how noise propagates through a network. Using stochas-
tic calculus and dynamical systems theory, we study the network topologies that ac-
centuate or alleviate the effect of random variance in the network for both directed
and undirected graphs. Given a linear tree network, we show that the variance in

the output is a convex function of the poles of the individual nodes, so it can eas-
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ily be optimized with existing techniques [17]. Cycles create correlations which in
turn increase the variance in the output. Feedforward and feedback have a limited
effect on noise propagation when the respective cycle is sufficiently long. Crosstalk
between the elements of different pathways helps reduce the output noise, but makes
the network slower. Next, we study the differences between disturbances in the inputs
and disturbances in the network parameters, and how they propagate to the outputs.
Finally, we show how noise correlation can affect the steady state of the system in
chemical reaction networks with reactions of two or more reactants, each of which
may be affected by independent or correlated noise sources.

Chapter 6 concludes the analysis by giving an overview of the results presented

here, and by showing future directions and ideas for further research.
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Chapter 2

Background and Preliminaries

This chapter provides a brief introduction to the mathematical preliminaries that will
be used throughout this thesis. We will revisit some basic definitions and properties

from graph theory, linear control systems, and stochastic calculus.

2.1 Graph Theory

A graph (also called a network) is an ordered pair G = (V, &) comprised of a set
V = V(G) of vertices together with a set £ = £(G) of edges that are unordered 2-
element subsets of V. T'wo vertices u and v are called neighbors if they are connected
through an edge ((u,v) € £) and in this case we write u — v, otherwise we write u+wv.
A graph is simple when all edges connect two different vertices, there is at most one
edge connecting any pair of vertices, and edges have no direction. A weighted graph
associates a weight with every edge. In this thesis, when a graph is weighted, all
weights will be restricted to positive real numbers. The neighborhood N, of a vertex
u is the set of its neighbors. The degree of a vertex is the number of its neighbors.
A vertex is said to have full degree if it is connected to every other vertex in the
network.

A network is assortative with respect to its degree distribution when the vertices
with large degrees are connected to others that have large degrees and vertices with

small degrees are connected to vertices with small degrees [47]. When vertices with
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small degrees connect to vertices with large degrees and vice versa, then the network
is called disassortative. The order N = N(G) of a graph G is the number of its
vertices, N = |V(G)|. A graph’s size (denoted by m = |£(G)|), is the number of its
edges. We will denote a graph G of order N and size m as G(N,m) or simply Gn m.
A complete graph is a graph in which each vertex is connected to every other. The
edge density of a graph is defined as p = m/ (]; ), representing the number of present
edges, as a fraction of the size of a complete graph, which is the total number of
vertex pairs. A clique in a graph is a subset of its vertices in which every vertex pair
in the subset is connected. The clique order is the number of vertices that belong to
it. A clique that consists of three vertices (and three edges among them) is called a
triangle. A path is a sequence of consecutive edges in a graph and the length of the
path is the number of edges traversed. A path with no repeated vertices is called a
simple path. A tree is a graph in which any two vertices are connected by exactly one
path.

The distance between two vertices u and v (usually denoted by d = d(u,v)), is
the length of the shortest path that connects these two vertices. A cycle is a closed
(simple) path, with no other repeated vertices or edges other than the starting and
ending nodes. A cycle is called chordless when there is no edge joining two nodes
that are not adjacent in the cycle. A full cycle is a cycle that includes all the vertices
of the network. A graph G is connected if for every pair of vertices u € V(G) and
v € V(G), there is a path from u to v. Otherwise the graph is called disconnected.
We will be focusing exclusively on connected graphs, since every disconnected graph
can be analyzed as the sum of its connected components. If the distance between u
and v is equal to k, then these vertices are called k-neighbors, and the set of all pairs
in the graph that are k—neighbors is denoted by &;. The eccentricity of a vertex u
is the maximum distance of u from any other vertex in the graph. A central vertex
of a graph is a vertex that has eccentricity smaller or equal to any other node. A

network may have many central vertices, all of which are considered its centers. The
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eccentricity of a central vertex is called the graph radius. The graph diameter is
defined as the maximum of the distances among all vertex pairs in the network.

A cut is a partition of the vertices of a graph into two disjoint subsets. A cut
set of the cut is the set of edges whose end points are in different subsets of the cut.
A cut verter of a connected graph is a vertex that if removed, (along with all edges
incident to it) produces a graph that is disconnected. An edge is rewired when we
change the vertices it is adjacent to. A single rewiring takes place when we change
one of the vertices that is adjacent to it, and a double rewiring occurs when we change
both of them. A subgraph #H of a graph G is called induced if V(H) C V(G) and for
any pair of vertices u and v in V(H), (u,v) € E(H) if and only if (u,v) € £(G). In
other words, H is an induced subgraph of G if it has the same edges that appear in G
over the same vertex set. Furthermore, if the vertex set of H is the subset S of V(G),
then #H can be written as G[S] and is said to be induced by S. Finally, two graphs
G and H are called isomorphic if there exists a bijective function f : V(G) — V(H)
such that

(u,0) € E(G) = (f(u), f(v)) € EH). (2.1)

Two graphs that are isomorphic have by definition the same order and size, and are
considered identical. A thorough treatment of the graph theory notions can be found

in any introductory graph theory text, including [31] and [48].

2.2 Wiener Processes

In this section, we will be describing some elementary properties of the Wiener process
that will be used. Let &,, n € N be a sequence of independent identically distributed

random variables with zero mean and unit standard deviation. Their sum is

k=1
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We now define the piecewise constant function

Sin
W, = lim 24

lim 22 (2.3)

with ¢ € RT. According to the Central Limit Theorem, the distribution of W; is
independent of the distribution of the sequence of &,, as long as they have finite
variance, and are identically distributed and independent of each other. The random
process W; is normally distributed with variance equal to the time interval it which

it is measured:
Sintl Vit
W, = lim 2 V1
n—oo v/ nt \/ﬁ

The difference of two sums S, — S, with a < b has the same distribution of the random

— W, ~ N(0,1). (2.4)

variable S,_, and as a result
Wy — Wy ~Wy_, 0<a<hb. (25)

Lastly, the random variables W, —W, and W;— W, are independent when 0 < a < b <
¢ < d, since the respective sums consist of independent random variables. More details
on the properties of the Wiener process can be found in [44]. An excellent treatment

of stochastic methods in physics, chemistry, and biology, along with examples, can

be found in [26].

2.3 General Response of Linear Systems

In this section, we briefly revisit some basic tools from control systems theory. Con-
sider a linear time invariant system with impulse response h(t,s). The general form

of the output when the input signal is u(t) is

y(t) = / h(t, s)u(s)ds, (2.6)
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where h(t, s) is the impulse response of the dynamical system [6]. A system with m

inputs, n states, and p outputs can be written in the form
4

dr __
E—A:E—kBu

y =Cr,

\

where the dimensions of matrices A, B, and C are n xn, n xm, and p X n, respectively.
We will always assume that the systems we study are stable, which in this context
means that the A matrix has eigenvalues with strictly negative real parts. The output

of the system at time ¢ when the input is an impulse applied at time s is
h(t,s) = CeM=9)B (2.8)
and equation (2.6) can be simplified to

y(t) = C’/t e A=) Bu(s)ds. (2.9)

—00

When the network in question is comprised of elements whose outputs obey linear
time-invariant differential equations, we can also find the Fourier transform of the

network output:

H(w) = / +OO h(t)e 7 dt, (2.10)

where h(t) = h(t,0) is the impulse response of the system and w = 27 f is the angular
frequency. If the system is causal (h(t) = 0 for t < 0), then the expression above can
be simplified by replacing the lower limit of the integral with zero.

When the input is a stationary stochastic process, its output will be a stochastic
process as well. We are interested in the mean, the variance, and occasionally the

higher central moments of the system output once the system has reached its equi-
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librium state. The mean E[y(t)] and the variance V]y(t)] of the output y(¢) in the
steady state will be denoted as E[y] and V[y], respectively:

Ely] = lim E[y(t)] and  V[y] = lim V[y(¢)]. (2.11)

t—o00 t—o00

If we know the impulse response of the system, the mean of the output vector can be

expressed as

Ely(t)] =E [/ h(t — s)u(s)ds
oo (2.12)

_ / h(t — s) - E [u(s)] ds,

—o00
where in the last equation we have interchanged the expectation with the integration
operator, assuming that the input functions are non-pathological, and the quantities
are finite, such that all the integrands are measurable in the respective measure
space (Fubini’s theorem, [44]). In what follows, we will always assume that all such
conditions are satisfied. Furthermore, we will disregard any nonzero mean values in
the outputs when the system is linear. The covariance matrix of the outputs, when

applying the same input, is

()] - Ely(®)] - Ely" (¢)]

| =E[y@®)-y
= / / h(t —r) (E [u(r)u”(s)] — E[u(r)]E [u"(s)]) A" (t — s)drds.
o (2.13)

Viy(t)

Assuming that u(t) = 0 for ¢ < 0, and according to equation (2.11),

Vi = Jim [ [ b =) (B [ur)" (9] BB [ (9] 1 <t—s>drd;.14)
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Chapter 3

Extremal Properties of Complex
Networks

3.1 Introduction

Complex networks, as abstract models of large dynamical systems, match the struc-
ture of real-world networks in many diverse areas. These include both natural and
engineered systems such as gene regulation, protein interaction networks, food webs,
economic and social networks and the internet, to name a few (see [65] and references
therein). Complex systems can be described as interconnections of simpler elements,
which in turn can be analyzed abstractly as graphs.

In this chapter, we are interested in the structural properties of networks, regard-
less of the nature of their individual parts. This allows the results developed here to
be applicable in a wide range of different disciplines, such as neuroscience, biology,
social sciences, and engineering. The properties studied are of general interest, since
many network functions are sensitive to them: the average distance, betweenness
centrality, radius, diameter, efficiency, graph resistance, and average clustering. De-
pending on the application, we usually want to minimize or maximize one or more
of the above, because they are directly implicated in some performance metric of the
network. They are correlated with how fast the system responds to different input

stimuli [65] and how robust it is to the failure of individual subsystems, due to ran-
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dom failures or targeted attacks [1, 18, 28]. They also indicate how efficient message
propagation is across a network [7, 41], how easy it is for dynamical processes that
require global coordination and information flow (like synchronization or computa-
tion) to take place, and how reliable a transmitted message is in the presence of noise
[65]. Although these structural properties do not take into account the specifics of
the various systems, focusing on the structural patterns of the network topology can
give a valuable insight on how to optimize the network function, while obeying other
limitations. In general, networks need to obey many different constraints, and taking
into account all of them may result in different optimal structures, depending on the

importance (weight) given to each constraint [14].

3.2 Networks with the Minimum and Maximum

Average Distance

3.2.1 Minimum Average Distance

The average distance of a network is an important property, since it is a direct indica-
tor of how different parts of the network communicate, and exchange information. A
small average distance is a proxy for improved synchronizability, efficient computation
and signal propagation across the network [65]. In this section, we will analytically
compute the minimum average distance of a graph of fixed order and size, and find

sufficient conditions in order to achieve that minimum.

Lemma 1. If two connected graphs G and H with V(G) = V(H) have edge sets E(G)
and E(H), respectively, such that £(G) C E(H), then D(G) > D(H), where D denotes
the average distance of the graph.

Proof. If we start with graph G = G(N, m) with average distance D(G), and introduce
one additional edge, the new graph G’ = G'(N,m + 1) will have an average distance

D(G") < D(G), for N -1 < m < (];[) — 1. The additional edge will connect two
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previously non-neighboring vertices s and ¢, changing their distance to d'(s,t) = 1.
Since they were not connected before, their distance was d(s,t) > 2, so d'(s,t) <
d(s,t). For every other pair of vertices v and v, the new edge can only create new
shortest paths, so d'(u,v) < d(u,v). The total average shortest path length of the

new graph is:

_ 1 1 _
D(G') = o] > d(uw) < ™ > d(u,v) = D(G). (3.1)
2 (u,v)ef(g’) 2 (u,v)iv%g)

Adding new edges as above, we can start from graph G, and successively construct
the graph H, which will have a strictly smaller average distance. O]

Lemma 2. The star graph is the only tree of order N that has the smallest average

2

distance equal to Dggr = 2 — ~

Proof. A tree has exactly N — 1 edges among its N vertices. There will be exactly

N-1

9 ) vertex pairs that are not

N — 1 pairs of vertices with distance d = 1, and (
connected, with distances d(u,v) > 2. The star graph achieves this lower bound, and

has the minimum possible average distance.

Dsm:%(z d’(u,v):(lT)(N—1+2<N2_1>>:2—%. (3.2)

27 (u,w)eV? 2
uFv

It is also unique: If a tree is not a star, there is no vertex that is connected to all the
remaining vertices. In this case, there are at least two vertices with distance d > 3,
since in every tree there is a unique path connecting each vertex pair, and at the same

time the number of neighboring vertices is the same as in the star graph. O]

Using the same method as above, we can find the smallest average distance of a

graph with N vertices and m edges, which we denote as D,,;,(N, m).

Theorem 1. The minimum possible average distance of a graph G(N,m) is equal to
Dpin(N,m) =2 — (’”T)
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Proof. The graph G(N,m) has m pairs of vertices with distance exactly 1, and the
rest of the pairs of vertices (u, v) have distances d(u,v) > 2. Consequently, its average

distance is
m+ 2 ((];) - m) m

G Y

This lower bound can always be achieved. A connected graph G(N, m) with at least

Lo > (3.3)

one vertex with degree d = N — 1 has the star graph as an induced subgraph, so all
non-neighboring vertices will have distance equal to 2. All connected vertices have

distance equal to 1, leading to the lower bound of equation (3.3). []

Corollary 1. If a graph G has at least one vertex pair (u,v) with distance d(u,v) > 3,

then its average distance is Lg > Dmm(N, m).

Proof. The number of pairs with distance 1 is fixed, equal to the graph’s size. All
other vertices have a distance of at least 2, and the minimum is achieved when all

non-neighboring pairs have distance equal to 2. O]

The next three corollaries present sufficient conditions for a graph to have the

smallest average shortest path length.

Corollary 2. In a network with the smallest average distance, all vertex pairs are

either connected, or connected to a common third vertex.

Proof. From Corollary 1, all vertices that are not connected through an edge have

distance equal to 2, which means that they have a common neighbor. O]

Corollary 3. A cut of a minimum average distance graph G divides its vertices into
two disjoint sets where, in at least one of the sets, all vertices have at least one

neighbor in the other.

Proof. Assume that in both sets of a graph G there is at least one vertex which has
no neighbors to the other set. The distance between these two vertices is at least
3, and according to Corollary 1, graph G will not have the smallest average shortest

path length. O]
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Corollary 4. Assume that the graph G of order N has the smallest average distance.
The average degree g, of the neighbors of vertex u which has degree equal to d,
satisfies the inequality

N -1
In, = T (3.4)

Proof. Since every vertex u of G has distance exactly 2 with all its non-neighbors,
the vertices in its neighbor set N, = {V4,...,Vy,} should be connected to all the
remaining vertices. In other words, all the remaining N —1 — d,, vertices of the graph
should have at least one common neighbor with u. Each neighbor Vj, of u with degree
gr has g, — 1 neighbors other than u, some of which may belong to N,. If we sum up

the number of neighbors of all these vertices (excluding u), we get:

> (ge—1)>N-1-d,

keNy
> g =N-1
kN (3.5)
dugy, 2 N —1
_ N -1
Iny 2 a

]

Corollary 5. Networks that have the smallest possible average shortest path length

are disassortative with respect to their degrees.

Proof. 1t follows directly from equation (3.5) and the definition of a disassortative

network. L

All nonisomorphic networks of order N = 5 and size 4 < m < 10 with the

minimum average shortest path length are shown in Figure 3.1.
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Figure 3.1: All connected networks with 5 vertices and 4 < m < 10 edges with the smallest
average shortest path length. In these graphs, all nodes that are not connected are second
neighbors.

3.2.2 Maximum Average Distance

The networks with the largest average distance have a very different topology. They
consist of two distinct connected subgraphs, and if we remove any edge, the network
either becomes disconnected, or the previously connected vertices become second

neighbors.

Definition 1. We call a connected graph of order N and size m almost complete
when its largest clique has order N — 1 or N — 2. We distinguish these two cases by
calling them type I and type II, respectively. In order to be almost complete, a graph
needs to have (Nz_l) +1<m< (g[) —1 (type I), or (NQ_Q) +2<m< (NQ_I) (type
II) edges. The wvertices of the largest clique are called central vertices, whereas the

vertices not belonging to it are called peripheral vertices.

The two types of almost complete graphs are shown in Figure 3.2.
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(a) Type I (b) Type II

Figure 3.2: (a) The type I almost complete graph consists of a clique of N — 1 vertices,
and one peripheral vertex (shown in red) that connects to them. (b) The type II almost
complete graph of order N consists of a clique of order N — 2, and two additional vertices
that connect to it (and possibly to each other).

Lemma 3. Assume that a vertex u with degree d, is added to a network, with its
neighbor set being N,. Rewiring edges of G such that they connect previously non-
neighboring vertices in N, cannot decrease its eccentricity or the average distance of

u with the other vertices in the network.

Proof. Connecting any two vertices in N, will not change the distance of u with any
of them. Furthermore, disconnecting a pair of vertices, at least one of which is not in
N,, can only increase the distance of u with any of the vertices that do not belong to

the set of its neighbors. m

More generally, connecting two non-neighboring vertices has the smallest impact
on their average distance if they have a common neighbor. Rewiring an edge in G will
increase the distance of the initially connected pair (uy,v;) to d (where d > 2), and

decrease the distance of the new pair of vertices (us, v9) with a common neighbor by
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1. The overall difference will be

Ad(“l? Ul) + Ad<u27 U2) = (dnew(uh Ul) - dold(uh U1)>

+ (dpew(ug, v2) — doa(ug, va)) (3.6)
=d—2

> 0.

Combining Lemma 3 with equation (3.6), we can easily see that for a fixed neigh-
borhood N, of a vertex u, we can increase the eccentricity of u and at the same time
the average distance of the graph it belongs to, simply by rewiring edges to connect

vertices in N, until they form a clique.

Lemma 4. All connected graphs of order N > 2 and size (Nfl) +1<m< (N) have

the same average distance, equal to

D(N,m)=2— ——. (3.7)

Proof. Assume that the largest clique in G consists of C' vertices, which we will call
central vertices. The rest of the nodes belong to the set P of peripheral vertices, with
|P| = P and they may form connections to the central vertices and among themselves.
Since m > (N; 1) + 1, every vertex in the graph is either a central or a peripheral
vertex, and as a result

C+ P=N. (3.8)

The average distance of equation (3.7) is equal to the minimum possible distance of a
graph as in equation (3.3), and it is achieved if and only if all non-neighboring vertices
have distance equal to 2. The only way that the network will not have an average
distance equal to D,,;, is when there is a pair of vertices A and B with shortest path

length of at least 3. If there exist two such vertices, then from equation (3.3) and
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Corollary 1 we conclude that the maximum average distance of the graph will be

ik

The central vertices are by definition fully connected to each other, and any peripheral

D(G) >2— (3.9)

vertex has distance two with all the central vertices it is not connected with. So, the
only case where two non-neighboring vertices do not have any common neighbors is
when both of them are peripheral vertices. We will now show that this is not possible.

For every peripheral vertex u, there are ~, central vertices that are not connected
to it. Also, let h be the total number of non-neighboring peripheral vertices. The

total number of non-neighboring vertex pairs is

y=h+Y " (3.10)
ueP
with
J— N _
7= (5)
g(N)_ N_1>_1 (3.11)
2 2
=N-2
In addition,
h>1 (3.12)

since A and B are not connected. Combining all the equations above:

ueP ueP

— m+m+ Y, W<N-3

ueP
u#Au#B

(3.13)

Every peripheral vertex in P has at least one central vertex that it is not connected
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to, so
Yo =>1 YueP (3.14)
and
Y w=P-2 (3.15)
ucP
u#Au#B

Based on the last two inequalities combined with inequality (3.13), we can derive an

upper bound for the sum of v4 and ~p:

Yo+ <N—-P—-1
(3.16)
<N-3

because P > 2. But A and B have by assumption no common neighbors in the clique

or among any peripheral vertices, which means that
Ya+yp 2 N =2 (3.17)

which is clearly a contradiction. O

Corollary 6. There are exactly L%J non-isomorphic graphs of order N and size

m = (NQ_I) with the largest possible average distance, equal to

Duae(N,m) =2 — mT_l
(3)

All other graphs of the same order and size have the minimum possible average dis-

(3.18)

tance among their vertices, equal to

Proof. In a graph of size m = (N 5 1), the total number of missing edges among all
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the pairs of vertices is

SO e

Keeping the same notation as before, we sum up all the missing edges among the

peripheral vertices, and among peripheral and central vertices.

htva+v+ Y, nW=N-1 (3.21)
ueP
u#Au#B
under the constraints
Ya+p>=N-P, > 4 >P-2 and h>1 (3.22)
U;SZ,DB

These inequalities can only be satisfied in equation (3.21) if all variables are equal to

their respective lower bounds, namely

Ya+p=N-P, Y 5, =P-2 and h=1 (3.23)

ueP
u#A,B

The only unknown variable above is P. Since A and B are not neighbors, there is
only one (h = 1) edge missing among peripheral vertices. If we assume that P > 3,
then A and B have exactly P — 2 common neighbors, which are peripheral vertices
that are connected to both of them. This would clearly contradict our assumption.
Consequently, A and B are the only peripheral vertices and P = 2. Such a graph is

shown in Figure 3.3(a). It is clear from the previous analysis that
dA+dB+’YA—|—’}/B:2(N—2):>dA+dB:N—2 (3.24)

with d4,dp > 1 because the graph is connected. Setting d4 < dp in order to count
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Peripheral Vertices

(A\'—Q)—C\(gmplvtc Graph

(a) (b)

Figure 3.3: (a) A network with size m = (N g 1) and largest possible average distance.
Vertices A and B are the only vertices without any common neighbors, and d4+dp = N —2,
the number of central vertices. (b) The graph of order N = 12 and size m = 24, with the
largest average shortest path length. It consists of a complete graph of order C' = 6 (blue),
and a path graph of order P = N —C = 6 (green). Four edges (o = 4) connect the complete

subgraph to one of the two ends of the path graph.

only the non-isomorphic graphs, it is clear that there are exactly L%J pairs of

degrees d 4, dg that satisfy the last equation. O]
Theorem 2. The graph of order N and size N —1 < m < (N2_1) with the largest
average distance among its vertices consists of a complete subgraph of order C, and
a path subgraph of order P = N — C. The two subgraphs are connected through o
edges, as shown in Figure 3.3(b). In addition, the graph with the mazximum average

shortest path length is unique for N —1 < m < (Ngl) —1.

Proof. Every arbitrary cut S will produce two disjoint subgraphs, both of which need
to be maximum distance graphs for the respective orders and sizes. More formally, if
A is the set of all networks of all orders and sizes with the maximum possible average

shortest path length and H is an induced subgraph of a graph G, then
eAd = G-HecA V¥V HCG. (3.25)

The above equation is a necessary and sufficient condition for maximum average
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distance. If it does not hold for some subgraph J C G, then we would be able to
rearrange the edges in it, so that the average distance among the vertices in the
subgraph is increased. Since this would also increase the average distance of G — J
with the vertices of 7, the overall average distance of G would increase.

Now suppose that we want to find the maximum average distance graph of order
N. According to the equation above, and setting one of the vertices u as the chosen
subgraph (of unit order), a graph with order N and size m has the largest possible

average distance (in which case it is denoted G,,q,) when

Gmaz (N, m) = arg max Z d(u,v) |, (3.26)
GECN:M) | (u0)ev2(9)

where C(N,m) is the set of all possible connected graphs of order N and size m. But
from equation (3.25), and considering a subgraph H of order 1, we can write the last

condition as

Gmaa(N,m) = max | Grnaa(N = 1,m = [NL) UH(L N | (3.27)
We will now find the neighborhood N, of vertex u in order to yield the graph
with the largest average distance. We will use induction. For N < 4, the theorem
holds trivially. For order N = 4, it is easy to check that graphs of all sizes have the
structure of the theorem.
Assume that all the maximum average distance graphs up to order Ny and size

mg have the same form described above, where
No
NozN—landNo—1§m0§ 9 . (328)

It will be shown that all networks of order N also have that same form, making use of

equations (3.25) and (3.26). If d, = 1, then we can connect it to the vertex w with the
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largest eccentricity. In the resulting graph, u will now have the largest eccentricity
and average distance to the other vertices. At the same time the new graph will have
the form stated in the theorem and the sum of distances of u with the rest of the

vertices will be

D,= Y duv)=1+ Y (1+dw,v)). (3.29)
Yoy s
If the degree of u is equal to the order of the clique, the resulting graph will have the
largest average distance if we connect it to all the vertices of the clique, as shown in
Lemma 3.

If d, is smaller than the order of the clique, then u could be connected to clique
vertices only, path vertices only, or a combination of both. None of the above is an
optimal configuration, since they do not satisfy condition (3.25). The same argument
holds when d, is larger than the size of the clique. In this case we can subtract the
order of the clique C', and consider a new vertex with degree d, — C, repeating the
process if needed. According to the above analysis, the new graph will either have
the form stated in the theorem, or it will not have the largest average distance.

Finally for graphs with size N —1 < m < (N; 1), the structure that yields the
largest average distance is unique. Using induction again, we see that for N = 4,
the claim holds. For N > 5, the graph with maximum average distance is unique for

N — 1 by the induction hypothesis, and adding one extra vertex u with d, = 1 or
d,, = C' yields the same graph in both cases:

Gra(N — 1,m — C) UH(L, C) = Gaa(N — 1,m — 1) UH(L, 1). (3.30)

O

Note that according to condition (3.25), the network should have the same form
no matter which subset of vertices we remove. The form of a graph with the largest

average distance as stated in Theorem 2 is the one that satisfies that requirement.
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The networks with the maximum average distance can be described as a combination
of a type I almost complete subgraph and a path subgraph. We can now summarize

the form of the networks with the largest average distance for any number of edges.

Corollary 7. A graph G(N,m) with the largest average distance consists of a clique
connected to a path graph as described in Theorem 2 (see Figure 3.3(b)) and is unique
for N—1<m< (N;) —1. Ifm= (Ngl), then it consists of a clique of order N — 2
and two peripheral vertices as shown in Figure 3.3(a). If m > (NQ_I) + 1, then all

graphs have the same average distance.

Corollary 8. Networks with the largest average shortest path length are assortative

with regard to their degrees.

The maximum possible average shortest path length of a graph is computed in

the next corollary, where we also find the order of its clique and path subgraphs.
Corollary 9. The average shortest path length among the vertices of a network with
the largest possible average distance Gpar(IN,m) of order N and size m, is equal to

Dmaa:(Ny m) — (g> + (P;rl> + (C — OJ)P + (P;d) , (331)

(3)

where
VI Sm 8N
C_FJF 9+ 8m — 8 (332
2

15 the number of vertices that belong to the clique,
P=N-C (3.33)

1s the number of vertices of the path subgraph, and
oz:m—P—i—l—(g) (3.34)

1s the number of edges that connect the clique with the path graph.
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Proof. We will find the lengths of the shortest paths among all vertices, add them,

and finally divide them by their number to find the average. First, we need to find

the order of the clique. Summing up all the edges of the network, we have

(%) carvn=m

The total number of vertices is

C+P=N

and replacing P in equation (3.35), we get

C
<2) +a+(N-C—-1)=m
where C' and « are integers satisfying the inequalities

1<C<N-1 1<P<N-1

?

and

1<a<(C-—-1,

respectively. Solving for C"

C? —3C + (2N —2m +2 — 2a) = 0.

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

One way to find the solution of the second-order equation above, is to set a equal

to its smallest possible value, and solve for (', keeping in mind that it is always a

positive integer. As we add more edges, « increases while C' stays unchanged, until

the vertex of the path subgraph is connected to all the vertices of the clique. At this

point, C' increases by one and « changes from C' — 1 to 1. We set a = 1, and taking
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into account that C' € N*,

C =

(3.41)

3+\/9+8m—8NJ
5 .

We can now compute the number of the vertices that do not belong to the clique,
and the number of edges between the two subgraphs « from equation (3.35). The

distance among each pair of the C' vertices of the clique is 1, so the sum of the pairwise

D, = (g) (3.42)

The sum of the shortest path lengths of the path subgraph vertices to the clique

distances is

vertices is

Dy =) [za+ (z+1)(C—a)=> [(C—a)+aC]
r=1 r=1 (343)
:p(C—a)+o(P2“>.

Finally, the sum of the shortest path lengths of nodes of the path subgraph is

P T

D;;zZZ(y—x):iiz: P (2"):(]3;1). (3.44)

Adding all the sums of all the shortest path lengths, and dividing by the total number
of vertex pairs, we get

b = D CUT) £ PO =0+ () o

(3)

]

N-1

It is easy to show that when m > ( 5

), the formula for the minimum and
maximum average distance give the same result for the average distance, in accordance
with Lemma 4. In that case, equation (3.31) assumes that the network is an almost

complete graph, but this graph has the same average distance as any other graph of
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Figure 3.4: Tight bounds on the average distance of a graph with N = 40 vertices and
39 < m < 780 edges. These bounds have been computed analytically. The average shortest
path length for random graphs has been estimated by finding the mean shortest path length
of 10* randomly generated graphs of the same order and size. The expected average distance
of a random graph is very close to the minimum, even for relatively sparse networks. For
graphs with edge density p > 0.25, it is virtually identical to the minimum one.

the same order and size. An example that shows the tight upper and lower bounds
of the average distance of a graph with N = 40 and 39 < m < 780 vertices is shown

in Figure 3.4.

3.3 Betweenness Centrality

The betweenness centrality of a vertex or an edge is a measure of how important
this vertex or edge is for the communication and information propagation among the
different parts of the network. It is based on counting the number of shortest paths
among all pairs of vertices a given vertex or edge is a part of [48]. The betweenness

centrality of a network is particularly important when we have message passing (or
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more generally signal propagation) among various nodes of a network, since it indi-
cates how important each vertex or edge is for the function of such a network, and
how robust it is with respect to vertex or edge removal [28]. The vertex betweenness

centrality is defined as

Buy= 3 “5;(1”, (3.46)
(s,)EVZ(G) st
sEUFEL

where oy, is the number of shortest paths between vertices s and ¢ and o4 (u) is the
number of shortest paths between s and t that go through vertex u. Equation (3.46)
computes the total number of shortest paths of all the pairs of vertices in the graph
that go through a given vertex u. If there is more than one such path, we divide
by their total number oy, since they are assumed to be equally important. The

betweenness centrality of a vertex is sometimes normalized by the total number of all

N—l).

vertex pairs that we took into account for computing it, which is equal to ( )

Brrnl) = e 30 2 (3.47)

( 2 )(S’t)evz(g) Ost
sFEUFL

The vertex betweenness is always nonnegative. The only vertices with betweenness
centrality equal to zero are the ones with degree equal to 1. In order to assess the

betweenness centrality of a network, we find the average of all vertices:

1
BY(G) = Nu;v(:g)za(u). (3.48)
Networks with a large betweenness centrality usually have few vertices that play
a major role in the communications among every other vertex. Conversely, small
betweenness centrality indicates that the vertices of the network tend to be equally
important or that there are many different shortest paths among the various parts of
the network.

The edge betweenness centrality is similarly defined as the sum of the fraction of



39

shortest paths of all vertex pairs in the network that go through a given edge:

BiH= Y ost(f) (3.49)

(snevi(@) O
sF#t

where in this case o4 (f) is the number of shortest paths between s and t that go
through edge f. The edge betweenness centrality of the network is defined in the

same manner as before:

B(G) = 3 Bl (3.50)
)

fe&g
The betweenness of an edge is always positive for a connected network.

The betweenness centrality of a graph is an important proxy of how robust the
network is to random vertex or edge removals. Removing a vertex or an edge with
large betweenness centrality means that the communication among many vertex pairs
will be affected, since they will now be forced to exchange information through al-
ternative, possibly longer paths. Graphs which include nodes or edges with large
betweenness centralities are sensitive to random removal of that set of vertices or
edges. The vertex or edge betweenness centrality of a graph does not give any in-
formation about the centralities of individual vertices or edges, which may largely
vary from edge to edge. For networks with the same betweenness centrality, large
variations among vertices or edges reveal a sensitivity to targeted attacks, since re-
moving the most central vertices may significantly disrupt the network function. In
this section we show that the betweenness centrality of a graph is inherently related

to its average shortest path length.

Theorem 3. The average betweenness centrality of a network G(N,m) is a linear

function of its average distance,

(3.51)

(N -1D(D(G) - 1)
5 .
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Proof.
1 1 O'st(U/)
Bo =3 Y Bw=y > >
ueV(G) ueV(G) (s,t)eVZ(G) s
sF#uFt

ueV(G) seV(G) teV(Q) SEV(G) teV(9) ueV(G)
SFU t#u t#s UF£S
A # s (3.52)
1 1 1
=5v E ~ Ot (IP(s,t)| = 1) = N E E (d(s,t) — 1)
seV(Q) te\;(g) st SEV(Q) t@;(g)
t#s t#s

-5 (2)o0-:()]

Simplifying the last equation, the average betweenness centrality of a graph becomes

the one stated in the theorem. OJ

It is worth mentioning that the average betweenness centrality of the network is
only dependent on its size indirectly, through the average distance of the graph. For
a fixed order, the average betweenness centrality of a network decreases as we add

new edges (Lemma 1).

Corollary 10. A network has minimum (mazimum) average betweenness centrality
if and only if it has minimum (mazimum) average distance. The minimum possible

average betweenness centrality of a graph of order N and size m is equal to

N—-1 m
and the maximum possible average betweenness centrality of such a graph is
C P+1 P+1
+C +P(C—a)+ N -1
Biax(G) = L)+ )P0+ (5) (3.54)

N 2

where C', P, and « are defined in equations (3.32), (3.33), and (3.34), respectively.
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Proof. The networks with the smallest or largest average betweenness centrality are
the graphs with the smallest or largest average distance respectively. Replacing them
from equations (3.3) and (3.31), the bounds for the average betweenness centrality of

graphs follow. m

Corollary 11. The minimum sum of betweenness centralities of all the vertices of a

network is equal to the number of vertices that are not neighbors.

Proof. From equations (3.48) and (3.53), we see that

— N Bon(G) = (N ) —m. (3.55)

i B
o LZ @ :

ev(g)

]

Theorem 4. The average edge betweenness centrality of a network is directly propor-

tional to the average distance of the network, equal to
1 /(N =
B¢(G) = —( )D(g). (3.56)

Furthermore, the minimum and mazimum average edge betweenness centrality of a

network of order N, and size m are, respectively

Brin(N,m) = w -1 (3.57)
and C P+1 P+1
Bfnax(N,m):(2)+C(2)+P(C_a)+(3) (3.58)

m

where C, P and a are the same as in equations (3.32), (3.33), and (3.34).
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Proof. We follow the same method as in the proof of the vertex betweenness centrality:

B.(G) = — Z B(e Z Z os(e)

Ost
eeg <) ee.S(g) (s,t)EV3(G
s;ﬁt
1 O
DI : D D Z oale
(s,£)EV2(G) e€E(G) M sneveg) 75 ceeg (3.59)
1 1
=— Z —ogd(s,t)
m Ost
(s,t)EV2(G)

1 /N =
= — D(G).
+(5)p0
Replacing the average distance by its minimum and maximum bounds, we get equa-

tions (3.57) and (3.58), respectively. O

3.4 Efficiency

The efficiency of a network (as defined in [41]) is a metric that shows how fast a
signal travels on average in the network, assuming constant speed from one vertex
to another. It is the sum of the inverse distances of all vertex pairs in a network,

normalized by the total number of such pairs:

f(g):m > div' (3.60)

Network efficiency is also correlated with the fault tolerance of the network, in
the sense of how the average distance of a network changes when one or more vertices
are removed from the network. Network efficiency has been used to assess the quality
of neural, communication, and transportation networks [41]. Below we are going to
show that the most and least efficient networks are the ones with the smallest and

largest average distance among their individual parts.

Theorem 5. A graph G = G(N, m) has the highest efficiency among all other graphs
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with the same order and size if and only if it is a graph of minimum average distance.

The highest efficiency of a network of N vertices and m edges is equal to

1 m

SRR (3.61)

Proof. We assign a distance matrix to every graph, with its (k,m) element being the
distance between vertices k and m. For a graph G = Gy, with distance matrix D
and the minimum average distance, the sum of all the distances among all the pairs
of vertices is smaller or equal to that of any other random graph R = Ry, with

distance matrix H.

The function to be maximized is convex, which means that the maximum lies on one
of the boundaries. Since we will be comparing only networks of the same order, we

will focus on the sum of inverse distances among the vertices of each network.

FG) - (];[ ) F(0). (3.63)

If a network R is not a minimum average distance graph, then according to Corollary
1 there exists at least one pair of vertices (a,b) with d(a,b) > 3. The sum of the

inverse shortest path lengths of such a network is

FR= 3 o= 3 la0)

(u,0)EVZ(G) k>1
uto (3.64)
1 1
=m+ 5 [&R) + ) T IE(R)]
k>3

On the other hand, the sum of the inverse distances of a minimum average distance
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network G is

- () o )

e (3) -pen =3 (3) o)
E

() meem)

This shows that a maximum efficiency graph is a minimum distance graph. Normal-

izing by the total number of vertex pairs, equation (3.61) follows. [

Theorem 6. A network has the lowest possible efficiency if and only if it is a largest

average distance graph.

Proof. We will use the same method as in the proof for the form of networks with the
largest average distance. When (N 5 1) +1<m< (];7 ), then all networks have m pairs
of connected vertices, (];; ) — m pairs of vertices that are second neighbors, and there
is no graph in which two vertices do not have any common neighbors, as shown in
Lemma 4. This clearly shows that all networks of this size have the same efficiency,

given by equation (3.61). For smaller size graphs, when N —1 < m < (NQ_I), a
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necessary and sufficient condition will be

el <= G—-Hecl VvV HCG (3.67)

with Z being the set of networks with the lowest efficiency. If we consider a subgraph
of order 1 (a single vertex), its average distance to all other vertices will be the largest
when its degree is equal to 1. So, if G = HU{u}, with H € Z and u is only connected
to one other vertex in the graph (its distance to which is equal to 1), it is evident
that it has to be connected to one of the vertices with the largest average distance,

which at the same time has the largest eccentricity.

1
1 (3.68)
=FMH)+1+ ) i
keV(G) v
k#u,k#v

The last equation shows that if v is the vertex of H with degree d, = 1, then the new
graph has the smallest possible efficiency. It follows that a network has the smallest

efficiency if and only if it is a maximum average distance network. O]

Corollary 12. The smallest efficiency of a network of order N and size m is equal

to
C N-C Oé+£lfC N—-C z—1
(2)—'—2_; (x+1) ZZ;$ Yy
Fonin(N,m) = = - - (3.69)
(5)
with

3+v9+8m —8N
2

C:L J and a:m+1—N+C’—(§) (3.70)

The proof Corollary 12 is similar to the proof of Corollary 9. The lowest and
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highest efficiency bounds of a connected network with N = 40 vertices and 39 < m <
780 edges is shown in Figure 3.5. The same figure also shows the expected efficiency

of a random graph.

10}

0.8¢

o
o

Network Efficiency
o
~

0.2+ Minimum

0.0t

0 200 400 600
Network Size

Figure 3.5: The smallest, average and largest efficiency of graphs of order N = 40 as a
function of their size, 39 < m < 780. The minimum and maximum bounds are analytically
computed. The statistical average is approximated by the average of the efficiency of 10*
random graphs for each size.

3.5 Radius and Diameter

The radius and the diameter of a graph are also measures that have to do with
distance. In order to define the radius of a graph, we need to find a central vertex
in the network, the one that is the closest to all other vertices. A network may have
more than one central vertex. We are often interested in the radius of a network
when information is aggregated and distributed from a vertex high in the hierarchy

to other vertices lower in the hierarchy. The importance of a node is correlated with



47

how central it is. Important vertices are usually the ones closest to the network center.

On the other hand, the diameter of a network becomes important when we have a
flat hierarchy, where communication or signal propagation takes place with the same
frequency among any given pair of vertices in the network. There are applications in
which we want our network to have very small or very large diameter. Usually for
signal propagation or in general diffusion phenomena, the desired network topology
has the smallest possible diameter, since the response to different inputs needs to
be processed as fast as possible. When considering a virus spreading in the network
during a fixed time interval, in order to ensure that as few nodes as possible get
infected before appropriate action is taken, the network diameter needs to be as large
as possible. In this section, we are going to show the structure of the networks with
the largest and smallest radius and diameter. As we will see below, these graphs do

not always have the same form.

3.5.1 Networks with the Smallest and Largest Radius

We will now find tight bounds for the radius of graphs of arbitrary order and size. The
networks that achieve these bounds are generally not unique. The radius of a network
is correlated with its average distance and diameter. Graphs with the smallest radius
have the smallest average distance and the smallest diameter. Surprisingly, graphs
with the largest radius may or may not have the largest average distance or diameter,

as we will see next.

Lemma 5. If (u,v) € £(G), then

ecc(u) — 1 < ece(v) < ece(u) + 1. (3.71)

Proof. For every connected pair of vertices u,v such that (u,v) € £(G), and a third
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vertex w € V(G),

|d(v, w) — d(u,w)| <1

= d(u,w) — 1 <d(v,w) < d(u,w) +1

(3.72)
= d -1} < d < d +1
Jnax {d(u,w) =1} < max d(v,w) < max {d(u,w) +1}
= ecc(u) — 1 < ecc(v) < ecc(u) + 1.
[

Theorem 7. A connected network of order N and size m > N — 1 has the smallest
radius if and only if it has an induced subgraph which is the star graph. Such a

network has a radius equal to one, regardless of its size.

Proof. The radius R(G) of any graph G is a natural number, with R(G) > 1. If a star
of the same order as G is an induced subgraph, then the central vertex has eccentricity
equal to one, which is the minimum possible. Conversely, if the radius is equal to one,
then there exists at least one vertex with full degree, which along with its neighbors

forms a star subgraph. O

Corollary 13. A network with the smallest radius also has the smallest average
distance among its vertices. The opposite is not necessarily true, since there exist

minimum average distance networks with no vertices of full degree (Corollaries 2—4).

Lemma 6. The mazimum radius of graphs of order N is a non-increasing function

of their size m.

Proof. Assume that the graph G = G(N,m) has the maximum radius among all
other graphs with the same order and size. If we add one extra edge among any pair
of currently non-neighboring vertices it will create a shorter path between at least
two nodes, so the eccentricity of every vertex in G will either be unchanged or will

decrease. The new graph will consequently have radius smaller or equal to G, which
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is also smaller or equal to the one of the maximum radius graph H = H(N,m + 1).

So adding one or more edges cannot increase the maximum radius. O

Lemma 7. Assume that G(N,m) has radius R(G) = r, and c¢ is a central vertez. If

d(a,c) =1 for some a € V(G), then there ezists a vertex b € V(G) such that
d(b,c) >r—1 and P(a,c)NP(b,c)={c}. (3.73)

Proof. Suppose that there does not exist such a vertex. If the first condition is not
satisfied, then
dlu,c) <r—2 YueV(G) = R(G)<r-1 (3.74)

which contradicts the assumption that G has radius r.
If there do not exist any vertices a and b with distances at least r and r — 1,
respectively, from ¢ whose shortest paths to ¢ have no other common vertex, then

there exists a different vertex w € P(a,c) NP(b, c) such that
d(a,w)<r—1 and d(byw)<r—2 (3.75)

meaning that c is not a central vertex. O

Lemma 8. A path graph has a radius larger or equal to any other network,
N
Roas(Nym = N — 1) = bJ (3.76)
A cycle graph has also radius larger or equal to any other network,

Rias(N,m = N) = Rpau(N,m = N — 1). (3.77)

Proof. According to Lemma 7, the order of a network G with radius R > [%J + 1,
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will be

V@) >1+1+ gJ + gJ >N 11 (3.78)

which is clearly a contradiction. If the path graph has an odd number of vertices, the
central vertex is the middle vertex, with distance % from both extreme vertices. If
the order is even, then both middle vertices are graph centers, and their eccentricities
are equal to % Connecting the two vertices that are furthest from the center through
an edge does not have an impact to the graph radius, so a cycle has the largest possible
radius (Lemma 6). In this case, because of the symmetry of the network, all vertices

have the same eccentricity. O

Lemma 9. A graph of order N and size (];7) — (%W +1<m< (];[) has radius equal

to 1.
Proof. 1t suffices to prove that there exists at least one vertex with full degree. If all
vertices have degree less than or equal to N — 2, the graph size is at most

m < moy = \‘ (3.79)

N(N —2)
2

which is not possible, since for all N > 2

()~ [5]+eom .50

Lemma 10. The largest possible radius for a graph of order N and size (N2_2) +1<

m < (]g) — [%W s equal to 2.

N-2

5 ) + 1 cannot have radius

Proof. Tt suffices to prove that graphs with size m > (
of 3 or larger, since we can find at least one network of this size in which no vertex

has full degree [33]. Refering to Figure 3.6(a), let C' be one of the central vertices.
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(a) (b) (c)

Figure 3.6: (a) Necessary induced subgraph for a network to have radius larger or equal
to 3. The vertices shown are not allowed to have any direct connections, and vertices with
distance 3 are not allowed to have any common neighbors. (b) For order N and size m > N,
there is always at least one graph G(N,m) that has the maximum possible radius, and has
a full cycle as an induced subgraph. (c) A network with largest possible radius with N =7
and m = 11. It consists of an almost complete subgraph of order M =5 and a path graph
of order L = 4. The two induced subgraphs share two vertices, so that N = L + M — 2.
The red vertex has the largest degree, and is the center of the network.

According to Lemma 7, there exist at least two vertices A and F' (possibly connected

to each other) such that
d(C,A)>2 and d(C,F)> 3. (3.81)
In order to respect these distance conditions and the centrality of C
C+F, B+FE, and A+D. (3.82)

Because d(C, F) > 3, nodes C' and F cannot have a common neighbor, so there are
N — 2 edges that are not present in the graph. In addition, B and E may not have a
common neighbor either, otherwise the radius would be at most equal to 2. There are
another NV — 4 edges that cannot be present, since there are N — 2 possible common
neighbors of B and F, and we have already counted two of them previously. So the

graph is missing at least ms; = (N —2) + (N — 4) + 3 edges, and its size is at most

m§(];[)—ms:(];])—(QN—?)):(NQ—Q). (3.83)
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]

Lemma 11. The maximum possible radius of a connected graph G of order N and
size N+1<m< (NQQ)—Z 18
2N —-1—-+1+8m —8N

Rpaa (N, m) = ] (3.84)

Proof. For every N > 3, there is at least one graph with radius equal to R4 (N, m)
that includes a full circle as an induced subgraph. To see why, suppose that C' is a

central vertex and

d(C,A) = Rpaz and d(C,F) > Ryar — 1 A F eV(G) (3.85)
as shown in Figure 3.6(b). We pick vertices B and D such that

d(C,B)=1 d(C,D)=1, and Be P(C,A),G € P(C,F). (3.86)

Also, all other vertices can be connected to B, D, and C without changing the
radius, when m < (N o 2) — 2. Vertices A and F' can be connected without changing
the maximum radius of the network, as shown in Lemma 8. Also, there are no edges
among vertices in P(C, A) or vertices in P(F, A), otherwise condition (3.85) would
be violated. Thus, the network described has a full circle as an induced subgraph.
We now need to compute the maximum radius of such a graph. Since a new edge
always creates new shortest paths, we have to connect vertices with distance equal
to two, such that we only create a single new shortest path between vertices that
are second neighbors (see also equation (3.6)). A simple method to find the graph
with the largest radius is to start from a cycle graph, and keep adding edges such
that we have a complete or almost complete graph connected with both ends of a
path graph, as shown in Figure 3.6(c). Because of the symmetry of this network, the

largest degree vertex is always a central vertex. If we denote with M the order of the
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complete or almost complete subgraph, and with L the order of the path subgraph,

we can find the order of these subgraphs by solving the following system of equations:

M -1
m:(L—l)—f—( )—i—a
2 (3.87)
L+M=N+2
with
l<a<M-1, L,CeN. (3.88)

We compute M (and subsequently L) in the same way as in the proof of Corollary 9,
by setting a equal to its maximum value, and then choosing the smallest integer M

from the solution of the second-order equation.

1 —’N 1 —’N
M:\fﬁ—l—\/ T8m—38 L Naa- 341+ 8m—8

5 5 J . (3.89)

This graph has radius equal to

2 2

Ry (N. ) = {L+(5(a<M—1)J _ {N+2+5(a<M—1)_ [@JJ

(3.90)

where ¢ is the Kronecker delta. After simplifying, the last expression becomes:

Rmax N7 -
(N, m 1

- {2N-1—\/1+8m—8ﬂ

An example of the form of the function above for N = 40 is shown in Figure 3.7.
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Figure 3.7: The largest, smallest, and average radius of graphs of order N = 40 as a function
their size 39 < m < 780. The minimum and maximum bounds are analytically computed.
The statistical averages are estimated by the mean radius of 10 random graphs for each
size. The average radius also has a “stepwise” form.

Theorem 8. The maximum radius of a network of order N and size m s

Rmaas<N7 m) =

15 N-1<m<N

’72N717\/411+8m78N-‘ Nil<m< (N—Z)
=M=
(3.92)

Note the same stair-like form of both the maximum radius and the statistical av-

erages. The statistical average curve exhibits fewer and smoother “steps”. Networks
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with the largest radius of order N = 5 are listed in Figure 3.8.

el [ e e D

(a) m=4 (b) m=5

D D DK
@@

= ) m=10

Figure 3.8: All connected networks with 5 vertices and 4 < m < 10 edges with the largest
possible radius. The first graph of each group is constructed by the method described in
the text.

3.5.2 Networks with the Smallest and Largest Diameter

In this subsection, we are going to study the form of the networks with the mini-
mum and maximum diameter. Computing the minimum diameter of a network is
fairly straightforward. In the case of the maximum possible diameter, we first prove
two lemmas that will help us show that we can find the structure of the networks

recursively.

Theorem 9. A network has the smallest possible diameter if and only if it is a

smallest average distance graph.

Proof. The diameter of a complete graph is trivially equal to one. If the graph is

not complete, the diameter is at least 2, since there is at least one pair of non-
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neighboring vertices. In a graph with the smallest average distance, all vertices that
are not connected have at least one common neighbor, and the maximum eccentricity
is equal to 2. Conversely, if the largest distance among any vertex pair is equal to 2,

then by Corollary 1, the graph has the smallest average distance. [

Corollary 14. A network with the minimum radius (R(G) = 1) also has minimum
diameter (T(G) = 2) regardless of its interconnection topology. The inverse is not

always true: There are networks with minimum diameter, and radius R(G) = 2 >

An example of a network with minimum diameter and radius equal to 2 would be
one where there is no vertex of full degree, but in which the distance among all pairs

of vertices is equal to either 1 or 2.

Lemma 12. A network of order N and size (Ngl) +1<m< (g) — 1 has diameter

equal to 2. A complete graph has diameter equal to 1.

Proof. In a complete graph, all vertices are connected to each other, so the eccentricity
of every vertex is trivially equal to 1. In a graph of size m > (N; 1) + 1, all vertices
that do not share an edge have at least one common neighbor, as shown in the proof
of Lemma 4. Consequently, every vertex has eccentricity either 1 or 2, so the diameter

is equal to 2 regardless of the graph topology. O]

Lemma 13. The mazimum diameter Tp,q..(N, m) of a network of order N is at most
one larger than the maximum diameter of a network with order N — 1 and smaller
size.

Traz(N,m) < Trae (N —1,m—d)+1, 1<d<N-1. (3.93)

Proof. Assume that the graph G = Gy, has diameter T(G) < Tp0.(N, m). Define
as D the set of unordered vertex pairs whose distance is equal to the graph diameter.

We now remove an arbitrary vertex v with degree d = d,, from G, and the resulting
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graph is H with order N — 1. If u € D, then no shortest path between any vertex

pair in D passes through u. We distinguish two cases:

e [f u is in every vertex pair in D, then the diameter of H is

TG)=TH)+1 VYV GH o0

= Tae(N,m) < Tge(N —1,m —d) + 1.

e If there exists at least one vertex pair in D that does not include wu, then
removing u will result in a graph H that if it is connected, it has the same
diameter as G. If u is a member of all paths among of all vertex pairs with
distance equal to the diameter, then H will be disconnected, and its diameter

will be by definition infinite.

T(G) =T(H) < Tpaa(N = 1,m — d)

(3.95)
—> Thaze(N,m) < Thae (N — 1, m — d).

Combining the two cases, the result follows. m

Corollary 15. If we remove a vertex u from a graph G, resulting in graph H, then

Ty =T -1 = Dg = {(u,wy), (u,ws), ..., (uwg)} (3.96)

Conversely, if we add a vertex u with degree d to H, then

Tg = TH +1 = {(vl,wl), (’UQ,’IUQ), Cey (Ud, wd)} - D'H (397)

with wy, ..., wg,v1,...v4 € V(H),V(G) and (u,v1),...,(u,vq) € E(G) and D the set

of unordered vertex pairs whose distance is equal to the graph diameter.

Theorem 10. The largest possible diameter of a network of order N and size m is
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equal to
14++v94+8m —8N
Trae(N,m) = N — { 5 . (3.98)
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Figure 3.9: The smallest, average, and largest diameter of graphs of order N = 40 as a
function of their size, 39 < m < 780. The minimum and maximum bounds are analytically
computed. The statistical average is approximated by the mean diameter of 10* random
graphs of the respective size. Note that even in the average diameter, there is the “stepwise”
form of the maximum diameter graphs, although much smoother.

Proof. Lemma 13 and Corollary 15 readily show an easy way to find the largest
possible diameter of a graph of fixed order and size. According to Corollary 15, if we
add a vertex u with degree d, = 1 to a maximum diameter graph H, and we connect
it to a vertex with the largest eccentricity, the resulting graph G has also the largest
diameter for its order and size (see also Lemma 5). As a result, we can write the

following recursive relation:

Toae(N,m) =14 Thae (N — 1,m — 1). (3.99)
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Repeating the process as many times as possible,
Tonae(N,m) =k + Thae(N — k,m — k), (3.100)

The only reason why the recursion can only be implemented a finite number of times
is that there cannot exist a network with N —k — 1 vertices and m — k — 1 edges with

N-—k-1
m—k—1>( 2k > (3.101)

This means that the subgraph H with N — k vertices and order m — k has size

(NHQ_ 1) <my < (A;”) (3.102)

and consequently has a diameter of 2 (almost complete subgraph), so the maximum
diameter of the graph is:
Tonae(N,m) =k + 2 (3.103)

where k = N — Ny . One of the graphs with the maximum diameter consists of a path
graph with N — Ny vertices, and a subgraph of order Ny and size my > (N”Z_l) + 1.
If we assume without loss of generality that H is a type I almost complete graph,
then G is a maximum distance network. It consists of a path graph of order P = k+1
and a complete graph of order C, such that P+ C = N, as shown in Figure 3.3(a). If
we denote by C' and P the order of the clique and the path subgraphs as in equations
(3.32) and (3.33), and combine them with equation (3.103), the maximum diameter

of a graph G(N,m) is

Toar(Nym)=k+2=P+1=N-C+1

v {1+\/9+8m—8NJ (3.104)
; .
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Corollary 16. A mazimum average distance graph also has the largest possible di-

ameter. The converse is not always true.

An example of the minimum, maximum, and average diameter of graphs with 40
vertices and increasing number of edges is shown in Figure 3.9.

From the previous analysis we can conclude that the only tree with the largest
diameter is the path graph. A graph with the largest diameter is not necessarily
unique for any size N < m < (12v ) — 2. The list of all the graphs of order N =5 and

size 4 < m < 10 are shown in Figure 3.10.

oo e (e e (o

(a) m=4 (b) m=5 (c) m=6
P > A, K> R
(d) m=7 (e) m=8

P>
() m=9 (g

m=10

Figure 3.10: All connected networks with 5 vertices, 4 < m < 10 edges, and the largest
diameter. The first graph of each group is also a maximum average distance graph.

Comparing the graphs with the largest radius with the graphs with the largest
diameter, we find that graphs with the largest radius and graphs with the largest

diameter do not always have the same form.

Corollary 17. A network with the largest diameter does not necessarily have the
largest radius. Conversely, a network with the largest radius does not necessarily have

the largest diameter.

An example is given in Figure 3.11.
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O oo e oo o o

Figure 3.11: (a) The only graph with (N, m) = (6,6) and radius Ry,.,(6,6) = 3. (b) All
graphs with the same order and size and maximum diameter, equal to 4. No graph of the
largest diameter coincides with the maximum radius network.

3.6 Resistance Distance

The resistance distance of a graph is a property that shows how easy it is to transfer
information among different parts of the network, taking into account both the num-
ber of independent paths available and their length. It is an important quantity for
the design of many kinds of networks, including electrical networks of all scales, from
power networks to microelectronic circuits. First, we define the resistance distance

between two nodes of a network, and the overall resistance distance of a graph.

Definition 2. The resistance distance s(u,v) between two vertices u,v € V(G) of a
graph G is equal to the total resistance between them when every edge represents a

unit resistor.

Definition 3. The resistance distance of a graph is equal to the minimum among of
the resistance distance of all the node pairs of the network.
S(G) = min s(u,v). (3.105)

u,veV(G)
uFv

We can find the networks with the smallest resistance distance if we choose two
connected vertices and make sure that they have the largest possible number of com-

mon neighbors, as the next theorem shows.

Theorem 11. The smallest possible resistance distance of a simple connected graph
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g - gN,m 18

2

Smin(N,m) = (3.106)

2 2N —2<m < (5).

\

Proof. f m = N —1, G is a tree, and it is not possible to have any resistors connected
in parallel, so S;in (N, N—1)=1. Every tree is a minimum resistance distance graph as
long as the endpoints of the circuit are two adjacent vertices. When N < m < 2N —3,
the network will have ¢ = m — N + 1 independent cycles. In order to make the
resistance as small as possible, we need to choose the endpoints of the circuit to be
two adjacent nodes, and in addition to be parts of cycles that are as short as possible.
This is because the smaller the resistance of each branch of the cycle, the smaller
the resistance between the two endpoints. Since a cycle has at least 3 vertices (two
vertices cannot be connected with more than one edge, since the graphs are assumed
to be simple), the cycles need to be of length 3, and all of them have a common
edge, the endpoints of which are the endpoints of the circuit. As a result, the total
resistance will be the combination of a unit resistor in parallel to m — N + 1 pairs of

resistors connected in parallel, which means that

1 2
Spnin(N, m) = = L N—1<m<2N -3 (3.107
o) = T N+ D)~ m - N3 " (3.107)

Adding more edges to the network has no effect on the total impedance, since all
vertices except for the circuit endpoints will have the same potential, equal to half of
the voltage difference applied to the circuit ends (assuming that we have arbitrarily
set the potential of one of the endpoints equal to zero). Consequently, no current

would flow among them, and we can write

1 2
SminN7 = = A7
(N,m) 1+1(2N—3)—-N+1) N
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]

Corollary 18. A graph with size N —1 < m < 2N — 3 has minimum resistance
distance if and only if it has a subgraph consisting of m — N + 1 triangles that have
one edge in common. The endpoints of the common edge are the endpoints of the
circuit. For 2N —2 < m < (];), any graph with at least two vertices of full degree is

a minimum resistance distance graph.

We now turn our attention to the structure of the networks with the largest resis-
tance distance. We will start from networks of relatively large size (almost complete

graphs) and then move on to finding their form in the general case.

Lemma 14. The maxzimum resistance of a network of fived order is a decreasing

function of the graph size.

Smaz(N,m) > Spaze(N,m +g)  for g > 0. (3.109)

Proof. 1t Sy0: (N, m) < Spaz(N, m—+g), we remove g edges from the network of larger
size. This cannot decrease the total resistance, since there is now no voltage drop
between the vertices that were previously connected. Therefore, the resulting graph
will have larger resistance than the resistance of the initial network of smaller size,

which contradicts the initial assumption. O

Lemma 15. The largest possible resistance distance of a metwork with size m >
(%) +1is
a+C+1

Sma:c(Na m) = ol

(3.110)

where

N -1
C=N-1 and oz:m—( 5 ) (3.111)
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Proof. The almost complete graph will have the largest possible resistance when the
endpoints of the circuit are the peripheral vertex and a central vertex it is not con-
nected to. The reason is that any other graph will have more shorter paths to the
ground vertex, and thus smaller total resistance [22]. In the almost complete graph,
because of the symmetry, all the vertices that are neighbors of the peripheral vertex
have the same potential. Similarly, all vertices that are not neighbors of the periph-
eral vertex, except for the ground vertex also have the same potential. The ground
vertex has potential equal to zero. Thus, we may remove the edges between the «
neighbors of the peripheral vertex, and the N —2 — a non-neighbors of the peripheral
vertex, excluding the ground vertex. Then, we merge the edges that connect these
three sets of vertices, as if they were connected in parallel. The result is shown in

Figure 3.12. The total resistance of the transformed network is

1 1
Sma:c(Nam):a—i_l_i_ 1
é a(N7127a)+N7127a
1 1
= —+W (3112)
R s
 N+a
Ca(N-1)
L]

Lemma 16. The mazimum resistance of a network G = G(N, m) can be at most one
larger than the mazimum resistance Spya(N — 1,m — 1), provided that both networks

are connected. More precisely

Spmaz(N,m) < Spaa(N — 1,m — 1) + 1. (3.113)

Proof. We start from the network H(N — 1,m — 1) with the largest resistance, and

add one extra vertex with unit degree to one of its endpoint vertices. If the Lemma
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(a) (b) (©)

Figure 3.12: (a) An almost complete graph has the largest resistance distance among all
other graphs of the same order and size. The endpoints with that resistance are the periph-
eral vertex (green) and an arbitrary central vertex that is not connected to it (red). The
central vertices that the peripheral vertex connects to (blue), all have the same potential.
All central vertices that are not connected to the peripheral vertex (yellow) also have the
same potential. (b) Taking into consideration the symmetry of the circuit, we can remove
the edges among vertices that belong to the same group. (c¢) The previous circuit can be
simplified by collapsing all nodes of one group to one “super-node”, considering all resis-
tors that connect different groups to be connected in parallel. The weights of the edges
correspond to the resistances among the “super-nodes”.

does not hold, then the resulting graph G = G(N, m) will have resistance

S(G) =14 Spax(N —1,m — 1) < Spaa(N,m). (3.114)

Now assume that the network X with the maximum resistance has vertex u with
degree d, as an endpoint. If d, = 1, then network H was not a maximum resistance
network and the Lemma is proved. If d, > 1, then the potential difference between
and all its neighbors will be smaller or equal to one, since the current flowing through u
will be divided among all the resistors that are adjacent to u. Consequently, removing

vertex u along with its edges, we can find a relation with the resulting network M

Spaz(N,m) < e+ S(M) < e+ Spa(N —1,m —d,) (3.115)
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with 0 < e < 1. Combining equations (3.114) and (3.115), it is evident that
Smaz(N —1,m —1) < Spaa(N —1,m —d,) — (1 —€) (3.116)

which, according to Lemma 14, is not possible. O

Theorem 12. The largest possible resistance distance of a simple connected graph

G=0nm 1S
a+C+1

Sman(N,m) =P — 1
(N, m) L

(3.117)
where C, P and « are defined in equations (3.32), (3.33), and (3.34), respectively.

Proof. Using the Lemmas above, we can analytically compute the largest resistance,
and find the form of the graphs that have it. We repeatedly apply Lemma 16, until
we are left with a type I almost complete graph, at which point we can make use of
Lemma 15.

Smaz(N,m) <k + Spaa(N — k,m — k). (3.118)

We can achieve the equality in the last equation by connecting a new vertex with unit

degree to one of the endpoints of the previous graph, such that
k=P—1 and N—-k=C+1 (3.119)

where the total resistance is the sum of a path graph with P vertices, and an almost
complete graph with the respective values of C' and « (see also condition (3.101)).
The form of these maximum resistance networks are easy to identify: We recursively

connect in series a unit resistor in one of the two endpoints of the previous circuit. [

An example showing the minimum, average and maximum resistance for networks

of order N = 40 and increasing size is shown in Figure 3.13.

Corollary 19. The number of non-isomorphic graphs with the largest resistance dis-
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Figure 3.13: The largest, smallest, and average resistance of graphs of order N = 40 and
size 39 < m < 780. The minimum and maximum bounds are analytically computed. The
average resistance of each graph is approximated by the mean of 10* random graphs of the
respective size. The statistical average of a network of relatively small size is very close to
the minimum resistance.

tance 18

P+l a=1lora=C-1
N,m) = (3.120)

2] 2<a<0-2
where C', P and « are defined in equations (3.32), (3.33), and (3.34), respectively.

Proof. The order in which we place linear resistors in series has no effect on the total
resistance of the circuit. We can serially place n; and nsy resistors at each side of the

almost complete subgraph, such that

ni+ny =P with ny >0 and ny > 0. (3.121)
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The last equation has P + 1 solutions. When a = 1 or a = C — 1, then the almost
complete graph is symmetric, which means that we count every non-isomorphic graph
twice. Adjusting for this special case the number of non-isomorphic graphs, we get

the desired result. O

Corollary 20. The networks with the largest average distance have the largest resis-

tance distance. The converse does not always hold.

3.7 Average Clustering

One of the prominent features that distinguishes many large natural and engineered
networks from random ones is the clustering among their individual units, and at the
same time the small average distance among them [52, 70]. These properties were
thought to be mutually exclusive, but in almost all real networks, having a small
average distance does not greatly interfere with the presence of a large clustering
coefficient, as shown in [70]. Despite the considerable amount of literature in the
area of complex networks, there has been no study exploring the properties of a
graph required in order for it to have both large average clustering and small average
distance. In this section, we will find the topology of the networks with the largest
average clustering, and show that at the same time their average distance is smaller
or equal to the average distance of any other graph. We will also study their resilience
to vertex and edge removal, and will solve the problem of finding the graph which
has the largest average clustering coefficient, for given order N and size m. There
is usually a unique graph with the largest clustering, which also has the smallest
average distance. Finally, we devise a method to make these networks more robust
with respect to vertex removal.

The local clustering coefficient of a vertex u is defined as the number of connec-
tions between vertices that are neighbors of u, divided by the total number of pairs

of neighbors of u. In other words, it is the number of triangles in which u partici-
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pates divided by the number of all possible triangles it could participate in, if all its
neighbors were connected to each other. More formally, if d,, is the degree of a vertex

u, and t, is the number of edges among its neighbors, its clustering coefficient is

0 it d, =0

Clw =91 ifd, =1 (3.122)

oo if d, > 2.

An example is shown in Figure 3.14. The clustering coefficient of a vertex can only
take values in the interval [0,1]. Note that we deliberately choose to define the
clustering coefficient of a vertex u with degree d, = 1 as equal to 1. The graphs with
the largest clustering under this convention may be different when we assume that
vertices with degree 1 have zero clustering. The method to find the largest clustering
graphs under the latter assumption is similar and will be described later.

The average clustering coefficient for a graph G is simply the average of all the
local clustering coefficients in its vertex set V(G). A large average clustering coefficient
is a proxy for increased robustness of the network, “local” structure, and increased
connection density among vertices in a neighborhood [5]. If N is the order of the

network, the average clustering coefficient is defined as

C‘(g):% > C(u). (3.123)

ueV(9)

Since we will only be comparing graphs with the same number of vertices and edges,

in order to make our analysis easier, we will be considering the sum of the clustering
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coefficients of all the vertices:
Cs(G)= > C(u). (3.124)

Maximizing Cs(G) is equivalent to maximizing C(G). If a network has both a high av-
erage clustering coefficient, and a small average shortest path length among its nodes,
it is called a  “small world” network [70]. This architecture is conjectured to have
other desired properties, like enhanced signal propagation speed, synchronizability
and computational power [65, 70]. As it turns out, the networks with the largest av-

erage clustering are “small world” networks, since they also have the smallest possible

(b) (c)

Figure 3.14: (a) The clustering coefficient of a vertex is the number of connections between
its neighbors, divided by all pairs of neighbors, whether they are connected by an edge or
not. The clustering coefficient of the blue vertex u is C(u) = 4/ (g) = 0.4. The average
shortest path length is Lg = 1.48. (b) After rewiring one edge, and decreasing the distance
between the red and the green vertex, the network has the smallest possible average distance,
equal to 1.43. All vertex pairs now have at most a distance of 2. (c) The network with
the largest possible average clustering and smallest average shortest path length. The blue
vertex is the central vertex of the induced star subgraph.

average distance.

3.7.1 Recursive Computation of Graph Clustering

Assume that we add one vertex u with degree d to a graph G(N, m), by connecting
it to the vertices in a set D (|D| = d) and the result is a new graph G'(N + 1, m + d).
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The difference of the sum of clustering coefficients of the two graphs will be
ACs(G',G) = Cs(G') — Cs(G) = C(u) + ACs(G', G, D) (3.125)

where C'(u) is the clustering coefficient of the new vertex, and

ACs(G'.G.D) = > (C'(v) — C(v)) (3.126)

veD
is the sum of the differences of the clustering coefficients of the vertices in D, before
and after they acquire their new edge. For all other vertices, the clustering coefficients

remain unchanged.

Lemma 17. Assume that we have a graph G(N, m) with sum of clustering coefficients
equal to Cs(G), and we add one more vertex u, with degree d. The difference in the
clustering of the two graphs ACs(G',G) = C(u)+ACs(G', G, D) can only be the largest

possible if the vertices in D are part of a clique Q).

Proof. 1f all vertices in D are part of a clique, they form an induced complete sub-
graph. The clustering coefficient of u will be the maximum possible (C'(u) = 1), since
all the possible connections among its neighbors will be present. Also, each of the d
vertices of @) (with |Q| = ¢ > d) that u is connected to, will increase the number of
connections among their neighbors to the maximum extent (given the degree of u),
and they will have d — 1 additional triangles each. The clustering coefficient of the
rest of the ¢ — d vertices of the clique will not be affected. If, on the other hand, u
forms connections with vertices that do not form a clique, its clustering coefficient
will be C'(u) < 1, and the vertices it is connected to will have less extra connections

among their neighbors. O

Note that when d < ¢, the new clustering coefficient of the vertices that will be
connected to u will be less than 1, possibly smaller than it was before connecting the

new vertex. In order to minimize the effect of the missing triangles on the overall
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clustering coefficient, we need to make sure that we connect u to those vertices of the
clique with the largest degree (which may have additional connections outside the
clique). Also, the size of the clique is an important factor. The larger the clique, the
smaller the impact of the additional vertex, since the degrees of the connected vertices

are larger, but on the other hand we may have more missing triangles in total.

Lemma 18. Assume that we have a graph G that consists of a clique ) and two
additional vertices A and B that each connects to a subset Dy and Dy, with di =

|D1| < |Dy| = dy. The average clustering of G is mazimized when Dy C Ds.

Proof. The number of missing triangles stays the same regardless of the specific ver-
tices of the clique that A and B are connected to. So, the goal is to redistribute
the missing triangles to vertices of the largest possible degree. When D; C D,, the
number of vertices of () with clustering equal to 1 is maximized, and at the same
time, the vertices of () with the largest degree have the maximum number of missing

triangles. O]

The above lemma can be used recursively for any number of edges connecting to

a clique. An example is shown in Figure 3.15.

Assume we have a graph G which belongs to the set Sy, of all graphs with
N vertices and m edges. We denote the clustering sum of the optimal graph with

Cs(N,m). Its clustering sum will be

(3.127)
— max > Cw) | +Cw)

GeSN,m
s ueV(G)\v

for any vertex v € V(G). The reasoning behind the last equation is that if we pick

any vertex from the graph, it should be “optimally” connected to a smaller graph
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(a) (b)

Figure 3.15: An example of a graph with two vertices connected to a clique. The graph
in (a) has a smaller sum of clustering coefficients C's than the one in (b). By rewiring one
edge in the graph on the left, we shift the missing triangles of one orange vertex to a blue
one, with a higher degree. So the missing edges between a green and a white vertex have a
smaller effect on the overall clustering.

that is itself optimal. This in turn means that we need to make sure that the chosen
vertex has the largest possible clustering coefficient with regard to the vertices it is
connected to, the rest of the graph needs to have the largest clustering coefficient, and
the potential decrease of the clustering coefficient of the vertices after connecting the
last one is minimal. This method provides an easy way to find the maximum clustering
of a graph G of order N, by using a graph G, of order N — 1, and connecting one
additional vertex to it. The above can be algebraically expressed by conditioning on
the set D of vertices with which the additional new vertex v of degree d = |D| forms

connections.

Cs(N,m) = DICHVEE}QCQ) {Cs(N—1,m—d)+C(v) + ACs(N —1,m —d,D)} (3.128)

where ACg(N —1, m—d, D) is the change in the clustering coefficient of the d vertices
of the set D of the graph of order N — 1 and size m — d when we connect one vertex

(vertex v) with degree d to them. The last equation shows that the graph with
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the largest possible clustering coefficient can be found by connecting a vertex to an
optimal graph with fewer vertices and making sure that the algebraic value of the

change is as large as possible.

3.7.2 Clustering of Almost Complete Graphs

Lemma 19. The total clustering for a type I almost complete graph G(N,m) is
Cs(G) =N — oANZ1=0) where o is the degree of the peripheral vertex.

(")
Proof. The peripheral vertex of the almost complete graph will have a clustering
coefficient equal to 1, the a vertices with degree N —1 will have a clustering coefficient
C(u) = %, and the N —1—a« vertices with degree N —2 will have a clustering
coefficient eqflal to 1 (see Figure 3.16(a)). The sum of the clustering coefficients for
this graph will be

Cs(@) = 1+alz )(;ff‘_ 2

+(N—-1—-a)

—a("N + (")) + ala —1)

(") (3.129)
—a(N —2)+a(a—1)

(", ")
a(N —1—-a)

("1

=N+

=N+

— N —

]

The average clustering, as a function of «, is convex and symmetric around %
It decreases as v goes from 1 to [¥1], and then it increases as a goes from [2>1]

2
to N — 1.

Lemma 20. A type I almost complete graph has larger clustering coefficient than any

other nonisomorphic graph of the same order and size.
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(a) (b) ()

Figure 3.16: Clustering for the almost complete graphs. (a) The peripheral vertex (red)
has unit clustering since it is connected to vertices of a clique. The vertices that are not
connected to it (green) also have clustering equal to 1, as members of the complete graph
with no other edges. The vertices that are connected to the peripheral vertex (blue) have
clustering less than 1, since the peripheral vertex is not connected to all of their neighbors.
(b) A type II almost complete graph with the largest clustering, where the two peripheral
vertices are not connected (type Ila). (c) A maximum clustering coefficient type II almost
complete graph, with connected peripheral vertices (type IIb).

Proof. Assume a type I almost complete graph F that consists of a clique P of N — 1
vertices, and one peripheral vertex with degree o that is connected to it. Further
assume that G is a graph of the same order and size, whose largest clique () consists
of N —d < N — 2 vertices (otherwise it would be isomorphic to F). The d > 2
peripheral vertices form connections with the central vertices that are members of (),
and among each other. Define v = (sz ) — m, which corresponds to the number of
non-neighboring vertices in a graph. By assumption, 1 <y < N — 2. It is easy to see
that d <+, since we have only v edges missing, and for each peripheral vertex u, at
least m, > 1 edges between itself and () have to be missing, otherwise () is not the
largest clique. We will add all of the clustering coefficients for all the vertices, and

then show that the sum is always greater for /. We note the following:

e The number of vertices with clustering coefficient equal to 1, is 1+~ for F and
at most d + L%J for G. The number of such vertices in G is smaller or equal
to the respective number in F, for all 2 < d < ~. Conversely, F has exactly

N — 1 — ~ vertices with clustering coefficient less than 1, and G, has at least
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N —d— GJ such vertices.

e All vertices that have a clustering coefficient smaller than 1 in F have degree

N — 1, the largest possible degree in a graph with N vertices.

We will find the sum of the clustering coefficients for both graphs in terms of the
number of missing triangles. Then, we will show that Cg(F) > Cs(G), for any
G # F. Since v = N — 1 — «, the sum of the clustering coefficients for F, is

TN -1-7)
2
The sum of the clustering coefficients for G is
Now
Cs()=N =2 &
u=1 ( 2 )
Zi\f: Wy
<N-— (N—_ll) (3.131)
2
Sg

where w, is the number of edges missing among the neighbors of vertex u and s, =
ij:l w,. We only need to prove that the missing triangles of G are more than those

missing in F, in other words that

N
A:Sg—sf:Zwu—v(N—l—y) (3.132)
u=1

is greater than or equal to zero.

We will now find the minimum number of central vertices that are connected to
at least two peripheral vertices in G. This happens when d — 2 peripheral vertices
have the largest possible degree N — d — 1, and the remaining two have the smallest
possible degrees, and consequently the minimum number of clique vertices that they

are both connected to. If we assume that b edges are not present among peripheral



7

vertices, we have a total of t = d(N —d) — v+ b edges between peripheral vertices and
central vertices. If we further assume that all but 2 peripheral vertices have the largest
possible number of edges with the clique (which is N —d—1), the remaining peripheral
vertices will have a degree sum of r =t — (d —2)(N—-d—1)=2N —-d—2—~v+b.
Since we only have N — d vertices in @, at least r — (N —d) = N —2 — v+ b of them
will be connected to two peripheral vertices. The total number of triangles missing
from the central vertices, because of edges missing between peripheral and central
vertices, is ;
Mc_p = Zmu(N —d—my)
=t (3.133)

= (N —d) <Zmu> - mp.

u=1
The number of triangles missing because of the absence of edges among peripheral

vertices, as shown above, is at least
b
Mp_p > (N=2=7+b) =bN—2—7+D). (3.134)
e=1

We are now ready to count the number of triangles missing from G. We omit the
triangles missing from the peripheral vertices, and assume that all peripheral vertices
have clustering equal to 1 (otherwise the number of missing trinangles in G would

further decrease). The total number of missing triangles in G is
s5q > Mc_p+ Mp_p
d d
> (N —d) <Zmu>—2mi+b(]\f—2—7+b) (3.135)
u=1 u=1

=(N—d)(y—=b)—> my+bN—2—v+b)

with Y ' _ m, =y — b, since v edges in total are missing. In order to minimize s,

L. d .
we need to maximize the sum of squares > . _, m2, under the constraints m, > 1 for
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uw=1,2,...d, and 23:1 m, = v — b. The maximum is achieved when m, = 1 for

u=1,2,...d—1,and my=v—b— (d—1). As a result,
o> (N—d)(y=b) = (d=1)+(y—b—d+1?) +b(N—2—~y+b) (3.136)

g > YN — %+ yd —bd +d + b — 2y — d°. (3.137)

The difference between s, and sy is

A =s5,— 5y
=N —*+yd—bd+d+4b—2y—d* —yN ++9* +7
(3.138)
> ~d —bd +d+yb— v — d?

=(y—d)(b+d—1).

By assumption, d > 2 and b > 0. The above product is always positive, when d < 7.
If d = v, we have many fully connected peripheral vertices, each of which connect to
all but one vertex of (). No two peripheral vertices are connected to the same central
ones, for in this case ) would not be maximal. As a result, there are less than
vertices in () that have unit clustering, and more than N — 1 — ~ vertices in () that

are missing one or more triangles, so s, > sy. In every case, Cs(F) > Cs(G). O

There are two cases of type II almost complete graphs, depending on whether or
not there is an edge between the two peripheral vertices. If there is no such edge (type
ITa), the graph with the largest clustering takes the form of Figure 3.16(b). When
the two peripheral vertices are connected (type IIb), the graph with the form shown
in Figure 3.16(c) has the largest average clustering coefficient, as shown in the next

lemma.

Lemma 21. Assume a type II almost complete graph G(N,m) with two peripheral
vertices uw and v. If u and v are not connected, the average clustering coefficient is

maximized when u and v have the smallest number of common neighbors. If u and v
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are connected, the graph with the largest clustering coefficient is the one where they

have the largest number of common neighbors.

Proof. Let ¢ =m — (N 5 2) be the total number of edges connecting the two peripheral
vertices to the rest of the graph. Without loss of generality, assume that u has smaller
degree than v, d(u) < d(v). Then, ¢ = d, + d, = 2a + b, where a is the number of
their common neighbors, and b = d,, — d,, the neigbors of v that are not connected to

u. The sum of clustering coefficients will be

1+(N—-2—a)+(N—-2—a—0) N—2—a—b
) T
2 2
c—b 2N-3-c  N-2-—p

N N O

Since c is a constant, the sum of clustering coefficients is a function of b. By differen-

Cs(G)=N —a-

(3.139)
=N

tiating, we find that it is increasing with b for all 2 < ¢ < N -2 and 0 < b < ¢ — 2.
Similarly, when there is an edge between v and v, ¢ = 2a 4+ b+ 1, and the sum of

vertex clustering coefficients is

(N—2—a)+(N—2—a—b) N-2—a—b b

Cs(g) =N-a- (N71) —b (N—Q) + (a+b+1)
2 2 2
c—b—1 2N —-3—¢ N — 9 — bhed b
=N — . - —b- 2+
2 ("1 ("% (75)

(3.140)
The last equation is a decreasing function of bforall2 < ¢ < N—2and 0 < b < c¢—3.
From the above, we find that if a type II almost complete graph has maximum average
clustering coefficient, there will be a peripheral vertex with degree 1 (type Ila), or

both vertices will have the maximum number of common neighbors (type IIb). [

For a given size m of a type II almost complete graph, we need to decide which of
the two variations has the largest clustering. The first two terms in both equations
differ in the fact that ¢ and ¢ — 1 edges connect a peripheral with a central vertex,

respectively. In the IIb type, the third term in equation (3.140) becomes very large for
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b > 1, compared to the other terms for any N > 5, and a necessary condition in order
to have a type IIb almost complete graph is that b = 0 (the two peripheral vertices
have exactly the same neighbors), which means that ¢ has to be odd, ¢ = 2a + 1.

Then, a simple comparison of the two equations shows that if

>3N—1+\/2(N3—4N2—N+12)
- N+1

c (3.141)

then the type Ila has larger average clustering than type IIb. The above number

scales proportionally to the square root of the order N.

Lemma 22. A type II almost complete graph has larger clustering than any other

graph of the same order and size.

Proof. We will use induction. The claim is true for graphs of order N = 4, shown by
exhaustive enumeration of all the graphs with 4 vertices. Now, we will assume that
it is true for all graphs of order up to N — 1, and will show that this is still true for a
graph of order N. The optimal graph will be found by using equation (3.128). The
connected graph of order N — 1 with the largest clustering coefficient is either a type
I or type II almost complete graph for all possible degrees d of the additional vertex

w, because 1 < d < N — 1, and by assumption (V) +2 <m < (M), so

(N;3) <m-—d< (N2_1>—1. (3.142)

If it is a type I almost complete graph, addition of one vertex will transform it into an
almost complete graph of type II, regardless of its degree. Consequently, the lemma
holds in this case. Now assume that the existing graph is a type II almost complete
graph. Assume that the two already existing peripheral vertices u and v have o and
[ edges with vertices of the largest clique. If o« + 8 +d = N — 1, then it is easy to
see that the optimal graph consists of a full graph of order N — 2, and two vertices

of degree 1 that connect to it. For every other value of o 4+ 8 + d, since the initial
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graph is type II almost complete, d > 2, and w has at least one neighbor in the clique.
Considering u, v, and w in pairs, we can show that a graph with three peripheral
vertices cannot be optimal, in other words, not all three can have less than N — 3
edges to the clique of order N — 3. The reason is that according to equation (3.127),
any choice of a single vertex from the graph should yield the same result, in terms of
maximizing the sum of clustering coefficients. By the induction hypothesis, in each
pair, one of the peripheral vertices should have one connection to the clique, (not
possible under the constraint a + 5+ d > N — 1) or all of them should be connected
to each other and to the same vertices of the clique (also impossible for the same

reason). So, in every case, a type II almost complete graph will be optimal. O

3.7.3 Graphs with the Largest Clustering

In this subsection, we will combine the previous results to show the form of the graphs

with the largest clustering for a graph of arbitrary order and size.

Lemma 23. The largest clustering graph with N vertices and 0 < m < N — 2 edges

consists of complete components of 2 or 3 vertices each.

Proof. For m=0, we have no edges and the clustering coefficient is equal to zero. If
m > 0, we first connect pairs of vertices, until all of them have degree 1. If we have
any edges left, we start forming triangles, by trying to keep the vertices that do not
have any edges at a minimum. In a triangle, we have the same number of vertices
and edges, and since m < N — 2, the number of edges is not enough to connect all
the vertices in triangles. The above procedure will guarantee that the disconnected

graph will have a sum of clustering coefficients equal to 1. ]

Lemma 24. The tree that has the largest clustering (according to the convention that

a vertex with degree 1 has clustering 1) is the star graph.

Proof. Since there are no cycles in a tree (which also means no triangles), a vertex with

degree larger than 1 will have a clustering coefficient equal to zero. By minimizing
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the number of such vertices (one vertex is the minimum number since the graph needs

to be connected), we achieve the largest clustering for the star graph. O

An important point to note is that the star graph is a graph with one cut vertex,

connected to several complete graphs of order 2.

Theorem 13. The graph with N vertices and N < m < (N;Q) + 1 edges that has
the largest possible clustering coefficient consists of one cut vertex that is shared by

complete or almost complete subgraphs.

Proof. We will use induction on the number of vertices to find the optimal graph for
N<m< (N2_2) + 1. For N=4, the statement can be found to be true, by evaluating
all the possible graphs (for computational considerations see [32]). Assume that the
optimal graph for every number of vertices up to N —1 and for the respective range of
sizes, has the form mentioned above. The graph with N vertices and m edges will be
found by connecting a new vertex of degree d to an optimal graph of order N — 1 and
size m —d. The resulting graph will have the maximum possible clustering of the new
vertex (equal to 1), the maximum clustering of the rest of the graph it is attached to,
and the minimal possible decrease in clustering for the vertices it is connected to.

If d is larger than the order of the largest subgraph in G(N — 1,m — d), then
it will be connected to at least two smaller complete or almost complete subgraphs.
Now consider the subgraph that consists of these subgraphs plus the added vertex
of degree d. It has P < N vertices and R < (P; 2) + 2 edges. In addition, it has a
cut vertex, which connects its two or more components. This is a subgraph whose
form is not optimal, according to the induction hypothesis, meaning that there is a
smaller degree d for the vertex u, for which equation (3.128) gave a larger clustering
coefficient for order P and size R. So we only need to consider vertices with degree
d less than the size of the largest “module” if G(N — 1,m — d) is already connected.
Moreover, we only need to try to connect it to one clique. The rest of the cliques

will not change, so we focus on the clique where the new vertex with the new edges
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is added, and prove that it will still have the same form. If it is a complete graph,
then after adding the new vertex u, it will have one peripheral vertex, which makes
the claim hold (the complete graph will now be a type II almost complete graph). If
it is a type I almost complete subgraph, after the addition of the new vertex, it will
become a type II almost complete subgraph, as shown above. If the subgraph is a
type II almost complete subgraph, then connecting v to it cannot yield an optimal
subgraph, since by increasing the degree of u to the size of this subgraph, we can
make a graph with larger clustering, as shown in the lemma about the optimal form
of type II almost complete graphs. In every case, the new graph will have the form

described in the theorem. ]

The above arguments show the form that the optimal graph needs to have, but
not the exact arrangement of edges among its vertices. Using equation (3.128), we
can find the optimal graph in polynomial time, and we only need to consider a small

range of different degrees for the added vertex.

Corollary 21. The graph G(N, m) with the largest possible clustering coefficient has

one of the following forms, depending on its size m:

e 0 <m < N — 2: Disconnected graph, consisting of complete components with

2 or 3 vertices each.

e N-1<m< (N; 2) + 1: Complete or almost complete subgraphs that share

one vertex.
) (N2_2) +2<m< (NQ_I): Type II almost complete graph.
° (NQ’I) +1<m< (g) — 1: Type I almost complete graph.

e m = (];/ ): Complete graph, with average clustering C' = 1.
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3.7.4 Properties of the Graphs with the Largest Average
Clustering Coefficient

1. The structure of real large-scale networks have locally the structure of the net-
works with the largest average clustering, and this pattern has been observed
in many different types of networks, from social to biological [27, 52]. The sub-
networks that comprise the larger ones have a few very well connected central
vertices, that are part of many complete or almost complete subgraphs. This
pattern also helps define a hierarchical structure in natural and engineered net-
works, if each peripheral vertex that belongs to one clique is also the central
vertex to a different subnetwork. This graph form can also be used to facilitate
modeling and characterization of large-scale networks [30]. Although networks
with the largest clustering coefficient are unique, a large clustering coefficient
does not necessarily imply any specific network structure or function, since there
are ways to construct random networks with relatively high average clustering

coefficient [49].

2. The form of the optimal graphs is recursive. Every combination of clusters
(modules) that are connected through a cut vertex themselves form an optimal
graph of the respective order and size. This suggests an alternative way to
generate an optimal graph, where it can be found as a combination of smaller
complete or almost-complete subgraphs. We can find the optimal form recur-
sively with this procedure, too. Since there is always a cut vertex, we can
break the network in two smaller parts, that do not affect each other’s average

clustering coefficient, and optimize them independently.

3. When a new vertex is attached to a graph with the process described above,
it is always attached to vertices that are members of the same clique. This
property can make computation easier, since we only need to consider cliques of

size equal or greater to the degree of the candidate additional vertex, according
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to equation (3.128).

. No graph with the largest average clustering has any chordless cycles. This is
because a cycle of length more than 3 could be changed to a triangle, therefore

increasing the clustering coefficient.

. No graph with the largest average clustering has any induced bipartite sub-
graphs, since bipartite subgraphs have average clustering coefficient equal to

Zero.

. Every cut set is a complete graph of order 1 or more. In addition, if there
exists a cut vertex, it also belongs to all larger cut sets. The structure of the
graphs with the largest clustering is very modular, with subgraphs that serve
as modules, connected through the cut vertex. Also, graphs that locally have
the structure with the largest clustering coefficient have also very high average
clustering. Many natural networks also seem to have evolved to have modular

structure, which makes the systems more stable and robust [66].

. For all connected optimal graphs, there is at least one vertex that is connected
to every other vertex in the graph. If the graph is not almost complete, then the
central vertex is unique. Otherwise, we may have more than one such vertex.
This architecture is locally “robust yet fragile” [20], since the structure of the
function of the network is unlikely to be affected too much if one of the vertices
in one of the almost complete subgraphs is dysfunctional or removed. On the
other hand, if the central vertex is removed, the network becomes disconnected.
For networks that locally have the form of the networks with the largest average
clustering, with many nodes of large degree, the same principle holds. The
highly connected nodes are far more likely to affect the network than the nodes
of smaller degrees, and this observation is quite independent of the nature or

function of the network [53, 69].
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8. The networks with the largest clustering coefficient also have the smallest aver-
age distance among the various vertices. For every pair of vertices that are not
connected, there is a path of length 2 that connects them. These networks are
classified as “small world”, because they have both high average clustering and

small average shortest paths, as mentioned previously.

9. From a computational standpoint, in order to find the optimal graph G(N,m),
we first need to find the optimal graphs of order N —1, for all sizes, which in turn
means that we need to compute all such graphs of all orders up to N — 1. The
complexity of this procedure is polynomial, O(N?), since we need to find the
optimal graphs for all graphs of order up to N, each of which has O(N?) edges,
and each time we need to add one vertex, trying various degrees d = O(N),
to all appropriate O(N) cliques. In order to avoid computing recursively the
same optimal graphs, we can start from the smallest possible optimal graph (for
N = 3), and build our way to the desired N, while storing all the optimal graphs
to the memory. If we had to perform an exhaustive search, the complexity would

2
be prohibitively large, O(2°7).

3.7.5 Fast Generation of Graphs with Small Distance and

Large Average Clustering

In the previous sections, we saw that the form of the graphs with the smallest distance
and largest clustering take the form of complete or almost complete subgraphs that are
connected through one vertex. In order to generate very large networks that have this
form, we can resort to a much simpler algorithm that has almost constant complexity,
and can generate networks with arbitrarily many vertices, with the minimal average
distance and very close to optimal clustering coefficient. Given the order and size of
the graph, we find the largest complete subgraph, which leaves enough edges for the

rest of the network to be connected. Then we subtract the number of vertices and
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edges used, and repeat the process until all the vertices and edges have been used. If
at any point during the process, it is found that we cannot form a subgraph with the
number of vertices and edges, we backtrack and reduce the order of the cluster in the

previous step (see [32]).

3.7.6 Resilience to Vertex or Edge Removal

The small-world networks studied here are very robust to edge removal. Since almost
every vertex is part of a complete graph, we need to remove at least as many edges
as the order of the smallest clique it belongs to in order to render the network dis-
connected. Even in that case, the number of vertices disconnected is at most equal

to the number of edges deleted.

(a)

Figure 3.17: (a) The graph with the largest clustering coefficient of order 11 and size 22
consists of three complete subgraphs. Removal of the central vertex will render the network
disconnected. (b) Addition of a few new edges among the different subgraphs creates new
alternative communication paths among the various vertices of the network. As a result,
the minimum cut set of the network is increased. (c) Adding new edges that connect one
edge with vertices in the other subgraphs essentially creates a new network with more than
one central vertex.

The situation is different for vertex removal. We immediately note that unless we
have enough edges to build an almost complete graph, the network becomes discon-
nected if we remove the central vertex, and the number of disconnected components
is the number of modules in the initial network. Real world networks on the other

hand, rarely have an articulation point. The robustness of a network to vertex failure
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is determined by its smallest cut set, and in this type of network, it consists of a sin-
gle vertex (the central vertex). Removal of the central vertex will render the network
disconnected. Depending on the application, we may be able to add new edges, which
will increase the network’s robustness to vertex failure. There are many ways to add
the new edges, all of which result in reduced clustering. One of them is to distribute
the new edges among vertices of the various modules, as shown in Figure 3.17(b).
This method ensures that if the central vertex is removed, there are still communica-
tion channels among the different subsystems of the network. Another way is shown
in figure 3.17(c), where one or more of the vertices forms new connections with the
vertices of all the other subgraphs, which in essence increases the number of ’central’
vertices. Rewiring or adding new edges will have the least effect when they connect

vertices with a large degree.

3.7.7 Alternative Definition for Vertices with Degree One

A common alternative convention for the vertices with degree 1 is to define their
clustering coefficient as equal to zero. The process of finding the graphs with the
largest clustering under this new convention is very similar to the previous case. The
biggest difference is the form of graphs with a small number of edges, when they

consist of at least one subgraph that is a tree.

For m < N — 1, the graph is disconnected, and the optimal form consists of a
group of disconnected triangles. When m = N — 1, the only form a connected graph
can take is a tree, in which case, any arrangement of the vertices will yield a clustering
coefficient of zero, since there can be no triangles. As m increases, we are able to form
the first triangles, and the vertices that have nonzero clustering are part of a triangle,
and have one more edge to the rest of the graph, keeping their degree low. As the
number of edges increases further, and every edge is part of at least one triangle, the

form of the optimal graphs resembles the form under the previous case, with only
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(a) (b) (c)

Figure 3.18: Graphs with the largest clustering coefficient, defining the clustering coefficient
of vertices with degree d = 1 as equal to zero. (a) The optimal graph for G(8, 13) has two cut
vertices, connected through a bridge. (b) The smallest type II almost complete subgraph
consists of a clique with IV — 2 vertices, and both peripheral vertices have degree at 2. The
peripheral vertices are shown in red. (c) The smallest type I almost complete graph under
the new convention, where the peripheral vertex has degree 2.

one difference, and after which point, no vertex has degree 1. Some graphs, instead
of having a unique cut vertex, have two cut vertices that are connected through one
bridge edge, as shown in Figure 3.18(a). Under the initial convention, the same graph
would consist of the same two modules, plus one vertex with degree 1, connected to
the cut vertex. The last difference is that the definition of the almost complete graphs
has to be changed so that the peripheral vertices have a degree of at least 2 (Figures
3.18(b) and 3.18(c)). The process of finding the optimal graphs remains otherwise
the same, and an example for a graph of order 10 is shown in Figure 3.20. Comparing
figures 3.19 and 3.20, we immediately see the similarity of the optimal graphs in both

cases.
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Figure 3.19: Graphs of order 10 and size 9 < m < 45 with the largest clustering coefficient,

assuming that vertices with degree 1 have clustering coefficient equal to 1.
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Figure 3.20: Graphs of order 10 and size 10 < m < 45 with the largest average clustering
coefficient, assuming that vertices with degree 1 have a clustering coefficient equal to zero.
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3.8 Relationships Among Graphs with Various Ex-
tremal Properties

From the analysis of the various graph properties, we can find relations among the re-
spective classes of graphs. This is important in order to design networks that achieve
more than one extrema simultaneously. There are two main relations. The first one
includes the set of networks with the minimum average clustering (C,,), minimum
radius (Rin), minimum distance (D, ), maximum efficiency (F,q,), minimum be-

tweenness centrality (B.,), and minimum diameter (7, ):
Cmin g Rm'm g szn - Bmzn - -Fmax - 7:nzn (3143)

We can clearly see that networks with the minimum average clustering also have, by
construction, minimum radius (equal to 1), average distance, and diameter(equal to
2). They also have the minimum possible vertex and betweenness centrality, as well as
the largest possible efficiency. This is the only class of networks in this equation that
are unique. Networks with minimum radius are not unique, since they only require one
vertex to have full degree, regardless of the connectivity pattern of all other vertices.
The network types with minimum average distance, diameter, betweenness centrality
and maximum efficiency are less constrained: all vertices are either connected or have
a common neighbor.

The second relation includes networks with the maximum average distance (Dyaz ),
minimum efficiency (F;, ), maximum vertex and edge betweenness centrality (Baz),

and maximum diameter (Tpqz):

Dmax = fmzn = Bmax C Tmax- (3144)

As mentioned in the previous sections, a network with maximum average distance also

has minimum efficiency and maximum average vertex and edge betweenness centrality.
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The networks with maximum diameter are a superset of the last class of networks.
The networks with maximum radius are not part of any of the set equations above.
The same is true for networks with minimum or maximum resistance distance. This is
because of the particular requirements of each structure. The networks with maximum
diameter have a structure that has a different effect on the other properties. Networks
with minimum resistance distance have constraints on two vertices only, such that
the connectivity of the rest of the network can be arbitrary. Finally, networks with
maximum resistance are a superset of networks with the maximum distance (and
subsets of networks with maximum diameter) only when the size of the network is
not too large, in other words when they consist of an almost complete subgraph and

one or two path subgraphs.

3.9 Variance of Various Properties for Random

Networks

In order to evaluate the structure of a graph which achieves a minimum or maximum
of a given property, we need to find not only the expected value of this property
for a random network, but also its standard deviation. This way, we can measure
how much a given structure deviates from the mean, and estimate if there are many
other networks with similar structure. For a fixed order and size, a large standard
deviation (and consequently, variance) for a given property would reveal that the
respective random networks are more diverse. In contrast, a small standard deviation
means that the property in question has the same value for almost all random graphs
with the same number of nodes and edges. Small variance would make the design
of networks with properties that are further away from the mean harder, because it
would indicate that even small changes in their structure would significantly change
their properties. The standard deviation of the average distance, radius, diameter,

and resistance of a network is shown in Figure 3.21. For the average distance and
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Figure 3.21: Standard deviation of various properties of a network of fixed order as a
function of its size. The properties shown here are the average shortest path length, radius,
diameter and resistance distance. The plots are for a network of order N = 40 and size 39 <
m < 780. The standard deviation of the average distance and resistance are monotonous
and decreasing as the size of the graph increases. The standard deviation of the radius and
diameter of the network has several local maxima. The graph sizes where it increases and
then goes back to zero are when the average value changes.

resistance, it is a strictly decreasing function of its size, as one would expect, with
distance always having variance smaller or equal to every other property shown.
The shape of the curves for both the radius and diameter closely resembles a
combination of a strictly decreasing function that quickly drops to zero (like the one
for the average distance), and a series of smooth “humps”. This is consistent with the
shape of the expected value of the radius and diameter for random graphs, as shown
in Figures 3.7 and 3.9. The graph sizes for which these local maxima are exactly the
graph sizes for which there is a transition from one value to another, between the
different “steps” in the respective plots of the averages, and when the mean values

do not change, the standard deviation is very close to zero.
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3.10 Sensitivity to Rewiring

In most cases when designing a network, there are many constraints that need to be
satisfied, and the properties discussed so far are only proxies to determining other
desirable qualities of a network. Also, it is reasonable to expect that our networks
may not be allowed to have the extremal values of the properties described in the
previous sections, especially given that sometimes there are conflicting requirements
for the network function. Given these considerations, we are interested in knowing
how robust these structures are, in other words, how sensitive these properties are to

changes in the interconnection patterns.

3.10.1 Average Distance, Radius, Diameter, and Resistance

We start with two networks with the extremal properties (minimum and maximum),
and keep rewiring one of the edges, making sure that the network remains connected.
At every step, we measure the properties of each network instance, and monitor its
evolution as we introduce more and more randomness in their structure. Eventually,
both will resemble a random graph, with the average distance, betweenness centrality,
efficiency, radius, diameter, and resistance being close to the statistical average. The
question is how fast this state is reached. If the change is very fast, this means that
a few changes in the structure are able to negate the advantages that an extremal
graph is able to provide. However, if a particular property does not change much
after several rewirings, we can afford to build networks with many other desirable
properties without the need to follow exactly the specific topology for every given
property.

We have tested the change of average distance, radius, diameter and resistance for
networks of small order. Refering to Figure 3.22, we find that the average distance of
networks with large average shortest path length decreases very quickly after a few

rewirings. Convergence to the statistical average is much slower for networks that
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Figure 3.22: Evolution of the average distance, radius, diameter and resistance of networks
after successive random rewirings. Fach curve is the average of 100 experiments, rewiring
networks of the same size and order N = 500. The curves for the average shortest path
length correspond to a network of size m = 600. The curves for the evolution of radius,
diameter and resistance correspond to networks of size m = 525.

start with the smallest average distance. The number of rewirings required to get
close to the statistical average is an increasing function of the order of the network
when the edge density is constant, as one would expect, since there are more edges
that need to be rewired in order to make a difference. The same can be said for the
evolution of the network radius, diameter, and resistance.

The general conclusion is that networks with the smallest average distance, ra-
dius and diameter and resistance are much more robust to changes in their topology
because they rely on a global pattern of interconnections, and each edge has a small
role in ensuring that property, so its conservation is diffused among many edges. On

the contrary, networks with maximum distance, radius, diameter, and resistance are
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Figure 3.23: Change of the average clustering of a network of order N=500 and various
edge densities D . At every step one edge is rewired and the new clustering coefficient is
measured. We repeat the process for a number of steps equal to the number of edges in
the graph. The rate of decrease is very small at first, but increases as we introduce more
randomness in the structure. Larger networks are more robust to rewiring a fixed number
of edges.

very sensitive to change, because most vertex connections are prohibited, in the sense
that if currently non-neighboring vertices are connected, there is a dramatic trend

towards the statistical average.

3.10.2 Clustering Coefficient

In Figure 3.23, we show the evolution of the average clustering coefficient after
rewiring a percentage of the edges, for a typical large network, and for different
edge densities. If we rewire a small number of edges, this has no notable effect on the
average clustering coefficient, since most of the vertices have only a small amount of
neighbors that are not in their previous clique. The effect of rewirings depends on

the edge density of the network, with more densely connected networks being more
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robust, since the relative amount of randomness introduced in the structure becomes
smaller as the size of the network increases. This is a similar situation to that found
in [70], with the only difference being that the distance is very small from the start,
and quite robust to rewirings, increasing less than 0.1% even after we rewire a number

of edges equal to the size of the network.

3.11 Conclusions

This chapter focused on structural properties of graphs. We found tight bounds on
specific graph properties, and how they relate to the respective expected values for
random graphs. We also showed the structure of networks that achieve these bounds,
along with when these structures are unique. These properties include the average
distance of a graph, the vertex betweenness centrality, edge betweenness centrality,
efficiency, radius, diameter, resistance distance and average clustering. Finally, we
explored how sensitive these properties are with regards to rewiring a fraction of the

total number of edges for each of these structures.
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Chapter 4

Quantification and Minimization of
Crosstalk Sensitivity in Networks

Crosstalk is defined as the set of unwanted interactions among the different entities
of a network. It is present in various degrees in every system where information
is transmitted through a means that is accessible by all its individual constituents.
Using concepts from graph theory, we introduce a quantifiable measure for sensitivity
to crosstalk, and analytically derive the structure of the networks in which it is
minimized. It is shown that networks with an inhomogeneous degree distribution
are more robust to crosstalk than corresponding homogeneous networks. We provide
a method to construct the graph with the minimum possible sensitivity to crosstalk,
given its order and size. Finally, for networks with a fixed degree sequence, we present

an algorithm to find the optimal interconnection structure among their vertices.

4.1 Introduction

Crosstalk affects the function of many complex engineering systems. In microelec-
tronic circuits that operate in higher frequencies, it is increasingly hard to ensure
proper function without isolating the various components from electromagnetic in-
terference. In wireless communications, we need to make sure that the input and

output signal frequency spectrums are relatively narrow to avoid crosstalk with other
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communication systems. In chemical and biomolecular systems, different molecules
interact with each other in a solution without explicit mechanisms that bring them
in contact, creating errors that disrupt the function of the network and introduce
errors [61, 64]. In social networks, crosstalk which appears in the form of “weak ties”
and can be responsible for many macroscopic phenomena, such as diffusion, social
mobility, political organization, and social cohesion in general [29].

As a result, there is a potentially large number of spurious interactions, despite
which all natural systems seem to be able to function without problems. The plausi-
ble amount of unwanted crosstalk interactions increases as a function of the number
of the individual elements in the network, so there is the need to design systems
that are optimized to minimize or at least decrease the amount of spurious inter-
actions, in order to keep the network functional. In biological networks, this need
is more pronounced since signaling is implemented through variations of molecular
concentrations.

Crosstalk does not seem to be a problem in the cell, or any other natural biological
system, despite the large variety of molecules, and the intricate patterns of interac-
tions. However, in biological design, even the simplest systems suffer from crosstalk
between different elements, notwithstanding the small complexity of such artificial
systems [57, 58]. If there are molecules that randomly interact with each other with-
out performing any function, the effective concentration of each molecule which is
available to participate in any given pathway will tend to decrease, and therefore the
efficiency of the circuit will diminish.

In this chapter, we find the structure of graphs with the smallest possible sensi-
tivity to crosstalk, assuming that the crosstalk affinity of each vertex is either specific

to each unit in the network, or is a function of its degree.
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4.2 Model

4.2.1 General Considerations

Assume that we have a weighted graph that represents a network of interactions.
We define crosstalk as additional unmodeled interactions among the vertices of the
network. These edges are randomly distributed across the network, and typically have
smaller weights than the original ones. We assume that there cannot be any unwanted
interactions among vertices that are already connected in the original network. The

crosstalk matrix, denoted by R, is the weight matrix of all the crosstalk interactions.

xt
u,v

If there is crosstalk between vertices u and v, the matrix element w?" will contain
the intensity of that interaction. We will assume that the crosstalk affinity between

any pair of vertices (u,v) ¢ £(G), is bounded:

[|R™||oo = max w® <e. (4.1)
(u,v)¢E ’

Definition 4. Given a local measure of the crosstalk interaction wi', = g(u,v) among
two vertices u and v, the overall sensitivity to crosstalk of a network of interactions is
defined as the sum of the intensities of all the spurious interactions among individual

units that are not connected:

K@) = Y wi, (42)
(u,v)¢E

When the network in question is obvious from the context, we will refer to its
sensitivity to crosstalk simply as K. The order of the graph is finite, so the overall

crosstalk sensitivity is bounded.

R = 3 ﬁﬂ(@)ﬂ%:M. (43)

(u,v)EE(9)

We will call M = M(N,m,e) the mazimum possible crosstalk intensity of the net-
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work. It is only a function of the size and order of the network along with the
maximum possible crosstalk intensity of any pair of vertices, which depends on the
network and is independent of its specific structure. The matrix R** is constant,

assuming that each crosstalk interaction represents the average over a time period.

Definition 5. We say that a graph G* = Gy, has minimum sensitivity to crosstalk,
or that 1t is a minimum crosstalk graph, if for any other graph G = Gy ., of the same
order and size, we have
K(G") < K(9). (4.4)
In what follows, we analyze the crosstalk sensitivity of networks in three different
cases. The first is when the crosstalk affinity of each vertex depends only on its
physical properties, specific to each network. The second and third cases assume
that the crosstalk affinity of each vertex is an increasing function of its degree. This
is a reasonable assumption, especially in biological networks, natural or man-made.
Biological molecules (proteins, for example) which are supposed to interact with many
others, have a less specific shape. This is exactly the reason why they can also
randomly interact with many other unrelated molecules. The same argument holds
for molecules that are very specific, and can interact with a small subset of the
rest of the molecules in the network. In DNA systems [25, 38, 58], if a strand is
designed to interact with many others, it is usually longer and, as a result it can
stick to many unrelated strands that are floating in the solution. In communication
networks, transceivers that are sensitive to a large spectrum of frequencies are more
likely to pick up noise or other random signals from surrounding transmitters, and
the opposite is true for transceivers which have a narrow input and output frequency

range.

4.2.2 Crosstalk Specific to Individual Vertices

In this first case, we assume that the amount of crosstalk depends on the specific

vertices of the network and the way they interact with each other. For this reason,
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we have no control over their intensity. The intensity of interactions may depend
on many different properties of each vertex, but in what follows, we will always
normalize the crosstalk interaction intensity among any pair of vertices. The larger
the size of a graph with constant order, the fewer the pairs of vertices that can
spuriously interact with each other, decreasing the overall sensitivity to crosstalk.
Two extreme cases are the tree graphs, when the number of edges is equal to the
minimum possible (m = N — 1, given that the graph is required to be connected) and
the complete graphs, where m = (];) In a tree graph we have (];) —(N-1)= (Nz_l)
pairs of vertices that may spuriously interact. The complete graph has no crosstalk
interactions, simply because every vertex is designed to interact with every other. In

a network with size m, the overall crosstalk sensitivity K (G) will be bounded by these

two extremes,

N -1
o<r < (V)i (45)
We can optimize the structure of this network, by connecting the m pairs of vertices
with the strongest interactions among each other, thus reducing || R*|| .

A more interesting problem arises when the intensity of crosstalk interaction is

a function of the vertex degrees. We denote the crosstalk affinity of vertex u with

degree d, and vertex v with degree d, as
wy', = g(du, dy) (4.6)

which represents the intensity of the crosstalk interaction between u and v. The
function ¢ is assumed to be a strictly increasing function in both its arguments,
reflecting our assumption that the more neighbors a vertex has, the more likely it is

to interact with vertices it is not connected with. We also assume that g is symmetric,

9(dy, dy) = g(dy, du). (4.7)
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The affinity f = f(d,) of a vertex u is similarly defined as its tendency to interact with
other vertices of the network with which it is not connected in the initial network, and
consequently it is not supposed to interact with. The following sections present two
scenarios, the first defines g as the sum of the affinity functions of the two vertices,

and the other defines g as the product of their affinities.

4.3 Pairwise Crosstalk Interactions as the Sum of

Individual Affinities

If g(z,y) is an additive function, we can write it as

g(z,y) = f(x) + f(y) (4.8)

where f : RT — R* is defined as the affinity of each individual vertex. We will refer
to this type of crosstalk interactions in the network as additive crosstalk. The overall

crosstalk sensitivity will be

K(g) - Z wu,vg(uu U)
(u,v)¢E(G)

= ) wa(fw) + f(v).

(u,v)ZE(9)

(4.9)

If we group all the terms that correspond to each vertex together, we can rewrite the

last equation as

K@) = Y (wa) f(w). (4.10)

ueV(G) \vgN,
The last equation clearly shows how to reduce crosstalk if vertex affinities are
fixed. We either need to make sure that vertices that are not connected do not
significantly affect the function of the network (reduce the respective weights), or

have these vertices interact with each other, removing the respective weights that
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contribute to a large increase in the overall crosstalk sensitivity.

If all weights are equal, in other words, if
Wy =w Yu,v € V(G), (4.11)

then the overall crosstalk can be written as:

K@) =w Y (N=1-d,) f(). (4.12)

ueV(G)
The last equation clearly shows that the overall crosstalk is independent of the network
structure, as it only depends on the affinity of each vertex and its degree, not the
neighborhood of each vertex. In what follows, we will assume that all weights are
equal to one for simplicity. In addition, we will be assuming that the affinity functions
and the crosstalk intensity functions depend on the degree of the respective vertices,

as mentioned in the introduction.

4.3.1 Structure of Networks with Minimum Sensitivity to

Additive Crosstalk

If the affinity of each vertex is a strictly increasing function of its degree, and crosstalk
interactions among all pairs of vertices contribute equally to the overall crosstalk, then

we can rewrite equation 4.9 as:

K@) = Y gwv)= > gdud)= Y (fd)+[(d).  (413)

(u,v)EE(9) (u,v)ZE(9) (u,v)EE(9)

We will first present some lemmas that will help us formulate the main theorem

of this section.

Lemma 25. Assume that the function h : R™ — R™ can be written as the product of

two functions [ and g, with f : RT — R being strictly increasing, differentiable, and
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concave function, and g : RT™ — R is strictly decreasing, differentiable, and concave.

Then h s strictly concave.

Proof. The second derivative of h is

W'(z) = f(z)g(x) + 21 ()g'(x) + f(2)g" (x). (4.14)

All three products of the right hand side are negative, since f(z) > 0, f'(z) > 0,
f'(x) <0, g(x) >0, ¢'(z) <0, and ¢"(x) < 0, therefore h”(x) < 0. O

Lemma 26. Assume we have a differentiable function f : RT™ — RY, with f'(x) <
0 and f"(x) < 0 for every x € RY. Further assume that we have four numbers

a,b,c,d € RY, such that 0 < a <c<d<b< oo, and for which a+b=c+d. Then
fla)+ f(0) < f(c) + f(d).

Proof. According to the mean value theorem, there exist numbers a < & < ¢ and

d < & < b such that

f&) = w (4.15)
and
ey S0) = f(d)
(&)= o —d (4.16)
Since f is concave,
f(&) < f(&). (4.17)

Replacing these derivatives from the equations above, we get

fb

fld) _ f(e) = fla)
y .

cC—a

< (4.18)

) _
b —
Since a + b = ¢ + d, the denominators are equal, and as a consequence

f(b) = f(d) < flc) = f(a). (4.19)
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After rearranging the terms, the result follows. O]

Definition 6. The total affinity h, of a vertex u is equal to the sum of the affinities

of u to all the vertices of the network that it is not connected with.

Theorem 14. Assume that the function f : RT — RYT that defines the affinity
of each vertex of the network is a strictly increasing concave function of the vertex

degree. Then the total affinity of every vertex u is equal to
hu = (N =1 —d,) f(d) (4.20)

and the degree distribution of the network with the minimum additive sensitivity to

crosstalk is inhomogeneous.

Proof. As shown in equation (4.13), the crosstalk intensity between any pair of ver-
tices is only a function of their degrees. Furthermore, the affinity of each vertex is
only a function of its degree, and independent of the vertices it interacts with. As a

result,

hy =Y f(du) = hy= (N —1—d,)f(d). (4.21)
vENy,

Since h, is also a function of the vertex degree, we will denote the total affinity
as h, = h(d,). From Lemma 25, the function h is positive, strictly increasing and
concave, since N — 1 — d,, is a decreasing positive linear function for 1 < d, < N —1
and f is assumed to be positive, increasing, and concave.

The network which is most robust to crosstalk will be the one with degree distri-

bution d* = [dy, ds, . .., dy] such that
d*=argming > (f(dy)+ f(dy)) (4.22)
S NORSPE)

under the constraints

1<d,<N-1 YueV(G) (4.23)
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> d,=2m>2(N-1) (4.24)

where P is the space of graphic degree sequences for connected graphs. Rewriting

equation (4.13), we find that

K= ) (fld)+f(d)= > (N-1-d)f(d)= Y hd). (125
(u,0)¢E(9) u€V(9) ueV(9)

The function K is a sum of concave functions, and thus concave. According to Lemma

26, the optimal d* will be achieved for d,’s at the boundaries of the plausible values

in the inequality (4.23). O

Corollary 22. When the crosstalk affinity between two vertices is an additive function
of their degrees, the overall crosstalk sensitivity only depends on the vertex degrees,
and does not depend on the structure of the network. In other words, how robust the

network is to crosstalk only depends on its degree distribution.

Proof. From equation (4.25), the overall sensitivity of the network only depends on

the degree distribution, and is independent of its structure. O

Corollary 23. The tree graph that is most robust to additive crosstalk is the star
graph.

Proof. The star network has one vertex with full degree and this vertex has no
crosstalk interactions. The N — 1 peripheral vertices have degree 1, and may spuri-

ously interact with each other. Hence,

Kstar = Z (N —-1- du)f(du)

ueV(G9)

=(N = 1)(N =2)f(1) + (N =1)-0 (4.26)

=2 (N; 1)f(1).

Every other graph will have vertices with degrees 1 < d < N — 2 with at least
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one vertex with degree d > 2. The total number of crosstalk interactions is equal to
twice the number of edges that are not present in the network, namely 2(N; 1). The

sum of all the crosstalk interactions K,; will then be

Kar= Y (N=1—d,)f(dy)

ueV(G)
> f(1) Y (N—1-d,)
ueV(g)
= f(1)(N(N —1) —=2(N — 1)) (4.27)
_ (NQ— 1)f(1)
O

Corollary 24. Suppose that a vertex u is connected to vertexr v with degree d,, and is
not connected to vertex w with degree d,,. If d, < d,,, and we can rewire the edge (u,v)
to (u,w) while keeping the graph connected, then the sensitivity of the new network

to additive crosstalk is smaller.

Proof. The only vertices whose affinities change are v and w, since the degree of u,

along with any other vertex in the network, stays the same. Thus,

AK =Ko — Koig
=(N = du)f(dy = 1) + (N =2 = dy) f(dw — 1)
- (N—-1-d)f(dy) = (N =1 —dy)f(dw) (4.28)
= — [Mdy) = h(dy = )] + [A(dw + 1) = h(do)]

<0.

The last inequality holds because h is concave (Lemma 25) and d, < d,,. O

Corollary 25. In a graph with minimum sensitivity to additive crosstalk, there is

always a vertex with full degree.
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The last corollary guarantees that no matter how we rewire the vertices which do

not have full degree, the graph stays connected.

Definition 7. We define N,_, as the set of all the neighbors of vertex x except vertex
y, such that

Ney = (4.29)

N, —{y} ifyeN,.

\

Corollary 26. In a graph with the minimum crosstalk sensitivity, for every pair of

vertices a and b, we have

do < dp <= Nup CNp_s. (4.30)

Proof. Counting the elements of the sets N,_, and N,_,,

Nafb g M)*(l — ’Nafb| S ‘-/\[bfa‘- (431>

In addition,

Nal = [Nas| +6((a,0) € €), [No| = [Npal +6((a,b) € €) (4.32)

where ¢ is the Kronecker delta function, defined as

1 if v and v are connected
((u,v) € &) = (4.33)

0 otherwise.

As a result,

do = INL| < [N} = dy. (4.34)
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The necessity of condition (4.30) is proved, and we will next show the sufficiency of
the statement by assuming otherwise and arriving at a contradiction.

Suppose that d, < dy, but Ny € Ny—,. This means that there is at least one
vertex that is connected to a, but is not connected to b. Let M € V(G) be a vertex

with degree d,; such that
dy > dy Yu e N, NN (4.35)

Since the graph G has minimum sensitivity to crosstalk, by Corollary 24, this means
that a is connected to all vertices that have degree larger than M. If it did not, we
could rewire the edge (a, M) to connect a with a vertex with a larger degree. The
same applies for vertex b, and since d, < d;, the only way that vertex b would not be
connected to M, is when it is connected to some other vertex P with degree equal to
the degree of M,

dy =dp =16. (4.36)

Even in that case, if we rewire the edge that connects b with P, so that after rewiring
it connects b with M, the difference of overall crosstalk sensitivity for the graph G

will be negative
AK = Knew - Kold

= h(0+1) + h(0 — 1) — 2h(0) (4.37)
<0

because the total crosstalk affinity function h is strictly concave. This means that G
was not a graph with minimum crosstalk sensitivity, which is a contradiction.

The last derivation also shows that in a graph with minimum crosstalk sensitivity,
d, = dy, ~— Nafb = ./\/;,,a. (438)

]
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4.3.2 Rewiring Algorithm

In this section, we describe an algorithm that can be used to find the structure of the
network with the minimum sensitivity to additive crosstalk. We will first explain how
it works, and then prove that it always returns the optimal network, regardless of the
input graph. The algorithm consists of two steps: The first step (single rewirings)
ensures that condition (4.30) holds. In every iteration, it checks if each vertex could
be connected to another neighbor with larger degree, therefore decreasing the overall
crosstalk sensitivity of the graph, according to Corollary 24. The second step ensures
that the required changes that are not possible with single-vertex rewirings actually

take place.

Figure 4.1: An example of a double rewiring needed for the graph to minimize crosstalk
sensitivity. If hy 4 3hy < hg + 2h3 + hs (for example when h(d) = (N — 1 — d)+/d), there
is no edge that can be rewired keeping one of its endpoints, and that would decrease the
overall sensitivity. A double rewiring is needed, removing the edge between the red vertices
and connecting the green ones with it.

After the first step is finished (there are no more possible single-vertex rewirings),
the degrees of all vertices satisfy equation (4.30). The resulting graph is not necessar-
ily one with the minimum crosstalk sensitivity, because we may have a situation like
the one depicted in Figure 4.1, where we need to rewire one edge such that we change
both vertices it is adjacent to. In this case, we cannot perform a single rewiring, and
we need to delete an edge between a pair of vertices, and add it to another. There
are only two possible arrangements of the edges among four vertices that may need

a double rewiring transformation (shown in Figure 4.2), and the condition that the



113

degrees of these vertices need to satisfy is shown in Table 4.1.

Figure 4.2: All nonisomorphic subgraphs of 4 vertices where A — B and C£D. See Table
4.1 for all the allowed degree correlations among the degrees of the four vertices that satisfy
equation (4.30). Subgraphs (c) and (d) may need a rewiring of an edge between A and B to
connect vertices C' and D. Note that if we apply the double-vertex rewiring, we transform
subgraph (c) to subgraph (d) and vice versa.

Theorem 15. Provided with an arbitrary graph Gy .., Algorithm 1 returns the net-

work Gy, ,,, with the minimum sensitivity to additive crosstalk.

Proof. We need to prove two statements, the first is that the double rewirings do
not affect the condition of equation (4.30), and the second is that the algorithm
cannot be trapped in a local minimum. Suppose that we perform a double rewiring
(removing the edge (A, B) and adding the edge (C,D)) reducing the overall sensitivity
to crosstalk by AK, and condition (4.30) is violated. This would only be possible if

there exists a vertex M with degree dj; such that

dM:dB—l and NB—A #NM, (439)

so that after removing the edge (A, B), vertices B and M have the same degrees,
and condition (4.38) does not hold. The last equation also implies that (A, M) € &,
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Graph | Possible Degree Order | AK
a dp <dc <dp<ds | >0
b dp <dc <dp<ds | >0

dp <dp <dc <dy | >0
dp <dg <dp <dy >0
C dp <dp <dc <dg | >0
dp <dp <dc <dy ?
dp < dc <dp <dy >0
d dp <dp <dc<dy | >0
dp <dp < ds < d¢ ?
e dp <dc <dp=dy | >0
f dp <dc <dp<dy | >0
dp <dp < dc < d¢ >0
g dp <dc<dp<ds | >0

Table 4.1: All the possible degree orderings of the degrees of the four vertices shown in Figure
4.2, with the difference in the overall crosstalk sensitivity if we rewire the edge between A
and B to connect vertices C' and D, and assuming that all possible single rewirings that
decrease crosstalk have already taken place. In all but two cases, the overall sensitivity to
crosstalk increases. Cases (c) and (d) may have a positive or negative difference (question
marks), depending on the crosstalk function h, and only if the degrees of the vertices
A,B,C, D are ordered as shown. Note that case (e) is not possible at any time, but is

included here for completeness.
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Algorithm 1 Find the Graph with Minimum Crosstalk Sensitivity G

Require: An arbitrary connected graph G of order N and size m
Ensure: The graph with the minimum sensitivity to crosstalk

changeflag« 1
while changeflag==1 do
changeflag«— 0
for u € V(G) do
if l%l\g{dv} < gé%(i{dw} then
x = argmin{d, }; y = arg IAI[liIl{dw}
weNg

VEN,,
Remove the edge (u,z);Add the edge (u,y); changeflag« 1
if G becomes disconnected then
Revert the changes
end if
end if
end for
end while

changeflag<«— 1
while changeflag==1 do
changeflag<— 0
for A,B,C,D € V(G) do
if (A-Band A—C and A—D and B+C and B+D and C+D) or (A—B
and A— C and B —C and A+D and B+D and C+D) then
Ahy = h(da) — h(da — 1);Ahg = h(dg) — h(dg — 1)
Ahco = h(dc + 1) — h(dc), Ahp = h(dD + 1) — h(dD)
AKA,B,C,D = —Ahy — Ahg + Ahc + Ahp
end if
Find the vertex set (A, B, C, D) with the smallest AK
if min AK < 0 and rewiring the edge A — B to C' — D keeps G connected
then
Remove the edge (A, B); Add the edge (C, D); changeflag«— 1
end if
end for
end while
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because otherwise Np and Ny, would be identical after removing the edge (A, B).

But in that case,

AK' = —AhA — AhM + Ahc + AhD < —AhA — AhB + Ahc + AhD =AK (440)

because h is strictly concave, which means that the edge (a,b) should not be rewired
before the edge (a, M).

We will now prove that the algorithm cannot be trapped in a local minimum by
showing that all the individual steps needed in order to reach the graph with the
minimum overall crosstalk sensitivity can be reordered arbitrarily. This condition is
sufficient in order to prove that when there are no such rewirings left, we have reached

the optimal graph (see Figure 4.3).

1 ]
0.95 J
09l 1
085 i
0.8F S~ ]
075 R

0.7+ A

0.65- i

Total Amount of Crosstalk

0.6 i

I
10 12 14 16 18 20

8
Rewiring Step

Figure 4.3: Algorithm 1 cannot be trapped in a local minimum. After decreasing the overall
crosstalk sensitivity (blue line), suppose it stops at a local minimum. Since we can reorder
the steps, and each step decreases the sensitivity at least as much as when taken individually
(equation (4.47)), we may perform all the decreasing transformations first and then stop,
ending up with a network with smaller overall sensitivity to crosstalk.

The single-vertex rewirings can be performed in an arbitrary order, since the only
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way there are no more such rewirings possible is when the network satisfies equation
(4.30). So it suffices to prove that the double rewirings can be rearranged. Suppose
that we have two or more such rewirings needed. For each pair of vertices that will
accept one extra edge, they can have up to one vertex in common, whose degree will
increase by at least 2. If they have no vertex in common, the double rewirings are
completely independent of each other, so the statement holds. They cannot have the
same vertices, because these two nodes will already be connected by an edge after
one them is implemented. Now assume that we can perform two double rewirings.
The first is moving the edge (A, B) to (C, D), changing crosstalk by AKj, and the
second is moving the edge (F, F) to (C, J), changing crosstalk by AKj, based on the
current degrees of vertices A, B,C, D, E, F', and J. If C is common in both of them,
then if we perform the first rewiring and then perform the second (now changing the

overall crosstalk sensitivity by AK)), we will show that

AK; < 0,AK; <0 = AK), < AK,. (4.41)

This means that every rewiring makes the subsequent ones decrease the crosstalk
even more than their individual contributions, and there is no way that a rewiring
that increases crosstalk could enable future rewirings to decrease the overall crosstalk

more than they would have otherwise. Denote

AKl = —AhA—AhB+Ahc+AhD <0 (442)

where

AhA = h(dA) — h(dA — 1) > 0, Ahc = h(dc + 1) — h(dc) >0 (443)

and similarly for the differences of the crosstalk affinities of the other vertices. By
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the same token,

If we perform the first double rewiring ((A, B) is rewired to (C, D)), the new degree

of vertex C' will increase by 1, and as a result

AK) = —Ahg — Ahp + Ahp + Ahy (4.45)

where

AhL = h(de +2) — h(de + 1) < Ahe (4.46)

since h is strictly concave. It follows that in every case we have

AK) < AK,. (4.47)

The same is true when we have more than one double rewiring that decreases the
overall sensitivity and removes two or more edges from a vertex. We can similarly
show that the difference of the crosstalk affinity of this vertex increases, and since it

is negated, the decrease in crosstalk of the subsequent rewirings will be greater. [

Theorem 16. We can find the graph with the lowest sensitivity to crosstalk in O(N*)

time.

Proof. The first part of the algorithm checks if each edge should be rewired, which
takes O(N?) steps, because we need to check all the vertex pairs, possibly more than

once. The second part of the algorithm checks groups of 4 vertices at a time, which

will take O(N*) steps. So the overall complexity of Algorithm 1 is O(N?). O

Figure 4.4 shows an example all the connected graphs with N = 6 vertices
with minimum additive crosstalk sensitivity. Figure 4.5 shows the form of the to-
tal crosstalk affinity of each vertex, and the overall crosstalk of a graph of order

N = 40 as its size increases.
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Figure 4.4: Connected graphs of order N = 6 and size 5 < m < 15 which have the
smallest amount of overall crosstalk sensitivity among their vertices, when the intensity
of the crosstalk interaction between two vertices is equal to the sum of their individual
affinities, and the affinity of each vertex is proportional to the square root of its degree
f(d) = ¢v/d. Note that we cannot find the optimal graph of size m recursively, by adding
one extra edge to the optimal graph of size m — 1.

Total Crosstalk Affinity as a Function of its Degree Minimum Crosstalk of Graphs with Order N=40 and Increasing Size

o o o o o o o
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Figure 4.5: (a) An example of the overall vertex affinity function h. Here, f(d) = cV/d,
and h(d) = (N —1—d)f(d). (b) The minimum possible overall crosstalk sensitivity of all
graphs with N = 40 vertices and 39 < m < 780 edges has the shape of the vertex crosstalk

function. It is not smooth because d* needs to satisfy additional constraints, most notably
d* e P.
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4.4 Pairwise Crosstalk Interactions as the Product

of Individual Affinities

If the crosstalk between two vertices is proportional to the product of each node’s

affinity, then we can write the pairwise affinity function g(z,y) as

g(w,y) = f(x)f(y). (4.48)

We will refer to this type of crosstalk interaction in the network as geometric crosstalk
or multiplicative crosstalk . If the affinity of each node is a function of its degree, the

overall crosstalk sensitivity will be equal to

K@) = Y gldnd)= > [fld)f(d) (4.49)
(u,0)2E(9) (u,0)2£E(9)

Once again, we consider the vertex affinity function f to be a positive, strictly
increasing, and concave function of the degree of each vertex. We will first find the
networks with the minimum crosstalk sensitivity without any additional constraints.
We will then describe the connectivity of the networks with a fixed degree sequence

which have the lowest sensitivity to multiplicative crosstalk.

4.4.1 Structure of Networks with Minimum Sensitivity to

Geometric Crosstalk

We first prove some lemmas that will be needed in order to find the form of these
graphs. In this chapter, the only type of almost complete graph that we will need is

of type I, and for simplicity will just call it almost complete.

Lemma 27. In a graph with the minimum sensitivity to multiplicative crosstalk, if
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(a) (b)

Figure 4.6: (a) The type I almost complete graph (first defined in Chapter 3) consists of
a clique of order N — 1, and one peripheral vertex (shown in red). (b) If d4 < dp and
d; > dy then rewiring the edges A —x and B —y as shown will decrease the overall crosstalk
sensitivity of the graph without changing its degree sequence.

A,B,z,y € V(G), then

dy<dp = d,<d, YreNsNNz and y€cENg. (4.50)

Proof. If Ny C Ny then the result holds trivially, since Ny N ANz = 0. Otherwise,
there is at least one vertex z that is connected to A and not connected to B. If we
rewire the edges (A, x) and (B,y) to (A,y) and (B, z) as shown in Figure 4.6(b), the
degree distribution stays the same for every vertex in the graph. The difference in

the overall sensitivity is

AK =[(da)f(ds) + f(dB) f(dy) — f(da) f(dy) — f(dB)[(dz)
=(f(dp) = f(da))(f(dy) — f(da)).

(4.51)

If the graph was optimal before the rewiring, this difference should be nonnegative,

and since d4 < dp, the this can only be true if d, < d,,. O

Lemma 28. Assume that a graph Gy, with vertex set V and edge set £ has the

minimum sensitivity to multiplicative crosstalk and that the vertex affinity f : RT —
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R* is a strictly increasing concave function. Then

(a,b) e £ = (a,x) €& YaeV and Vr €V, such that d, > dp.

(4.52)

Proof. Suppose that this is not the case, and there exists a vertex a and two vertices

b and ¢ such that
(a,b) € £, (a,c) ¢ E with d, <d..

(4.53)

Then, by rewiring the edge between a and b so that it now connects vertices a and c,

the difference in the crosstalk sensitivity will be

AK =Ko, — Kold
:f(da>(f<db) - f(dc>)
+ (fdy— 1) = f(dy)) D fldw)

ueNE_,

veNE_,

Since f is strictly increasing,
fdy) < f(de),  fldy—1) = f(dp) <O and  f(dc+1) = f(de) >0
and from the concavity of f we see that
[f(dy = 1) = f(dp)| > | f(de +1) = f(de)]-

In addition, from Lemma 27,

o ofd) < D f(d),

uENy_4 vENc—q

(4.54)

(4.55)

(4.56)

(4.57)
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Taking into account that the degrees of all other vertices in G remain constant after

the transformation,

Z f(dy) = constant (4.58)
weV(G)
w#b,w#c

we find that

S fd) > > f(dy) (4.59)

ueNE veNE_,

Combining the above equations,

AK < 0. (4.60)

This means that the overall crosstalk sensitivity of the graph G has decreased after

applying this transformation, which is a contradiction. [

The last lemma shows a necessary condition for the optimality of a network with
respect to crosstalk: Every vertex should be connected with vertices of the largest

degree possible.

Corollary 27. In the network with the minimum sensitivity to multiplicative crosstalk,

the neighborhood set of every vertex u with degree d,, is

Ny={N-d,+1,N—d,+2,...,N}. (4.61)

Corollary 28. In a network with the minimum sensitivity to multiplicative crosstalk,

there is at least one vertex with full degree.

Proof. From Corollary 27, u will connect to the d, vertices with the largest degrees.
In addition, every vertex u has degree d, > 1, since we assumed that the graph is
connected. As a result, the vertex with the largest degree in the network is connected

to all other N — 1 vertices in the graph. O]

Now we are ready to prove the main theorem of this subsection.
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Theorem 17. If the crosstalk affinity of each vertex is a positive, increasing, and con-
cave function of its degree, then a graph with minimum overall multiplicative crosstalk
sensitivity consists of a complete or almost complete subgraph, and the vertices that
do not belong to it have degree equal to 1. All vertices of degree 1 have the same

neighbor vertex, which is a vertex with full degree.

Proof. We will start from any graph G that satisfies equations (4.50) and (4.52) but
does not have the aformentioned form. Then, with transformations that only reduce
the sensitivity to crosstalk, we will arrive at the graph with this structure. Suppose

that the initial graph G has a degree distribution
d == [dl,dg,...,d]v] (462)

where the elements of the vertex set V(G) = {1,2,... N} are ordered in increasing

degree, such that
1<d1 <dy <---<dy<N-1. (4.63)

The overall sensitivity to crosstalk can be written as

= > fld

(u,v)EE(G)
(4.64)
=2 fd [ Z 1 ]
ueV(G) veV(G
v>uv¢/\f

Applying the above equation to the enumerated set of vertices,
N N
K(9) = Zf(du)[ > f(dv)]- (4.65)

Taking into account Corollary 27 (equation (4.61)), we can simplify the expression of
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the overall crosstalk sensitivity as

u=1 v=u+1

K@) =3 f(d) [ Y f(dv)] | (4.66)

Now, suppose that d is not a degree sequence that corresponds to the form in the
statement of the theorem. We pick the vertex a with the smallest possible degree
such that d, > 1. We also pick vertex b = a + 1, with degree d, > d,. From equation
(4.61), we get

Nop SNy, (4.67)

More precisely,

Ny={N—-d,+1,N—d,+2,...,N} and Ny ={N—-dy+1,N—dp+2,...,N}.
(4.68)
By successively rewiring edges in G, we will change the overall sensitivity each time

by AK, and when the graph is transformed to G* with
K(G") < K(9), (4.69)

no additional transformations will be possible. If G does not have the form in the
statement of the theorem, there is at least one edge in the graph that can be rewired
from vertex a to vertex b. We delete the edge (a, N + 1 — d,), and add an edge to
connect vertices b and N — d,. According to Corollary 28, any such transformation
will keep the graph connected, because the vertex with full degree is connected to
every other vertex in the network as long as we do not remove any edge from a vertex
with degree 1. The size of the graph remains the same, and the new neighborhoods

of vertices a and b are

N ={N—-d,+2,N—d,+3...N} and N]={N-—dp,N—dp+1,...N}. (4.70)
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We denote the vertices with the smallest degrees that are neighbors to b and a as

C=N+1—-d,and D =N + 1 — d,, respectively. According to inequality (4.63),

C<D = do<dp. (4.71)

The difference in crosstalk after applying the transformation is

N+1—d, N—1—d,

AK =f(de —1) > fld)+ fld+1) > f(d
u=a+1 v=b+1
N—dy
Z F(du) + f(dy) Y f(d
u=a-+1 v=b+1 (472)
a—1
+(flde+ 1)+ fldp = 1) Y f(1)
z=1
a—1
— (f(dc) + f(dp)) ) _ f(1).
z=1

Rearranging the terms, we find that

AK =[f(d, — 1) — [Zaf ]

u=a-+1

+ [f(dy +1) [ be ]

v=b+1

(4.73)
+ [f(da = 1) f(dp) — f(dy + 1) f(de)]

+[f(dp —1) = fdp) + fdc + 1) [Zf ]

The sum above is clearly negative, so the transformation reduces the overall sensitivity
to crosstalk. We may repeat the process described here, reducing it at each step, until

we transform the initial graph to the graph described in the theorem statement. [

Figure 4.7 shows all the graphs of order N = 6 and size 5 < m < 15 with the

minimum multiplicative crosstalk sensitivity.
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Figure 4.7: Connected graphs of order N = 6 and size 5 < m < 15 which have the smallest
overall crosstalk sensitivity, when the pairwise crosstalk intensity between two vertices is
equal to the product of the individual affinities, and the affinity of each vertex is a positive,
increasing and concave function of its degree.

Theorem 18. If the crosstalk affinity of each vertex is a positive, increasing and
concave function f of its degree, then the minimum multiplicative crosstalk sensitivity

of a graph is equal to

+ (N =d)(a—1)f(d-1)f(1)

(4.74)
+(N=d){d—1—-a)f(d=2)f(1)
+ (N;d (1)

where

d= E (3+ \/9+8m——8Nﬂ (4.75)

is the number of vertices in the (almost) complete subgraph and

a:m—<d;1>—(1\f—d> (4.76)

is the degree of the vertex with the smallest number of neighbors in it.
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Proof. The overall sensitivity will be calculated by computing intensity of the crosstalk
interactions among the different vertex groups in the minimum crosstalk sensitivity
graphs. Suppose that the almost complete (or complete) subgraph consists of d ver-
tices, d — 1 of which form a complete subgraph and the peripheral vertex of the
subgraph has degree has degree a. The degree of the peripheral vertex is allowed to
be equal to d — 1, in which case, we have a complete subgraph. In addition, there are

N — d vertices with degree equal to 1. Counting all edges of the graph, we find that

m:(d;1>+(x+(]\/—d). (4.77)

This equation needs to be solved for the variables d and «, under the conditions
aeN deN (4.78)

and

2<a<d-1. (4.79)

As mentioned above, when o = d — 1, we have a complete subgraph, otherwise we
have an almost complete subgraph. In order to find the order of the almost complete
graph, we assume that the optimal graph consists of a complete subgraph of order
dy, and that o = dy — 1. Then the equation that needs to be solved has only one

variable d,

d
(20) + (N —do)=m (4.80)
which after rearranging the terms becomes a second-order polynomial with respect
to do:

d2—3dy + (2N —2m) = 0 (4.81)

with roots

dy = (3 + \/9+8m——8N> . (4.82)

DO | —
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One of the solutions will be zero or negative (m > N for connected graphs that are
not trees), so we need to pick the positive solution. In addition, d needs to be an
integer. Since we have artificially increased « in the above solution, d > dy and d
is the smallest integer that is larger than dy, so we need to pick the ceiling of the

positive real number from the above equation,
1
d= {5 (3 +VO+ 8m— SN)w . (4.83)

The value of a can now be found from equation (4.77). The structure of the optimal
network is now specified, and we need to add up all the crosstalk contributions from

all the vertices of the graph:

e Crosstalk between the peripheral vertex and the d — 1 — « vertices of degree

d — 2 of the almost complete graph that it is not connected to:

K= (d—1—a)f(a)f(d—2). (4.84)

e Crosstalk between the peripheral vertex and the N — d single-edge vertices:

Ky = (N —d)f()f(1). (4.85)

e Crosstalk among the single-edge vertices:

Ky = (N; d) 2(1). (4.86)

e Crosstalk among the vertices that are connected to the peripheral vertex and

the single-edge vertices:

Ky = (a— DN — d)f(d—1)f(1). (4.87)
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In the equation above, the first term is a — 1 instead of o because the vertices
of degree 1 are all connected to one of these a vertices of the (almost) complete

graph, and the crosstalk of this vertex is zero.

e Crosstalk among the vertices of the almost complete graph that are not con-

nected to the peripheral vertex, and the single-edge vertices:

Ks=(d—1—a)(N —d)f(d—2)f(1). (4.88)

Overall Crosstalk as a Function of Graph Size for N=40
16000 T T T T

Overall Crosstalk
—— Minima Envelope
—— Maxima Envelope

14000 H

12000 -
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Figure 4.8: The minimum possible overall crosstalk sensitivity of a graph with 40 vertices
and a size of 39 < m < 780 when the vertex crosstalk affinity is f(d) = d. The green and
red lines are the envelopes for the local minima and local maxima, respectively.

Adding up the above terms, we get the total amount of crosstalk interactions in
the network:

K=K +Ky+ Ks+ K, + K5. (4.89)
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K= f(0)[(d—1—a)f(d—2)+ (N - d)f(1)]
Total crosstalk of ;ﬁe peripheral vertex

+ V=) f()[(a-1)f(d=1)+(d—1—a)f(d—2)]
- (4.90)

Crosstalk between the almost complete graph and the single-edge vertices

+ (N; d> F2(1).

N J/

~
Crosstalk among the single-edge vertices

]

An example of the overall crosstalk sensitivity as we increase the size of the graph
of given order is shown in Figure 4.8. The overall crosstalk sensitivity has “ripples”.
This happens because as we add more edges, the average degree of the vertices in-
creases, and the average crosstalk intensity among vertices also becomes larger. After
adding one edge between two nodes, the average decrease in crosstalk also increases,
because there is no spurious interaction between them any more. Consequently, the
variance of the overall crosstalk sensitivity increases with number of edges in the net-
work. The local minima are achieved when the graph consists of a complete subgraph

and the rest of the vertices have degree equal to one.

4.4.2 Minimization of Crosstalk Sensitivity For Networks with

Fixed Degree Sequence

Suppose that we have a network with a given degree distribution

d=[d,do,...,dy] (4.91)

where the degree of each vertex 1 < k < N is fixed and equal to di. If we are free
to choose the structure of the network, in order to minimize the overall crosstalk
sensitivity of the network, we need to connect vertices with similar degrees together,

as the next theorem shows.
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Theorem 19. Suppose that we have a network with a given degree distribution d.
Then, the structure that minimizes the sensitivity to multiplicative crosstalk is assor-

tative in the vertex degrees.

Proof. Suppose we have a network, where vertices A and B are connected, vertices
C and D are also connected, and there are no more edges among them. One way
to change the structure without changing the degree sequence of the graph is shown
in Figure 4.9. This method (first described in [46]) keeps the degrees of each vertex

constant.

QO
7 IGEEROR
OO |
i i T3
L O— |
JORENON
© O]

Figure 4.9: A rewiring method that keeps the degree of each vertex constant. Assume
that vertices A and B are connected, as are C' and D. There are no other edges in this
induced subgraph. We can rearrange the edges by connecting A with D and B with C, or
by connecting A with C and B with D. Each transformation can be reversed, and we can
go from any subgraph to another in one step.

Initially, the overall crosstalk sensitivity among the four vertices A, B, C', and D
is

Mo = f(da)f(dc) + f(da)f(dp) + f(dp) f(dc) + f(dB)f(dp). (4.92)

Referring to Figure 4.9, after transformation 73, the overall crosstalk sensitivity
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among the same vertices is

My = f(da)f(dp) + f(da) f(de) + f(dB)f(dp) + f(dc) f(dp) (4.93)

and similarly, if we apply the second transformation 75

My = f(da)f(dp) + f(da)f(dp) + f(dB)f(dc) + f(dc)f(dp). (4.94)

The difference of the overall crosstalk sensitivity of the network after applying 77 is

AKr = f(da)f(dp) = f(da)f(dp) = f(dB)f(dc) + f(dc)f(dp) (4.95)

AKr, = (f(dc) — f(da)) (f(dp) — f(dB)). (4.96)

With transformation T5, we get

AKr, = f(da)f(dp) = f(da)f(dc) — f(dB)f(dp) + f(dc)f(dp) (4.97)

AKr, = (f(dc) — f(dB)) (f(dp) — f(da)) - (4.98)

We order the degrees of the four vertices (there are 4! = 24 possible orderings), and

without loss of generality, we require that

dA S dB and dc S dD (499)

which reduces the number of possible orderings to 6, shown in Table 4.2. If both
transformations result in an increase in the overall sensitivity, this means that the
current arrangement of edges ((A, B) and (C, D)) is optimal. This happens when one

of the following inequalities holds:

dA SdB Sdcgdl) or dc SdDSdA SdB (4.100)
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Degree Order AKp | AKrp,

Table 4.2: All possible orderings of the degrees of vertices A, B, C, and D, with da < dp
and do < dp, and the resulting difference in the overall crosstalk sensitivity among them
for transformations 77 and T (see also Figure 4.9).

Transformation 75 always yields a network with smaller sensitivity than 7;:

AKTg =M, — M,
=f(da)f(dp) + f(dB)f(dc) — f(da)f(dc) — f(dB)f(dD)
=(f(da) — f(dB))(f(dp) — f(dc))

<0

(4.101)

by the assumption of the relative degrees of the pairs (A, B) and (C, D). More

importantly,
M2 :M(] + A]’(T2

=My + AKp, + AKr, (4.102)
=M, + AKrp,.
The last equation shows that the overall sensitivity of a graph does not depend on

the order in which we apply any transformations. The difference in the crosstalk

sensitivity is equal to the sum of individual differences, and it only depends on the
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structure of the network before and after the performed changes. In order to minimize
the overall sensitivity to crosstalk, we need to connect vertices with large degrees to

other vertices with large degrees and similarly for vertices with small degrees. O]

Lemma 29. A degree sequence d = [dy,ds, . ..dN]| is a graphic sequence if and only if
the degree sequence d’ = [dy—1,d3—1,...,dg, 41— 1,dg, 42, ...,dn_1,dN] is a graphic

Sequence.

Proof. See [33]. O

Algorithm 2 Find the Connected Graph G with Minimum Sensitivity to Multiplica-
tive Crosstalk

Require: A graphic sequence d = [dy,...dy] with d; < dy < --- < dy.

Ensure: The graph with the lowest sensitivity to crosstalk.

G < Empty Graph with V(G)=1,2,...N
kE<+0
while d # [0] do
k+—k+1
r < First element of d
Connect vertex k with vertices k + 1,k +2,... . k+r
d <+ [dg — 1,d3 — 1,...,dr+1 — 17dr+2,...,dN_1,dN]
end while

while G is not connected do
Find the two components F,S with the smallest average degrees , dr < ds.
Pick vertices A, B with the largest degree in F with ds < dp.
Pick vertices C, D with the largest degree in S with d¢ < dp.
Add edges (A, C) and (B, D); Remove edges (A, B) and (C, D)
end while

Return G

Theorem 20. Algorithm 2 returns a connected network with the lowest possible over-
all sensitivity to multiplicative crosstalk, provided that a connected network with the

gwen degree distribution exists.
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Proof. By construction, the first part of the algorithm produces the network with
the most assortative structure possible, and therefore the network with the smallest
crosstalk sensitivity. If this network is not connected, we need to carry out a rewiring
that will have minimum impact to the overall sensitivity. It suffices to prove that the
algorithm works when the graph has two components, since this procedure can easily
be generalized for an arbitrary number of components. Suppose that the two compo-
nents F and S have degree sequence dr = [dy,ds, . ..,d.] and ds = [dey1, dero, - - ., dn],
respectively. In order to make the graph connected, we need to apply the transforma-
tion 75 of Figure 4.9, to rewire one edge in F and one edge in S so that they connect
vertices in the different components. The difference of the overall crosstalk sensitivity

is given in equation (4.98), where the four vertices have degrees

dcfl S dc S dc+1 S dc+2- (4103>

The difference will be

Ac = (f(dc+1) - f(dc))(f(dc+2> - f(dc—l))a (4104>

which is the smallest positive difference while connecting the two components. Re-
peating this procedure for all the components of the graph, we end up with a connected

graph, which has the minimum additional overall sensitivity to crosstalk. ]

4.5 Conclusions

In this chapter, we focused on how network structure affects crosstalk in systems
where there may be spurious connections among units that are not designed to interact
with each other. We focused on two types of crosstalk interactions: additive and
geometric. In additive crosstalk interactions, the crosstalk strength between any

pair of vertices that are not connected in the network is the sum of their individual
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affinities. We showed that in this case, crosstalk sensitivity only depends on the vertex
degree distribution, regardless of the exact interconnection topology of the network.

The sensitivity to geometric crosstalk depends on the network topology, with the
assortative network structure being the one that minimizes crosstalk, where vertices
with large degrees form cliques with other vertices of large degrees. Finally, we
have presented an algorithm which constructs a connected network that minimizes
crosstalk when there are constraints regarding its degree distribution. The methods
and algorithms described here can easily be generalized to take into account the spe-
cific details of the network function, by assigning weights to each crosstalk interaction,

depending on how much it affects the system’s normal operation.
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Chapter 5

Noise Propagation in Biological
and Chemical Reaction Networks

In this chapter, we describe how noise propagates through a network. Using stochas-
tic calculus and dynamical systems theory, we study the network topologies that
accentuate or alleviate the effect of random variance in the network for both directed
and undirected graphs. Given a linear tree network, the variance in the output is
a convex function of the poles of the individual nodes. Cycles create correlations
which in turn increase the variance in the output. Feedforward and feedback have a
limited effect on noise propagation when the respective cycles are sufficiently long.
Crosstalk between the elements of different pathways helps reduce the output noise,
but makes the network slower. Next, we study the differences between disturbances
in the inputs and disturbances in the network parameters, and how they propagate
to the outputs. Separating internal from external dynamics is important in order
to understand fluctuations in various systems [4]. We find that these fluctuations
have very different behaviors, and as a result, it is easy to analyze their origin in
networked systems. Finally, we show how noise can affect the steady state of the
system in chemical reaction networks with reactions of two or more reactants, each

of which may be affected by independent or correlated sources.
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5.1 Introduction and Overview

Noise is ubiquitous in nature, and virtually all signals carry some amount of random
noise. In addition, even the simplest systems can be represented as a set of smaller
entities interconnected with each other. There have been numerous studies on how
noise affects specific functions (e.g. [54, 59] and references therein), but few of them
have looked at how noise propagates in general networks, or the impact of network
structure on the robustness of each system to noise. Although there is evidence that
noise may degrade system performance, it is sometimes necessary for specific functions
[23]. Robustness to noise and disturbances in general is something that biological and
engineered systems depend upon for their proper function [39, 60]. It becomes even
more important if we take into account that molecule concentrations in the cell might
be carrying more than one signal through multiplexing [21, 61]. In this case, noise
may have the potential of disrupting the network function in more than one way.
We present a new method to quantify the noise propagation in a system, and
the vulnerability of each of its subsystems. We use results from graph theory and
control systems theory to quantify noise propagation in networks, and use them to
evaluate various network structures in terms of how well they filter out noise. We
study how crosstalk can help suppress noise, when the noise sources are independent
or correlated. We show that perturbations that depend on the state of the system
(for example, feedback loops that are prone to noise or noisy degradation rates)
have a fundamentally different effect on the system output, compared to noise in the
inputs. Finally, we study noise propagation in chemical reaction networks where all
reactants may introduce noise, and analytically find that noise correlations may affect

the expected behavior of such systems.
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5.2 White Noise Input

In the state space, when all parameters are deterministic and the input consists of a
deterministic and a random component (white noise), then the system (2.7) is defined

by the following equations:

y =Cr,
\
where dW; = Wi — W, is the standard vector Wiener process in the time interval
[t,t + dt) and u; is a deterministic input. We will denote the value of a function
f at time ¢ as f(¢) or f; interchangeably. The matrix ¥, consists of nonnegative
entries, possibly time-varying, each of which is proportional to the strength of the
corresponding disturbance input. The only difference with the system (2.7) is that
now the infinitesimal state difference dx depends not only on the current state and
the deterministic input, but also on a random term dW; ~ N (0, dt).

It should be noted that the fraction dW,/dt does not exist as dt — 0, so dividing
both sides of equation (5.1) by dt would not make sense mathematically. This notation
helps us to intuitively understand the effect of randomness in the system, when we
know how its state is affected by the input noise, and enables us to easily generalize
these results when the random term is a product of many noise sources. The different
Wiener processes in (5.1) may be correlated with each other but since each input may
consist of a weighted sum of all of the different processes through multiplication by
matrix ¥;, without loss of generality, we may assume that they are independent.

The output of the system is the superposition of the deterministic output, and
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the response to the random input:

y(t) = /t h(t — s)(u(s)ds + X;dWs)

o t (5.2)
:/_ h(t—s)u(s)ds+/_ h(t — $)S.dW,.

The expected value for the output, according to equation (2.12) will be

Efy(1)] = / "Bt — $)E [u(s)ds + S.dIV)
oo (5.3)
= / h(t — s)u(s)ds,

—0o0

since Brownian motion is a martingale [44]. Applying equation (2.13) when the input

is white noise, the covariance matrix can be written as

V[y] = /_ t /_ t h(t — r)E [dW, S, STdW ] h(t — s). (5.4)

The inputs are assumed to be white noise processes, so the covariance among all of
them is nonzero only if they take place during the same interval, and in that case,

the covariance is proportional to its length.

V[y] = /t /t ht —r) (Zr\/ﬂa(r - s)\@zz) KTt — s)
—oo /o0 (5.5)
= /Oo h(t —s)-V(s)-h'(t — s)ds,

where V(s) = 3,%7 is the covariance matrix of the input random vector. For the
linear time invariant system (2.7) and white noise inputs of constant variance V(s)

is a constant matrix, and we can write

t 400
V[y] = / (Cer=IB) .V - (CeA ) B)Tds = C ( / eAxBVBTeAdex> ct.
—00 0
(5.6)
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The mean and the variance of the output signal in the steady state can be written
as a function of the Fourier transforms of the input signal and the network transfer

function. From equation (2.12)

— 00

Ely(t)] =E [/ h(t — s)u(s)] ds = h(t) * E [u(t)] (5.7)

where f(t) % g(t) denotes the convolution of two functions f(t) and g(t) given that
it exists. When the input is constant with time, the expected value of the input is

constant as well (E[u(t)] = p,) and the last expression can be simplified to

“+oo
Ely] = 1, / h(u)du = i, H(0). (5.8)

If the input itself is not known, but its frequency content can be estimated, we

can find the variance of the output using Parseval’s theorem:

Vly] =Ely - y'] = lim / y(t)y" (t)dt

= [Twra=[ v o 59
= [T HX (DX (DB

More generally, if we know the autocorrelation function of the random processes in
the input, we may find the expected autocorrelation in the output, and then estimate

the output variance:

+o0
R,(7) = / Sy(f) cos(2m fr)df

o0

= [ TIPS ) costan sy (5.10)

o0

_ /_ +OO|H(f)|2( R COS(Qqu)du) cos(2r f7)df.

o0 —00
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We will be focusing on Wiener processes exclusively, because this is the most
general approach for sums of random disturbances. According to the Central Limit
Theorem, the sum of a large number of independent identically distributed random
variables with finite mean and variance always approaches the normal distribution
(see also equation (2.4)). The only assumption in the case of additive disturbances
is that the inputs at every time are sums of independent random variables from an
arbitrary distribution with finite standard deviation. This is a reasonable assumption
in most settings. For example, in biology the Poisson distribution is frequently used to
model random disturbances [54]. The Poisson distribution can be well approximated
by a Gaussian when the event rate is greater than 10, and the same can be said for
small sums of Poisson random variables [62]. When the input disturbance at each
time is correlated with the disturbances during earlier times, the correlation structure
can be emulated by passing white noise through a filter that produces it. Lastly, if
noise cannot be expected to have equal frequency content for all frequencies up to
infinity, we can still use white noise as an input, which is then passed through a filter

with zero response for all the frequencies outside the desired range.

5.3 Tree Networks

Tree networks are a special case of networks where there is a unique path among
every pair of vertices. In other words, there are no cycles, which makes the analysis
easier. Many natural networks have been found to be locally tree-like [34]. When
analyzing the behavior of a network around an equilibrium point, or if the network
is linear, then the analysis can be significantly simplified. Since there is a unique
path from any vertex to another, it suffices to analyze path networks, which consist
of all their vertices connected in series. For each output, the total response of the
system is the superposition of the signals caused for all the individual inputs. First,

we will show that the order of the nodes in the network does not matter in the case of
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linear pathways. Then, we will find the variance of a linear path graph assuming that
every node is a first-order filter. The result can easily be generalized for arbitrary
tree graphs. Finally, we are going to find the optimal placement of poles to minimize

the output variance.

5.3.1 Output Variance of Linear Pathways

Lemma 30. The noise response of a linear pathway is independent of the relative

position of its nodes.

Proof. Without loss of generality, we can assume that the linear pathway has one
input and one output. Otherwise, since the system is linear, we can repeat the process
each time considering only the respective subtree. Under the last assumption, the
output is the state of the last node, and all inputs affect only the first node. From
equation (5.9):

Vi = [ HEXOX O
= [T O b XD o KV
=30 [ TR -
- zmz J T N N S 0 R Y

Xi ()X (F) T 1P () Pdf

It is evident that we can interchange the transfer functions inside the product in the

integral, without changing its value. O

Assume that we have a linear pathway such that the system is described by equa-
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tion (2.7) and the dynamical and input matrices are

—d; 0 0 0 1 0
f2 —dg 0 0 0
A= B = o7 =
0 fza —ds 0 0
0 0 ... fnv —dn 0 1

For simplicity, we assume that there is only one noise source and only one output,
but since there are no cycles, there is a unique path from each node to every other,
which means we can use the result for a linear pathway repeatedly, in order to find
the total variance. The variance is independent of the deterministic input that is
applied to the pathway. Using equation (5.6), and after performing all calculations,

the variance at the output will be

v (ﬂh) ZZ N 1 _ . (5.12)
u=l T et d) I (de—da) T (e~ db)

a=1,a#k b=1,b#m

The expression above holds even if there exist two vertices a and b such that their

reaction rates are equal, according to the next lemma.

Lemma 31. The output variance of a linear pathway is always finite, even if some

of the reaction rates are equal.

Proof. We pick two rates d, and d, and show that V,, does not depend on their
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difference. If we denote

1

Thm = ~ ~ : (5.13)
(di +dm) [] (dr—da) (dy — db)
a=1,a#k b=1,b#m

the difference d, — d, appears only in the terms T}, ,, 7T, ,,T, ., and T,,. Their sum

T,_, is equal to

Tx—y = lzx + Tx,y + Ty@ + Ty7y

] 1
_ +
2,y (dy — dy)? [ (de =) 2dy(dy —du)? T] (dy — ) (5.14)
s#xT,Y SET,Y
2
(ds + dy)(dy — do)? T] (d, = )
SHETY

We set
P, = H (dy —ds) and P, = H (dy —ds) (5.15)

s#x,Y SET,Y

so that sum above can be written as

dy(dy + dy) P} + dy(d, + d,) P} — 4d.d,P, P,

T, = 5.16
Y 2d,dy(dy + dy)(dy — dy)> P2 P? (5.16)
Expanding the nominator of T, _, and grouping the relevant terms together:
T d2P? + d,d,P? + dgcalyPy2 + dsz —4d,d, P, P,
v 2d,dy(d, + dy)(d, — d,)? P2 P?
(&P} —2d,d,P,P, + dP?) + d.d, (P} — 2P, P, + P}) (5.17)

2d,d,(d, + d,)(d, — d,)?P2P?
(du Py — d,P,)* + d,d, (P, — P,)?
2d,d,(d, + d,)(d, — d,)?P2P2

It is easy to see that both terms in the nominator of the last fraction have a factor
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of order (d, — d,)?, and the lemma is proved. O

5.3.2 Optimization of Linear Pathways

In this subsection, we will try to find the parameters of a linear pathway such that

the output variance is minimized.

Lemma 32. Assume that the same noise source is applied to two different pathways
with impulse responses hi(t) and ho(t), respectively. The covariance of the signals in

their output will be equal to
C(r) = tlim E [y (t)y2(t +7)] = / hi(r)ho(r + 7)dr. (5.18)
& 0

Proof. The two outputs y(t) and yo(t) are

t

n(t) = /_ bt — o)W, and g(t) = / hot —y)dW,  (5.19)

o0 —00

where W is the Wiener process that drives both systems simultaneously. The expected

value of the product of the first and a delayed version of the second is

C(r) = E [/_; I (t = 2)dW, - /_; ho(t + 7 — y)dWy]
_ /_ ; /_ t: ha(t — 2)ha(t + 7 — y)E [AW,dW,] .

/t hi(t — s)ha(t + 7 — s)ds
- /OOO (Yol + 7)dr.

]

Corollary 29. Assume that noise from a single noise source with standard deviation
o enters a network, and propagates through N independent pathways to reach the out-

put. If the impulse response of each of the independent pathways is hy(t), ho(t), ..., hn(t),
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respectively, the mean of the output y will be zero, and its variance equal to

Vot = 02 /000 (i akhk(a:)> dx. (5.21)

Proof. The output vertex will receive a weighted sum of the outputs of the two inde-

pendent pathways

= apyx(t (5.22)

k=1

Its expected value is equal to zero at all times:

N N
=F Zakyk ] ZE aryr(t
k=1 k=1
N t
=> ay / hi(t — x)oE [dW,] (5:23)
k=1 e
= 0.

The variance is equal to:

(/;ﬁ:akhk(t—x)dm> (/;Zakhkt— )dW)]

_ /_m/_ (Z akhk(t—x)> : (Z akhk(t—y)) BUW.AT]

]

Suppose we have a linear pathway with each element representing a single-pole
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linear filter, and we need to pick the position of the poles such that the variance in
the output is minimized. The next lemma shows an easy way to find them if all the

vertices are identical and subject to symmetric constraints.

Definition 8. A symmetric multivariable function f : R"™ — R is a function for

which f(z) = f(m(z)) where w(x) is an arbitrary permutation of the input vector x.

Lemma 33. Assume that a symmetric multivariable function f : R™ — R is nowhere
constant and has a sign definite Hessian matriz. Then it has a unique extremum

under symmetric constraints, such that all the inputs are equal.

Proof. Since the Hessian has the same sign everywhere, the function f is convex or
concave. Without loss of generality, we analyze the case where f is convex. Suppose
that the extremum of the function f is equal to f*, and the argument that achieves
this is #*. Further assume that min(z*) = m and max(z*) = M are the minimum

and maximum elements of the input x*, respectively. Since f is symmetric,

fm, M, x5, ... x0) = f(M,m,z5,...,2.) = f~ (5.25)

n n

where the arguments still satisfy the symmetric constraints. But since f is strictly

convex, every convex combination of these values will be

fla,byxs, .. .xy) <tf(m,M,z3,...,2,)+ (1 —t)f(M,m,x3,...,2,)
=tf"+(1—-t)f" (5.26)
— .

Generalizing the last argument, it is straightforward to see that

f(z1,29,...x,) = f* for every m < xy,29,...2, < M. (5.27)

Therefore, f(x) needs to be constant in that area, which contradicts the assumption

that the function has sign definite Hessian. O]
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When the constraints are convex but not necessarily symmetric, then we can use
the Lagrangian to find the optimal parameters. Considering a linear pathway, and

assuming that the input is white noise, if the poles of the different nodes are placed

at ay,as, ...,ay, the total variance in the output is equal to (see equation (5.9)):
Il I B 1P 1
Vout(a17a27---aN>__/ . = | ——| dw
2 J_ o |Jjw+ aq Jw + as Jw+an
(5.28)
1 oo 1 1 1

dw.

21 J oo w4 a? w?+4dk  w?+dd

The function V,,; is convex with respect to all its arguments ai,as...ay, as an
(infinite) sum of products of convex functions. Consequently, it has a unique minimum

under convex constraints. The Lagrangian of the function for V,; is

£ ) 1‘/+w 1 1 L gl )
ag,...aN) = — . w—Ag(ag,as,...,ayn).
ay, az, N o - w2 + CL% w2 + CL% w2 + a?\[ g\az, az, y WN
(5.29)
Differentiating with respect to aj, under the Leibnitz integral rule:
oL 1 [t 1 ) 1 dg(ay, . ..,
o Qg g(a17 CLN) (530)

o) dw =\ ar

da, 2 | o Wwr+dd (WPFal)? WA
for every k. Differentiating with respect to all the parameters will give us N equations,
and we have one more equation by requiring g(as,...,ay) = 0. So we can solve the
system of NV + 1 equations and N + 1 unknowns A, ay,...ay, which is guaranteed to
have a unique solution as all functions are convex.

In conclusion, we can find the unique minimum of the variance of a linear pathway,
when each node is a linear filter with a real negative pole. Given that a linear tree
network with independent noise inputs can be decomposed to many linear pathways,

this method can be applied to any arbitrary tree network.
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5.4 Feedforward and Feedback Cycles

In a serial pathway where each vertex acts as a filter, the output of each node has
a different frequency content as the noise propagates through the network, being fil-
tered at each step. The variance decreases when we move further from the noise

source (Figure 5.1). As the serial pathway becomes longer, the input and the output
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Figure 5.1: Variance of the output of a unidirectional and a bidirectional serial pathway as
a function of the pathway length. All nodes are assumed to be identical single-pole filters.
In the unidirectional pathway, each node is affected only by the node immediately preceding
it, whereas in the bidirectional pathway each intermediate vertex is receiving input from
the node preceding and the node succeeding it. The bidirectional pathway is much more
efficient in filtering out noise. The variance for both pathways decreases with the pathway
length. The bidirectional pathway has variance very close to zero even when it is relatively
short.

become less correlated since their distance increases. In addition, every node changes
the phase of its inputs, which also contributes to the decreased correlation. Therefore,
applying negative feedback or setting up a feedforward cycle can only have a mea-
surable effect if the cycle length is relatively small. Figure 5.2 shows the covariances
and correlations among the vertices of two simple linear pathways, one unidirectional
and one bidirectional, as they are depicted in Figure 5.1.

Feedforward cycles can significantly increase the effect of noise in the system.

There are two reasons for this: First, the noise can now reach more vertices since
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(a) Unidirectional Pathway Covariance (b) Unidirectional Pathway Correlation
Matrix Matrix

(c) Bidirectional Pathway Covariance (d) Bidirectional Pathway Correlation
Matrix Matrix

Figure 5.2: Covariance and correlation among all pairs of nodes in a linear pathway. Every
square (z,y) in the matrices above corresponds to the value of their correlation R, (7 = 0)
of nodes of distance z and y from the origin, 0 < z,y < N — 1. The larger the correlation,
the darker the respective square. As the distance |z — y| among the nodes increases, their
covariance and correlation decreases. The covariance among nodes of the same distance in
the unidirectional pathway decreases, and the correlation among them increases towards
the end. The covariance of the nodes in the bidirectional pathway is essentially zero within
a small distance, and the correlation is larger even when the distance is relatively large.
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the average distance among nodes decreases, and second, every node now receives the
same disturbance from at least two different paths, and the two signals are correlated,
contributing to larger variance. An example is shown in Figure 5.3, where we compare
the average variance of two systems whose only difference is the connection between
the first and the last node. Both networks receive the same inputs, but in the cycle
network, the variance is much larger. The variance is even larger when there is

correlation among the noise inputs to different nodes.
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Figure 5.3: Average variance of all nodes in a network in a cycle as compared to an identical
network without the feedback loop. Every node has a noise input which is then spread
through the network. The average variance of all the nodes for both the cycle is normalized
by the variance of the respective serial pathway. The variance cycle is always much larger
than the variance of the simple serial pathway when the noise inputs for each node are
uncorrelated (bottom left). The ratio becomes even larger when the inputs are correlated
(bottom right).

The effect of cycles on the output noise can be reduced if we make sure that
each independent pathway also changes the phase of its input by different amounts.
Different phases in the output (for at least a relatively large frequency spectrum)
will ensure that the various frequencies partially cancel each other out, reducing the

output variation. When a pathway significantly reduces the frequency content, or has
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small gain for most frequencies, then correlations do not play a significant role. This
behavior is clearly shown in Figure 5.4 for a unidirectional cycle and in Figure 5.5 for

a bidirectional cycle. Phase shifts in a pathway are equivalent to time delays, as we
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will see in the next section.
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Figure 5.4: A network consisting of a feedforward cycle and the corresponding noise strength
in its output. If the nodes of the network have poles with relatively small absolute values,
then the output variance may be larger than the variance in the intermediate nodes. A
fixed number of identical nodes is divided into two pathways, whose output is combined in
the output node. If the number of nodes is similar in both pathways, then their outputs are
highly correlated, and when combined produce large random swings. This does not happen
when the poles of each node have a large negative real part (right). In the first case, the
poles are placed at a = —1, whereas in the second the poles are placed at a = —1.5.

Similarly, negative feedback carefully applied to a network contributes to better
disturbance rejection [6]. When the disturbance is white noise, the effect of feedback is
smaller when the feedback cycle is long. As we move towards the end of the pathway,

the covariance of nodes of a given distance decreases but the correlation of nodes of



155

0.090)
\
0085 | |
Q \ / \ /
£ 0080 | // \\ /|
= /
Soory | / \ |
= \ / \ /
20070 | / \ /
g / \
. 3 0.065 \ /
Output \ /
Noise p oo\ ;"
\ /
V> 0.058| ; i
2 4 6 8
Number of Nodesin First Path
(a) (b)
T i
\ /
010 \ /
\\\ //
8 0.08 /
8 \ /
Soos |\
H \ /
5 0.04
o)
0.02 -~
0.00
2 Z 6
Number of Nodesin First Path
(c)

Figure 5.5: Correlations increase the variance in bidirectional networks. If the outputs of
two pathways that are correlated are combined, then the output has relatively large variance.
Here, a single output receives input from two pathways of different lengths, which consist
of identical nodes. Bidirectional pathways filter noise very effectively as shown before, and
the output variance is still small.

a given distance increases. The last observation is easily justified taking into account
that each new node acts as a filter, and the output of each node in a pathway will
tend to have very similar frequency content the more filters it has gone through.

This hints to the fact that feedback cycles have limited utility when applied to
long pathways. Figure 5.6 shows the variance of the output after we apply negative
feedback to a linear pathway. The darkness of each element (m,n) in the upper
triangular matrix shows the standard deviation of the pathway output when we apply
feedback from node n to node m. As one would expect, the effect of feedback is
directly proportional to the correlation between the source and target vertices. The
same holds for feedforward loops, both positive and negative.

In the case of negative feedforward loop, the variance in the output increases as

the loop length increases. When the feedforward interaction is positive, the variance
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Figure 5.6: A serial pathway with a unit feedback loop. The output variance of a pathway
depends on the length of the loop, all else being equal. The variance decreases as the length
of the feedback loop becomes smaller, and vice versa.
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Figure 5.7: Output variance of a linear pathway when the input is white noise, and we add
a negative (left) or positive (right) feedforward loop starting from the first vertex. For the
positive loop, the variance is largest when we connect nearby vertices (large correlation) or
we connect an early vertex to the end of the pathway, since it has a large variance that is
transmitted directly to the output without being further filtered.
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decreases at first, since the correlation among the different states also decreases, but
then goes up, partly because when it affects a node towards the end of the pathway;,

it does not pass through successive filters, so the variance remains high (Figure 5.7).

5.4.1 Delayed Feedforward and Feedback Cycles

Adding delay to the interactions among any nodes in a network driven by noise
decreases their correlation. Consequently feedforward or feedback cycles will have a
smaller effect. The covariance of a white noise process with a delayed version of the

same signal can be computed the same way as in equation (5.5):

Vely] = lim Ely(t)y(t + 7)]

i [( [ ) ([ e man)

t t+7
= lim / h(t — $)S,E [dW,dW]] ST (t + 7 — s)
— 00 —o00 J -0
o (5.31)
= lim / / h(t — r)S,Vdré(s — r)WdsSh T (t+ 7 — s)
t

= lim E

t—00

t—o00

= tlim h(t — s)V.h' (t + 7 — s)ds
—oo [

t

= lim [ h(t—s)V,R'(t +7 — s)ds.

t—o00 0

If the system is causal, linear, and time invariant, and the disturbance is white noise

of constant strength added to the input,

V. ly] = /000 h(s)Vh" (s + T)ds. (5.32)
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As a specific example, if the impulse response is h(t) = Ce*B and the covariance

matrix 1s constant:

V. Jy] = / Ce** BV BT e+A T s

O - (5.33)

=C (/ eAsBVBTeSATds> AT
0

Note that the last equation is similar to equation (5.6), except for the exponential
delay term in the end. We assume that the dynamical matrix A has negative eigen-

values, otherwise the system is not stable. If the delay is 7 > 0,

V.|| = ||C ( / eASBVBTeATSds) el
0

< < / eASBVBTeATSds) T - 477

0 (5.34)

<|C ( / eAsBVBTeATSds> ol

0

= [[Vol|.

The matrix norm used here is the first-order elementwise norm, since we are

usually interested in the average variance of all parts of the network:

M= [mayl. (5.35)

i=1 j=1

If we only know the autocorrelation function of the disturbance, we can compute

the output variance by moving to the frequency domain:

+o0
R,(1) = / Sy(f)cos(2m fr)df

-
= [ IH@PSA) costenfriar (5.36)

~ L[ eger - ayBp (

5 R, (u) cos(wu)du) cos(wT)dw.

—00 —00
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The shape of the autocorrelation function is a good indicator of how a feedback or
feedforward loop will affect the output variation. A correlation function that quickly
goes to zero as T increases shows that the feedback cycle will not decrease the variance
of the output by a lot. Conversely, a random signal with a long correlation structure

can be easily filtered out by applying an appropriate feedback mechanism.

5.4.2 Minimization of the Average Vertex Variance

In a general network, signals are propagated from a node to its neighbors. Every
vertex receives a filtered version of the noise signal, since each node acts as a single
pole filter. We will assume that the poles are real, and proportional to the degree
of each vertex, given that each node receives input proportional to the differences
of concentrations among its neighbors and itself, and that nodes that interact with
many others have proportionally large degradation rates. In this case, we can model
the dynamics of a first-order linear network through its Laplacian matrix. In such a

network, the state of each node z; follows the differential equation

% = m;/ o (T3, — T, (5.37)
where ag,, > 0 for every k,m € V(G). The Laplacian of a matrix has been used to
model a wide range of systems, including formation stabilization for groups of agents,
collision avoidance of swarms, and synchronization of coupled oscillators [51]. It can
also be used in biological and chemical reaction networks, if the degradation rate of
each species is equal to the sum of the rates with which it is produced.

In this section, we will model the dynamics of each network with the Laplacian
matrix, where each node is affected by a noise source which is independent of all
other nodes, but has the same standard deviation. Given that each vertex contributes
equally to the overall noise measure of the graph, and since the noise entering each

node propagates towards all its neighbors, we can use Lemma 33 to see that the
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degrees of the network vertices have to be as similar as possible (see also [11] and
[33]). In addition, Figure 5.3 shows that the cycles need to be as long as possible
in order to avoid any correlations of signals through two different paths. For longer
cycles, the noise inputs go through more filters before they are combined. Lastly, the
phase shift is larger for all their frequencies, which reduces their correlation.

On the other hand, there are bounds on how long a cycle can be given the network’s
order and size, as shown in Chapter 3. Networks with long cycles tend to have a large
radius and larger average distance, which makes noise harder to propagate, having
to pass through many filters. By the same token, networks with a large clustering
coefficient will tend to be less immune to noise, since they tend to create cliques or
densely connected subnetworks, which facilitate noise propagation, especially if the
noise sources are correlated, as shown in previous sections. A method to find these
graphs is to first determine their degree sequence, and then determine which one
has the largest average cycle length. This procedure can be simplified by working

recursively, building networks with progressively larger order and size.

Lemma 34. There is always a connected graph of order N and size m in which there

are k vertices with degree d + 1 and N — k vertices with degree d where

d= VWmJ and k= 2m — Nd. (5.38)

Proof. We will prove the existence of such a graph by starting with its degree dis-
tribution and, by successive transformations, convert it to a graph that is known to
exist. Specifically, at each step we will remove one vertex along with its edges, re-
peating the process until we end up having a cycle graph. Assume that the degree
sequence of the graph Gy is as above, and we arrange the degrees of the vertices in a

decreasing order:

so={d+1,d+1,....d+1, dd,....d}. (5.39)
k N
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According to the Havel-Hakimi theorem [33], the above sequence is a graph sequence
if and only if the graph sequence in which the largest degree vertex is connected to
vertices 2,3, ...,d + 2 is also a graph sequence. The new graph will have a degree

sequence of

(
{d+1,d+1,....d+1, dd,....d} ifd<k—2
{ dd..dd d-1d-1,..d-1} ifd>k-2.
( N+k-d—3 d—k+2

The key observation is that the transformation above preserves the property of degree
homogeneity. In other words, in the new graph G; = G (N —1, m—d+1), the minimum

and maximum vertex degrees are

m—d-+1
= | — A1
and
dmin S dma:p S dmm + 1. (542)

Repeating the process, there will be a graph G, with at least one vertex of degree
dpmin = 1. The graph G, will include either one or two vertices of degree d,,;, = 1. If it
has two vertices with degree one, it is the path graph. If it had only one vertex with
degree one, the sum of all the degrees of G, would be an odd number, which is not
possible, since at every transformation we removed 2d,,,, from the sum of degrees.
The graph G, is a connected graph, and implementing the inverse transformations,
we connect new vertices to an already connected network, which guarantees that G

is connected. [l

For small graph orders, we can find all networks with the desired degree sequence,

and among them, exhaustively search for the ones with the largest average cycle
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length that have the smallest average variance. For N = 6 nodes, all connected
networks (with 5 < m < 15 edges) with most homogeneous degree distribution and

longest average cycles are shown in Figure 5.8.

(OO
W & B &

Figure 5.8: All connected networks of order N = 6 and size 5 < m < 15 and with minimum
output variance. We assume that every vertex is affected by an independent noise source. In
addition, each vertex acts as a single pole filter. The total noise of the network is measured
as the average of the variances of all nodes.

To summarize this subsection, positive correlations increase the output variance,
and cycles create correlations that make the system more prone to random inputs.
The longer the cycles, the smaller their effect. The immunity to noise is increased
when pathways with the same output introduce different phase shifts, so that the
different noise contributions cancel each other at least partially. This result holds
both for feedforward and feedback loops. When we have some convex constraint on
the strength of the various filters, placing the poles, we can find the optimal placement
such that the output noise is reduced. Specifically, for a linear network where all
nodes act as single pole filters and the dynamics of the network are described by its
Laplacian matrix, there is a systematic way to find the network with the smallest
average variance. The optimal networks have homogeneous degree distribution, and

cycles that are as long as possible.
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5.5 Crosstalk Reduces Noise in Pathway Outputs

In this section, we will explore the relation between crosstalk and noise. We will show
that crosstalk may decrease the noise in the output of a system, if there are different

and uncorrelated noise sources in the inputs.

5.5.1 Motivating Example

0 )

I
al |
R

A |

1|

Figure 5.9: A simple circuit with two noise sources. The two resistors generate thermal
noise, which is modeled as current sources in parallel to them. When the switch is open,
the two circuits are independent. When the switch is closed, the noise in both outputs has
smaller variance than before.

Assume that we have a resistor without any external voltage source. If we measure
the voltage between its endpoints, we will find that in any infinitesimal frequency

interval df there is thermal noise V; with
E[Vi]=0 and  E[V?] = 4kTRdf, (5.43)

where R is the resistance. The above equation shows that the noise increases as
temperature and resistance increase. We connect a capacitor in parallel to the resistor,
and measure the voltage between its endpoints. We are interested in the total amount

of variance of the voltage in the output of the parallel combination of the resistor
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and the capacitor. When the switch is open, each of the two subcircuits operate

independently, and the output variance for both of them is

- +oo 4k T R 2
VE=Vy = / d
! 2 0 R ’1+j27rfRC’ /
_/+°° 4kT R? of

_4ETR [*° du
- 27RC J, 14 u?
kT

-

If we close the switch, the output variance becomes

2

df

P 4kT /+°° ‘ R(1+ j2rfR(C + D))
L2 R Jo (20 fR(C +2D) 4+ 1)(1 + j27 fRC)
ART [+ j2rfR2D
"R )y |(1+j2rfRC)(1+ j2rfR(C + 2D)
B kT D? kT (2C% + 4CD + D?)
~2C(C+D)(C+2D)  20(C+D)(C +2D)
KT C+D
T C C+2D

2

df

The capacitor that connects the two subcircuits has capacitance D > 0, so if the two
noise sources are uncorrelated, then both outputs have smaller variance.

In biology, there are countless sources of noise, and the noise is often stronger
than the signal itself. It is possible that the cell needs to employ the same technique
for reducing noise, distributing it among many different and unrelated components.
Crosstalk between different elements couples the behavior of different parts of the
network, introducing more poles in the network dynamics. This is equivalent to
introducing capacitances between random parts of an electrical network. The new
system filters out noise more effectively, but it may be slower to react to various
inputs. Consequently, there seems to be a trade-off between how fast a network can

respond to changes in the input and how well it filters out noise. The next section
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studies the effect of crosstalk on the behavior of small networks.

5.5.2 Crosstalk on Single Nodes

In this subsection, we will analyze the four simple subgraphs of Figure 5.10.

(a) (b) (©) (d)

Figure 5.10: Crosstalk topologies involving one network node. (a) A node without crosstalk
interactions with white noise input having standard deviation equal to o. (b) A node with
crosstalk interaction with one other node in the network, which also is affected by noise
with standard deviation ¢. (c) Same as before, but we assume that both the crosstalk and
the noise are increased by a factor n. (d) Crosstalk interactions with many other nodes,
each of which has an independent noise input of the same strength. See text for quantitative
analysis of these subsystems.

We will disregard any deterministic inputs, since we assume these are linear sys-
tems. Any deterministic inputs only affect the output mean, but not the variance.
System (a) obeys a simple stochastic differential equation, with one noise input, and

it has no other interactions with any other parts of the network.

dX = —aXdt + odW,. (5.46)
The output variance is
2
o
Vo= —. 5.47
o (5.47)

This is the trivial case without any crosstalk, and will be used for comparison to the

performance of the other subnetworks.
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Subsystem (b) consists of one vertex that interacts with another node which may
also be prone to other noise sources. Crosstalk is modeled through a new vertex in the
network, with which the studied node exchanges flows. In chemical reaction networks
for example, the species of interest X may be forming a complex Y with species I.

The concentration of I is assumed to be constant.

X 41 ? Y. (5.48)

We also expect X to have a constant degradation rate a. The equations for the
concentrations of X and Y are

dX = —(a+c)Xdt + fYdt + odW;
(5.49)

dY = cXdt — fYdt+ (dU,
and the output variance is

B a+f f
Ol e LA W s (S (5.50)

The next step is to see what happens if we increase the crosstalk intensity by a
factor n. We can distinguish two cases. The first is when there is crosstalk with one

other node (Figure 5.10(b)). In the chemical reaction network analogy,

X+ A % Y. (5.51)

It is straightforward to find the new differential equations, and the variance in the

output.
dX = —(a+ ne)Xdt +nfYdt + odW,
(5.52)
dY = neXdt — nfYdt +ncdU,
3
yo_atnf 2 nf 2. (5.53)

2aatnic+ )’ 2alatnlet )
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Finally, we consider the case where one node has crosstalk interactions with many

different nodes, each of which is affected by a different noise process (Figure 5.10(d)).

dX = —(a+ne)Xdt + nfYdt + odW;

(5.54)
dYy = cXdt — fYypdt +CdUF 1<k <n
and the output variance is
V= ets 2 nf ¢, (5.55)

2a(a+nc+f)0 * 2a(a +nc+ f)

When no noise is introduced from the crosstalk nodes (( = 0), crosstalk reduces
the output variance. Figure 5.11 compares the last three cases, as the strength of
crosstalk interactions among the nodes increases. The crosstalk strength in this case

is quantified by the ratio
c

:c—i-f

(5.56)

T

which is equal to the concentration of the crosstalk product Y in equation (5.49) in
the absence of degradation rates and noise inputs. It is shown that distributing the
crosstalk among many nodes (equation (5.55)) decreases the effect of noise noticeably
more, compared to the single node case. This is even more pronounced when we
normalize by the variance in the base case (equation (5.50)). When crosstalk intro-
duces additional noise, it may increase the variance in the output of any given node
if crosstalk is not strong enough to make up for the introduced noise (Figure 5.12).
It should be noted that although crosstalk affects the output variance, it leaves
the output mean unaffected. Crosstalk is modeled as additional differential equations
that couple the existing states together, and when they receive no external determin-
istic inputs, they do not alter the mean of the steady state response of the system.
Consequently, the coefficient of variation of the output changes proportionally to its

standard deviation, since the mean is unchanged.
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Figure 5.11: Output variance as a result of noise input for a single vertex in the network
given the existence of crosstalk interactions with other vertices. (a) Output variance as a
function of the amount of crosstalk (concentration of crosstalk complex), when no additional
noise is introduced. Crosstalk clearly mitigates the output variance. Having crosstalk
with two independent nodes reduces the variance even more, compared to having a single
crosstalk node. (b) Normalized output variance as a fraction of the variance when only
one crosstalk node is present. Having many small sources of crosstalk is clearly better than
having one strong crosstalk interaction. For the same amount of total crosstalk, dividing
it among many nodes drives the output noise variance to zero as the number of nodes

increases.

15
8 S
8 -
5 1.0 o 7
> o
g - — DoubleRate
05 Single Node \ 7
0.0t

00 05 10 15 20 25 30
Amount of Crosstalk

Figure 5.12: Normalized variance of the output when the crosstalk introduces additional
noise. Having strong crosstalk interactions with one single node increases the variance
because noise propagates easily. When crosstalk is distributed among many nodes, the
variance may be smaller or larger than before, depending on the strength of the interac-
tions. This is because having crosstalk interactions with many other vertices introduces a
proportional amount of noise.
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5.5.3 Parallel Pathways

We consider two pathways with crosstalk among more than one of their nodes. We
distinguish two cases, when the two pathways have the same or different outputs. In
the first case, since the two outputs are independent, it is easier to reduce the noise
variance in both of them, by “exchanging” their noise through each node, assuming
that the different noise sources are independent. When the output is the same, there
is little reduction in the output variance, since every disturbance eventually reaches
the output, and is combined with other correlated versions of the same signal (Figure
5.13). The variance reduction is then caused by the increase of the effective pathway

lengths, since they follow on average a longer path towards the output.

Noise 1 Output 1 Noise 1

Wﬁ—)ﬁ—) e Output

00 05 10 15 20 00 02 04 06 0.8 70
Amount of Crosstalk Amount of Crosstalk

Figure 5.13: Output variance when crosstalk is present among all stages of two different
pathways for various pathway lengths, when their output is different (left) or the same
(right). The output variances are normalized by the variance of a pathway without crosstalk.
We assume that every stage of the pathway has some noise input. A small amount of
crosstalk can help reduce the effect of noise in the output, but more crosstalk does not
help filtering out the noise of the system. Crosstalk has a much smaller effect when the
two pathways have the same output. Although it reduces the variance of the intermediate
nodes, it creates correlations among them that in turn increase the variance in the output.
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5.5.4 Crosstalk Modeling: Direct Conversion and Interme-

diate Nodes

Suppose we have a simple decomposed system:

dY, = —aYidt + odU,
(5.57)
dYs = —aYsdt + odW;.

The two outputs of the system are completely independent, since they do not interact

in any way, and are therefore uncorrelated. The variance of each output is:

0.2

VY] = VY] = o (5.58)

If there is crosstalk, then the different states of the system are correlated. If we
model crosstalk as a positive conversion rate from one state to another, with the

conversion rates being equal among every pair of states, the 2—state system above

becomes:

dYy = —(a + ¢)Yidt + ¢Yadt + odU,
(5.59)
dYs = —(a + ¢)Yadt + cYidt + odW;.

The variance of each of the outputs now becomes:

VI = [ U OF + (7))

o0

o? /+°° a+c+ jw 2 c 2
=== ; . ; . dw
o Joo \|@rioar2ct70)| T |t io)asctiu)
_ o2 a—+c
20 a+2¢

(5.60)
where hi; and ho; are the impulse responses of the first node when the input is
an impulse response to the first and second node, respectively. The symmetry is
preserved, so V[Yi] = 97 = V[Y3]. The variance when crosstalk is present (¢ > 0) is

always smaller than the initial variance of the outputs. Generalizing the equations
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Figure 5.14: Output variation for each node in a system of N nodes, when there are crosstalk
interactions among every pair of nodes. The variance has been normalized by the corre-
sponding variance without crosstalk. Each node is identical, and receives an independent
noise input of the same intensity. When the number of vertices increases, the noise is
distributed among all the nodes, thus the output variance is reduced.

above for N nodes (see Figure 5.14), we find that

2
2 O 9 atc
O'y = % and ’l/}N = m(jy (561)
and as a result,
Vi a+tc
—_ = 5.62
05 a+ Nec ( )

which tends to zero as N becomes large.

Alternatively, we can model crosstalk interactions as two species being converted
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to an intermediate complex, as has been done in the previous sections. A very simple

example of a chemical reaction network which demonstrates this type of behavior is

Yi— A
Yo — B (5.63)

Yi+Yo+= Z.
Crosstalk is defined by the presence of the last reaction. We are interested in the
variance of the concentration of the output products A and B, which are directly

affected by the variance of Y; and Y;. The two pathways will interact through an

intermediate vertex. The system can be written as

dY, = —aYidt — cY1Yodt + fZdt + odU;
dYy = —aYaodt — Y Yodt + fZdt + odW; (5.64)
d7Z = Y\ Yodt — fZdt.

We assume that there is a new “crosstalk vertex” Z among each pair of original
vertices. After linearizing around the steady state (Y3,Ys,Z), the three equations

above become

dY) = —(a + cYa)Yidt — Y1 Yodt + fZdt + odU;
dYy = —(a + cY1)Yadt — cYoYidt + fZdt + odW, (5.65)

dZ = cYoYrdt + Y1 Yodt — fZdt.

The network is now more capable of reducing the output variance (Figure 5.15).
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Figure 5.15: Comparison of the noise in the output of a simple network with two different
implementations of crosstalk, direct conversion or forming a new complex, as described by
equations (5.59) and (5.64).

5.6 Multiplicative (Geometric) Noise

There are cases where the noise intensity is proportional to a state of the system.
In biological networks for example, the degradation of various proteins depends on
specific enzymes, whose concentration may be subject to random fluctuations. This
makes the degradation of a protein prone to noise whose source is independent of
the protein concentration, but makes the rate at which it degrades proportional to
it. The noise intensity is also proportional to the state of the system when a state
is autoregulated, either with positive or negative feedback, if the rate at which the
concentration of that particular state changes is subject to random noise. We will
call this type of noise multiplicative or geometric, because it is multiplied by the state

of the system. As a specific example, consider a gene that is regulated by a single
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regulator [2]. The transcription interaction can be written as

P X. (5.66)

When P is in its active form, gene X starts being transcribed and the mRNA is
translated, resulting in accumulation of protein X at a rate b;. The production of X
is balanced by protein degradation (by other specialized proteins) and cell dilution
during growth at rate a;. The differential equation that describes this simplified
system is:

dX

% = bt — atX. (567)

If there is noise in the concentration of the degradation proteins, or the cell growth rate
is not constant, a; consists of a deterministic component and a random component.
We will now show that noise in the production rate b, has a fundamentally different
effect on system behavior compared to the effect of noise in the degradation rate a,
because the latter is multiplied by the concentration of the protein itself. This analysis
focuses on the random and constant fluctuation of network parameters. When the
parameters are unknown but constant, it has been shown that there are adaptation
mechanisms that ensure the robustness of a system regardless of the exact value of
each parameter [9]. We will first study the homogenous version of the differential
equation (5.67), and then we will add the constant production term. Ignoring the

production term b;, and multiplying by dt, equation (5.67) becomes

dX = —(audt) X. (5.68)

After adding a random component in the degradation rate, the last equation becomes

dX = (—a,dt + o, dW,) X, (5.69)
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where W; is the regular Wiener process and dW,; represents the noise term. Note that
the degradation rate and the noise intensity are allowed to be time-dependent. We
will first find the differential of the logarithm of X using It6’s lemma [26]. We will
require that all the input functions are continuous and non-pathological, so that we
can always change the order of taking the limit and the expectation operator. All
integrals are assumed to be finite, so that we can also change the order of integration.
The technical details mentioned above are covered in more detail in [26] and [44]. We

denote by f(X,t) the logarithm of the state variable X:

f(X,t) =log(Xy). (5.70)

We apply It6 ’s lemma on the last function:

dlog(X,) = df (X, 1)

of . of . 1
ot ax T axe (5.71)
iX 11 ~
=0+ 2y (@XPE — 20,0, XAtV + 07 X2AW?)

1
= (—atdt + O'tth - 50-2th2) + X2 (a?dtQ — Qatatdtth) .

The last two terms can be neglected, since dt? = O (dt) and dt - dW; = O (dt) as
dt — 0. On the other hand, as dt becomes small,

lim dW? = E[dW}] = dt. (5.72)

dt—0

Applying the rules above to equation (5.71),

X t 1
log *) = —/ <a5 + —0?) ds + o W,. (5.73)
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We can now solve for X (t):
X, = Xoe Jo(estzod)ds ot (5.74)

The above derivation is valid only when the equilibrium state (concentration) is equal
to zero and we start from a state Xy # 0. If the rate a;, and the noise strength o; are
constant, it simplifies to

X, = Xoe~(at27%)t . goW, (5.75)

When the equilibrium is positive (which is the case for most systems), the following

differential equation with a deterministic input is more relevant:
dY = bydt + (—audt 4+ oy dW,)Y. (5.76)

One way to view the terms on the right hand side of equation (5.76) is that the
concentration of species X depends on a deterministic input, and is regulated by a
negative feedback mechanism which is subject to random disturbances. It has been
shown in [42] that when feedback is also noisy, there are fundamental limits on how
much the noise in the output can be reduced, because there are bounds on how well
we can estimate the state of the system. The authors focus on discrete random events
(birth-death processes) as the source of noise, and the result is that feedback noise
makes it harder to control the noise in the output.

We will also study how multiplicative noise affects the output of a system com-
pared to additive noise of equal strength, and how it propagates in a cascade of linear
filters. Using [t0’s lemma and the solution to the homogeneous equation, the solution

of the inhomogeneous stochastic differential equation is (see [26] for details):

Y(t) = Yo X (t) + bX(t) / tX_l(s)ds
0 (5.77)

t
t 1 _2 t 1_2
— Yye Jo(astzod)de  jouWi 4 b/ e Je(artiod)ds | poWimouWi g
0
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where X (t) is the solution of the homogeneous equation (5.74) with initial condition
X(t = 0) = 1. If the initial state is equal to zero (or when ¢ is large), and all the

parameters are constant, then we can simplify the last expression:
: —(a+30?) W,
Y(t) = b/ e \"T277)% . g7 (s. (5.78)
0

The form of the last equation is fundamentally different from the response of linear
systems to input noise, because the Wiener process input depends on the same time
variable as the kernel of the integral, and the output is not a convolution of the
impulse response of the system with the input. In order to see how noise propagates
through the network, it is helpful to find the autocorrelation of two versions of this
stochastic process. We cannot use equation (5.9), because the random input is now
multiplied by the system state. As a first step, we will compute the correlation of the

exponential of Brownian motion. The expected value is

E[Z]=E [¢""]

Foo 1 o2

:/ e"\/zx\/Q_mLe%d:c (5.79)
Lo2t

= e2

The expected value of the square of the exponential Wiener process is
E [Zﬂ - E |:6QO'Wt:| — 2%t (5.80)
Combining the last two equations:

0%, = Var[Z] =E[Z}] - (E[Z)])?

— 27t _ 77 (5.81)

= et (e"Qt — 1) .
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The expected value of Y(¢) in equation (5.78) can now be computed:

E[Y(t) = b /O Lo (atie)e g [e?Ve] du

t
= b/ 67<a+%02)m 297y (5.82)
0
b
_ 1_ —at
2(1 - e
which means that
_ . b
Y = tlgr;) E[Y(t)] = p (5.83)

As one would expect, it the same as when the system is completely deterministic.

Next, we compute the covariance of two samples of the random process Z;:

Cov [Zs, Z4) =
[eoWe ) — B [e] - B [
[eoWontemWovt] — 0302 (s+t) (554
[e20Went o (Wovi=Wen)] _ o302 (s+t)

|:€2z7Ws/\t} o) [ea(stt*Ws/\t)} _ e%UQ(SJFt)

252 1,2 _ 1,2
e2o SAL | P id (sVt—sAt) P id (s+t)

where we follow the standard notation sAt = min(s, ¢) and sVt = max(s,t). Combin-

ing these equations, we find the autocorrelation for the geometric Brownian motion:

R(s,t) = Corr [Z, Zy]

_ Cov[Z,, Z,]
- Oz, 0z,
62023/\15 . G%UQ(th—s/\t) _ e%cﬁ(s-&—t) (585)
Ve (e =) er (e - 1)
eo2sAt _

eozsvt -1



179
The general autocorrelation formula of geometric noise in the steady state is:

R(7) = lim R(t,t+ 1)

t—o0

et — 1
= lim{/ —5——7+—
too \| eo?(t+7) — 1

(5.86)

The correlation is exponentially decreasing as a function of the time lag. We can now
follow the same procedure in order to find the correlation of the stochastic process

defined by equation (5.78). Its second moment is equal to

t t o2
E[Y2<t)] _ b2/ / 67<a+7)(x+y) . [eowﬁeawy] dl'dy
0 0
t t o2
= bQ/ / e—(a+7)(x+y)620296/\746502(:)3Vy71/\y)dxdy
0 JO
o [1 [T (%) @ty 202y 10
=b /0 /0 e E 7 Ye2? (x_y)dxdy (5.87)
t t
+ b2 / / e*(aJr%)(m+y)620216%02(y—$)dl,dy
0 T

2 (a (1= 2074 C27)) 4 (<14 e70) 02)

a(2a? — 3ac? 4 o)

All integrals are assumed to be finite, meaning that a has to be greater than § As

t goes to infinity, we may ignore all the decaying exponentials.
(

00 ifa<Z2
lim E[Y?(t)] = (5.88)

t—o00

ifa>2Z.

In what follows, we will only be interested in the behavior of the system when
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a > %2, when the standard deviation is finite. Based on equation (5.88), the standard
deviation (when it is defined) is equal to

b’o? o’

= 5.89
a’?(2a —o%)  2a—o? (5.:89)

2 _
O-Y_

The standard deviation is proportional to the square of the average value of Y. The
output variance when the parameters are themselves noisy have a different form,
compared to the variance when the inputs are noisy.

A similar formalism exists in the control literature for both continuous time sys-
tems [43] and discrete time systems [15]. In control theory, the focus is on state
estimation and on finding feedback mechanisms that can accurately estimate the
state of a system, or minimize its variance. In the next subsection, we will analyti-
cally compute the mean and the variance of the output of a system when geometric

noise is supplied as input to a series of linear filters.

5.6.1 Geometric Noise Through a Low-Pass Filter

Assume that a system consists of two systems connected in series. The first one is
affected by geometric noise, and it is used as an input to the second node. We first
analyze a system where each state has one real pole, and later on we will generalize

it for an arbitrary number of poles. The equations of the system are

dX = cdt + (= fdt + cdW) X
(5.90)

dY = bXdt — aYdt,

where all parameters are positive real numbers. Combining the forms for the multi-

plicative noise and the output of a single pole filter,

t S o2
Y(t) = bce‘“t/ e’ </ e<f+2>ue"w“du) ds. (5.91)
0

0
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The goal is to use the previous methods to explore the propagation of noise in a

network of first order filters when the input noise is geometric. The output mean is:
t S o2
BLY (1) = e [ e ( | et e du) s
0 0

t s
= bce_“t/ e (/ e_f“du> ds (5.92)
0 0

_be (a —ae Tt (=1 + e ) f)
ala—f)f

The last equation holds even if a = f, and we can find the expected value by finding
the limit as f — a. Letting the time ¢ go to infinity,

E[Y] = lim E[Y(£)] = 2

t—o00 o H

(5.93)
which is the same as an equivalent system without any noise. The second moment is
t t r s -2
E[YZ] _ b2026_2at/ €ard7’/ easds/ / e—(f+7)(x+y)E [eo(Wx—FWy)} d[Edy (594)
0 0 o Jo

We break the integral above in five parts, in order to compute the expected value

inside it:

2at t t r x
62 SE[Y2(1)] :/ eardr/ easds/ (/ e Tre TV dy> dx
b*c 0 r 0 0

t t r S
+/ e‘”’dr/ e“sds/ (/ ef‘”efyeozxdy) dx
0 r 0 x
t r S x
—l—/ e‘”’dr/ e“sds/ (/ efxefyeUdey) dx (5.95)
0 0 0 0
t r S S
+/ e‘”’d'r’/ e“sds/ (/ ef’”efyea%dy) dx
0 0 0 z
t r r S
+/ eard'r’/ e“sds/ (/ efxefyeUdey) dz.
0 0 s 0
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The above sum of integrals is finite provided that f > "72 After performing all the
algebraic calculations,

EY?) = lim E[Y?(1)] = — 20

Jim Pt (5.96)

The variance is
2

a*f2(2f —0?)

We can write the above equation as a constant times the variance of the first state:

- (2) e

VY] = b*c? (5.97)

(5.98)

The variance of Y is, also in this case, fundamentally different from the variance of a
system with white noise added directly to the input. The latter would be equal to

b2

= %Um

VolY] (5.99)

The time evolution of the variance is shown in Figure 5.16. When the noise is geo-
metric, it takes longer for the variance to settle to its steady state value, which is also
an indication that the output variance consists of lower frequencies than in the case
of additive noise.

More generally, if we pass geometric noise through an arbitrary linear filter with
impulse response h(t), then the output is defined as the convolution of the impulse

response and the input:

'wﬂ:cA%@—Q(AZ4“fﬁme0d& (5.100)
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Figure 5.16: Evolution of the output variance of a single pole filter when the input is affected
by additive and multiplicative noise, respectively. The system with additive noise has less
variance in the output compared to the one with multiplicative noise. Also, in the case of
geometric noise, the variance takes more time to settle to its equilibrium value.

E[Y (t)] = c/ot h(t — s) (/0 e—f“du) ds
- % (/Otu — et — s)ds) .

The mean is

(5.101)

The variance is equal to

VY ()] = E[Y* ()] — (E[Y (1))’

t T s Yy
= c/ h(t —r)dr | h(t —s)ds / e T T gy
0 0 0 Jo

t T s T
+c/ h(t—r)dr/ h(t — s)ds/ / e 7Y dndy
0 0
; ; e 2 (5.102)
+c/ h(t—r)dr/ h(t—s)ds/ / e 1@ eV dy dy
0 r o Jo
t t T s
—|—C/ h(t—r)dr/ h(t—s)ds/ / €_f(x+y)€”2xdydx
0 T 0 T
e t 2
_c </ (1 —e‘fs)h(t—s)ds> |
2 \Jo

o
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For example, if the filter has one pole at —a with a > 0, then h(t,s) = e=**=) we
can verify that the mean and the variance are equal to the ones found in equations
(5.93) and (5.96). If we have n identical single-pole filters in series, with the same
pole at —a, with a € R, and their input is multiplied by b, then the mean is
E[Y] = hm / e %) 8)n_1 e “ds
f

t—o0 n — 1)

(5.103)

and the variance is
N\ /c\? o2
ViY]l=|[= - — . 5.104
v-(2) (5) e 100
These results show how variation that enters the system through noisy degradation

rates affects the output of a pathway. For example, in the two-step cascade

X =Y
(5.105)

Y -7

described by (5.90), species Y is affected by geometric noise, and then is used as an
input to the next reaction that produces Z. The second reaction acts as a first-order
linear filter, and the noise propagates to the pathway output Z. The analysis can
be used for any system that can be described by linear differential equations. If a
linear time invariant system is described by equation (2.7) then, if there is noise in the
input v or its input matrix B, then we can consider noise a new additional input as in
equation (5.1), and solve it accordingly. The same holds for the off-diagonal elements
of the dynamical matrix A. But noise in the diagonal elements of A is multiplicative
noise, and needs to be considered separately from all other noise sources, and it leads

to qualitatively different behavior.
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5.7 Noise Propagation in Chemical Reaction Net-
works

In this section, we will examine how noise propagates in general linear chemical reac-
tion networks. Noise in chemical reaction networks that do not involve bimolecular or
higher-order reactions has been studied extensively (see for example [68]) and chem-
ical reactions have also been analyzed as analog signal processing systems [63]. In
this section, we will study reactions where two or more reactants are noisy, and their

disturbances may be correlated with each other.

5.7.1 Motivating Example

Consider the following reaction:
X+Y = Z (5.106)

Further assume that the concentration of X and Y is subject to random white noise

fluctuations around a deterministic mean value:

X = Xy + oxdU,

Y, = Yy + oy dW, (5.107)

and Z degrades with a rate proportional to its concentration. The corresponding

stochastic differential equation is

dZ = (XoYy — aZ,)dt + d(X,Y;)
(5.108)
= (XQYb — CLZt>dt + X()(Tyth + YE)O'XclUt + UXo'yd[Ut, Wt],
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where U; and W, are standard Wiener processes. and dU;dW; = d[U;, W;] is the
differential of the quadratic covariation of U; and W;. Equation (5.108) is a natural
generalization of the case where we have only one or more noise terms that are added
to the deterministic differential equation. In all stochastic differential equations so
far, we multiply the deterministic factors that contribute to the infinitesimal change
in the state of the system by dt, and then we add the noise terms. In equation
(5.108) the deterministic part is XYy and the rest is noise. If the two processes have

correlation p, then

d[U,, W, = pdt. (5.109)

Simplifying the last expression for dZ,
dZ = (XoYo + poxoy — aZy)dt + Xooy dW, + Yoo xdU, (5.110)

which is the familiar Ornstein—Uhlenbeck process with two noise sources. The final

expression for the concentration of Z is

1 t t
Z(t) (XoYy + poxoy)(1 —e ) + UXYO/ U, + UyXo/ et qWw,.

a 0 0

(5.111)
As the effect of the initial conditions diminishes, the mean is
Z = lim E[Z(1)] = 2()(01/0 + poxoy) (5.112)
and the variance is equal to
V[Z] = lim V()] = 20%% = Xo0y + 2XoVopoxay (5.113)

t—00 2a

An important consequence of correlations in the input noise (p # 0) is that the mean is
different from the case where there is no noise, even if both noise terms in (5.107) have

a mean of zero. In addition, the variance is larger when there are positive correlations
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in the two input noise terms, as expected. When the correlation is negative, the two

noise processes partially cancel each other, resulting in lower variance.

5.7.2 General Reactions

We can generalize the above results to general reactions of the form
CL1X1+"‘+CLNXN—>51Yv1+"'—|—bMYM (5.114)

where each of the elements on the left-hand side is assumed to be a random variable
that consists of a deterministic mean X and a standard white noise process th(k)

multiplied by the standard deviation of its concentration.
Xe(t) = X+ o dWP 1<k <N. (5.115)

The concentration of the product Y; is described by a stochastic differential equation:

N N N
dy; = (bj I1x.- ijJ) dt+b; > o | [ Xu | a®
u=1 k=1 u=1
i (5.116)
N N N
+b; Z Z TkOm H Xu | pemdt + O (dt) .
k=1 m=1 u=1
u#k,m

The last equation is derived by using It6’s box rule [26], and the fact that higher
order products of Wiener processes have variances that tend to zero faster than dt as
dt — 0. As in the bimolecular case, we multiply the noiseless input by dt, and then

we add all the noise terms, and their products. Disregarding the initial conditions,
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we compute the mean:

b N N N N
EY; =2 | [[X+D D owom | T Xu| otim (5.117)

which is different from the case when there is no noise, if there are correlations among
the noise terms. The last equation clearly shows that noisy inputs can have an effect in
the average of the concentration of the output, even if their mean is zero. The amount
by which they shift the mean depends on their own variances, their correlations, and

the product of concentrations of all other reactants. The variance is equal to

b2» N N B N -
VI =2 | Y ot [T X2+ 20mmonomor [ X2 |- (5.118)
2f,
S e i

As before, positive correlations increase variance, negative correlations reduce it, and
the extent by which the correlations affect it depends on the concentrations of the

other species in the reaction.

5.7.3 Reactions with Filtered Noise

Suppose we have the following simple reaction:
Xi+X+--+X,—Y (5.119)

where X ... Xy fluctuate around an average value, but the noise has already passed

through a linear filter. The differential equation that Y satisfies is:

N t
dY = —aYdt + [ (Xk + o / hie(t — s)dwf) dt. (5.120)
0

u=1
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The terms dW[ are standard Wiener processes, each corresponding to the respective

species k. We expand the last equation:

N N N t
dy = (H X, — aY) dt+> o ] Xudt/ hi(t — s)dWF
0

We have omitted all the terms whose order is larger than dt as dt — 0, gathering them
under the term O (dt). By using It6’s box rule again, we can replace the products of

Wiener processes by their correlation times the infinitesimal time interval dt.

N N N
:<HXu—aY>dt+Z X /hkt—s)dwk

u=1 k=1 u=1

u#k

k: m=1

N N N
Z Z H / kmhk t— q; h (t _ fl‘)d:L‘ (5122)
=1
uFEk,m

+O(dt).

Note that the second sum of integrals is deterministic and does not depend on any

Wiener process. Setting

N N
CN = HXU , Op =0y H _u and (5123)
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the solution to the last differential equation (with zero initial conditions) is

t N t
Y(t) =cn(l —e ™)+ /0 e_“(t_“)f(u)du + Z/o e_“(t_“)qk(u)du. (5.124)
k=1

More generally, if the differential equation for the output has impulse response g(t),

and initial condition Yj),

t t N t
V() = Yag(t) +en [ gt —wiu+ [ gt =)@+ [ gt = waun

= (5.125)

where all terms except for the last sum are deterministic. The last equation nicely

decomposes the factors that drive the output Y (¢). The first term is the effect of the

initial conditions, the second term denotes the effect of the mean value of the inputs,

the third term results from the noise correlations of the inputs, and the last term

corresponds to the sum of the random fluctuations of all input sources.

If the output of reaction (5.126) receives inputs that are affected by both filtered
and unfiltered disturbances, then we can use the same methods to find the mean
and standard deviation of the output. We will analyze the case where we have two
inputs, one of each type. The generalization to an arbitrary number of inputs is

straightforward. Suppose that the chemical species Y depends on species X; and X5
X1+ Xo =Y (5.126)
where the inputs X; and X, are defined by the following differential equations:
- t
0

and

Xo(t) = Xy + 09dW;, (5.128)
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where U; and W, are standard Wiener processes. The stochastic differential equation

for Y is
o _ 3 t
dY = (XlXQ - aY)dt + UQdeWt + UlXth/ h(t - S)dUS
0
t
+ 0102/ h(t — s)dUsdW; (5.129)
0
t
= (X]_XQ + ph00'102 — ClY)dt + UQdeWt + 01X2/ h(t — S)dUS
0

since

pdt if s=t
AdUsdWy = (5.130)

0 otherwise.

The output is equal to

t
Y(t) = Yoe’“t + (X1X2 + ph00'10'2)(1 — 67at) + U2X1 / e*a(t*S)dWs
0

o (5.131)
+ 01X, / / e n(s — 2)dU,.
0 Jo

The mean is

1, _
E[Y] (X1X5 + phooio) | (5.132)

T a
which differs from the noiseless case by the last term, which is proportional to the
correlation and the standard deviation of the noise inputs. Similarly, the variance is

found to be equal to

VIY' ()] = Va(t) + Va(t) + Via(2), (5.133)

where

t t TAS
Vi(t) = 6_2(”0'%)222/ / e?r+s) (/ h(s —u)h(r — u)du) drds, (5.134)
o Jo 0
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22
o3 Xj

Va(t) = 2a

(1— e 20h), (5.135)

and

o t tAy
Via(t) = ,00101X1X2/ e~et=y) (/ e =Dy — az)dx) dy. (5.136)
0 0

The first component Vi(t) is the variance because of the noise in the first input dU;,
V5(t) the variance because of noise in the second input, and the last term Vis(t) is
the variance emanating from their correlation.

When the inputs X; and X» in (5.126) both have a filtered multiplicative noise

component, then the differential equation becomes

t -2 B t o2
dY = —aYdt + ()_(1)\1 / e_(’\1+21)xe"1U“”dx> (XQA2 / e—@ﬁ%)ye”l%dy) dt.
0 0
(5.137)
In order to account for the possibly nonzero correlation between processes U; and Wy,

we write each of them as a sum of two uncorrelated standard processes:

Uy =aA+V1—a’By;

(5.138)
Wt = bAt + V 1 - b2Ct.

The processes A;, B; and C; have correlation zero, and p = ab is the correlation

between U; and W, :
—1<a<1, —-1<b<1l and —-1<p<l1. (5.139)

We are interested in finding the mean and variance of Y. First, we compute the
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expected value of the product of the two exponential Wiener processes U; and W;.
E [edleeUQWy] —F |:601 (aAz+\/1—a2Bz)eaz(bAy+\/1—b2cy)]

—E [eaalAI—&—bogAy} K |:€01\/1—a2Bz] ‘K |:€¢72\/1—b20yi|

_ 6%(1101—&-1702)21'/\346%((a01)25z+(b02)25y)(mVyf:E/\y)eéa'%(17a2)x€%o'§(17b2)y
(5.140)
where 0 denotes the Kronecker delta with 0, = d(z > y) and 6, = d(y > z).

The expected value of the input of the differential equation is

t a% _ t 2
Elu(t)] = E [(Xl/ 6_(A1+2)‘”601U“”dx> (Xg/ e_(’\2+22)ye”2Wydy>]
0 0
_ ot o2 t o2
= )\1/\2X1X2/ e~ Mtz (/ e~ Rt IR [e”lee‘TzWy} dy> dx
0 0
t x
= )\1A2X1X2/ G_Alw </ 6_()\2_p0102)ydy> dx
0 0
o t t
+ /\1/\2X1X2/ 6_(A1+p0102)x </ 6_)\2ydy> dx
0 T

e ((1 = ertorm=t2) Xy 4 (=1 4 €™1) (poaoy — A2))

= WX X
S (po2or — Ag) (—poaoy + A1 + A2)
o e—t>\2 1 — et)\z — (1= et>\2 A — (1 — epta’go’1—t>\1 A
(=) g — (1) 0 — )%
(00201 - )\1) (00201 — A — )\2)
(5.141)
where we assume that
ot a3
AL > 7 , Ay > 7 == A+ Ay > po102. (5142)

The inequalities above guarantee that the inputs have finite variances, as shown in

equation (5.88). In the equilibrium state,

(5.143)
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The output average is then equal to

. X1Xo AL+ Ay
EY|=1mE|Y(t)] = . ) 144
Y] = m B[y () = 52 S (5.144)

The last equation clearly shows that if the input noise sources are correlated
(p # 0), the average value of the output will be different from the value when there
is no correlation (p = 0). As shown in the other types of noise, positive correlations
increase the mean, and negative correlations reduce it. The variance can be computed
using the same methods. First, we will calculate the expected value of a product of

different instances of a standard Wiener process.

Lemma 35. Ifty,ts,...t, € R" is an ordered set of times such that t; <ty < ... <t,

and 01,04 ...0, € RY are arbitrary positive numbers denoting standard deviations,

then

E

ﬁe”kW‘k] = exp %i <i€ 0m> (tp — tr_1) (5.145)

k=1

where Wy is the standard Wiener process.

Proof. For each t;, we decompose the Wiener process W, as a sum of independent

processes:

Wt ==

k

(Wi, = Wa, ) (5.146)

ivgls

Based on this sum, we can write

ﬁeakWtk = exp iakWtk]
k=1
k
= exp Z Ot Z (th - thl)]

(5.147)
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where in the last equation, we changed the order of summation making use of the

triangle rule. All terms in the last product are independent:

E|[[e" | =E|][ep |(We = Wirl) D o
k=1 k=1 - m=k - -
= H]E exp (Wtk — Wtkfl) Z O
k=1 L m=k 1]
N , (5.148)
:Hexp 2 tk—tk 1 (ZO’k>
k=1
1 n n
=exp |5 Z <Z Uk) (tk — te—1)
k=1 \m=k
O

When one of the inputs is affected by multiplicative noise, and the other by ad-
ditive noise, the mean value of the output is not affected, even if the driving noise
is the same in both cases. The differential equation of the chemical reaction (5.126)

becomes

The input is equal to

_ t o2 _ t
u(t) = <A1X1 / e_(A1+2)xe"Wﬂ”dm) (X2+0 / e—W—dey) (5.150)
0 0

and its expected value is

t
E[U(t)] = )\1X1X / —(M+% )wE [ an} dx
(5.151)
—|—0>\1X1/ / —M+%5)z = A (=Y [echdey] dr.
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In order to compute the second term of the last equation, we will need the following
Lemma about the expected value of the product of an exponential Wiener process

with an infinitesimal difference of the same process.

Lemma 36. If W; is a standard Wiener process, then

(

0 if s <t
E [e”"dW;] = (5.152)

-2

oleTsdt if s > t.

\

Proof. If s < t, then W, and dW; = W, 4 — W, are uncorrelated, so
E [e”WdW;| = E [¢""*] E [dW;] = 0. (5.153)

If a,b are two positive real numbers such that 0 < a < b < s, then

E [e (W), — W,)] = E [e”*] E [~V (W, — W,)] E [e?Ws~W0)]
_ 6%0 ap30 (b—a)0_2(b . a>6502(s—b) (5154)

Setting a =t and b =t + dt, we get the desired result. O
Recalling equation (5.151),

t t t
Elu(t)] = )\1)_(1)_(2/ e My + 0’3>\1X16_)‘2t/ (/ e_’\”e)‘zydx) ds
0 0 Yy

et (g (1 —e2) — (1 — ™) Ay)
' A2 (A1 — o) ‘

(5.155)
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and the mean of the output is

E[Y] = =X, X, (5.157)

which is exactly the same as in the case where the two noise inputs are completely
uncorrelated. So, input noise correlation does not affect the average concentration of
the output in this case.

In this section we have analyzed how noise propagates in an arbitrary chemical
reaction network where one or more inputs include a random component, either ad-
ditive or geometric noise. The different noise sources may have arbitrary correlations
with each other. One of the main results is that even if all noise sources have mean
equal to zero, their correlations may shift the mean of the outputs, for both types of
noise. If there is positive correlation, the mean of the output increases, and when the

correlation is negative, it shifts lower, and the same is true for the output variance.

5.8 Conclusions

In this chapter, we have studied how noise propagates in networks and how a network’s
noisy parameters can affect its output. Since many biological networks are locally tree-
like, we have shown how noise propagates in the absence of feedforward or feedback
cycles. Tree networks are relatively easy to quantitatively analyze, since there is only
one path from each node to another. We have derived a method to compute the
variance of the output of any tree network, and shown that the variance is minimized
when there are no “bottlenecks” in each pathway, in other words when there is no
rate limiting step. When a network is not a tree, there are cycles, which means that
a signal can propagate through two or more paths towards the output. Feedback
cycles typically reduce the output variance, and feedforward cycles increase it. When
the noise sources are correlated, the variance in the output is larger, and small cycles
have a stronger influence on the output, compared to longer cycles in both cases.

Delays contribute to the decrease of the output noise when we have two or more



198

noise sources, since their correlation is usually reduced. Crosstalk is also shown to
decrease the output variance, but the trade-off is that the output mean is lowered, or
the concentration of the inputs needs to be proportionally higher in order to ensure
the same output.

In biological and chemical reaction networks, the reaction rates are prone to noise,
since they depend on the concentration of other species. When the degradation rates
are affected by noise, the result is increased output variance, which also depends on
the concentration of the respective species, and the form of the output is different from
when the noise is in the inputs, in the sense that higher concentrations also correspond
to larger deviations from the mean. Finally, we have extensively studied how noise
propagates through chemical reaction networks where one or more of the reactants
are noisy, and their disturbances may be correlated. Even when the disturbances

have zero average, correlations may change the output mean and variance.
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Chapter 6

Summary and Future Directions

6.1 Concluding Remarks

This thesis consists of two parts, the first one is devoted to the study of the structural
properties of arbitrary networks, and the second on their applications. In the first
part (Chapter 3), we found the structure of the networks that minimize or maximize
a variety of important structural properties, including the graph’s radius, diameter,
efficiency, average clustering, average distance, betweenness centrality, and resistance.
We found similarities and differences among the networks that achieve these extremes.
Sometimes the relation between different properties is unexpected. For example, we
have found that the betweenness centrality of a network is a function of its average
distance, and consequently, networks with minimum or maximum average distance
also have minimum or maximum betweenness centrality, respectively. On the other
hand, networks with the maximum radius are not necessarily the same as networks
with the maximum diameter. In most cases, the structures that maximize a property
are unique, and the structures that minimize it are not, although there are notable
exceptions, like the network’s efficiency. Generally, the form of the graphs that max-
imize each of the aforementioned properties is very special, in the sense that most
random graphs of the same order and size will tend to be very close to the theoreti-

cal minimum. Furthermore, these architectures are quite sensitive to the addition of
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new edges, or rewiring existing edges, since even a few such changes can have a large
impact on reducing each property towards its minimum. These structural properties
can alternatively be used as a metric of how random a network is, or alternatively
how many networks with similar architectures may exist.

In the second part (Chapters 4 and 5) we have studied crosstalk and noise and the
way they affect the function of networks. We have considered two cases of crosstalk,
as a function of the number of connections in each of the nodes. In both cases,
assortative networks are more immune to crosstalk than disassortative ones. Networks
that minimize crosstalk also have a large clustering coefficient. Crosstalk leads to
smaller available concentrations of each reactant, and makes the system slower to
respond to changes in the inputs. On the other hand, although crosstalk may degrade
the performance of a system, it may help reduce noise. We explore the trade-offs
between crosstalk and noise in biological and chemical reaction networks, and find
that the form of the networks with the smallest average variance have cycles of the
largest possible length, given their order and size. Consequently, these networks have
minimum average clustering, in contrast to the networks that minimize crosstalk.
Finally, we have explored the effect of parameter noise in the output variance. Noise
in the parameters of a network, although it has the same sources, has a completely
different effect on the output, leading to noise that is harder to control with the

application of feedback.

6.2 Future Directions

There are several new directions that might be pursued based on the findings pre-
sented in this thesis. An obvious application of the theories developed here is the
study of the relation between structure and function of biological or other natural
and engineered networks. We can try to find the relative importance of each property

of these networks based on their structure, and how close they are to the theoretical
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extremes, or to the expected value of a random network. This would be useful both
for the study of existing networks, as well as for the design of new ones.

The bounds of structural properties, along with the sensitivity of the respective
architectures to rewiring can be the basis for quantifying the structural entropy of a
graph. So far, most studies have defined the entropy of a network only as a function
of its degree distribution [3, 16]. Other studies have used automorphisms to measure
entropy [72]. The first definition leaves out almost all the information about the
topology of a network, whereas the second makes it hard to measure it, or to compare
the various architectures. Knowing the minimum, maximum and average of each
structural property makes it easy to assess how much randomness there is in the
topology of a network. The number of rewirings needed to transform a network to
another one which statistically has the same properties as a random graph, can be
a measure of the amount of randomness that needs to be introduced in order to
maximize its entropy.

As it has been mentioned before, although noise is usually unwanted, and cells
employ several strategies to keep it low [42, 67], sometimes it is useful, since it is the
driving force behind cell differentiation, gene expression coordination, and evolution
in general [23]. In terms of network structure in biological networks, it would be
interesting to find structures that isolate noise in specific subsystems, and diminish it
in other parts of the network, such that processes that need to be stable are actually
stable, and processes that need variation are noisy. Furthermore, we have seen that
crosstalk and noise are orthogonal notions as far as the function and the structure
of biological networks is concerned, based on the models used in this study. A good
question would be to determine the optimal trade-off between crosstalk and noise, as
a function of the order and the size of a network, along with its specific properties,
and then compare it to data from real biological networks. Also, we may try to study
how negative correlations among noise sources are taken advantage of in order to

reduce or increase noise, as shown in Chapter 5.
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Engineers building communication systems have long been using elaborate coding
schemes to transmit information. First, a message is encoded by the sender, then
transmitted and eventually decoded by the receiver. The coding is used in order to
add redundancy in the message, so that the recipient is able to decode it despite
changes in its content due to random fluctuations in the communication channel.
This need arises from random changes in the transmitted information while it travels
through noisy channels. It is conceivable that nature might use the same mechanisms
in order to add redundancy, and increase the robustness of information propagation.
In [21], the authors present an interesting way in which biology can potentially encode
information through multiplexing. Crosstalk may be an easy way in which nature
encodes signals, since it makes the information more robust to changes both because
it has the potential to reduce the amount of noise, and by introducing redundancy in
the message.

There are a lot of experimental studies in biology focusing on input noise and how
it affects specific systems (e.g. [23, 42, 56]). It would be interesting to experimentally
study how fluctuations on the reaction rates affect biological networks, and how they
translate to geometric noise in the outputs. From a theoretical point of view, we
may also try to quantify the properties of the noise when we use a Poisson process,
instead of white noise, as in [55]. This would be useful for systems where the number
of proteins that affect the reaction rates is small.

The structural properties of natural and engineered networks are rarely the only
things that matter in a network. The way that structure helps achieve the system’s
function is the ultimate question both for evolution and engineering. As a result,
we need to find a general framework in which we can study the relations between
the dynamics of a network and its structure. Specifically, we need to find quantita-
tive measures for how each desirable or undesirable network property is affected by
structure. When this is done, we can readily optimize the network at hand based

on the imposed constraints and the relative desirability of various properties. A par-
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ticularly interesting case would be to study how these properties affect information
propagation when each node can assume a binary state. Specific examples include
neuronal networks, where neurons either fire or don’t fire, fashion preferences, disease,
and rumor propagation. Finding general rules on these types of networks would have

important consequences in many scientific fields.
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