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ABSTRACT

Clustering graph-based data is a core problem in contemporary data science. In par-
ticular, as data sets grow in size and dimension, efficient algorithms are needed that can
go beyond the O(n?) run time of classical algorithms such as spectral clustering. In this
dissertation we propose a new paradigm that rephrases the problem of finding clusters in
graphs as a compressive sensing problem. This enables us to use fast algorithms originally
developed for sparse recovery (in particular, greedy algorithms such as Orthogonal Matching
Pursuit or Subspace Pursuit) for the clustering problem. We propose two new algorithms,
and several variations thereof, in this paradigm, which we deem “Cluster Pursuit” algo-
rithms. In particular, SingleClusterPursuit takes a small set of seed vertices and returns
a good cluster containing them in O(d.xnlog(n)) time, where dy.y is the maximum vertex
degree of the graph, while DynamicClusterPursuit efficiently updates an existing cluster
in an evolving network. We further prove that SingleClusterPursuit is able to recover a
large fraction of a given cluster for graphs drawn from a well-known probabilistic model of

graphs with communities, namely the stochastic block model.

In an additional chapter, we study the related problem of turning Euclidean data into

graph data, so that graph-based clustering algorithms such as those discussed above can



be used. We analyze the use of power weighted shortest path distances to measure the dis-
tance between such data points, and show that this can lead to significant improvements in
classification accuracy on both real and synthetic data sets.

INDEX WORDS: Spectral Graph Theory, Random Graph Theory, Compressive Sensing,
Semi-supervised Learning, Unsupervised Learning, Clustering, Path
Distances, Manifold Hypothesis
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW OF THIS DISSERTATION

The structure of this dissertation is as follows. In this Chapter (i.e. Chapter 1) we collect
some preliminary material, which is likely well-known to experts. In particular, we discuss
basic notions from random graph theory, spectral graph theory and compressive sensing.
We also survey the literature on various clustering problems for graphs, and highlight recent

progress made in the theory of clustering for the stochastic block model.

In Chapter 2 we introduce the idea of clustering as a compressive sensing problem, and
present the main algorithmic contribution of this work, namely the SingleClusterPursuit
algorithm. In Chapter 3 we present the DynamicClusterPursuit algorithm, which uses
similar ideas to track the evolution of a cluster in a network which is changing with time.
Finally, in Chapter 4 we discuss some work on the problem of creating an auxiliary graph,
G, from a Euclidean data set, X C R so that graph-based clustering algorithms can be

used on G in order to cluster X.

1.2 GRAPHS

In this dissertation we shall mostly restrict our attention to simple and undirected graphs

G with vertex set V' and edge set E. There are two exceptions to this: in Chapter |3| we

q

consider dynamic graphs while in §4.4| we briefly consider directed graphs. In all cases our

graphs will be finite, hence we shall identify the vertex set V' with [n] := {1,...,n} and



denote an edge between vertices i and j as {i,j}. A shall denote the adjacency matrix of
G, defined as A;; = 1 if {i,j} € E and A;; = 0 otherwise. We shall allow our graphs to
have non-negatively weighted edges, in which case A;; > 0 will denote the weight of the edge
{i,j}. By convention, an edge weight of zero is the same as not having that particular edge.
By d; we mean the degree of the i-th vertex, computed as d; = Zj A;;. By vol(S), for any

S C V we mean the sum of degrees of all vertices in S, i.e. vol(S) = > .o d;. For quantities

i€S
such as d; (and later \; and ;) that are indexed by i € [n], let dp.x := max; d; and similarly

dpin = min; d;. Denote by D the diagonal matrix whose (7,7) entry is d;.

Definition 1.2.1 (Laplacians of graphs). The normalized, random walk Laplacian is defined
as L = I — D7'A. We shall simply refer to it as the Laplacian. The normalized, symmetric
Laplacian is: L%™ := ] — D=Y/2AD~'/2. The unnormalized Laplacian, sometimes called the

combinatorial Laplacian, is L™ = D — A.

Also related is the random walk transition probability matriz P = AD™!, to be explored

further in Theorem We note that the spectra of L, L™ and P are related:

Lemma 1.2.2. For any matriz B with real eigenvalues let N\;(B) denote the i-th smallest

eigenvalue, counted with multiplicity. Then X\;(L) = N\;(L*¥™) and \,—;(P) =1 — \;(L)

Proof. Observe that L = D~Y/2L¥™DY2 hence L and L®™ have the same spectrum. Simi-
larly P = D'Y/2 (I — L®™) D=2 hence P and I — L™ have the same spectrum. Thus if X is
the i-th smallest eigenvalue of L™™ it is the i-th largest (and hence the (n — i)-th smallest)

eigenvalue of I — L™, O]

For any S C V, we denote by Gg the induced sub-graph with vertices S and edges all
{i,j} € Ewithi,j € S. By Ag, (resp. Lg, and Pg,) we shall mean the adjacency matrix
(resp. Laplacian or transition probability matrix) of the graph Gs. Note that while Ag, is
a submatrix of A, Lg, and Pg, are not submatrices of L and P (the factor of D™! gets in

the way). Let us now give an admittedly vague definition of a cluster:



Definition 1.2.3. A cluster in a graph G is any subset of vertices C' C V' such that there

are many edges between vertices in C' and few edges between C' and V' '\ C.

Clusters are also frequently referred to as communities, particularly when the graph
in question is derived from a social network. We shall say that a partition of V', namely
C ={C,...,C}, is a clustering of V if each C, forms a cluster. We do not claim that there
is a unique clustering for any given graph. Throughout this dissertation we shall reserve

the letter “k” to denote the number of clusters in a graph and “n” for the number of vertices.

There are many measures of “goodness” of cluster. In Definition [1.2.4] we collect several
such measures. Before doing so, let us introduce the notation E(S,S2) to denote the set of
all edges between two sets Sy, 5, C V. If G is a weighted graph, E(S],S2) will denote the
sum of the weights of all edges between S; and Sy: E(S;,52) = Z Ajj.

1€851,J€S2
{i,j}cE

Definition 1.2.4. Let C C V be a cluster of G:

1. The cut of C is defined as E(C,V '\ C).
E(C,V\(C)
leliavel
E(C,V\C)
vol(C)vol(V '\ C)
E(C,V\C)
vol(C)

2. The ratio cut of C' is defined as

3. The normalized cut of C' is defined as

4. The conductance of C' is defined as

where for any finite set S, by |S| we mean its cardinality. There are also measures, for
example modularity, that refer to a baseline model of random graphs without clusters, such
as the Erdds - Renyi model to be introduced in the next section. We remark that optimizing
different quantities selects different types of clusters. For example, minimizing ratio cut or
normalized cut yields balanced clusters, where |C| ~ |V \ C| while minimizing conductance
yields smaller, tighter clusters. One can easily extend some of these measures to reflect the

goodness of a clustering, C:



Definition 1.2.5. Let C be a clustering of G:

k
) ) 1
1. The ratio cut of C is defined as 3 Z

a=1

E(C,,V\ C,)
Cal

k
2. The normalized cut of C is defined as lz w
2= vol(C,)

1.2.1 RANDOM GRAPHS

Before proceeding, it is useful to establish two probabilistic models of graphs. Technically, a
probabilistic model is a probability distribution, u, on the set of all graphs on n vertices, with
respect to which graphs are sampled. As the graphs in question all have the same vertex
set, what p really indicates is which edges to include. So, we shall follow the convention,
typical in the literature, of not specifying p explicitly, but rather specifying the probability

of including each potential edge {7, j} in a graph drawn from a particular model.

Definition 1.2.6. We say G = (V, E) is drawn from the Erdés - Renyi model on n vertices
with parameter p (written G ~ ER(n,p)) if V = [n] and P[{i,j} € E] = p for ¢,5 € V, with

all such probabilities being independent.

If G ~ ER(n, p) we shall frequently abuse terminology slightly and refer to G as “an Erdds
- Renyi graph”. Such graphs are extremely homogeneous in the sense that for any subset
S C V the number of edges between S and V'\ S is almost always close to its expected value,
p|S||[V '\ S]|. As such, Erdés - Renyi graphs are very unlikely to contain clusters. In order to
benchmark the performance of clustering algorithms (as well as to guide their development)

it is useful to have a probabilistic model of graphs with clusters.

Definition 1.2.7. Let n = (n,...,n;) be a vector of positive integers, and let P be a
k x k symmetric matrix with P,, € [0, 1] for all a,b. We say a graph G = (V, E) is drawn
from the Stochastic Block Model (written G ~ SBM(n, P)) if there exists a partition V =
C1UCy...UCy with |C,| = n, such that any vertices ¢ € C, and j € C}, are connected by

an edge with probability P,,, and all edges are inserted independently.



The first usage of the term “Stochastic Block Model” is usually attributed to Holland et
al. [49] although there are certainly earlier instances of researchers studying similar models
of graphs with planted clusters. For a thorough and modern overview, we recommend [2].
We remark that in [2] and elsewhere, a slightly more general definition is given where it
is only required that the expected value of |C,| is n,, but the above shall suffice for our
purposes. In we discuss recent work characterizing the values of the parameters p and

q for which the clusters are recoverable given a single G ~ SBM(n, P).

In the special case where all the n, are equal, P,, = p for all a and P,;, = ¢ for all
a # b we say that G is drawn from the Symmetric Stochastic Block Model, and write G ~

SSBM(n, k, p, q). In this case the clusters are all of size ng := n/k.
Definition 1.2.8. For any two functions f(n) and g(n) we say that:

o f(n) = O(g(n)) if there exists constants C' and K such that for all n > K we have

f(n) < Cg(n).

e f(n) =o0(g(n)) if for every € > 0 there exists a constant K such that for all n > K we

have |f(n)| < eg(n).

Alternatively, observe that f(n) = o(g(n)) if and only if the ratio f(n)/g(n) goes to zero
as n — o0o. In this dissertation we shall frequently use o(1) to denote a quantity that goes

to zero as n — oo. By O(1) we shall denote a quantity which is eventually bounded.

Definition 1.2.9. If a certain property holds for graphs drawn from any probabilistic model
of graph on n vertices with probability 1—o(1), we say that this property holds almost surely,

or a.s. |I|

ITechnically, what we mean here is that the property in question holds asymptotically almost
surely, or a.a.s. We adopt a slight abuse of terminology, common in the random graph theory
literature, in referring to this phenomenon without the word “asymptotically”.



Determining which properties hold almost surely is one of primary interest in the study
of random graphs. It frequently turns out that there is a “threshold phenomenon” whereby
if a parameter (for example, p in the Erdés - Rényi model) is above a certain value then a
property holds almost surely, but if it is below this value then the property does not hold,
almost surely. For example, graphs drawn from ER(n,p) are connected, almost surely, if
p = clog(n)/n with ¢ > 1 and have two or more components, almost surely, if ¢ < 1. In
§2.2| we exploit such phenomena to ensure that the degrees and eigenvalues of Erdés - Renyi

graphs are suitably concentrated near their expected value.

1.2.2 SPECTRAL GRAPH THEORY

Spectral graph theory refers to the study of a graph G via the eigenvalues and eigenvectors
of a matrix associated to G, typically the adjacency matrix A or one of the Laplacian
matrices described in Definition [1.2.1] A good reference is [24]. Of primary interest to us is

the following theorem:

Theorem 1.2.10. Let CY,...,C} denote the connected components of a graph G. Then the
cluster indicator vectors 1c,,...,1¢, are all eigenvectors of L associated to the eigenvalue

0. Equivalently, 1¢,,...,1¢, is a basis for the kernel of L.
Proof. See proposition 4 of [87]. O

To be clear, for any S C V' = [n], the vector 1g € R" is defined as (1g), =1 if i € S and
(1g); = 0 otherwise. Eigenvectors of L are also of practical interest. In fact, finding them
is the key step in the popular spectral clustering family of algorithms (see [78] [73], 87]).
Theorem |[1.2.10] is frequently used in the theoretical justification of the success of such

algorithms 73], 87].

Given a probabilistic model of graphs, such as the two introduced in §1.2.1] it is an

interesting question to determine the distribution of the eigenvalues of L for graphs drawn



from this model. Pursuing this question leads one quickly to deep questions on random

matrices and sums of almost independent random variables. We return to this problem in

2.9

1.3 CLUSTERING ALGORITHMS

We shall refer to the problem of partitioning the vertex set V' of a graph into clusters
C4,...,Cy such that V = U,C, and C, N Cy, = B for all a # b as the partitional clustering
problem. We shall reserve the word “clustering” for a set of clusters C = {C,...,Cy}
satisfying these two properties (i.e. they partition V'). The theory of partitional clustering
is well developed, and there are many different algorithmic approaches to this problem. We
refer the reader to the comprehensive surveys [39 [70, [52] for an overview and historical
perspective. An obvious variation of this problem is to relax the condition that the clusters
be disjoint, i.e. to allow for overlapping clusters. The theory behind this is less developed,

and we refer the reader to [I] for further information.

Arguably the most well-known approach to partitional clustering is spectral clustering,
introduced by Fiedler [37] for the two-cluster case, and popularized for the k cluster case
by the papers of Shi and Malik [78], and Ng, Jordan and Weiss [73]. We refer the interested
reader also to the excellent survey article [87]. Pseudocode for the algorithm of [73] is pre-

sented as Algorithm , while pseudocode for the algorithm of [7§] is presented as Algorithm .

Algorithm 1 Normalized Spectral Clustering according to [73], as presented in [87]

Input: Adjacency matrix A € R™*" number of clusters k.

(1) Computed the (symmetric) normalized Laplacian L¥™ € R™*"

(2) Find the k eigenvectors uy, ..., u; of L™ corresponding to the k smallest eigenvalues.
(3) Let U € R™** be the matrix with columns uy, ..., u.

(4) Let T € R™* be the matrix formed by scaling the rows of U to norm 1. Let r; € R,
for i =1,...,n denote the i-th row of T

(5) Cluster the points {ry,...,r,} C R¥ into k clusters By, ..., By using k-means.
Output: Clusters C1,...,Cy with C, = {i : r; € B,}




Algorithm 2 Normalized Spectral Clustering according to [78], as presented in [87]

Input: Adjacency matrix A € R™*" number of clusters k.
(1) Computed the (random-walk) normalized Laplacian L.

(2) Find the k eigenvectors uy, ..., u; of L™ corresponding to the k smallest eigenvalues.
(3) Let U be the matrix with columns uy, ..., u;. Let r; € R* for i =1,...,n denote the
1-th row of U.

(4) Cluster the points {ry,...,r,} C R¥ into k clusters By, ..., By using k-means.
Output: Clusters C1,...,Cy with C, = {i : r; € B,}

We note that there has also been significant progress, on both the algorithmic and theo-
retical side, on the problem of turning Euclidean data X = {xi,...,x,} C R into graphical
data for the purpose of applying a graph-based clustering algorithm. We explore this issue
further in Chapter [4 but for now let us mention that in [73] it is recommended that from X
a weighted graph is formed with V = [n] and A;; = exp(—||x; — x;||5/0?) for a user specified

parameter o.

1.3.1 CLUSTER EXTRACTION

A more refined clustering problem, as compared to partitional clustering, is the problem
of finding a single cluster, C, given a few representative members, I' C C, which we refer
to as seed vertices. This was first proposed in the computer science literature by Spielman
and Teng [80, R1] under the name local graph clustering. Their motivation was to extend
clustering techniques to graphs, GG, that were too large for conventional partitional clustering
techniques, and as such they were interested in algorithms with complexity scaling at most
linearly in the number of vertices in G. Their proposed algorithm, Nibble, finds a cluster
C in time O(|C|log®(n)/¢*) (here ¢ is the conductance of C' defined in Definition
and is a motivating example of a diffusion based local clustering algorithm. Further example
of such algorithms include PageRank-Nibble [§] and heat kernel based approaches [25 [54]
which we discuss further in



Another related line of inquiry, presented in the statistics literature, is the problem of
cluster extraction. This was motivated in [96] by the task of distinguishing a cluster, C,
in some graph G, from a background of vertices that do not belong in any cluster. This
was further developed in [89], where the algorithm ESSC is proposed. Note that in both the
aforementioned papers the emphasis is on finding significant clusters, i.e. subsets C' C V
with a significant difference between in-cluster and out-of-cluster connectivity, and in par-
ticular ESSC will return the empty set if it determines that no such cluster exists. Moreover,
neither of the two approaches mentioned above requires a set of seed vertices. However, this
additional flexibility is gained at the cost of slower run time, and in practice we have found

both approaches to be unsuitable for large graphs.

A final family of approaches to this problem are the local spectral methods. These pursue
the idea, first expressed by Mahoney, Orecchia and Vishnoi [61], of finding a local analogue
of the second eigenvector of the Laplacian that is so important in spectral clustering. In the
work of Bindel, He, Hopcroft, Kloster, Li and Shi [46], 58|, 59| [79] the approach is to first
subsample a graph Gy C G that has much fewer vertices than G but that is very likely to
contain the cluster C' containing the seed vertices I', and then use spectral-type methods to

extract C from G,.

For consistency, we shall refer to all algorithms mentioned in this section as cluster
extraction algorithms. We emphasize that any cluster extraction algorithm can, in principle,
be iterated to yield a clustering of the entire vertex set V. That is, if one proceeds by
removing all clusters previously found from G and then extracting the next one, one ends
up with a partition of V. On the other hand, not removing already-found clusters allows for
overlapping clusters. Thus cluster extraction generalizes both the partitional and overlapping

clustering problems.
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1.3.2 SEMI-SUPERVISED CLUSTERING

Yet another variant on the classical clustering problem is semi-supervised clustering. In this
set-up it is assumed that the cluster memberships of a small subset of the vertices of G are
known a priori. For consistency with §1.3.1] we shall denote these vertices (the “labeled data”
in the parlance of machine learning) as I' = {I'y, ..., 'y} where I', C C,. Clearly, one would
hope to be able to use this labeled data to achieve a more accurate clustering. Many such
algorithms take a variational approach, whereby a clustering C is sought which minimizes a
function of the form

E(C) = R(C) + F(C)

Here R(-) is a regularizing term, which penalizes partitions that are not smooth—that is,
partitions which place vertices i and j with high affinity (i.e. large value of A;;) into different
clusters. F(+) is a fidelity term which penalizes clusterings that divide a set of labelled data

I', into multiple clusters. Various choices for the precise form of R and F' are possible.

One family of variational semi-supervised clustering algorithms are the MBO-type
schemes [64], 65, 63, 51, where the regularizing term is a discrete analog of the Merriman,
Bence and Osher (MBO) energy that is used in approximating the mean curvature motion

of interfaces. Another example is the regional force algorithms introduced in [94].

1.3.3 PARTITIONAL CLUSTERING ALGORITHMS AND THE STOCHASTIC BLOCK MODEL

We have introduced a large number of algorithms for several variants of the clustering
problem, but we have not yet discussed how well they work. In order to make statements
about how likely a certain algorithm is to succeed, one needs a probabilistic model of graphs
with clusters, such as the stochastic block model introduced in §1.2.1] Following the con-
ventions established in the survey article of Abbe [2], we distinguish between three types of

recovery. Note that these refer to the partitional clustering problem.
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Definition 1.3.1. Let A be a partitional clustering algorithm. For any input G ~ SBM(n, P)

let C# = (C}, ..., Cy) denote the output. We say that:

1. A solves the exact recovery problem if P [Cf =C,fora=1,..., k] =1-o0(1).

>ai 1C\CF| _

n

2. A solves the almost exact recovery problem if P

0(1)] =1-o(1)

k #
T ICA\CH

n

3. A solves the a-partial recovery problem if P

] = 1—0(1) for some

ae (0,1).

In other words, almost exact recovery asks for the fraction of misclassified vertices to
go to zero, while a-partial recovery asks for the fraction of misclassified vertices to remain
bounded by «. Not all values of o are appropriate here—choosing « too high would mean
that even randomly assigning vertices to clusters would solve a-partial recovery. We refer
to [2] for further discussion on this. For future reference we define a version of almost exact

recovery suited to the cluster extraction problem:

Definition 1.3.2. Let A be a cluster extraction algorithm. For any input G ~ SBM(n, P)
and T' C C, let C# denote the output of A. We say that A solves the almost ezact cluster

WA CF
extraction problem if P % =o(l)| =1-0(1)

Here A denotes the symmetric difference, defined for any two sets A, B as A A B =
(A\BNA)U(B\ANB).

Recently, there has been a flurry of activity in determining for which parameter values
the problems 1-3 in Definition are solvable. An excellent overview of this work can be

found in [2]. One can summarize this line of research with the following theorems:

Theorem 1.3.3. Suppose that a > b > 0, where a and b may depend on n. Almost exact
recovery is possible for SSBM(n, k,a/n,b/n) if and only if:

(a—b)?
k(a+ (k—1)b)

— 00 asn — 0
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This result was proved for the case k& = 2 by Mossel, Neeman and Sly in [67] and
later extended by the same authors in [68] to arbitrary k. In between the publication of
these two papers, Abbe and Sandon [4] proved a slightly more general result on almost
exact recovery for the (not necessarily symmetric) stochastic block model. Both groups of
researchers provided new algorithms as part of their proof. The algorithm of Mossel, Neeman
and Sly has computational complexity O(nlog®(n)) although by their own admission the
implied constant is very large, and they do not implement this algorithm. The algorithm of
Abbe and Sandon, called SphereComparison runs in time O(n'T°®1)) although the version
presented in [4] required a priori knowledge of the parameters k, a and b. A later version,
AgnosticSphereComparison, presented in [5], does not require such advanced knowledge

and also runs in time O(n'*t°™).

Theorem 1.3.4. Suppose that a > b > 0, where a and b may depend on n. Exact recovery

for SSBM(n, k,alog(n)/n,blog(n)/n) is possible if and only if

(o)

The k = 2 case of this Theorem is proved in [67] and also [3]. The case of k > 2 is covered
in [4], although again knowledge of the parameters k,a and b is required. This obstacle
is removed in [5], and the algorithm presented there has complexity O(n!™¢) for any fixed
€ > 0 (although the smaller the € the less accurate the algorithm for smaller values of n).
Essentially, what Abbe and Sandon propose is a two-step algorithm where in the first step
AgnosticSphereComparison is used to find a good clustering of G with a small number
of vertices misclassified. A second algorithm, AgnosticDegreeProfiling then “cleans up”
this preliminary clustering. Although a single numerical experiment on a moderately sized
graph (~ 1000 vertices) with this algorithm is alluded to in [3], to the best of the author’s

knowledge no extensive benchmarking of this approach has been done.
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1.4 COMPRESSIVE SENSING

We shall say that a vector x € RY is sparse if it has few non-zero entries relative to its length.
We follow the convention of defining the “0 quasi-norm” as ||x||o = [{z; : z; # 0}]. Motivated
by problems of signal acquisition (“sensing”) and compression for storage or transmission

arising in signal processing, it is frequently of interest to consider the problem:
argmin{||x[lo: x€RY, dx =y} (1.1)

d € R™YN is called the sensing matrix and typically m < N, making the linear system
dx = y underdetermined. Key to the development of SingleClusterPursuit and
DynamicClusterPursuit will be considering the situation where m > N, but ® has a

large kernel.

Problem (1.1 is NP-Hard [71] which means that, assuming P # NP, there does not exist

a polynomial time algorithm to solve it. Instead, one could consider the convex relaxation

of :

argmin{||x||; : x €R"Y, &x =y} (1.2)

or the related problem:

argmin {||®x —y[>: [|x[lo < s} (1.3)

The origin of the field of compressive sensing (also called compressed sensing, or com-
pressive/compressed sampling) was the realization that if ® € R™*¥ is a random matrix
and y = &x* with ||x*||o = s such that m = O(slog(N/s)) then both Problems (1.2 and
have a unique solution and moreover this solution coincides with the solution to (1.1)), i.e.
x*. The papers [18] and [35], both published in 2006, are generally credited as the first to

explicitly make this connection. Three main questions now arise:

1. Are there efficient and accurate algorithms for solving problems ([1.2]) and ((1.3))?

2. From what probability distribution should one draw &7
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3. Is this set-up robust to noise? That is, suppose one acquires a signal polluted with

some random noise: y = &x* + e. If ||e|| is small, can one guarantee that the solution

to (1.2) (resp. (1.3)) is close to x*7

We address the first question in the next subsection, the second briefly in §1.4.2| and the
third in §1.4.3

1.4.1 ALGORITHMIC APPROACHES

As is a convex problem, one may essentially use any convex optimization algorithm to
solve it, although some perform better than others. We refer to [41] for further discussion. In
Chapter [3] we shall use the ¢; minimization algorithm described in [56] to solve (1.2)). As in
the literature, we shall refer to problem as basis pursuit. Algorithms for Problem
may roughly be divided into two camps: thresholding algorithms (for example iterative hard
thresholding [14] and hard thresholding pursuit [40]) and greedy algorithms. We shall explore
greedy algorithms further in this section, but first we introduce two important concepts used

in the analysis of compressive sensing algorithms.

Definition 1.4.1. Denote the i-th column of ® as ¢; € R™, so that ® = [p1, ..., py]. Define

the coherence of @, written u(®), as:

J(®) = max (i, 03]
bl l@ill2lle;ll2

Note that p(®) € [0,1]. In many sources when coherence is defined it is assumed that

the columns ¢; are normalized, in which case dividing by ||¢;||2|l®;||2 is unnecessary.

Definition 1.4.2. The s Restricted Isometry Constant (s-RIC) of ® € R™* N written d,(®),

is defined to be the smallest value of 6 > 0 such that, for all x € R™ with ||x||o < s, we have:
(1= 0)lxl5 < [[ox]l; < (1 +9)[x[5.

If §5(®) < 1 we often say that ® has the Restricted Isometry Property (RIP).
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Most proofs of correctness of compressive sensing algorithms rely on the RIP. For example:

Theorem 1.4.3 (Cai and Zhang, 2013 [I7]). Suppose that ||x*||o = s and that y = dx*.
Then x* is the unique solution to problem with this data provided that 0,(®) < 1/3.
Moreover this bound is sharp in the sense that there exist ® € R™N with §,(®) > 1/3 and
s-sparse x* € RN such that x* is not the unique solution to problem with data ® and

y = Ox*.

The archetypal greedy algorithm is Orthogonal Matching Pursuit (OMP), also referred to
as the Orthogonal Greedy Algorithm, and analyzed comprehensively in [85]. This approach
builds up a candidate support set S# one index at a time by adding, on each iteration,
the index ¢ such that the inner product of ¢; and the current residual is maximized. OMP is
presented formally as Algorithm [3| Note that if the sparsity of the target vector x* is known
then one may set ¢ = s, otherwise we recommend taking an overestimate. The attribution
of this algorithm is tricky, as it was discovered independently, and under many different
names, by many researchers working in several different fields (see chapter 3 of [41]). A more
refined greedy algorithm that we shall have use for later is SubspacePursuit, presented as
Algorithm {| and introduced by Dai and Milenkovic in [33]. Instead of adding one new index
at the j-th iteration, SubspacePursuit considers a set of ¢ new indices and adds them to a
stored set of ¢ indices, SU™Y, to obtain an active set of 2¢ indices S@W. An optimal 2¢ sparse
approximation to y, namely u, with support contained in S@) is then computed. Finally
the iteration is completed by defining S to be the indices of the ¢ largest-in-magnitude
entries of u, and this is stored for the next iteration. The number of iterations, J, is a
user specified hyperparameter, but our analysis in Theorem will show that O(log(N))
iterations suffices. As for OMP, / is a sparsity parameter, to be set equal to the sparsity of

the target vector x* if this is known. In line (3) of the “for” loop of Algorithm [4 £4(-) and
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H,(+) are thresholding operators:

Ls(v):={i €[n]: v; among s largest-in-magnitude entries in v}

v, ifie Ly(v)
HS(V)i =

0  otherwise

Algorithm 3 Orthogonal Matching Pursuit, or OMP, as presented in [4]]

Inputs: measurement matrix ¢, measurement vector y and sparsity parameter ¢
Initialization: S©© =@, x© =0
for j =1to ¢ do '

i 1= alrgmax{‘(I)T (y — @X(J_I)M}

1€[N]
§U) = gl=1) {zj}
x) = argmin { ||y — ®z||, : supp(z) C SV}

z€RN

end for
Output: The ¢ sparse vector x# = x(©)

Algorithm 4 SubspacePursuit, as presented in [33]
Inputs: measurement matrix ®, measurement vector y, sparsity parameter £ and number of
iterations J.

Initialization:
(1) SO =Ly(@"y).
(2 )X(O = argmin, e~ {[ly — @z(l» : supp(x) € S}
(3) 1 =y — ox©
for j=1:J do
SU) — gG-1) Uﬁg(qﬂ (- 1))
u = argmin{|ly — ®zl|, : supp(x) c SV}
zeRN

S(J)—Eg( )andxj)—Hg( )

end for

1.4.2 MATRICES WHICH SATISFY THE RIP

As should be clear from the previous subsection, good matrices for compressive sensing
are those that satisfy the RIP. As alluded to earlier, a significant advance in the develop-

ment of compressive sensing was the realization that random matrices satisfy the RIP, with
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overwhelming probability. Specifically, we mention the following results of Baraniuk et al,
Mendelson et al and Candes et al. Recall that we say that a random variable X is subgaussian
if there exist constants o and C such that P[|X| > #] < Ce™" for all ¢ > 0. Example m

presents two standard examples of subgaussian random variables.

Example 1.4.4. 1. If X takes the values +1 and —1 with equal probability we call X a

Rademacher random variable. Such an X is trivially subgaussian.
2. If X ~ N(0,1), i.e. the normal distribution, then X is subgaussian.

Theorem 1.4.5. Suppose that ® € R™VN s such that ® = \/%Cf) with each entry &)ij an
independent subgaussian random variable. For any § € (0,1) there exist constants Cy,Co
depending only on §, such that for any s < Cymlog(N/s) ® has §,(P) < § with probability

greater than 1 — 2e=¢2™,

Proof. The theorem as stated comes from [10] but was first proved by [62]. See also [1§]. O

1.4.3 ANALYSIS OF PERTURBATIONS

One of the reasons for the remarkable usefulness of compressive sensing is its robustness to
error, both additive (i.e. in y) and multiplicative (i.e. in ®). More precisely, suppose that a
signal y = dx* is acquired, but that we do not know the sensing matrix o precisely. Instead,
we have access only to & = S+ M , for some small perturbation M. This models the scenario
where a sensing matrix ® is designed, and then implemented in hardware (for example as
an MRI coil) where a certain amount of error becomes unavoidable. Suppose further that
there is a small amount of noise in the measurement process, so that the signal we actually
receive is y = y +e. Can one hope to approximate a sparse vector x* from y well, given only
®? This question is answered in the affirmative by several authors, starting with the work

of [47]. For SubspacePursuit, we have the following result of Li [57]:
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Theorem 1.4.6. Let x*, y ¥, ® and ® be as above and suppose that ||x*|jo < s. For any

t € [n], let §; := §;(P). Define the following constants:
ey 1= llell2/|15]l2 and e = | M5/ @1]5”

where for any matriz B, HB||§S) :=max{||Bs|lz: S C [n] with |S| = s}. Define further:

V202,(1+ 62) (V2 + 2)6s5 2v2+ 1
= - : and T=-——=(1—1035)(1—p)+
! 1_5§s \/1—(532)8 ( 3>( )0) (1—535)(1—p)

Assume 655 < 0.4859 and let x™ be the output of SubspacePursuit applied to problem (1.3

after m iterations. Then:

* — x(m) VI+90
e =Xy o VIED,

el =TT o)

Proof. This is Corollary 1 in [57]. Note that our convention on hats is different to theirs.

More precisely our ® is their ®, hence our p is their p and so on. O]

In fact, it is easy to obtain bounds on the quantity ||BH§S).

Lemma 1.4.7. For any symmetric matriz B and any 2 < s < n we have that As_1(B) <

HBHés) < \s(B), where A\j(B) denotes the j-th smallest eigenvalue of B.
Proof. Observe that, for any matrix B,

() ,_ _
1Bly" == max || Bs|lz = max oumax(Bs),

|S|=s |S|=s

where 0y.x(Bg) denotes the maximum singular value of Bg. Because oyax(Bs) = 0s(Bs),

by the interlacing theorem for singular values (cf. [83]) A\s_1(B) < 0max(Bs) < As(B). O

Also of interest is the following theorem of Herman and Strohmer which quantifies the

effect of perturbation on the RIC:

Theorem 1.4.8 ([A7]). Suppose that ® = & + M. Let 6, and &, denote the s restricted

isometry constants of d and ® respectively. Then:



CHAPTER 2

SEMI-SUPERVISED CLUSTER PURSUIT

In this chapter we describe the first major contribution of this dissertation, namely an efficient
and provably accurate approach to cluster extraction which we call SingleClusterPursuit.
This work is contained in the paper [55], joint with Ming-Jun Lai. This chapter is laid out as
follows. In we discuss the motivation for and derivation of SingleClusterPursuit. In
§2.2| we gather some results on concentration inequalities for degrees and eigenvalues of graphs
drawn from the stochastic block model. In §2.3]we present the first step of our algorithm and
analyze its probability of success on graphs drawn from the stochastic block model, using
results from In we present the second step of our algorithm and analyze its perfor-
mance and computational complexity. In particular, we prove that our algorithm solves the
almost exact cluster extraction problem (see Definition [1.3.2). Also in are several tech-
nical results on the RIP of Laplacians of graphs drawn from the stochastic block model which
may be of independent interest. The computational complexity of SingleClusterPursuit
is shown to be O(dpaxlog(n)n), where dpax is the maximum vertex degree of G, in §2.5|
In we show via extensive numerical experiments that our algorithm yields state-of-the-
art performance for cluster extraction in unweighted and weighted graphs by comparing it
to other recent cluster extraction algorithms. In we describe an iterated version of

SingleClusterPursuit which may be used for the semi-supervised classification problem.

2.1 CLUSTER EXTRACTION AS COMPRESSIVE SENSING

Recall the following result from §1.2.2;

19
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Theorem 2.1.1. Let Cy,...,C} denote the connected components of a graph G. Then the

cluster indicator vectors 1¢,, ..., ¢, form a basis for the kernel of L.

Now suppose that G has clusters C,...,Cy. By definition, clusters have few edges
between them, and so it is useful to write G as the union of two edge-disjoint subgraphs,
defined as follows: let G = (V, E') have only edges between vertices in the same cluster,
while G°" = (V, E°") consist only of edges between vertices in different clusters. We empha-
size that this is a theoretical construction, as in practice we of course cannot ascertain
whether two vertices are in the same cluster without first solving the clustering problem,
which is precisely what we are trying to do. Denote by A™ and L™ (resp. A°"* and L°") the
adjacency matrix and Laplacian of G™ (resp. G°™). Similarly, di* (resp. d?"*) shall denote the
degree of the vertex i in the graph G'™ (resp. G°™). Note that C}, ..., C} are now the con-
nected components of G, and so L"1¢, = 0 for all a € [k]. Note further that ||1¢, o = |Cy]
which is typically much smaller than n. Hence we can think of 1+, as a sparse solution to the
linear system L™x = 0 and hence one may consider using sparse recovery algorithms (See
to solve for 1¢,. This naive approach does not work, as x = 0 is trivially a solution.

However suppose one can find a superset of the cluster of interest: C, C €2 C V. Then:

Theorem 2.1.2. Suppose that C, C 2 CV and that G¢, is connected. Suppose further that

C, is the only cluster contained in Q. Define y™ = L"™1q = >.._ 0" and let n, = |C,|.

1€Q i

Then 1o\c, s the unique solution to:
arg%lin{HLmV =y |vllo £ 19| = ng and supp(v) C Q} (2.1)
veR™

Proof. First observe that 1\, is feasible for the problem ([2.1)). Moreover:

Lile\C’a . yin — Lin]—Q\Ca o Lin].Q — Lin (1Q\C’a . ].Q) — _Linlc’a =0
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Now, suppose that z € R is any other vector also satisfying Lz — y™™ = 0. We shall show

that such z cannot be feasible for (2.1)). Observe that:
Lz —y"=0=L"(z—1g) =0
=z — 1g € ker(L™)

Because z — 1 € ker(L™"), by Theorem , we have z — 1o = Zlgzl aple,. Suppose that
supp(z) C €2 whence supp(z — 1g) C Q. By assumption, C, is the only cluster contained
in €2, hence z — 1o = a,l¢, thus z = 1o + a,1¢,. Because z # 1lg\¢, we must have that

a, # —1. But then supp(z) = 2 and so ||z]|o = [Q] > |Q2] — n,. O

It follows that given ), one can indeed find 1o\, by solving problem ([2.1). One can
then recover 2\ C, as supp(lo\c,) and hence C, as €2\ supp(lo\c, ). This leads to a novel

approach for cluster extraction, assuming one can address the following two questions:

1. Can one find a good superset Q of C;? Clearly the smaller € is, the sparser 1g\¢, is,

and hence the better the performance of sparse recovery algorithms on ([2.1)) will be.
2. If one replaces L™ and y™ with L and y to obtain the perturbed problem:

argmin {||[Lv — y||2 : ||V]lo < |Q] — n, and supp(v) C Q} (2.2)
veR™

will the solution v# obtained by solving (2.2) using a sparse recovery problem be a good

enough approximation to 1o\, ? Specifically, is supp(v#) ~ supp(la\c,) = Q2 \ Cy?

We are able to solve both of these problems, and the resulting algorithm, SingleClusterPursuit
is presented as Algorithm [6] with an important sub-routine RandomWalkThresholding pre-
sented as Algorithm [5] Before continuing, let us establish the convention that we are always
trying to find Cy, and that ny := |C4]. In we discuss RandomWalkThresholding further,
and show that if G ~ SSBM(n, k, p, q) for suitable values of p and ¢, then it returns an €2
such that the fraction of “missed vertices”, i.e. |C} \ C1 N Q|/n; goes to zero as n; goes to

infinity.
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Note that in practice one would not solve problem ({2.2)) directly. Instead, if L has columns
ly, ..., L, define the submatrix Lq := [€;,, iy, - - - ’gi\m] where Q2 = {i1,...,ig}. One can then

solve the reduced problem:

argmin {[|Lox —ylla : [[x[lo <[] —na} (2:3)

xeRI
and, assuming one has kept track of the indices in €, easily infer supp(v#) from supp(x#)

where x* is the solution to (2.3]). Henceforth we focus our attention on Problem (2.3)), and

we shall abuse notation slightly, writing supp(x#) when we really mean supp(v#).

In §2.4] we discuss the trickier issue of extracting C) from 2. This involves a careful
analysis of sparse recovery under total perturbation, as discussed in §1.4.3] We prove that if
Lgq has sufficiently small restricted isometry constant then Single Cluster Pursuit does
indeed find a good approximation to 1o\, when solving . Note that this problem is
slightly different to Problem . We discuss the discrepency in . The operator £ referred
to in step (3) of Algorithm [5|is a thresholding operator, similar to £ defined in , but
defined as:

Ls(v):={i €[n]: v; among s largest entries in v}

Algorithm 5 RandomWalkThresholding
Input: Adjacency matrix A, a thresholding parameter € € (0, 1), seed vertices I' C Cy,7y ~
n1 and depth of random walk t.
(1) Compute P = AD~! and let v(¥) = (1/vol(T")) D1r.
(2) Compute v(¥ = Ptv(®
(3) Define Q = L140a, (V)
Output: Q=QUT

2.2 (CONCENTRATION IN RANDOM GRAPHS

The proof of Theorems[2.3.2, [2.4.8/ and [2.4.11| rely on two concentration phenomena in Erdos

- Renyi graphs where by concentration we mean that a random variable is within a small

deviation of its expected value, with high probability. The first concerns the minimum and
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Algorithm 6 SingleClusterPursuit

Input: Adjacency matrix A, a thresholding parameter € € (0, 1), seed vertices I’ C C4,n; ~
ni, depth of random walk ¢ and rejection parameter R € [0, 1).

(1) Let €2 = RandomWalkThresholding(A, ¢, I',ny,t)

(2) Compute L=I1—-D'Aandy =, (.

(3) Let x(™ be the solution to

argmin{||Lox — yll2 : [|x|lo < 1.1en,} (2.4)
obtained after m = O(log(n)) iterations of SubspacePursuit

(4) Let W# = {i: ™ > R}
Output: C7 =Q\ W#.

maximum degrees of an Erdds - Renyi graph while the second concerns the eigenvalues of A

and L for such a graph.

Theorem 2.2.1 (see [15], [16]). Let G ~ ER(n,q) with ¢ = (b+ o(1))log(n)/n. There exist

a function na(b) satisfying 0 < na(b) < 1 and limy_,oo na(b) = 0 such that
Amaz(G) = (1 +na(b))blogn + o(1) < 2blog(n) + o(1) a.s.

Theorem 2.2.2 (see [42], Theorem 3.4 (ii)). If G ~ ER(ng,p) with p = wlog(ng)/ng where

w — 00, then dyin(G) = (1 — o(1))wlog(ng) and dm.x(G) = (1 4 o(1))wlog(ng) a.s.

Theorem 2.2.3. Suppose that G ~ ER(ng,p) with p = wlog(ng) where w — oo. Then we

have almost surely
1. Amax(A) < (1 +o(1))wlog(ng)
2. Xi(A) < o(wlog(ng)) for A\i < Amax

8. N(L) — 1] < /2 =0(1) for all i > 1
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Proof. Parts 1 and 2 are Theorem 3 in [28]. Relating their notation to ours, we have that

M = Wpin = PN = wlogng. Theorem 4 in [28] shows that

6 log(2ny)

AN (L) — 1| < (| ———=
A= G ogno)

By Lemma L™ and L have the same spectrum. Because log(2ny) < 2log(ng) for

ng > 2 we obtain part 3. [

2.2.1 REDUCING FROM THE SBM 1O THE ER MODEL

Let G™ and G°" be as in §2.1} If G ~ SSBM(n, k, p, ¢) then G™ consists of k disjoint i.i.d
graphs, G¢, ~ ER(ng, p) where ng := n/k. The graph G is not an Erdés - Rényi graph,
as there is 0 probability of it containing an edge between two vertices in the same cluster

(because we have removed them). However, we can profitably think of G°** as a subgraph

of some Gout ~ ER(n, ¢). In particular, any upper bounds on the degrees of vertices in Gout

are automatically bounds on the degrees in G°*. Thus, we have the following corollaries of

Theorems 2.2.2] and 2.2.1k

Corollary 2.2.4. If G ~ SSBM(n, k, p, q) with ¢ = blog(n)/n then d°“ (G) < 2blogn+o(1)

max

a.s.
Proof. Consider G°" as a subgraph of Gout ~ ER(n, q) and apply Theorem m ]

Corollary 2.2.5. If G ~ SSBM(n,k,p,q) with k = O(1) and p = wlog(ng)/nyg where
w — 00, then d™ (G) = (1 — o(1))wlog(ng) and d™ (G) = (1 + o(1))wlog(ng) a.s.

min max

Proof. 1f i € C, then d® = d;(G¢, ), where G¢, ~ ER(ng,p). Clearly:

d® (G) = max d" = max dpax(Ge,)

max
K3 a

By Theorem [2.2.2) diax(Ga) = (1 + 05 (1))wlog(ng) a.s. Note that the dp.x(Ge,) are ii.d
random variables, and since we are taking a maximum over k = O(1) of them, it follows
that max, dpax(Ge,) < (14 0p,(1))wlog(ng) a.s. Moreover, as ng = n/k, 0,,(1) = 0,(1). The

proof for d, (G) is similar. O

min
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Corollary 2.2.6. Suppose that G ~ SSBM(n, k, p, q) with p = wlog(ng)/ng where w — oo,
q = blog(n)/n and k = O(1) and define r; := d?"*/d™ for i € [n]. Then rya < do% /d™

max/ “min —

o(1) a.s.

Proof. First of all, it is clear that for any 7, d"t/di® < d°% /d, . From Corollaries and
2.2.5] we have:

aowt 2blogn +o(1) 2blogn + o(1) oS = kn
din — (1= o(1))wlog(no) (1 —o(1))w(log(n) — log(k)) S
20+ o(1)

- = 0(1) since k = O(1) and w — o0

(1= o(1))w(l —o(1))

2.3 FINDING GOOD SUPERSETS

In Algorithm [5| we presented an algorithm for finding an €2 C V such that € is relatively
small (|Q2] = (1 + €)n; for a user specified parameter €) but that captures almost all of Cj.

It will be useful to introduce a name for such sets:

Definition 2.3.1. Let C; C V be a cluster of G of size |Cy| = ny and let € € (0,1). If Q C V
is such that |Q] = (1 + €)ny, |C1 \ C1 N Q| =0o(ny) and C, ¢ Q for a = 2,..., k then we say

that €2 is an e-good superset for (7.

Intuitively, Algorithm [5| works as follows. We start a random walk on the seed vertices,
I', and run it for ¢ steps where ¢ is a user specified parameter. We then rank the vertices
by the probability of being visited by this random walk, and return the (1 + €)n; vertices
with largest such probabilities. Here ny is a third user specified parameter, and represents

an estimate of the size of the cluster of interest.

RandomWalkThresholding has many similarities with diffusion based local clustering
methods such as Nibble [80), 81], PageRank-Nibble [§], the approaches suggested by Chung

and collaborators [25] 26, 29] and the Heat Kernel method of Kloster and Gleich [54]. There
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is, however, a key difference. All of the aforementioned algorithms attempt to directly find a
good cluster. Hence they all proceed by running a diffusive process (either a random walk or
heat flow) starting at I" and ranking the vertices by the probability of being visited by this
process. They then perform a sweep cut (see [25] for a definition) and return the set {2 which
optimizes some measure of goodness-of-cluster, typically conductance. As a result, they have

a tendency to return small, tight clusters whose size does not scale with the size of the graph.

Our approach however is intended to be used as step one in a two-step clustering algo-
rithm. As such, the focus of Algorithm [5]is not returning a good cluster, but returning an
Q which contains a cluster of interest. The cluster of interest, C1, is then extracted from €2
by the next step of the algorithm (see @ We note that the two-step approaches of Bindel,
He, Hopcroft, Kloster, Li and Shi such as LEMON, LOSP and LBSA [46] 58, [59] [79] bear some
resemblance to ours. However, the method we propose to extract C; from € is distinct from
their methods. In addition, we analyze the likelihood of 2 containing the cluster of interest
given that G is drawn from a particular probabilistic model (we consider the stochastic block
model), something which is absent in the aforementioned papers. Specifically, we prove the

following theorem:

Theorem 2.3.2. Suppose that G ~ SSBM(n, k,p, q) with parameters p = wlog(ng)/ng and
q = blog(n)/n where w — oo and b is a fized constant. Fiz the depth of the random walk
t > 1 and suppose that T' C Cy with |T| = gny/w'™" for any constant g € (0,1). Let Q be
the output of Algorithm @ given inputs any fized € € (0,1), seed vertices I', depth of random

walk t and ny = ny. Then Q is an e-good superset for C almost surely.

Proof. Recall the definition of e-good superset (Definition [2.3.1)). By construction, || =
(1 + €)ny thus we need to verify that |C; \ Q N Ci| = o(ny). Observe that because
ny = |Cy| = |Cy] = ... = |Cg] for G ~ SSBM(n, k,p,q), from this it will also follow
that C, ¢ Q fora=2,... k.
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Let U = C; \ (C1NQ) denote the “missed” indices, and W = Q \ (C; N Q) denote
the “bad” indices (i.e. vertices in € that are not in Cy). Let |[U| = unq, in which case

|W| = (e + u)n;. We prove that u = o(1).

By definition, € is the set of the (1 + ¢)n; largest entries in v := (1/vol(I'))P*D1r.
Because U is not in €2, but W is, we must have vl@ < vj(»t) for every 1 € U and j € W. We
sum first over j € W and then sum over ¢« € U to obtain:

vi(t) () (€+unlv()<z (e4+u nlz ()<unz

jeEW €U jeEW
It follows that:

Souf s == o <> (2.5)

icU JEW JEW
Looking ahead, we shall show that if inequality (2.5 holds then u = o(1).

We first show that the term on the left-hand side of inequality [2.5] i.e. the sum over
the vertices in € that were missed by (2, is necessarily quite large. We do this by relating
P to P, the random walk transition matrix for the graph G™. Note that G™ is a disjoint
union of graphs G¢, ~ ER(ng,p) hence this reduces the problem to a question in Erdés -
Reényi graphs. For every i € [n], define ¢; := di"/d;. Observe that 1/d; = ¢;/d™ and thus
D! = D '@ where Q is the diagonal matrix with (i,)-th entry ¢;. Now:

P =AD" 1 (Aln Aout) Dfl — Ain (D;llQ) AoutD 1 Pan 4 AoutD 1

Observe that P, P"Q and A°"*D~! all have non-negative entries. It follows that for any

non-negative vector x:

1. Px and P™Qx are also non-negative.

2. Px > P™(Qx, where the inequality should be interpreted componentwise.
One can extend the second point by iterated multiplication:

P'x > (PinQ)tx >q (Pi“)t X
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and again the inequality should be interpreted componentwise. Now:

(1) _ wy_ 1 t ! t o (piny
E = (1 = 1y, P'Dl1p) > 1 - (P™) D1
2 v; < U,V > VOl(F) < U, F> = VOl(F) < U Qmin ( ) F>
T iny ¢
_ min <]—U7 (Pln) Din1F> (26)

vol(T")
Observe that, because U,I" C O}, we may replace P™ and Dy, in the above inner product

with P, and D¢, without changing its value.

Our goal now is to bound the quantity (1p, (PGCI)tDGC1 1r). One can rearrange the

iterated matrix product slightly:
(Pee,)' = (Ace, DL, ) = Ace, D, Ave, D, - Ace, D,
= D2 (D6 Ace, Dall*) (Dol Ace, Do) - (Dall*Ace, Do) Dgll?
= D2 (Dal*Ace, Dgll Q)t Dg.?
Chung and Graham refer to the matrix DE:Z 2AGC1 DE;Z ? as Mg, in [27]. Rearranging

slightly:
(L (P’ D18) = (10, (DI Mty D) D10) = (DI 100, DI 10

In [27], Lemma 2, bounds on this inner product are provided E| in terms of the second
largest eigenvalue of Mg, . Because Mg, = I — ng it follows that the second largest
eigenvalue of Mg, is 1— A9, where A is the second smallest eigenvalue of Lsggll, equivalently
L., (see Lemma . Using the aforementioned result of [27]:

vol(U)vol(T")

DY? 1, Mt DY*1;) —
‘< e, 1: Mae, Dac, 1r) vol(Ge, )

‘ < (1= Xo)t /3ol (U)vol(T)

Returning to (2.6)):

ieZUvz(t) > qb. <% — (1= X9 /1’/32?;) (2.7)

Tn the aforementioned paper they consider a slightly different model of graph, namely graphs
with a given degree sequence. However the proof of Lemma 2 goes through in our case without
issue
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We now consider the right hand side of ({2.5)), i.e. the sum over W. It is convenient to
decompose v(¥) as v() = V(Ci + VS)\CI where ng is supported on C and VS)\CI is supported
on the complement of C. Because W C V' \ C; we have that:
t
Z () < Z |v |VV\01||1
jEW JEV\Ch
Thus it remains to bound ||V$)\O1 |1, which represents the probability of a random walk

starting at I' C '} being outside of (' at the t-th step. Observe that:

(t) in (t-1) ou 1 1
Ve =4 D™ VV\C (A ‘DI ))V\01

where (zélf’mD_lv(t_l))V\C1 denotes the part of vector A°**D~!v(#=1 supported on V '\ C.
Clearly:
out m—1,,(¢t—1 out H—1,(t—1
[ 2 ) R (R O !
and so:

t in y— u in 1 u
ViRl < [ARD S i+ A DDy < JA™D [yl & AT D v

Moreover: ||A™D~ s - maxjili,) < 1 and similarly [|A°"D7!|; =
J

out

dO
< max; —5 i < Tmax. Thus:

max,;

()

ViR, I < Hviselln + Fasl vl

Because HVV\01H1 =0, [|[v?]; =1 and vazHl < HV(col)Hl for any ¢t > 0 we obtain:

t t
> ol < v, It < tromas (2.8)
JEW

Now let us put this all together. Returning to . with ( and ( in hand:

gt (% (1= ) 13%;) <tro (2.9)

We now use the fact that G ~ SSBM(n, k, p, ¢) as well as the assumptions on the parameters

p,q and k and on the seed set I'. Note that the following claims all hold almost surely. In

particular 1 — Ay < 1/12/w from Theorem and rmp.x = o(1) from Corollary while:

@ - LoV o
min HllIl —— - = Inin — = = — 0
q dm + dout i 1 ‘I‘ d;)ut / d;n 1 + Tmax
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n

where the final equality also follows from Corollary [2.2.6] Additionally, as ng = 7,

VOl(U) 2 duwin|U| = diy, |[U| = (1 = o(1))w (log(n) —log(k)) |U] = (1 — o(1))wlog(n)un
(2.10)
where the second equality follows from Corollary and the final equality comes from
our definition that |U| = wun,. Similarly vol(U) < (1 + o(1))wlog(n)un; and vol(Ge,) <

(1 + o(1))wlog(n)ny while:

vol(I') > (1 — o(1))wlog(n)|T] = (1 — o(1))wlog(n) (5:1) _ (- O(Bt)l;g(n)n1

Substituting this all into (2.9)):

(1= oft)) ((1 —o(1))wlog(n un1 12t\/ 1+0 ))w log(n)un,y ) < oft)

(14 o(1))wlog(n 1 —o(1))log(n)n /w2

whence:

V12t
wl/2 Vu

as long as ¢ is constant with respect to n, o(t) = o(1) and v/12¢/w'/? = o(1) too, thus this

u<o(t)+o(1) +

inequality can hold only if u = o(1), which proves the theorem. O

Remark 2.3.3. The proof of Theorem illustrates the tension between the size of the
seed set, I', and the depth of the random walk, ¢. In practice we have found that taking ¢

between 3 and 10 works well, even when g ~ 0.01 (see §2.6)).

2.4 EXTRACTING C; FROM
As outlined in §2.1] our initial goal was to analyze the solution to:

argmin {[|Lox — ylla +  [Ixllo < |9 —ny} (2.11)
xER‘Q‘
by relating it to the solution of

argmin {|[Lox — y™ |20 [Ix]lo < |Q — 71} (2.12)

x€RI2
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under the assumption that C; C 2. However Theorem only guarantees that {2 contains
a fraction 1 —o(1) of C, thus we are forced to change our approach slightly. In section m
we show that if the call to RandomWalkThresholding in step 1 of SingleClusterPursuit
(Algorithm @) returns an e-good superset for Cy, then Steps 2-4 find a CF satisfying |Cy A
C7|/|C1|/ny = o(1). Our analysis applies to any probabilistic model of graphs with clusters,
G,, such that the Laplacians of G ~ G, satisfy an RIP condition, which we describe shortly.
In we verify that the symmetric stochastic block model satisfies these assumptions,
almost surely. From here it is a short step to showing that SingleClusterPursuit solves

the almost exact recovery problem, which we present as Theorem [2.4.12]

2.4.1 EXTRACTION GUARANTEES GIVEN THE RIP FOR L

Let L be the Laplacian of a graphﬂ with clusters, G, and let L™ be as in . Let ©2 be
an e-good subset for (', such as those found by RandomWalkThresholding. Suppose further

that L and L™ satisfy the following three properties:
1. For any v € (0,1) we have that &, (L3) < v+ o(1).
2. Letting M := L — L™, we have that |[|[Mgql], = o(1)
3. There exist constants x and C' such that o (L) > C > 0
Recall that by o, (L%) we mean the x smallest singular value of LiI.

Remark 2.4.1. We are abusing notation slightly by writing 9., . Technically we mean 4, |
as the quantity yn; might not be an integer. We maintain the convention that whenever
a non-integral quantity is used where an integer is required, the floor of that quantity is

intended.

2In order to use the asymptotic notation o(-) and O(-), we should assume rather that L, are the
Laplacians of some family of graphs {G,}5° ;. In order to reduce the notational burden, we shall
carry this assumption implicitly.
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We note that ||L||s < 2 = O(1) for the Laplacian of any graph, thus property 2 is not
unreasonable. As mentioned above, we are no longer assuming that C; C €2, hence the best
that we can hope for is that if x# is the solution to then supp(x®) ~ Q\ C; N Q. To
prove this, we shall regard problem as a perturbation of a sparse recovery problem for
which the solution is 1o\¢,no and then appeal to results in totally perturbed compressive

sensing outlined in §1.4.3| This means revising our original goal, as 1o\ ¢, is not the solution

to Problem ([2.12)).

Lemma 2.4.2. Let €2 be an e-good superset for Cy. Then lo\c,na is the unique solution to:
argmin {||Lgx — (y™ +2™) |2 subject to: ||x]jo < 1.1en;} (2.13)
x€RII

for ny large enough, where 2 := L1\ one, -

Proof. The proof is essentially the same as the proof of Theorem [2.1.2] As in that proof, we
observe that 1g\c,ng is feasible for problem because ||1oyc,nallo = [ — |C1 N Q| =
(I1+€e)ny—(1—o0(1))n; = (e+0(1))ny and by taking n; to be large enough we may guarantee
that the o(1) term is smaller than 0.1e (the choice of 1.1€ is essentially arbitrary. We could

pick any multiple of € greater than 1 here). Next we observe that:

Lilocina — (Y™ +2") = L™1g\c,n0 — L™1g — L™1opone, = —L™ (1¢,) =0
Finally, suppose another u also satisfies Liju — (yin + zin) = 0. Then:

0=Liu— L"1g — L™1cpone, = L™ (u— 1o — 1opane, ) = L™ (u — 1oue,)

Thus u — 1gue, € ker(L™) and supp(u — 1guc,) € QUC,. Again by Theorem , we have
that u — 1oy, = Zl;:l a,1lc, and so u = 1gue, + Z];:l aqlc,. By assumption (] is the
only cluster contained in QU CY so o, = 0 for a > 2 thus u = 1oy, + @11, As for Theorem
, because u # 1o\¢,nq We cannot have a; = —1. But then supp(u) = QU C} and so u

is not feasible as ||ullo > |22 = (1 + €)ny > 1.1emy O
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We can now profitably regard problem (2.11)) as a perturbation of problem (2.13)). Let
us quantify this. Define e =y — (yin + zin) = (y — yi“) —z" and recall that M = L — L™,
Recall from §1.4.3], and in particular Theorem 1.4.6| that the two key parameters in perturbed

compressed sensing are

_ el o Mol
y in in L— in| (s
by + 2]l 1z

Theorem 2.4.3. Assume that L satisfies the three properties at the beginning of this section

for an e-good superset Q). Then ¢, = o(1) and €;"* = o(1) for any v € (0,1).

Proof. From the proof of Lemma we have y™ +z™ = L™1g\ (¢,na) and ||1oycno)llo =
2\ (C1N Q)| = (e+0(1))n; < 1.leny for large enough n,y. Using the assumption on the

restricted isometry constant of L™ we have:

Iy"™ + 215 = |IL™ Loy conoy 15 = (1 = 011en, (L3)) (Lo carey I3

> (1.1e — o(1)) |2\ (CL N Q)| > (1.1e — o(1)) ey

Thus [y +2" 2 > v/{e(T-Te = o{1)) /1. On the other hand, [le]l < fly ~ ™[+ l2"]

and:

Iy = ¥™"ll2 = [ Lola — Lglall2 = [|Moalallz < [|Malal1ell: < o(1)v/(1+ €)m
while:

12"l = [ L Lopnana llo < 1L 2l lenaney 2 < 2¢/]C \ QN Cif = 20(1)y/mn
Thus:

el W (VOEI ) v
€y = ||yin +Zin||2 - \/(5(1.16 - 0(1))\/71—1 N

as € is a constant, i.e. independent of n;. The bound on €, is easier. By Lemma and

Property 3:

ILBI1E™ > oy (L) > 0 (L) > C >0
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for ny > (k + 1)/7. By Property 2 and Lemma [ Me||S™) < || Mg|l2 = o(1). Tt follows

that:

ezru _ ”MQ”(gynl)) _ 0(1) _ 0(1)
L& ¢

We also bound the restricted isometry constant of L:
Lemma 2.4.4. Assuming Properties 1-3 from the beginning of this section, 6.n,(La) <
v+ o(1) for any v € (0,1).

Proof. From Theorem [1.4.8 we have that:

Oy (L) < (14 0y, (L™)) (1 + €37)% = 1
<(A+y+0(1)(1+o0(1)* -1
=14+~v40(1)—1=~+0(1)

where the value of ., (L™) comes from Property 2 while the value of €" comes from

Theorem 2.4.3] O

Finally, there are two auxiliary quantities, namely p and 7, which appear in the statement
of Theorem m For any s, given a bound on d34(L), computing bounds for p and 7 is purely

computational, and hence we omit the details

Lemma 2.4.5. Suppose that 635(L) < 0.45, and let p and T be as defined in Theorem .
Then p < 0.8751 and 7 < 55.8490.

Proof. Follows from direct computation. n
We are now able to prove the theorem advertised at the beginning of this section.

Theorem 2.4.6. Let C’# denotes the output of SingleClusterPursuit, given parame-
ters € € (0,0.13], ny = ny, R = 0.5 and T" such that the superset Q2 found in Step 1 of
SingleClusterPursuit is e-good. Suppose that L and L™ satisfy the three Properties listed

at the beginning of this section. Then |Cy 2 CF|/ny = o(1)
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Proof. For notational convenience, let s = |1.1en; |. Recall that x(™ is the solution obtained
by m = O(log(n)) iterations of SubspacePursuit on Problem which we are regarding
as a perturbation of Problem m Because ¢ < 0.13 we have that s < 0.145n, and so by
Lemma [2.4.4 6,(Lg) < 0.145n; + o(1) < 0.15 for ny large enough. Similarly d35(Lg) < 0.45,
again for n; large enough. It follows from Lemma that p < 0.8751 and 7 < 55.8490.
We now appeal to Theorem to obtain:

VIFS,

S

11o\(ine) — X2
| Loy (crray ]2

<p"+T

(€3 +€y)
The second term on the right-hand side is o(1). As long as m > log,(1/n) = O(log(n)), we

obtain that p™ = 1/n = o(1) too. Thus:

1oy (cine) — X |l2
1o\ cina)ll2

<o(1l) = ||1o\(cino) — x|y, <o (1Le\enoll2)

as established in the proof of Lemma [2.4.2 |Q\ (C; N Q)| = (¢ + o(1))ny and so
||1Q\(Clﬁ9)||2 = 4/ (E + 0(1))n1. It follows that ||1Q\(CIQQ) — X(m)||2 = 0(\/71_1)

By definition (see step (4) of Algorithm @) W# = {i: 2™ > 05} It will follow from
Lemma that [IW# A (Q\(QNCY))| = o(ny). As CF = Q\ W#, it will follow that
ICF A QN Cy| = o(ny). Accounting for U := Cy \ QN Cy, we have that

|C#* A Cy| = |C* A (QNCY)| + |U| = o(ny) + o(ny) = o(ny)
whence it follows that |C# A Cy|/n; = o(1) as desired. O

Lemma 2.4.7. Let T C [n] and v € R™. Define Wy = {i: v; > 0.5} C [n]. If |17 —v]|ls < D
then |T AW, | < 4D2.

Proof. Define Wy = [n] \ Wi and write v = vy, + vy, where vy, denotes the part of v

supported on W;. Write:

117 = v||* = [Lraw, — (vw)rows |12+ [ (vw w12 + 11w, — vis|?
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Now [|(vwy)wir|l? = 0.25[W1 \ T'| and || 1w, — v, ||? > 0.25]T \ W1|. Tt follows that:
0.25]7 AWy | = 0.25 (|7 \ Wi| + Wi\ T]) < [(vi)wiell® + [1ovw, — v [|? < 117 = v|?

Hence [T A W;| < 4D?, O

2.4.2 RIP FOR THE STOCHASTIC BLOCK MODEL

In this section we establish that if L is the Laplacian of some G' ~ SSBM(n, k, p, ¢) with our

standing assumptions on p, ¢, and k, then L satisfies the three assumptions at the beginning

of almost surely.

Theorem 2.4.8. Suppose that G ~ SSBM(n, k,p,q) with p = wlog(ng)/ng with w — oo,
q =blog(n)/n and k = O(1). Then ||M|2 < o(1).

Proof. Letting d;; denote the Kronecker delta symbol, observe that

1

Lij = 51’]’ — d_

Aij - 62] - AOUt) .

di'n + dout (AZ]
Earlier we defined r; = d"*/d™. We now use the following easily verifiable one dimensional

version of the Woodbury formula:

111y
din 4 dgt 4 din \ry+ 1

Thus:

1 1 T in ou
oot (=g () s o
= | 9y A”‘ - —Aout ! i (Ar 4+ A2M)
i dm dm d;n 7 + 1 ) )
1 1 T .
=Ll - —(1- A+ L) A
dm ( r; + 1) dlIl (Ti + 1) 1]

1 1 1 T ;
Lln o Aout . ? Aln
v dln (Tz’ + 1) + dln <Ti + 1> %)
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That is, M;; = —# <”_}H) A+ din <r:fr1> Al%. To bound the spectral norm we use Gersh-

gorin’s disks, noting that M;; = 0 for all ¢:

| M||2 = max{|u| : u; eigenvalue of M} < maxz | M|
J
1 1 1 T .
— max Aout o (T A
mes g (1) S+ g () S

1 1 out 1 T in

T ) + ( i )} < 2rmax = 0(1) a.s. by Corollary

]

Lemma 2.4.9. Let G be any connected graph on ng vertices, and let s < ng. Let \; := \;(L)

denote the i-th smallest eigenvalue of L. Then:

dmax dmin N

(1) < max{1— g (G -Gt gy
Proof. Recall that the s-Restricted Isometry Constant d5(L) is the smallest  such that, for
any v with [|v||p < s and ||v][s = 1:
(1—0) < |ILvllz < (1 +0).
We shall prove the theorem by showing that, for any such v, [[Lv]|s < Apax and ||[Lv]js >

dmax dmin Mo

A2 (de — dmﬂi). The first bound is straightforward:

[Lvll2 < ILll2l[v]l2 = Amasx(1) = Amax

The second bound requires some work. Recall that L = I — D~'A. This matrix is not
symmetric, but LY™ = I — D~Y2AD~1/? is. By Lemma L and L®™ have the same

eigenvalues. Let wy,...,w,, be an orthonormal eigenbasis for L*¥™. These eigenvectors are

well studied (see, for example, [24]) and in particular w; = ———D'/21 where 1 is the

\/ vol(G)

all-ones vector. Observe that:

v = D—1/2 (D1/2LD_1/2) D1/2V — D—1/2LsymD1/2V — D_l/QLsymZ,
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where z := DY/2v. Tt follows that:

|Evla = DLy > — | Ll (2.14)
Express z in terms of the orthonormal basis {wy,...,w,}, namely z = >"° a;w;. Then:
no no o
IL¥™z))3 = 1~ asdiwill3 = 1Y cdiwil3 > A3 (Z 04?)
i=1 i=2 i=2
and Y o2 = ||z]|3 — of. We now bound ||z||; and «;.

2
2013 = 110"2¥13 = (Vi) (V113 = i

while:

o = (wi) = (DY 121) = s

L pey oL pry < e gy,
V/vol(G) / vol(G) /vol(G)

We now use the assumptions on v. Specifically (v,1) < ||v|1 < v/s|[v|l2 = +/s and so

NG Vs nax /'

(€3] < dmax— <d

N \ VOl(G> - \% dminM0 B \% dmin \/n_O

Returning to equation (2.14)):

1 1 d2 dmin dmax
VI 2 2l 2 3 (- S 2 ) g (G G 2,

dmin N dmax dmin N

[
Lemma 2.4.10. Suppose that G ~ ER(ng, p) with p = wln(ng)/no for some w — co. Then
ds(L) < s/ng+o(1) a.s.

Proof. This is a simple consequence of Lemma [2.4.9, If G is as in the hypothesis then
dmin = (1 — 0(1)) nop and dpax = (1 + 0(1)) ngp a.s. by Theorem [2.2.2] Moreover Ay > 1—o(1)
and \,, <1+ 0(1) a.s. by Theorem [2.2.3] Hence:

o ((dmin  dmax S o ((L—=0(1))ngp (14 o0(1))nep s
& (dm " o n_o) = (1= of1)) ((1 To()np (1 —0(1))n0p”_0)
1—o(1) 1+ol
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Hence by Lemma [2.4.9, we have that

5:(L) < max {1 - (1 2 0(1)> ,0(1)} =2 4 o(1) as.

)

O

Theorem 2.4.11. Suppose that G ~ SSBM(n, k, p,q) with k = O(1) and p = wlog(ng)/ng.

Then for any v € (0,1), we have that ., (L™) < v+ o(1) a.s.

Proof. L™ is the Laplacian of G™, which is a disjoint union of k¥ Erdds - Reényi graphs.
It follows that L™ is block diagonal, with blocks Leg,s- - ,LGck, where each Lg,, is the

Laplacian of an i.i.d graph G, ~ ER(ng,p) with p = wlog(ng)/ne.

By Lemma[2.4.10{0n, (Le,, ) < y+o0(1) a.s. That is, P [6,,,(Lag,) < v+ o(1)] = 1—o(1).
For a block diagonal matrix such as L™, one can easily check that for any s € [ng] we have
0s(L™) = max, ds(L¢,, ). Finally, observe that:

P [max o, (Lac,) <7+ 0(1)] = [T P [0s(Lec,) <7+ o(1)] = (1 = o(1))*

a=1

as the G, are i.i.d. Because k = O(1), it follows that (1 — 0(1))* = 1—o(k) = 1 —o(1), and

the lemma follows.

2.4.3 ALMOST ExacT RECOVERY

Finally, we may conclude that SingleClusterPursuit solves the almost exact cluster extrac-

tion problem, presented as Definition [1.3.2

Theorem 2.4.12. SingleClusterPursuit with parameters ¢ € (0,0.13], 7y = nq,
R = 05 and T with |T| = gny/w'™" solves the almost exact cluster extraction problem

for SSBM(n, k, p, q) with p = wlog(ng)/no, ¢ = blog(n)/n and k = O(1) where w — 0.
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Proof. By Theorem step 1 of SingleClusterPursuit returns an e-good subset given
these parameters, hence we may achieve the theorem using the machinery of §2.4.1] in
particular Theorem [2.4.6] by showing that the three properties listed at the beginning of

§2.4.1| are satisfied, almost surely.

By Theorem [2.4.11| LY satisfy Property 1 of §2.4.1] almost surely. By Theorem m

, |Mall2 < ||M]l2 = o(1) hence Property 2 is satisfied almost surely. We now consider
Property 3. As in Theorem L™ is block diagonal with blocks Léo,,- - Lae, where
each Lg,, is the Laplacian of an i.i.d graph G¢, ~ ER(ng, p) with p = wlog(ng)/no. The set
of eigenvalues of L™ is the union of the sets of eigenvalues of the Lg,, . Because A\(L,) =0

for a = 1,...,k, we know that L™ has the eigenvalue 0 with multiplicity k. Hence:

. k
)\]H_l(Lm) = min )\Q(La)

a=1

From Theorem we have that P [Ay(Lg,, ) > 1 —o(1)] = 1—0(1) for all a € [k]. Because

the G¢,, are i.i.d:

P [t (L") > 1 — o(1)] = P gﬁn Ao(Lo) > 1— 0(1)} = [IEPe(La) = 1 o(1)] = (1-o(1))*

=1

As in the proof of Theorem [2.4.11) we have that (1 — o(1))* = 1 — o(1). Finally, by the
interlacing theorem for singular values (cf. [83]) we get that Apyi(L™) < opso (LE), thus

taking Kk = k 4+ 2 and C' = 1/2, for example, we get that Property 3 holds almost surely as:
P [042(L3) > 1—0(1)] > P [Aea(L™) > 1—0(1)] =1—0(1)
and for large enough n the o(1) term inside the brackets is less than 1/2. O

Remark 2.4.13. 1. We have chosen to write p = wlog(ng)/ng as we feel this makes
the presentation slightly clearer, but of course as ng = n/k by redefining w this is

equivalent to p = wlog(n)/n.
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2. We emphasize that we place no restrictions on how slowly w — oc.

3. The restriction to the symmetric block model is not essential. By wading through a
slightly larger sea of notation one can show that a theorem analogous to Theorem
2.4.12| holds for SBM(n, P) as long as the number of clusters, ¥ = O(1) and p :=

min, P,, = wlog(n)/n while ¢ := max,, Py, = blog(n)/n.

2.5 COMPUTATIONAL COMPLEXITY

In this section we bound the number of operations that SingleClusterPursuit requires.
We assume that Properties 1-3 at the beginning of and we assume that A is stored as a
sparse matrix with dpyax = max; Y, A;; < n. An observation that we will use repeatedly is
that multiplying a vector by such a sparse matrix (and observe that L and P are similarly

sparse) takes O(dpaxn) operations.

1. Running RandomWalkThresholding (step (1) of SingleClusterPursuit) takes

O ((tdmax + log(n))n) operations, because:

e Computing D and P require O(dpaxn) operations each. Computing v(® requires

|T'| operations.

e Computing v requires ¢t matrix-vector multiplies, each requiring O(dyaxn) oper-

ations. So this step requires O(tdyaxn) operations.

e The most expensive part of the thresholding step (step (3)) is sorting the entries

of vl € R", which requires O(nlog(n)) operations.

2. In step (2) of SingleClusterPursuit, we get L essentially for free, as L = — P and

we have already computed P. Observe that y = Z&- = L1g hence this is another
ieQ
sparse matrix-vector multiply, costing O(dyaxn).
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3. The call to SubspacePursuit (see Algorithm [4)) in step (3) costs m times the cost of
each iteration, which we now bound. The cost of the j-iteration is dominated by the

cost of solving the least squares problem:

argmin {HLQZ — vyl : supp(x) C gj} :

zER™

Because of the support condition, and because |SJ | = 2s = 2eny, this is equivalent to
the least squares problem:

aﬁg&gzn{lwyz—.\/HQ} (2.15)
We recommend using an iterative method, such as conjugate gradient (in our imple-
mentation we use MATLAB’s 1sqr operation). Fortunately, as pointed out in [72],
the matrix in question, Lg; is extremely well conditioned. This is because do5(L) <
d35(L) < 0.45 by assumption 1, and see the proof of Theorem [2.4.6] By [72], specifi-
cally Proposition 3.1 and the discussion of §5, this implies that the condition number

is small:
)\max(L—SAerSj) < 1+ 523

< < 2.64
Amin(LE Lg) = 1= b

m(ngng) =

The upshot of this is that it only requires a constant number of iterations of conjugate
gradient to approximate the solution to the least-squares problem to within an
acceptable tolerance. Indeed, Corollary 5.3 of [72] argues that three iterations suffices.
We play it safe by performing ten iterations. The cost of each iteration of conjugate
gradient is equal to (a constant times) the cost of a sparse matrix vector multiply by L 3
or ng, which is O(dyaxn). Hence the total cost of step (3) of SingleClusterPursuit

is O(Mmdyaxn) = O(dmax log(n)n) because we are taking m = O(log(n)).

Adding this all up, we get that the number of operations required is O ((t + log(n))dmaxn)-
Because we take t, the depth of the random walk, to be constant with respect to n, the
asymptotic complexity of SingleClusterPursuit is O(dpaxlog(n)n). To make this more
concrete, observe that for the stochastic block model SSBM(n, k, p,q) with parameters as
in Theorem we have that dyax < d0,, + d%% < (1 + o(1))wlog(n) + blog(n) + o(1)
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by Corollaries [2.2.4] and [2.2.5] Because w — oo, for large enough n this certainly gives

dmax < 2wlog(n). In the numerical experiments (§2.6.3) we take w = log(n), thus we get
an asymptotic computational complexity of O(log®(n)n). In particular, we note that this is
faster than the SphereComparison algorithm of Abbe and Sandon (see [5] or §1.3.3]), which

has complexity O(n!*o()) |

2.6 NUMERICAL RESULTS

2.6.1 IMPLEMENTATION OF ALGORITHMS

All algorithms considered were run in MATLAB.

SingleClusterPursuit The implementation of SingleClusterPursuit used is available
as the function SCPMainRW. We set the parameters ¢ = 0.13, R = 0.5 and the depth of the
random walk ¢ = 3. Unless otherwise indicated, n; was set to be the true size of the cluster

of interest.

ESSC The algorithm we refer to as ESSC is technically the sub-routine referred to as
Community-Search on pg. 1863 of [89] and as Main.Search in the R package for ESSC
(available at http://jdwilson-statistics.com/publications/). We use a MATLAB
implementation of this algorithm written by the author. We compared the accuracy and
run time of our MATLAB version to that of the R version, and found them to be nearly
identical. We set the maximum number of iterations to 50 and the parameter av = 0.05. As

we found ESSC to run slowly on large data sets, we did not use it in all experiments.

LBSA We use the MATLAB implementation provided by the authors of [79], available at
https://github.com/PanShi2016/LBSA. The LBSA algorithm actually includes six distinct
methods; we use the heat kernel sampling with Lanczos method, denoted in [79] as hkLISA,
as experimental evidence presented in the aforementioned paper suggests that this variant

performs best. We also tried other methods (specifically Heat Kernel sampling with Power


http://jdwilson-statistics.com/publications/
https://github.com/PanShi2016/LBSA
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method, and random walk sampling with power and Lanczos methods), but did not observe
any significant difference in performance on our data sets. We set the parameter which
governs the number of Lanczos iterations to take, namely ko, to be equal to 4 as suggested

in [79)].

HKGrow We use the MATLAB implementation of this algorithm available at https:
//www.cs.purdue.edu/homes/dgleich/codes/hkgrow/. This implementation requires no

input parameters.

The size of the seed set I' given to SSCP, LOSP++ and HKGrow is gn;, where g € (0,0.1)
and ny is the true size of the cluster of interest. ESSC is seeded with the neighborhood of the

highest degree vertex in the cluster of interest, as done in [89].

2.6.2 MEASURES OF CLUSTER QUALITY

When there exists a known, ground truth cluster C', we measure the accuracy of cluster
extraction using the Jaccard Index: Jac(C,C#) := |C'NC#|/|C'UC#|. The maximum
value of Jac(C,C#) is 1, and this occurs when C' = C#. The Jaccard index has a minimum
value of 0, which is achieved when C' and C# are disjoint. Note that the Jaccard index also
penalizes “trivial” cluster extraction algorithms, that is algorithms that return C# ~ V/,

with a low score.

2.6.3 SYNTHETIC DATA SETS 1: THE STOCHASTIC BLOCK MODEL

We consider graphs drawn from three different stochastic block models. Typical adjacency
matrices for graphs drawn from these three models are shown in Figure 2.1] In all cases we
focus on extracting the first cluster, C, and in all cases we vary n; from 200 to 600 (n scales

with n;) and take |I'| = 0.02n,. We perform ten independent trials for each value of n;.


https://www.cs.purdue.edu/homes/dgleich/codes/hkgrow/
https://www.cs.purdue.edu/homes/dgleich/codes/hkgrow/
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Figure 2.1: The adjacency matrices of typical graphs for each of the three benchmarks,
permuted to reveal the ground truth clusters. From left to right: Experiments 1-3

Experiment 1. We consider the symmetric stochastic block model with parameters as
in Theorem [2.4.12| That is, we draw G ~ SSBM(n, k,p,q) with & = 10, n = 10n;, p =

2log®(n)/n and q = log(n)/n.

Experiment 2. Here, we consider graphs G ~ SBM(n, ), where n = (ny, 10n;) and

2log®(n)/n log(n)/n
log(n)/n  2log*(n)/n

1=

Experiment 3. Finally, we draw graphs from SBM(n, P,) where again n = (ny,10n;) bu

the connection probability matrix is given by:

21og®(n)/n log(n)/n |
log(n)/n log(n)/n

no
I

This models the problem of extracting a cluster from a weak background.

The results of these three experiments are presented in Figures and 2.4 As there
was a wide disparity in run times, we plot these using a logarithmic scale. To motivate further

the consistency of SingleClusterPursuit, we include a box plot for the Jaccard Indices.
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Figure 2.2: Results from Experiment 1. From left to right: The Jaccard index as a function
of cluster size, the run time as a function of cluster size, and a box plot of the Jaccard indices

for SingleClusterPursuit.
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Figure 2.3: Results from Experiment 2. From left to right: The Jaccard index as a function
of cluster size, the run time as a function of cluster size, and a box plot of the Jaccard indices

for SingleClusterPursuit.
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Figure 2.4: Results from Experiment 3. From left to right: The Jaccard index as a function
of cluster size, the run time as a function of cluster size, and a box plot of the Jaccard indices

for SingleClusterPursuit.
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2.6.4 REAL DATA SETS 1: SOCIAL NETWORKS

The facebook100 dataset consists of anonymized Facebook “friendship” networks at 100
American universities, and was first introduced and studied in [84]. It contains, for each
college or university, a graph whose vertices correspond to undergraduates with a Facebook
account at that institution. Edges connect students who were friends on Facebook the day (in
September 2005) the data was collected. Certain demographic markers (year of entry, gender,
residence, high school etc.) were also collected in an anonymized format. We focus on four
schools, California Institute of Technology (Caltech), Rice, University of California, Santa
Cruz (UCSC) and Smith College, identified by Traud et. al. ([84]) as being most strongly
clustered by residence. We treat the residence assignments as the ground truth clusters. We
note that there are always some students whose residential affiliation is unknown; we treat
these as background vertices. For each cluster, we run each algorithm ten times, each time
with a different set of uniformly randomly selected seed vertices. For SingleClusterPursuit,
HKGrow and LBSA the seed set consists of 5 randomly selected vertices. For ESSC, the seed
set is the neighborhood of a certain vertex in the ground truth cluster. We tried taking this
vertex to be the highest degree vertex in the cluster (as in [89]) as well as selecting this
vertex uniformly at random. Experimentally, we observed better results for the latter, so we
report these. We note that for the larger networks (i.e. Smith, Rice and UCSC) ESSC did

not converge within a reasonable amount of time. Important properties of the networks are

reported in 2.1} while results are presented in Figures [2.5 2.7] [2.6] and 2.8

Vertices Clusters Max cluster size Min cluster size Mean cluster size

Caltech 769 8 99 44 74.63

Smith 2970 36 113 12 70.17
Rice 4087 9 414 382 396

UCSC 8991 10 925 622 773.7

Table 2.1: Basic properties of the four social networks studied.
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Figure 2.6: Results for Smith Social Network: Jaccard index on left and run time on right.
Note that the run times are presented in a logarithmic scale.
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Note that the run times are presented in a logarithmic scale.
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Figure 2.8: Results for UCSB Social Network: Jaccard index on left and run time on right.
Note that the run times are presented in a logarithmic scale.

2.6.5 REAL DATA SETS 2: MACHINE LEARNING BENCHMARKS

Of particular interest to us is extraction of clusters of linear size (i.e. ny ~ n/k) from the K-
Nearest Neigbor (K-NN) graphs that arise in Machine Learning. Typically, the data points
in such data sets are presented as real-valued vectors, for example, vectorized grayscale
images. So, let us first discuss how to turn such a data set X = {x;,...,x,} C R” into a

graph G so that algorithms such as SingleClusterPursuit may be used.

Preprocessing Euclidean Data Given such an X, we construct a weighted graph on n
vertices with weighted adjacency matrix defined as: A;; = ¢(||x; — x;|). Here ¢ is referred
to as a kernel function and should, at least, be non-negative, continuous at 0 with ¢(0) = 1,
non-increasing on [0, 00) and sufficiently fast decaying (requiring s%¢(s) = o(1) for all ¢ > 0
is typical, see [9]). The kernel function usually depends on some user-specified parameters,
for example ¢, (s) := exp(—s?/a?) is a common choice [73]. Such an approach results in a
complete graph, but in dealing with large data sets a sparse graph is desired, due to memory

constraints. Thus, many researchers consider variants of K-NN graphs, defined loosely as
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inserting an edge between ¢ and j if and only if x; is amongst the K closest data points in
X to x;, or vice versa. Here we use the following variant of a K-NN graph that incorporates

the local scaling of Zelnik-Manor and Perona [95], which we first learned of from [51].
e Fix parameters r and K.

e For all i € [n], define 0; := ||x; — X}41||, where x.;; denotes the r-th closest point in X
to x;. (If there is a tie, break it arbitrarily). Let NN(x;, K) C X denote the set of the

K closest points in X to x;. Again, one may break ties arbitrarily if they occur.

2 .
~ ~ eXp —|IX; — X5 0,0, leENN XZ"K
e Define A as: A;; = (=li ill*/oio;) j ( )
0 otherwise

e Observe that A is not necessarily symmetric, as it may occur that x; € NN(x;, K)
while x; ¢ NN(x;, K). So, symmetrize A to obtain A, the adjacency matrix of G. In

this dissertation we consider two symmetrizations:

Ao = ATA  and  A,.. where (Amax)ij = max {flij, flﬂ}

Clearly Ay is sparser than Ay, although we observe that SingleClusterPursuit per-

forms slightly better when using A .

We consider two data sets, MNIST and OptDigits. For both data sets we consider both

Amax and Amult-

MNIST. This data set consists of n = 70 000 grayscale images of the handwritten digits
0-9, all of size 28 x 28. We vectorize these images to obtain data points x; € R™*. There are

approximately 7 000 images of each digit.

OptDigits. Similar to MNIST, this data set also consists of images of handwritten digits
0-9, although now they are of size 8 x 8 which vectorize to give data points x; € R%, and

there are only n = 5620 of them. As before, the clusters are balanced with approximately
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Figure 2.9: Cluster extraction for MNIST with A, as the adjacency matrix. Results aver-
aged over all 10 digits. From left to right: The Jaccard index as a function of cluster
size, the run time as a function of cluster size, and a box plot of the Jaccard indices for
SingleClusterPursuit.

560 images of each digit.

We vary the fraction of data points to be labeled from 0.5% to 2.5% in increments of
0.5%. For each sample fraction, g = 0.005, ...,0.025, we perform one experiment for each of
the 10 clusters in the respective data set. We choose ¢g(n/10) data points from the cluster
uniformly at random and use this as I'. The parameters for LBSA are as described in §2.6.1]
For SingleClusterPursuit we take e = 0.13 and R = 0.7 in all experiments. For the
larger data set MNIST we take t = 3 while for OptDigits we take ¢ = 10. Note that in all
experiments we do not use any a priori information about the sizes of the clusters. Instead,
we set the parameter n; = n/10, which only encodes the assumption that we expect the

clusters to be more or less balanced.

The results for MNIST are presented in Figures[2.9/and [2.10] while the results for OptDigits
are presented in Figures and [2.12] Note that for both data sets there is a significant gap
in Jaccard index between the best and worst results for any given sampling fraction. This is
due to the significant gap in difficulty between finding the clusters for “easy” digits, such as

0, and “hard” digits, such as 7.
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Figure 2.10: Cluster extraction for MNIST with A,.. as the adjacency matrix. Results aver-
aged over all 10 digits. From left to right: The Jaccard index as a function of cluster
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Figure 2.11: Cluster extraction for OptDigits with A.. as the adjacency matrix. Results
averaged over all 10 digits. From left to right: The Jaccard index as a function of cluster
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of the Jaccard indices for SingleClusterPursuit.

Average Jaccard Score

—— SingleClusterPursuit
—— HKGrow
LBSA

15 2
Percentage of vertices Used as seeds

1 —SingleClusterPursuit
——HKGrow

Logarithm of Average Time in seconds

T 15 2
Percentage of vertices Used as seeds

Jaccard Score

B = =
I
. + il +
:
.
.
0.5% 1% 1.5% 2% 2.5%

Percentage of vertices used as seeds

Figure 2.12: Cluster extraction for OptDigits with A, as the adjacency matrix. Results
averaged over all 10 digits. From left to right: The Jaccard index as a function of cluster
size, the run time as a function of cluster size, and a box plot of the Jaccard indices for
SingleClusterPursuit.
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2.6.6 EXTENSION TO SEMI-SUPERVISED LEARNING

Here we explore the use of an iterated SingleClusterPursuit, capable of finding all
clusters in a data set, on the MNIST data set. We call the precise algorithm we use
IteratedSingleClusterPursuit, and present it as Algorithm [7] Note that as input
IteratedSingleClusterPursuit requires a set of seed vertices I'y, C C, for each cluster.
We collate the sets into an array I' = {I';,...,T'x} and, following standard terminology
in the machine learning literature, refer to I' as the labeled data. We collect the values
of ny into a vector n. Note that there is an interesting flexibility in this approach which
manifests in the “Cleanup” steps of [7] Because SingleClusterPursuit is extractive, it
can happen that once one has extracted clusters C{*™, ... C;*™ there are still vertices
which have not been assigned a cluster, denoted LeftOver in Algorithm [7] One can now
treat the extracted clusters C}*™ ... C;*"® as labeled data, train a supervised classifier
on them, and use it to classify the remaining data points represented by LeftOver. In

IteratedSingleClusterPursuit as presented in [7| we use a simple nearest neighbors clas-

sifier, although certainly more sophisticated approaches are possible.

In our numerical experiment with MNIST we draw the same number of labeled examples,
randomly and uniformly, from each cluster: |I';| = ¢|C,|. As before we vary the sampling
fraction ¢ in increments of 0.005 from 0.005 to 0.025. We set the cluster sizes to their
exact values, that is n = (nq,ng,...,n;). We use the same A, as described above as the
adjacency matrix. The results displayed in Table are averaged over 20 independent trials.
In Table we compare our results with other state-of-the-art results for Semi-Supervised

clustering on MNIST.

2.6.7 VERIFYING THE ASYMPTOTIC BOUND ON RUN TIME

In §2.5 we claim that the run time of SingleClusterPursuit is O(dpax log(n)n) and argued

further that when G' ~ SSBM(n, k, p, q), with parameters p = log*(n)/n and ¢ = blog(n)/n
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Amount of Labeled Data Accuracy

0.5% 95.29%
1% 97.03%
1.5% 97.37%
2% 97.49%
2.5% 97.57%

Table 2.2: Accuracy of classification (defined as #{ images correctly classified}/n) using
IteratedSingleClusterPursuit

Method Labelled Accuracy
TSVM [B1] 1000 95.62%
TVRF [94] 600 96.7%
Deep Generative Model [53] 1000 97.13%
IteratedSingleClusterPursuit 1050 97.37%
Multi-Class MBO with Auction Dynamics [51] 700 97.43%
IteratedSingleClusterPursuit 1400 97.49%
Ladder Networks [76] 1000 99.16%

Table 2.3: Comparing IteratedClusterPursuit to other, state-of-the-art, semi-supervised
methods on MNIST. We remark that the Ladder Network approach requires a full two
hours of training on a GPU. In constrast, IteratedSingleClusterPursuit runs in under
20 seconds, although it does require ~ 20 minutes to create the adjacency matrix A from
the raw image data.
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Algorithm 7 IteratedSingleClusterPursuit

Input: Adjacency matrix A, parameters €, R € (0, 1) and depth of random walk ¢. Labeled
data I'. Vector of approximate cluster sizes, n.
Initialization: N = n = size(A4,1)
fora=1:k—-1do
Ctemp = gingleClusterPursuit(A4, e, I'(a),n(a),t, R)
NewInds = [n] \ Cie™P
A = A(NewInds, NewInds)
n = |NewInds|
end for
Qfinal = [N]\ (C1UCy U ... UCy_y)
Find C;"™ using Q" and steps (2)—(4) of SingleClusterPursuit.
Cleanup: Let LeftOver = [N]\ (C1 U...UCy)
For all a € [k] and ¢ € Left0Over define Score(a, 1) = > cc. a) Aij
Let Cp*" = {i € Left0Over : argmax, ¢, Score(a, i) = b}
Output: for a € [k] let C# = Clemp y Cnew

for some constant b, that this reduces to O(log®(n)n). Here we verify that this is the case.
We draw graphs from SSBM(n, k, p, q), with p and ¢ as indicated above, for n varying from
5 000 to 25 000, in increments of 500. For each value of n, we compute the average run time
of SingleClusterPursuit over ten independent trials. We then plot the logarithm of the
average run time, as a function of n in Figure [2.13] Section predicts that the logarithm
of the run time should be equal to log(n) + 3log(log(n)) + log(C') for some constant C'. In
Figure[2.13| we thus plot the predicted run time, T' = log(n) +3log(log(n)) — 15.99, where the
constant was determined by fitting to the data. As can be seen, there is excellent agreement

between the theoretical prediction and experimental result.

2.6.8 ANALYSIS OF EXPERIMENTAL RESULTS

SingleClusterPursuit performs better than the other algorithms considered for every real
data set considered, and is also the best algorithm for the “cluster extraction from a weak

background” problem of Synthetic Data Experiment 3. Although SingleClusterPursuit is
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outperformed by HKGrow in most synthetic cases where there are well-defined, well-separated
clusters, i.e. Experiments 1 and 2, we argue that such data sets are not very realistic. It
is interesting to note that SingleClusterPursuit performs equally well on very different
kinds of data—for example social networks and K-NN graphs. Finally we note that the run
time of SingleClusterPursuit is low, and grows slowly with n as predicted by §2.5 Based
on all of the above, it appears that SingleClusterPursuit is an excellent general purpose

cluster extraction algorithm.



CHAPTER 3

Dynamic CLUSTER PURSUIT

The discussion thus far has tacitly assumed that our networks of interest are static, i.e. they
do not change with time. This is not always a realistic assumption, and indeed many real
world networks do evolve as time progresses. Consider the example of an email network,
where users are represented by vertices which are connected if the users concerned exchanged
emails within a given time period (say a week). Hence every week provides a new static
graph whose edges may be markedly different from the previous week’s. We shall represent
such dynamic graphs as a sequence of ordinary, static, graphs: G = {G(l), e ,G(T)} and
refer to the G® as “snapshots.” For conceptual clarity, we shall restrict to the case where

all the G all have the same vertex set, namely V, although this is not essential.

Consider again the example of email correspondence described above. It is reasonable
to assume that each G has clusters C’ft) U...uU C’,gt) corresponding to people who work
together, are in the same friendship circle and so on. Certainly these clusters will change
with time, for example as people change jobs or move city, but we expect few vertices to
change clusters between adjacenct snapshots. We emphasize that there are two temporal
processes going on here. Between snapshots there is an essentially random reconfiguration of
the edges between existing vertices, while over the longer term there is the more meaningful
process of vertices transitioning between clusters. The problem of tracking these evolving

clusters is called the “dynamic clustering” problem.

o8
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We considered a more refined variant of this problem, where one is interesting in tracking
the evolution of a single cluster, C’ét), over time. In analogy with earlier work, we term this
the “dynamic cluster extraction” problem. Clearly, any algorithm that solves this problem
can be iterated to track all k clusters. However if one is only interested in a certain cluster,
then using a dynamic cluster extraction algorithm is preferable is it does not use unnecessary
computational resources. In we will present a novel algorithm that solves this problem.
Before that, we briefly review the literature on dynamic clustering ( and discuss various
probabilistic models of dynamic graphs with clusters that generalize the stochastic block

model (§3.2). Numerical experiments are presented in §3.4]

3.1 OVERVIEW OF DYNAMIC CLUSTERING

To the best of the author’s knowledge, the first paper to consider the idea of dynamic
clustering was [20]. Since then, interest in this problem has grown steadily, as documented in
the survey articles [6] (2014), [45] (2016) and [77] (2018). In particular, over 50 approaches
to dynamic clustering are documented in [77] (although we remark that no approaches to
dynamic cluster extraction are presented). Note that dynamic clustering can mean different
things to different authors. Some authors assume that one first has access to all snapshots
{GW, ... ,G™M} and then tries to determine a sequence of clusterings {C™1), ... C™M}. We
refer to such approaches as “offline” methods. On the other hand, one could try to find
clusterings in an “online” manner, whereby in finding the t-th clustering, C®, one only
has access to {GV,...,G®} and {CM,... C* Y} Our focus in this chapter is on online

methods.

In an attempt to categorize the disparate approaches to dynamic clustering, Rossetti and

Cazabet introduced a taxonomy of dynamic clustering approaches in [77]. We follow their
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lead in surveying the literature, and use their terminology to describe the three main families

of dynamic clustering algorithms.

3.1.1 INSTANT OPTIMAL METHODS

Arguably the simplest approach to dynamic clustering, instant optimal methods apply a
static clustering algorithm to each snapshot, G®, to find a clustering C®), and then use a
set-matching procedure to identify these static communities across time steps. The primary
drawback of such approaches is that the communities found in this manner tend to vary
wildly. Indeed, even for static networks it is widely accepted that there is no unique “correct”
decomposition of the vertices into communities (cf. [77]). Moreover, many common static
clustering algorithms (for example Spectral Clustering, or GenLouvain [34]) incorporate some
kind of randomization, and hence may find different clusterings on different runs, even on the
same graph. It follows that even if there is little change from G to G**Y | the clusterings
found by a static clustering algorithm may be significantly different, and hence there may
be little interpretability in dynamic clusters formed by identifying such static clusters across

snapshots.

3.1.2 TEMPORAL TRADE OFF METHODS

These algorithms seek to “update” the clustering found in G®~Y to a new clustering for G®.
It is usually assumed that a clustering for G™V) is given, or is found using a static clustering
method. The updating can take a variety of forms, for example one approach is to “warm-
start” a static clustering algorithm on G, such as GenLouvain [34], with C*~" | thus making
it likely that the C® found will be close to C*~V. Another set of approaches, referred to
in [77] as “Informed Community Detection by Multi-Objective Optimization”, seeks to find
C® by balancing the competing goals of finding a clustering which fits the current snapshot

and finding a clustering which is not too dissimilar to that found for the previous snapshot.

Loosely speaking, such methods use a measure of (static) cluster quality F(C,G®), such
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as normalized cut (see Definition [1.2.5) and add a regularizing term H(C,G®Y) which
penalizes potential clusterings of G® that deviate too much from recent history. One then

finds an optimal clustering of G, namely C®, as:
C" = argmin (F(C,G") + aH(C,G"™))

Two such regularizing terms are suggested in [22]. The first, which they call Hpcq for
Preserving Cluster Quality penalizes C if it is also not a decent clustering for G~ . That
is, Hpcq(C) = F(C,GY) where F is the same static measure of cluster quality as before.
The second penalizes C if the constituent clusters of C, namely C,...,C}, differ from
C’ft_l), ceey C’,E,t_l). They term this function Hpcyy for Preserving Cluster Membership and

define it using the chi-squared statistic:

ko k ‘Oy‘”mcb(
Hpon(C, 00y = =33

a=1 b1 ‘ngt_l) |Ch|

In both cases the parameter a needs to be specified by the user.

Another important sub-category of Temporal Trade Off methods are the so-called
“Informed Community Detection by Network Smoothing” approaches. Emblematic of such
approaches is the AFFECT paradigm, introduced in [92]. In this paper, the authors suppose
that at each time step the adjacency matrix can be decomposed as A® = ¥® 4+ N
where U® is an unknown, “true” weighted adjacency matrix while N® is a matrix of
zero-mean Gaussian noise. If U were known, the authors argue that performing any static
clustering on ¥® instead of A® would result in optimal results. Of course U® is not
known, hence the authors suggest using an estimator U® instead. If one only had access
to a single snapshot G then ¥® = A® would be the best estimate of ¥ we could hope
for, but as we have access to prior snapshots the authors propose an estimator of the form
TO = oOPED 4 (1 — o®)AD where the parameter o) is called the forgetting factor

and the authors describe a way to determine it from the data {A(M, ... A®}. Finally, the
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authors of [22] present two efficient algorithms, based on the normalized spectral clustering
of Shi and Malik (cf. [78] or Algorithm [2), for approximately solving Problem (3.1) for
the cases H = Hpcq and H = Hpcwm, which we deem EvolSpec-PCQ and EvolSpec-PCM

respectively.

Our proposed algorithm for dynamic cluster extraction, DynamicClusterPursuit, is most

similar to to Temporal Trade Off approaches to dynamic clustering.

3.1.3 Cross-TiIME COMMUNITY DISCOVERY METHODS

Methods in this category differ from the previous two in that they are all offline approaches.
That is, they require as input all 7" snapshots, and then perform the clustering in a single
process. Thus, a key distinguishing feature of such approaches is how they aggregate the
snapshots GV, ... G We mention the multislice approach of Mucha, Porter and collabo-
rators which stitches the snapshots together into a single network by connecting each node in
one snapshot to itself in every other snapshot. One can vary the weight of these “interslice”
edges, which allows one to place more or less importance on historical trends. A multislice
version of modularity is then defined (see [69] for the definition) and a clustering which
maximizes this modularity is then sought. We refer the reader to the report [69] for further
details. As the focus in this chapter is on online dynamic clustering, we shall have little more

to say about this category of approaches in the sequel.

3.2 PROBABILISTIC MODELS OF DyNAMIC RANDOM GRAPHS

We remind the reader of the definition of the Stochastic Block Model, as introduced in §1.2.1}

We alter the notation slightly so as to emphasize the role of the clustering C.

Definition 3.2.1. Let C = {C},...,Cy} denote a partition of the vertex set V and let

P € R¥* be a non-negative matrix. We say that G is drawn from the stochastic block
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model SBM(C, P) (and write G ~ SBM(C, P)) if, for every pair of vertices 4, j with ¢ € C,

and j € Cj, the edge {i,j} is inserted independently with probability P,.

There exist several extensions of the Stochastic Block Model to the setting of dynamic
graphs, all under the name ‘Dynamic Stochastic Block Model” (see [93] [75], O], 48]). Here we

shall use the model introduced by Yang et al in [93].

Definition 3.2.2. Fix an initial clustering C"), the number of time steps T, a connection
probability matrix P and a cluster-switching probability matrix (), which is required to be
doubly stochastic. We say that the sequence of snapshots G = {GW, ... G} is drawn

from the Dynamic Stochastic Block Model DSBM(C™, P, @, T) if:
1. G ~ SBM(CW, P).

2. Foreach 2 <t < T and every 1 < a < b < k vertex i € C((lt_l) is placed in C’,St) with

probability Q.. Then G® ~ SBM(C®, P).

In [75], 91] models are proposed where the connection probability matrix P is allowed to
change in time, while in [90] 48] a dynamic model is explored that allows for mixed cluster
membership at each time step. Models which allow for the vertex set V' to change are also
possible. In analogy with the symmetric stochastic block model introduced in §I1.2.1] we
define:

Definition 3.2.3. If G ~ DSBM(CM, P,Q,T) with P,, = p for all a € [k] and P,, = ¢
for all @ # b, and Que = 1 — € for all a € [k] while Qu = ¢/(k — 1) for a # b and
|C’£1)\ = |C’2(1)| =...= \C,il)| = n/k we say that G is drawn from the Symmetric Dynamic
Stochastic Block Model, and write G ~ SDSBM(n, k, p,q,€,T)

This is essentially the model considered in [43]. Note that the cluster switching probabil-
ities in Definition [3.2.3] are chosen so that the sizes of the clusters remain relatively stable.

In fact:
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Theorem 3.2.4. Let G ~ SDSBM(n, k,p,q,€,T). Then for each a n{) = ]Cét)\ is a random

variable with E [ngt)] =n/k.
Proof. By the law of iterated expectation:

B [0 |nl?) = B [8 [of) o2, ol o]

a ) a a

a3)7 na2)’ ngl)] |n((12), n((ll)} |n((11)}

=E[E[E [n{"|n

a

B (o[, ..., 0] = B [nn ] = (1=l )+ (nnle ) =
It follows that:
O1..(1)] _ [ [ en ke t—1)|. (t—1 1
E [n®[n®] = E - E|i (= >} ng)}

ng

i en ke en ke
—E|...E 1— 1— —)ptt-2
BTt k—1>(k:—1+< Fo1) )

).

" E :(H(l_ %H(l_ kk—61)2) o7t k;k_e1)2”
Continuing in this fashion we observe a geometric sequence developing. So:
en_ ke \’ ke \'"'
B [ lne] = 5 ; (1 e 1) " (1 - m) ng
_en 1—(1—k’f1)t 1+<1_ ke >t_1ﬁ
k—1 5 k—1) &
) ) )

]

However tail bounds on the cluster sizes |C'((lt)| seem surprisingly hard to prove. In order

to analyze the probability of success of the DCP-Thresh algorithm in §3.3.2 we introduce

a further simplification that guarantees that the cluster sizes are constant (i.e. not just

constant in expectation):




65

Definition 3.2.5. We say that G is drawn from the Constrained Dynamic Stochastic Block

Model CDSBM(n, k,p, q,¢,T) if
1. CW is such that |CS"| = n/k for all a € [k].
2. G ~ SSBM(CW, p, q).

3. For each 2 < ¢ < T and all a,b € [k] with a # b precisely e|C’C(Lt_1)|/(k: — 1) vertices are
selected uniformly at random from C{' " to be moved to qﬁt). The vertices in C§'

which are not selected in this manner are also placed in C’ét)

Remark 3.2.6. The upshot of this rather convoluted construction is that the cluster sizes

are constant: |C’((Lt)| = n/k for all t. Moreover, for every ¢, and every a, |C/| = |C| = en/k.

It is also of interest to have a model of weighted dynamic graph. Several approaches use
Dynamic Gaussian Mixture Models, for example [19]. We mention also the model of Xu,
Kliger and Hero [91] alluded to in §3.1.2] where the adjacency matrix A is modeled by a

block-constant matrix ¥® plus a zero mean Gaussian “noise” matrix N®.

3.3 DYNAMIC CLUSTER PURSUIT

In this section we present three algorithms for the dynamic cluster extraction problem.
Without loss of generality, we shall assume that the cluster of interest is C{t). At a
high level, our algorithms work by approximating the cluster change indicator wvector:
150, = 1C£t) — 1C£t—1). If we denote C}f = C’l(t) \ C’ft_l) and C] = Cy_l) \ C’ft) then equiva-

lently 150, = Lor —1o-. We recall the following theorem from

Theorem 3.3.1. Let C,...,C} denote the connected components of a graph G. Then the

cluster indicator vectors 1¢,, ..., e, form a basis for the kernel of L.

As in the analysis of SingleClusterPursuit, we decompose each G® into an edge-

disjoint union of subgraphs G™® and G°"“®) where V™® = yout) — VO byt FmE®
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contains only the edges in E® between vertices in the same cluster while E°"*(®) contains
only edges between vertices in different clusters. We may further write L) = L™(® 4 pf®),
If G has well-defined clusters we may assume that ||[AM® ||, is small relative to || L™®]|,. As

in the development of SingleClusterPursuit, we observe that:

Remark 3.3.2. If Cl(t), . ,C,Ef) are the clusters of G, then they are the connected com-

ponents of G™®_ In particular Lin’(t)lc(t) =0 for all ¢.
1

Now write 1.0 =1 01+ 150, From Remark [3.3.2] it follows that:
1 1
Lin’(t) <1C§t_1) + 1501) =0= Lin’(t)l(;cl = —Lin’(t)lcy—l) (3.3)

For future use, define y™® = _Lin’(t)].cit—l) and and y® .= _L(t)].cit—l) = ym® 4
e where e .= —M®1 oD From it follows that, in principle, one might recover
15¢, by solving the linear system L™®x = y™® hut of course knowing L™ and y™®
presupposes that one knows C’{t), ce C’,it), which is what we are trying to find. However, as
was the case for SingleClusterPursuit, we shall show that L®)x = —y® is a sufficiently
good proxy and all three variants of Dynamic Cluster Pursuit that we will present work by
solving this linear system. The simplest of the three, DCP-Thresh approximates the signed
support of 150, by considering only the values of y*). DCP-Thresh is also the only variant
for which we are currently able to provide theoretical guarantees (see Theorem but
numerical experiment reveals it to be the least robust to noise. On the other hand DCP-0MP is
experimentally the most robust to noise, but requires an estimate of the number of vertices
switching to and from C} at the ¢-th time step. The final variant, DSCP-BP does not require

any user specified parameters, but is slower and less accurate than DCP-OMP (although still

more accurate than DSCP-Thresh).



67

3.3.1 DCP-Thresh

Let us first analyze a deceptively simple approach to determining 1s5¢,. Observe that if

1€ Cftil) then:

© _ 1 ) _ 1 0 (t) )
Yi __1+d(t) > 4 __1+d(t) DAY =D AG+ YA

i jecgtfl) i jECP jecy jeCy

if in fact i € C""V N C" then Z AS) = d™" and of course Z AS) < |C{]. Recalling
. (t) -ec+
jel; jecy

the definition r{" = @@ /g™® > g™ /4 we get that:

o |C{]

)

<y <o (3.4)

(the upper bound follows trivially as Z AS.) < d@).

)

jectt=

On the other hand, if i € C{'"V\C{” = €T then Y Al <™ and Y AY < o7
ject® Jjely
SO:
C1 |

—1§y§t)§—1+r§t)+W

(3.5)

The point is that if 7 € C] then yﬁt) is close to —1, whereas yi(t) is close to 0 if there is no
change in the cluster membership of 7, that is i € C’l(tfl) N C’l(t). This holds assuming that

r 10| and |Cy | are sufficiently small. On the other hand, if i ¢ C\"" then:

1 1
D IRUEE DYPUED SRS 9Pt

jectt=1 i\ jec® jecyt jeCy

ifi¢ 'V andig C? (thatis,i¢ " Vuct) (3.6

1 —

0<y® <04 |d01 |

o<1 e\t —op (3.7

()

which means that again y;’ ~ 0 if there is no change in the cluster membership of 4

whereas yl(t) ~ 1if i € O] . This leads us to Algorithm
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Algorithm 8 DSP-Thresh
Input: Adjacency matrix A® and cluster C¢~ Y.
(1) Compute L® and y = —LO1 ().
1
(2 )LetC’#+—{i€[ |+ y™ > 05} and C*~ = {i e [n]: y!¥ < —0.5}
Output: C#®) = (CU=D\ C#~) y C#+

Using a threshold value of 0.5 in Algorithm [8] is not particularly vital—any other value
n (0,1) could be used.

3.3.2 ANALYSIS OF DCP-Thresh

The Thresholding rule in Step 2 of |8 will succeed as long as y@ > 0.5 > yj(.t) for all i € Cf
and j EC ﬂCt 2 andyz < O5<y for all i € C| and j géC’ UC’l(tfl). In simple

cases one can guarantee that this is the case.

Theorem 3.3.3. Let G ~ CDSBM(n, k,p,q,¢e,T) with parameters p = wlog(ng)/ne, ¢ =
blog(n)/n, e < wlog(ng)/2ng and k constant. Here w is any function such that w — oo while
b is a constant. Assuming C’ft_ s known, Algomthm@ returns C'# 1 , for sufficiently

large n, with probability 1 — o(1).

Proof. From equations , , and as well as the discussion above, we see
that the conditions for success are met if ?“Et) +|Cr|/ dgt) < 0.5 and rgt) +1C/ dz@ < 0.5 for
all i € [n]. By construction, G®) ~ SSBM(n, k, p, q), hence by Corollary of Chapter 2
rifly = o(1). By Corollary of Chapter 2, dglm > dﬁlg > (1 —o(1))wlog(ng) also with

probability 1 — o(1). By our definition of the constrained dynamic stochastic block model,
|C| = |Cy | = eny, thus:

€n €N
max {r}") Oy 1/, 17+ OF 1/ } = i+ G = o1) + (1 o(1) -2

We may take the o(1) terms to be arbitrarily small, hence this quantity will be less than 0.5,
w log(no)

[
2710

for large enough n, if € <

The important thing to take away from Theorem [3.3.3]is that Algorithm [§| will work only

when € is of the same order as p.
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3.3.3 DSCP-0MP AND DSCP-BP

We now present a more refined approach to approximating 1s5¢,. As we are assuming not too
many vertices change cluster at each time step, 1s5¢, is sparse. With ym () = i1 ot
1

as before, we may set up two sparse recovery problems:

argmin ||x||; s.t. L™Wx = y™® (3.8)
x€eR”?
or, if an upper bound ||1s¢, |lo < s is known:
argmin | L™0x — y™ O, s.t. [|x||o < s (3.9)
xeR”

Of course in practice we do not have access to L'™® . But as in the development of

SingleClusterPursuit this suggests that we might be able to get away with using L® and

t

y® in place of L™® and y™®_ That is, we consider the sparse approximation problems:

argmin ||x||; s.t. |[LOx =y, < e (3.10)
xeR"™
and
argmin || LYx — y® ||y s.t. [|x||o < s (3.11)
xeR”

Thus we propose the following approach to dynamic cluster extraction:

1. Solve Problem (3.10|) using Basis Pursuit or using OMP to obtain x7.
2. Let C#*+ ={ien]: 2¥ >0} and C*~ = {ie[n]: 27 <0}

3. Return C# ") .= (CU-D\ Cc#~) Uy C#+

Step 2 above is not particularly robust. In particular, if we do not know exactly the
sparsity of 150, (which is almost certainly the case in real life), then taking s to be an
overestimate of ||150,]|o We expect x# to have “noise” components that are close to zero,
and should be ignored. This suggests that one should pick a threshold p € (0,1) and replace

Step 2 with the rule:

C*t={ie[n]: ¥ > pland O~ = {i e [n]: =¥ < —p} (3.12)

)
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When OMP is used in Step 1 we have had more success in practice letting S = supp(x¥), then

solving the following (box-constrained) integer least squares problem:

z¥ = argmin ||Lg)x—y(t)]|2 (3.13)
xe€{-1,0,1}s
and then taking C#* = {i € [n] : 2 = 1} and C%~ = {i € [n] : 2 = —1}. We

formalize this discussion into two algorithms: Dynamic Cluster Pursuit with OMP (DCP-OMP)
and Dynamic Cluster Pursuit with Basis Pursuit (DCP-BP). Note that in the pseudocode for

DCP-0MP, one should use either Step (3.a) or Step (3.b).

Algorithm 9 DCP-0OMP
Input: Adjacency matrix A® and cluster C*~V. Parameter s and possibly parameter p.
(1) Compute L% and y®.

(2) Solve ([3.11)) using OMP to obtain x.

(3.a) Solve (3.13) to obtain z# and let C#+ = {i € [n] : 2z =1} and C#~ = {i € [n] :

#
2l = —1}.

(3.b) Let C** ={ic[n]: a¥ > pland C¥~ ={i € [n]: 2 < —p}
Output: C#®) := (CU=D\ C#~) y C#+

Algorithm 10 DCP-BP

Input: Adjacency matrix A®) and cluster C*~Y. Noise parameter n and threshold param-
eter p € (0,1).

Step 1 Compute L) and y®.

Step 2 Solve (3.10) using Basis Pursuit to obtain x7.

Step 3 Let C#*+ ={ic[n]: 27 > p} and C#*~ = {i € [n]: 27 < —p}

Output: C#® = (Ct-D\ Cc#~) y C#+

The theoretical analysis of Algorithms [0] and [10] is significantly more complicated than
the analysis of Algorithm . Essentially, the noise term e® is too large in the ¢, norm to use
deterministic Compressive Sensing performance guarantees, and not Gaussian enough to use
probabilistic ones. However, both algorithms work excellently in the experimental setting,

as demonstrated in §3.4 We leave their analysis to future work.
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3.4 EXPERIMENTAL RESULTS

3.4.1 IMPLEMENTATION OF ALGORITHMS

All algorithms were implemented in MATLAB.

DCP-OMP was implemented as described in Algorithm [0} We use a standard implementa-
tion of OMP, available at: https://www.mathworks.com/matlabcentral/fileexchange/
32402-cosamp-and-omp-for-sparse-recovery. For smaller problems (that is, problems
with eng < 100) we use using the MATLAB package MILES, available at https://www.cs.
mcgill.ca/~chang/MILES. php and see also [21], to solve the integer least squares problem
. For larger problems we used the thresholding approach, with p = 0.5. The value of

the parameter s is case-specific.

DCP-BP was implemented as described in Algorithm . We solved Problem ([3.10)) using

the ¢; minimization algorithm of [56]. Again, we take p = 0.5.

AFFECT was implemented using the AFFECT MATLAB toolbox, available at: https://
herogroup.engin.umich.edu/affect-matlab-toolbox. There are no parameters for this

algorithm.

EvolSpec-PCQ and EvolSpec-PCM were implemented by the author, as described in [22],
and see also §3.1.2. For both algorithms we took the parameter a = 0.5.

3.4.2 SYNTHETIC DATA SETS

We first consider graphs drawn from the symmetric dynamic stochastic block model,
SDSBM(n, k,p,q,¢,T). We fix k = 10 and T' = 10 but vary the parameters n, p, ¢ and € to

exhibit different phenomena.


https://www.mathworks.com/matlabcentral/fileexchange/32402-cosamp-and-omp-for-sparse-recovery
https://www.mathworks.com/matlabcentral/fileexchange/32402-cosamp-and-omp-for-sparse-recovery
https://www.cs.mcgill.ca/~chang/MILES.php
https://www.cs.mcgill.ca/~chang/MILES.php
https://herogroup.engin.umich.edu/affect-matlab-toolbox
https://herogroup.engin.umich.edu/affect-matlab-toolbox
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Experiment 1 Experiment 2 Experiment 3 Experiment 4
DCP-0OMP 2.61 1.78 10.53 2.61
DCP-Thresh 0.47 0.13 0.45 0.45
AFFECT 10.10 3.22 10.16 11.47
Spec-PCQ 16.41 2.73 16.29 15.73
Spec-PCM 13.16 2.42 12.86 12.27

Table 3.1: Run time for the various dynamic clustering algorithms, in seconds. Note that
this is total run time, i.e. time taken to process all ten snapshots.

Experiment 1. We set ¢ = 0.05, p = 2log?(n)/n and ¢ = log(n)/n. The values of p and ¢
are as in Experiment 1 on synthetic data in Chapter 2 (see §2.6.3)).

Experiment 2. Here we increase ¢ to 0.2 and increase p slightly to 4log®(n)/n. We keep

q = log(n)/n and all other parameters unchanged.
Experiment 3. We set n = 2000, keep p and ¢ as in Experiment 1 but let € = 0.25.

Experiment 4. For the final experiment we keep n = 2000 k =T = 10 and set ¢ = 0.05.
However, we set p = 20log(n)/n and ¢ = 2log(n)/n which is below the threshold given in
Theorem thus we could not expect any static clustering algorithm to perform well on

the snapshots G,

The Jaccard Indices for the various clusters found are displayed in Figure [3.1} The run
times are displayed in Table Note that we did not use DCP-BP for this experiment as we

found it to be too slow.
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Figure 3.1: Jaccard indices for the various cluster extraction algorithms, for each snapshot.
Averaged over ten independent trials.
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3.4.3 REAL DATA SETS

We construct a new data set based on U.S senate voting records. We use data available at
https://voteview.com, and our study is inspired by similar constructions using the same

raw data in [69] and [88], although our approach is distinct from theirs.

We consider U.S. senate voting records from the 87th Congress (seated on January 3rd
1961) to the 115th Congress (which ran until January 2nd 2019). In the U.S. senate, each
state is assigned two seats, which are filled by the winner of a state-wide election held once
every six years. We assign one vertex to each seat, for a total of 100 vertices (note that
the 87th Congress was the first full congress with 50 states, which explains our choice of
time window). For each congress we construct a snapshot as follows. We first construct an
auxiliary matrix B®) e R'90%100 which records the number of times two given senators voted

the same way. More precisely:
BZ-(;) = number of votes on which Senators ¢ and j both voted “yea” or both voted “nay”
For any ¢ € [100] define:
NN(i, K) :={j € [n] : B,; amongst K-largest entries in i-th row of B}

We then construct A® as the adjacency matrix of a symmetric unweighted K -nearest neigh-

bors graph:

4o ] 1 i € NNGLK) or i € NN(j, K)

v

0
We emphasize again that each vertex in G is associated with a senate seat, not a senator.
Thus the individual associated to a vertex may change between snapshots. In particular,
we are interested in tracking the change in political affiliation of senate seats over time. For
example, in the 87th congress Southern senate seats (i.e. Georgia, Alabama, Mississippi and

so on) were solidly Democratic but by the 115th congress were in Republican hands. Thus,
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Figure 3.2: Results of Dynamic Clustering on the “Senate” Data set

we specify as initial cluster of interest, CF), the set of all senate seats held by Democratic

senators, and track the evolution of this cluster. The results are shown in Figure 3.2

3.4.4 ANALYSIS

As can be seen from Figures [3.1] and [3.2] DSCP-0MP outperforms the other baseline methods
almost all of the time. We remark that it runs significantly faster too, particularly when the
number of clusters is larger than 2 (for example in the synthetic experiments). In Figure

the decline in accuracy from the 87th congress to the 97th congress is largely due to
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a realigning of ideologies between the two major American political parties thus we argue
that this is more of a feature than a bug of DCP-0MP. In particular, the clusters returned
by DSCP-0OMP in the 87th-97th congress excludes Southern Democrats, who voted against
their caucus on bills such as the Civil Rights Act of 1964 (88th Congress), and includes
Republicans who voted with the Democratic majority for such bills. Thus one can argue
that the cluster tracked by DSCP-0OMP is more coherent ideologically than the cluster given

by party affiliation, which we are taking as ground-truth.



CHAPTER 4

SHORTEST PATH DISTANCES FOR CLUSTERING EUCLIDEAN DATA

In this chapter, we return to the problem of turning a data set in Euclidean space into a
graph that was first encountered in . Recall that there the goal was to turn X c R
into a graph G so that a graph-based clustering algorithm such as SingleClusterPursuit
could be used to divide X into clusters X, ..., &X). Intuitively, the data points in the same
X, should be more “similar” than data points in different clusters. Clearly, the notion of
similarity is context dependent. The approach taken in §2.6.5] which is typical of such
problems, was to construct the (weighted) adjacency matrix of G as A;; = o(||x; — x;]|)
where ¢ is a kernel function and || - || represents the Euclidean metric. Here we consider
replacing || - || with a more general distance function, d : R” x RP? — Rs. Ideally, one
would choose d such that points in the same cluster are close with respect to d, while points
in different clusters remain distant. Thus, the choice of distance function should reflect, in
some way, our assumptions about the data X and the notion of similarity we would like the

clusters to capture.

A common assumption, frequently referred to as the manifold hypothesis (see, for
example, [36]) posits that each X, is sampled according to some probability distribution s,
supported on a latent data manifold M,. It is usually assumed that the dimension of each
M, is much lower than the ambient dimension D. Although it can be shown that taking d to
be the Euclidean distance can be successful [9] for such data, data-driven distance functions

have been increasingly favored [30, 13|, 23] [60].

7
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Here we consider taking d to be a power weighted shortest path distance. We shall show,
theoretically and experimentally, that such distances provide superior performance for spec-
tral clustering, assuming the manifold hypothesis. We also provide a novel fast algorithm (a
variation of Dijkstra’s shortest path algorithm) that finds the K nearest neighbors of any
x; € X, with respect to the power weighted shortest path distance, in O(K?log(n)) time.
This represents a significant improvement over existing approaches, and makes the use of
power weighted shortest path distances practical for large data sets. This chapter represents

joint work with Steve Damelin.

The rest of the chapter is laid out as follows. In §4.1| we define p weighted shortest
path distances (p-WSPD’s), and show that they can be thought of as interpolants between
the Euclidean distance and the Longest Leg Path Distance (LLPD). In §4.2| we survey the
existing literature on p-WSPD’s, and path-based distances in general. In §77 In §4.3 we
connect p-WSPD’s with the manifold hypothesis, and show that if X, C M, fora=1,...,k
where the M, are low dimensional manifolds then the pairwise distance between any two
points in the same cluster goes to zero, while the distance between points in different clusters
remains bounded, as the number of data points tends to infinity. discusses the problem of
determining, for any x; € X, its K nearest neighbors in a p-WSPD and also presents our new
algorithm, while in we present some numerical results. As the focus is on demonstrating
that using p-WSPD’s provide higher classification accuracy than the Euclidean metric (||-|]),
we stick mainly to one graph clustering algorithm, namely spectral clustering, and compare
the performance of spectral clustering with || - || to that of spectral clustering with a p-
WSPD for a variety of power weightings p although in we experiment with combining

p-WSPD’s with SingleClusterPursuit.
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2.5

05F

-0.5

Figure 4.1: Three sample geodesics in the power weighted shortest path distance with p =
2, for the data set ‘Three Lines’ (see . Observe how the geodesics consist of many
small hops, instead of several large hops. The total lengths of the red and green paths are
significantly smaller than the length of the blue path.

4.1 POwWER WEIGHTED SHORTEST PATH DISTANCES

For any distinct pair x,,x3 € X let v =x, - x;, — ... = X;,, — Xg where x;,,...,x;, € X
denote a path from x, to xg through X'. We shall refer to the subpaths x;, — x;_,, as “legs”
or “hops” of v. Occasionally we shall use the shorthand v = x, ~» x3. By convention we

shall declare x;, = X, and x;,,,, = xg For any p > 1 define the p-weighted length of v to be:

m 1/p
101 = (z o - xijnp> W
j=0

We define the p-weighted path distance from x, to xg through X to be the minimum length

over all such paths:
dﬁg) (X4, Xg) 1= min {L(p) (7) : 7 a path from x, to xg through X'} (4.2)

If v* is the path achieving the minimum in Equation (4.2) we shall call it a geodesic. We do
not place any upper bound on the number of vertices involved in paths under consideration—

in principle the minimizing path could traverse all other n — 2 data points in X. Note that
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dE\f) will depend on the power weighting p and the data set X'. As several authors [50, 23, [7]
have noted, the distance dgé’) is density-dependent, so that if x, and xs are contained in a
region of high density (i.e. a cluster) the path distance d'P)(x,,x5) will likely be shorter

than the Euclidean distance ||x, — x3|| (as long as p > 1).

It can be useful to think of v as a path in the complete graph on n vertices with edge
weights A;; = [|x; — x;||P. We shall refer to such a graph as a (power-weighted) distance

graph of X.

4.1.1 LONGEST-LEG PATH DISTANCE

Another common path-based distance, analyzed in connection with spectral clustering in
[38, 211, [60], is the longest-leg path distance (LLPD), which we shall denote as d§§°> (the
choice of this notation should become clear shortly). It is defined as the minimum, over all
paths from x; to x; through &', of the maximum distance between consecutive points in the
path (i.e. legs). Before formally defining dg?o), define, for any path v from x, to xz through

X, the longest-leg length of v as:

L(OO) (7) = j:%l?f?(m HXij+1 — Xy ”

again we are using the convention that x;, = x, and x;, ., = x3. Now, in analogy with (4.2):

dg?o) (x;,%;) = min {L(OO) (7) : v a path from x, to xg through X'} (4.3)

4.1.2 RELATIONSHIP BETWEEN THESE DISTANCES

Lemma 4.1.1. For any fized X, we have that lim d?) (x,,%5) = d° (x4, X3) for all X4, X3 €

p—o0

X.

Proof. First observe that for any fixed path v from x, to xg we have that lim L® (v) =

p—o0

L) (5). To see this, let us suppose that [%i. — X, || = max |x;,, — x| That is,

7=0,....m
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Xi. — Xi., i the longest leg in 4. Then for any p:

1/p 1/p
L(p)( ) = in =X P =xi. —x. || |1+ i Hxij+1 —Xij“ P
)= Xij — Xi = X = iy %, — i, ||
Jj=0 ]_];0* ty* Ti*+1
< Hxij* - Xij*+1” (ml/p)
and as m'/? — 1, L®(v) — %, —Xi., |l = max |[|x;,, — x| = L) (5). Because the

7=0,....m

operation of taking a minimum is continuous, we get that:

lim d%)(x,,%5) = lim min {L(p) (v)} = min { lim L(p)(v)} = min {L(Oo)(v)} = ) (x,,%p)
2]

pP—00 p—oo Y ¥ P—00

[
Lemma 4.1.2. For all X,,%5 € X, dY(x4,%5) = ||xa — %5]|

Proof. d is defined as a minimum over all paths from x, to xg through X', and in particular
the one hop path v, = X, — Xg is such a path. We claim it is the shortest such path as
for any other path v = x, — x;, = ... = x;,, — X3 by repeated applications of the triangle

inequality:

m

LY (Yassg) = I1xa = Xsll = %0 = D (i, = xi;) — xg]
j=1

< Z %5, — X4, || = LW (y)
§=0
O
Hence the d()g) can be thought of as interpolating between Euclidean distance and longest-
leg path distance.
4.1.3 COMPUTATIONAL ISSUES

The use of shortest path type distances for clustering has typically been hindered by

the high computational cost of computing shortest paths. Indeed, computing the shortest
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path distance between all pairs x,,xs using Dijkstra’s algorithm naively requires O(n?)
operations—clearly infeasible for large data sets. But, when one is using shortest paths in
conjunction with clustering this is inefficient, as we typically only use the distances between
x, and its K Nearest Neighbors. In §4.4] we introduce a modified version of Dijkstra’s
algorithm (Algorithm that computes the K-nearest-neighbors of a given vertex in any
p-WSPD in O(K?log(n)) operations, assuming that nearest neighbors queries, with respect
to the Euclidean distance, can be done efficiently which is the case when the X, are sampled
from low dimensional manifolds. It follows that one can find the K nearest neighbors of all

X, € X in O(K?nlog(n)) operations, a more reasonable time.

4.2 PRIOR WORK

The idea of using p-WSPD’s for clustering was proposed in [86], and further explored in
[74]. More generally, shortest path distances are a core part of ISOMAP [82], although we
emphasize that here not all paths through X are considered—first a K-Nearest Neighbors
graph G¥) is computed from X and only paths in this graph are admissible. We also mention
[7] for some cautionary results on using the shortest path distance on the unweighted K-NN
graph when the density with respect to which points are sampled is non-uniform. Finally,

several recent papers consider the use of LLPD for clustering, for example [60].

The works most similar to ours are [13] and [23]. In [I3] p-WSPD’s are proposed for
semi-supervised learning, and a fast Dijkstra-style algorithm is provided. However their
set-up is fundamentally different to ours, as their focus is on finding, for every x € X,
its nearest neighbor, in a p-WSPD, in some set of labeled data points £. Moreover, they
only consider semi-supervised methods, specifically nearest-neighbor classification, and do
not provide any quantitative results on the asymptotic behaviour of the lengths of power

weighted shortest paths. In [23] the p-WSPD with p = 2 is studied, and some interesting
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connections between this distance and the nearest-neighbor geodesic distance are discovered.

However, the applications of this distance to clustering is not explicitly explored.

On the computational side, we are unaware of any prior mention of Algorithm [12]in the
literature, although similar algorithms, which solve slightly different problems, are presented
in [44], [66] and [13]. As mentioned above, the algorithm presented in [I3] is concerned with
finding, for all x € X, the nearest neighbor of x with respect to a p-WSPD in a set of labeled
data £ and has run time O(nlog(n)). It does not seem possible to extend it to finding K
path nearest neighbors. The algorithm of [44] is formulated for any graph G = (V, E) (i.e.
not just graphs obtained from data sets X C RP) and as such is not well-adapted to the
problem at hand. In particular, it has run time O(K (nlog(n) + |E])). Because the distance
graph obtained from X is implicitly complete, |E| = O(n?) and this results in a run time
proportional to Kn?, which is infeasible for large data sets. Finally, the algorithm presented
n [66], although adapted to the situation of distance graphs of data sets, actually solves a
slightly different problem. Specifically they consider finding the K; path nearest neighbors of
each x € X in a Ky Fuclidean nearest neighbors graph of X. As such, it is not clear whether
the set of path nearest neighbors produced by their algorithm are truly the p-WSPD nearest
neighbors in X. Finally we mention that our approach is “one at a time”, whereas the other
three algorithms mentioned are “all at once”. That is, our algorithm, given x € X, finds
the K p-WSPD nearest neighbors xy,...,x, € X. This can then be iterated to find the
p-WSPD nearest neighbors of all points in X'. In contrast, “all at once” algorithms directly
return the sets of K nearest neighbors for each x € X. Thus it is possible our algorithm
will have applications in other scenarios where the p-WSPD nearest neighbors of only some

small subset of points of X" are required.
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4.3 ANALYSIS OF SHORTEST PATH DISTANCES IN THE MULTI-MANIFOLD SETTING

One of the most useful aspects of p-WSPD’s, when applied to clustering problems, is that
they tend to “squeeze” points in the same cluster together, while (hopefully) keeping points
in different clusters separated. Here we make this more precise. Specifically we show that for

any p > 1 if the data comes from the model described in §4.3.1] then:

. xaeg%e% d()f)(xa,XQ) >0 >0 (see Lemma |4.3.1

) m% max, dg}:) (Xa,X%p) — 0 (see Theorem [4.3.5)). In fact, we can specify the rate at
ac Xa,XgEXq

which this quantity goes to zero.

Note that in this section it is sometimes necessary to enlarge our definition of p-WSPD
to allow for paths between x,y € R that are not necessarily in X (and points that are not
in X shall be denoted without a subscript). Thus dgf) (x,y) is technically defined as, using

the notation of E d%&{x (X y).

4.3.1 DATA MODEL

Let us be more precise about the sorts of data sets we are considering. We shall assume that

X can be partitioned into k clusters X = X;UX,U. .. UX;, C RP which are a priori unknown.

We posit that for each X, there is a smooth, compact, embedded manifold M, < R” and

further that X, is sampled from M, according to a probability density function pu, supported
min

on M,. We assume that p™" := /1\}11 () > 0. We further assume that the data manifolds
eMa

a
x

are fairly well separated, that is:

dist(M,, M,) = . min  |x—y||>d>0forall, 1 <a<b<k (4.4)

Ma,yeM,
For future use let us gather some results and notation relating to our data model. Let
|X.] = n, and let g, denote the restriction of the Euclidean metric to M,. Note that

(M, go) is now a compact Riemannian manifold. For any x,y € M, let

dist(x.y) s=inf [ /o Gr O ()
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denote the metric induced by g,, where the infimum is over all piecewise smooth curves
n:[0,1] - M, with n(0) = x and n(1) = y. Define the diameter of M, to be the supremum
over all distances between points in M,:
diam(M,) := sup dist,(x,y)
X,yGMa

Since each M, is compact this supremum is in fact a maximum and diam(M,) is finite.

It is sometimes of interest to extend this model such that the density functions pu, are
supported “near”, but not necessarily on, the M,. In [9] for example, this is done by allowing

la to be supported on a tubular neighborhood of M,, defined as:
= o i — < .
B(M,, 1) {X eR yréljlvrlla Ix —yll2 < 7'}

for some parameter 7 > 0. We leave the extension of our results to such models to future

work.

4.3.2 PATHS BETWEEN POINTS IN DIFFERENT CLUSTERS

Here we prove that power weighted path distances maintain a separation between points in

different clusters.

Lemma 4.3.1. Let ¢; denote the minimal distance between points in different clusters. That
18:

€2 := min min dg)(xa,xﬁ)
a.b€|k] Xo Xy
a#b X@GXb

Then €3 > 6 with 6 as defined in (4.4)).

Proof. For any x, € X, and x5 € & let v = {x;,,...,x;, } be any path from x, to xz
through X, where again we are using the convention that x;, = x, and x;, ., = xg. If
X, € X, and xg € A} there must exist (at least one) j* € [m] such that X;,. € X, while

Xijuy, € AX,. By the assumptions on the generative model, X, C M, and X, C M, and so:
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P> (dist(Mg, My)) = 67

||Xij*+1 - Xij*

thus:

m 1/p
= <Z ||Xij+1 - Xij ||p) Z (||Xij*+1 - Xij*
7=0

Because this holds for all such ~:

dg’_,’)(xa,xlg) := min {L(p)(y)} >0
Yy

and because this holds for all such x, and xg:

: (p)
min dy (x,,Xg) > 0
X(XEXC,,,XBGX[) X ( “ B) -

Finally, this holds for all a # b, yielding the lemma. O

4.3.3 ASYMPTOTIC LIMITS OF POWER WEIGHTED SHORTEST PATHS

For all a € [k], define dE{fa) (Xa,Xp) as the minimum p-weighted length of paths from x, to xz
through X, (i.e. we are excluding paths that may pass through points in X \ X,,). Because
X, C X, it follows that dg‘?) (Xa,Xp) < dgga) (Xas XB). In this section we address the asymptotic
behaviour of the power weighed shortest path distances dE@g (Xa,Xp). Here is where we make
critical use of the main theorem of [50], which we state as Theorem [4.3.2] Recall that p, is

the probability density function with respect to which X, is sampled from M,, and that by

min

:= min p,(x) > 0. Define the following power-weighted geodesic distance

assumption ), ur
reM,

on M,:

dist?) (x, y) mf/ V/Gal, e) (4.5)

i (1) P~/ .
where here the infimum is over all piecewise smooth paths 7 : [0,1] — M, with n(0) =

and (1) =y. As in §4.3.1} for the Riemannian manifold (M,, g,) let dist,(x,y) denotes the

'More generally the reader is invited to check that for any ) C X we have that dgf) (Xa,x3) <
dgg ) (XayXg)-
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geodesic distance from x to y on M, with respect to g,.

In order to bound dg’a) (Xa,Xp) we study an auxiliary shortest path distance dfﬁl)a(~, ).
This distance will also be defined as a minimum over p-weighted path lengths, but instead
of measuring the length of the legs using the Euclidean distance || - ||, we measure them with

respect to the intrinsic metric disty(-, -):

m 1/p
df@a (x,y) = mwin (Z dist, (%, X, )p> (4.6)
=0

where again the min is over all paths v from x to y through A,.

Theorem 4.3.2 (Theorem 1 in [50] f). Let M, be a compact Riemannian manifold, and
assume that X, is drawn from M, with probability distribution .. Let n, == |X,|. For all

Na, let 1, = nS PP Then for any fized € > 0:

P max <d5€t)a &, y>) p

X,yEMq (1=p)/da j:.4(p)
dista(}),fy)ZTna ng dist? (x,y)

— C(da,p)| > €| = 0,,(1) (4.7)

where C(dy,p) is a constant depending only on d, and p, but not on n,. Note that the

dependency on € is contained in the o, (1) term.

Corollary 4.3.3. With assumptions as in Theorem [{.3.3,

max (dsa) (xa,X6)> < Canglfp)/pd“
Xa,XBEXq @

with probability 1 — o,, (1), where C, is a constant depending on dg, p, €, p™" and diam(M,)
but not on n,.
Proof. From Theorem there are two cases to consider:

1. disty(Xa, Xg) < T, = nitP/Pde o)

2There is a slight notational discrepancy here. What is called dg?)(xa,XB) in [50] is our
P
(d%a(xa,){fg))
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2. disty(Xa, Xg) > T, -
In the first case, the one leg path 7,3 = X, — X3 is a path through A&, hence:
) (X0, %5) < (disty (X, x5)?) /P < n{l70)/pde
and so with probability 1

max d%,) (X, X5) < nll7P)/Pda (4.8)
Xa,XgEN, @
diste (Xa,Xg)<rng

For the second case, recall that p™" := iI/l\E ta(z). By assumption (see §4.3.1) p™n > 0.
xe a

From the definition of dist®” (x,y) (see ([@.5))

1ot (P)
dist,” (x,y) < (,ug““ () D7 1%f/ \/ Ga(np, mp)dt = gun Jo7d o7 dista (X, ) (4.9)

Because M, is compact and embedded, its diameter (see §4.3.1)) is finite, and dist,(x,y) <
diam(M,). Because X, C M,:

p p
(2] (xarx5) ) (), x.3))
max —C(dg,p)| <  max — C(dq, p)

Xa,XgEX, (1=p)/da 3; 1 (p) X,yEMq (1-p)/da 3: .+ (P)
dista(xai/ﬁ)ZTna e disty” (%a, X5) dista (x.y)>rng || dist,” (x,y)

Hence from Theorem and Equation (4.9)), with probability 1 — o,,(1):

(1-p)/da q-
() p_ (C(da, p) + €) na diam(M,) (1-p)/da
Jmex (2 ) < () o7 = Cang
dista (Xa,Xg)>Tng
= max d (e, x5) < Canfl 7P/ (4.10)

dista (Xa,X3)>Tng

i 1/p
where now ¢, — ((C(da,p) + e)dlam(./\/la)>

oL . Combining equations (4.8) and -
and redefining C, = max{C,, 1} proves the corollary. O

Finally, we observe that the Euclidean path distance is always smaller then the intrinsic

path distance:

Lemma 4.3.4. For any x,y € M,, and for all a € [k], dg’;j (x,y) < df@?a(x, y)
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Proof. Observe that for any x,y € M,, ||x —y|| < dist,(x,y). It follows that for any path

vV=X—X; —...>X;, — Yy through &,:

m m
Z ||Xij+1 - Xij ||p S Z diSta(XijJrl ’ Xij )p
§=0 J=0

and so:
(4 y))" = min {f i1, — ||p}
L s
< mvin {i distq (X, ., X, )7’} = (dga)a (x, y))p
=0
whence the result follows. J n

4.3.4 MAIN RESULT

Let us now return to considering the full distance function d%’)(-, ).

Theorem 4.3.5. Let ny, = min, |X,| and dya, = max, dim(M,) and define €; to be the

mazimal distance between points in the same cluster:

(p)
€1 ;= max max dy (X,,X
ae[k] XQ7XBEX(], x ( @ B)

Then e, = O(n(lfp)/pdm") with probability approaching 1 as Ny, — 00. In particular, for all

min

p>1, €, = 0 almost surely.

Proof. For any a € [k], Lemma and Corollary give us that:

max dgg)(xa,xﬁ) < max dg\f)(xa,xﬁ) < max d%{) (X X3) < Cynll~P)/pda
Xa,XgE€EX, Xo,XgEX @ Xa,XgEX, @

with probability 1 — o,,(1), where the first inequality follows from the fact that X, C X.

Taking the maximum over all a € [k] yields:

max 1max dg’;)(xa,xfg) < Claxn

a€lk] Xa,xgEX,

(1 _p)/pdmax

Where the constant Cp,.x now depends on the geometry of the M, (in particular their
dimension and diameter) and the probability distributions g, (in particular the minimal

values of y,) but not on the number of points per cluster, n,. Finally, observe that for p > 1

(1 _p) /pdmax

we indeed have that n, — 0 as Nyin — 00 []
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4.4 A FAST ALGORITHM FOR COMPUTING K-NEAREST NEIGHBORS IN THE p-WSPD

In this section we focus on the computational issue of determining, for any x, € X, the K-
nearest neighbors of x, in the p-WSPD. We start with in a slightly more general situation,
thus let G = (V,E) be a weighted graph with weighted adjacency matrix A. We shall
require all weights to be positive. Occasionally, it will prove more convenient to not fix an
ordering of the vertices, in which case A(u,v) will represent the weight of the edge {u,v}
(and again A(u,v) = 0 if there is no such edge). By v = v — wy — ... = w, — v
we shall mean the path from u to v in G through wy,...,w,,. Here, this is only valid if
{u,wi}, ..., {ws,wis1}, ..., {wn, v} are all edges in G. In analogy with we maintain the
convention that for such a path ~, wy = v and w,,;1 = v. Define the length of ~ as the sum

of all its edge weights:

m

L(y) = ZA(wiawm)

i=0
and similarly define the longest-leg length of v as:

L®(y) = max A(w;, wiy1)

=0

For any u,v € V define the shortest path distance as:
dg(u,v) = min{L(7y) : v a path from u to v}
and analogously define the longest-leg path distance as:
d(GOO) (u,v) = min{L>(y) : ~ a path from u to v}

Let us relate this to the discussion in previous sections. For any set of data points X =
{x1,...,%,} C RP and any power weighting p > 1 one can form a complete weighted graph
G on n vertices (which we referred to in as a p-weighted distance graph of X’) with edge

weights A;; = ||x; — x;||?. Then:

p
da(vi, vj) = (d(;?)(xnxj))
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Definition 4.4.1. Let Nk ¢(v) denote the set of K nearest neighbors of v € V. That is,
Nkg() = {wy,...,wg} with A(v,w;) < A(v,wp) < ... < A(v,wg) < A(v,w) for all

wEV\{wl,...,wK}

Definition 4.4.2. For any graph G, define a directed K-Nearest Neighbors graph G%) with

directed edges (u,v) if v € Nk g(u).

In practice we do not compute the entire edge set of G, but rather just compute the

sets Nk c(u) as it becomes necessary.

Definition 4.4.3. Let N I‘éf"G(v) denote the set of K nearest neighbors of v, with respect to
the path distance dg, in the graph G. That is, Nféy%(v) = {wy,...,wg} and dg(v,wy) <
dg(v,ws) < ...dg(v,wg) < dg(v,w) for all w € V \/\/}‘?G(v). By convention, we take v to

be in /\/IdfG(v) as dg(v,v) = 0.

We have not specified how to break ties in the definition of N g(v) or NiS,(v). For the
results of this section to hold, any method will suffice, as long as we use the same method
in both cases. To simplify the exposition, we shall assume henceforth that all distances are

distinct.

Let us briefly review how Dijkstra’s algorithm works. The algorithm makes use of a
data structure called a min-priority queue. The following implementation is as in [32]. The
min-priority queue operations decreaseKey, insert and extractMin have their standard
definitions (see, for example Chpt. 6 of [32]). For any vertex s € V and any subset W C V,
we shall also use the shorthand makeQueue(W, s) to denote the process of initializing a min-
priority queue with key[s] = 0 and key[v] = +oo for all v € W'\ s.

Note that once u is popped in step 4 of Algorithm , key[u] is the shortest path distance

from s to u. The key observation is the following:

Lemma 4.4.4. Suppose that all weights are non-negative: w;; > 0. If u; is the i-th vertex to

be removed from Q) at step 11, then u; is the i-th closest vertex to s.
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Algorithm 11 Dijkstra
1: Input: weighted graph G, source vertex s.
2: Initialize: ) + makeQueue(V, s). Empty list S.
3: while (@ is non-empty do
4: u +— extractMin(Q)
5: Append (u,key[u]) to S. > Once u is extracted key[u| is shortest path length from s.
6.
7
8
9

for v € N(u) do > N (u) is the set of all vertices adjacent to u
tempDist < key[u| + A(u,v)
if tempDist < key[v] then
key[v] < tempDist > Update the distance from s to v if path through w is
shorter
10: end if
11: end for
12: end while
13: Output: S

Proof. See, for example, the discussion in [32]. ]

It follows that, if one is only interested in finding the K nearest neighbors of s in the
path distance dg, one need only iterate through the ‘while’ loop 3 — 12 K times. There is
a further inefficiency, which was also highlighted in [I3]. The ‘for’ loop 6-10 iterates over all
neighbors of u. The graphs we are interested in are, implicitly, fully connected, hence this
for loop iterates over all n — 1 other vertices at each step. We fix this with the following

observation:

Lemma 4.4.5. For any graph G, let G¥) denote its K-Nearest-Neighbor graph (see Defini-

tion[4.4.4). Then:
/\/}Cé?G(v) = Neto (v)  forallv

GK) K
Note that in the directed graph G, we consider only paths that traverse each edge in the

‘correct’ direction.

Concretely: the path-nearest-neighbors in G are the same as the path-nearest neighbors

in G| hence one can find N, ;éGG(U) by running a Dijkstra-style algorithm on G*) instead
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of G. As each vertex in G has a small number of neighbors (i.e. K), this alleviates the
computational burden of the ‘for’ loop 6-10 highlighted above. Before proving this lemma,
let us explain why it may seem counterintuitive. If w € N Id(?c (v) there is a path v from v to
w that is short (at least shorter than the shortest paths to all u & N I%?G(U)). In forming G%)
from G, one deletes a lot of edges. Thus it is not clear that v is still a path in G%) (some
of its edges may now be ‘missing’). Hence it would seem possible that w is now far away

from v in the shortest-path distance in G, The lemma asserts that this cannot be the case.

. d T .
Proof. Since the sets N fé(fG(v) and N G(GI((I;)K(U) have the same cardinality (i.e. K), to prove

d
equality it suffices to prove one containment. We shall show that N/ ;?G(v) C Gf,(f){}((v)
Consider any w € Nﬁf’a(v). Let v* =v — u; — ... = u,, — w be the shortest path from v

to w. That is, L(y*) = min{L(y) : v a path from v to w}.

We claim that v* is a path in GU_ If this is not the case, then there is an edge {uwi, wit1}
that is in 7* but (u;,uir1) is not an edge in G¥) (we again adopt the convention that
up := v and 41 := w). By the construction of GX) this implies that there are K vertices
x1,..., Tk that are closer to w; than u;,;. (Note that the sets {ug,...,u;—1} and {xy,..., 2k}
need not be disjoint). But then the paths v, = v — u; — ... = u; = z; in G are all shorter
than the path v — uw; — ... — wu;; and hence shorter than ~*, as all edge weights are
assumed positive. It follows that dg(v,z;) < dg(v,w) for j = 1,..., K, contradicting the

assumption that w € N5 (v).

d (k)

o(r) g (V). If this were not the case, there would exists K other

Now, we claim that w €
vertices wy, ..., wx that are closer in the shortest-path distance dg ) to v than w. That is,
there would be paths 7, ...,vx from v to wy, ..., wg respectively that are shorter than ~.

But every path in G®) is also a path in G, hence wy, ..., wk are also closer to v than w in

the shortest-path distance dg. This contradicts the assumption that w & Nng (v). O
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There is a final, minor, inefficiency in Algorithm that we can improve upon; () is
initialized to contain all vertices V' when it is actually only neccessary to initialize it to contain
the neighbors of s. Combining these three insights we arrive at Algorithm Note that we
use DecreaseOrInsert as shorthand for the function that decreases key[v] to tempDist if
tempDist < key[v] and v € @, inserts v into ) with priority key[v] = tempDist if v ¢ @
and does nothing if v € @ but tempDist > key|[v]. In fact, this is equivalent to inserting a
copy of v into @ with priority key[v] = tempDist, hence DecreaseOrInsert has the same
computational complexity as insert (see also [66]). Note that in this implementation the

size of ) grows by one on every iteration of the inner for loop, 10-13.

Algorithm 12 Dijkstra-with-early-stopping

1: Inmput: Graph G, source vertex s.

2: Output: List S containing (v, dg(s,v)) for all v € /\/’g(z(s)
3: Compute N g(s)

4: Initialize: @) < makeQueue(Nk ¢(s),s). Empty list S.
5: for i = 1:k do

6: u <— extractMin(Q)

7: Append (u, key[u]) to S

8:  Compute N g (u)

9: for v € Nk ¢(u) do
10: tempDist < key[u] + A(u,v)

11: DecreaseOrInsert(v, tempDist)

12: end for
13: end for
14: Output: S

Theorem 4.4.6. For any s and any G with positive weights, Algorithm[13is correct.

Proof. By only using N ¢(u) in step 8, Algorithm [12]is essentially running Dijkstra’s algo-
rithm on G®). By Lemma the first K elements to be popped off the queue in line 9

are indeed the K path-closest vertices to s in the graph G). That is, S contains (v,dg(s,v)

for all v € ./\/'Gf’}(ff}(( ). By lemma (4.4.5) NG(GI((I){)K( ) = NG (s) O
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4.4.1 ANALYSIS OF COMPLEXITY

Let us determine the computational complexity of Algorithm [12] We shall remain agnostic
for the moment about the precise implementation of the min-priority queue, and hence
shall use the symbols 7;,, Tgx and 7., to denote the computational complexity of insert,
decreaseKey and extractMin respectively. As discussed above, the complexity of DecreaseOrInsert
is also T, Let T, denote the cost of a K-Nearest Neighbors query in G (i.e. the cost of

determining N ¢(u), as in line 8.)

Initializing the queue in line 4 requires K insertions, for a cost of KT;,. Precisely K
extractMin operations are performed, for a total cost of K7.,. DecreaseOrInsert is
performed K? times, for a cost of K27T;,. Finally K +1 K-Nearest Neighbor queries are per-

formed, for a cost of (K +1)Txn,. This gives a total cost of KTe,+ (K +K?)To+ (K +1) Trnn-

If the min priority queue is implemented using a Fibonacci heap, insert and decreaseKey
both run in constant time (i.e. Tz, Ter = O(1)) while for extractMin 7., = O(log(|Q|))
time. |Q| never exceeds K? + K as at most one element is added to @ during every pass
through the inner for loop 9-12, which happens K? times. Hence 7;,, = O(log(k)). The value
of Tknn depends on the specifics of G. If the graph has no additional structure, finding the
K nearest neighbors of any vertex v can be done with K-calls to the Select algorithm (cf.
Chpt. 9 of [32]) for a cost of O(Kn). However, if G is the (possible p-weighted) distance graph
of a data set X C R which is drawn from a subset M C RP of intrinsically low dimension
such as a manifold (which we are assuming), and stored in an efficient data structure such
as a k-d tree [I1] or a cover tree [I2] then one can complete a nearest neighbor query in
O(log(n)) time, hence one can find the K nearest neighbors in O(K log(n)) time. Putting
this all together, Algorithm [12]runs in O(K log(K) 4+ (K + K?) 4+ K?log(n)) = O(K?log(n))

time. Finding ./\/’gf’K(v) for all v € V requires running Algorithm [12[ n times, for a total cost
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of O(K*nlog(n)). We remark that the time required to initialize a k-d tree for X C R” with

|X| = n is O(Dnlog(n)), which is of the same order of magnitude.

4.4.2 EXTENSION TO LONGEST-LEG PATH DISTANCE

A small modification to Algorithm (12| allows one to compute the K nearest neighbors in the
longest-leg-path distance, simply change the ‘+’ in line 10 to a ‘max’. This guarantees that
tempDist represents the longest-leg length of the path s — ... — u — v. For completeness,
we present this algorithm below as Algorithm [I3] The proof of correctness is analogous to

Theorem [4.4.6] and we leave it to the interested reader.

Algorithm 13 Dijkstra-with-early-stopping for LLPD

1: Input: Graph G, source vertex s.

2: Output: List S containing (v, dg(s,v) for all v € NG%;(U).
3: Compute N c(s)

4: Initialize: ) < makeQueue(Nk (s),s). Empty list S.
5: fori = l:k do

6: u < extractMin(Q)

7: Append (u, key[u]) to S

8:  Compute Nk g(u)

9:  for v € Ngu (u) do

10: tempDist «— max {key[u|, A(u,v)}
11: DecreaseOrInsert(v, tempDist)
12: end for
13: end for

14: Output: S

4.5 EXPERIMENTAL RESULTS

4.5.1 COMPARING CLUSTERING ACCURACY

In this section we verify that using a p-WSPD in lieu of the Euclidean distance does indeed
result in more accurate clustering results, at a modest increase in run time. Specifically,
we compare || - || to d()?),dgéo) and d§;’°>. For each distance function we employ the same
methodology as in which we now recall. For notational reasons it is convenient to

denote || - || as d*) (which is correct by Lemma [4.1.2)).
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e Fix parameters » = 10 and K = 15.

For £ = 1,2,10, 00, and for all i € [n], define az@ = dgg) (Xi, Xr,), where x5 denotes

the r-th closest point in X’ to x; with respect to the distance dg?. Let NN(© (x;, K) C X

denote the set of the K closest points in X to x; with respect to dgg).

Define A© ag: 4© — 4 7P <_dg§)(xi’xj)2/ U’UJ) if x; € NNO(x;, K)
LA =

0 otherwise

: : © _ 18 509
Symumetrize by defining A;;” = max {Aij , A }

For each A®) we perform normalized spectral clustering as described in Ng, Jordan and
Weiss [73] using code freely available at https://www.mathworks.com/matlabcentral/
fileexchange/34412-fast-and-efficient-spectral-clustering and calculate the
accuracy by comparing the results of spectral clustering to the ground truth. We also
record the time taken to create each A®) (the running times of spectral clustering with any

of the A are all very similar).

SPECTRAL CLUSTERING FOR SYNTHETIC DATA SETS

We considered the three synthetic data sets described below. All results for synthetic data

were averaged over 100 independent trials.

Three Lines. We draw data uniformly from three horizontal line segments of length 5 in
the x-y plane, namely y = 0, y = 1 and y = 2. We draw 500 points from each line to create
three clusters. We then embed the data into R* by appending zeros to the coordinates, and

add i.i.d. random Gaussian noise to each coordinate (with standard deviation o = 0.14).

Three Moons. This data set is as described in [94] and elsewhere. It has three clusters,
generated by sampling points uniformly at random from the upper semi-circle of radius 1

centered at (0,0), the lower semi-circle of radius 1.5 centered at (1.5,0.4) and the upper


https://www.mathworks.com/matlabcentral/fileexchange/34412-fast-and-efficient-spectral-clustering
https://www.mathworks.com/matlabcentral/fileexchange/34412-fast-and-efficient-spectral-clustering
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semi-circle of radius 1 centered at (3,0). As for the Three Lines data set, we draw 500 data
points from each semi-circle, embed the data into R®® by appending zeros, and then add

Gaussian noise to each coordinate with standard deviation o = 0.14.

Three Circles. Here we draw data points uniformly from three concentric circles, of radii
1,2.25 and 3.5. We draw 222 points from the smallest circle, 500 points from the middle
circle and 778 points from the largest circle (the numbers are chosen so that the total number
of points is 1500). As before, we embed this data into R and add i.i.d Gaussian noise to

each component, this time with standard deviation of ¢ = 0.14.

Two dimensional projections of these data sets are shown in Figure 4.2 while results of
spectral clustering are shown in Table 4.1, In Table we record the time taken to create

AW AP AT0) and A(®) respectively.

Note that the cost of creating A® A1 and A(>®) is dominated by the run time of
Algorithm |12| From if T'(n) denotes the run time of Algorithm [12{for a data set of size
n, we expect T'(n) = C'log(n)n and hence log(7T'(n)) = log(n)+log(log(n))+log(C). In Figure
m we verify that the time required to create A®) agrees with this asymptotic prediction by
plotting the logarithm of the time required to create A for all three synthetic data sets
as the number of data points varies from n = 300 to n = 12 000 (we keep the parameters
K =15 and r = 10 as before). We also plot the curve y = log(n) + log(log(n)) and observe

that this has the same shape as the plots of the run times.

SPECTRAL CLUSTERING FOR REAL DATA SETS

We also considered three real data sets. We focus on a particular kind of data known to

satisfy the manifold hypothesis, namely handwritten digits.
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AD A®@) A(10) A(o0)

3 Lines | 67.53% 67.44% 92.41% 89.55%
3 Moons | 94.60% 94.61% 96.12% 94.88%
3 Circles | 52.36% 52.37% 69.91% 72.20%

Table 4.1: Classification accuracy of spectral clustering given K-NN adjacency matrices for
various distance functions. Note that A represents using the Euclidean metric.

ADM  A@)  AT0)  g()
3 Lines | 0.11 1.04 1.17 1.10
3 Moons | 0.11 1.15 1.23 1.18
3 Circles | 0.07 0.83 1.03 0.93

Table 4.2: Time taken to create the adjacency matrices, in seconds, for the three synthetic
data sets.

Figure 4.2: All three synthetic data sets, projected into R%. From left to right: Three Lines,
Three Moons and Three Circles.
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Figure 4.3: The run time required to construct A®, shown in logarithmic scale, for all three
synthetic data sets. This conforms closely to the expected run time of Algorithm [12] which
is O(knlog(n)).



100

AM A®) A(10) A(e0)
OptDigits | 91.19% 92.42% 89.89% 87.82%
USPS 65.58% 66.07% 75.41% 78.65%
MNIST 76.59% 75.85% 86.86% 85.80%

Table 4.3: Classification accuracy of spectral clustering given the K-NN adjacency matrices
constructed as described earlier, for the various distance functions. Again, note that A
represents using the Fuclidean metric.

AM A®@ A(10) A(0)

OptDigits 3.47 7.23 7.66 7.68

USPS 47.62 62.03 58.49 59.68
MNIST 1325.64 1396.10 1404.02 1391.37

Table 4.4: Time taken to create the various adjacency matrices, in seconds.

OptDigits

This data set consists of downsampled, 8 x 8 greyscale images of handwritten

digits 0—9. There are 150 images of zero, and approximately 550 images each of the remaining

digits, for a total of 5620 images.

USPS This data set consists of 16 x 16, greyscale images of the handwritten digits 0-9.

There are 1100 images per class for a total of 11 000 images.

MNIST This data set consists of 28 x 28 greyscale images of the handwritten digits 0-9. We

combined the test and training sets to get a total of 70 000 images.

For all data sets, the only preprocessing that was performed was to turn the square arrays

into vectors. We averaged all results over five trials. The results are shown in Tables 4.3 and

44
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Figure 4.4: Varying p and recording the accuracy of spectral clustering on the Three Lines
data set, for three different values of the ambient dimension.

4.5.2 VARYING THE POWER WEIGHTING

From the analysis of it would appear that taking p to be as large as possible always
results in the best clustering results. However, this is true only in an asymptotic sense.
For finite sample size the constants C,, depending on the geometry of the M, and the
distributions p,, may come into play. In Figure .4 we show the results of varying p from 1
to 20 for the three lines data set, this time with 300 points drawn from each cluster. We do
this for three values of the ambient dimension, D = 10,50 and 100. As is clear, the optimal
value of p depends on the dimensionﬂ. In particular, observe that an intermediate value of p,
say p = 14, is optimal when the ambient dimension is 50 but that a smaller power weighting
(p = 2) is more appropriate when the ambient dimension is 10. When the ambient dimension
is 100, no power weighting performs well, which is likely because for such a large value of D

the noise drowns out any cluster structure.

3The observant reader will notice that we are only varying the ambient dimension, which
according to the analysis of should have no effect. Recall however, that we are adding Gaus-
sian noise of the ambient dimension, which ‘thickens’ the data manifolds and makes their intrinsic
dimension weakly dependent on D.
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AM A®) A(10) A(0)

0.1% | 80.67% 80.55% 83.00% 87.85%
0.2% | 90.25% 90.36% 88.28% 91.26%
0.3% | 92.20% 92.21% 89.54% 91.82%
0.4% | 93.15% 93.19% 90.62% 92.30%
0.5% | 95.29% 93.42% 91.03% 92.49%

Table 4.5: Accuracy of using IteratedSingleClusterPursuit for semi-supervised classifi-
cation on MNIST. Using a p-WSPD in place of Euclidean distance results in more accurate
classification when the amount of labeled data is very small.

4.5.3 CoMBINING p-WSPD’S wWITH SingleClusterPursuit

We now reconsider the experiments of where IteratedSingleClusterPursuit was
used for semi-supervised classification on the MNIST data set. In particular, we compare the
performance of IteratedSingleClusterPursuit using a Fuclidean-distance-based K-NN
graph, namely AW, to its performance using A®, A1 and A, We consider the regime
where very little labeled data is available—we vary the percentage of labeled data from 0.1%
to 0.5% in increments of 0.1%. As in §2.6.6|we take R = 0.7, ¢ = 0.13 and ¢ = 3. We draw T,
uniformly at random from C,, and for each a have |I',| = [g|C,|] where g varies from 0.001
to 0.005 in increments of 0.001 (in particular, for g = 0.001 we have |I';| = 8 for all a). The
results are displayed in Table [4.5]

4.5.4 DI1SCUSSION OF NUMERICAL RESULTS

It is clear that using a p-WSPD instead of Euclidean distance increases the accuracy of
Spectral Clustering and SingleClusterPursuit on both real and synthetic data. This
agrees with the theory of §4.3) which shows that points in the same cluster are “squeezed”
together in a p-WSPD, while points in different clusters remain separated. Importantly,
the experiments of this section verify that using a p-WSPD instead of Euclidean distance

when building a K-NN graph results in a very modest increase in run time if Algorithm
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is used. Indeed, on the largest data set, namely MNIST, the run times are practically the
same. Thus, we recommend that, whenever data science practitioners would use a Euclidean
K-NN graph on data that satisfies the manifold hypothesis, they consider using a p-WSPD
and Algorithm [12] instead.

A curious phenomenon which we observed in the numerical results is the interaction
between the power weighting, p, the ambient dimension D and the geometry of the data set
X. It seems as if the best value of p differs according to the specifics of the data. Tools to
estimate the “optimal” p given the data X would enable data scientists to get the most out

of the p-WSPD technology, but we leave this investigation to future work.
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