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ABSTRACT

This thesis examines the problem of community detection in a new random
graph model, which is a generalization of preferential attachment graphs.
This model has some features that are more realistic than those of the often-
studied stochastic block model (SBM). A message passing algorithm for com-
munity detection is derived, and multiple simulation results are shown that
demonstrate the efficacy of the algorithm. The algorithm is based on certain
asymptotic properties unique to this model. These properties, some of which
were discovered as part of this work, prove to be useful for other purposes
as well, which are described in this thesis. In particular, a theoretical per-
formance analysis is given for a simple, hypothesis-testing based community
recovery algorithm. This thesis opens avenues to further theoretical analy-
sis of this model, and takes a step toward developing community detection
algorithms with strong theoretical foundations that work well on real-world

networks.
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CHAPTER 1

INTRODUCTION

Community detection, a.k.a. graph clustering, is the task of identifying clus-
ters of vertices in a given graph such that vertices are more densely connected
within a group than across groups. Posed in this manner, it is an unsu-
pervised learning problem, much like clustering in a Euclidean space. The
problem arises in many data mining applications, where the data is in the
form of a network. The prototypical example of community detection is that
of identifying groups of like-minded people in a social network (for exam-
ple, distinguishing between people practicing science, arts or business). This
information would be of use for sociological studies, and also for commer-
cial exploitation by social media companies. In some cases, the underlying
network may have many vertices that do not belong to any cluster. For ex-
ample, in a citation network, the set of papers on community detection form
a densely clustered subgroup among all papers with the phrase “community
detection”, where the outliers are papers that simply mention the term in
passing. The popular review article by Fortunato [1] lists many applications,

and also gives examples of popular data sets.

Figure 1.1: The task of community detection: separating groups of vertices
into densely connected subgroups (figure from [2])



Figure 1.2: A social network formed from a single person’s friends, with
communities marked in colors; friends from school, friends from college,
spouse’s friends, etc. (figure from [3])

Because of its practical interest, a vast number of algorithms have been
proposed for community detection. To analyze the performance of these
algorithms, improve them, and eventually specify optimal algorithms requires
mathematical modeling and probabilistic reasoning. Community detection is
therefore of interest from a theoretical standpoint, and is a topic of research in
both theoretical computer science as well as statistics. The recent review by
Moore [4] explains the different viewpoints adopted by different fields. In this
work, we adopt an approach that is more popular in the statistics community,

which is to study random graph models with planted communities.

1.1 Random graph models

There are two advantages of adopting a random graph model. First, the
model specifies the ground truth community structure, which allows us to
evaluate the performance of any algorithm in terms of the number of ver-
tices that were correctly classified. (In contrast, the min-bisection formula-
tion does not lead to this natural error metric.) Such data is typically not

available for practical data sets. Second, if one is able to show that an al-



gorithm achieves a certain performance with high probability (w.h.p.), then
that characterizes the algorithm’s performance for a large number of graphs
(the typical graphs of the model). This is another desirable property, that
gives some performance guarantee on unseen graphs.

The described advantages also come with its set of disadvantages. An
algorithm that is shown to be optimal for a certain random graph model
may not work well for a graph generated by a different model. In practice,
there is no concrete way to determine whether a given graph was generated
according to a random graph model or not. There are two ways to tackle
this problem: Develop algorithms that are robust to variations in the model,

or study random graph models that are more realistic.

1.1.1 Stochastic block model

By far, the most popular (as well as the simplest) random graph model with
planted communities is the stochastic block model (SBM). To generate a
graph with two equal-sized communities, one begins with a set of n vertices,
and randomly assigns a label ¢ € {1,2} to every vertex. Having assigned the
labels, between any two pairs, an edge is placed with probability p if the two
vertices have the same label, and probability ¢ if the vertices have different
labels. Usually, we choose p > ¢ to reflect the fact that entities (people) in
the same community are more likely to be connected/linked than those in
different communities. A description of the general SBM with any number
of communities of possibly different sizes is given in [2]. Given the model,
one can generate graphs that have an inherent community structure in them.
The task of community detection is to recover the labels from the graph.
The SBM has been analyzed extensively in the literature. Many different
algorithms have been proposed, many of which have theoretical guarantees
of exactly recovering the communities with high probability for large graphs

(e.g., [5], [6]). We review some of these algorithms in Section 1.2.

1.1.2 Preferential attachment graphs

The preferential attachment (PA) random graph model was proposed by

Barabasi and Albert in [7] as a more realistic model of real-world networks



than the Erdos-Renyi model. It describes a random graph that grows with
time, as new vertices are added sequentially. At every stage, the new ver-
tex chooses a fixed number of neighbors to attach to, within the existing
graph (say m). A probability distribution over the vertices is constructed
such that the probability of choosing any vertex is proportional to its de-
gree. The neighbors are then chosen by sampling with replacement from this
distribution m times.

A striking feature of this model is that the graphs have a heavy-tailed
degree sequence (in the asymptotic limit). This feature is absent in the
Erdos-Renyi model. Loosely speaking, this means that there exist a few
vertices whose degree is much larger than the average degree. Such a feature
is indeed exhibited in real-world networks such as the web, or in citation
networks/social networks. This can be intuitively understood as a fallout
of the rich-get-richer phenomenon in the model; vertices that have a high
degree at a certain instance are more likely to attract newer vertices than
others, and hence their degree is likely to grow even further. This property
was first proven rigorously in [8], and is also explained in detail in the book

by Van Der Hofstad [9].

1.1.3 Preferential attachment graphs with planted
communities

Much like an Erdos-Renyi graph, the SBM does not have a heavy-tailed
degree distribution. In order to develop community detection algorithms
that are likely to succeed in real-world networks, it is necessary to study
models that have more realistic features. With this aim, we study a model
that incorporates community structure within PA graphs, in much the same
way as the SBM incorporates communities within Erdos-Renyi graphs. Such
a model was first proposed by Jordan in [10], in the context of geometric
random graphs. The problem of community detection was not studied in

this paper. This is the problem that we study in this thesis.



1.2 Algorithms for community detection

In this section, we briefly describe a few algorithms that have been proven

to work well for community detection in the SBM.

1.2.1 Semi-definite programming

Given a graph generated according to a particular model, the task of finding
the labels of the vertices (communities) is an inference problem. The edges
(i.e., the graph) is the observed data, and the labels are the unknown pa-
rameters, with known prior distribution. In such a scenario, to minimize the
probability of error, the best technique is to use the MAP estimator. For
any problem, finding the MAP estimator is an optimization problem. For
the case of two equal-sized communities, the MAP estimator is the same as
finding the minimum bisection of the graph (to partition the vertices into
two equal sets such that the number of edges across the sets is minimized).
This is well known to be an NP-hard problem. However, it is possible to
re-write the problem as a real-valued optimization problem, and then relax
certain constraints so as to make it a semi-definite program. Semi-definite
programs can be solved in polynomial time. Hajek et al. [5] show that the
convex relaxation is tight, and gives exact recovery whenever it is statistically

possible.

1.2.2  Spectral methods

The key idea behind spectral methods (for the SBM) is that the expected
value of the adjacency matrix of the graph has a low-rank structure, and
whose principal components give information about the communities. The
expected adjacency matrix is thus the signal of interest. The actual adjacency
matrix is treated as a perturbed version of its expected value. In other words,
the true adjacency matrix is the sum of its expected value and a noisy matrix.
Loosely speaking, if the noise levels are not too high, the eigenvectors of the
perturbed matrix should be close to the eigenvectors of the clean signal, and
should thus contain sufficient information about the communities. See [11]

as an example of work done along this direction.



1.2.3 Belief propagation

Belief propagation is a general technique/algorithm to solve inference prob-
lems, especially when there are many latent random variables involved. The
algorithm is best known in the context of probabilistic graphical models,
where random variables are denoted by edges of a “factor graph”, and de-
pendencies between them are represented via edges. The algorithm takes
advantage of the conditional independence between the random variables,
in order to compute the MAP estimator efficiently. The algorithm is guar-
anteed to converge to the best estimator if the underlying graph is a tree.
In the context of community detection, the given graph itself captures the
underlying dependencies in the following manner: the label of one vertex in-
fluences (and is influenced by) the number of neighbors it has and the labels
of its neighbors, but is conditionally independent of any other vertex label
given the labels of its neighbors. Belief propagation algorithms can also be

theoretically analyzed, as shown in [12].



CHAPTER 2

THE RANDOM GRAPH MODEL

We begin this chapter by describing the generative random graph model that
we study: preferential attachment graphs with planted communities. This
model was first proposed by Jordan in [10]. We first describe the model in
the most general setting, where it may include any finite number of com-
munities, possible of unequal size. We then describe the parameters for two
special cases that are most studied in the literature; that of two equal-sized
communities and that of a single community with outliers. Having described
the model, we present a fundamental property about the model that greatly
simplifies subsequent analysis. This result is also from the paper by Jordan
[10]. Finally, we describe and analyze the “degree-growth process”, which
serves as a tool for community detection as well as to describe the degree

sequence of the graph.

2.1 Model description

The random graph model that we study describes the growth of a labeled,
directed graph with time. Equivalently, the model describes a sequence of
directed graphs {G; : t € N} and labels {{, : t € N}. G4, is built by adding a
new vertex and a few connecting edges to (G4, in much the same manner as
in the original preferential attachment graph. The only difference is in the
manner in which the neighbors of the new vertex are chosen. To describe the

evolution of this process more precisely, we need the following parameters:
e 7 > 1: number of possible labels; labels are selected from [r]

e p = (p1,...,p): probability vector for selection of labels of added

vertices

e m > 1: out degree of each vertex
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£ € R™7: matrix of strictly positive affinities for vertices of different
labels; fB,, is the affinity of a new vertex with label u to an existing

vertex of label v
e 1y > 1: initial time

o Gy, = (Vi Eyy): initial directed graph with Vi, = [to] and mt, directed
edges

T > ty: final time
Given the labeled graph Gy, the graph G, is constructed as follows:

1. The vertex ¢t + 1 is added and its label ¢;,; is randomly selected from
[] using distribution p, independently of G;.

2. The m vertices in V; = [t] are selected using sampling with replacement
according to a distribution f; on [t]. The distribution f; is proportional
to the degree of the vertices and is weighted based on the affinity matriz
S (this is the key difference from the standard preferential attachment

model).

3. The m directed edges are added, with tails at vertex ¢ + 1 and with

heads attached to the vertices chosen in step 2.

Figures 2.1-2.3 provide an illustration for these three steps.

In this model, vertices are referred to by their time of arrival. Let 7 be
some vertex in the graph, and consider a time point ¢ > 7. Let the degree
of 7 at time ¢ be denoted by Y,”. When vertex ¢t + 1 arrives, each edge
from t + 1 attaches to vertex 7 with probability proportional to Y 3, . -
Therefore, the number of edges from vertex ¢ + 1 to 7 is a random variable

with distribution:

YT
L (# edges between (¢ + 1,7)|Gy, {[1,4+1]) = Binom (m, Bﬁm_&tﬂ)
ZT/ /Bét+1£7./}/;f
(2.1)

L stands for probability law or probability distribution.

Remark 1. For concreteness, one may assume that the initial graph has one
vertex with m self-loops, and its label is chosen randomly with distribution p.

However, all the asymptotic results are independent of the initial graph.
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A graph with two equal-sized communities can be created by choosing the
b 1
parameters r = 2, p = (0.5,0.5), 5 = Lol where b > 1. The parameter

m dictates the sparsity of the graph, and can be an arbitrary finite number
(usually chosen to be much smaller than the size of the graph, T).

A graph with a single community with outliers can be created by choosing

b
the parameters r = 2, § = i where b > 1. The parameter p dictates

the size of the community. As above, the parameter m dictates the sparsity
of the graph.

Having described the model, we move on to studying its characteristics.
As mentioned earlier, the above model has features of both the PA model

and the SBM. Thus, two properties that we expect in the model are:
1. a heavy-tailed degree sequence, like the PA model

2. existence of algorithms that (at least) partially recover the communi-
ties, as in the SBM

The heavy-tailed degree sequence property was proven in [10]; we only
quote the result here and give empirical evidence in Section 2.5. This thesis
focuses on the community detection aspect. We develop a message passing
algorithm for community detection, and demonstrate empirically that it per-
forms partial recovery. The algorithm and its derivation is given in Chapter
4, and the simulation results are given in Chapter 5. Before we proceed,
however, we discuss a few basic results in the rest of this chapter that prove

useful for further analysis.

2.2 Half-edges and their convergence

To analyze preferential attachment graphs, it is helpful to have a notion of
a “half-edge” (see, e.g., [8]). In any graph, each edge is composed of two
half-edges, one attached to each vertex the edge is incident on. Therefore,
the degree of a vertex is the number of half-edges attached to it. In the
PA model, the affinity to larger degree vertices can be viewed in terms of a
tendency of an existing half-edge to attract newer half-edges. At every epoch,

there are m new half-edges. Every incoming half-edge has an equal affinity

10



toward existing half-edges. In other words, it chooses a partner half-edge
uniformly at random (with probability 1/2mt).

In preferential attachment graphs with labels, each half-edge inherits the
label of the vertex it is incident upon. Given the labels, the affinity between
half-edges is no longer uniform; they are weighted by a factor f,,, where
u,v are the labels of the new and existing half-edges respectively (hence /3
is called the affinity matrix). Moreover, the exact probability of attachment
depends upon how many half-edges of each type there are at that point of
time, which makes analysis difficult.

Suppose the labels of all vertices of GG; are known. Let the fraction of half-

edges with label v in G be 7, . The probability that an incoming half-edge

Gu,v,t
mt

with label u attaches to an existing half-edge with label v is where

Buv

N 2.2
ot QZU/ 5uv/77v/7t ( )

This follows from the following analysis:

Z /BuKQ_Y;TI = Z 5uv’ Z Y;T/]-KT/=1/ ~ (th) Z 61“)’771)’
v'elr] T'elt]

T'elt] v'elr]

Although the above expression is complex, it simplifies significantly in the

asymptotic limit, due to the following result, originally given in [10]:

Proposition 1 (convergence of fraction of half-edges).
Mot = m; Y velr]

where n* = {n}}er) is a probability vector that is determined based on the

parameters p, 3. (The exact characterization of n¥ is given in [15].)

As an immediate corollary, we have that for large ¢, the probability that

an incoming half-edge with label u attaches to an existing half-edge of label

euv

>, where

v is approximately

0 & /B'U,,’U
“ 2 Zv’e[r] B%’U'TI:

(2.3)

and is independent of the labels of the other vertices. This setting is now

11



very similar to the PA model, with 6,,, replacing 1/2. The parameters 6,
in this model play a similar role to the parameters p,, in the SBM.

A rigorous proof of Proposition 1 is given by Jordan [10]. Here, we just give
the outline of the proof. It is shown that the vector {1, +}.e[y] varies with time
according to a stochastic approximation scheme with decreasing step-sizes.
The stochastic approximation scheme is viewed as a noisy discretization of
an appropriate ordinary differential equation (ODE) [14]. It is shown in [10]
that the underlying differential equation has a unique, globally asymptot-
ically stable (GAS) equilibrium, by constructing an appropriate Lyapunov
function. The convergence of the underlying ODE implies convergence of the

stochastic approximation recursion [14].

2.3 The degree growth process

In this section, we study the degree growth process, i.e., the growth of the
degree of a fixed vertex in the graph with time. Due to the time-evolutionary
nature of the model, the degree is best described as a random process, rather
than a random variable. Obtaining the distribution (or probabilistic descrip-
tion) of the degree of a vertex allows us to establish both the properties

mentioned above:

1. Degree sequence: Characterizing the degree sequence of graph Gr is
equivalent to calculating the probability of a vertex picked uniformly
at random among [T'] has degree greater than k, for each k. To get this
figure, it is useful to know the probability of the degree of each vertex
7 being greater than k. Studying the degree-growth process gives us
this probability.

2. Community detection: If the time of arrival of a vertex is known,
then the degree of a vertex is simply dependent upon its label. If the
distributions of the degree for different labels are well separated, one
can infer the labels by observing the degree. This is true for the model
of a single community with outliers (but not the case of two equal-sized
communities). Knowing the exact distribution of the degree allows us

to formulate a hypothesis testing problem.
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Having motivated the study of the degree-growth process, we now define

it formally.

Definition 1 (The degree growth process). Given a vertex T with T > to+1,
consider the process (Y; : t = T), where Y; is the degree of vertex T at time t.
Thus Y, = m. The conditional distribution (i.e. probability law) of Yi11 —Y;

given (Yy, n, Uy = v, 01 = u) is given by:

OuoviYs
L(Yi1 = Ya|Ye,me, b = v, 4411 = u) = binom (77% u’v’; t) (2.4)
m

where Oy, is given by (2.2). It follows that, given (Y, n:, 0 = v), the con-
ditional distribution of Vi1 — Y; s a mixture of binomial distributions with

selection probability distribution p:

OuviY
LY =YY, e, b =v) = uezm pubinom (m, m:f t) (2.5)
The above probability law essentially follows by rewriting (2.1) using the

notion of half-edges introduced above:
. eu v tY;f
L (# edges between (¢ + 1,7)|Gy, {[1,411)) = binom ( m, —t (2.6)
m

From Proposition 1, we see that in the asymptotic limit, the parameters

0

U,V
mt

00 converge to 0,,. Moreover, for large ¢, the quantity is really small.

A binomial random variable with a small p parameter takes values either
0 or 1 with high probability, and can thus be approximated by a Bernoulli

random variable of the same mean. With these considerations, we see that:

mt

. ( O th)
A Z pubinom [ m, —
u€(r] me
d-(t
~ Z p.Ber (Gu,v t( ))
u€[r]
— Ber (9,1 (2.8)
t

where 0, = Zue[r] pubun. We see that the degree-growth process has a simple

OuvtYs
L(Yip1 = Yi[Yi,me by = v) = > pybinom (m, 4) (2.7)
u€(r]

13



probability law in the asymptotic regime.

In Proposition 3 of [13], the above approximation is made more precise.
This is stated in terms of the total variation distance between the actual
degree-growth process and an idealized version of it going to zero in the
asymptotic limit. We first define a random process Y that is an idealized
variation of Y obtained by replacing 7, by the constant vector n* and allowing

jumps of size one only.

Definition 2. The process Y has parameters T, m, and ¥, where T is the
initial time, m is the initial state, and ¥ > 0 is a rate parameter. The
process Y is a time-inhomogeneous Markov process with initial value m. Y

1s defined as follows: fort = T and y such that % < 1, we require

~ ~ o~ s
(For = BT = y) & Ber (7?’) (2.9)

We have the following coupling result.

Proposition 2. Suppose 7, T — oo such that T > 7 and T/7 is bounded.
Fiz v e [r]. Then

drv (Vi |lr = v), Yirr)(6,)) — 0 (2.10)

From Proposition 2, we infer that the degree growth process is essentially a
time-inhomogeneous Markov process in the asymptotic limit. It is interesting
to note that the degree growth process depends on m only via its initial
condition. The state may either increase by 1, or stay the same at any point
of time. The parameter 0, gives us the rate of growth or the “jump rate” of
this process. The larger this parameter, the larger is the rate at which the
degree of vertex 7 grows. This property is useful for community detection,

as explained in Section 1.2.

Remark 2. The line of arguments leading to (2.8) can also incorporate par-
tial or complete information about other vertex labels. Suppose, from some
other considerations, we know that the distribution of l,y1 is p. Then this
distribution may be used in place of p in (2.8). We do not use this property

here, but it is used in formulating the message passing algorithm later.
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2.4 The Z-process

The process Y can be thought of a discrete time birth process with activa-
tion time 7 and birth probability at a time ¢ proportional to the number of

individuals. However, the birth probability (or birth rate) per individual,

Ou,v 1
t t)

This makes the process difficult to analyze. By a simple time-scaling, we can

, has a factor 3+, which tends to decrease the birth rate per individual.
obtain a process with constant birth rate. The scaling involves considering
the process (Yes : s = 0). The intuition behind the scaling is the following:
the graph of the function logt has slope 1/t. By scaling the horizontal axis
exponentially, we obtain the function log(e’) = ¢, which has a constant slope
1.

Definition 3 (Z-process). The process Z = (Zs : s = 0) is a continuous time
pure birth Markov process with initial state Zy = m and birth rate Ok in state
k, for some ¥ > 0. The process Z represents the total number of individuals
in a continuous time branching process beginning with m individuals activated

at time 0, such that each individual spawns another at rate v.
Definition 4. Let 12 = Zm/7) for integerst = T

The following proposition, proven in [13], shows that Y and Y are asymp-

totically equivalent in the sense of total variation distance.

Proposition 3. For any ¥ > 0,

~

dry (Y[T,T] @), Viry (19)) -0 (2.11)

Propositions 2 and 3 allow us to map many properties about the Z-process
to the degree-growth process. We illustrate this by calculating the distribu-
tion of the degree of any vertex 7 at time T

We first establish the following useful fact about the Z-process.

Proposition 4. For fired s, Z; has the negative binomial distribution

—519)_

negbinom(m, e In other words, its marginal probability distribution

(mn(s,9,m) : n € N) is given by

n—1
m—1

(s, ¥, m) = ( )e_mﬁs(l —e "™ forn=m (2.12)
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In particular, taking m = 1 shows (s, 9, 1) is the geometric distribution

—Us s

with parameter e™"?, and hence, mean e

Proof. We prove the result only for m = 1. For m > 2, the process Z has the
same distribution as the sum of m independent copies of Z with m = 1. The
negative binomial distribution is also the sum of m independent geometric
distributions, from which the result follows.
We shall prove that m;(s,9,1) = e™%(1 — e=?¢)"~1 by induction on i.
Induction base: From Definition 3, we see that the time stayed in state 7 is

a random variable with distribution Exp(\i). Therefore, m(s,9,1) = 7%,

since it is the probability that the system was in state 1 for time more than
s.

Induction step: For i > 1, m;(s,d, 1) increases by the influx from state i — 1

and decreases by the outflux from state i.
dmi(s,9,1)
ds

mi(s,9,1) = J e W (G — 1) mi_y (1,9, 1)dr
0

= —iim(s,0,1) + (i — D)Imi_1(s,0,1) ; m(0) =0

By the induction hypothesis, m;_1(s,9,1) = e ?*(1 — e=?%)"=2. Performing a
change of variables 7 — ¢’ — 1 in the integral above gives us the necessary

expression for m;(t). O
We now have the following corollary from Proposition 4:

Corollary 1. For T > 7 >> 1, L(YF|(, = v) ~ NegBinom (m, (T/T)e”)

2.5 Asymptotic degree distribution

A second limit result we restate from [10] concerns the empirical degree
distribution for the vertices with a given label. For v € [r] and integers

n=m and T, let:
e H"(T) denote the number of vertices with label v in Gr

e NY(T') denote the number of vertices with label v and with degree n in
Gr

16



o PUT) = Z’zg; denote the fraction of vertices with label v that have

degree n in G

Proposition 5 (Limiting empirical degree seq. for a given label [10]). Let
n=m and v € [r]| be fixzed. Then limr_ PY(T) = pn(0,, m) almost surely,

where

__PGE+mIn
Pu(fm) = O (m)T (n+ 5 + 1)

- [F(% +m)] L (2.13)

0T (m) 3+l

ne

Proposition 5 is illustrated by plotting the degree distribution of a graph
with the structure of a single community with outliers. To illustrate some
interesting features, we plot the degree distribution of vertices in the commu-
nity and outside separately, in Figures 2.4 and 2.5 respectively. The param-
eters chosen are m = 1,b = 4,T = 10,000, p = (0.5,0.5). In such a setting,
the average degree of the graph is 2. As expected, we do see that there are
vertices of both types with degrees much higher than the average degree.
Further, we also see that vertices within the community have a higher degree
on average than vertices outside the community. It is precisely this property
that is exploited in the degree thresholding algorithm described in Chapter
3.

17
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CHAPTER 3

COMMUNITY DETECTION
ALGORITHMS-BINARY HYPOTHESIS
TESTING

In this chapter, we formulate the problem of community detection as a statis-
tical inference problem. The labels on the vertices are the hidden variables,
and the observed data is the graph, from which the labels must be inferred.
Although, in principle, one can write down the likelihood of observing a given
graph for every possible sequence of vertex labels, {£;}7_, this expression is
immensely complex. It is thus infeasible to optimize over the set of possible
vertex labels and find the maximum aposteriori probability (MAP) estima-
tor. We thus settle for other estimators that are easier to compute. These
estimators are shown to be MAP estimators for certain simpler problems.

One simplification is to decouple the inference problem for different ver-
tices. This simplifies the problem immensely, since instead of optimizing
over 1T possible choices, one only has to optimize over r choices. A second
simplifying technique is to perform the inference based only on observing a
small neighborhood of the vertex, instead of the whole graph. This allows us
to have a simple expression for the likelihood of the observation, conditioned
on the label.

For concreteness, consider the model of a single community with outliers,
where 0; > 65 (the label 1 indicates that the vertex is in the community).
Consider any vertex 7 s.t. 1 << 7 < T with ¢, = v. The number of children
of 7 has distribution ~ NegBinom (m, (T'/7)%) as seen from Corollary 1.
Thus, observing the number of children gives some information about the
label v; the larger the number of children, the more likely it is that the
vertex belongs to the community.

In fact, using the results from Chapter 2, we can compute the likelihood
of observing the entire degree-growth process of any vertex 7. This allows
us to calculate the MAP estimator of the vertex label based on additional
information of which vertices attached to 7. This idea is presented in more

detail in the rest of this chapter.
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The algorithms presented in this chapter can be used, in principle, to
perform community detection for any set of parameters p, 3, as long as 6, #
0, for v # v'. However, for brevity, we focus only on the case of a single
community with outliers. Note that these algorithms cannot be used to
identify labels in a graph with equal-sized communities.

To comply with standard notations of binary hypothesis testing, we slightly

change our notation:
e /. = 1: Vertex is in the community

e /_ = 0: Vertex is an outlier

3.1 Binary hypothesis testing

Let 1 << 7 < T be integers. Consider the problem of estimating ¢, given
observation of a random object O. For instance, the object could be the
degree of vertex 7 in G, or it could be the set of children of 7 in G, or it

could be the entire graph. We have two hypotheses about the label Z,:

H12€7—21
H()ZET:O

The prior probabilities are m; = p and my = 1 — p respectively. We seek
to calculate the MAP estimator, which is a decision rule that minimize the
average error probability, p. = mipe1 + Topeo, Where p, is the conditional
probability of error given H, is true.

For binary hypothesis testing, the MAP estimator can be expressed in
terms of thresholding either the log-belief ratio & or the log-likelihood ratio
A:

Tvap = Lig=0y = Liasin(mo/m)}
P{H,|O O|H
¢ W PULIO) | p(OlH)
P{H,|O} p(O|Ho)
Algorithm C The first recovery algorithm we describe, Algorithm C (“C”
for “children”), is to let O denote the set of children, o1 = {t1,...,t,},

of vertex 7 in Gp. This is equivalent to observing of Y|, 7). Given ot =
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{t1,..  tp}with7+1<t; <+ <t, <T,let yfoT] denote the corresponding
degree evolution sample path: y’™ = m + |01 N [7,t]| for T <t < T.
Proposition 2 allows us to approximate the probability of observing a sam-

ple path of Y with the probability of observing the same sample path of Y.

P(aT = {tlu s 7tn}) = P<}/[T,T] = yF‘/‘:T])
~ P(Yirm) = yiir)

H (1 yt 19*) yt .0,
N\or t—1 teor t—1

te[t+1,T

so the log-likelihood ratio for observation 37[71] = y[&: 7] is

* T 09 or 0
AC —nlne——i- Z In (1——‘%_1 1) —1In (1__,%_1 0)
05 o t—1 t—1

te[t+1,T

Algorithm C for estimating ¢, is to perform the likelihood ratio test using
A, Using the approximation In(1 + s) = s and approximating the sum by

an integral, we find

T  oT
AC x ’th’lﬁ - (91 90) el =—dt
0o .t
th
=nln——(0; -0 mIn(T/T) In(7'/t) 3.1
0 0)( 7/ + 3 /) (31)

Algorithm C is similar to performing hypothesis testing based on O =
Zo 5, where 5 = In(T'/7). Let f5(p, 601,00, m,5) denote the resulting average
error probability p.. This quantity is estimated Section 3.2.

Algorithm DT The second recovery algorithm we describe, Algorithm DT
(“DT” for “degree thresholding”), is to let O denote the number of children
of vertex 7 in Gr. Equivalently, O denotes the observation of Y.

Here too, using Proposition 3, we approximate the distribution of Y7 by
that of Y7, which has the negbinom (m, (7/T)%) distribution under H, for
v € {0, 1}. The log-likelihood ratio in this case, given the number of children
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is n, is

01
APT = Z(8y — 0y) In(T/7) + (n— m) In <%)
Algorithm DT for estimating ¢, is to perform the likelihood ratio test using
APT or in other words, the MAP decision rule based on © = Yz. This is
similar to performing hypothesis testing based on O = Zs, where § = In(7'/7)
(because Yy = Z5). Let f27(p, 61,60, m, 5) denote the resulting average error
probability p.. It is clear that we expect f£T > f¢, as Algorithm C is based

on more information.

3.2 Hypothesis testing for Z

We consider here the binary hypothesis testing problem based on observation
of Zjon(r/r)] such that under H, it has rate parameter ¥ = 6, for v € {0, 1}.
To this end, we derive the likelihood ratio.

Suppose {s1,...,5,} < (0,5] such that 0 < s; <--- < s, and § = InT/7.
Since the inter-jump periods are independent (exponential) random variables,
the likelihood of s1, ..., s, being the jump times during [0, §] under hypoth-
esis H,, is the product of the likelihoods of the observed inter-jump periods,
with an additional factor of the likelihood of not seeing a jump in the last

interval:

n—1
<1_[ 91} (m + i)e_ev(m+i)(si+1_si)> e—ev(n-‘rm)(@—sn)
1=0

Thus, the log-likelihood ratio for observing this is (letting so = 0):

AZ = nln % (61 — 0o) (ms + Z(E - si)> (3.2)

(With s; = In(¢;/7), (3.2) is the same as (3.1), although in (3.1) the variables
t; are supposed to be integer valued.) Let A; = (ms+ > (5—s;)). Note
that Ag is the area under the trajectory of Zjp 5. Moreover, n + m is the

value of Zz. So the log-likelihood ratio is given by

A = (Zs —m) an—; — (A) (01 — 6p) (3.3)
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which is a linear combination of Z5;—m and Aj. Thus, the MAP decision rule
has a simple form. Let f5(p, 01,00, m, 3) denote the average error probability
pe for the M AP decision rule based on observation of Z 4.

There is apparently no closed-form expression for the distribution of A%,
so computation of f5(p, 01,0, m, 5) requires Monte Carlo simulation or some
other numerical method. A closed-form expression for the moment generating
function of AZ is given in the following proposition, which can be used to

bound the probability of error. The proof of Proposition 6 is given in [13].

Proposition 6. The joint moment generating function of Zs and A, is given
as follows, where Ey ,,, [-] denotes expectation assuming the parameters of Z

are A\, m :

¢>\,m(u, v, 3) = EA,m [€UZs+vAS]

e(v—)\)s+u m
— 3.4
L4 22 (1 o) (3:4)

v

Proposition 6 can be used to bound p, as follows. By a standard result in
the theory of binary hypothesis testing, the probability of error for the MAP

decision rule is bounded by

TIT0py < Pe < A/T1T0PB (3.5)

where the Bhattacharyya coefficient (or Hellinger integral) pp is defined by
pp =E [eA/ 2 ‘H 0] , and 7, and 7 are the prior probabilities on the hypotheses.

The proposition with A = 0y, u = %111(91/00), v = —91590, and s = s yields

pB,c = Exm [eu(zrm)HAs] = Uy m(u,v,s)e”™

o~ (01+00)5/2 "
S\ - 206 (1 — e~(O1+00)5/2)

01+6o

Here we wrote pp ¢ to denote it as the Bhattacharyya coefficient for Algo-
rithm C (for the large 7" limit). Using this expression in (3.5) provides upper
and lower bounds on p, = f5(p, 61,0y, m, 5).

For the sake of comparison, we note that the Bhattacharyya coefficient

for the hypothesis testing problem based on }V/T alone, i.e. Algorithm DT, is
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easily found to be

o= (01+00)5/2 "
PR =\ T2 ety (1 o 0os)
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CHAPTER 4

MESSAGE PASSING

In this chapter, we describe how Algorithm C (the MAP rule given children)
can be extended to a message passing algorithm. The message passing algo-
rithm performs better than Algorithm C in recovering the labels of a graph
with a single community with outliers, as each vertex takes into account more
information than just its set of children. Further, message passing allows
us to recover planted communities in graphs with equal-sized communities,

which is impossible via Algorithms C and DT.

4.1 Overview

In Algorithm C, it was assumed that there was no prior information about
the labels of any of the vertices. Here, information about a vertex label
means a distribution of the vertex label that is not the prior distribution
(this includes knowing the vertex label exactly). Message passing extends
Algorithm C to take into account information about the children’s labels.
In addition, it takes into account any information about the parents’ labels.
Intuitively, having more information about one’s neighbors’ labels allows one
to compute a better estimate of one’s own label, as they are correlated.

In Chapter 3, we showed that Algorithm C gives some information about
a vertex’s label. If this information is passed on to the vertex’s parent (as a
message), the parent can form a better estimate of its own label. Messages
from one vertex to another are posterior distributions of the sender’s vertex
label (or equivalent information). In effect, the parent vertex observes the
graph up to a depth of two. Upon iterating, each vertex sees a larger portion
of the graph at every step, ultimately observing the whole graph. In the
rest of this chapter, we make the above notions precise. We discuss what

the messages mean, how they are computed and sent from one vertex to the
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other, and make clear why indeed the extra information is useful for better
inference.

We describe the algorithm for the case of two possible labels for a general
2 x 2 matrix 8 with positive entries, and fixed m > 1. The algorithm can
be extended for the case of more than two communities, as shown in [13].
For binary valued random variables, distributions can be inferred from log-
likelihood ratios, which is a compact representation (a scalar instead of a
two-dimensional vector). Thus, all messages are represented here as log-
likelihood ratios.

In general, a message passing algorithm on any graph is an iterative algo-
rithm where vertices in the graph send “messages” to their neighbors based
on messages that they receive in the previous iteration. Specific to the appli-
cation at hand, messages are ascribed a certain meaning, and are computed
accordingly. Message passing algorithms are generally used to solve infer-
ence problems in a factor graph (or more generally, a probabilistic graphical
model) (see, e.g., [15]). A factor graph is a graphical representation of the
joint distribution of multiple random variables, that takes into account the
dependence (and conditional independence) conditions among the random
variables. The advantage of this representation is that the marginal distri-
bution (or marginal conditional distribution) of any random variable can be
computed efficiently via a particular form of message passing called belief
propagation. In belief propagation, the messages in every iteration can be
thought of as a particular distribution.

For community detection, the message passing algorithm is similar to
belief propagation, except for the fact that one does not construct a fac-
tor graph. The algorithm is run on the given graph itself, as the depen-
dence/independence conditions are well represented by the given graph. In
the rest of this section, we state and then derive a principled message passing
algorithm for inferring the label of each vertex, given the graph. Throughout
the remainder of this section, let (V, E) be a fixed instance of the random
graph, (Vr, Er), with two communities and known parameters m, 3, p, t,, Gy,,
and T'. The message passing algorithm is run on this graph, with the aim of

calculating A, for 1 < 7 < T, where for each 7, A, is a log-likelihood ratio:

P{E; = E|(, =1}

A, =1
T U P(Er = Ell, = 0}

(4.1)
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Then we can calculate the maximum likelihood (ML) and maximum a pos-
teriori probability (MAP) estimators of the label of a vertex T as prescribed
in Chapter 3. This estimator gives us the smallest probability of error in

inferring each vertex.

Remark 3. Note that this does not give us an estimator that gives us the
smallest error of getting the entire set of vertices correct. See [2] for a detailed

discussion on the best estimators for exact recovery versus partial recovery.

4.2 Algorithm

A complete specification of a message passing algorithm includes specification

of the following elements:
1. initial messages

2. mappings from messages received at a vertex to messages sent by the

vertex
3. timing of message passing and termination criterion

4. mappings from messages received at a vertex to the output log-likelihood

vector of the vertex

In this section, we specify the equations for elements (1), (2), and (4). A
discussion on element (3) is given in the chapter on simulations (Chapter 5).
To specify these equations, we need the following notation. Given vertices 7
and 79, we say 7 is a child of 7y, and 7y is a parent of 7, if 7 = max{r,t,} +1,
and there is an edge from 7 to 7. It is assumed that the known initial graph
G, is arbitrary, i.e., they are not placed according to particular model. Thus,
for the inference problem at hand, the edges in G, are not relevant beyond
the degrees that they imply for the vertices in Gy, .

Let 07 denote the children of 7 in G and g7 the parents of 7. So p7 = &
if 7 <t,and dr < {t, +1,...,T}. Let v,_,,, denote a message passed from

child to parent, and pi,,—., denote a message passed from parent to child.
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The functions g : R — R and ¢* : R — R are defined as follows (here

cp” denotes child to parent, and “pc” denotes parent to child):

e’pbi1+ (1— 0)901) th
P(y) = In —In— forreR
g7 W) <€”p910+( — )0 o
e'pbiy+ (1—p)oio )
pe = 1In for ueR
(1) <eup901+<1 2 for

where 0,,,, and 6, are defined in Section 2.2.
For convenience, we repeat the expression in (3.1) for the log-likelihood

ratio based on observation of children, for any vertex 7:

= |o7| ln% + (61 — o) (do( TV Z In —> (4.2)

teor

where T v t, = max{T,t,} and do(7) is the initial degree of vertex 7, defined
to be the degree of 7 in G, if 7 < ¢, and do(7) = m otherwise. This slight
modification from (3.1) takes into account the fact that an initial vertex’s
degree growth process starts effectively at time t,, and such a vertex can
have arbitrary initial degree, not necessarily m.

The message passing equations are given as follows:

Vi = A+ 25970+ D 9 () (4.3)
teoT T1€EPT\{70}
C; C 9
o = AL T D1 9T+ Dy 0 () —In gt (44)
tedro\{7} T1EPTO 0
Ar =24 Y 0P () + Y 9 () (4.5)
teor TOEPT

with the initial conditions:

N (1.6

The message passing equations are written as if there are no parallel edges

n (V, E). While the fraction of edges that are parallel to other edges will be
small for large T', they are permitted. The convention used in the message
passing algorithm is that dr and p7 are to be considered as multisets, so

that if a vertex appears with some multiplicity in one of those sets, then the

corresponding term in the summations will be appearing the corresponding
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number of times. The initial conditions given by (4.15) are chosen to mimic
the scenario of Algorithm C, where no messages are received.

Essentially, each vertex assimilates all the incoming messages to form an
estimate of its own log-likelihood ratio. It then passes this quantity to all
of its neighbors (with a small modification), so that they may use this in-
formation in their own likelihood calculations. The modification is to not
include information gained from one neighbor in the message being sent to
that neighbor. This form of the messages appears naturally in deriving the
messages assuming the graph is a tree, and is a useful heuristic even in loopy

message passing.

4.3  Derivation

Instead of deriving the message passing algorithms as stated above, we shall
state and derive them in a slightly different form. The advantage of this
alternative form is that the derivation becomes much more intuitive. The
only price we pay is that of additional notation. Following the derivation,
we show how the alternate form of the messages is equivalent to the original
form presented in equations (4.3) - (4.5).

In what follows, message passing equations are stated and derived for the
special case m = 1, with the initial graph G;, consisting of a single vertex
(i.e. t, = 1) with a self-loop. In that case, the graph (V, E) is a tree (ignoring
any self-loops among the initial vertices) so the message passing algorithm
is conceptually simpler. Equations (4.3) - (4.5) for any finite m > 1 are
simply taken to have the same form as for m = 1 on the grounds that loopy
message passing is obtained by using the same equations as for message
passing without loops.

A second major difference from the equations given in Section 4.2 is that
here, the messages are vectors in R?, rather than scalar quantities. This is
because the earlier set of messages were interpreted as log-likelihood ratios,

while here, the messages are simply log-likelihoods.
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4.3.1 Alternate form

Let the notation of 07, p7 be the same as before. We abuse notation by

redefining certain quantities differently than before as follows:

HU’U

gP(v)(v) =1In Z e’Wp, (9, for v e R" (4.7)
ug(r] v
c (v) 0“7” r
g"(p)(u) = In Z e p, 7 for pe R (4.8)
ve(r] v

c . TV t, t
A7 (v) =|oT|Inb, + 0, (do(T) In 7t teza;hl T) (4.9)

The new message passing iterative equations are given by

Vricarg = A0+ ) iy (4.10)
teor
Hrg—r = )‘76-; + Z Vtosry + Firy (4.11)
tedro\{7}
Urary = 97 (Vo) (4.12)
firg—r = g"(Hrg—r) (4.13)
Ar =X+ > Dy + flirgr (4.14)

teor

with the initial conditions:
Ursrg =0 figgmr =0 (4.15)
or equivalently

Vroarg = AS figyr = A (4.16)

T

Note that the above are vector equations; they are to be interpreted as per-
forming the same operation component-wise.
The initial conditions are chosen such that the initial value of A, = \¢.

That is, the first step of message passing is equivalent to performing Algo-

rithm C.
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4.3.2 Derivation of alternate form

Conceptually, we view the entire graph as the collection of children sets of
different vertices. As before, 07 denotes the children set of 7. 07 is a random
quantity, while 07 = {t1,...,t,} is an event. Let D, denote the set of all
descendants of 7 in the given graph. This includes the observation that
Ot = {t1,...,tn}, 0ty = {t11,...,t1n,}, and so on. The entire graph is thus
represented by D;.

To derive the above recursion, we first define the quantities v, i, 7, ji, A to
be appropriate log-likelihoods. Equations (4.10) - (4.14) then follow from the
relation among these log-likelihood quantities.

The aim of message passing is to calculate the log-likelihood ratio of each

vertex’s label upon observing the whole graph. Thus, we define A, as
A (v) = InP{D|l, = v} (4.17)
Using the following identity:

P{D\|0, = v} = P{D\D,|t; = v} P{D, |, = v}
= P{DI\DTMT = U}P{aﬂfr = U} H IED{Dt’g‘r =0, 57—}

teor
and the definitions:
firg—r(v) = InP{D\D,|l; = v} (4.18)
Viyr (V) 2 InP{Dy|l; = v, 07} (4.19)

we get

AT = )‘9 + Z ﬁt—w— + ﬁ’ro—n'

teor

which is (4.14).
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An expression for 7;_,, is obtained as follows:

=) — PAD |, = v, 07}
= Y. PADl; = v, b, = u, 07} P{, = u|oT, L, = v}

uelr]
P{oT|l; = v, b, = u} P{l; = u|l, = v}
= Y P{Dy|t, = u} =
ot P{or|t,; = v}
9“7)
= Z P{D:|l: = u} 97 Pu (4.20)
u€lr] v
Define v,_,, as
Vir(u) = InP{Dy|l; = u} (4.21)

Plugging this definition into (4.20), we obtain (4.12):

~ 1Z u QUU
Vir(v) =1In Z gVl )Q—’pu
u€(r] v

From the definition of v;_,., and the following identity:

P{D,|t, = v} = P{or]t; = v} | [P{D|(; = v, 07}

teoT

we get (4.10):

C ~
Vi sy = )\7_ + Z Vi_sr
teor

Next, we derive an expression for fi,,_,,, i.e., (4.13).
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We know that

P{D\D.|t; = v} = > P{D\D.|l; = v, by, = '} P{Ls, = v}

P {Dl\D’T|€T =, 87-0 = ’UI} Qv/ 01}71}/
- Z 91} v’ 91}’ o

,U/
- Z ehro—r (V) Oo,vr
v’ ev/

! 01} v’
= finr(v) = In (2 ), O ) (4.22)

/

P!

(%

In deriving (4.22), we have used the following definition of ji,_,.:

In P{D\D,|t; =v,l;, ="} 0y

4.2
i (4.23)

Hrg—r (Ul) =

For this definition to be precise, we need to show that
P{D1\D-|t;=v,07,=v'}0
0, o

v,

we derive an expression for ji-,_,,.

v/

is independent of v. This is shown below. In parallel,

P{D\D,|l; = v,{,, ="}
=P{Di\Dr|t: = v, lry =V} P{D\D;[lr = v, by, = v'}
= P{D\D,|l; = v, l,, =V} P{O70|l; = v, L,y ="}
x || P{Du|tz, = 07} (4.24)

t’E@T()\{T()}

We know:

P{D\D,,|[l; = v,y = 0"} = P{D\Dy, |ls, = v} = Pri=r®)
P {07o|l; = v, L, = V'} Oy
Oy

P{Dy|t,, = v, 0m0} = "=

= P{0rg|lr, = v/} = &

Combining these into (4.24), we get:

0.,
P{D\D,|l; = v,{, =V} ——

Q’U’v, — eﬁ“rl—’T (v/)e)‘go H eﬂt’ﬂ‘ro (’U’) (425)

tleaTo\{To}
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Taking the logarithm of (4.25), we get

,LLT()HT = )\g) + /jTl—)T + Z ;t’HTO ('U/>
t’eaTo\{To}

which is (4.11). This completes the derivation of (4.10) - (4.14).

4.3.3 Deriving the original message passing equations

To get the scalar message passing Equations (4.3) - (4.5), we subtract the
second component of the vector equations from the first component. This
operation indicates that we are working with log-likelihood ratios, instead

of log-likelihoods. In particular, the following quantities are now interpreted

as:
P{D\|(, =1}
A=In—=>"T ~7 4.2
"= NP {Dy|l, = 0} (4:26)
P{D.|¢, =1}
o=ln—— ) 4.2
Vr 0 HP{DT|€T:O} ( 7)
P{D\D. |0, = 0,05, = 1} 61 6y (128)

TO—>T 1 —
Hro " P{D\D,|l, = 0,0, =0} 0 0o,

The quantities i, U are done away with, by substituting (4.12) and (4.13)
in (4.10) and (4.11).
Lastly, we sightly modify the definition of u:

P{D\D, |6, = 0,0r, = 1} o
P{DI\DTMT = Oag‘l'o = O} 90:1

fry—r = 1N (4.29)

This modification is to let p be as close as possible to a log-likelihood ratio,
without depending upon the label of 7 (one could condition on ¢, = 1 as
well). This modification leads to a slight modification of ¢gP°, and the adding
of the term In z—é in (4.4).

4.4  Derivation discussion

The aim of message passing is to calculate A, (as defined in (4.1)) for every

vertex 7. However, it is computationally hard to compute A, exactly, even
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for the case m = 1. On making some assumptions about the distribution
of the graph and about conditional dependencies, the computation becomes
more efficient. These assumptions do not hold for any finite-sized graph, but
they are good approximations for large graphs.

Conceptually, we view the entire graph as being generated by a set of
degree-growth processes. The initial vertex start their degree-growth pro-
cesses at time t,. Thereafter, every vertex that arrives starts its own degree-
growth process, depending only on its label, but independent of other pro-
cesses. This point of view allows us to make some principled assumptions
that follow.

e Distribution of 07: We assume that the distribution of a children set

is according to the law of the process Y:

0
t t
P{oT = {t1,...,t,}|t; = v} =nlO) (T; ° x | |?>

teoT

Accordingly, given the children set 07, the log-likelihood ratio of the

vertex label is given by A\,

¢ Dependence of 07 on other labels: We assume that the distribution
of the children set depends on the labels of only those vertices in the

children set, i.e.:

P{oT = {t1,... . to}|lr = v, 0y = u}
{ P{or = {t1,. .., tn}[ls = v} 0% /07 if 7 €07

P{or = {t1,.... t,}|l; = v} if ' ¢ ot

This implies that the posterior distribution of ¢, given ¢, and 07 is

given by:

P{or|t; = v, 0 = u}P{l, = u|l, = v}
P{or|t; = v}

B 0“9“% if 7' eor

a { pu if 7' ¢ 0T

P{l,; =ull; =v,01} =

e Dependence of one children set on another: Given the labels

of two vertices 7,7y, the distribution of d7; is independent of O7s.
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However, if one (or both) of the labels are not known, dm, may convey
information on 07y (and vice versa). The exact dependence is seen via

an appropriate use of Bayes’ rule and the two points given above.

36



CHAPTER 5

SIMULATIONS

In this chapter, we present numerical results of the algorithms described in
Chapters 3 and 4. For graphs with a single community with outliers, we run

the following algorithms:
e Degree Thresholding (DT)

e Maximum Likelihood based on children (abbreviated as “Children” or

C)
e Message Passing (MP)

For the case of two communities, we present simulation results of message
passing alone. In this case, the algorithm requires initialization with the

labels of few of the vertices. This aspect is also discussed.

5.1 Single community with outliers

We simulate the case of a single community with outliers with the following

parameters:
e T = 10,000
4 1
[ ) =
e m=>5
e p=(0.5,0.5)

The values of 0 for these parameters are: (6; = 0.61, 6, = 0.37).
For each of the algorithms DT, C and MP, we display the probability of

error in recovering the label of vertex 7, P.(7), as a function of 7 (see Figures
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5.1, 5.2 and 5.3 respectively). Each plot is an average over 1000 random
graphs. From the analysis of Chapters 3 and 4, we expect that this quantity
would depend only on 7/T; hence, we scale the axis accordingly. We also
plot the probability of error of type 1 and type 0 (as discussed in Chapter
3) for each of the algorithms. Finally, we compare these three algorithms in

Figure 5.4, from which we see two trends:

e Algorithm C performs significantly better than Algorithm DT for ver-
tices that arrived earlier 7/7" < 0.1. This is expected because Algorithm
C uses more information than Algorithm DT. For vertices that arrived
later, the degree growth process (effectively, the Z — process) does not

run long enough to extract extra information.

e Algorithm MP performs much better than Algorithm C for vertices
that arrived later 7/7" > 0.1. This is because the extra information
provided by the parent’s label is very useful when the duration of the

degree-growth process is short.
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Figure 5.1: Performance of Algorithm DT
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Figure 5.3: Performance of Algorithm MP
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Comparison of algorithms
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Figure 5.4: Comparison of different community detection algorithms

5.2 Two equal-sized communities

The case of two equal-sized communities poses an interesting case, as nei-
ther Algorithm C nor DT gives any information. This is because the degree
growth process of every vertex has identical distribution, irrespective of their
label. If we run the message passing algorithm with the initialization pro-
posed above, we do not get any information about the communities either.
This is because message passing builds upon information provided by Algo-
rithm C.

One method to overcome this problem is to initialize message passing with
the labels of a few of the vertices. This is known as semi-supervised learning,
where the labels of some samples are known, but is unknown for most of the
others. It is useful to initialize with the labels of the first few vertices. Since
these vertices are likely to have very high degrees, the information about
their label propagates to many vertices quickly. In subsequent iterations, the
effect of this initial seed reduces, as every application of the function g(-)
reduces the magnitude of the messages. Owing to the nature of the graph,
most vertices are within a small distance from the initial vertices, and hence
are affected by the seed.

In simulations, we find that initializing with 10 vertices work well. How-

ever, it is possible that a large fraction of these vertices are of a single type
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(say 8/10 are of type 1). In this case, we introduce a balancing factor to
reduce the intensity of the messages of the dominant type. This ensures
convergence to a solution with roughly equal number of labels of each type.

The simulations shown in Figure 5.5 are for the following parameters:

e T = 10,000

4 1
(1)
e m=>5

e p=(0.505)

0.08 |

0.06 |

0.04 |

Probability of Error

0.02

0.00
10* 1073

Figure 5.5: Performance of message passing in recovering two equal-sized
communities. The performance plot of 100 random graphs are shown, and
the average performance is depicted by the bold blue curve.

From Figure 5.5, we observe that message passing successfully recovers all
the first 100 vertex labels 98% of the time, and on average, makes an error
on 5%.
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CHAPTER 6

CONCLUSION

In this thesis, we have presented a study of community detection in preferen-
tial attachment graphs. This study of a popular statistical problem on a new
model proved to be an exciting area of research, as it provided a fertile ground
for many new ideas, and also brought together interesting concepts from the
SBM and the PA model. The random graph model was introduced, and
some basic properties were examined. The degree-growth process, a novel
viewpoint of tracking the time-evolution of the graph, was presented and a
precise asymptotic characterization of the process was given. This analysis
was then used to develop a hypothesis testing based algorithm for commu-
nity recovery, for which an upper bound on the probability of error was given.
The principles behind this algorithm were then extended to develop a mes-
sage passing algorithm that runs on the graph to be clustered. The message
passing algorithm was shown to have better performance for recovering a
single planted community, and also gave a method to recover two equal-sized
planted communities. These points were illustrated by simulations.

The thesis does not give a theoretical performance guarantee for the mes-
sage passing algorithm. This remains an open question. The thesis also does
not examine other algorithms for community detection, like SDP relaxations
or spectral methods. We hope this shall be studied in the future. Finally, it
is important to study when community recovery is and is not information-

theoretically feasible.
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