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ABSTRACT

In this thesis we present extensions of spectral clustering and semi-supervised
learning to signed and multilayer graphs. These extensions are based on a one-
parameter family of matrix functions called Matrix Power Means. In the scalar case,
this family has the arithmetic, geometric and harmonic means as particular cases.

We study the effectivity of this family of matrix functions through suitable
versions of the stochastic block model to signed and multilayer graphs. We provide
provable properties in expectation and further identify regimes where the state of
the art fails whereas our approach provably performs well. Some of the settings
that we analyze are as follows: first, the case where each layer presents a reliable
approximation to the overall clustering; second, the case when one single layer has
information about the clusters whereas the remaining layers are potentially just
noise; third, the case when each layer has only partial information but all together
show global information about the underlying clustering structure.

We present extensive numerical verifications of all our results and provide matrix-
free numerical schemes. With these numerical schemes we are able to show that our
proposed approach based on matrix power means is scalable to large sparse signed
and multilayer graphs.

Finally, we evaluate our methods in real world datasets. For instance, we show
that our approach consistently identifies clustering structure in a real signed net-
work where previous approaches failed. This further verifies that our methods are
competitive to the state of the art.
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ZUSAMMENFASSUNG

In dieser Arbeit stellen wir Erweiterungen von spektralem Clustering und
teiliiberwachtem Lernen auf signierte und mehrschichtige Graphen vor. Diese Er-
weiterungen basieren auf einer einparametrischen Familie von Matrixfunktionen, die
Potenzmittel genannt werden. Im skalaren Fall hat diese Familie die arithmetischen,
geometrischen und harmonischen Mittel als Spezialfille.

Wir untersuchen die Effektivitdt dieser Familie von Matrixfunktionen durch
Versionen des stochastischen Blockmodells, die fiir signierte und mehrschichtige
Graphen geeignet sind. Wir stellen beweisbare Eigenschaften vor und identifizieren
dariiber hinaus Situationen in denen neueste, gegenwartig verwendete Methoden
versagen, wahrend unser Ansatz nachweislich gut abschneidet. Wir untersuchen
unter anderem folgende Situationen: erstens den Fall, dass jede Schicht eine zuverlds-
sige Approximation an die Gesamtclusterung darstellt; zweitens den Fall, dass eine
einzelne Schicht Informationen {iiber die Cluster hat, wihrend die {ibrigen Schichten
moglicherweise nur Rauschen sind; drittens den Fall, dass jede Schicht nur partielle
Informationen hat, aber alle zusammen globale Informationen tiber die zugrunde
liegende Clusterstruktur liefern.

Wir présentieren umfangreiche numerische Verifizierungen aller unserer Ergeb-
nisse und stellen matrixfreie numerische Verfahren zur Verfiigung. Mit diesen
numerischen Methoden sind wir in der Lage zu zeigen, dass unser vorgeschla-
gener Ansatz, der auf Potenzmitteln basiert, auf grofie, diinnbesetzte signierte und
mehrschichtige Graphen skalierbar ist.

Schliefdlich evaluieren wir unsere Methoden an realen Datensédtzen. Zum Beispiel
zeigen wir, dass unser Ansatz konsistent Clustering-Strukturen in einem realen
signierten Netzwerk identifiziert, wo frithere Ansitze versagten. Dies ist ein weiterer
Nachweis, dass unsere Methoden konkurrenzfihig zu den aktuell verwendeten
Methoden sind.
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INTRODUCTION

Interactions are probably one of the major footprints of our times. Nowadays inter-
actions are permeating every aspect of our lives, taking unprecedented magnitudes
and posing new scientific challenges. Some examples of the current relevance of
interactions are:

e People who will never physically meet interact with each other by getting involved
in discussions that potentially engage thousands of people from the most diverse
countries and cultures.

e Researchers collaborate with colleagues who are based in other continents to po-
tentially produce scientific outputs that would be impossible wihtout interactions,
involving hundreds of scientific institutes around the world.

¢ International political treaties are discussed through virtual conferences, allowing
interactions and dynamics to evolve. We reach agreements with worldwide
consequences.

e Due to the present global pandemic, e-commerce is nowadays reaching unprece-
dented popularity, inducing transactions between costumers and producers that
otherwise would have never happened.

e Interactions are enhanced by the unprecedented level of human mobility around
the world. This became evident with the astonishing virus spread speed leading
to our current pandemic crisis.

To get a first glimpse of the nature of observed interactions, a first step consists in
the identification of sets of observations that present a similar behavior. To reach this
goal several clustering methods have been proposed so far, with spectral clustering
one of the most popular.

Spectral clustering is a graph-based method that identifies clusters based on observed
interactions, by first providing a suitable embedding of the nodes from a graph
operator, and later making cluster assignments. Spectral clustering has received a
relevant amount of attention for several reasons, for instance: superiority in perfor-
mance against other clustering approaches, a simple algorithmic description, and
many mathematical properties.

Despite the success of spectral clustering, one of its major drawbacks is its as-
sumption that all observed interactions are of the same nature. However, interactions
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between entities are potentially of many kinds, and each of them is likely to pro-
vide information regarding the underlying clustering structure between the entities.
Particular instances of multiple kinds of interactions are:

e Signed Graphs: graphs that encode both positive and negative kinds of interac-
tions, where positive interactions represent similarity, trust, or friendship, and
negative interactions encode dissimilarity, distrust, or conflicts.

e Multilayer Graphs: graphs that encode multiple kinds of interactions between a
tixed set of entities. For instance, it is possible that between researchers several
diverse interactions take place at the same time, such as interactions by citations,
co-authorships, or by jointly organized symposiums. All these interactions, while
informative of certain underlying clustering structure, convey different semantic
meanings.

The main limitation of spectral clustering to signed and multilayer graphs comes
from the fact that it relies on generating an informative embedding of the set of
nodes which is obtained from a suitable graph operator, for instance, the graph
Laplacian. Hence, when multiple kinds of interactions are observed, the question is
how one can merge the information encoded from multiple kinds of interactions to
obtain a useful embedding from the nodes.

Since most graph-based methods rely on some sort of a graph operator, the limita-
tions of spectral clustering on signed and multilayer graphs permeate as well into
other graph-based techniques, for instance graph-based semi-supervised learning.

The goal of graph-based semi-supervised learning is to build a classifier that takes
into account both labeled and unlabeled observations, by considering a suitable loss
function and the underlying graph structure of the observations. Similar to what
we have observed with spectral clustering, graph-based semi-supervised learning is
not clearly applicable to cases with multiple kinds of interactions, since it requires a
graph operator that induces the underlying clustering structure.

A natural extension of spectral clustering and semi-supervised learning to networks
with multiple kinds of interactions is to take the graph Laplacian per interaction
and afterwards use an average like the arithmetic mean. Whereas this notion at first
sight is a sensible one, it is not clear how effective this approach is. Moreover, if we
think about the arithmetic mean, a natural task would be to consider other cases like
the geometric or harmonic means.

Throughout this thesis we study extensions of spectral clustering and semi-supervised
learning to the case where multiple kinds of interactions are observed. Our proposed
extensions are based on a one-parameter family of matrix functions called Matrix
Power Means, which in the scalar case contains as particular cases the arithmetic,
geometric and harmonic means. We prove several properties of our proposed ex-
tensions under a suitable variation of the stochastic block model for signed and
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multilayer graphs, and show that in expectation they outperform the state of the art.
We verity our findings through extensive numerical experiments. We further perform
experiments in real datasets, showing that our approach does not perform worse
than the state of the art. Finally, we present matrix-free numerical schemes to show
that our proposed approaches are scalable to large sparse signed and multilayer
graphs.

It is worthwhile mentioning that in this work we focus on multilayer graph ap-
proaches. A popular related task is the one related to multi-view learning, based
on the assbumption that several views of the same entities are available. While
this approach sounds similar to the one of multilayer graphs, it is important to
emphasize that multi-view approaches often assume that multiple sets of features
are available, and hence the task is not strictly a graph-based task. Yet, several of
these approaches make use of certain graph tools, like the graph Laplacian. For an
overview of multi-view learning please see (Sun, 2013; Xu et al., |2013). We emphasize
that in this work we will only consider graph-based approaches that do not rely on
any feature data.

1.1 RELATED WORK

In this section a brief overview is given about related work on the analysis of signed
and multilayer graphs. We first start with the case of signed graphs and focus on
clustering approaches, to later consider multilayer graphs and emphasize the tasks
of clustering and semi-supervised learning.

1.1.1 Signed Graphs

The analysis of signed graphs can be traced back to the concept of social bal-
ance (Cartwright and Harary) 1956, Harary, 1953; Davis| [1967), where the goal is to
identify a partition of the set of nodes so that positive interactions are mainly inside
the clusters, and negative interactions are mainly between clusters. This notion is
motivated by the concept of a k-balanced signed graph.

Definition 1.1 (Davis| (1967), k-balance). A signed graph is k-balanced if the set of vertices
can be partitioned into k sets such that within the subsets there are only positive edges, and
between them only negative.

The concept of a k-balanced signed graph has been predominant in the analysis
of signed graphs. Several challenges are posed by signed networks in tasks like edge
prediction, where the task is not only to predict if there will be an interaction, as in
unsigned graphs, but to predict if it will be positive or negative. For instance (Falher
et al.,12017) propose to predict a directed signed edge under the Trust-Troll model, i.e.
in the fraction of outgoing negative edges (trollness) and incoming positive edges
(trustworthiness), (Kumar et al., 2016) introduce the notions of fairness and goodness
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of users in a signed social network to predict signed edges, and in (Leskovec et al.,
2010a)) features build on the signed degree of nodes and from social balance theory
are used to predict the sign of an edge.

Signed networks pose as well several challenges to the task of node embeddings.
Node embeddings have received a relevant amount of attention as they allow the
application of standard feature-based methods for the analysis of graphs. In the
case of signed graphs, positive edges suggest that the corresponding nodes should
be embedded close to each other, whereas negative edges push them apart. For
instance (Chiang et al [2011) propose to consider long cycles in signed graphs,
as these provide a criterion related to the notion of k-balance, (Derr et al., |2018)
extend the concept of graph convolutional networks to signed graphs and apply
it to generate informative embeddings of the nodes, (Kim ef al., 2018) propose a
novel embedding technique for the case of directed signed graphs, and in (Wang
et al.,[2017) it is proposed to consider 2-hop networks and generate embeddings that
follow the level of balance observed there.

Another line of work is the task of node classification. In this task the goal is to
build a classifier that takes into account both labeled and unlabeled observations,
based on a suitable loss function and a regularizer that induces the information
encoded by positive and negative edges. Since traditional graph operators are not
suitable to signed graphs, several challenges are posed by this task. For instance (Mer+
cado et al., 2019a) take an approached based on diffuse interface methods,(lang
et al., 2016a) are motivated by matrix factorization approaches inspired by social
balance, and (Goldberg et al., 2007) propose a suitable graph operator together with
an extension inspired by wrapped kernels.

Closer to our goal are methods that extend spectral clustering to signed graphs. As
mentioned previously, the main challenge is to introduce an operator that merges
the information encoded by both positive and negatives interactions such that the
eigenvectors corresponding to the smallest eigenvalues are informative. Several
efforts have been focused on this task, for instance (Kunegis et al., |2010) propose
a new signed graph Laplacian inspired by extending the notion of graph cuts to
signed graphs. The proposed signed graph Laplacian is basically the addition of the
standard graph Laplacian on positive edges, and the signless Laplacian (Desai and
Rao} 1994) on negative edges. They show that the proposed signed graph Laplacian
inherits properties of the unsigned case, like being positive-semidefinite and that the
zero eigenvalue is observed if and only if the signed graph is 2-balanced.

Inspired by (Kunegis et al., 2010), (Chiang ef al., [2012)) proposed several notions of
graph cuts for signed graphs, together with their continuous relaxation inducing dif-
ferent Laplacians for signed graphs, which are additions of suitable graph operators
on positive and negative edges.

Based on the observation that previous approaches are basically additions of
matrices, works like (Mercado et al., |2016) and (Cucuringu et al., |2019) have proposed
novel extensions of spectral clustering. For instance, in (Mercado et al., [2016) it is
proposed to take the matrix geometric mean of suitable Laplacians of positive and
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negative edges, whereas (Cucuringu et al., |2019) proposed a continuous relaxation
inspired by the notion of non-uniform cuts.

A closely related approach to spectral clustering of signed graphs is correlation
clustering (Bansal ef al., 2004). Whereas in spectral clustering it is required to specify
the number of clusters to identify, in correlation clustering the number of clusters
is automatically identified such that the final output is as close as possible to be
k-balanced. The case where the number of clusters is fixed a-priori has been explored
in (Giotis and Guruswami, [2006). In the context of correlation clustering, in (Saade
et al., 2015) the Bethe Hessian matrix is introduced. The Bethe Hessian matrix need
not be positive definite, but the number of negative eigenvalues is a good estimation
of the number of clusters in a signed network, and the corresponding eigenvectors
provide information of the clustering structure (Saade et al., [2014).

Further works related to clustering in signed graphs are (Sedoc et al., 2017;
Doreian and Mrvar, 2009; Knyazev, [2018; Kirkley et al., 2019; Cucuringu et al., 2018).
For a comprehensive survey on works related to signed networks we refer the reader
to (Tang et al., 2016b; Gallier, 2016).

1.1.2 Multilayer Graphs

Multilayer graphs pose several challenges due to the multiple kinds of interactions
that are encoded. For instance, each kind of interaction can be seen as a network that
constitutes a layer of the corresponding multilayer network. In this case, a multilayer
graph can be seen as a set of graphs over the same set of nodes. Moreover, if there
are interactions between nodes in different layers, then the ordering is relevant, for
instance when the layers are time snapshots of the same network over time (Taylor
et al., 2016, 2017), and thus tensor representations are potentially more suitable for this
case(Kivela ef al., 2014, see Section 2.2). Hence, the representation of multiple kinds
of interactions poses already certain aspects into consideration. Connections between
different representations of multilayer graphs have been studied, showing, for
instance, that the spectrum of supra-adjacency matrices interlace with the spectrum
of the average adjacency matrix (Sdnchez-Garcia et al., 2014). In this work we are
going to assume that interactions happen only inside layers, and that there is no
particular ordering of layers.

Further challenges of multilayer graphs are related to notions like node central-
ity (Tudisco et al., 2018} Battiston et al., 2014} Sola et al., |2013), multi-scale synthe-
sis (Lockerman et al., [2016), node embeddings (Zhang et al.| |2018; Yang et al., 2020),
link prediction(De Bacco et al., |2017; [Ermis et al., |2015; Koptelov et al., 2020) among
others.

In the following chapters we will give a brief overview of several approaches
concerning clustering and semi-supervised learning in multilayer graphs. For a
general discussion we refer the reader to (Boccaletti et al.|, 2014} Kivela et al., 2014;
Aleta and Moreno, |2019).
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1.1.2.1  Clustering with Multilayer Graphs

The task of clustering in single layer graphs is one of the most popular tasks (Fortu+
nato, 2010), yet, its analysis on multilayer graphs remains in its infancy (Kivela et al.,
2014, see Section 4.5.1). Most of the current methods on multilayer graphs rely on
joint matrix factorizations, graph-aggregation approaches, extensions of modularity,
and co-training, among others. We give a brief overview of these methods.

Several approaches to clustering with multilayer graphs have been proposed
based on the notion of matrix factorizations (Dong et al., 2012, 2014; Tang et al., 2009;
Zhao et al., |2017a; Rocklin and Pinar, 2011 Xia et al., 2014) where the goal is to
represent a multilayer graph with a small number of matrices that convey the most
relevant information regarding the underlying clustering structure of a multilayer
graph. (Iang et al., 2009), for instance, propose a joint factorization approach applied
to the adjacency matrices of the layers of a multilayer graph, whereas (Dong et al.,
2012) instead proposes to do this on the Laplacian spectrum of the layers.

Another approach is based on Bayesian inference (De Bacco et al., 2017, Paul
and Chen, 20164} Peixoto, 2015} Schein et al., |2015, |2016; Jenatton ef al., 2012). For
this approach a certain assumption on the distribution of the interactions is made
to later optimize a suitable likelihood function which frequently relies on proper
optimization techniques. For a self contained introduction into Bayesian approaches
related to the stochastic block model see (Peixoto, |2019).

Extensions of Newman’s modularity (Newman, 2006) and related null models
have been proposed to multilayer graphs (Mucha et al., 2010; Paul and Chen, 2016bj}
Wilson et al} |2017). In the traditional single layer graph the goal of Newman’s
modularity (Newman, 2006) is to identify a partition of the set of nodes such that
the edge density per partition is larger than that of a certain reference (null) model.
One of the characteristics of modularity approaches is that they as well estimate
the number of clusters and hence it is not necessary to fix in advance the number
of clusters to search. For instance, (Wilson et al., 2017) propose a method that
recovers overlapping clusters and identifies observations that are not related to the
overall clustering structure. They further prove consistency in a suitable multilayer
stochastic block model. Moreover, several null models for multilayer graphs are
introduced in (Paul and Chen, 2016b} Bassett et al |2013) related to the degree
corrected stochastic block model and Girvan-Newman modularity (Newman and
Girvan, 2004).

A co-training approach is proposed in (Kumar and IlI, 2011) where the main
assumption is that each layer in a multilayer graph is sufficient to produce meaningful
clusters and that layers are compatible in the sense that they basically generate the
same clustering. Hence, the goal is to produce a clustering that is consistent with
the information encoded in each layer. This approach is further explored in (Kumar
et al., 2011) under the notion of co-regularization.

A line of research that is close to our approach goes by compressing a multilayer
graph in a single matrix to later perform clustering on it. A natural first approach
goes by adding the adjacency matrices or the Laplacians of the layers (Chen and
Hero) [2017; Huang et al| |2012; [Taylor et al., 2017; Zhou and Burges| |2007). For
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instance, (Chen and Hero, |2017) aim at identifying the optimal convex combination
of the layers of a multilayer graph, whereas (Zhou and Burges| 2007) presents a
weighted arithmetic mean motivated by graph cuts. A systematic analysis under
the stochastic block model has been presented in (Paul and Chen, 2020) providing a
comparison of matrix factorization and matrix averaging approaches.

For recent overviews related to clustering with multilayer graphs we refer the
reader to (Kim and Lee, 2015; Sun, 2013; Xu ef al., 2013; Zhao et al., |2017b).

1.1.2.2  Semi-Supervised Learning with Multilayer Graphs

The task of semi-supervised learning on graphs is to build a classifier that takes into
consideration both labeled and unlabeled observations. A well-established approach
to this task is to take a suitable loss function on the labeled nodes and a regularizer
which provides information encoded by the graph. For semi-supervised learning
on single layer graphs (Zhu ef al., 2003) consider a Gaussian Markov random field
together with harmonic functions whereas in (Zhou et al., |2003) a label propagation
approach is taken, and (Belkin et al., 2004) propose a manifold regularization ap-
proach. Further approaches have been developed through deep learning (Yang et al.,
2016) and graph convolutional networks (Kipf and Welling), 2017} Wu et al., 2019;
Chami ef al., 2019).

Extensions of semi-supervised learning to multilayer graphs pose the challenge
of building a classifier by taking several kinds of interaction into consideration.
Inspired by the single layer approach by (Zhu et al., 2003; |Zhou et al., |2003; Belkin
et al., 2004) several works have proposed different multilayer graph extensions, and
hence different kinds of multilayer graph operators are implicitly considered as some
sort of regularizers. Hence, a great amount of attention has been posed on finding
some sort of weighted arithmetic mean of the adjacency or Laplacian matrices of the
layers of a multilayer graph, such that layers with a higher weight are more infor-
mative. For instance, (Zhou and Burges, 2007) propose to take a suitable weighted
arithmetic mean of adjacency matrices inspired by the notion of multilayer graph
cuts, whereas in (Mostafavi et al., 2008) this is achieved by taking only labeled nodes.
Moreover (Isuda et al| [2005) propose a suitable arithmetic mean of the Laplacians
of the layers as a regularizer, whereas (Argyriou et al., 2006) proposed a convex
combination of Laplacians via the pseudo inverse Laplacian kernel. (Kato et al.,
2009) combine Laplacians by a maximum a posterior estimation taking a Gamma
distribution as a prior for the weight of each layer, and (Nie et al., 2016) propose a
parameter-free approach. Further, a sparse linear combination of layer Laplacians
is proposed in (Karasuyama and Mamitsuka, 2013). Recently, (Viswanathan et al.}
2019) proposed a multi-component extension of Gaussian Markov random fields
where observations on the vertices are modelled as jointly Gaussian with an inverse
covariance matrix that is a weighted linear combination of multiple matrices.

Furthermore, based on improvements of belief propagation (Koutra et al., 2011), a
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scalable approximation to multilayer graphs has been proposed in (Eswaran et al.,
2017), whereas in (Gujral and Papalexakis, 2018) a tensor factorization method is
designed for semi-supervised learning in multilayer graphs.
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1.2 CONTRIBUTIONS AND OUTLINE

The contributions in this thesis are extensions of spectral clustering for signed
and multilayer graphs, and semi-supervised learning for multilayer graphs. The
proposed extensions are based on a one-parameter family of matrix means called
Matrix Power Means which in the scalar case has as particular cases the arithmetic,
geometric and harmonic means.

We study the effectivity of Matrix Power Means under a suitable stochastic
block model for signed and multilayer graphs, and provably show that different
matrix means perform well under different settings in expectation. For instance,
for the limit case +oc0 we show that matrix means effectively blend the information
of a signed/multilayer graph when each layer provides global information of the
clustering/class structure, whereas the limit case —oo is effective in at least two cases:
a) when at least one layer conveys global information and the remaining layers are
potentially just noise; b) when each layer provides only local information but taking
all layers together one obtains global information of the clustering/class structure.
All our provable results are extensively verified through numerical experiments.

Further, we perform experiments on real datasets and show that our approach is
competitive to the state of the art. Furthermore, in signed networks our approach is
the first one identifying explicit clustering structure in a real-world dataset where it
was conjectured that there was no clustering structure.

Finally, we propose matrix-free numerical schemes showing that our proposed
approaches based on matrix power means are scalable to large sparse signed and
multilayer graphs.

We now present a summary of the contributions per chapter and the thesis” outline.

e Background Material (Ch. |2) In this chapter we give a brief overview of spectral
clustering and provide a motivation in terms of graph cuts. Further, we briefly
describe k-means. This constitutes the last step in the algorithmic description of
spectral clustering.

We further introduce in Section |2.3|a well-known one-parameter family of means
called the scalar power means, which includes as particular cases the arithmetic,
geometric and harmonic mean. Moreover, we introduce a matrix extension called
the Matrix Power Means. The family of matrix power means are the fundamental
tools that we use to propose extensions of spectral clustering and semi-supervised
learning on signed and multilayer graphs. The following chapters present an
analysis on the effectivity of matrix power means to merge the information encoded
by multiple kinds of interactions under different contexts.

e Spectral Clustering of Signed Graphs via Matrix Power Means (Ch. [3).
This chapter presents and extension of spectral clustering to signed graphs by
introducing the Signed Power Mean Laplacian, which is the matrix power mean
applied to the Laplacian of positive edges and the signless Laplacian of negative
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edges. We present an analysis based on a suitable stochastic block model, and
show that our proposed approach provably outperforms the state of the art in
expectation. We further show that the Signed Power Mean Laplacian concentrates
around its mean under the stochastic block model. Moreover, we show that our
approach is competitive to the state of the art in real-world datasets. Finally, we
present a matrix-free numerical scheme showing that our proposed approach is
scalable to large sparse signed networks.

The content of this chapter corresponds to the ICML 2019 publication: “Spectral
Clustering of Signed Graphs via Matrix Power Means” (Mercado et al., 2019c).

Spectral Clustering of Multilayer Graphs via Matrix Power Means (Ch. [4).

Based on the insights from the previous chapter, we present an extension of
spectral clustering to multilayer graphs via the Power Mean Laplacian obtained
from the Laplacian of each layer. We present an analysis under the stochastic
block model and show that our proposed approach outperforms the state of the
art under three different regimes: robustness under the presence of noise-layers;
the case when none of the layers contain full information of the clusters, but only
if one considers them all together; and when clusters present fluctuations between
layers. For the first two cases we present formal guarantees, whereas for the last
one we present numerical experiments. We further provide experiments on real
datasets and show that our approach performs no worse than the state of the art.

The content of this chapter corresponds to the AISTATS 2018 publication: “The
Power Mean Laplacian for Multilayer Graph Clustering” (Mercado et al., 2018).

Semi-Supervised Learning on Multilayer Graphs via Matrix Power Means (Ch.][5).
In this chapter we consider the task of building a classifier taking both labeled
and unlabeled observations, by considering a suitable loss function and the un-
derlying multilayer graph structure of the observations. To induce the underlying
clustering structure we propose the Power Mean Laplacian as a regularizer. We
present an analysis under the stochastic block model and show that our proposed
approach yields a good classification performance when at least one of the layers
provides information from the class structure of the nodes. Moreover, we present
a weighted loss function that provably recovers the classes in expectation when
the number labeled nodes per class is different. We verify our findings with
extensive numerical experiments and further show that our proposed approach is
competitive to the state of the art in real datasets. Apart from that, we present a
matrix-free numerical scheme showing that our method is scalable to large sparse
graphs, outperforming the time execution of several state of the art approaches.

The content of this chapter corresponds to the NeurIPS 2019 publication: “Gener-
alized Matrix Means for Semi-Supervised Learning with Multilayer Graphs” (Mer¢
cado et al., |2019b).



BACKGROUND MATERIAL

In this chapter we briefly introduce two of the main methods related to this work:
spectral clustering and k-means. In this first part we present spectral clustering,
which is a well-established, graph-based clustering method, and which we aim to
extend to signed and multilayer graphs in the remainder chapters of this work. In
the second section we briefly introduce k-means clustering, which corresponds to
the last algorithmic step of spectral clustering.

2.1 SPECTRAL CLUSTERING

Spectral clustering is a well-established technique which has proven to be useful in
the identification of sets of observations that present a similar behaviour. This is
achieved by finding a partition of the sets of nodes such that nodes belonging to the
same partition are highly similar. In this section we provide a brief introduction to
spectral clustering, broadly following the influential work of (von Luxburg), 2007).

Spectral clustering, based on the first eigenvectors of the (normalized) graph
Laplacian, first provides a k-dimensional embedding of the nodes of the correspond-
ing graph and then applies k-means to return a partition of the set of nodes. The
corresponding pseudo code is shown in Algorithm

Algorithm 1: Spectral clustering
Input: Symmetric adjacency matrix W, number k of clusters to construct.
Output: Clusters Cy, ..., Cy.
1 Compute Laplacian matrix Lsym.
2 Compute eigenvectors uy, . .., u; corresponding to the k smallest eigenvalues of Lsym.
3 Let U = (uy,...,ur) be the matrix containing eigenvectors uy, . .., u; as columns.
4 Cluster the rows of U with k-means into clusters Cy, ..., C;.

Spectral clustering relies on the (normalized) graph Laplacian, which we now
introduce. For a given graph G = (V, W) with a set of nodes V and adjacency matrix
W, the graph Laplacian and its normalized symmetric version are defined as

L=D-W, Lsym = DY2LD'/? (2.1)
Y

where D is a diagonal matrix with D;; = d;, and d; = Z}Ll wjj. Among the properties
of the graph Laplacians L and Lsym are the following (von Luxburg, 2007):

e [ and Lsym are symmetric and positive semi-definite,

e the smallest eigenvalue of L and Lgsym is 0,

11
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e the quadratic form of the Laplacian L is: x'Lx = % ZZ]':1 wij(x; — x]')2
e the multiplicity of the eigenvalue 0 of L and Lsym is equal to the number of
connected components in the graph.

The intuition behind spectral clustering can be seen from different perspectives.
In what follows we provide a brief notion on how spectral clustering can be seen as
a relaxation of the normalized graph cut problem. We would like to mention that we
not only consider binary adjacency adjacency matrices but as well general weighted
graphs.

2.1.1  Spectral Clustering from the normalized graph cut perspective

Spectral clustering can be seen as a continuous relaxation of a discrete optimization
problem in terms of graph cuts. In particular, the discrete optimization problem can
be casted as the normalized graph cut problem as follows:

P -
, cut(C;, C;)
min  Ncut(Cq,...,Cy) := _— 2.2
(Cl,...,Ck)EPk ( ! k) ; VOI( 1) ( )
where P is the set of all k-partitions of the vertex set V, and
cut(C, C) = Z Wi (2-3)
v;€CojeC
vol(C) = ) _ d; (2.4)
v;eC

where d; = )i ; w;; Since the discrete optimization problem is NP-hard, a

continuous relaxation is suitable. In particular, the following formulation leads to
spectral clustering with the normalized graph Laplacian Lsym:

min Tr(H'LsymH) subject to H'H = I. (2.5)
HeRnxk

where the columns of the minimizer matrix H correspond to the k-eigenvectors with
the smallest eigenvalues of Lsym (Lutkepohl, |1996, Section 5.2.2.(6)).

We now verify that indeed is a relaxation of (2.2). We first observe that by
defining T = D~'/2H we obtain

Tr(H'LoymH) = Te(T'D?D~V2LDV/2DV2T) = Tr(T'LT) (2.6)

together with the fact H'H = T'DY/2D'Y2T = T'DT. Hence the optimization
problem can now be expressed as

min Tr(T'LT) subject to T'DT = I. (2.7)
TeR"*k
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Observe that from the solution matrix T of (2.7) one can recover the solution matrix
H of by the relation H = D'/2T. We now introduce a specific family of matrices.
Let T € R"*F be defined entrywise as

1 e ,
D v B (2.8)
0 else

~
~

where one can see that the columns of T are weighted indicator vectors. Let t; denote
the it column of matrix T. Then, one can easily verify that thti = J;j and

T4 cut(Ci, CZ)
tiLt; = oG (2.9)
and hence
k k cut(Ci Cz)
Te(T'LT) = ) tiLt; = ) ——=*> = Neut(Cy, ..., Cy) (2.10)
i—1 5 vol(G)

Hence, the graph normalized cut problem can be restated in terms of matrices
of the form (2.8), namely

min  Tr(T'LT)
(Cl,...,Ck)GPk
subject to: T'DT =1,

T as defined in (2.8).

To further wrap-up the current exposition, observe that by relaxing the search space
from sets to matrices with real entries, and recalling that T = D 12H, we get the
continuous relaxation initially described in (2.5).

2.2 k-MEANS

From the previous Section [2.1| we have seen that the last step of spectral clustering
(see Algorithm [1) relies on applying k-means to the matrix composed by certain
eigenvectors of the corresponding Laplacian. In this section we provide a brief
introduction to k-means.

The k-means method (traditionally believed that the name was first coined
in (MacQueen, 1967)) is a clustering method that identifies sets of observations
such that the distances between elements in the same cluster are smaller than those
between elements belonging to different clusters. This is achieved by identifying
certain prototypes per cluster (for instance, the mean among observations belonging
to a certain cluster) such that all observations belonging to a cluster share its nearest

prototype.
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The optimization problem of k-means can be stated as follows

k
arg min Z Z ||x]- — ,ul-Hz = J(k) (2.11)
(Cl,...,Ck)EPk i=1 XjEC,'
yl,...,yke]RD

where Cy, ..., Cy are the final clusters, P is the set of all k-partitions of the given
observations x1,...,x, € RP, and yy, ..., € RP are the corresponding prototypes.
This definition of the k-means problem has been shown to be NP-Hard (Mahajan
et al., |2012; Aloise et al.,|2009). Hence approaches providing an approximate solution
have been proposed, among them Lloyd'’s algorithm (Lloyd, 1982), which is described
in Algorithm

Algorithm 2: Lloyd'’s algorithm

Input: Observations x1,...,x, € RP, number of clusters k to construct.
Output: Clusters Cy, ..., Cy, and prototypes u1, ...,y € RP

Initialize py, ..., p.

while J(k) has not converged do

)

N

// Update clusters
fori < 1ton do
‘ Assign x; to Cj« if j* = arg min; i — y]-H

5 end

// Update prototypes
6 fori < 1tok do
7 = Y ¥

‘Ci| x;€C;

8 end
9 end

In practice it is recommended to execute Lloyd’s algorithm several times with
different starting prototypes, and choose the output that reached the best solution in
terms of Eq. (2.11).

We briefly mention that Lloyd’s algorithm consists of two alternating optimization
problems, each of them leading to the corresponding updating rule for clusters
and corresponding prototypes. For each updating rule we have the following
observations:

e Update clusters: for fixed prototypes one can minimize (k) with respect to
C1,...,Cy, leading to the corresponding update rule for clusters, which is
obtained from the minimization of the entry ||x; — y; ||2 of J(k), by identifying
the nearest prototype of the corresponding observation,

e Update prototypes: for fixed clusters, one can minimize J(k) with respect to
M1, - .., Mg, leading to the corresponding update rule for prototypes. This is
particularly clear since

1

cl Y xj=argmin ) ||xj— ‘uin (2.12)

x]ECi }ll‘G]RD XjECi



2.3 POWER MEANS 15

Aiming to improve the performance of k-means by considering suitable prototype
initialization approaches, several techniques have been proposed, for instance, k-
means++(Arthur and Vassilvitskii, 2007), one-shot coresets (Bachem et al., 2018), and
k-medoids (Newling and Fleuret, 2017).

2.3 POWER MEANS

This section introduces a general family of scalar means called scalar power means.
We will show that scalar power means depends on one parameter, and that for
particular values it yields well known means as the arithmetic, geometric and
harmonic means. Based on this scalar family of means we will introduce a matrix
extension called the matrix power means. This will be our main tool to extend
spectral clustering and semi-supervised learning to signed and multilayer graphs.

2.3.1 Scalar Power Means

The scalar power mean of a set of non-negative scalars x1,...,xr is a general one-
parameter family of means defined for p € R as

1 & N\
my(x1,...,X1) = (Tfo>

i=1

It is easy to see that the scalar power mean includes some well-known means as
special cases, among them the harmonic, geometric and arithmetic means:

name minimum harmonic mean geometric mean arithmetic mean maximum

p p— —00 p=-1 p—0 p=1 p— o0
mpy(a,b) min{a,b} 2(%%—%)71 Vab (a+b)/2 max{a, b}

Table 2.1: Particular cases of scalar power means

While the arithmetic mean is a well-known mean (Lovric, 2011} see p.788-791), the
task of choosing a suitable mean in a given context is not trivial, as stated in (United
Nations Development Programme) 1997, see p.117-121):

There is an inescapable arbitrariness in the choice of p. The right way to
deal with this issue is to explain clearly what is being assumed [...]

Several examples of applying different power means are available. For instance,
the geometric mean (p — 0) is used in the financial context to estimate the average
return of an investment based on compound interest over time, whereas the har-
monic mean (p = —1) is used to compare different indexes composed by multiple
price-earning ratios. The harmonic mean is preferred in this setting partly because it
avoids overestimations that are commonly seen with the arithmetic mean (Agrrawal
et al, |2010). For further discussions on when the harmonic mean is preferred over
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the arithmetic mean we refer to (Ferger} |1931; |Hand, 1994; Haans, 2008). Further,
the power mean with parameter p = 3 is used by the United Nations Development
Program to calculate the Gender-Related Development Index (GDI), as it “places
greater weight on those dimensions in which deprivation is larger” (United Nations
Development Programme, 1997, see p.117-121).

The scalar power mean is monotone in the parameter p as stated by the follow-
ing Theorem.

Theorem 2.1 ((Hardy et al.} 1934, Theorem 16), (Bullen, 2013, Ch. 3, Theorem 1)). Let
p < q then my(a,b) < my(a,b) with equality if and only if a = b.

From this Theorem we can see that for powers p € {—1,0,1} yields the well-
known harmonic-geometric-arithmetic mean inequality:

m_1(a,b) < mg(a,b) < mi(a,b).

This inequality has been widely studied. For instance, there are well over 70 proofs
of the arithmetic-geometric mean inequality in (Bullen, 2013).

2.3.2 Matrix Power Means

Since matrices do not commute, the scalar power mean can be extended to positive
definite matrices in a number of different ways, all of them coinciding when applied
to commuting matrices (Bhatia, 2009, Chapter 4). In this work we use the following
matrix power mean.

Definition 2.1 ((Bhagwat and Subramanian, 1978)). Let Ay, ..., At be symmetric posi-
tive definite matrices, and p € IR. The matrix power mean of Ay, ..., AT with exponent p is

1 L)
My(Ay, ..., Ar) = (T 2Af) (2.13)
i=1

where AP is the unique positive definite solution of the matrix Equation XP = A.

The previous definition can be extended to positive semi-definite matrices. For
p>0, Mp(Al,. .., Ar) exists for positive semi-definite matrices, whereas for p <0
it is necessary to add a suitable diagonal shift to Ay, ..., Ar to enforce them to be
positive definite (see (Bhagwat and Subramanian) 1978) for details).

We call the matrix above matrix power mean and we recover for p = 1 the standard
arithmetic mean of the matrices. Note that for p — 0, the power mean (2.13)
converges to the Log-Euclidean matrix mean (Bhagwat and Subramanian, 1978;
Arsigny et al., 2007)

1T
My(Aq,...,AT) = exp <T ZlogAi> , (2.14)
i=1
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which is a popular form of matrix geometric mean used, for instance, in diffusion
tensor imaging or quantum information theory (see (Arsigny et al., 2006; Petz, 2007)).

Based on the Karcher mean, a different one-parameter family of matrix power
means has been discussed for instance in (Lim and Palfia, 2012). When the parame-
ter goes to zero, the Karcher-based power mean of two matrices A and B converges
to the geometric mean

A#B = AV2(ATV2BA-1/ 21257172

The mean A#B has been used for instance for clustering in signed networks (Fasi
and lannazzo, [2018; Mercado et al.| 2016), for metric learning (Zadeh et al., |2016) and
for geometric optimization (Sra and Hosseini, [2016). However, when more than two
matrices are considered, the Karcher-based power mean is defined as the solution of
a set of nonlinear matrix equations without any known closed-form solution (Bini
and lannazzo), 2011). For an overview of matrix means we refer the reader to (Bhatia,
2009, Chapter 4).

In the following sections we will present several extensions of spectral clustering
and semi-supervised learning to signed and multilayer graph. Recall that spectral
clustering is a graph-based method relying on the spectrum of certain graph opera-
tors. Hence, we now introduce a result that gives a first glimpse into the spectrum
of the matrix power means, showing the effect of the matrix power mean when the
given matrices have a common eigenvector.

Lemma 2.1. Let u be an eigenvector of Ay, ..., At with corresponding eigenvalues Ay, . .., AT.
Then u is an eigenvector of My(A, ..., Ar) with eigenvalue my(Aq, ..., Ar).

Proof. Observe that for any positive definite matrix M, if Mx = A(M)x, then MF =
A(M)Px. Thus, we can see that as Aju = Aju fori =1,...,T. then, Afu = )\fu.
Hence,

1< 1<
Mﬁ(Al,...,AT)u = (fZA?> u= (fZMD) u :mZ(/\l,...,/\T)u
i=1 i=1

Thus u is an eigenvector of My (Ay, ..., Ar) with eigenvalue m,(A4,..., Ar). O



SPECTRAL CLUSTERING OF SIGNED GRAPHS VIA
MATRIX POWER MEANS

In this chapter we extend spectral clustering to signed graphs via the one-parameter
family of Signed Power Mean Laplacians, defined as the matrix power mean of normal-
ized standard and signless Laplacians of positive and negative edges. We provide a
thorough analysis of the proposed approach in the setting of a general Stochastic
Block Model that includes models such as the Labeled Stochastic Block Model and
the Censored Block Model. We show that in expectation the signed power mean
Laplacian captures the ground truth clusters under reasonable settings where state-
of-the-art approaches fail. Moreover, we prove that the eigenvalues and eigenvectors
of the signed power mean Laplacian concentrate around their expectation under
reasonable conditions in the general Stochastic Block Model. Extensive experiments
on random graphs and real-world datasets confirm the theoretically predicted be-
havior of the signed power mean Laplacian and show that it compares favorably
with state-of-the-art methods.

3.1 INTRODUCTION

The analysis of graphs has received a significant amount of attention due to their
capability to encode interactions that naturally arise in social networks. Yet, the
vast majority of graph methods focuses on the case where interactions are of the
same type, leaving aside the case where different kinds of interactions are avail-
able (Leskovec et al., 2010b). Graphs and networks with both positive and negative
edge weights arise naturally in a number of social, biological and economic contexts.
Social dynamics and relationships are intrinsically positive and negative: users of
online social networks such as Slashdot and Epinions, for example, can express
positive interactions, like friendship and trust, and negative ones, like enmity and
distrust. Other important application settings are the analysis of gene expressions in
biology (Fujita et al., 2012) or the analysis of financial and economic time sequences
(Ziegler et al., 2010; Pavlidis et al., |2006), where similarity and variable dependence
measures commonly used may attain both positive and negative values (e.g. the
Pearson correlation coefficient).

As briefly stated in Subsection the analysis of signed graphs can be traced
back to social balance theory (Cartwright and Harary, |1956; Harary, 1953; Davis,
1967) where the concept of a k-balance signed graph is introduced. The analysis of
signed networks has been then pushed forward through the study of a variety of
tasks in signed graphs, as for example edge prediction (Kumar et al.| 2016; Leskovec
et al., 2010a} [Falher et al., 2017), node classification (Mercado et al., 2019a; [Tang et al.,

18
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2016a), node embeddings (Chiang et al., 2011; Derr et al., 2018; Kim et al., 2018;
Wang et al., 2017, Yuan et al., 2017), node ranking (Chung et al., 2013} Shahriari
and Jalili, |2014), and clustering (Chiang et al., 2012; Kunegis et al., |2010; Mercado
et al.,|2016; Sedoc et al., |2017; Doreian and Mrvar, 2009; Knyazev, 2018} Kirkley et al.|
2019; Cucuringu et al., 2019; Cucuringu et al., |2018). For recent surveys on the topic
see (Tang et al., 2016b; |Gallier, 2016) .

In this chapter we present a novel extension of spectral clustering for signed
graphs. For a brief introduction to spectral clustering please see Section We
introduce the family of Signed Power Mean (SPM) Laplacians: a one-parameter family
of graph matrices for signed graphs that blends the information from positive and
negative interactions through the matrix power mean, a general class of matrix
means that contains the arithmetic, geometric, and harmonic mean as special cases.
The family of Signed Power Mean Laplacians is inspired by recent extensions of
spectral clustering which merge the information encoded by positive and negative
interactions through different types of arithmetic (Chiang et al., 2012; Kunegis et al.}
2010) and geometric (Mercado et al., 2016) means of the standard and signless graph
Laplacians.

We analyze the performance of the signed power mean Laplacian in a general
Signed Stochastic Block Model. We first provide an analysis in expectation show-
ing that the smaller, the parameter of the signed power mean Laplacian, the less
restrictive are the conditions that ensure to recover the ground truth clusters. In
particular, we show that the limit cases +co and —oo are related to the boolean
operators AND and OR, respectively, in the sense that for the limit case +oco clusters
are recovered only if both positive and negative interactions are informative, whereas
for —co clusters are recovered if positive or negative interactions are informative.
Second, we show that the eigenvalues and eigenvectors of the signed power mean
Laplacian concentrate around their mean, so that our results hold also for the case
where one samples from the stochastic block model. To our knowledge these are the
tirst concentration results for matrix power means under any stochastic block model
for signed graphs.

Finally, we show that the signed power mean Laplacian compares favorably with
state-of-the-art approaches through extensive numerical experiments on diverse real
world datasets.

Notation. A signed graph is a pair G = (G*,G~), where G" = (V,W") and
G~ = (V,W™) encode positive and negative edges, respectively, with positive sym-
metric adjacency matrices W' and W~, and a common vertex set V = {vy,...,0,}.
Note that this definition allows the simultaneous presence of both positive and
negative interactions between the same two nodes. This is a major difference with
respect to the alternative point of view where G* is associated to a single symmetric
matrix W with positive and negative entries. In this case W = W+ — W, with
WJr = max{0, W;;} and W;; = —min{0, W;;}, implying that every interaction is ei-

ther positive or negative, but not both at the same time. We denote by D;f = ] Jwit ij

and DZ.; = 2}1:1 wlj the diagonal matrix of the degrees of Gt and G, respectively,
and D=D"+D".
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3.2 RELATED WORK

The study of clustering of signed graphs can be traced back to the theory of social
balance (Cartwright and Harary, [1956; Harary, 1953 Davis, 1967), where a signed
graph is called k-balanced if the set of vertices can be partitioned into k sets such that
within the subsets there are only positive edges, and between them only negative.

Inspired by the notion of k-balance, different approaches for signed graph clus-
tering have been introduced. In particular, many of them aim to extend spectral
clustering to signed graphs by proposing novel signed graph Laplacians. A related
approach is correlation clustering (Bansal ef al., 2004). Unlike spectral clustering,
where the number of clusters is fixed a-priori, correlation clustering approximates
the optimal number of clusters by identifying a partition that is as close as possible
to be k-balanced. In this setting, the case where the number of clusters is constrained
has been considered in (Giotis and Guruswami, 2006).

We briefly introduce the standard and signless Laplacian and review different
definitions of Laplacians on signed graphs. The final clustering algorithm to find
k clusters is the same for all of them: compute the smallest k eigenvectors of the
corresponding Laplacian, use the eigenvectors to embed the nodes into IR, obtain
the final clustering by doing k-means in the embedding space. However, we will see
below that in some cases we have to slightly deviate from this generic principle by
using the k — 1 smallest eigenvectors instead.

Laplacians of Unsigned Graphs: In the following all weight matrices are non-
negative and symmetric. Given an assortative graph G = (V, W), standard spectral
clustering is based on the Laplacian and its normalized version defined as:

L=D-W Lsym = D~V/2LD"1/2 (3.1)

where D;; = 2;7:1 wj; is the diagonal matrix of the degrees of G. Both Laplacians are
symmetric positive semidefinite and the multiplicity of the eigenvalue 0 is equal to
the number of connected components in G. For a more detailed introduction please
see Section

For disassortative graphs, i.e. when edges carry only dissimilarity information,
the goal is to identify clusters such that the amount of edges between clusters is
larger than the one inside clusters. Spectral clustering is extended to this setting by
considering the signless Laplacian matrix and its normalized version (see e.g. |Liu
(2015); Mercado et al.| (2016)), defined as:

Q=D+W Qsym = D~12QD~1/2 (3-2)

Both Laplacians are positive semi-definite, and the smallest eigenvalue is zero if and
only if the graph has a bipartite component (Desai and Rao, [1994).

Laplacians of Signed Graphs: Signed graphs encode both positive and negative
interactions. In the ideal k-balanced case positive interactions present an assortative
behavior, whereas negative interactions present a disassortative behavior. With this
in mind, several novel definitions of signed Laplacians have been proposed. We briefly
review them for later reference.
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In (Chiang et al., 2012) the balance ratio Laplacian and its normalized version are
defined as:

Lgr=D"—W"+W~, Lgy=D2LgD /2 (3:3)

whereas in (Kunegis et al., 2010) the signed ratio Laplacian and its normalized version
have been defined as:

Lsr=D-WT+W~, Lgy=D"?LszxD /2 (3-4)

The signed Laplacians Lpr and Lpy need not be positive semidefinite, while the
signed Laplacians Lgg and Lgy are positive semidefinite with eigenvalue zero if and
only if the graph is 2-balanced.

In the context of correlation clustering, in (Saade et al., 2015) the Bethe Hessian
matrix is defined as:

H=(a—1)I—Va(WF —W")+D (3.5)

where « is the average node degree o« = % Yiiq D;;. The Bethe Hessian H need not be
positive definite. In fact, eigenvectors with negative eigenvalues bring information
of clustering structure (Saade et al., 2014).

Let LT = D" — W+ and Q- = D~ + W~ be the Laplacian and signless Laplacian
of GT and G, respectively. As noted in (Mercado et al., 2016), Lsg = LT + Q™ i.e. it
coincides with twice the arithmetic mean of L™ and Q. Note that the same holds for
H when the average degree « is equal to one, i.e. H = Lgg when &« = 1. In (Mercado
et al, |2016), the arithmetic mean and geometric mean of the normalized Laplacian
and its signless version are used to define new Laplacians for signed graphs:

where A#B = A~1/2(AY/2BA1/2)1/2A=1/2 i5 the geometric mean of A and B, with
Lim = (DT)"Y2LH(D") Y2 and Qg = (D7) /2Q (D)~ /2. While the com-
putation of Lgys is more challenging, (Mercado et al., 2016) have shown that the
clustering assignment obtained with the geometric mean Laplacian Lgys outperforms
all other signed Laplacians.

Both the arithmetic and the geometric means are special cases of a much richer
one-parameter family of means known as power means. Based on this observation,
we introduce the Signed Power Mean Laplacian in Section defined via the matrix
version of the family of power means which we briefly reviewed in Section

33 THE SIGNED POWER MEAN LAPLACIAN

Given a signed graph G* = (G*,G~) we define the Signed Power Mean (SPM)
Laplacian L, of G* as

Lm)? + (Qm)” ) 7
(L) (Qy)> | o

L, = MP(L;;m, Qsym) = ( 5
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Algorithm 3: Spectral clustering of signed graphs with L,

Input: Symmetric matrices W+, W~, number k of clusters to construct.

Output: Clusters Cy, ..., Ck.
1 Letk =k—1ifp>land kK =kifp < 1.
> Compute eigenvectors uy, ..., uyp corresponding to the k' smallest eigenvalues of L,.
3 Set U = (uy,...,uyp) and cluster the rows of U with k-means into clusters Cy, ..., Ck.

For the case p < 0 the matrix power mean requires positive definite matrices, hence
we use in this case the matrix power mean of diagonally shifted Laplacians, i.e.
L;g,m + el and Qg +€l. Our theoretical analysis that is following holds for all
possible shifts e > 0, whereas in Section we discuss the numerical robustness
with respect to e. The clustering algorithm for identifying k clusters in signed graphs
is given in Algorithm [3| Please note that for p > 1 we deviate from the usual scheme
and use the first k — 1 eigenvectors rather than the first k. The reason is a result
of the analysis in the stochastic block model in Section In general, the main
influence of the parameter p of the power mean is on the ordering of the eigenvalues.
In Section [3.4) we will see that this effect on the ordering of eigenvalues significantly
influences the performance of different instances of SPM Laplacians, in particular,
the arithmetic and geometric mean discussed in (Mercado et al., 2016) are suboptimal
for the recovery of the ground truth clusters. For the computation of the matrix
power mean we adapt the scalable Krylov subspace-based algorithm proposed in
(Mercado et al., 2018).

34 STOCHASTIC BLOCK MODEL ANALYSIS

In this section we analyze the signed power mean Laplacian L, under a general
Signed Stochastic Block Model. Our results here are twofold. First, we derive new
conditions in expectation that guarantee that the eigenvectors corresponding to
the smallest eigenvalues of L, recover the ground truth clusters. These conditions
reveal that, in this setting, the state-of-the-art signed graph matrices are suboptimal
as compared to L, for negative values of p. Second, we show that our result in
expectation transfers to sampled graphs as we prove conditions that ensure that
both eigenvalues and eigenvectors of L, concentrate around their expected value
with high probability. We verify our results by several experiments where the
clustering performance of state-of-the-art matrices and L, are compared on random
graphs following the Signed Stochastic Block Model. All proofs hold for an arbitrary
diagonal shift ¢ > 0, whereas the shift is set to ¢ = log;y(1 + |p|) + 107° in the
numerical experiments.

The Stochastic Block Model (SBM) is a well-established generative model for
graphs and a canonical tool for studying clustering methods (Holland et al., 1983;
Rohe et al., |2011; Abbe, 2018). Graphs drawn from the SBM show a prescribed
clustering structure, as the probability of an edge between two nodes depends only
on the clustering membership of each node. We introduce our SBM for signed Graphs
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(SSBM): we consider k ground truth clusters Cy, ..., Cy, all of them of size |C| = T
and parameters p;", pd.i Pin Pout € 10, 1] where p;- (resp. p;.) is the probability of
observing an edge inside clusters in G* (resp. G™) and pJ, (resp. p..,) is the
probability of observing an edge between clusters in G* (resp. G™). Calligraphic
letters are used for the expected adjacency matrices: W and W™ are the expected
adjacency matrix of G and G, respectively, where WZJ; = p; and Wl_] = p;, if
v;,vj belong to the same cluster, whereas WZJ; = pd. and Wi = Pout if v;, v; belong
to different clusters.

Other extensions of the SBM to the signed setting have been considered. Particu-
larly relevant examples are the Labelled Stochastic Block Model (LSBM) (Heimlicher
et al., 2012) and the Censored Block Model (CBM) (Abbe et al., 2014). In the context
of signed graphs, both LSBM and CBM assume that an observed edge can be either
positive or negative, but not both. Our SSBM, instead, allows the simultaneous
presence of both positive and negative edges between the same pair of nodes, as the
parameters p;, piuw Pins Pout it SSBM are independent. Moreover, the edge probabil-
ities defining both the LSBM and the CBM can be recovered as special cases of the
SSBM. In particular, the LSBM corresponds to the SSBM for the choices

Pin =Pt ™s Pin = Pl (within clusters)
p (Tut = ?outlﬂr' p (:ut = ?outvi (between ClU-SterS)

where p;, and P, are edge probabilities within and between clusters, respectively,
whereas ut and y~ =1—u" (resp. v* and v~ = 1 —v™) are the probabilities of
assigning a positive and negative label to an edge within (resp. between) clusters.
Similarly, the CBM corresponds to the SSBM for the particular choices p;, = P
ut=v- = (1-—y)and p~ =v" =y where 7 is a noise parameter.

3.4.1 SBM Analysis in Expectation

In this section our goal is to identify conditions in expectation in terms of k, pg, pjut, Pins
and p_,, such that Cy, . .., Ci are recovered by the smallest eigenvectors of the signed
power mean Laplacian. Consider the following k vectors:

xi=1 xi=k-11 -1z .

i =2,...,k. The node embedding given by {x;}_; is informative in the sense that
applying k-means on {x;}_; trivially recovers the ground truth clusters Cy, ..., Cx
as all nodes of a cluster are mapped to the same point. Note that the constant vector
x1 could be omitted as it does not add clustering information. We derive conditions
for the SSBM such that { Xi}?:l are the smallest eigenvectors of the signed power
mean Laplacian in expectation. er

Theorem 3.1. Let £, = My(Lm, Qsym) and let e > 0 be the diagonal shift.

o If p > 1, then {x;}*_, correspond to the (k-1)-smallest eigenvalues of L, if and only if
mp(pe,pe) <1+¢
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o If p < 1, then {x;}%_, correspond to the k-smallest eigenvalues of Ly if and only if
_mp(gg*,p;) <l+e . . ) o B
with pg - 1- (pin - pout)/(pin + (k- 1)pout) +eand p; =1+ (pin - pout)/(pin +

(k - 1)pout) +e

Proof. We first show that xi,..., xx are eigenvectors of W' and W~. For x; we
have,

WHxr =WH=[Cl(pih + (k—1)pd)1=d"1=A]1

For the remaining vectors x», ..., xx we have

Wy =W+

= [C|(kpyy, —d " )1c, + [C|(kpgye — ™)1
= |Cl(k = 1) (pi, — Pau)le; — [Cl(Pih — Pau) e
= [Cl (P — Pou) ((k —1)1¢, — 17)

= [Cl(Pin — Péut)Xi
= AiXi

The same procedure holds for YW~. Thus, we have shown that x;, ..., xx are eigen-
vectors of both W+ and W™ In particular, we have seen that

AT =Cl(pih + (k—=1D)pd), AT = ICI(pih — Pau)
AL =[Cl(pin + (k= D)poue), A = [Cl(Pin — Pout)

for i = 2,...,k. Further, as both matrices W and YW~ share all their eigenvectors,
they are simultaneously diagonalizable, that is there exists a non-singular matrix
T such that T 1W*EZ = A%, where A" and A~ are diagonal matrices A* =
diag(Af,...,AF,0,...,0).

As we assume that all clusters are of the same size |C|, the expected signed graph
is a regular graph with degrees d™ and d~. Hence, the normalized Laplacian and
normalized signless Laplacian of the expected signed graph can be expressed as

1 -
Lom =2(I - d—+A+)z !

1

- _ —\y—1
Quym = E(I+ —A7)T
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Thus, we can observe that

Af(ﬁjym) =0, /\_(Qs_ym) =2
Aj(£$m):1_p+’ A:(ngm) =140
/\;_(Egglm) =1, /\]_(Qs_ym) 1

fori=2,...,k,and j=k+1,...,|V|, where
" = (Pin = Pou)/ (Pin + (k= 1)pgur)
P~ = (Pin = Pout)/ (Pin + (k = 1)Pout)
By obtaining the signed power mean Laplacian on diagonally shifted matrices,
Ly, = Mp(ﬁ,;;m +el, Qgym +€l)
we have by Lemma
M(Lp) =mp(Af + 6 A7 +€) =myp(e,2+¢)

Ai(Lyp) =mp(1—p" +614p" +e) (3.8)
Ai(Lp) = mp()x;’ te A +e)=1+e

Observe that A;(L,), with j =k+1,...,|V], corresponds to eigenvectors that do not
yield an informative embedding. Hence, we do not want this eigenvalue to belong
to the bottom of the spectrum of £,. Thus, for the case of x, ..., xx, we can see that
they will be located at the bottom of the spectrum if the following condition holds:

Ai(Lyp) =mp(1—p* +e14p" +¢) =mp(pf,p:) <1+e=A[(Ly)

It remains to analyze the case of the constant eigenvector ). Note that its associated
eigenvalue Aq (L) has the following relationship to the non-informative eigenvectors:

Al(ﬁl) = m1(€,2—|—8) =1+4+e= A](ﬁp)

By Theorem |2.1) we know that the scalar power mean is monotone in its parameter p,
and thus, for the case p < 1 we observe

/\1(5,,) = mp(e,Z—i—e) < m1(€,2—|—€) = )\1(,61) = )\](ﬁp)
and for the case p > 1 we observe
/\1(,Cp) = mP(E,Z—l—E) Z m1(€,2+€) = )\1([11) = )\](ﬁp)

This means that for positive powers p > 1, the constant eigenvector x; does not
belong to the bottom of the spectrum, whereas for p < 1 it always does. With this in
mind, we reach the desired result. O
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Note that Theorem [3.1is the reason why Alg. [3| uses only the first k — 1 eigen-
vectors for p > 1. The problem is that the constant eigenvector need not be among
the first k eigenvectors in the SSBM for p > 1. However, as it is constant and thus
uninformative in the embedding, this does not lead to any loss of information.
The following Corollary shows that the limit cases of L, are related to the boolean
operators AND and OR.

Corollary 3.1. Let L, = My(L3m, Qsym)-
o {xi}5_, correspond to the (k-1)-smallest eigenvalues of Lo iff pit > pdy and p, < poue
o { Xf}i'czl correspond to the k-smallest eigenvalues of L oo iff pi- > pdut 0F Pin < Pout-

Proof. Following the proof from Theorem we can observe that lim;, e 1, (x) =
max{xy,...,xr} and lim, , o mp(x) = min{xy,..., x7}.

Thus, me(pF, 07 ) = max(1 —pt +¢,1+p~ +¢), and hence me (o, 07 ) <1+¢
if and only if p* > 0 and p~ < 0, yielding the desired conditions.

The case for p — —co is analogous: M« (py,p; ) = min(l —p™ +¢1+p~ +¢)
and thus m_w (o, p; ) <1+ ¢ if and only if p™ > 0 or p~ < 0, yielding the desired
conditions. O

The conditions for L, are the most conservative ones, as they require that G* and
G~ are informative, i.e. G has to be assortative and G~ disassortative. Under these
conditions every clustering method for signed graphs should be able to identify
the ground truth clusters in expectation. On the other hand, the less restrictive
conditions for the recovery of the ground truth clusters correspond to the limit case
L_o. If GT or G are informative, then the ground truth clusters are recovered, that
is, £_o only requires that G is assortative or G~ is disassortative. In particular, the
following corollary shows that smaller values of p require less restrictive conditions
to ensure the identification of the informative eigenvectors.

Corollary 3.2. Let g < p. If {Xi}i';g(p) correspond to the k-smallest eigenvalues of Ly,
then { 7(,-}5‘:9(17) correspond to the k-smallest eigenvalues of L,, where 8(x) = 1if x < 0 and
6(x) =2ifx > 0.

Proof. If Ay, ..., Ag resp. (Ay, ..., Ax) are among the k (resp. k — 1)-smallest eigenval-
ues of L, then by Theorem [3.1, we have m, (o5, p; ) < 1+ €. By Theorem [2.1/ we
have my(pf, p; ) < my(ps, p: ), Theorem [3.1 concludes the proof. O

To better understand the different conditions we have derived, we visualize
them in Fig. where the x-axis corresponds to how assortative G* is, while the
y-axis corresponds to how disassortative G~ is. The conditions of the limit case
Lo, i.e. the case where G and G~ have to be informative, correspond to the
upper-right, dark blue region in Fig. and correspond to the 25% of all possible
configurations of the SBM. The conditions for the limit case £_, i.e. the case where
G or G~ has to be informative, instead correspond to all possible configurations
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Figure 3.2: Performance visualization for two clusters for different parameters of the
SBM. Top row: The settings where the signed power mean Laplacians £, identify the
ground truth clusters in expectation for the SBM, see Theorem are highlighted in
dark blue, whereas yellow indicates failure. Middle/Bottom row: average clustering
error (dark blue: small error, yellow: large error) of the signed power mean Laplacian
Ly and Lgm, Lsn, Lpn, H for 50 samples from the SBM.

of the SBM except for the bottom-left region. This is depicted in Fig. and
corresponds to the 75% of all possible configurations under the SBM. In Fig.
we present the corresponding conditions for recovery in expectation for the cases
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p € {—10,—1,0,1,10}. We can visually verify that the larger the value of p the
smaller is the region where the conditions of Theorem [3.1 hold. In particular, one
can compare the change of conditions as one moves from the signed harmonic
(£_1), geometric (L), to the arithmetic (£1) mean Laplacians verifying the ordering
described in Corollary Moreover, we clearly observe that £_jp and Ly are
already quite close to the conditions necessary for the limit cases £_ and L,
respectively.

In the middle row of Fig. we show the average clustering error for each
power mean Laplacian when sampling 50 times from the SSBM following the
diagram presented in Fig. and fixing the sparsity of G™ and G~ by setting
pii 4+ ply = 0.1 and p;. + poye = 0.1 with two clusters each of size 100. We observe
that the areas with low clustering error qualitatively match the regions where in
expectation we have recovery of the clusters. However, due to the sampling which
can make one of the graphs G™ and G~ quite sparse and as we just consider graphs
with 200 nodes, together with the sampling variance in the stochastic block model,
the area of low clustering error is smaller in comparison to the region of guaranteed
recovery in expectation.

In the bottom row of Fig. 3.2/ we show the clustering error for the state of the art
methods Lgar, Lsn, Ly and H. We can see that Ly presents a similar performance
as the signed power mean Laplacian Ly. The next Theorem shows that the geometric
mean Laplacian L£g)s and the limit p — 0 of the signed power mean Laplacian
agree in expectation for the SSBM. This implies via Corollary [5.2|that this operator is
inferior to the signed power mean Laplacian for p < 0. This is why we use in the
experiments on real world graphs later on always p < 0.

Theorem 3.2. Let Ly = Ejym#Q;ym and Ly be the signed power mean Laplacian with
p — 0 of the expected signed graph. Then, Lo = L.

Proof. Following the proof from Theorem [3.1{ we can see that Egg,m and Qg share
all of their eigenvectors. Let u be an eigenvector of L, and Qg with eigenvalues
« and B, respectively.

By Lemma 2.1 we have

Sm

,Cou = mo(lk, ,3)11

Moreover, from (Mercado ef al., 2016, Theorem 1) we know that

(Ldm#Qsym)u = /apu

Further, my(a, B) = \/ap. Hence, as Ly and ﬁng,m#Qs_ym have in common all eigen-

vectors and eigenvalues, we conclude that £y = Ljym#Qs_ym. O]

In the bottom row of Fig. we can observe that Lgy, Lpny and H present a
similar behaviour to the arithmetic mean Laplacian L;. A quick computation shows
that for the case where both G*, G~ have the same node degree in expectation, the
conditions of Theorem [3.1/for £; reduce to p;, + paue < Pi- + Pour- It turns out that
this condition is also required by Lsy, Lpn and H, as the following shows.
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Theorem 3.3 ((Mercado et al., 2016, Theorem 2)). Let Lgn and Lgy be the balanced
normalized Laplacian and signed normalized Laplacian of the expected signed graph. The
following statements are equivalent:

o {xi}* | are the eigenvectors corresponding to the k-smallest eigenvalues of L.
o { Xi}i'(:l are the eigenvectors corresponding to the k-smallest eigenvalues of Lgy.
o inequalities p;, + (k — 1) poy < pit + (k= V)pdy and p. + pdoe < pib + poue hold.

Finally, we present conditions in expectation for the Bethe Hessian to identify the
ground truth clustering.

Theorem 3.4. Let H be the Bethe Hessian of the expected signed graph. Then { Xi}f:z are
the eigenvectors corresponding to the (k — 1)-smallest negative eigenvalues of ‘H if and only
if the following conditions hold:

dt+d)— — —
1. max{0, A2 < (P~ Paw) — (P — Pour)

+ —
2. Pout < Pout
Moreover, for the limit case | V| — oo the first condition reduces to p,. + pd < it + Pout-

Proof. In our framework the we can see that ] = W™ — W~ In the proof of Theo-
rem [3.1)we can see that expected adjacency matrices W+ and W™ have three distinct
eigenvalues:

M = Cl(pin+ (k= Dpgw), A7 = [Cl(Pin — Paut)

A = [Cl(pin + (k= 1)pow), A7 = ICl(Pin — Pour)
fori =2,...,k, with corresponding eigenvectors x1, ..., xx- Remaining eigenvalues
are equal to zero. Further, as both matrices W' and W~ share all their eigenvectors,
then the expected matrix 7 = W — W™ has the same eigenvectors with eigenvalues

being the difference between the positive and negative counterparts, i.e. Jx; = pixi
where

mi=A = A

As we assume that all clusters are of the same size |C|, the expected signed graph
is a regular graph with degrees d* and d~. Thus, in expectation ¥ = d* +d~,
where d* = |C|(p + (k—1)pd,) and d= = |C|(py, + (k — 1)poy:)- Hence, the Bethe
hessian of the expected signed graph can be expressed as

H=@-DI-Vag+D

= (@-1)I—-VaJg +al
= (2a—-1)-VaJ
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It is easy to see that the matrix H is some sort of a diagonal shift of 7, and thus they
have the same eigenvectors. In particular we can observe that:

Hx, = (2a —1) I—\/_J)xZ
28— 1)xi — \/Ein
28 — 1)x; — Vauixi

(28 — 1) — Vaw) xi

(
=
(
= (

Hence, the corresponding eigenvalues of H are:
Ai= (28 —1) — Vap. (3.9)
All in all, the corresponding eigenvalues of the expected Bethe hessian matrix H are:

M=(Q8-1)—Vadr—d),

A= (28— 1) = VRIC| (P, — Pdt) — (Pin — Pout)) -
/\] = (206 — 1) .

fori=2,...,kandj=k+1,...,n

We now focus on the conditions that are necessary so that eigenvectors x», ..., Xk
have the smallest negative eigenvalues. This is based on the fact that informative
eigenvectors of the Bethe Hessian H have the smallest negative eigenvalue. From
Eq[3.9| we can see that the general condition for eigenvalues of the Bethe Hessian in
expectation H to be negative is

20 —1
Ai <0 <= “a - < Uj. (3.10)

Va
Hence the conditions to be analyzed are:

A< A, fori=2,...,k
A <0, fori=2,...,k
Ai < Aj, fori=2,...,)k andj=k+1,...,n

Therefore we can easily see that the corresponding condition A; < A boils down to

+ —
Pout <p out
whereas condition A; < 0 is equivalent to

2(d" +d7) — +_ o+ — -
< o= — . —
/—d++d7’C| ((p1n pout) (pln pout))
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and for the remaining condition A; < A; the equivalent condition is

0 < (Pin = Pout) = (Pin = Pout)
By taking together conditions for A; < 0 and A; < A; we get the desired result.

For the limit case |V| — oo we have the following. Let
co = pi-+ (k—V)pd+p + (k—1)p,,
2 = Pin Pout T Pin Pout
¢3 = (Pin — Pout) = (Pin — Pout)
The first condition of Theorem [3.4| can be expressed as follows:
2dt+d7)—1 L -
W‘C’ < ((Pin B pout) - (Pin B pout)) —

ZCE/2 1
|C|1/2 B |C|3/2C§/2 < 3.

Hence, in the limit where |C| — oo the above condition turns into
0 <c3 <= Pin+ Pout < Pin + Pout- (3-11)

yielding the desired conditions.
O

The following Lemma states the interesting fact that the Bethe Hessian works
better for large graphs

Lemma 3.1. Let H, be the Bethe Hessian of the expected signed graph under the SBM with
n nodes. Let x" = {x;}*_, where xa,..., xx € R". Let 3 < d* +d~. Let n < m. If x"
are eigenvectors corresponding to the (k — 1)-smallest negative eigenvalues of H,, then x™
are eigenvectors corresponding to the (k — 1)-smallest negative eigenvalues of H,.

Proof. In this proof we show that if for a given signed graph with n nodes the
conditions of Theorem [3.4/ hold, then conditions of Theorem [3.4/hold for expected
signed graphs with a larger number of nodes.

By Theorem we know that for a given graph in expectation with n nodes,
eigenvectors x" = {x;}X_, correspond to the (k — 1)-smallest negative eigenvalues
of H, if and only the following conditions hold:

dt+d-)— — —
1. max{0, 2725 < (P — péw) — (P — Pow)

+ —
2. pout < pout
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Observe that the right hand side of the above conditions does not depend on the
number of nodes in the graph. We proceed by analyzing the left hand side of the
first condition:
2dt+d) -1
— . (3.12)
IC|Vd+ +d
Note that under the Stochastic Block Model in consideration, all k clusters are of
size |C| = %. We now identify conditions such that the Equation decreases with
larger values of |C].
Let x,« € R. Define the scalar function ¢ : R>o — R as

(x) = 2ax — 1
g Vax3
Observe that we recover Equation [3.12] by letting x = |C| and a = pf, 4+ (k — 1)pg, +
P+ (k—1)po, where ax =d* +d~.
The corresponding derivative is

Then 3
¢(x) <0 5 <ax. (3.13)

Hence, if 3 < ax then g(y) < g(x) if and only if x < y. We now apply this result to
our setting.

Let |Cy| := |C| = § and |Cyy| = ¥ denote the cluster size of the expected signed
graphs with n and m nodes, respectively. Let & = p; + (k —1)pl. + pin + (k= 1) pour-
Let 3 <d" +d . Then
2dT+d7) -1

= (3.14)

IC|VdT +d
if and only if n < m. Hence, if conditions 1 and 2 hold for the expected graph G
with n nodes and its expected absolute degree is larger than %, ie. % <dt+d-,

then conditions 1 and 2 hold for expected graphs with a larger number of nodes,
leading to the desired result. [

8(ICnl) < &(ICul) =

We can observe that the first condition in Theorem [3.4]is related to conditions of
Ly and Ly, Lpn through the inequality p; + pd < Pih + Pour- This explains why
the performance of the Bethe Hessian H resembles the one of arithmetic Laplacians
Lsn, Lpn, Ly.

3.4.2 SBM random graphs

We now zoom in on a particular setting of Fig. Namely, the case where G
(resp.G ™) is fixed to be informative, whereas the remaining graph transitions from
informative to uninformative. The corresponding results are in Fig.
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Figure 3.3: Left: Mean clustering error under the SSBM, with two clusters of size
100 and 50 runs. In Fig. G™ is informative, i.e. assortative with p;" = 0.09
and pt,, = 0.01. In Fig.[3.3(b); G~ is informative, i.e. disassortative with p.. = 0.01
and p,,; = 0.09. Right: Node embeddings induced by eigenvectors of different
signed Laplacians for a random graph drawn from SSBM for 2 clusters of size 100,
pit = 0.025, pl, = 0.075, p;, = 0.01, po e = 0.09.

In Fig. we consider the case where G* is informative with parameters
pit =0.09 and p,; = 0.01 (this corresponds to p;- — pd,; = 0.08 in Fig.|3.2[), and G~
goes from being informative (p., < p,,¢) to non-informative (p,, > p,,)- We confirm
that the power mean Laplacian L, presents smaller clustering errors for smaller
values of p. Moreover, it is clear that in the case p <0, Ly is able to recover clusters
even in the case where G~ is not informative, whereas for p > 0, L, requires both
G' and G~ to be informative. We observe that the smallest (resp. largest) clustering
errors correspond to L_1q (resp. Lyg), corroborating Corollary Further, we can
observe that Lgy; and Lo have a similar performance, as well as Ly, Lgn, L1, H, as
observed before, confirming Theorem and Theorem respectively.

In Fig. similar observations hold for the case where G~ is informative
with parameters p, = 0.01 and p_,;; = 0.09 (this corresponds to p;, — p = —0.08
in Fig. , and G goes from being non-informative (p;- < pZ,,) to informative
(pit > pd.e)- Within this setting we present the eigenvector-based node embeddings
of each method for the case p;’ = 0.025, pZ, = 0.075, p;, = 0.01, p,,,; = 0.09, in right
hand side of Fig. For L_40,L_1, Ly the embeddings split the clusters properly,
whereas remaining embeddings are not informative, verifying the effectivity of L,
with p < 0.

3.4.3 Experiments with the Censored Block Model

In this section we present a numerical evaluation of different methods under the
Stochastic Block Model following the parameters corresponding to the Censored
Block Model (CBM), following (Saade et al., 2015).

Observe that the CBM is a particular case of the Stochastic Block Model for signed
graphs as introduced in Section Following (Saade et al., 2015)), the CBM has two
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Pl = Pt = 0.03(1 — ¢), Pt = P = P(0.75), Figure 3.4: Mean clustering er-
Pip = ot = 0.08(0)._ jaag Dot = P(0:25). ror under the Censored Block
Model (Saade et al., 2015), with
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runs. Fig. probability of ob-

X serving and edge is fixed to p =
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parameters: probability of observing an edge (p), and the probability of flipping
the sign of an edge (¢). The CBM can be recovered from the SSBM introduced in

Section [3.4] by setting

P = poue =P(1—€), Pin = Paut = PE

Observe that the parameter € works as a noise parameter: the noiseless setting
corresponds to € = 0, where positive and negative edges are only inside and
between clusters, respectively. The case where € = 0.5 corresponds to the case where
no clustering structure is conveyed by the sign of the edges.

We present a numerical evaluation under the SSBM with parameters from CBM
in Fig. We consider two clusters and fix a priori its size to be of 500 nodes each.
We present the clustering error out of 20 realizations from the SSM with parameters
following the CBM. We consider two settings:

First setting: we fix the probability of observing an edge to p = 0.03, and evaluate
over different values of € € [0,0.5]. In Fig. we can observe that there is no
relevant difference in clustering error between methods. Further, as expected we can
see that for small values of € all methods perform well, and for larger values of € the
clustering error increases;

Second setting: we fix the probability of flipping the sign of an edge to € = 0.25,
and evaluate over different values of p € [0.001,0.03]. In Fig. we can observe
that the performance of the Bethe Hessian is best for small values of p, i.e. for sparser
graphs. Following the Bethe Hessian are the arithmetic mean Laplacian L; together
with the signed normalized Laplacian Lgy.

Hence we have observed that for sufficiently dense graphs following the Censored
Block Model, the performance of different methods is rather similar, whereas for
sparser graphs the Bethe Hessian performs best, confirming the analysis presented
in (Saade et al., 2015).

So far we have presented an analysis in expectation with verifications on sampled
random graphs following the stochastic and censored block models. In the following
section we continue with an analysis under the stochastic block model and focus on
an analysis of consistency.
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3.4.4 Consistency of the Signed Power Mean Laplacian for the Stochastic Block
Model

In this section we prove two novel concentration bounds for signed power mean
Laplacians of signed graphs drawn from the SSBM. The bounds show that, for
large graphs, our previous results in expectation transfer to sampled graphs with
high probability. We first show in Theorem that L, is close to £,. Then, in
Theorem we show that eigenvalues and eigenvectors of L, are close to those of
L,. We derive this result by tracing back the consistency of the matrix power mean
to the consistency of the standard and signless Laplacian established in (Chung and
Radclifte, 2011).

The consistency of spectral clustering on unsigned graphs for the SBM has been
studied in (Lei and Rinaldo, 2015} [Sarkar and Bickel, [2015; Rohe et al.| |2011). More
recently also the consistency of several variants of spectral clustering has been
shown (Qin and Rohe) 2013} Joseph and Yu, 2016} (Chaudhuri ef al., 2012} |Le et al.}
2017; Fasino and Tudisco, 2018} |Davis and Sethuraman, 2018)). Moreover, while the
case of multilayer graphs under the SBM has been previously analyzed (Han et al.,
2015; Heimlicher et al., 2012} Jog and Loh, 2015; Paul and Chen, 2020; Xu et al., 2014,
2020} Yun and Proutiere, 2016), there are no consistency results for matrix power
means for signed graphs. While our main emphasis is on the analysis of the SPM
Laplacian, our proofs are general enough to cover also the consistency of the matrix
power means for unsigned multilayer graphs (Mercado ef al., 2018). In Thm. |3.5{ we
show that the SPM Laplacian L, for the SSBM is concentrated around L, with high
probability for large n. The following results hold for general shifts e.

Theorem 3.5. Let p be a non-zero integer, let

o[ =
P |2p|1/|p‘g*(3+1/‘p|) p < -1

Choose € > 0. If }(pit +(k—=1)pdy) > 3In(8n/¢€), and }(pi+(k—1)pgye) > 31In(8n/e),
then with probability at least 1 — €, we have

L.— L.l <C UPl(\/ 3In(8n/€) /\/ 31In(8n/¢€) )
I = £pll < Coomy (it (k= Dpde) \ (ot (k—1)pow)

Proof. Please see Appendix O

In Thm [3.5 we take the spectral norm. A more general version of Theorem
for the inhomogeneous Erdés-Rényi model, where edges are formed independently
with probabilities p;}r, p;; is given in Theorem |A.1 Theorem builds on top
of concentration results of (Chung and Radcliffe, 2011) proven for the unsigned
case ||Lgym — Lm||- We can see that the deviation of L, from £, depends on the
power mean of the individual deviations of L;g,m and Qg p, from ﬁ;;m and Qg
respectively. Note that the larger the size n of the graph is, the stronger is the
concentration of L, around L.
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The next Theorem shows that the eigenvectors corresponding to the smallest
eigenvalues of L, are close to the corresponding eigenvectors of L. This is a key
result showing consistency of our spectral clustering technique with L, for signed
graphs drawn from the SSBM.

Theorem 3.6. Let p # 0 be an integer. Let Vi, V. € R™* be orthonormal matrices whose
columns are the eigenvectors of the k smallest eigenvalues of L, and Ly, respectively. Let pf,
pe and C, be defined as in Theorems and respectively. Definek =k —1,ifp > 1,
and k = k, if p < —1 and choose € > 0.

Ifmy(pd,pc) <1+¢ 6% :=(pi+(k=1)pdy) > 3In(8n/e), and 6~ = L (p;,+ (k—
1)pout) > 31In(8n/€), then there exists an orthogonal matrix Oy, € RF*F such that, with
probability at least 1 — €, we have

NrTe ml/\p|<\/31n(8n/e)’\/3111(811/6))

P p] o 6~
(1+¢) = mp(pd, pc )
Proof. Please see Appendix O

Vi = ViOrll <

Note that the main difference compared to Theorem [3.5|is the corresponding
spectral gap v, = (1+¢) —m,(p:, p; ) of L,, which is the difference of the eigen-
values corresponding to the informative versus non-informative eigenvectors of
Ly. Thus the stronger the clustering structure the tighter is the concentration of
the eigenvectors. Moreover, from the monotonicity of m, we have vy, > <, for
p < g, and thus for p < —1 the spectral gap increases with |p|, ensuring a stronger
concentration of eigenvectors for smaller values of p.

35 COMPUTATION OF THE SMALLEST EIGENVALUES AND EIGENVEC-

TORS OF MP(L;g,m , Qsym)
For the computation of the eigenvectors corresponding to the smallest eigenvalues
of the signed power mean Laplacian L, with p < 0, we take the Polynomial Krylov
Subspace Method. The corresponding numerical scheme is presented in Algorithmsly]
and [5|

We briefly explain Algorithm |4 Let A; < --- < A, be the eigenvalues of
L, = MP(L;g,m, Qsym)- Let p < 0. Then the eigenvalues of Lg are )\f > ... > Al that
is, the eigenvectors corresponding to the smallest eigenvalues of L, correspond to the
largest eigenvalues of LZ. Thus, in order to obtain the eigenvectors corresponding

to the smallest eigenvalues of L, we have to apply the power method to Lg. This is
depicted in Algorithm [4]. However, the main computational task now is the matrix-
vector multiplications (Ljym)px and (Qs’ym)px. This is approximated through the
Polynomial Krylov Subspace Method (PKSM). This approximation method allows
to obtain (Lgj,)Px and (Qsym)Px without ever computing the matrices (Lg),,)? and

(Qsym)?, respectively. This is depicted in Algorithm
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Algorithm 4: PM applied to Algorithm 5: PKSM for the compu-
Mp(Lngzm, Qsym)- tation of APy.
Input: xg, p <0 Input: up =y, Vo=[-],p <0
Output: Eigenpair (A, x) of Output: x = APy
MP(L;;Im/ Qs_ym) 1 Vo Y/||Y||2
1 repeat 2 forS:(),l,Z,...,n dO
(1) + 7 3 Vs+1 — [Vs/Vs]
: W (Lsym> Xk 4 Vi+1 < Orthogonalize columns of
(Compute with Alg. Ay &
(2) -~ Verl
3 LV (stm)pxk 5 Hpq1 ‘/SElA‘/S+1
(Compute with Alg.[5) 6 X511 < Vet (Hes1)Per ||yl
. Vis1 %(ul(cl) + “£2)) 7 if tolerance reached then break
5| Xer1 < Yeer/[lyesall2 8 | Vsp1 ¢ Avs
6 until tolerance reached 9 end
10 X < X541

7 A< (xgﬂxk)l/”, X & Xkr1

The main idea of PKSM s-step is to project a given matrix A onto the space
K5(A,y) = {y, Ay,...,A*"ly} and solve the corresponding problem there. The
projection on to K°(A,y) is done by means of the Lanczos process, producing a
sequence of matrices Vs with orthogonal columns where the first column of V5 is
y/ |ly]| and range(V;) = K°(A,y). Moreover, at each step we have AV, = V;H, +
VS+1eST where H; is s X s symmetric tridiagonal, and e; is the i-th canonical vector.
The matrix product vector x = APy is approximated by x; = Vs(Hs)Peq ||y|| =~ APy.

Li(eig) | | Figure 3.5: Median execution time of 10
0 ’*L'lgoms 1 runs for different Laplacians. Graphs have
two perfect clusters and 2.5% of edges
among nodes. Lg(ours) uses Algs [4land 5
] whereas we used Matlab’s eigs for the other
. matrices. The use of eigs on Lgy is pro-
hibitive as it needs the matrix Lgys to be
built (we use the toolbox provided in Bini
and lanazzo| (2015)), destroying the sparsity
. . " of the original graphs. Experiments are per-
Size Of Graph X104 formed using one thread.
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o
w
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Time Execution Analysis. We present a time execution analysis in Fig.
We depict the mean time execution out of 10 runs of the power mean Laplacian
L, with p € {-1,-2,—5—10}. In particular L_;(ours), L_p(ours), L_s(ours)
and L_qg(ours) depict the time execution using our proposed method based on
Algorithm |4 together with the polynomial Krylov subspace method described in
Algorithm |5, For comparison we consider L_1(eigs) which is computed with the
function eigs from MATLAB instead of using Algorithm |5, All experiments are
performed using one thread. For evaluation random signed graphs following the
SSBM are generated, with parameters p;. = p,,, = 0.05 and p,, = pl, = 0.025
with two equal sized clusters, and graph size |V| € {10000,20000, 30000, 40000}. We
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observe that our matrix-free approach based on the polynomial Krylov subspace
method systematically outperforms the natural approach based on the explicit
computation of power matrices per layer.

3.6 EXPERIMENTS

In this section we present experiments on different datasets. In Subsection we
present experiments on UCI datasets, and in Subsection [3.6.2] we present experiments
on the Wikipedia-Elections dataset. Observe that in the datasets considered here it
is unlikely that the corresponding signed graph follow the stochastic block model.
Yet, we will observe that the proposed approach based on the Signed Power Mean
Laplacian does present a competitive performance with the state of the art.

3.6.1 Experiments on UCI datasets

We evaluate the signed power mean Laplacian with L_19, L_; against Lsy, Ly,
Lam, Loy and H using datasets from the UCI repository. We build W™ from the
k™ nearest neighbor graph, whereas W™ is obtained from the k™ farthest neighbor
graph. For each dataset we evaluate all clustering methods over all possible choices
of k™, k= € {3,5,7,10,15,20,40,60}, yielding in total 64 cases. We present the fol-
lowing statistics: Best(%): proportion of cases where a method yields the smallest
clustering error. Strictly Best(%): proportion of cases where a method is the only one
yielding the smallest clustering error. Results are shown in Table

Observe that in 4 datasets H and Lgys present a competitive performance. For
the remaining cases we can see that the best performance is obtained by the signed
power mean Laplacians L_1, L_1g. This verifies the superiority of negative powers
(p < 0) to positive (p > 0) powers of L, and related approaches like Lgy, Lpn-
Moreover, although the Bethe Hessian is known to be optimal under the sparse
transition theoretic limit under the Censored Block Model (Saade et al., |2015), in
the context where graphs unlikely follow a SBM distribution we can see that it is
outperformed by the signed power mean Laplacian Ly.

We emphasize that the eigenvectors of L, are calculated without ever computing the
matrix itself, by using the method described in Sec[3.5]

3.6.2 Experiments on Wikipedia-Elections

We now evaluate the Signed Power Mean Laplacian L, with p € {-10,-5,-2,-1,0,1}
on Wikipedia-Elections dataset (Leskovec and Krevl, |2014). In this dataset each node
represents an editor requesting to become administrator and positive (resp. nega-
tive) edges represent supporting (resp. against) votes to the corresponding admin
candidate.
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iris wine ecoli australian cancer vehicle german image optdig isolet USPS pendig 20new MNIST

#vertices 150 178 336 690 699 846 1000 2310 5620 7797 9298 10992 18846 70000
# classes 3 3 8 2 2 4 2 7 10 26 10 10 20 10
Best (%)  14.1 14.1  10.9 7.8 0.0 20.3 34.4 0.0 3.1 0.0 0.0 0.0 45.3 0.0
H  Strbest(%) 4.7 3.1 7.8 3.1 0.0 14.1 17.2 0.0 3.1 0.0 0.0 0.0 45.3 0.0
Avg.error  16.8 322 23.9 41.7 13.2 58.4 29.5 64.0 32.5 54.0  41.3 39.2 88.5 48.2
Best (%)  10.9 10.9  14.1 4.7 15.6 12.5 12.5 17.2 26.6 7.8 14.1 7.8 26.6 14.1
Lsn  Strbest(%) 1.6 3.1 9.4 1.6 15.6 7.8 0.0 17.2 26.6 7.8 14.1 7.8 26.6 14.1
Avg.error  17.5  32.2  24.5 42.8 8.8 57.2 29.9 53.9 24.9 512 38.6 37.8 89.0 45.8
Best (%) 4.7 125 0.0 6.3 1.6 6.3 40.6 0.0 0.0 0.0 0.0 0.0 1.6 0.0
LgN  Strbest(%) 1.6 1.6 0.0 0.0 1.6 4.7 17.2 0.0 0.0 0.0 0.0 0.0 1.6 0.0
Avg error 266 33.6 305 42.5 10.2 61.6 29.6 57.2 41.1 67.4  50.1 50.5 92.5 58.6
Best (%) 63 203 7.8 6.3 0.0 20.3 15.6 9.4 0.0 0.0 0.0 0.0 4.7 0.0
Lam  Strbest(%) 1.6 9.4 6.3 1.6 0.0 7.8 1.6 6.3 0.0 0.0 0.0 0.0 4.7 0.0
Avg.error  19.0  32.7  24.4 42.7 11.6 58.1 29.7 47.7 33.5 49.6  44.7 48.3 89.7 56.1
Best(%) 32.8 359 34.4 32.8 7.8 17.2 46.9 6.3 29.7 28.1 12.5 0.0 1.6 82.8
Lom  Strbest (%) 1.6 78 219 23.4 6.3 14.1 25.0 6.3 28.1 28.1 9.4 0.0 1.6 82.8
Avg.error  14.1  31.9  20.4 39.3 11.3 57.6 29.5 46.8 13.0 42.6  27.6 45.0 89.9 26.7
Best (%)  25.0 45.3 39.1 42.2 0.0 12.5 15.6 39.1 4.7 37.5 4.7 9.4 12.5 1.6
L.y Stbest(%) 0.0 141 18.8 31.3 0.0 9.4 1.6 29.7 4.7 37.5 4.7 9.4 12.5 1.6
Avg.error  13.8  29.8  20.3 38.2 8.3 56.2 29.8 39.7 16.3 421 25.2 32.9 88.3 32.3
Best(%)  73.4 43.8 25.0 34.4 76.6 31.3 20.3 39.1 37.5 26.6 71.9 82.8 7.8 1.6
L_10 Strbest(%) 42.2 7.8 10.9 18.8 75.0 25.0 4.7 31.3 35.9 266  68.8 82.8 7.8 1.6
Avg.error 12,7 30.2  20.8 38.6 5.7 55.9 29.7 39.4 12.1 423 219 26.9 89.8 28.6

Table 3.1: Experiments on UCI datasets. Positive edges generated by k-nearest
neighbours, and negative edges generated by k-farthest neighbours. We report the
percentage of cases where each method achieves the smallest and strictly smallest
clustering error, and the average clustering error.

While (Chiang et al} [2012) conjectured that this dataset has no clustering struc-
ture, recent works (Mercado et al., 2016; Cucuringu et al., 2019) have shown that
indeed there is clustering structure. As noted in (Mercado et al., 2016), using the
geometric mean Laplacian Lgy; and looking for k clusters unveils the presence of
a large non-informative cluster and k — 1 remaining smaller clusters which show
relevant clustering structure.

Our results verify these recent findings. We set the number of clusters to iden-
tify to k = 30 and in Fig. [3.6| we present the sorted adjacency matrices according
to the identified clusters. In the first two columns (left to right) we can see that
there is a large cluster (upper-left corner of each adjacency matrix) that does not
resemble any structure, whereas the remaining part of the graph does present certain
clustering structure. The following third and fourth columns zoom in into this
region. We can see that when p < 0 the Signed Power Mean Laplacian L, identifies
clustering structure, whereas this structure is overlooked by the arithmetic mean case
p = 1. Moreover, we can see that different powers identify slightly different clusters:
this happens as this dataset does not necessarily follow the Signed Stochastic Block
Model, and hence we do not fully retrieve the same behavior that was studied in

Section [3.4}
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Figure 3.6: Sorted adjacency matrices according to clusters identified by the Power
Mean Laplacian L, with p € {-10,-5,-2,—-1,0,1}. Columns from left to right:
First two columns depict adjacency matrices W+ and W~ sorted through the cor-
responding clustering. Third and fourth columns depict the portion of adjacency
matrices W' and W~ corresponding to the k — 1 identified clusters. Rows from top
to bottom: Clustering corresponding to L_1o,L_5,L_2,L_1, Lo, L_1.
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3.6.3 On Diagonal Shift

In this section we briefly discuss the effect of the diagonal shift on the power mean
Laplacian Ly for p < 0. In the definition of power mean Laplacian in Eq. it is
mentioned that for negative powers p < 0 a diagonal shift is necessary.

To evaluate the influence of the magnitude of the diagonal shift we perform
numerical evaluations on two different kinds of signed graphs: on the one side
we consider signed graphs generated through the Signed Stochastic Block Model
introduced in Section and on the other side we consider signed graphs built
from standard machine learning benchmark datasets following Section [3.6.1}

Experiments with benchmark datasets. We now perform a numerical evaluation
on different real-world networks, following the procedure of Section Moreover,
we perform this analysis for p € {—1, —10} and diagonal shifts {10717,1077,...,103}.
The corresponding results are presented in Fig. where we show the average clus-
tering error taken across all values of k™ and k~ (for more details on the construction
of the corresponding signed graphs please see Section [3.6.1)).

We can observe a general behavior for L_jy across datasets where for a small
diagonal shift, the clustering error is high, and decreases for larger shifts, generally
reaching its minimum clustering error around diagonal shifts equal to one, to later
present a slight increase in clustering error. This confirms the proposed approach
to set the diagonal shift to log1o(1 + |p|) + 10~ which for the case of p = —10 is
~ 1.04.

For the case of the harmonic mean Laplacian L_; we can observe that it presents
a more stable behavior that slightly resembles the one of L_jj. In particular, we can
observe that there is a region from 10~ to 10~! where the smallest average clustering
error is achieved. Hence, L_; is relatively more robust to different diagonal shifts.
This confirms our observations made based on signed graphs following the SBM.

Experiments with SSBM. We begin with experiments based on signed graphs
following the SSBM. The corresponding results are presented in Fig. We study the
performance of the power mean Laplacians L_1, L_», L_5, L_1o with diagonal shifts
{10_10, 1077,..., 103}. Moreover, the case where either GT or G~ are informative
i.e. assortative and disassortative, respectively. In particular, in top (resp. bottom)
row of Fig. 3.8 the results correspond to the case where G (resp.G ™) is fixed to be
assortative (resp. disassortative).

We can observe that the larger the value of p, the more robust the performance
of the corresponding power mean Laplacian L, to the values of the diagonal shift.
For instance, we can see for L_; (see Figs. |5.14(d)|and [3.8(e)) that the smaller the
diagonal shift, the better the smaller the clustering error, whereas for diagonal shifts
109,101,102, 108 its performance clearly deteriorates.

On the other side we can see that the power mean Laplacian L_g presents a
high sensibility towards the value of the diagonal shift (see Figs.|5.6(d) and [3.8(h))
where the diagonal shift should be neither too large nor too small, being the values
{1072,1071,10°} the more suitable for this particular case. Thiese observations are a
verification for the setting with sparse graphs, as it is observed in Fig.
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Figure 3.7: Mean clustering error of the power mean Laplacians L_; and L_1g with
diagonal shifts {1071°,1077,...,103}.

On condition number. We now consider a condition number approach to study
the effect of the diagonal shift. Recall that the eigenvalue computation scheme
considered in this chapter and the corresponding Algorithm [4] are described in
Section We can observe that the main computation steps are related to the
matrix vector operations (L, )"x and ( Qsym)Px¢ with p < 0. We highlight that this
framework considers only the case where p < 0.

Observe that in the operation (Lg;m,)"xx, with p < 0, the condition number plays
an influential role due to the inverse operation implied by the negativity of p. Note
that the eigenvalues of the normalized Laplacians Ly}, are contained in the interval
[0,2], hence, it is a singular matrix. As mentioned in the definition of the power
mean Laplacian in Eq. a suitable diagonal shift is necessary for the case where

p < 0. Hence, the eigenvalues of the shifted Laplacian L;g,m + ul are contained in

Amax L;r m . .
the interval [y, 2 + p], therefore, condition number is equal to (Loym) which in

Amin(Ls+ym)
this case reduces to HT” Thus, it follows that the condition number of (L;g,m + ul)?

Pl
is g(u,p) = (%) ot easy to see that HTV > 1 and hence g(y, p) grows with

larger values of |p|, hence the condition number is larger for smaller values of the
power mean Laplacian. Moreover, the growth rate of g(y, p) is larger for smaller
values of yu, suggesting that the shift y should be set as large as possible. Yet, very
large values of y overcome the information contained in the Laplacian matrix. Hence,
the diagonal shift should not be too small (due to numerical stability) and should not
be too large (due to information obfuscation). This confirms the behavior presented

in Figs. and
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3.7 CONCLUSION

In this chapter we have addressed the task of clustering signed graphs that encode
both positive and negative edges. We have introduced the Signed Power Mean
Laplacian, which is a one-parameter family of matrix means that has as particular
cases the arithmetic, log-euclidean and harmonic matrix means of the Laplacian
of positive edges and the signless Laplacian of negative edges. We have discussed
that state of the art approaches can be seen as some sort of arithmetic mean of
suitable Laplacians, and we have shown that the arithmetic mean is suboptimal
under a version of the stochastic block model for signed graphs. We have presented
an analysis in expectation with verifications on sampled random graphs following
a suitable stochastic block model. Moreover, we have shown that the eigenvalues
and eigenvectors of the Signed Power Mean Laplacian concentrate around their
expectation. Finally, through extensive numerical experiments we have verified that
our approach is competitive with the state of the art.

In the next chapter we will consider the case of clustering on multilayer graphs,
where multiple kinds of interactions are encoded, yet, contrary to signed graphs, all
interactions encode some sort of similarity.



SPECTRAL CLUSTERING OF MULTILAYER GRAPHS
VIA MATRIX POWER MEANS

In the previous chapter we have studied the case of clustering in signed graphs
that encode two particular kinds of interactions. In this chapter we study clustering
on multilayer graphs that encode different kinds of interactions between the same
set of entities. In a similar way as in the signed graph case, one of the challenges
with multilayer graphs is how to merge the information from different layers in
a meaningful way. In this chapter we introduce a one-parameter family of matrix
power means for merging the Laplacians from different layers and analyze it in
expectation with several multilayer graph extensions of the stochastic block model.
We show that this family allows to recover ground truth clusters under different
settings and verify this in real-world data. While computing the matrix power
mean can be very expensive for large graphs, we introduce a numerical scheme to
efficiently compute its eigenvectors for the case of large sparse graphs.

4.1 INTRODUCTION

Multilayer graphs have received an increasing amount of attention due to their
capability to encode different kinds of interactions between the same set of enti-
ties (Boccaletti et al., |2014; Kivela et al., |2014). This kind of graphs arise naturally
in diverse applications such as transportation networks (Gallotti and Barthelemy,
2015), financial-asset markets (Bazzi et al., 2016), temporal dynamics (Taylor ef al.,
2017, 2016), semantic world clustering (Sedoc et al., |2017), multi-video face anal-
ysis (Cao et al., 2015), mobile phone networks (Kiukkonen et al., 2010), social bal-
ance (Cartwright and Harary) 1956), citation analysis (Tang et al.,|2009), and many
others.

The extension of clustering techniques to multilayer graphs is a challenging task
and several approaches have been proposed so far. For an overview see (Kim and
Lee| 2015} Sun, |2013} Xu et al., 2013; [Zhao et al., |2017b). For instance, (Dong et al.,
2012, 2014; (lang et al., 2009; [Zhao et al., 2017a) rely on matrix factorizations, whereas
(De Bacco et al., 2017; [Paul and Chen, 2016a}; Peixoto, 2015; Schein ef al., 2015, 2016)
take a Bayesian inference approach, and (Kumar and IlI, 2011} Kumar ef al., 2011)
enforce consistency among layers in the resulting clustering assignment. In (Mucha
et al., 2010; |Paul and Chen, 2016b; Wilson et al., 2017) Newman’s modularity (New+
man, 2006) is extended to multilayer graphs. Recently (De Domenico et al., 2015;
Stanley et al., 2016) proposed to compress a multilayer graph by combining sets of
similar layers (called ‘strata’) to later identify the corresponding communities. Of
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particular interest to our work is the popular approach (Argyriou et al., [2006; Chen
and Hero, 2017, [Huang et al., 2012} [Taylor et al., 2017, Zhou and Burges, 2007) that
first blends the information of a multilayer graph by finding a suitable weighted
arithmetic mean of the layers and then applies standard clustering methods to the
resulting mono-layer graph.

In this chapter we focus on extensions of spectral clustering to multilayer graphs.
For a brief introduction to spectral clustering please refer to Section We propose
to blend the information of a multilayer graph by taking certain matrix power means
of Laplacians of the layers.

The power mean of scalars is a general family of means that includes as spe-
cial cases, the arithmetic, geometric and harmonic means (see Section . The
arithmetic mean of Laplacians has been used before in the case of signed net-
works (Kunegis et al., 2010) and thus our family of matrix power means is a natural
extension of that approach. One of our main contributions is to show that the
arithmetic mean is actually suboptimal to merge information from different layers.

We analyze the family of matrix power means in the Stochastic Block Model (SBM)
for multilayer graphs in two settings, see Section In the first one all the layers are
informative, whereas in the second setting none of the individual layers contains the
full information except for the case when considered all together. We show that as
the parameter of the family of Laplacian means tends to —oo, in expectation one can
recover perfectly the clusters in both situations. We provide extensive experiments
which show that this behavior is stable when one samples sparse graphs from the
SBM. Moreover, in Section we provide additional experiments on real-world
graphs which confirm our finding in the SBM.

Similarly to the previous chapter, a main challenge for our approach is that the
matrix power mean of sparse matrices is in general dense and thus does not scale
to large sparse networks in a straightforward fashion. Thus a further contribution
of this chapter in Section |4.5|is to show that the first few eigenvectors of the matrix
power mean can be computed efficiently. Our algorithm combines the power method
with a Krylov subspace approximation technique and allows to compute the extremal
eigenvalues and eigenvectors of the power mean of matrices without ever computing
the matrix itself.

4.2 RELATED WORK

A common assumption among clustering methods for multilayer graphs is that a
sensible clustering can be obtained by taking any single layer, and that clustering
information across layers is consistent, in the sense that each layer taken individually
basically generates the same clustering. This notion has led to different extensions
of clustering to multilayer graphs, like those based on co-training (Kumar and III,
2011) and co-regularization (Kumar et al., 2011), where the goal is to generate an
embedding of the set of nodes that is enforced to be aligned to the embedding that
each layer provides.
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Joint matrix factorizations provide another approach related to the assumption
previously described, where the goal was to find a factorization of the layers of
a multilayer graph, such that the underlying information shared in common by
the layers is obtained, to later apply a suitable clustering method. For instance, a
joint matrix factorization approach can be performed on the adjacency matrices of
the layers Tang et al.| (2009) or on the eigenvectors corresponding to the smallest
eigenvalues of the Laplacians of the layers Dong et al.| (2012).

Modularity-based approaches are closely related to spectral clustering. In these
techniques the goal is to identify clusters such that their edge density is larger
than certain reference null model. Several extensions of the notion of modularity
for multilayer graphs have been recently introduced (Mucha et al., |2010; Paul and
Chen, 2016b; Wilson et al., 2017). In contrast to spectral clustering, modularity-based
approaches do not require to pre-specify the number of clusters.

Another line of work that recently has gained a great amount of attention is based
on Bayesian inference (De Bacco et al.| 2017} Peixoto, 2015} Schein et al., 2015, 2016;
Jenatton et al 2012). This methods rely on suitable assumptions of the distribution
of the interactions encoded in a multilayer graph, leading to a likelihood function
whose optimization not only outputs a clustering, but tells as well to what degree
the observed clustering structure steps away from randomness, together with model
insights regarding the dynamics of the multilayer graph (Peixoto, |2019).

Finally, extensions of spectral clustering in general aim at identifying a multilayer
graph operator that blends the information encoded in a multilayer graph such that
the eigenvectors corresponding to the smallest eigenvalues are informative about
the clustering structure. Several of these extensions rely on some sort of arithmetic
mean, for instance the Laplacian of the average adjacency matrix, or the average
Laplacian matrix (Paul and Chen, |2020). Further examples are (Zhou and Burges,
2007) which is motivated through the notion of multilayer graphs cuts, and (Chen
and Hero) |2017) which identifies optimal convex combinations of layers based on
graph noise models.

The arithmetic mean can be seen as a particular case of a more general family of
means. In the next section we introduce the Power Mean Laplacian, which is based
on a one-parameter family of matrix means called matrix power means, and which
in the scalar case has the arithmetic, geometric and harmonic means as particular
cases (see Section |2.3|for a brief overview on power means).

43 THE POWER MEAN LAPLACIAN

Let V= {vy,...,v,} be a set of nodes and let T the number layers, represented by
adjacency matrices W = {W, ... W)}  For each non-negative weight matrix
W € R™" we have a graph G(*) = (V, W(*)) and a multilayer graph is the set
G={GW,...,cDy}.

In this chapter our main focus are assortative graphs. This kind of graphs are used
to model the situation where edges carry similarity information of pairs of vertices
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Algorithm 6: Spectral clustering of multilayer graphs with L,
T)

Input: Symmetric matrices W . W number k of clusters to construct.
Output: Clusters Cy, ..., Ck.
1 Compute eigenvectors uy, ..., up corresponding to the k smallest eigenvalues of L.

2 Set U = (uy, ..., u) and cluster the rows of U with k-means into clusters Cy, ..., Ck.

and thus are indicative for vertices being in the same cluster. For an assortative
graph G = (V, W), spectral clustering is typically based on the Laplacian matrix and
its normalized version, defined respectively as

L=D-W Lsym = D™V/2LD"1/2

where D;; = 27:1 wj; is the diagonal matrix of the degrees of G. Both Laplacians
are symmetric positive semidefinite and the multiplicity of eigenvalue 0 is equal
to the number of connected components in G. For more details please see Section [2.1}
Given a multilayer graph with all assortative layers GV, ..., G(T), our goal is to
come up with a clustering of the vertex set V. We point out that in this chapter a

clustering is a partition of V, that is each vertex is uniquely assigned to one cluster.

We consider the multilayer graph G = (GW,...,GM)) and define the power mean
Laplacian L, of G as

1z H

1 T ‘

Ly = ML 1) = (T ;@ggm)p) )
1=

where Lgi,)m is the normalized Laplacian of the graph G(*). Note that Definition [2.1| of

the matrix power mean M, (A, ..., Ar) requires Ay, ..., AT to be positive definite.

As the normalized Laplacian is positive semi-definite, in the following, for p < 0

we add to Lg,)m in Equation a small diagonal shift which ensures positive

definiteness, that is we consider Lg,)m + el throughout this chapter. For all numerical

experiments we set ¢ = log(1+|p|) for p <0 and ¢ = 107% for p = 0. Abusing
notation slightly, we always mean the shifted versions in the following, unless the
shift is explicitly stated.

Similar to spectral clustering for a single graph, we propose Alg. [f] for the spectral
clustering of multilayer graphs based on the matrix power mean of Laplacians. As in
standard spectral clustering, see (von Luxburg) [2007), our Algorithm [ uses the eigen-
vectors corresponding to the k smallest eigenvalues of the power mean Laplacian
Ly. Thus the relative ordering of the eigenvalues of L, is of utmost importance. By
Lemma we know that if Aju = A(A;)u, fori =1,...,n, then the corresponding
eigenvalue of the matrix power mean is my (A(A1),...,A(Ar)). Hence, the ordering
of eigenvalues strongly depends on the choice of the parameter p. In the next section
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we study the effect of the parameter p on the ordering of the eigenvectors of L, for
multilayer graphs following the stochastic block model.

44 STOCHASTIC BLOCK MODEL ANALYSIS

In this section we present an analysis of the eigenvectors and eigenvalues of the
power mean Laplacian under the Stochastic Block Model (SBM) for multilayer graphs.
The SBM is a widespread random graph model for single-layer networks with a
prescribed clustering structure (Rohe ef al., 2011). Studies on community detection for
multilayer networks following the SBM can be found in (Han ef al., 2015 [Heimlicher
et al., 2012} Jog and Loh, 2015; Xu et al.| 2014, 2020; Yun and Proutiere, |2016).

In order to grasp how different methods identify communities in multilayer
graphs following the SBM we will analyze three different settings. In the first setting
all layers follow the same node partition (see f.i. (Han et al., 2015)). In this case we
study the robustness of the spectrum of the power mean Laplacian when the first
layer is informative and the other layers are noise or even contain contradicting infor-
mation. In the second setting we consider the particularly interesting situation where
multilayer-clustering is superior over each individual clustering. More specifically,
we consider the case where three clusters are to be found but each layer contains
only information about one of them and only considering all of the layers together
reveals the information about the underlying cluster structure. In a third setting we
go beyond the standard SBM and consider the case where we have a graph partition
for each layer, but this partition changes from layer to layer according to a generative
model (see f.i.(Bazzi et al., 2016)). However, for the last setting we only provide an
empirical study, whereas for the first two settings we analyze the spectrum also
analytically.

In the following we denote by Cj, ..., C; the ground truth clusters that we aim
to recover. All the C; are assumed to have the same size |C|. Calligraphic letters
are used for the expected matrices in the SBM. In particular, for a layer G(*) we
denote by W) its expected adjacency matrix, by D) = diag(W(1) the expected
degree matrix and by Eg,)m = [ — (DW)Y=1/2W (1) (D1))~1/2 the expected normalized
Laplacian.

4.4.1 Case 1: Robustness to noise where all layers have the same cluster structure

The case where all layers follow a given node partition is a natural extension of the

mono-layer SBM to the multilayer setting. This is done by having different edge

probabilities for each layer (Han et al., 2015), while fixing the same node partition

in all layers. We denote by pi(r? (resp. pffgt) the probability that there exists an edge

in layer G() between nodes that belong to the same (resp. different) clusters. Then
(5 _ ()

Wi('t) = l(rtl) if v;,v; belong to the same cluster and Wii" = Pout if v;,v; belong to
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different clusters. Consider the following k vectors:
xi=1  xi=(k-1l—1g

The use of k-means on the embedding induced by the vectors {x;}* ; identifies
the ground truth communities {C;}¥_,. It turns out that in expectation {x;}¥_; are
eigenvectors of the power mean Laplacian L,. We look for conditions so that they
correspond to the k smallest eigenvalues as this implies that our spectral clustering
Algorithm [6| recovers the ground truth.

Before addressing the general case, we discuss the case of two layers. For this
case we want to illustrate the effect of the power mean by simply studying the
extreme limit cases

p—roo p——o0

where £, = Mp(ﬁg,zn, Eg,%n) The next Lemma shows that £, and £_ are related
to the logical operators AND and OR, respectively, in the sense that in expectation
Lo recovers the clusters if and only if G(1) and G®) have both clustering structure,
whereas in expectation £_« recovers the clusters if and only if G or G(?) has
clustering structure.

Lemma 4.1. Let £, = Mp(ﬁg,zn, Eg,zn)

o {xi}5_, correspond to the k smallest eigenvalues of Lo iff pi(;) > p@t and pi(rzl) > pgl)t.

O

o {xi}5_, correspond to the k smallest eigenvalues of Lo iff pi(rll) > pét)t or pi(i) > p(()i)t.

Proof. The result follows directly from Theorem with T = 2. O

The following theorem gives general conditions on the recovery of the ground
truth clusters in dependency on p and the size of the shift in £,. Note that, in
analogy with Lemma as p — —oo the recovery of the ground truth clusters is
achieved if at least one of the layers is informative, whereas if p — oo all of them
have to be informative in order to recover the ground truth.

Theorem 4.1. Let L, = MP([,SLI, ey ﬁgr)n) then x1, ..., xx correspond to the k-smallest
eigenvalues of Ly if and only if
my(pe) <1+¢,
where (pe)e =1~ (piy) ~pou) /(P +(k=D)poue) +e and t =1, T.
In particular, for p — £oo, we have
1. X1,---, Xk correspond to the k-smallest eigenvalues of L if and only if all layers are
informative, i.e. pi(fl) > pggt holds forall t € {1,...,T}.
2. X1,---, Xk correspond to the k-smallest eigenvalues of L£_o if and only if there is at least
() (t)
>p

one informative layer, i.e. there exists a t € {1,..., T} such that p; St
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Proof. We first show that x1,..., xx are eigenvectors of wl ... W, For X1 we
have,

Wy, = w1 = c|(pl) + (k—1)pl)1 = d®1 = a1

For the remaining vectors x>, ..., xx we have

w) WO ((k—1)1¢, — 1)
(klcl—— 1o, + 15 ))
(klcl —1)

= KIC|(pi1e, + pliie) —dD(1¢, +15)

= [C|(kpl) — d)1¢, + [C|(kpl) — dD)15

= [cl(k— D) (p) — pll1e, — [CI(pll) — pld)1e
= [CI(p) — piu) (k= 1)1¢, — 15)

=lel(pl) - ploxi

= AiXi

= KC|(pi1¢, + pliy) — dD1

Thus, we have shown that x1, ..., xi are eigenvectors of wl W In particular,
we have seen that

=1l + (k—1)ply, AW = el = p)

fori=2,..., k. Further, as matrices W, ..., W(T) ghare all their eigenvectors, they
are simultaneously diagonalizable, that is there exists a non-singular matrix X such
that for t = 1,...,T we have Z-'WWUL = A, where A(*) are diagonal matrices

AW =diag(Al, ..., Al 0,...,0).
As we assume that all clusters are of the same size |C|, the expected multi-

layer graph is a regular graph with degrees d(l), e, d(T), Hence, the normalized
Laplacians of the expected multilayer graph can be expressed as

() _ oy L A@®yy-
Laym =2(1 = A2

Thus, we can observe that
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fori=2,...,k,and j=k+1,...,|V|, where

or = (pl) = p80) 7 (Y + (k= 1)ply)

By obtaining the power mean Laplacian on diagonally shifted matrices,
Ly, = Mp(ﬁg,in +el, ..., Egr)n +el)
we have by Lemma

M(Ly) = mp(/\gl) —|—8,...,)\§T) +€) = my(e)
M(Ly) =mp(1—p1+¢,...,1—pr+e) (4.2)

1 T
A(Lp) = mp(/\](. ) +€,...,)L]( ) +e)=1+c¢
Observe that A;(Lp), with j =k +1,...,|V], corresponds to eigenvectors that do not
yield an informative embedding. Hence, we do not want this eigenvalue to belong
to the bottom of the spectrum of £,. Thus, for the case of x,..., xx, we can see that
they will be located at the bottom of the spectrum if the following condition holds:

Mi(Ly) =mp(1—p1+e,...,1—pr+e) =mp(pe) <1+e=A(Lp)

It remains to analyze the case of the constant eigenvector x;. Note that its associated
eigenvalue A1 (£1) has the following relationship to the non-informative eigenvectors:

Al(ﬁl) =e<l+e= )\](ﬁp)

which trivially holds, leading to the desired result.

For the limit cases we can observe that lim, ;e m,(x) = max{xy,...,xr} and
limp o mp(x) = min{xy,...,x7}. Thus, m(pe) < 1+ ¢ if and only if p; > 0 for
allt=1,...,T. The case for p — —o0 is analogous: M _o(pe) < 1+ ¢ if and only if
pt > 0 for atleastone tint=1,...,T. O

Theorem |4.1/shows that the informative eigenvectors of L, are at the bottom of
the spectrum if and only if the scalar power mean of the corresponding eigenvalues
is small enough. Since the scalar power mean is monotonically decreasing with
respect to p, this explains why the limit case p — oo is more restrictive than p — —oco.
The corollary below shows that the coverage of parameter settings in the SBM for
which one recovers the ground truth becomes smaller as p grows.

Corollary 4.1. Let g < p. If x1, ..., X correspond to the k-smallest eigenvalues of L, then
X1, - -, Xk correspond to the k-smallest eigenvalues of L.

Proof. 1f Ay, ..., Ax are among the k-smallest eigenvalues of £, then by Theorem
we have m,(p.) < 1+¢. As my is monotone in the parameter p (see Theorem [2.1)
we have mg(pe) < my(pe), Theorem 4.1 concludes the proof.

[
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The previous results hold in expectation. The following experiments show that
these findings generalize to the case where one samples from the SBM. In Fig.
we present experiments on sparse sampled multilayer graphs from the SBM. We
consider two clusters of size |C| = 100 and show the mean of clustering error of 50
runs. We evaluate the power mean Laplacian L, with p € {0, +1,+2,+5,+10} and
compare with other methods described in Section

In Fig. |1.1) we fix the first layer G() to be strongly assortative and let the second layer
G run from a disassortative to an assortative configuration. In Fig we can see
that the power mean Laplacian L_1g returns the smallest clustering error, together
with the multitensor method, the best single view and the heuristic approach across
all parameter settings. The latter two work well by construction in this setting.
However, we will see that they fail for the second setting we consider next. All the
other competing methods fail as the second graph G(®) becomes non-informative
respesctively even violates the assumption to be assortative. In Fig. we can see
that the smaller the value of p, the smaller the clustering error of the power mean
Laplacian Ly, as stated in Corollary

4.4.2 Case 2: No layer contains full information on the clustering structure

We consider a multilayer SBM setting where each individual layer contains only
information about one of the clusters and only considering all the layers together
reveals the complete cluster structure. For this particular instance, all power mean
Laplacians £, allow to recover the ground truth for any non-zero integer p.

For the sake of simplicity, we limit ourselves to the case of three layers and three
clusters, showing an assortative behavior in expectation. Let the expected adjacency

matrix W) of layer G() be defined by

wt —

i,j

{pm, v;,0j € Cr or v;,v; € Ct (43)

Pout, else

for t =1,2,3. Note that the three expected adjacency matrices have the form
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w() wi(2) W)

where each (block) row and column corresponds to a cluster C; and gray blocks
correspond to nodes whose probability of connections is pin, whereas white blocks
correspond to nodes whose probability of connections is pout. Let us assume an
assortative behavior on all the layers, that is pin > pout. In this case spectral clustering
applied on a single layer W) would return cluster C; and a random partition of the
complement, failing to recover the ground truth clustering C;,C,, C3. This is shown
in the following Theorem.

Theorem 4.2. If pin > pout, then for any t = 1,2, 3, there exist scalars « > 0 and p > 0
such that the eigenvectors of Cg,)m corresponding to the two smallest eigenvalues are

x1=ale, + 1z and x> = —flc, + 1z

whereas any vector orthogonal to both x1 and X is an eigenvector for the third smallest
eigenvalue.

Proof. Please see Appendix O

On the other hand, it turns out that the power mean Laplacian L, is able to merge
the information of each layer, obtaining the ground truth clustering, for all integer
powers different from zero. This is formally stated in the following.

Theorem 4.3. Let pin, > pout and for € > 0 define
L0 = £l +el, t=1,2,3.

Then the eigenvectors of L, = Mp(ﬁg,zn, ﬁg,%n, Eﬁi}n) corresponding to its three smallest
eigenvalues are

x1=1 x2=1¢,—1¢, and x3=1¢, —1¢
for any nonzero integer p.
Proof. Please see Appendix O

The proof of Theorem [4.3]is more delicate than the one of Theorem as it
involves the addition of powers of matrices that do not have the same eigenvectors.

Note that Theorem |4.3| does not distinguish the behavior for distinct values of
p. In expectation all nonzero integer values of p work the same. This is different
to Theorem where the choice of p had a relevant influence on the eigenvector
embedding even in expectation. However, we see in the experiments on graphs
sampled from the SBM (Figure that the choice of p has indeed a significant
influence on the performance even though they are the same in expectation. This
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Figure 4.2: SBM experiments with three layers. Each layer is informative with respect
to one cluster. Comparison of L_1y with state of art. Performance of L,
with p € {0, £1, £2, +5, +10}. Eigenvalue ordering of power mean Laplacian
Ly across different powers. The ordering clearly changes for powers p > 2, inducing
non-informative eigenvectors to the bottom of the spectrum. Clustering error
of the power mean Laplacian L,. Clustering error increases with p > 2, as suggested

by ordering changes depicted in

suggests that the smaller p, the smaller the variance in the difference to the expected
behavior in the SBM. We leave as an open problem if such a dependency can be
shown analytically.

In Figs. |4.2(a)|and |4.2(b)| we present the mean clustering error out of ten runs.
In Fig. one can see that BestView and Heuristic, which rely on clusterings
determined by single views, return high clustering errors which correspond to
the identification of only a single cluster. The result of Theorem |4.3| explains this
failure. The reason for the increasing clustering error with p can be seen in Fig.
where we analyze how the ordering of eigenvectors changes for different values of
p. We can see that for negative powers, the informative eigenvectors belong to the
bottom three eigenvalues (denoted in red). For the cases where p >2 the ordering
changes, pushing non-informative eigenvectors to the bottom of the spectrum and
thus resulting into a high clustering error, as presented in Fig. However, we
conclude that also for this second case a strongly negative power mean Laplacian as
L_19 works best.

4.4.3 Case 3: Non-consistent partitions between layers

We now consider the case where all the layers follow the same node partition
(as in Section [4.4.1), but the partitions may fluctuate from layer to layer with a
certain probability. We use the multilayer network model introduced in (Bazzi et al.,
2016). This generative model considers a graph partition for each layer, allowing
the partitions to change from layer to layer according to an interlayer dependency
tensor. For the sake of clarity we consider a one-parameter interlayer dependency
tensor with parameter p € [0,1] (i.e. a uniform multiplex network according to the
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p H
0.5 0.6 0.7 0.8 0.9 1.0 0.0 0.1 0.2 0.3 0.4 0.5
Lagg 0.3 1.3 3.0 8.0 22.3 | 100.0 Lagg 247 | 21.7 | 21.3 | 21.7 | 24.3 | 21.3
Coreg 0.3 0.0 0.3 0.0 0.0 64.7 Coreg 16.7 | 16.7 | 13.3 | 11.7 | 6.0 1.0
BestView 9.7 1.0 0.3 0.0 0.7 77.3 BestView | 16.7 | 17.0 | 17.0 | 17.7 | 117 9.0
Heuristic | o.0 0.0 0.0 0.0 0.3 59.3 Heuristic | 16.7 | 16.3 | 15.0 | 9.0 2.0 0.7
TLMV 0.7 0.7 4.0 6.0 24.7 | 100.0 TLMV 257 | 24.3 | 217 | 23.3 | 21.0 | 20.0
RMSC 1.0 1.7 4.0 7.0 19.7 | 100.0 RMSC 26.3 | 22.0 | 23.0 | 21.7 | 20.3 | 20.0
MT 1.3 0.3 0.7 3.0 17.0 | 100.0 MT 19.7 | 19.7 | 21.0 | 20.7 | 20.7 | 20.7
Ly 0.0 0.0 0.0 0.0 1.0 100.0 Ly 167 | 17.3 | 17.0 | 16.7 | 16.7 | 16.7
Ls 0.0 0.0 0.0 0.0 5.0 | 100.0 Ls 17.0 | 180 | 173 | 17.7 | 18.0 | 17.0
Ly 0.0 0.0 0.3 2.3 18.3 | 100.0 Ly 23.0 | 21.3 | 19.3 | 19.0 | 20.3 | 18.0
Ly 1.0 1.0 3.0 7.0 | 30.3 | 100.0 Ly 26.3 | 253 | 24.0 | 23.0 | 22.3 | 21.3
Lo 4.3 4.3 9.7 15.3 | 38.3 | 100.0 Lo 33.3 | 303 | 287 | 28.0 | 28.0 | 23.7
L4 6.7 7.7 | 157 | 16.3 | 42.3 | 100.0 Ly 36.3 | 33.0 | 333 | 32.0 | 29.0 | 25.0
L, 8.0 13.0 | 20.3 | 20.7 | 42.7 | 100.0 L_, 373 | 36.3 | 36.7 | 34.0 | 31.3 | 29.0
L_s 223 | 23.0 | 36.3 | 37.7 | 50.0 | 100.0 L_s 48.0 | 45.0 | 49.0 | 44.3 | 43.0 | 40.0
L_19 69.0 | 76.3 | 68.0 | 67.3 | 59.7 | 100.0 L_19 717 | 72.3 | 727 | 74.7 | 76.3 | 72.7

Table 4.1: Percentage of cases where the minimum clustering error is achieved by
different methods. Left: Columns correspond to a fixed value of § and we aggregate
over u € {0.0,0.1,0.2,0.3,0.4,0.5}. Right: Columns correspond to a fixed value of u
and we aggregate over j € {0.5,0.6,0.7,0.8,0.9,1.0}.

notation used in Section 3.B in (Bazzi et al., 2016)), where for j = 0 the partitions
between layers are independent, and for 7 = 1 the partitions between layers are
identical. Once the partitions are obtained, edges are generated following a multilayer
degree-corrected SBM (DCSBM in Section 4 of (Bazzi et al.}, |2016)), according to a
one-parameter affinity matrix with parameter y € [0, 1], where for y = 0 all edges are
within communities whereas for y = 1 edges are assigned ignoring the community
structure.

We choose p € {0.5,0.6,0.7,0.8,0.9,1} and u € {0.0,0.1,0.2,0.3,0.4,0.5} and con-
sider all possible combinations of (f, jt). For each pair we count how many times,
out of 50 runs, each method achieves the smallest clustering error. The remaining
parameters of the DCSBM are set as follows: exponent y=—3, minimum degree
and maximum degree ki, = kyax = 10, |V| =100 nodes, T = 10 layers and K =2
communities. As partitions between layers are not necessarily the same, we take the
most frequent node assignment among all 10 layers as ground truth clustering.

In Table left side, we show the results for fixed values of § and average over
all values of p. In the right table we show the corresponding results for fixed values
of 1 and average over all values of p. In the left table we can see that for § = 1,
where the partition is the same in all layers, all methods recover the clustering, while,
as one would expect, the performance decreases with smaller values of . Further,
we note that the performance of the power mean Laplacian improves as j decreases
and L_j( again achieves the best result. In the right table we see that performance
is degrading with larger values of u. This is expected as for larger values of u the
edges inside the clusters are less concentrated. Again the performance of the power
mean Laplacian improves as p decreases and L_1( performs best.



4.5 MATRIX-FREE NUMERICAL SCHEME 57

45 COMPUTING THE SMALLEST EIGENVALUES AND EIGENVECTORS
OF MATRIX POWER MEANS

We present an efficient method for the computation of the smallest eigenvalues of
M,(Ay, ..., Ar) which does not require the computation of the matrix M, (Ay, ..., Ar).
This is particularly important when dealing with potential large-scale problems as
My (Ay, ..., Ar) is typically dense even though each A; is a sparse matrix. We restrict
our attention to the case p < 0 which is the most interesting one in practice. The
positive case p > 0 as well as the limit case p — 0 deserve a different analysis and
are not considered here.

Let Ay, ..., AT be positive definite matrices. If A; < ... < A, are the eigenvalues
of My(Ay,...,Ar) corresponding to the eigenvectors uy, ..., u,, then yu; = (A;)7,
i=1,...,n, are the eigenvalues of Mp(Al,...,AT)P corresponding to the eigen-
vectors u;. However, the function f(x) = x? is order reversing for p < 0. Thus,
the relative ordering of the y;’s changes into y; > --- > p,. Thus, the smallest
eigenvalues and eigenvectors of My(Aj,..., Ar) can be computed by addressing
the largest ones of M, (Aj,..., Ar)P. To this end we propose a power method type
outer-scheme, combined with a Krylov subspace approximation inner-method. The
pseudo code is presented in Algs. [7 and [8f Each step of the outer iteration in
Alg. [7]requires to compute the pth power of T matrices times a vector. Computing
AP x vector, reduces to the problem of computing the product of a matrix function
times a vector. Krylov methods are among the most efficient and most studied strate-
gies to address such a computational issue. As AP is a polynomial in A, we apply a
Polynomial Krylov Subspace Method (PKSM), whose pseudo code is presented in
Alg. |8land which we briefly describe in the following. For further details we refer
to (Higham)| |2008) and the references therein. For the sake of generality, below we
describe the method for a general positive definite matrix A.

The general idea of PKSM s-th iteration is to project A onto the subspace K°(A,y) =
span{y, Ay, ..., A"y} and solve the problem there. The projection onto K*(A,y)
is realized by means of the Lanczos process, producing a sequence of matri-
ces Vs with orthogonal columns, where the first column of Vs is y/ ||y||, and
range(V;) = K(A,y). Moreover at each step we have AV, = V;H; + v, el where
H; is s x s symmetric tridiagonal, and e; is the i-th canonical vector. The matrix
vector product x = APy is then approximated by x; = Vs (H;)Pe1||y|| =~ APy.

Clearly, if operations are done with infinite precision, the exact x is obtained after n
steps. However, in practice, the error ||x; — x|| decreases very fast with s and often
very few steps are enough to reach a desirable tolerance. Two relevant observations
are in order: first, the matrix H; = V. AV, can be computed iteratively alongside
the Lanczos method, thus it does not require any additional matrix multiplication;
second, the p power of the matrix Hs can be computed directly without any notable
increment in the algorithm cost, since H; is tridiagonal of size s X s.
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Algorithm 7: PM applied to M,. Algorithm 8: PKSM for APy
Input: xo, p <0 Input: up =y, Vo =[-],p <0
Output: Eigenpair (A,x) of M, Output: x = APy

1 repeat + vo < y/ |yl

(1) 2 fors=0,1,2,...,ndo
u,’ + (A1)Px A A A

: . k (A1) 3 Vi1 < [Vs, vs]

3 : 4 Vs41 + Orthogonalize columns of

4 u,ST) — (A71)Px; Vs .

j Ho 1+ V. AV,
5 Yi+1 < %erzl “l(:) ’ s+ st SHp
p X “y /Hy ||2 6 Xs+1 Vs+1(Hs+1) €] HYHZ
s k+1 k+1 7 if tolerance reached then break
7 until tolerance reached
8 Vi1 < Avs
8 A ()P, x x40 o end
10 X < Xg41

10

Figure 4.3: Mean execution time of 10 runs for the
ﬂ power mean Laplacian L,. Ly(ours) stands for the
power mean Laplacian together with our proposed
Power Method (Alg. |7) based on the Polynomial Krylov

L1 (clgs) Approximation Method (Alg.[8). L (eigs) stands for the

L fours arithmetic mean Laplacian with eigenvectors computed

Mean time (sec.)
.
1)

)
L_9(ours)
~Ls(ows) || with Matlab’s eigs function. Experiments are performed
- L_1q(ours) .
! using one thread.
1 2 3 4
Size Of Graph %104

Several eigenvectors can be simultaneously computed with Algs. [71and [§by orthonor-
malizing the current eigenvector approximation at every step of the power method
(Alg. @ (see f.i. algorithm 5.1 Subspace iteration in (Saad, 2011)). Moreover, the outer
iteration in Alg. E‘can be easily run in parallel as the vectors u,(;), i=1,...,T can be
built independently of each other.

A numerical evaluation of Algs.[7and [§]is presented in Fig. We consider graphs
of sizes |V| € {1x10%2x10% 3x10% 4x10*}. Further, for each multilayer graph we
generate two assortative graphs with parameters pi, =0.05 and pj, =0.025, following

the SBM. Moreover, we consider the power mean Laplacian L, = Mp(ngn, ngn)
with parameter p e {—1, -2, -5, —10}. As a baseline we take the arithmetic mean
Laplacian L = Ml(Lé}l,zn, Lg,zn) and use Matlab’s eigs function. For all cases, we
compute the two eigenvectors corresponding to the smallest eigenvalues. We present

the mean execution time of 10 runs. Experiments are performed using one thread.

4.6 EXPERIMENTS

We take the following baseline approaches of spectral clustering applied to: the
average adjacency matrix (Lagg), the arithmetic mean Laplacian (L), the layer with
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3Sources BBC BBCS Wiki UCI Citeseer Cora WebKB
# vertices 169 685 544 693 2000 3312 2708 187

# layers 3 4 2 2 6 2 2 2
# classes 6 5 5 10 10 6 7 5
Lagg 0.194 0.156 0.152 0.371 0.162 0.373 0.452 0.277

Coreg 0.215 0.196 0.164 0.784 0.248 0.395 0.659 0.444
Heuristic  0.192 0.218 0.198 0.697 0.280 0.474 0.515 0.400
TLMV 0.284 0.259 0.317 0.412 0.154 0.363 0.533 0.430
RMSC 0.254 0.255 0.194 0.407 0.173 0.422 0.507 0.279
MT 0.249 0.133 0.158 0.544 0.103 0.371 0.436 0.298
Ly 0.194 0.154 0.148 0.373 0.163 0.285 0.367 0.440
L_10 (ours)  0.200 0.159 0.144 0.368 0.095 0.283 0.374 0.439

Table 4.2: Average Clustering Error

the largest spectral gap (Heuristic), and to the layer with the smallest clustering
error (BestView). Further, we consider: Pairwise Co-Regularized Spectral Cluster-
ing (Kumar ef al., [2011) with parameter A = 0.01 (Coreg) which proposes a spectral
embedding generating a clustering consistent among all graph layers, Robust Multi-
View Spectral Clustering (Xia et al., [2014) with parameter A = 0.005 (RMSC) which
obtains a robust consensus representation by fusing noiseless information present
among layers, spectral clustering applied to a suitable convex combination of normal-
ized adjacency matrices (Zhou and Burges| 2007) (TLMV), and a tensor factorization
method (De Bacco et al., 2017) (MT), which considers a multi-layer mixed member-
ship SBM.

We take several datasets: 3sources(Liu et al., |2013), BBC(Greene and Cunning-
ham), 2005) and BBC Sports(Greene and Cunningham, 2009) news articles, a dataset
of Wikipedia articles(Rasiwasia et al., 2010), the hand written UCI digits dataset
with six different features and citations datasets CiteSeer(Lu and Getoor, 2003),
Cora(McCallum et al., 2000) and WebKB(Craven et al., 2011), (from WebKB we only
take the subset Texas). For each layer we build the corresponding adjacency matrix
from the k-nearest neighbor graph based on the Pearson linear correlation between
nodes, i.e. the higher the correlation the nearer the nodes are. We test all clustering
methods over all choices of k € {20,40, 60,80,100} and present the average clustering
error in Table The datasets CiteSeer, Cora and WebKB have two layers: one is a
tixed citation network, whereas the second one is the k-nearest neighbor graph built
on documents features. We can see that in four out of eight datasets the power mean
Laplacian L_1g gets the smallest clustering error. The largest difference in clustering
error is present in the UCI dataset, where MT turns out to be the the second best.
Further, L1 presents the smallest clustering error in Cora, being L_1 close to it. The
smallest clustering error in WebKB is achieved by Lagg. This dataset is particularly
challenging, due to conflictive layers(He et al., |2017).
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4.7 CONCLUSION

In this chapter we have studied the task of clustering on graphs that encode multiple
kinds of interactions. We have introduced the Power Mean Laplacian and analyzed
it under the stochastic block model for multilayer graphs under different settings.
We have shown that in expectation it recovers the ground truth clusters under
suitable conditions, and verified them through extensive numerical experiments on
random multilayer graphs. Moreover, we have observed that our proposed approach
performs no worse than state of the art approaches on real world datasets.

In the next chapter we continue our study of multilayer graphs, yet we will leave
the unsupervised task of clustering to enter into semi-supervised learning.



SEMI-SUPERVISED LEARNING ON MULTILAYER
GRAPHS VIA MATRIX POWER MEANS

In previous chapters we have studied the unsupervised learning task of clustering on
signed and multilayer graphs. In this chapter we study the task of semi-supervised
learning on multilayer graphs by taking into account both labeled and unlabeled
observations together with the information encoded by each individual graph layer.
We propose a regularizer based on the matrix power mean, which is a one-parameter
family of matrix means that includes the arithmetic, geometric and harmonic means
as particular cases. We analyze it in expectation under a Multilayer Stochastic Block
Model and verify numerically that it outperforms state of the art methods. Moreover,
we introduce a matrix-free numerical scheme based on contour integral quadratures
and Krylov subspace solvers that scales to large sparse multilayer graphs.

5.1 INTRODUCTION

The task of graph-based Semi-Supervised Learning (SSL) is to build a classifier
that takes into account both labeled and unlabeled observations, together with the
information encoded by a given graph (Subramanya and Talukdar, 2014; Chapelle
et al, |2010). A common and successful approach to this task is to take a suitable
loss function on the labeled nodes and a regularizer which provides information
encoded by the graph (Zhou et al., |2003; [Zhu et al., |2003; Belkin et al., 2004; Yang
et al., 2016; Kipf and Welling, 2017). Whereas this task is well studied, traditionally
these methods assume that the graph is composed by interactions of one single kind,
i.e. only one graph is available.

For the case where multiple graphs, or equivalently, multiple layers are available,
the challenge is to boost the classification performance by merging the information
encoded in each graph. The arguably most popular approach for this task consists of
tinding some form of convex combination of graph matrices, where more informative
graphs receive a larger weight (Tsuda et al., 2005; |[Zhou and Burges, 2007; Argyriou
et al., |2006; Nie et al| [2016; Karasuyama and Mamitsuka, 2013; Kato et al., 2009;
Viswanathan et al.} 2019; Ye and Akoglu, 2018).

Note that a convex combination of graph matrices can be seen as a weighted
arithmetic mean of graph matrices. In the context of multilayer graph clustering,
we have shown in Chapters 3|and |4| that weighted arithmetic means are suboptimal
under certain benchmark generative graph models, whereas other matrix means are
able to discover clustering structures that the arithmetic means overlook.

61
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In this chapter we study the task of semi-supervised learning with multilayer
graphs with a novel regularizer based on the power mean Laplacian. For a brief
introduction to matrix power means we refer to Section We show that in expec-
tation under a Multilayer Stochastic Block Model, our approach provably correctly
classifies unlabeled nodes in settings where state of the art approaches fail. In
particular, a limit case of our method is provably robust against noise, yielding good
classification performance as long as one layer is informative and the remaining
layers are potentially just noise. We verify the analysis in expectation with extensive
experiments with random graphs, showing that our approach compares favorably
with state of the art methods, yielding a good classification performance on several
relevant settings where state of the art approaches fail.

Moreover, our approach scales to large datasets: even though the computation
of the power mean Laplacian is in general prohibitive for large graphs, we present
a matrix-free numerical scheme based on integral quadrature methods and Krylov
subspace solvers which allows us to apply the power mean Laplacian regularizer
to large sparse graphs. Finally, we perform numerical experiments on real world
datasets and verify that our approach is competitive to state of the art approaches.

Notation. Recall that we define a multilayer graph with T layers as the set G =
{GM),...,G(M}, with each graph layer defined as G} = (V, W), where V =
{v1,...,04} is the node set and W(*) € R"*" is the corresponding adjacency matrix,
which we assume symmetric and nonnegative. We further denote the layers’ nor-
malized Laplacians as Lgty)m =1 — (DW)~12W(D®)=1/2, wwhere D) is the degree

_ n

diagonal matrix with ( D(t))l-i = Li Wi(jt). For a brief introduction to the graph
Laplacian please see Section

5.2 RELATED WORK

In this section, we give a brief overview of graph-based semi-supervised methods
for multilayer graphs. A well-established approach to this task is, for the single-layer
case, based on building a classifier that takes into account both labeled and unlabeled
observations, together with the information encoded in the graph. The information
encoded in the graph is frequently induced through a regularized based on a graph
operator, like the graph Laplacian. When taking a quadratic loss, this leads to a
linear system of equations (Zhou et al., 2003; Zhu et al., 2003).

This approach has been the motivation of several extensions to multilayer graphs.
For instance, (Isuda ef al., 2005)) proposes a regularization approach on each of the
Laplacians of the layers:

: o Ty (i) _
min +c s.t. L <<, for i=1,...,T
fopin If = yllz +cv fILYf <«
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where the vector y € R” contains the classes of labeled observations and zero
otherwise. This approach further leads to a dual problem which is expressed in
terms of a weighted arithmetic mean of Laplacians (Isuda ef al., |2005). Further,
in (Kato et al., 2009) an approach is proposed which is able to identify informative
layers of a multilayer graph using as a regularizer a weighted arithmetic mean of

Laplacians:
l

min 1L Ui =y + Pallfll2 + Bof L)
i=

where [ is the number of labeled nodes and L(u) = YL u;,L(i). The optimal
weights of L(u) are identified through an updating rule derived from an Expectation
Maximization approach.

In (Karasuyama and Mamitsuka, [2013) the goal is to build a classifier while
identifying a sparse linear combination of the layers of the graph by taking a suitable
regularization scheme based on a weighted arithmetic mean of Laplacians:

T T

i 1 2 2
Y O A~y Al st Y=
i=1 Isymir i=1

min
n
fER™ ueR"

(Argyriou et al.,|2006) propose an optimal linear combination by taking a convex com-
bination of the pseudo inverse Laplacian into consideration, whereas (Nie et al., 2016),
propose a parameter-free method inspired by the graph cut problem, and (Zhou
and Burges, |2007) introduce a weighted arithmetic mean of normalized adjacency
matrices to later classify node labels by solving a linear system of equations.

A slightly different approach is proposed in (Viswanathan et al., 2019) where
the goal is to extend the notion of Gaussian Markov random fields to multilayer
graphs through an inverse covariance matrix that is a weighted linear combination
of suitable matrices.

Moreover, based on improvements of belief propagation (Koutra et al., 2011),
a scalable approximation to multilayer graphs have been proposed in (Eswaran
et al., 2017) where the belief corresponds to node labels, whereas in (Gujral and
Papalexakis| |2018) a tensor factorization method is designed for semi-supervised
learning in multilayer graphs.

We have observed that several extensions to multilayer graphs rely on weighted
arithmetic means of suitable matrices. In the next section we introduce a multilayer
graph operator that we will use as a regularizer. This multilayer graph operator
is a one-parameter family of matrix functions, which has, in the scalar case, the
arithmetic, geometric and harmonic means as particular cases.

53 SSL WITH THE POWER MEAN LAPLACIAN

In this section we now introduce our multilayer graph regularizer that is based on
the power mean Laplacian.
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The Power Mean Laplacian, as introduced in Chapter |4, is a matrix extension
of the scalar power mean (see Section applied to the Laplacians of a multilayer
graph and proposed as a more robust way to blend the information encoded across
the layers. It is defined as

1L o L)
Ly = (T 2<L£;>m>*’>

i=1

where A1/? is the unique positive definite solution of the matrix equation X? = A.
For the case p < 0 a small diagonal shift € > 0 is added to each Laplacian, i.e. we
replace Lg,)m with Lg;,)m + ¢, to ensure that L), is well defined as suggested in (Bhagwat
and Subramanian, 1978). In what follows all the proofs hold for an arbitrary shitt.
Following Chapter |4, we set ¢ = log;,(1+ |p|) +107° for p < 0 in the numerical
experiments.

We consider the following optimization problem for the task of semi-supervised
learning in multilayer graphs: Given k classes r = 1, ...,k and membership vectors

Y(") € R" defined by Yl.(r) = 1 if node v; belongs to class r and Yi(r) = 0 otherwise,
we let

£ = argmin || f = YU |2 + AfTL,f . (5.1)
fern

The final class assignment for an unlabeled node v; is y; = arg max{ fl.(l), ey fz.(k)}.

Note that the solution f of (5.1), for a particular class r, is such that (I +ALy)f = Y (),
Equation has two terms: the first term is a loss function based on the labeled
nodes whereas the second term is a regularization term based on the power mean
Laplacian Lj, which accounts for the multilayer graph structure. It is worth noting
that the Local-Global approach of (Zhou et al., |2003) is a particular case of our
approach when only one layer (T = 1) is considered. Moreover, note that when
p = 1 we obtain a regularizer term based on the arithmetic mean of Laplacians

L= %2?:1 ng)m. In the following section we analyze our proposed approach
under the Multilayer Stochastic Block Model.

54 STOCHASTIC BLOCK MODEL ANALYSIS

In this section we provide an analysis of semi-supervised learning for multilayer
graphs with the power mean Laplacian as a regularizer under the Multilayer Stochas-
tic Block Model (MSBM). The MSBM is a generative model for graphs showing
certain prescribed clusters/classes structures via a set of membership parameters
pi(;) and p(()tgt, t =1,...,T. These parameters designate the edge probabilities: given
the nodes v; and v; the probability of observing an edge between them on layer ¢ is

(£)

pi(rt\) (resp. pour), if v; and v; belong to the same (resp. different) cluster/class. Note
that, unlike the Labeled Stochastic Block Model (Heimlicher et al., 2012), the MSBM
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allows multiple edges between the same pairs of nodes across the layers. For SSL
with one layer under the SBM we refer the reader to (Saade et al., [2018; Kanade et al.}
2016; Mossel and Xul, 2016).

We present an analysis in expectation. We consider k clusters/classes Cy, . .., Ci of
equal size |C| = n/k. We denote the layers of a multilayer graph in expectation with
calligraphic letters E(G) = {E(GW,...,E(G(T)}, i.e. W1 is the expected adjacency
matrix of the t-layer. We assume that our multilayer graphs are non-weighted, i.e.

edges are zero or one, and hence we have Wi(]-t) = pi(ltl), (resp. Wi(]-t) = pggt) for nodes

v;,vj belonging to the same (resp. different) cluster/class.

In order to grasp how different methods classify the nodes in multilayer graphs
following the MSBM, we analyze three different settings. In the first setting (Section
all layers have the same class structure and we study the conditions for different
regularizers L, to correctly predict class labels. We further show that our approach
is robust against the presence of noise layers, in the sense that it achieves a small
classification error when at least one layer is informative and the remaining layers
are potentially just noise. In the second setting (Section we consider the case
where different classes of the same size have different number of labels. In the third
setting (Section we consider the case where each layer taken alone would lead
to a large classification error whereas considering all the layers together can lead to
a small classification error.

5.4.1 Case 1: Robustness to Noise

A common assumption in multilayer semi-supervised learning is that at least one
layer encodes relevant information in the label prediction task. The next theorem
discusses the classification error of the expected power mean Laplacian regularizer
in this setting.

Theorem 5.1. Let E(G) be the expected multilayer graph with T layers following the

T
multilayer SBM with k classes Cy,...,Cy of equal size and parameters (pi(l?, p(()tgt

1
Assume the same number of labeled nodes are available per class. Then, the solution of
yields zero test error if and only if

mp(pe) <1+¢, (5.2)

where (pe)i = 1= (ply) — pour) / (phe + (k= 1)plo) +e and t =1,.., T,
Proof. Please see Appendix O

This theorem shows that the power mean Laplacian regularizer allows to correctly
classity the nodes if p is such that condition holds. In order to better understand
how this condition changes when p varies, we analyze in the next corollary the limit
cases p — d-co.
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Corollary 5.1. Let E(G) be an expected multilayer graph as in Theorem Then,

e For p — oo, the test error is zero if and only ifpgﬂt < pi(rtl) forallt=1,...,T.

e For p — —oo, the test error is zero if and only there exists a t € {1,..., T} such that

Pgﬂt < Pi(r?'

Proof. Observe that the limit cases of the scalar power means are

pl_i)rzloo mp(x1,...,x7) =min{xy,...,x7}

plirfm mp(x1,...,x7) = max{xy,..., xr}

Applying this to condition
mplpe) <1+e,

where (pg)r =1 — (pi(;) - p(()tlzt)/(pi(;) + (k— 1)p(()2t) +e¢eand t=1,...,T yields the
desired result.
]

This corollary implies that the limit case p — oo requires that all layers convey
information regarding the clustering/class structure of the multilayer graph, whereas
the case p — —oo requires that at least one layer encodes clustering/class information,
and hence it is clear that conditions for the limit p — —oco are less restrictive than the
conditions for the limit case p — co. The next Corollary shows that the smaller the
power parameter p is, the less restrictive are the conditions to yield a zero test error.

Corollary 5.2. Let E(G) be an expected multilayer graph as in Theorem Letp <gq. If
L, yields zero test error, then L, yields a zero test error.

Proof. By Theorem 2.1} we have that if p < g then m,(xy,...,x7) < mg(xy,...,x7).
Therefore, applying this to our case we can see that

mp(pe) < mg(pe) <1+e

A zero test classification error with parameter g is achieved if and only if m,(p.) <
1+ ¢, hence we can see that zero test classification error with parameter p is achieved
if it is achieved with parameter g and p < g.

O

The previous results show the effectivity of the power mean Laplacian regular-
izer in expectation. We now present a numerical evaluation based on Theorem
and Corollaries and on random graphs sampled from the SBM. The cor-
responding results are presented in Fig. for classification with regularizers
L—lO/ L_l, L(), Ll/ L10 and A = 1.

We first describe the setting we consider: we generate random multilayer graphs
with two layers (T = 2) and two classes (k = 2) each composed by 100 nodes (|C| =
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Figure 5.1: Average classification error under the Stochastic Block Model computed
from 100 runs. Top Row: Particular cases with the power mean Laplacian. Bottom
Row: State of the art models.

100). For each parameter configuration (pi(i), pglu)t, pi(i), p((i)t) we generate 10 random
multilayer graphs and 10 random samples of labeled nodes, yielding a total of 100
runs per parameter configuration, and report the average test error. Our goal is to
evaluate the classification performance under different SBM parameters and different

amounts of labeled nodes. To this end, we fix the first layer G to be informative of

the class structure (pi(i) — pgt)t = 0.08), i.e. one can achieve a low classification error

by taking this layer alone, provided sufficiently many labeled nodes are given. The
second layer will go from non-informative (noisy) configurations (pi(i) < pgl)t, left
half of x-axis) to informative configurations (pi(ﬁ) > p(()i)t, right half of x-axis), with

pi(rtl) + p(()ﬂt = 0.1 for both layers. Moreover, we consider different amounts of labeled

nodes: going from 1% to 50% (y-axis). The corresponding results are presented in
Figs. [5.1(a)|5.1(b)|5.1(c)|5.1(d), and

In general one can expect a low classification error when both layers G(1) and
G are informative (right half of the x-axis). We can see that this is the case for all
power mean Laplacian regularizers here considered here (see top row of Fig.[5.1). In

particular, we can see in Fig. that Lo performs well only when both layers are
informative and completely fails when the second layer is not informative, regardless

of the amount of labeled nodes. On the other side we can see in Fig. that L_1¢
achieves in general a low classification error, regardless of the configuration of the
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second layer G(?), i.e. when GV or G(?) are informative. Moreover, we can see that
all areas with low classification error (dark blue) increase when the parameter p
decreases, verifying the result from Corollary In the bottom row of Fig. [5.1l we
present the performance of state of the art methods. We can observe that most of
them present a classification performance that resembles the one of the power mean
Laplacian regularizer L;. In general their classification performance drops when the
level of noise increases, i.e. for non-informative configurations of the second layer
G®?), and they are outperformed by the power mean Laplacian regularizer for small
values of p.

5.4.2 Case 2: Unbalanced Class Labels

In the previous analysis we assumed that we had the same amount of labeled nodes
per class. Now we consider the case where the number of labeled nodes per class is
different. This setting was considered in (Zhu et al., |2003), where the goal was to
overcome unbalanced class proportions in labeled nodes. To this end, they propose
a Class Mass Normalization (CMN) strategy, whose performance was also tested
in (Zhu and Ghahramani, 2002). In the following result we show that, provided
the ground truth classes have the same size, different amounts of labeled nodes per
class affect the conditions in expectation for zero classification error of (5.1). For
simplicity, we consider here only the case of two classes.

Theorem 5.2. Let E(G) be the expected multilayer graph with T layers following the
() )"

multilayer SBM with two classes C1, Cy of equal size and parameters ( Pin's Pout ),_,- Assume

n1, ny nodes from Cq, Cy are labeled, respectively. Let A = 1. Then yields zero test error
if

ni np

my(pe) < min {—, } (53)

np mq

where (pe)e =1 — (piy) — pSl)/ (ple) + (k= 1)pll) +e and t =1,..,T.

Proof. Please see Appendix O

Observe that Theorem [5.2| provides only a sufficient condition. A necessary and
sufficient condition for a zero test error is given in Appendix

A different objective function can be employed for the case of classes with a
different number of labels per class. Let C be the diagonal matrix defined by
Ci; = n/n, if node v; has been labeled to belong to class C,. Consider the following
modification of

argmin [|f — CY||* + AfTL,f (5-4)
feR?

The next Theorem shows that using (5.4) in place of allows us to retrieve the
same condition of Theorem [5.1| for a zero test error in expectation in the setting
where the number of labeled nodes per class is not equal.
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Theorem 5.3. Let E(G) be the expected multilayer graph with T layers following the

T
multilayer SBM k classes Cy,...,Cy of equal size and parameters (pi(;),péﬂt)til. Let
ni,...,ny be the number of labeled nodes per class. Let C € R"*" be a diagonal matrix with

Cii = n/n, for v; € Cy. The solution to (5.4) yields a zero test classification error if and only

if
my(pe) <1+eg, (5.5)

where (pe)r = 1— (pl) — pll) /(P + (k= 1)pl) + e, and t =1,...,T.

Proof. The proof is similar to the one of Theorem [5.1] (see Appendix|C.1). The only
change is in the terms cr%. Since we have by definition that ¢, = nﬂr we have that

¢t =1, leading to the conditions obtained by Theorem O

o

In Figs. |5.2(a)} |5.2(b)| and [5.2(c), we present a numerical experiment with random
graphs of our analysis in expectation. We consider the following setting: we generate
multilayer graphs with two layers (T = 2) and two classes (k = 2) each composed

by 100 nodes (|C| = 100). We fix p{¥) — p'U = 0.08 and p!¥ — p@ = 0, with

in — Pout in — Pout

pi(rtl) + pggt = 0.1 for both layers. We fix the total amount of labeled nodes to be
n1 +ny = 50 and let ny,n, = 1,...49. For each setting we generate 10 multilayer
graphs and 10 sets of labeled nodes, yielding a total of 100 runs per setting, and
report the average test classification error. In Fig. we can see the performance
of the power mean Laplacian regularizer without modifications. We can observe how
different proportions of labeled nodes per class affect the performance. In Fig.
we present the performance of the modified approach (5.4) and observe that it yields
a better performance against different class label proportions. Finally in Fig.
we present the performance based on Class Mass Normalization [}, where we can
see that its effect is slightly skewed to one class and its overall performance is larger
than the proposed approach.

"We follow the authors’ implementation: http://pages.cs.wisc.edu/~jerryzhu/pub/harmonic_function.m
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Figure 5.3: The Average test error under the SBM.Multilayer graph with 3 layers and
3 classes.Top Row: Particular cases with the power mean Laplacian. Bottom Row:
State of the art models.

5.4.3 Case 3: No Layer Contains Full Information

In the previous section we considered the case where at least one layer had enough
information to correctly estimate the node class labels. In this section we now
consider the case where single layers taken alone obtain a large classification error,
whereas if all the layers are taken together it is possible to obtain a good classification
performance. For this setting we consider multilayer graphs with 3 layers (T = 3)
and three classes (k = 3) C1,Cy, C3, each composed of 100 nodes (|C| = 100) with the
following expected adjacency matrix per layer:

wi = (56)

{Pinz 0;, U]' € Ct or v;, U]' - Ci’
ij

Pout, else

for t =1,2,3, i.e. layer G®) is informative of class C; but not of the remaining
classes, and hence any classification method using one single layer will provide a
poor classification performance. In Fig. |5.3| we present numerical experiments: for
each parameter setting (pin, Pout) We generate 5 multilayer graphs together with
5 samples of labeled nodes yielding a total of 25 runs per setting, and report the
average test classification error. Also in this case we observe that the power mean
Laplacian regularizer does identify the global class structure and that it leverages
the information provided by labeled nodes, particularly for smaller values of p.
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Figure 5.4: Average test error under the SBM.Multilayer graph with 3 layers and 3
classes where pin — pout € {0.03,0.04,...,0.1}.

On the other hand, this is not the case for all other state of the art methods. In
fact, we can see that SGMI and TSS performs similarly to Ljy which has the largest
classification error. Moreover, we can see that AGML and TLMV perform similarly
to the arithmetic mean of Laplacians L1, which in turn is outperformed by the power
mean Laplacian regularizer L_q.

For a more detailed analysis we further consider the cases where pin — pout €
{0.03,0.04, ...,0.1}, which are depicted in Fig On the x-axis we have the amount
of labeled nodes and on the y- we have the classification error. We can see that in
general there is a trend between the performance of our proposed method (colorful
curves) and state of the art methods (black curves). We can see that the larger the
gap pPin — Pout the larger the difference is between our proposed method and state of
the art methods. Moreover, one can see that the smaller the value of p, the better
the performance of our proposed method. Moreover, there is a set of state of the
art methods that do not improve their performance with larger amounts of labeled
nodes. Yet, one can observe that there are three methods from the state of the art that
perform close to our methods: TLMV, ZooBP and AGML, which perform similarly
to our method L; (i.e. the arithmetic mean of Laplacians).
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5.5 A MATRIX-FREE NUMERICAL METHOD FOR (I+AL,)f =Y

In this section we introduce a matrix-free method for the solution of the system
(I4+ALy)f = Y based on contour integrals and Krylov subspace methods. The
method exploits the sparsity of the Laplacians of each layer and is matrix-free, in
the sense that it requires only to compute the matrix-vector product Lg;,)m X vector,
without requiring to store the matrices. Thus, when the layers are sparse, the method
scales to large datasets. Observe that this is a critical requirement as L, is in general
a dense matrix, even for very sparse layers, and thus computing and storing L,
is very prohibitive for large multilayer graphs. We present a method for negative
integer values p < 0, leaving aside the limit case p — 0 as it requires a particular
treatment.

Let Ay,..., Ar be symmetric positive definite matrices, Sp = Af + .-+ AF,
¢ : C — C be the complex function ¢(z) = z!/? and let L, be the matrix function
L, = T-1/p ¢(Sp). The proposed method essentially transforms the original problem
into a series of subproblems which thus allow us to solve the linear system (I +
AL,) ™1y by solving several different linear systems with A; as coefficient matrices.
The method consists of three main nested inner—steps which we present below.

1. First, we solve the linear system (I + AL,) 'y by a Krylov method (GMRES
in our case (Saad and Schultz, 1986)). This method projects, at each iteration, the
problem into the Krylov subspace spanned by {y, ALy, (AL,)?y, ..., (AL,)"y}. If
K = Amax(Lp)/ Amin(Lp), then the method converges as (Saad and Schultz, |1986)

k> —1\h/2
© (( K2 ) > '
Thus, if L, is well conditioned, a relatively small / is required. In order to build
the appropriate Krylov subspace, we need to efficiently perform one matrix—vector
product L,y at each iteration.

2. Second, in order to compute L,y = TV Po(Sp)y we use the Cauchy integral
form of the function ¢, transformed via a conformal map, to approximate ¢(S;) via
the trapezoidal rule, as proposed in (Hale ef al., |2008). Let m, M > 0 be such that
the interval [m, M] contains the whole spectrum of S, and let ¢y, ..., ty be N equally
spaced contour points to be used in the trapezoidal rule. As ¢ has a singularity at

z = 0 but just a brunch cut on (—o0,0), we can approximate ¢(S,)y via (Hale et al.,
2008)

_ —8K(mM)Y/4 Y e(z)adi 1
eN(Sp)y = Nk opIm 1; m(zi I-Sp)"y

where Im denotes the imaginary part, k = ((M/m)Y* —1)/((M/m)* +1), K is
the value of the complete elliptic integral of the first kind, evaluated at ke?, s; = sn(t;)
is the Jacobi elliptic sine function evaluated on the i-th contour point ¢;, and

k14,
2 = (mM)V/* (k_l_s> —J1- =1k,
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fori = 1,...,N. This approximation converges geometrically as the number of
points increases. Precisely, it holds (Hale et al., |2008)

HfP(Sp)y - GDN(SP)y” — Q(e—ZnZN/(ln(M/m)+6)) .

Thus, the computation of ¢(S,)y is reduced to N linear systems (z7] — S,) "y. Note
that these systems are independent and thus they can be solved in parallel.

3. Finally, in order to solve the linear system (zI — S,) 'y we employ again
a Krylov method. In order to build the Krylov space for (zI —S,) and y we
need to efficiently perform one multiplication S, times a vector per iteration. As
Sp = ZiT:1 Af = ZiTzl(Ai_l)‘p |, this problem reduces to solving g linear systems
with A; as coefficient matrix, for i = 1,...,T. As the matrices A; are assumed
sparse and positive definite, we can very efficiently solve each of these systems
via the Preconditioned Conjugate Gradient method with an incomplete Cholesky
preconditioner.

The pseudocode for the proposed algorithm is presented in Algorithms

Input: Aq,..., A1, p,y, A

Compute preconditioners Py, ..., Pr for Ay,..., At

Compute estimates for m and M such that eigenvalues(S,) C [m, M]
Choose number of contour points N

Compute contour coefficients z;, s;, K, k

Solve (I + AL,) 'y with GMRES, using Alg as subroutine
Output: u = (I +AL,) 'y

g s W N =

Algorithm 9: Solve (I + /\Lp)_ly

Input: Ay,...,Ar,p,y,N,m, M, contour Input: Ay,..., A1, P1,...,Pr,y
coefficients z;,s;, ¢;, d;, k, K
1u<—Spy,usingAlg 1 fork=1,...,Tdo "
2 fori=1,...,Ndo 2 u + u+solve(A},y) using CG
3 u < solve(z;I — S,,y) with GMRES, preconditioned with P;
using Alg as subroutine 3 end
2)VPeid; Tu =
. 0 z(i?k)*l—cs,»)Zu Output: u = S,y

Algorithm 11: Multiply S, times

1— —
Upt1 = Hvk+1Hq q|"k+1|q zvk“ a vector

6 end
1 —8K(mM)/*
7 W mp— e Im(u)

Output: u = L,y

Algorithm 10: Multiply L, times a vector

Implementation details and computational complexity. The preconditioners P;
can be computed using an incomplete Cholesky factorization. In our test we observe
that a 1e-4 threshold is enough to ensure the convergence of Algli1|to 1e-8 precision
in just 2 or 3 iterations. Since in our case the A; are Laplacians, another excellent
preconditioner can be obtained by using a Combinatorial Multi Grid method (CMG).
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In our experiments, the CMG preconditioner performed similarly (but slightly worse)
than the incomplete Cholesky:.

A precise estimate of M in Alglg|step 2 can be obtained using a Krylov eigensolver
with Alg as subroutine. As for m, since each Af is positive definite and p is a
negative integer, an estimate is obtained via Weyl’s inequality (e.g. (Wilkinson, |1965))

m = /\max(Al)p +eee )\max(AT)p < )\min(sp) .

The number of contour points N can be chosen by using the geometric convergence
of ¢n. In our experiments, we chose a precision T =1e-8 and we set

N = |(In(M/m) + 6) In(1) /27| .

The contour points have been calculated using the code from (Driscoll, |2005).

On the computational cost of the method. Our analysis shows that it is propor-
tional to the number of edges in each layer, i.e. Alglgscales to large sparse datasets.
Let c(A;) be the cost of multiplying c(A;) times a vector (which is proportional to
the number of nonzeros in A;, i.e. the number of edges in the layer i when A; is the
normalized Laplacian of the i-th layer). Let Kj, Ky, K3 be the number of iterations of
GMRES,GMRES and PCG in lines 5, 3 and 2 of Algorithms g} [10|and [11} respectively.
Each instance of solve(Al.p 3 y) in Algli1|requires Ksp c¢(A;) operations per step. So
the cost of Alg is roughly pK3 -7 ; c(A;). This implies that the cost of Alg is
NKyKsp YL, c(A;). Therefore, the cost of solving the linear system (I +AL,)ly
with Alglg|is

KlNK2K3p(C(A1) + -+ C(AT)) ,

showing that the method scales as the number of nonzeros in each layer, as claimed.
It is important to notice that the Algorithm allows for a high level of parallelism.
In fact, the computation of the preconditioners P; at step 1 of Alglg, the for at
step 2 of Alglio and the for at step 1 of Alglii|can all be run in parallel. A time
execution analysis is provided in Fig where we can see that the time execution
of our approach is competitive to the state of the art as TSS(Isuda et al |2005),
outperforming AGML(Nie et al., 2016), SGMI(Karasuyama and Mamitsuka, 2013
and SMACD(Gujral and Papalexakis, |2018).

~ TEMYV -+ CGL + SMACD v AGML Figure 5.5: Mean execution time of 10 runs.
Z00BP » TSS < SGMI L. (ours) L_1(ours) stands for the power mean Laplacian

. , 1 | - regularizer together with our proposed matrix-
: _z---"__.---7  free method. We generate multilayer graphs with
0! El e e . two layers, with two classes of same size with pa-
21",<2”" - rameters pi, = 0.05 and pj, = 0.025 and graph

ce sizes [0.5,1,2,4,8] x 10%. Our matrix free approach
(solid blue curve) outperforms AGML(Nie et al.,
2016), SGMI(Karasuyama and Mamitsuka, 2013)
Size OF Graph ¢ and SMACD(Gujral and Papalexakis, |2018).
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5.6 EXPERIMENTS

In this section we present further experiments to evaluate the proposed approach.
In Subsection we present experiments on multilayer graphs from real-world
settings, where we observe that our approach is competitive to the state of the
art, and in Subsection we present a numerical analysis of the effect of the
regularization parameter, based on both synthetic multilayer graphs following the
Multilayer Stochastic Block Model and on real datasets. We find that tuning the
regularization parameter is consistent across synthetic and real datasets.

5.6.1 Experiments on Real Datasets

In this section we compare the performance of the proposed approach with state
of the art methods on real-world datasets. We consider the following datasets:
3-sources (Liu et al., 2013), which consists of news articles that were covered by news
sources BBC, Reuters and Guardian; BBC (Greene and Cunningham), 2005)) and BBC
Sports (Greene and Cunningham), 2009) news articles, a dataset of Wikipedia articles
with ten different classes (Rasiwasia et al., |[2010), the hand written UCI digits dataset
with six different set of features, and citations datasets CiteSeer(Lu and Getoor,
2003)), Cora(McCallum et al., 2000) and WebKB(Texas)(Craven et al., 2011). For each
dataset we build the corresponding layer adjacency matrices by taking the symmetric
k-nearest neighbour graph using the Pearson linear correlation as similarity measure
(i.e. we take the k neighbors with the highest correlation), and use the unweighted
version of it. Datasets CiteSeer, Cora and WebKB have only two layers, where the
tirst one is a fixed precomputed citation layer, and the second one the corresponding
k-nearest neighbour graph built from document features.

Baseline methods: TSS (Isuda ef al., |2005), which identifies an optimal lin-
ear combination of graph Laplacians, SGMI (Karasuyama and Mamitsuka, 2013),
which performs label propagation by sparse integration, TLMV (Zhou and Burges,
2007), which is a weighted arithmetic mean of adjacency matrices, CGL (Argyriou
et al., 12006), which is a convex combination of the pseudo inverse Laplacian kernel,
AGML (Nie et al., 2016), which is a parameter-free method for optimal graph layer
weights, ZooBP (Eswaran et al., |2017), which is a fast approximation of Belief Propa-
gation, and SMACD (Gujral and Papalexakis| 2018), which is a tensor factorization
method designed for semi-supervised learning. Finally we set the parameters for TSS
to (c = 10,co = 0.4), SMACD (A = 0.01)%, TLMV (A = 1), SGMI (A; = 1,A, = 1073)
and A = 0.1 for L; and A = 10 for L_; and L_jy. We do not perform cross validation
in our experimental setting due to the large execution time in some of the methods
considered here. Hence we fix the parameters for each method in all experiments.

We fix the nearest neighbourhood size to k = 10 and generate 10 samples of
labeled nodes, where the percentage of labeled nodes per class is in the range
{1%, 5%, 10%, 15%,20%,25%}. The average test errors are presented in table

*this is the default value in the code released by the authors: github.com/egujroo1/SMACD
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where the best (resp. second best ) performances are marked with bold fonts and
gray background (resp. with only gray background). We can see that the first and
second best positions are in general taken by the power mean Laplacian regularizers
Ly, L_1,L_qp, being clear for all datasets except with 3-sources. Moreover we can see
that in 77% of all cases L_; performs either best or second best, further verifying that
our proposed approach based on the power mean Laplacian for semi-supervised
learning in multilayer graphs is a competitive alternative to state of the art methods|

3Communications with the authors of (Gujral and Papalexakis, 2018) could not clarify the
performance of SMACD.
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3sources BBC
1% 5% 10% 15% 20%  25% 1% 5% 10% 15% 20%  25%
TLMV 29.8 21.5 208 203 155 165 TLMV 29.0 19.3 13.2 11.1 9.3 8.8
CGL 50.2 45.5 36.4 306 238 19.8 CGL 72,5 523 361 274 220 17.1
SMACD 915 911 912 90.9 Q0.7 91.3 SMACD 744 735 728 72,6 725 724
AGML 239 263 339 333 261 220 AGML 60.0 342 186 13.1 11.0 9.5
ZooBP 31.0 21.9 21.3 19.8 15.0 15.3 ZooBP 31.1 201 150 122  10.0 9.1
TSS 20.8 239 331 346 348 350 TSS 40.4 261 209 201 19.8 19.7
SGMI 34.4 266 254 244 19.1 179 SGMI 37.6 28,9 249 228 207 193
L, 33.5 23.9 234 201 156 14.6 L, 313 228 174 135 10.2 8.9
L, 284 200 218 220 172 17.9 L, 31.0 17.0 115 10.5 9.2 8.7
Lo 40.9 291 219 19.3 14.8 14.7 Lo 51.6 269 166 128 10.3 9.5
BBCS Wikipedia
1% 5% 10% 15% 20%  25% 1% 5% 10% 15% 20%  25%
TLMV 256 126 10.5 7.5 6.4 5.4 TLMV 657 56.8 46.4 431 408 39.2
CGL 79.2 51.6 349 234 16,5 127 CGL 873 830 825 822 830 830
SMACD 778 806 824 964 984 983 SMACD 854 856 854 853 86.8 9o.0
AGML 34.6 174 121 7.0 6.0 5.4 AGML 71.3 666 481 421 384 373
ZooBP 33.8 13.9 11.3 8.8 7.6 6.2 ZooBP 676 580 470 438 412 39.8
TSS 23.9 132 141 123 13.1 122 TSS 877 847 833 819 823 814
SGMI 31.9 19.6 166 155 14.8 121 SGMI 69.3 848 845 838 832 828
L, 29.9 15.0 13.5 10.6 8.7 7.2 L, 68.2 61.1 536 483 441 423
L 23.8 116 8.7 6.3 5.8 5.1 L 59.1 52.3 40.2 36.3 35.1 34.1
Lo 487 225 142 9.1 7.8 6.1 Lo 66.9 572 432 387 363 349
UCI Citeseer
1% 5% 10% 15% 20%  25% 1% 5% 10% 15% 20%  25%
TLMV 28.9 204 163 144 13.7 127 TLMV 515 39.4 365 337 316 303
CGL 81.8 640 546 49.1 467  46.7 CGL 893 718 580 498 445 409
SMACD 73.6 810 900 900 862 819 SMACD 907 904 670 655 668 689
AGML 253 17.2 152 132 125 12.0 AGML 473 323 296 282 275 27.0
ZooBP 30.8 217 176 151 14.1  13.0 ZooBP 63.6 419 387 358 338 322
TSS 24.0 176 166 159 158 15.6 TSS 585 49.5 459 421 398 384
SGMI 360 444 509 504 502 438 SGMI 594 468 440 423 405 392
L, 313 238 187 156 144 13.2 L, 56.3 44.1 412 385 36.1  34.7
L 30.5 171 13.8 126 12.3 119 L 52.4 39.0 356 326 309 295
Lo 570 338 237 176 153 13.4 Lo 68.6 54.6 485 430 39.7 37.2
Cora WebKB
1% 5% 10% 15% 20%  25% 1% 5% 10% 15% 20%  25%
TLMV 46.0 341 288 258 22,5 206 TLMV 58.6  49.4 456 47.2 47.6 482
CGL 85,5 70.1 56.5 49.1 44.2  40.0 CGL 804 824 844 869 827 892
SMACD 756 1767 787 787 810 871 SMACD 873 872 872 874 878 878
AGML 547 360 254 207 181 165 AGML 56,5 503 468 447 476 468
ZooBP 54.7 380 329 302 276 262 ZooBP 52.0 45.0 387 385 364 335
TSS 388 277 241 215 200 19.1 TSS 60.9 51.0 505 473 49.2 487
SGMI 573 477 430 418 401 385 SGMI  44.9 39.7 419 349 403 525
Ly 507 382 334 312 282 256 L, 585 490 448 443 445 444
L4 432 31.8 245 211 188 172 L4 49.9 455 40.7 39.5 39.9 40.3
Lo 62.0 463 354 294 252 223 Lo 523 419 38.0 381 36.8 395

Table 5.1: Experiments in real datasets. Notation: best performances are marked

with bold fonts and gray background and second best performances with only gray
background.
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5.6.2  Analysis on the Effect of Regularization Parameter

Experiments under Multilayer Stochastic Block Model. We analyze the effect of
the regularization parameter A under the Multilayer Stochastic Block Model. The
experimental setting is as follows: We fix the parameters of the first layer G(1) and
second layer G(?) to pi(;) = 0.09, p((il)t = 0.01, pi(i) = 0.05, p(()i)t = 0.05. We consider
values of A € {1073,1072,10~%,10°,10!,10?,10%}, different amount of labeled nodes
{1%, ...,50%}. We sample five random multilayer graphs with the corresponding
parameters and 5 random samples of labeled nodes with a fixed percentage, and
present the average classification error. In Fig. we can see that in general the
larger the value of A the smaller the classification error. In particular we can see that
the performance does not present any relevant changes with A < 10~1.
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Figure 5.6: Mean test classification error under MSBM for different values of A.
Details in Sec.[5.6.2}

Experiments with real-world datasets. We analyze the effect of the regularization
parameter A with real-world datasets considered in Section For each dataset we
build the corresponding layer adjacency matrices by taking the symmetric k-nearest
neighbour graph and take as similarity measure the Pearson linear correlation, (i.e.
we take the k neighbours with highest correlation), and use the unweighted version
of it.

We fix the nearest neighbourhood size to k = 10 and generate 10 samples of
labeled nodes, where the percentage of labeled nodes per class is in the range
{1%,2%, ...,25%}. The average test errors are presented in Figs. for the
power mean Laplacian regularizers L_q,L_»,L_5, and L_jyp. We can see that in
general the best performance, i.e. the smallest mean test classification error, cor-
responds to values of A = 10, 102,103, veritying the choice of A = 10 presented in
Section Moreover, we can see that the mean test error in general decreases
with larger amounts of labeled data, which verifies our previous experiments on
multilayer graphs following the Multilayer Stochastic Block Model.
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Figure 5.7: Mean test classification error on 3sources for different values of A.
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Figure 5.8: Mean test classification error on BBC for different values of A.
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Figure 5.10: Mean test classification error on Wikipedia for different values of A.
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Figure 5.12: Mean test classification error on Citeseer for different values of A.
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Figure 5.13: Mean test classification error on Cora for different values of A.
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Figure 5.14: Mean test classification error on WebKB for different values of A.
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5.7 CONCLUSION

In this chapter we have studied the task of semi-supervised learning on multilayer
graphs. We have introduced the Power Mean Laplacian as a multilayer graph
regularizer and analyzed it under a suitable stochastic block model in expectation.
We have shown that our proposed approach obtains a good classification performance
under suitable conditions, and provided verifications through extensive numerical
experiments. Furthermore, our proposed approach does not perform worse than
the state of the art on real datasets. Moreover, we presented a matrix-free numerical
scheme, showing that our proposed approach is scalable to sparse multilayer graphs,
outperforming the time execution of several state of the art approaches.



CONCLUSIONS AND FUTURE WORK

In this thesis we have studied the task of extending spectral clustering and semi-
supervised learning to signed and multilayer networks. We have seen that each
setting studied here brings different challenges and opportunities.

We have observed that most of state of the art approaches are basically some sort of
arithmetic mean of graph matrices. Based on this observation we proposed novel
extensions based on a one-parameter family of means called power means. Particular
cases of the power means are the harmonic, geometric and arithmetic means.

We analyze our contributions theoretically and provide extensive numerical evalua-
tions. Our analysis is based on suitable extensions of the Stochastic Block Model.
Some of our results under the Stochastic Block Model are as follows: First, we show
robustness under noise for negative values of the power parameter of the matrix
power means. We prove this under the Stochastic Block Model and identify the
regimes where this holds. Second, we identify, for multilayer graphs, that the Power
Mean Laplacian is able to effectively merge the information encoded by different
layers, even in cases where global information is available only by taking all layers.
Third, we provide numerical evidence that the Power Mean Laplacian, for multilayer
graphs, is able to recover the right clusters in cases where the information between
layers is not consistent. Fourth, we provide concentration bounds for the eigenvalues
and eigenvectors of the (Signed) Power Mean Laplacian.

In our analysis we have included extensive numerical evaluation on real world
datasets and show that our approach is competitive to the state of the art. For the
case of spectral clustering in signed networks we have shown that our approach con-
sistently identifies explicit clustering structure in a dataset where it was previously
conjectured that there was no clustering structure.

Further, we have shown that all our approaches are scalable to large sparse graphs.
We have proposed numerical schemes that are matrix-free, in the sense that they
never explicitly compute the (Signed) Power Mean Laplacian, both for the case of
clustering and semi-supervised learning. Our matrix-free numerical schemes are
based on Krylov subspace methods and quadrature methods.

Due to the ill-posed nature of clustering, several opportunities remain naturally

open for the multilayer network setting. In what follows we briefly share challenges
that we consider relevant and interesting.

82
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Future Work. The task of clustering and semi-supervised learning in multilayer
networks provide a rich scenario for future projects and open questions. We briefly
sketch some of them.

Spectral clustering provides a framework that nicely connects the discrete optimiza-
tion problem of graph cuts, with a continuous relaxation related to the quadratic
form associated to the graph Laplacian. Hence, it remains unclear what is the
corresponding graph cut for the different Power Mean Laplacians. For instance, is
it possible to say that the harmonic mean of Laplacians is related to the harmonic
mean of graph cuts?

Clustering with contraints has received a relevent amount of attention, particularly
in the context of fairness (Kleindessner et al., 2019). A clustering is fair (Chierichetti
et al.,2017) if every demographic group is proportionally represented in every cluster.
It is unclear how to extend the notion of fair clustering to multilayer graphs, where
demographic groups have different kinds of interactions and dynamics per layer.

Modularity provides interesting connections between approaches like the Louvain
method (Blondel et al., 2008), and spectral methods. Hence, it is unclear if, for the
case of multilayer graphs, there can be any connection between modularity and the
Power Mean Laplacian as in the single layer case.

Currently there is an important amount of attention towards deep learning on
graphs (Chen et al., 2019), particularly on graph convolutional networks (Kipf and
Welling, |2017). An interesting task is to extend the current approaches to the mul-
tilayer setting and explore if the matrix power means are advantageous in this setting.

Moreover, graph convolutional networks have been considered for the task of time
series forecasting (Wu et al., |2020). It remains as an open question if, for the case
where a graph is available per time snapshot, the matrix power means provide any
aid for this task. Further, this motivates the analysis of novel families of means
that support the analysis on subsets of time windows where graph time series are
available.

It remains an open question how matrix power means can be used for ranking
and node centrality in multilayer graphs (Tudisco et al., 2018). While there is already
relevant work based on tensors, it remains unclear how this can be done with matrix
power means.

Another attractive line of research focuses on optimal transport (Villani, |2008).
It is unclear if Wasserstein Barycenters (Cuturi and Doucet, 2014) of multilayer
graphs(Titouan et al.}, |2019) are effective as tools for clustering, and if there is any
connection to matrix power means. Moreover, in (Takatsu, 2011) it is shown that the
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optimal transport map between multilvariate gaussians is expressed in terms of a
matrix geometric mean. Hence, it remains open if different matrix means can be
related in a similar way.

A related approach for standard graphs has been proposed in (Abbe et al., 2020) and
is based on a thresholded powered adjacency matrix, showing robustness under
suitable generative block models. Whereas in our work we have shown that negative
powers present an interesting behavior on multilayer graphs, they show that indeed
positive powers of the adjacency matrix provide provable robustness. It remains
as an open question how these two approaches can be related, and if the approach
from (Abbe et al., 2020) can be extended to multilayer graphs.



PROOF OF THEOREMS AND

A.1 PROOF OF THEOREM 3.5

For the proof of Theorem we first present Theorem which is a general
version that allows to choose different diagonal shifts of the Laplacians together with
different edge probabilities.

Theorem A.1. Let Gt and G~ be random graphs with independent edges ]P(W;; =1) =
p;]f and P(W;; = 1) = p;;. Let 0%, 6~ be the minimum expected degrees of G and G,
respectively. Let C;j = p/PBI=1P, and C, = |p|M/IPla—@+1/1PD) - Choose € > 0. Then

there exist constants k™ = k™ (e/2) and k= = k™ (e/2) such that if 57 > k™ Inn, and
0~ > k™ Inn then with probability at least 1 — €,

3In(8n/e 3In(8n/€ p
HLP—L‘F,HSC;mP(Z\/ (B1/¢) 5, /2Mnler )

for p > 1, with p integer and

_ 3In(8n/e) 3In(8n/e) 1/lpl
Ity = 2] < Gy (2 25,2, IO/

for p < —1, with p integer, and where we have L, = MP(L;g,m +al, Qs_ym + al), and

Before starting the proof of Theorem we present an upper bound on the
matrix power mean.

Theorem A.2. Let Ay,..., A1, By,...,Br be symmetric matrices where « < A(A;) < B,
a<A(B;)<Bfori=1,...Tand a, > 0.
Let Cf = pY/PB1="VP and C,; = |p|V/Pla=CHVIP). Then, for p > 1, with p integer
|Mp(As,..., Ar) — Mp(By, ..., Br)||

1/
< Cymy(||Ay—Bil|,...,||Ar —Br| )"
and, for p < —1, with p integer

|Mp(As, ..., Ar) — Mp(By,..., Br)||
_ /
< Cymyy(||A1 = Bill,..., | Ar = Br| )’ i
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Proof. The proof is contained in Section O

Observe that the upper bound in Theorem is general in the sense that it is
suitable for symmetric definite matrices with bounded spectrum, and for an arbitrary
number of matrices.

We are now ready to prove Theorem

Proof of Theorem Let

_ 7+ +
Aq Lsym/ Esym
Ay = stml Bz - s_ym

with the corresponding signed power mean Laplacian
LP = MP(L;gfm/ Qs}m)r EP = MP(Esym/ Qs;/m)

We start with the case p > 1, with p integer. Let C;r = p'/Pp1=1/P. By Theorem [A.2
we have

”LP_LPH < C;Jﬂrmp(‘ sym s}rmH)UP
Let v = (71, 72) where
vy =2 31n(8n/e) vy =2 31n(58_n/e)
Define a = cmy(y) and ¢ = C;{. Then,
P(1Ly £ > a) <P emy([Lim - stmH>>a)
_ a
=P mP(‘ sym symH) > E

N T a\?
=P ’ Lsym symH + Hstm - stmH >2 c
+ P p
=P ’ sym EsymH + Hstm s_ymH > Z’)’j
i=1

<P {\

sym symH > 71}

{]|2m = Com|"> 'Yé’})

sym sym” > ’)’1)

+1P<HQ;ym—Q;yme >'y§> (A1)

glP((
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(Il
=

sym symH > ’)’1)
+1P<HQ;ym— Q| > ’Yz)

sym—ﬁiymH /3111 8n/€))

“’(HQs‘ym—Q;ymH>z %)
3In(4n/é)

i~ i > 22

“’(Hstm—stmH>z %)

:lp( ‘
|52/ 279
sym sym

:u»(\
-|—1P<‘L_ 31n(4n/é)>

sym sym H 5—
<é+eé (A.2)

where é = €/2. Inequality (A.1) follows from Boole’s inequality. Inequality
comes from applying Theorem from (Chung and Radcliffe, 2011) to Gt and G-,
with corresponding minimum expected degree 6, and 6, respectively, and &, and

|Qm = Q|| = T+ T) = (17|

=[|(I-T)=(I=T)|
= [ = £
where
T= (D) 2w (D)2
T = (D) 2w (D)2
Thus,
]P(HLP—EPH >a) <e
and hence

]P(HLP—/LPH §a> <l-—e¢

completing the proof for the case p > 1.

For the proof of the case p < —1 with p integer, let ¢ = |p|!/IPla=G+1/IP) and
proceed as for the previous case with |p|. O
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We now finally give the proof for Theorem

Proof of Theorem We will adapt to our particular case the general version pre-
sented in Theorem We do this by showing that our Stochastic Block Model
approach together with the shift of our model are particular cases of Theorem
First, note that the spectrum of the normalized Laplacians Lsym and Qg is
upper bounded by two, i.e. A(Lgym), A(Qsym) € [0,2]. Hence, by adding a diagonal

shift we get A(Lgym + al), AM(Qsym + &) € [a,2+a]. Letting a = eand p =2 +a we

get the shift corresponding to the particular case from Theorem .
Further, observe that our SBM model is obtained by setting p;: i = = p;-and p;; i = Pin

if v;, v; belong to the same cluster and p;; P = = pg. and Pij = Pout if v;, v; belong to
different clusters.

Moreover, under the Stochastic Block Model here considered, the induced ex-
pected graphs are regular, and thus all nodes have the same degree. Hence, the
minimum expected degrees of G™ and G~ are

6% = Z(ph+ (k= D)pgur)
67 = 2P+ (k=1)p5)

Thus, taking these settings into Theorem we get the desired result, except
that the condition on the minimum expected degrees is that there exists constants
kt =k*(e/2),and k~ = k™ (€/2) such that the desired concentration holds.

To overcome this, observe in the proof of Theorem (p-9) that the condition
0 > klIn(n) comes from the requirement

31In(4n/e)

1
5 <

Thus, by setting é > 31In(4n/¢) the condition is fulfilled. In our case, this yields
to 67 > 31In(4n/é) = 31In(8n/€) and 6~ > 3In(4n/é) = 31In(8n/€) , leading to the
desired result.

U

A.2 PROOF OF THEOREM |A.2

Before going into the proof, a set of preliminary results are necessary. In what
follows, for Hermitian matrices A and B we mean by A < B that B — A is positive
semidefinite (see (Bhatia, 1997), Ch. 5, and (Tropp, 2015), Ch. 2.1.8 for more details).
We now proceed with the definition of a operator monotone function:

Definition 1 ((Tropp, 2015) Ch. 8.4.2, (Bhatia, 1997) Ch. 5.). Let f:I — R be a function
on an interval I of the real line. The function f is operator monotone on I when A < B
implies f(A) < f(B) for all Hermitian matrices A and B whose eigenvalues are contained
in 1.
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The following result states that the negative inverse is operator monotone.

Proposition A.1 ((Bhatia, 1997), Prop. V.1.6, (Iropp, 2015), Prop. 8.4.3). The function

f(t) = —1 is operator monotone on (0, ).

The following result states that the effect of operator monotone functions can be
upper bounded in a helpful way.

Theorem A.3 ((Bhatia, 1997), Theorem. X.3.8). Let f be an operator monotone function
on (0,00) and let A, B be two positive definite matrices that are bounded below by a; i.e.
A > al and B > al for the positive number a. Then for every unitarily invariant norm

11£(A) = fFB)III < f'(a)][|A - BJ||
Applying this to the case of the negative inverse leads to the following Corollary.
Corollary A.1. Let A, B be two positive definite matrices that are bounded below by a; i.e.
A > al and B > al for the positive number a. Then for every unitarily invariant norm

1 e 1
1A= =B7H|| < |llA - Bl

Proof. Let f(t) = —1. Then, by Propositionwe know that f is operator monotone.
Since f'(t) = 1/t?, it follows from Theorem |A.3
1A=t =BTl =lIf(A) - f(B)II] <
1
fi(@)lllA =Bl = —ll|A - Bl

O
The next results states a useful result on positive powers between zero and one.

Corollary A.z2 ((Bhatia, 1997), Eq. X.2). Let A, B be two positive semidefinite matrices.
Then, for 0 <r <1
|A" =B < |A-B|

Its equivalent to positive integer powers is stated in the following result.

Proposition A.z2 (See (Bhatia, 1997), Eq. IX.4). For any two matrices X,Y, and for
m=1,2,...,
IX™ = Y"|| < mM"HIX = Y|

where M = max (|| X]|, [|Y]|)-

Next we show that the spectrum of the matrix power mean is well bounded for
positive powers larger than one.

Proposition A.3. Let Ay, ..., At be symmetric positive definite matrices that are bounded
below and above by a and B; i.e. al < A; < BI for positive numbers o and B. Then, for
p > 1, with p integer

o < A(Mp(Ay,...,Ar)) < B
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Proof. Let Sp(Ay,...,Ar) = + Y.L, Al. Then

1T
(x,5p(A1,..., Ar)x) = (x, (T Z:Af> x)

Thus, we obtain the following upper bound

1T
max (x, Sp(A1,...,Ar)x) = max — Y _(x, Alx)
Ixl=1 =1 T (5
T
< =Y max(x, Alx)
i—1 lIxl=1

< pF

Hence, Amax(Sp(Al, ...,Ar)) < PP, and thus we obtain the corresponding upper
bound Ayax(Mp(Ay,..., Ar)) < B.

In a similar way we obtain the following lower bound,

1T
min (x,S,(Aq, ..., Ar)x) = min = Y (x, AV x)
Jsf=1""""" B PR

1 T
> =Y min (x, A'x)

Ti_zl |x[|=1 :
> af

Hence, Ayin(Sp(A1,...,Ar)) > aF, and thus we obtain the corresponding lower
bound /\min(Mp(All ceey AT)) > .

Therefore, « < A(My(Ay,...,Ar)) < B. O

We now present results for p > 1 of Theorem |A.2

Results for the case p > 1

The following two propositions are the main ingredients for the upper bound
presented in Theorem [A.2] for the case p > 1.

Proposition A.4. Let Ay,...,Ar, By,..., Bt be symmetric positive semidefinite matrices.
Then, for p > 1 with p integer

|My(As,..., Ar) — Mp(By,..., Br)||
1
< [[Mp(Ay,..., Ar) — Mp(By,...,Br)|?
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Proof. Let Sp(Ay,..., Ar) = %ZiT:l Af and r = 1/p. Then,

|Mp (A1, ..., Ar) — My(By, ..., Br)||
1 1
- HSp/p(Al,...,AT) —Sp/p(Bl,...,BT)H

<

where the inequality comes from Corollary giving the desired result. O

Proposition A.5. Let Ay, ..., AT, B1,...,Br be symmetric positive semidefinite matrices
such that A(A;) <pand A(B;)) <P fori=1,...T. Then, for p > 1,

|M5(Ay, ..., A1) — Mpy(Bi, ..., Br)||
< pB’ 'my(||A1—Bi|,...,||Ar — Br||)

Proof. Let p; = max(||A;|, ||Bi|). Then,
IMb(Ay, ..., Ar) = Mp(By, ..., Br)]

() (2]

L& p o
= T;AI_BZ

1 ¢ p p
<z Al - B

i=1

1< 1
< =Y p(Bi)" | Ai = Bil|
=

1&g
<=2 pB A - Bl

—Pﬁ”1< ZHA Bi||>

= pp’'my(||A1—B1||,...,||Ar — Br|)
< pBP 'my(||A1—Bil,...,||Ar — Br||)
where: the first inequality follows from the triangular inequality, the second inequal-

ity follows from Proposition the third inequality follows as B; < B, and the last
inequality comes from the monotonicity of the scalar power means. O
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The next Lemma contains the proof corresponding to the case of positive powers

of Theorem
Lemma A.1 (Theorem [A.2|for the case p > 1). Let Ay,..., Ar, By, ..., Br be symmetric

positive semidefinite matrices where A(A;) < B and A(B;) < B fori = 1,...T. Let
Cy = p'/PB1=YP. Let p > 1, with p integer Then,

|Mp (A1, ..., Ar) — Mp(By, ..., Br)||
< Cmp(l| A1 =Bl | A~ Bl )"
Proof. We can see that
| My (A1, ..., Ar) — Mp(By, ..., Br)||
< IMp(Ay, ..., Ar) —MZ(Bl,...,BT)H%

1
p
< (p/:%’”1m,,(||A1—B1||,...,||AT—BT||)>
= C}my(||A, — B At — Br|)"?
= Cymp(|A1—Bill,...,[|Ar — Br| )

where the first inequality comes from Proposition and the second inequality
comes from Proposition O

Results for the case p < —1

The following two propositions are the main ingredients for the upper bound
presented in Theorem [A.2] for the case p < —1.

Proposition A.6. Let Ay,..., A, By,..., Bt be symmetric positive definite matrices where
a < A(A;)and o« < A(B;) fori=1,...T,and « > 0. Then, for p < —1, with p integer

IMy(Ay, ..., A1) — Mp(By,..., Br)||
L\l 41 1 Il (-1 BN
ngMw(Al o AT = MP(BTL, By )H
Proof. Let Sy(A1,...,Ar) = %Z;‘rzl Af . Then,
|Mp (A1, ..., Ar) — Mp(By,..., Br)|
_ s}/”(Al,...,AT)—s},/”(Bl,...,BT)H

1 - ! -
_ Sp/‘pl(AL---/AT) 1—Sp/“”|(B1,...,BT) 1”

_ | c¥Ipl; 4—1 —1\—1 _ U/lpl p—-1 -1 —1H
=[S " (AT AT T =S (BT B
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- HMIPI(Al_lr---rAfl) — My, (By "“’B;l)_lH

1 -1 1 -1 —1
< EHMW(A oo AFY = My (BT, By )H

Ll a1 1 bl g1 1|/ 1P
;HMM(Al o AT = MY (BB |

IN

where the first inequality follows from Corollary [A.1]and Proposition whereas
the second inequality follows from Proposition O

Proposition A.7. Let Ay, ..., Ar,By,..., Bt be symmetric positive definite matrices such
that « <A(A;) and a <A(B;) fori =1,...T. Then, for p < —1, with p integer

HM"" (AT, ATY) = MP (B! ..,B;l)H

g|Ma*“ﬂﬂmmmnAl—Bnm“qHAT—Bﬂn

Proof. Leta; = min(||A;||, ||B;||), then it clearly follows that lel = max(HA;1
Thus,

EN

a5 A7) 00|

L s 4myp 1 (= g1yl
= f;(i) —f;(i)
1
T

A
S-S
1~

N

L

=

|

)

R

=

IN

+1
my(||A1 =B, ..., [|[Ar — Br||)

1
miy (| A1~ Bil,..., || Ar — Br||)
= lpla*P0my, (|| A1 = Bill,..., | Ar — Brl])
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where: the first inequality follows from the triangular inequality, the second inequal-
ity follows from Proposition the third inequality follows as a# < w;, and the
fourth inequality follows as Corollary and the last inequality comes from the
monotonicity of the scalar power means. O

The next Lemma contains the proof corresponding to the case of negative powers

of Theorem

Lemma A.2 (Theorem for the case p < —1). Let Ay,...,A1,B1,...,Br be sym-
metric positive definite matrices where x < A(A;) and « < A(B;) fori = 1,...T. Let
C, = |p|V/IPla=GHVIPD Let p < —1 with p integer. Then,
|Mp(As, ..., Ar) — Mp(By, ..., Br)|
< Cymy([[A1 =Bl [|Ar — Br|| )1/|p\

Proof.

|Mp(As, ..., Ar) — Mp(By,..., Br)|

! Pl a1 -1 lpl p—1 NI
<EHM\pI(Al roes Ar )_Mlp\(Bl oo Br )H

1/1pl
1 _
< p(‘P’“ <”'P>m|p|(||A1—Blu,...,uAT—BTn))

_ 1/
= Cymyy(||A1 = Bill,.., | Ar — B )/

where the first inequality comes from Proposition and the second inequality
comes from Proposition O

We are now ready to prove the result of Theorem |A.2

Proof of Theorem [A.2} For the case p > 1 see Lemma For the case p < —1 see

Lemma
O]

A.3 PROOF OF THEOREM 3.6

Before giving the proof of Theorem [3.6| we need to present two auxiliary results.

The following is an auxiliary technical result that extends an implicit result stated
in (Rohe et al., |2011)(p.1908-1909) for the Frobenius norm to the case of the operator
norm.

Lemma A.3. Let X, X € R"*k be matrices with orthonormal columns. Let U,V be
orthonormal matrices and . a diagonal matrix such that

XTx =uxzv?
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where the diagonal entries of . are the cosines of the principal angles between the column
space of X and the column space of X. Let O = UV, Then,

Z5 %~ x0| < | sin0(¥, X))
Proof. For the proof we use the identity X' X0 = (VZUT)UVT = VZVT, and the
fact that || A|| = /Amax(ATA). That is,
(X-X0)T(X — x0)

= (xT-oTaT)(x — x0)

= XX -xTxo-otxT’x+o0'xTx0

=I1-XTxo-0"xTx+0%0

=I1-X"TX0-0TxXTX +1

=2I—-X"x0o-0TxTx

=2]-vzvT —vzvT

=2(I-vzvh)
Thus,
X — XO|? = Amax<(X —xX0)T(X — )(O))

= 2Amax(I — VEVT)

= Zmiax(l — cos ©;)

< Zm?x(l — cos? @;)

= 2rnlg;1x(sin2 Q)

= 2[|sin@||?
Hence, \%HX_ XO| < ||sin®(X, X)]| O

The next result is a useful representation of the Davis-Kahan theorem. It is a tech-
nical adaption from the Frobenius norm to the operator norm based on Lemma

and Theorem

Theorem A.4. Let &, % € RP*P be symmetric, with eigenvalues yy > ... > pp and fiy >
... > fip respectively. Fix 1 <r < s < p and assume that min(p,_1 — piy, s — pls+1) > 0,
where po = oo and pyy 1 = —co. Letd :=s—r+1,and let V = (v;,0,41,...,05) €
RP*? and V = (6,,0,41, . . .,05) € RP*4 have orthonormal columns satisfying Yovj = pjo;
and ﬁﬁj = fj0; for j=r,r+1,...,s. Then there exists an orthogonal matrix O € R4
such that

24122 — 3

min(py—1 — py, hs — Ps+1)

1 N
—|lVv-V0| <
\@H I <
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Proof. By theorem [A.7] we have

2min(dV?||E - Z||, |1 - Z|§)
min(ptr_1 — Uy, Us — Vs—&-l)

| sin®(V, V)||g <
From lemma we can see that

1 N N
—||V=VO| < ||sin®(V,V
7 I | < |[sin@(V, V)]
Moreover, as sin®(V, V) is a diagonal matrix, it holds that

| sin®(V, V)|*> = max(sin ;)
1
P
< Z:sin2 Q;
i
= [[sin®(V, V) |}

Thus,
1 A A A
— ||V =VO| < ||sin®(V, V)| < |sin®(V,V
\/EH < v,V < (V. V)llr

Further, it is straightforward to see that
min(d/?|£ - ||, [£ - Zl|p) <dV2E -3

Thus, all in all, we have

1 . .
—_|lV=VOl| < ||sin®(V,V
ﬁll | < (V,V)|

< ||sin®(V, V)|
24172||% - 2|

< —
min (g, 1 — pr, s — Pst1)

which completes the proof. O
We are now ready to give the proof of Theorem

Proof of Theorem 3.6 The proof is an application of the Davis-Kahan theorem as
presented in Theorem Observe that in Theorem the eigenvalues are sorted
in a decreasing way i.e. y; > --- > u,, whereas in our case they are sorted in an
increasing manner i.e. Ay < --- < Ay

Notationally, let the variables p,s,r from Theorem be defined as p = s =
nr=p—k+1.

We first focus in the case for p < —1. For this case we are interested in the
k-smallest eigenvalues, i.e. Ay, ..., A, which correspond to iy, ..., ur, where p, = Aq
and y, = Ag.
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By definition, in Theorem we have that j,, 1 = —oo. Thus, yup — pp41 = 0.
Further, we can see jt,_1 — py = Ajp1 — A = (14+¢) —mp(l —p" +¢14+p" +e¢)
and hence by Eq{C.7]

min(py—1 = pir s = psg1) = (1) =mp(1—p" +e 140" +e)
which by Theorem leads to the following inequality

93/2§1/2 V/8k
i

8k
||Vk_VkOk|| < ||Lp_£p|| :T”Lp_ﬁp”

By applying Theorem [3.5, we know that if
_n
ok
6~ = Z(pi+ (k= 1)peu) > 3In(8n/e)

then with probability at least 1 — ¢
V8k _ 1ip/( [3In(8n/€) [3In(8n/e)
Vi = Va0l < 5 mi (25D, 2l

yielding the desired result. The case for p > 1 is similar, where instead of k the value
k' =k —11is used.

5t (pt + (k—1)pt,) > 3In(8n/€), and

]

A4 MAIN BUILDING BLOCK FOR OUR RESULTS

In this section present two results from (Chung and Radclitfe, 2011) that are the
main building blocks for our results.

Theorem A.5 ((Chung and Radcliffe, 2011)). Let G be a random graph, where pr(v; ~
v;) = pij, and each edges is independent of each other edge. Let A be the adjacency matrix
of G, so Ajj = 1if v; ~ vj and 0 otherwise, and A = E(A), so Ajj = p;j. Let D be the
diagonal matrix with D;; = deg(v;), and D = E(D). Let & be the minimum expected degree
of G,and L = I — D™Y2AD~1/2 the (normalized) Laplacian matrix for G. Choose € > 0.
Then there exists a constant k = k(e) such that if 6 > klnn, then the probability at least
1 — €, the eigenvalues of L and L satisfy

3In(4n/e)

A (L) —A4(L)] <2 5

forall1 <j<mn,whereL=1-D"1Y2AD~1/2,

Although this theorem is presented as the main result, one can see in the proof
of theorem in (Chung and Radcliffe] 2011), that in deed what they proved was a
concentration bound for ||L — L||.
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Theorem A.6 ((Chung and Radcliffe|, [2011)). Assume that conditions of Theorem
hold. Choose € > 0. Then there exists a constant k = k(e) such that if 6 > klnn, then

1P<||L—E||§2 w)n—e (A.3)

Theorem A.7 (Yu et al., 2015)). Let ¥,% € RP*P be symmetric, with eigenvalues
P12 .. 2> Hyp and fli > ... > o respectively. Fix 1 < r < s < p and assume that
min (g1 — pr, Ys — Ps41) > 0, where pg 1= oo and ppyq := —oo. Letd :=s—r+1,
and let V = (vy, Upg1,...,0s5) € RP* gnd V = (Or,0p41,...,05) € R?*4 have orthonor-
mal columns satisfying Yv; = p;v; and 20; = f;0; forj =r,r+1,...,s. Then

2min(dV?||E - Z||, |1 - Z|§)
min(ﬂr—l - ]/lr/ ]/lS - ;Z’l5+1)

Isin®(V, V)|lr <

Moreover, there exists an orthogonal matrix O € RY*9 such that

272 min(d'2[|£ — 2|, [[£ — Zl¢)

VO - V| < .
mln(,ur—l — Ur/ Us — ,us—l—l)
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In this setting, we fix the number k of cluster to k = 3.
For convenience, we slightly overload the notation for the remaining of this section:
we denote by n the size of each cluster Cy,...,C, ie. |Cj| = |C| =nfori=1,...,k
Thus, the size of the graph is expressed in terms of the number and size of clusters,
ie. |V| = nk.

Furthermore, we suppose that for t = 1,2,3, the expected adjacency matrix
W) e R331 of G are given, foralli,j =1,...,3n, as

W(t) _ Pin if (%7, U]’ S Ct or vy, U]' € C_t
g pout otherwise,

where 0 < pout < pin < 1. Fort=1,2,3and € > 0, let D) = diag(W(t)l),
ﬁg;)m —7_ (ID(t))fl/ZW(t)(fD(t))fl/Z tel,
and for a nonzero integer p let
Lp = Mp(LGh, LG, L),

where we assume that € > 0 if p < 0. Consider further x1, x2, x3 € R*" the vectors
defined as

x1=1 x2=1¢ —1¢, x3=1¢ —1¢;.
) @) ,0)

In opposition to the previous model, it turns out that Lsym, Lsym, Lsym do not com-
mute and thus do not share the same eigenvectors. Hence, we can not derive an
explicit expression for L. In particular this implies that we need to use different
mathematical tools in order to study the eigenpairs of L.

The first main result of this section, presented in Theorem shows that, in
general, the ground truth clusters can not be reconstructed from the 3 smallest
(t)

eigenvectors of Lgym for any ¢t = 1,2,3.

Theorem B.1. If 1 > pi > pl., > 0, then for any t = 1,2,3, there exist scalars a« > 0

and B > 0 such that the eigenvectors of Eg;)m corresponding to the two smallest eigenvalues
are
1 =ale, + 107 and 3 = —Blc, + 16’7

whereas any vector orthogonal to both 3 and 3¢, is an eigenvector for the third smallest
eigenvalue.

99
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In fact, we prove even more by giving a full description of the eigenvectors of

ng)m as well as the ordering of their corresponding eigenvalues. These results can be
found in Lemma below.

Our second main result is the following Theorem It shows that the ground truth
clusters can always be recovered from the three smallest eigenvectors of L.

Theorem B.2. Let p be any nonzero integer and assume that € > 0 if p < 0. Furthermore,
suppose that 0 < pout < pin < 1. Then, there exists A; such that Lpx; = Ajx; fori =1,2,3
and A1, Ay, Az are the three smallest eigenvalues of L.

We actually prove more than just Theorem In fact, a full description of the
eigenvectors of £, and of the ordering of their corresponding eigenvalues is given

in Lemma below.

For the proof of Theorem and the corresponding additional results, we proceed
as follows. First we assume that n = |C;| = 1 and prove our claims. Then, we
generalize these results to the case n > 1. For the sake of clarity, as we will need to
refer to the case n = 1 for the proofs of the case n > 1, we put a tilde on the matrices
in R,

B.1 THE CASEn =1

Suppose that n = 1, then Leym = £g,zn is given by

where t=14¢, W=WO, D= diag(WV1), M = DV Wp-1/2

. Pin  Pout Pout ~ a 0 0 3 a b b
W = | Pout Pin Pin |, D=0 B8 0}, M=|b c c|, (B.1)
Pout  Pin  Pin 0 0 B b c c
and «, 3,a,b,c > 0 are given by
X = Pin + 2P0ut/ ,B - 2Pin + Pout,
o’ VP B
Moreover, note that for any (A,v) € R x R® we have
Mv = Av = Loymv = (T = A)v. (B.2)

This implies that we can study the spectrum of M in order to obtain the spectrum
of Lsym. We have the following lemma:
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Lemma B.1. Suppose that pour > 0 and let A > 0 be defined as A = \/(a — 2c)? + 8b2.
Then the eigenvalues of M are

;\1 — O, Az ;\3 — ]-/

and it holds Ay < Ay < As. Furthermore, the corresponding eigenvectors are given by

_2c—A T
w=(0-1,17, w= (%JJ) , w=(Va,/B VB
and it holds % < 0.

Proof. The equality Mu; = 0 follows from a direct computation. Furthermore, note
that us = D1/21 and so

Muy = D-V2WD- 12D = D-V21 = ug

implying Muz = u3. Now, let s; = %. Then sy and s_ are the solutions

of the quadratic equation bs? + (2c — a)s —2b = 0 which can be rearranged as
as + 2b = (bs + 2c)s. The latter equation is equivalent to

_ S S
as+2b = As X1 =1
bS+2C:)L 1 1

Hence, us = (s4,1,1) are both eigenvectors of M corresponding to the eigenvalues

As = bsy 420 — a—2cxA Loe— a—i—2c:|:A.
2 2
Note in particular that we have u; = u_ and A, = A_. This concludes the proof
that (A;, u;) are eigenpairs of M for i = 1,2,3. We now show that A; < A, < A3 and
(a—2c—A)/2b < 0.
As A >0, wehave A_ < A . We prove A_ > 0. As p;;, > pout by assumption, the
definition of a,b,c > 0 implies that

2
2 Pout

(Zpin + pout) (Pin + zpout)
Pin
= (2pin + Pout) (Pin + 2Pout) e
And from ac > b? it follows that a® + 4ac + 4c? > a? — 4ac + 4c% 4 8b* which implies
that (a 4+ 2c)? > (a — 2c)? + 8b*> = A%. Hence, a +2c — A > 0 and thus A > 0. Thus
we have 0 < A_ < A.. Now, as M has strictly positive entries, the Perron-Frobenius
theorem (see for instance Theorem 1.1 in (Tudisco et al., |2015)) implies that M has
a unique nonnegative eigenvector u. Furthermore, u has positive entries and its
corresponding eigenvalue is the spectral radius of M. As uz = D'/?1 has positive
entries and is an eigenvector of M, we have u = u3. It follows that p(M) = A, = A3.
Furthermore, u; must have a strictly negative entry and thus it holds s_ < 0. O
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Combining the results of Lemma and Equation (B.2) we ~clirectly obtain the
following corollary which fully describes the eigenvectors of Lsym as well as the
ordering of the corresponding eigenvalues:

Corollary B.1. There exists A € (0,1) and s_ < 0 < s < 1 such that
(t—1(s+,L1)"), (v=A(-,L,1D)"),  (r,0,-1,1)")
are the eigenpairs of Leym.

Proof. The only thing which is not directly implied by Lemma and Equation
is that sy < 1. But this follows again from Lemma Indeed, by the
Perron-Frobenius theorem the nonnegative eigenvector is unique, i.e. (s4+,1,1) and
(v, \/B, +/B) must span the same line. Hence we have

Zpin + pout.
AS pour < pin, we get 0 < s < 1. O

Now, we study the spectral properties of £, = £, € R¥3. To this end, for
t = 1,2,3 let W) = W(t),ljg,)m = Eg,)m € R3*3. Furthermore, consider the
permutation matrices Py, P,, P; € R3*3 defined as

P = I, 152( ), 153(

Then, we have W) = BWDP, for t = 1,2,3. The following lemma relates /:’,g,)m and

— o O
S = O
S O -
O - O
SO
— O O

Loy
Lemma B.2. For t = 1,2,3, we have P, = P, = B, and Zg;)m = D LoymD:.

Proof. The identity B = P71 = B follows by a direct computation. Now, as i1 =1,
we have PWDH1 = PV, Assuming the exponents on ~’che vector in the fgllowing
expressions are taken component wise, we have diag(W1)~1/2 = diag((W1)~1/2)
and thus
diag(POWVP) 12 = diag((PIVP1)~1/?)

= diag(P,(W1)~1/?)

= Ijtdiag(()f\/l)’l/z)lst

= ptdiag(Wl)’l/zpt

= p,D~1/2Pp,
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It follows that

which concludes our proof. O
Combining Corollary [B.1]with Lemma we directly obtain the following
Corollary B.2. There exists A € (0,1) and s_ < 0 < s such that

(t—1,B(s+,1,1)"),  (t—=APB(s_,1,1)"),  (t,B(0,-1,1)")

are the eigenpairs of Zg_;)m fort=1,2,3.

A similar argument as in the proof of Lemma [2.1] implies that the eigenvectors of
L, coincide with those of the matrix L, € R3*% defined as

[y = (LGP + (L5h)7 + (L5h)? = 3L,

We study the spectral properties of [p. To this end, we consider the following
subspaces of matrices:

S1 S2 82
Ug,:{ S3 S5 Sy ’sl,...,55€]R},

53 84 S5
1 tr t»

Z3 = { th 11 t ‘ t,t) € IR}
th th t

We prove that for every p, it holds (Eg,%n)f’ € Uz and I:p € Z3. We need the following

lemma:

Lemma B.3. The following holds:
1. Forall A, B € Uz we have AB € Us.

2. If A € Uz and det(A) # 0, then A~' € Us.
3. Z3 = fﬁlléfa +—f3143f5 %—I%Zl3f%.
Proof. Let A € U3, C € Z; be respectively defined as

S1 S2 S2 t1 ta i
A= S3 S5 S4 1, C= tr t1 ty
S3 S4 Ss th th h
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1. Follows from a direct computation.
2. If det(A) # 0, then A is invertible and

det(A)A™! =

s2—s7  sp(sa—55) Sa(Sa—8s5)

$3(S4 —S5) S1S5 — S2S3  S2S3 — S154
$3(S4 —S5) S2S3 — S1S4  S1S5 — $2S3

It follows that A1 € Us.

3. We have
3 $1 + 255 So+583+54 Sp+ 53454
Y BAP; = |sy+s3+5s  s1+255 sy+s3+ss (B.3)
i=1 Sp+S3+5S4 So+S3+S4 S1+ 2S5

and conversely, there clearly exists sy, ...,ss4 such that s; +2s5 = t; and s, 4 53 +
Sy = tp, so we have Z?:l P;AP; = C implying the reverse inclusion.
O

Now, we show that I:p € Zj3 for all nonzero integer p.

Lemma B.4. For every integer p # 0 we have I:p € Zs.

Proof. From (B.1), we know that Zg,%n € Uz. By point |;| in Lemma [B.3} this im-
plies that (Zg,zn)Sig“(p) € Us. Now point H of Lemma [B.3| implies that (ﬁg,%n)p =
((Zgzn)“gn(p)) Pl e Us. Finally, by Lemma [B.2| and point |§| in Lemma [B.3} we have

which concludes the proof. O

Matrices in Z3 have the interesting property that they have a simple spectrum
and they all share the same eigenvectors. Indeed we have the following:

Lemma B.5. Let C € Zz and ty, tp be such that C = (t; — t) I3 + toE where E € R3* is
the matrix of all ones. Then the eigenpairs of C are given by:

(h—t2,(-1,01)"), (h—1£(-1,1,0)"),  (h+2,(1,11)").
Proof. Follows from a direct computation. O

So, the last thing we need to discuss is the order of the eigenvalues of Ep. To this
end, we study the sign pattern of the powers of this matrix.

Lemma B.6. For every positive integer p > 0 we have (Liym);; < 0 < (L&m)ii < TP for
all i,j = 1,2,3 with i # j. For every negative integer p < 0 we have (Zﬁym)i,,- > 0 for all
i,j=1,23.
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Proof. First, assume that p > 0 and let S = D~1A. We have

Lhm = (t; = D-V2WD1/2)p
p
— <p) Tp—r(_l)r(r[)—l/2WzD—1/2)r
0

r= r

/1/2 Lo (p p—r r(A—=1yinr\ H—1/2
=D (g(r)r (—1)"(D W))D
= DV2(rl; - §PD 12,

As D2 and D~'/2 are diagonal with positive diagonal entries, the sign of the
entries of L&, coincide with those of (I3 — S)7. Furthermore, we have (Lijm);; =

((tI3 — S)#);; for all i. Now the matrix S is row stochastic, that is S1 = 1 and has
the following form

1-2a
S=11-2b

1-2b

> S X
SH S D

where & = pout/ pin € (0,1). Let

A Pout — P
=(@a—-"0b) = w o <0,
7 ( ) (zpin + Pout)(zpout + pin)
A Pin
=(1-2) = ——— >0
H ( ) zpout + Pin

We have the following result about (tl3 — S)?.

Lemma B.7. For all positive integer p, we have

. 1 Qp Tp Tp

sp up tp

where qp,Tp,Sp, tp, Up are given by

qp = u(t —1)P +2a(2y + 1),

rp=a[(t—1)F — 2y +1)],

Sp = %rp, (B.4)
ty = a(t—1)" + ] + L[t + 2y + 1)),

up =af[(t—1)r —t¥] - g[rr’ — 2y +1)7].

Proof. Please see Section O
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Note that as p;;; > pour > 0, we have
b=2y4+1=2@-b)+1=2a+yu

_ _ 5PinPout + 4P5us
2?1%1 + 5PinPout + 2p2,

€(0,1),

Furthermore, as T > 1 and ¢y < 0, we have § < (27 + 1) < 7. It follows that
0<pu(t—1)F+2a6" <q, < pu(r—1)" 4 2atP <677 < 77,and
0<al(t—1)P+1] + %(TV +6F) < t, < 2atP + putP = é61F < 7P,
Finally, we have
rp=al(t—1 = (6+(r=1)"] <0, s="Lry <0,

Now, suppose that p < 0, then we have T > 1 and

(1l — D~ V2WP-1/2)-1 = i(@fl/zwﬁq/z)k.
k=0
As M = D~V2WD~1/2 is a matrix with strictly positive entries, this implies that
ﬁs_ylm has positive entries as well. Furthermore, it also implies that Eé’ym = (f;}}m) i

is positive for every p < 0. O
We can now use Lemma [B.6| to determine the ordering of the eigenvalues of IN_p.

Lemma B.8. Let t1,t, € R be such that it holds I:p = (t; — t2) I3 + toE. Furthermore, for
any nonzero integer p, it holds 0 < t; —ty < t1 +2tr if p < O0and t; —tp > t; + 2
otherwise.

Proof. If p < 0, then we must have T > 1 for Ep to be well defined. By Lemma
B.6 (Eg,zn)f’ has strictly positive entries. Hence, I:p =y2 Pt(fg,zn)lf’lst is also
a matrix with positive entries. It follows that t; —t, > 0 and ¢, > 0 so that
0 <ty —tp < t1 +2tp. Now assume that p > 0, Lemma [B.6| implies that ([',g,zn)P
with positive diagonal elements and negative off-diagonal. It follows from that
L, also has positive diagonal elements and negative off-diagonal. Hence, we have
tp < 0 <t and thus t; — t, > t; + 2t which concludes the proof. [

We have the following corollary on the spectral properties of the Laplacian
p-mean.

Corollary B.3. Let p be a nonzero integer and let € > 0if p > Oand e > 0if p < 0.
Define

7

i (wgln)v + (Lh)? + <££§2n>v>1/p
P 3
then there exists 0 < Ay < A such that the eigenpairs of L, are given by

(A1, (=1,0,1) 1), (A1, (-1,1,0) 1), (A2, (1,1, 1) 7).
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Proof. First, note that £, = (% Ep) P hence as they are positive semi-definite matrices,
£, and I:p share the same eigenvectors. Precisely, we have L,v = Av if and only
if £,v = f(A)v where f(t) = (t/3)!/P. Now, by Lemmas and we know

all eigenvectors of Ep and the corresponding eigenvalues are 6; = t; —t; and
02 = t1 + 2t5. Finally, using Lemma [B.8 and the fact that f is increasing if p > 0 and
decreasing if p < 0 we deduce the ordering of A; = f(6;). O

B.2 THE CASEn > 1

We now generalize the previous results to the case n > 1. To this end, we use mainly
the properties of the Kronecker product ® which we recall is defined for matrices
A € R™M*m B ¢ R"M*"M4 a5 the block matrix A ® B € IR™M™3*M2M4 with mymy blocks
of the form AjB € R™3*™4 for all 7, j. In particular, for n > 1, if E denotes the matrix
of all ones in R"*", we have then W) = W) @ E for every t = 1,2,3. Furthermore,
let us define W = W@Eand P, = B, ® I, for t = 1,2,3 so that W) = PWP; for
t =1,2,3. Finally, let Lsym = Tl3, — DY 2WD~1/2 yhere we recall that T = 1+ €
and D = diag(W1). The normalized Laplacians of W and W are related in the
following lemma:

Lemma B.9. It holds
Lom = Ty — (LD VWD 12| o E.

PI”OOf. First, note that D = nD® I,,, as (A1 & Bl) (Az & Bz) = (A1A2 (%9 B1B2) for any
compatible matrices Ay, A, By, Bp. We have

(D22 1,)WRE)(D12®1,)
n
— 1p-12)p-1/2 o E,

n

D—l/ZWD—l/Z —

which concludes the proof. O

In order to study the eigenpairs of Lsym, we combine Lemma with the
following theorem from (Horn and Johnson, |1991) which implies that eigenpairs of
Kronecker products are Kronecker products of the eigenpairs:

Theorem B.3 (Theorem 4.2.12, (Horn and Johnson, 1991)). Let A € R"*" and B €
R™ ™. Let (A, x) and (u,y) be eigenpairs of A and B respectively. Then (Ap,x @ y) is an
eigenpair of A ® B.

Indeed, the above theorem implies that the eigenpairs of D-V2WD=1/2 are
Kronecker products of the eigenpairs of D-V2WD~1/2 and E. As we already know
those of D~1/2WWD~1/2, we briefly describe those of E:
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Lemma B.10. Let E € R"*", n > 2 be the matrix of all ones, then the eigenpairs of E are
given by (n,1) and (0,v1),...,(0,v,_1) where vy € R" is given as

1 ifj<k,
0 otherwise.

Proof. As E = 11", it is clear that (1,1) is an eigenpair of E. Now, for every i we
have Ev; = (1'v;)1and 1'v; =i —i = 0. ]

We can now describe the spectral properties of Lg,)m fort =1,2,3.

Lemma B.11. There exists A € (0,1) and s_ < 0 < sy < 1such that, for t = 1,2,3, the

eigenpairs of Eg,)m are given by

(t—1LP(s+,1,1)"®1), (1,P(s1,1,1)" @vy),
(7,P(0,-1,1)" ®1), (7,P(0,-1,1)" ®@w),
(T—MAP(s-,1,1)"®1), (1,P(s-,1,1)T ®@w),

fork =1,...,n—1, where vy is defined as in (B.5).

Proof. Follows from Lemmas and Theorem O

Similarly to the case n = 1, let us consider L, € R>*%" defined as
Lp = (Lim)? + (Ligm)? + (L5m)? = 3L},

Again, we note that the eigenvectors of L, and 352 are the same. Now, let us consider
the sets Uz, C R3*3" and Z3, C R3*3" defined as

Uz, = {So[gn —A®E | A€ Us,sp € ]R},
Z3y = {t013n ~C®E ’ Ce Z3,80 € ]R}

Note that, as solz + U3z = Uz and sglz + Z3 = Z3 for all sy € R, the definitions of U3,
and Z3;, reduce to that of {3 and Z3 when n = 1. We prove that L, € Z3, for all
nonzero integer p. To this end, we first prove the following lemma which generalizes

Lemma [B.3]

Lemma B.12. The following holds:
1. Uz, is closed under multiplication, i.e. for all A, B € Uz, we have AB € Us,,.
2. If A € Usy, satisfies det(A) # 0, then A~ € U,

3. Z3 = P13, Py + PoUz, Py + P3lz, Ps.
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Proof. Let A,~B € Uz, C € Z3, and sy, 1o, tg € R, AQB € Us,C € Z5 such that
A =59z, —A®E,B=rols, —B®Eand C = tgls, — C ® E.

1. We have
A B = syrolsz, + (TZAB - S()B - ToA) ® E

As AB € Us by point[i]in Lemma B.3} we have (nAB — soB — r9A) € Us and so
AB € Us,.

2. First note that as A is invertible, it holds sy # 0. Furthermore, using von
Neumann series, we have

(solsn —A®E) ! = 351(13n —sg'A®E)™!

—solzs (A® E)X

=5y Z sy nf1(AF @ E).
k=0

As A¥ € U for all k by pointin Lemma B.3|we have that S, = s, Y-/_, sy nf 1 (AF @
E) €Uy, forallv =0,1,... As limy 00 S, = A~ ! and U, is closed, it follows
that A= € Uz,.

3. Note that for i = 1,2,3 it holds
P; AP; = solz, — (P,AP;

gl

Q@ E).
Hence, we have
3

3
Z Pl' A Pi = 35013,1 — ( Z p,AP,) & E
i=1

i=1

We know from pointin Lemma|B.3|that Y3 ; B;AD; € Us and thus Y2 BAP €
Z3. Finally, note that by choosing the coefficients in A in the same way as in
the proof of point [3]in Lemma we have A = C with sy = ty. This concludes
the proof.

O
We can now prove that L, € Z3,.

Lemma B.13. For every nonzero integer p, we have L, € Z3,.

Proof. As Lsym = Eg,zn € Uz, we have £§ym € Uz, by points [1]and [2[in Lemma [B.12

We prove that L, = Yo, PtﬁfymPt. To this end, note that, with the convention that
powers on vectors are considered component wise, for t = 1,2, 3, we have

diag(PWP1) 12 = diag(P:(W1)~1/2)
= Pidiag((W1)"V?)P,
= pD /2P,
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Furthermore,

diag(PWP1)~ V2P, WPdiag(P,WPi1) /2
= D V2p2wWp?D-1/2p,
= D~ V2wWp-1/2p,

This implies that £§§,)m = PtLsymPs for t = 1,2,3 and thus we obtain the desired
expression for L,. Point[3/in Lemma finally imply that L, € Z3,,. O

We combine Theorem [B.3]and Lemmas to obtain the following;:

Lemma B.14. Let C € Z3, and to,ty,to such that C = tols, — ((t; — t2) I3 + tHE) ® E.
Then, the eigenpairs of C are given by

(t() — n(t1 — tz), (—1, O,l)T X 1),

(to—n(th —t),(~-1,1,0)" ®1),

(to —n(t+2t),(1,1,1)" ®1).

and, with v; defined as in (B.5)),
(tOI(_lloll)T®Vi)/ (tOI(_llllo)T®Vi)l
(t, (1,L,L) T ®v), i=1,...,n—1

Similar to Lemma [B.8} we have following the lemma for deciding the order of the
eigenvectors of L.

Lemma B.15. For every positive p > 0 we have (E_fym)i,j <0< (Efym)i,,- < TP for
all i,j = 1,...,3n with i # j. For every negative p < 0 we have (L&y);; > 0 for all
i,j=1,...,3n.

Proof. Let M = D~1/2WD~1/2, then by Lemma we have M = %(/\;l ® E). Now,
for p > 0, it holds:
Egym = (TI3n - M)P
= (tlsy — 1 (M QE))?

p
_ P\ rp—k( 1)k, —k Mk k
(Pt o p)

P
— Tp13n + Z <Z) Tp—k(_l)kn—k(Mk ® Ek)
k=1

=115, + (Iﬁ (Z) Tp_k(—l)k_/\;lk> ®E

= I3y + (Lm — T'13) ® E. (B.6)
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By Lemma we know that (£5m);j < 0if i # jand (LLm)i;i — 7 < 0 for all
i. Hence, the matrix Q = Zﬁym — TFI3 has strictly negative entries. Thus, all the
off-diagonal elements of £§ym are strictly negative. Finally, note that

(Egym)i,i =77+ (Egym ® E)i,i — TP = (Zgym ® E)i,i > 0.

This concludes the proof for the case p > 0. The case p < 0 can be proved in the
same way as for the case n = 1 (see Lemma [B.6). O

Observation B.1. We note that Equation implies the following relation between L,
and I:p:
Ly =31’ Is, + (L, — 7713) ® E. (B.7)

Lemma B.16. Let ty, t1,t, € R be such that L, = tolz, — ((t1 — t2)I3 + t2E) @ E. Fur-
thermore, for any integer p # 0, it holds ty < to —n(ty — tp) < tg —n(t;1 +2t) if p <0
and tog > tog —n(t; — tp) > tg — n(ty + 2ty) otherwise.

Proof. The proof is essentially the same as that of Lemma Indeed, if p <
0, then L, is strictly positive and thus t, < 0 as (Ly)i3, > 0, t1 —t2 < 0 as
(Lp)1,n > 0and tg —t; > 0as (Ly)1,1 > 0. This means that t; — t, > t; + 2t and so
to —n(ty — tp) < to — n(ty + 2t,). Furthermore, this shows that tg — n(t; — tp) > fo.
Now, if p > 0, by Lemma we have t > 0 as (Lp)i3s < 0,y —t, > 0 as
(Lp)l,n <0and ty—t; > 0as (Lp)1,1 > 0. It follows that t; — {5 < t; + 25 and thus
to — Tl(tl — tz) > fg— Tl(tl + 2t2). Finally, ast; —tr > 0, we have tg > ty — Tl(tl — tz)
which concludes the proof. O

We conclude by giving a description of the spectral properties of L.

Lemma B.17. Let p be any nonzero integer and assume that € > 0 if p < 0. Define

<(££;2n>v + (LSL)P + <c§§2n>P>1/v

then there exists 0 < Ay, Ay < Az such that all the eigenpairs of L, are given by

(M, (-1,0,1)T®1), (A3, (-1,0,1)" @)

(M, (-1,1,00"®1),  (A5,(~1,1,0)" @)

(A‘ZI (11 111)T®1)/ (A‘3I (11 111)T®Vi)/
andi=1,...,n—1, where v; is defined in (B.5).

Proof. The proof is the same as that of Corollary [B.3|where one uses Lemmas
instead of Lemmas O
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B.3 PROOF OF LEMMA [B.7

The proof is by induction. We first verify the base case p = 1 to later consider the
inductive step where we prove the general case for p + 1.

1—2a
S=11-2b

1-2b

Please recall that

SH S
SH SO

where & = pout/ pin € (0,1), and

5 [
=(a—0b) = ou i <0,
T ( ) (zpin + Pout)(zpout + pin)
n=(1-2b)=_Pr <y

Zpout + Pin

Base Case: We verify the conditions for the case p = 1. The corresponding ver-
ifications are contained in: Lemma [B.18 for 41, Lemma for r;, Lemma for
s1, Lemma for t;, and Lemma [B.22| for u;.

Lemma B.18. g
M (-8
EESVR I
Proof. We can see that,
g1 =u(t—1)+2a2y+ 1)
=u(t—1)+2a2y + 1) a
= (1-2b)(t—1) +2a(2(a - b)
= 1(2a —2b +1) +2a(2a — 2b +
= (t1+2a—1)(20 —2b+1)
=(t4+21—-1)2y+1)

Hence, (231“) =1+4+2i—1= (13— S)4 O
Lemma B.19.
r ~

Proof. We can see that,

Hence, (2711) =—a=(th— Y1 O



B.3 PROOF OF LEMMA [B.7 113

Lemma B.zo. s
1

EERE

Proof. We can see that,

su="Lr, = Lalr 1) - @y+ )] = —p@y+1) = —(1-2b)2y + 1)

Hence, (2711) = —(1-2b)= (13— S)m O
Lemma B.21. ,
1 ~
=(tlz—S
(2y+1) (7l )22

Proof. We can see that,

Hence, # =(t-b)=(th—S8)» O
Lemma B.22. u
1 ~
= (tl3—S
Gy (TR
Proof. We can see that,
w =al(t—1)—1| —%[T— 2y +1)]
= —a+Hy
—a4 (1 —-2b)y
= 2by—a+q
= 2by—b
= —b(2y+1)
Hence, 21~ = —b = (13 — §)23 O
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Inductive step: We verify the conditions for the case p + 1. The corresponding ver-
ifications are contained in: Lemma for %Hr Lemma [B.24|for 7,11, Lemma
for sp11, Lemma [B.26| for t,1, and Lemma 7| for 1y, 1.

As a reference for our verifications, one can easily see that:

(tI3 — S)P™ = (13 — §)P (13 — §)

=|— S t, u s1 1 u
p p p 1 1 1
2y +1 Sp up ftp s1 U1 tH
> (9pN1 + "pS1 + rpS1  qp’1 + rptl + rpu1  gpr1 + rpuy + rptl
- (—) Sp1 + tpS1 + UpS1 Spr1+ byt + gl Spry A+ Eptiy + 1yt
Spd1 + UpS1 + tpS1 Spr1 + Upty +tpuy Spry + Uply + tph

Lemma B.23.

2y+1)
Proof. Since (TI3 — g)ffr = % we can see that
B S 1) 424 p -
W1 (u(t—1)P +2a2y+1)P](t+24—1),and
51 A 7 A
e i a[(t—1)P — 2y +1)P](=1+2b) = —apu[(t — 1)V — (27 + 7)P]
and hence
+2
% — [i(t = 1)P + 222y + 1)) (T + 24 — 1) — 2apu[(t — 1)P — (27 +1)7]
= (t—DP[pu(t+2a—1) = 2au] + 2y + 1) [28(T 428 — 1) + 24p]
= (t—D)P[pu(t—1)] + 2y + 1) [2a(T+ 24 — 1) + 24y]
= (t =D [u(r = 1)] +2a2y + 0)P[(T+ 24 — 1) + p]
= (t—1)P[u(t-1)] +2a2y + 1)’ [(t+24—1) + 1 —25]
= (1 —D)P[u(t —1)] +24(2y + )" 2y + 1]
= u(t— 1P 202y + 1)
Hence, : .
el pu(t =P 4282y + )P g
(=5 = 27 +1 T2y +1
[
Lemma B.24.
Vp—|—1 (TI3 . S)f;l
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Proof. Since (I3 — 5)P = % we can see that
r1 _ . p A Pl(_~A
gy = [H(r =17+ 2027 + 0] (-a),
L N N Pl(t—b
rp27+1 =a[(t—1) — 2y +1)"](t—b),and
M A(r—1) — P (—b
g = a(e =17 - 27+ 0] (D)
and hence .
rpzlwll = a[(t - 1)P — (27 + 7)P](r — 2b)
therefore:
qp71+rp(t1+u1)__A ERY A Pl Al (e 1\P Pl (+ _ oh
5 1 =—a[p(t =1 +2a2y+ )] +a[(t—1)P — 2y +1)"] (T —2b)
=a{[-p(r =1 =222y + )] + [(r = P = (27 + 7] (7 - 2b) }
=a{(t—1P[—p+(t-2b)] + 2y +1)P[—20a— (r—2b)]}
=a{(t=1P[—p+(r-20)] + 2y +1)P[ - (t+27)]}
=a{(t-DP[-(1-2b)+ (v —2D)] + 2y + D) [ - (v +27)]}
=a{(t-1)P[t—1]+2y+1)’[- (v +27)]}
=a{(t -1 — 2y +7)PH}
Hence, . .
« a{(t—1)PH — 2y + )Pt Fpi1
(e -y = 2y +1 }:2;:1
[
Lemma B.z5.
Sp+1 &\l
2y +1) (th =50
Proof. Since (tl3 — 5~)’2’1H — % we can see that
1 . .
spzﬁ = Lrp[(r—142)] = u[(t=1)" = 2y + )] [(r — 1 +24)]
S1 R U 7
tp27+1 ={a[(r—-1)P + 1] + E[T” + (27 +1)P]}(=1+2b),and
S1 n U 7
”sz+1 ={a[(r—1)P — 1] — E[T” —(2y+1)P]}(-1+2b)

Observe that

s.l(t],J + up)

w1 [28(T — 1) + u(2y +7)P] [ — 1 +25]
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Therefore,
spg1 +s1(tp +up)
2y +1
ul(t—=1)P = 2y +1)P] [(t—1+2a)] + |24
ul(t=1)P =2y +0)f][(t—1+2a)] + [2a
u{[(t=1) = 2y+0)P][(t—1+24)] — 2a(t — 1)’ + u(2y +1)F]} =
pu{(t—1)P[(t—1+2a)—2a] + 2y +1)'[ -
(t-DP(t—=1) = @y +1)P[(r —1+24a)
p{(r= 1P (= 1) - 2y +7) )
(t—1)
(t—-1)

Pl[(t—1+2a —2b)]} =

p{(r =D (r—1) = @y + 72y + 1)} =

p{(t—1)P — (29 + 7)P1}
Hence,

(1l — §)IH! = p{(r =P = 2y +)PH} _ Spr
3 21 2y +1 2y +1
[
Lemma B.26. "
+1 +1
(2,:+ 1) (TI3 - 5)52

Proof. Since (tl3 — 5)52“ = % we can see that

r r . .
L Y R :%rp(—a):—yrp:—ya[(r—l)r’—(2'y+r)p},

Poy+1  aP2y+1
t ~
pZ'yfl—l = {ﬁ[(T_l)p+Tp]+g[Tp+(2’Y+T)p}}[T—b},and
u A PN
vy 17 = {al =1 =] = e - @y + o[- )
and hence

Spr1 + tpt1 + upy
2y +1
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(t=1DF(r-1)
2y +1)P (27 + 1)

P+l % P+l

N

+
+

>

—a[(t—1)P+77] + g [T + (27 + 1))

Hence,

a[(t—1)P+ ]+ 5 [P+ 2y + 1)) tpn

5 1
(TI3 — S)g;r =

2y +1 29 +1
0
Lemma B.27.
Up+1 s\ p+1
=(tlz -5
Proof. Since (I3 — 5)b " = % we can see that
" B, N 1 5 .
Poyr1 a2y +1 Err)(—”) = —prp = —pa[(t—1)" = 2y +7)7],
u R U ~
Py {a[(t —1)P + 1] +§[TP+(27+T)P]}[—17}
t . U N
vy = {al =1y =) = S — @y + o)} e -]
and hence

Spr1 + tpur + upty
2y +1

_ gt B opnt
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Hence,

L I T Y
2 2y +1 2y +1

(TI3 - g)

]

Therefore, with the base case (p = 1) and the induction step (p + 1) for all entries
of (tI3 — S)P the proof of Lemma [B.7is finished.
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C.1 PROOF OF THEOREM [5.1

For the proof of Theorem [5.1| we first present some results that are necessary.
The following Lemma states the eigenvalues and eigenvectors of expected adjacency
matrices according to the Stochastic Block Model here considered.

Lemma C.1. Let Cy, ..., Cy be clusters of equal size |C| = n/k. Let W € R™*" be defined

as

k
W = (Pin — Pout) Z lcl.lg»i + PoutllT (C.1)

i=1

and let x1, ..., xx € R" be defined as
.
x1=1  x=) 11l (C.2)
j=1

forr=2,...,k. Then, x1,..., X are orthogonal eigenvectors of VW, with eigenvalues
A = [C[(pin + (k= 1)pout), Ar = [C|(pin — Pout) (C3)

Proof. Please note that from the definition that the matrix )V is equal to pj, in the
block diagonal and pout elsewhere. We first consider the following matrix vector
products that can be easily verified:

W1 = |C|(pin + (k — 1) pout)1 (C.4)
Wic, = [C[(pinlc, + Poutla) (C.5)

Moreover, we can see that
w <1C]- - 1C,~) = ‘Cl ((Pinl(,'j + poutléj) - (pinlci + poutla.))
= |C| (pin <1C]' - 1@) + Pout (1@]. - la))

- €1 1) - 1)
= [Cl(Pin — Pout) (1@. - 101.)

119
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Now we show that x>, ..., xx are eigenvectors of W.

Wx, =W <Z 1Cj — 7’1@)

=1
| pm Pout 21 <1Cj - 1Cr>
]:
|C‘ Pin — Pout (Zl 1C]- - 7’107)
]
= |Cl(Pin — Pout)X
= /\rXr

Furthermore, we can see that eigenvectors xo, ..., xx are orthogonal.
Let2 <r < s <k, then

T
r S
Xr Xs = (Z 1, — fla) (Z 1c, — Slcs>
= 2=
r

T
I¢, 1c, —s Z 1C 1o, — 7 Z 1C o+ rs1g 1,

Jo=
o T
1 10]'2 r Z 1C/'z lc’
j2=1

~
=
I
=
~
N
I
—_

(R
M‘ |
- 107~

~
=
Il
—_
~
N
Il
—_

I
.M‘
Mm

~
=
I
—_
~.
N
I
—_

1 1, —r1g 1,

1

I
'M*
Mm

~
=
I
—_
~.
N
I
—_

T
(12 1¢,) -l

I
-

T
<1Cf1 1Cil> —riC]

=Y lc|—rlc|

j1=1
=r[C| —r|C]

[
—
—_

|
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=0

where in the third step we used that fact that 15 1c, = 0asr <s,and lg,j 1c, =0 as
r 1
j1 < s. Finally, we can see that for 2 <r <k

r r
xTx, =17 <Z 1¢, - r167> =3 <1T1C].) —r1T1,, =r[C| —r|C| =0
=1 =1

and hence yx1, ..., xx are orthogonal eigenvectors of the matrix W.
O

The following Lemma shows the eigenvectors and eigenvalues of the power mean
Laplacian in expectation under the considered Stochastic Block Model.

Lemma C.2. Let E(G) be the expected multilayer graph with T layers following the multi-

T
layer SBM with k classes Cy, . . ., Cy of equal size and parameters (pi(l?, pg2t> — Then the
eigenvalues of the power mean Laplacian L, are -
Al(ﬁp) = AZ(EP) = mp(Pe)/ A](‘CP) =1+e¢ (C6)

with eigenvectors
i
X1 = 1/ Xi = ]_Z;l 1C] - 1167»

where (pe)r =1 — (pi(rtl) — péﬂt)/(pi(;) + (k—l)pggt) +et=1,...,T,i=2,...,k and
j=k+1,...,|V|,

Proof. From Lemma we know that x4, ..., xx are eigenvectors of W(l), cee, w(D),
In particular, we have seen that

A0 =1el(pl + k- 1pl), A = el — py

fori =2,..., k. Further, as matrices W), ..., W(T) share all their eigenvectors, they
are simultaneously diagonalizable, i.e. there exists a non-singular matrix X such that
> IWBE = AW, where A®) are diagonal matrices A = diag()tgt), o, /\,((t),O, ..., 0).

As we assume that all clusters are of the same size |C|, the expected layer graphs
are regular graphs with degrees d(l), oo, d (T), Hence, the normalized Laplacians of
the expected layer graphs can be expressed as

() _ NG
Loym =X (I - WA( )
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Thus, we can observe that

M (Lym) =0, A (Lgm) =10, AP (Lom) =1,

1
fori=2,...,k,and j=k+1,...,|V|, where

0@ = (pl — p0y/ (pl) 4 (k= 1)ply)

fort = 1,...,T. By obtaining the power mean Laplacian on diagonally shifted
matrices,

Ly, = Mp(ﬁg,zn +el,..., Egi,zn +el)
we have by Lemma

M(Ly) = mp()xgl) +e,. ..,/\%T) +e)=c¢

Ai(Ly) = mp(1— p(l) +e...,1— p(T) +e) = my(pe) (C»)
A(Lp) = my(A) +g . AT ) =146

where (pg)r =1— (p(t) - pggt)/(p.(t) + (k— 1)p§2t) +egandt=1,...,T,i=2,...,k

in

andj=k+1,...,|V|, O

The following Lemma describes the general form of the solution matrix

F= (D, .., f®)

where the columns of F are obtained from the following optimization problem

f(r) = argmin||f — CY(r)H2 + )\fTLpf
feRn

Observe that this setting contains as a particular case the problem described in
Eq. (5.1).

Lemma C.3. Let E(G) be the expected multilayer graph with T layers following the mul-
T
tilayer SBM with k classes C, . . ., Cy of equal size and parameters (pi(rtl), pffgt) 1’ Let p,

be defined as in Lemma Let ny,...,ny be the number of labeled nodes per class. Let
C € R™" be a diagonal matrix with C;; = ¢, for v; € C,. Let 1(v;) be the label of node v;,
ie. (v;) = rif and only if v; € C,. Let the solution matrix F = (f(V), ..., f%)) where

f0) = argmin ||f — CYD|2 + ufTL,f
feR”

Then the solution matrix F is such that:
o Ifr < I(v;), then

1 k 1
—‘2+ Z -

2
i=1(on+1 |12
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o Ifr > 1(v;), then

, , 1 koo
fi( ) _ cr%a +crn B ((1 —7) 5+ 2)

[P ea | P

o Ifr=1(v;), then

n 1 k 1
fi(r) = ¢cp—a + 1B ((1 — 1’)2 5 + 2)
n [P i n— | |

,and B = 1 —

where & = T+ump(pe) — 1+p(l+e)”

1+1ys 1+;4(1+s
Proof. Let U € R"*" be an orthonormal matrix such that U = (uq,uy, ..., u,), with
u; = xi/ ||xill fori =1,...,k where x1, ..., xx are eigenvectors of the power mean
Laplacian as described in Lemma

The power mean Laplacian £, is a symmetric positive semidefinite matrix (see
Lemma E[) and hence we can express £, as UAUT where A is a diagonal matrix
with entries Aj; = A;(L,), withi =1,...,n. Hence, we can see that

(I+uLly) ' ={I+UAU") = UI+AUD) T =U(I+A) U =uqu’

where () is a diagonal matrix with entries ();; = %ﬂ)‘i’ withi=1,...,n

From Lemma we know that Ak+1 =+ = A, =1+¢e =: @, and hence it
follows that ();; = == fori = k+1,...,n. Moreover, we can express () as the sum
of two diagonal matrlces ie.

O=wl+0
where w = 1+ ——and ® = diag (1 —w,..., Qg —w,0,...,0). Observe that ©17 =
1 1 _ oy — 1 | _.

On —w =19 — 57 = 4 and O = O —w = Trpm,(pe)  1+p(ite) B, for

j=2,...,k
Recall that we are interested in the equation

F=(I+uL,)"'Cy =uqucy e R,

where each column of Y = [y(1),...,y®] is a class indicator of labeled nodes, i.e.

s {1 if 1(0)) = j cs)

0 else

Hence, each column of Y can be expressed as

yW= Y g (C.9)
v;€V|I(v;)=j
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where ¢; € R" and (¢;); = 1 and zero else. With this in mind, we now study the
matrix-vector product UQUe;. Recall that UGUT is a k-rank matrix. Hence we have

UQUTe; = U(wI +@)UTe;
= we; + UOU¢;

k
= we; + (Z @]]M]M]T> €;
j=1
k 1 T
= wei+ | ), 95K | e

=g
k

1 1
= wej + - Oy + (Z — @ijijT> e
i=2 |1

k

1 1
= wej +—axy+ B <Z —27(]-)(]-T> e
i=2 |||

where in the last steps we used the fact that X1T e; = 1Te; = 1, and define &« = @Oy
and B = ©j; due to the fact that ©j; are all equal for j =2,...,k.

The remaining terms x]-)(].Tei depend on the cluster to which the corresponding
node v; belongs to.

We first study the vector product x!e;. Observe that

7

T
r
erei = (Z 1C]- — 716,) e; = Z (15],61') — rlgrei
j=1

=1

Recall that /(v;) is the label of node v;, i.e. I(v;) = r if and only if v; € C,. Since
the nodes are ordered by class, we have that I(v;) =7 fori = (r —1)|C|+1,...,r|C]|.
Then, we have

. 0 for r<I(v;)
)3 (1(231') —rlpei=41-1(v;) for r=1(v) (C.10)
=1 1 for r>1(v;)

Therefore,

k 1 Xi(o: k Xi
(Z —mxf) e = (1—1(v;)) s+ ) ]2
=1 [ - Tl

All in all we have

1 Xito. k .
UQUTei = we; + Elxxl +B | (1—1(v;)) A 7t Z A 2
=t gl
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Moreover, the solution matrix F can now be described column-wise as follows

7O = (14 L) ey

= ¢y ) UQUTeZ-)
)=r

Z)iEV”(UZ’

1 ' k .
= ¢, Z wei) + L Crltrdx +eomB | (1— l(vi))—Xl(Ul) 5 + Z A 5
v;eV|i(v;)=r HXZ(ZH) ’ j=H(wi)+1 HX]H

k

1 , -
= wery™ + ey (;“xlﬂLﬁ((l—f) oo+ ) al ))

xA? 15 )

We now study the columns of matrix F. For this, observe that the i entry of the
column corresponding to the class r, is obtained by fl-(r) = (e;, f (r)>, and hence have

k

<€i/f(r)> :(ei,wcry(r) + ¢y (%0‘?{1 +B ((1 —7) Xr | 2 Xj >>>

xA? 15 )

n k .
:cr;roc + ¢y, Ble;, ((1 —nA e+ ) Xj >>

—FC
[P ——— [Foils

where (e;, we,y")) = 0 for unlabeled nodes. Having this, we now proceed to study
three different cases of the remaining inner product. We do this by considering the
following cases and making use of Eq. (C.10):

First case: fi(r) with r < I(v;). We first analyze the following term

K . K |
<€i,<(1—f) ooy N >>:<€i,(1—f) Xyt e, Y )

=T Il 5 )

k Xi

(by first case of Eq[C.10) - <€1, 2 ! 2>
j=r1 [
1 k 1
(by cases of Eq[C:10} = (1-1(vy)) 5+ T2
HXZ(Ui) ’ j=Hovi)+1 HX]H
Thus, we have
1 k 1
)3
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Second case: fi(r) with 7 > [(v;). We first analyze the following term

k k
Xj Xj
<€i/<(1_r) sz"’ > ]2>>=<ei,(1—1’) Xr2>+<ei’ ) ]2>
Ix1° 5 || lrell j=ri1 ||

1 k 1

+ )

lxel® 5 (|l

(by third case of Eq[C.10) - (1 - 1”)

Thus, we have

(r) ny 1 k 1
i =a—a+cnp ((1 — 1) + Y )
n x5 ||x

Third case: fi(r) with r = [(v;). We first analyze the following term

k k
Xj Xj
<e,-,<<1_r) L —12>>:<ei,(1—r) L P D
[kl j=r+1 HX]” 1%l j=r+l ”7(]”
1 ko1

+ )

(by second case of E - (1 - r)z
B Il 5 g

Thus, we have

n 1 ko1
fi(r) =L+ e, ((1 o 7,)2 4 )
n x> j—;rl HX]'HZ

These three cases are the desired conditions.

We now finally provide the proof for Theorem

Proof of Theorem The proof of this theorem builds on top of Lemma where
the entries of the solution matrix F = (f W ... f (k)) are described, where

fO =argmin||f — CYD| + uf "L, f
feRn

Let I(v;) be the label of node v;, i.e. I(v;) = r if and only if v; € C,. According to

Lemma the entries of matrix F for unlabeled nodes are such that
o If r < I(v;), then

1 k 1
—‘2+ Z -

fi(r) = cr%(x +onB | (1—1(v)) 5
=t [l

)
HXI(Ui)
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o If r > I(v;), then

r 1 k 1
fi( ) _ cr%tx—Fcr”rﬁ <(1 —7) 5+ 2)

[P o2 = P

o If r = I(v;), then

r n 1 k 1
fi() :cr#“‘i—crnrﬁ ((1—7’)2 2"'. . 2)
1 5 )

_ 1 _ 1 = i —
where « = Tree — THp(15) and p = Itump(pe) — 1+p(l+e)”

Observe that the case here considered corresponds to the case where the amount
of labeled data per class is the same, i.e. n; = - - - = ny, and where the matrix C is
the identity, i.e. ¢y = ---¢, = L.

Moreover, the estimated label assignment for unlabeled nodes goes by the follow-
ing rule

? 1 k
[(v;) = argmax{fi( ),...,fi( )}
Hence, we need to find conditions so that the following inequality holds

fz(]) < fi(l(vi)) V] 75 Z(Ui)

Hence, we consider the following two cases:

Case 1: f f forr>l( i)
Let r* = I(v ) and r = r* + A. Then, we have

£ < )
fi(r) < fi(r*) o

1 LI | oo 1 LI |
Bl(A—r)—>5+ S <pl-r)P——s+ ) 5| &
[ x|l j=r+1 HX]H 12l J' r+1 HXJH

*\ 2 1 1 4 1
0<B (1—r)H ;- (—r——+ -
x| X" = gl = ”x]H

o<pla-rpt to-p-t 4y L oy ! )@

x| 7723 | S | ' A S WS HX]H

1 1 r*+A 1
0<B|(1—7r)2 s+ (r—1)——+ ) 5| <

[pedl Il = [
0<p
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Case 2: fl.(r) < fl-(l(vi)) for r < I(v;).
Let r* = I(v;), and r* = r + A. Then, we have

£ < ple)
< e

L1 L | o 1 koo
Bl (1—r") 5 T Z 5| <B((1—r) >t Z 3 I
Ix~1°  j=rm ||x]H 121" = HX]H
O<ﬁ<ﬂ—¢ﬂ2 LI >

2 2

el [esal
1 >¢>

2

| x|

All in all, from the two considered cases we can see that

H =)

o<ﬁ<u—ﬁy

0<pB

2
x|l

fz(]) < fi(l(vi)) v]' 7& l(vi) = 0< ‘B

In fact,
0<B&
< 1 — 1 -
1+ump(pe) 1+pu(l+e)
1 < 1 =
T+u(1+e) = 1+ umy(pe)
L+umy(pe) <1+u(l+e) <
mp(pe) < 1+¢
which is the desired condition. O

C.2 PROOF OF THEOREM |5.2

We first give a general version of Theorem
Theorem C.1. Let E(G) be the expected multilayer graph with T layers following the

T
multilayer SBM with two classes C1,Cy of equal size and parameters (pi(rtl), pgﬂt) 1 Let
1y, ny nodes from classes Cy,Co be labeled, respectively. Let u = 1. Then, a zero test

classification error is achieved if and only if

(m +n)(1+€)2+1) =21y (ny+n)((1+¢)>+1) —2m }
2np + (1 + n2)e ' 2n1 + (n1 + n2)e

mﬂm)<mm{

where (pe); =1 — (p(l) - p(()lgt)/(p(l) + (k— 1)p(()lgt) +eandl=1,...,T.

in in
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Proof. The proof of this theorem builds on top of Lemma where the entries of
the solution matrix F = (f @, ..., f (k)) are described, where

f0) = argmin ||f — CYD|2 + pufTL,f
fer?

Let I(v;) be the label of node v;, i.e. I(v;) = r if and only if v; € C,. According to
Lemma the entries of matrix F for unlabeled nodes are such that
o If r < I(v;), then

1 k 1
—‘2+ 2

2
HXI(Ui) j=1(vi)+1 HX]H

fl.(r) = cr%oc +onB | (1—1(v;))

e If r > I(v;), then

k
fi(r) _ Crﬂ“+crnr‘3 <(1 —r) 1 5 + Z 1 2)
. x> 15 x|

o If r = I(v;), then

() _ M 2 1 “ 1
7 =c—a+cmp ((1 — 1) + Y )
n x5 a1

_ 11 = i —
where o = T~ THp(15) and p = Ltpump(pe) — 1+pu(l+e)”

Observe that the case here considered corresponds to the case with two classes,
i.e. k = 2 with equal size classes C; and C; where the amount of labeled data per
class is n; and ny, respectively, with the matrix C as the identity, i.e. ¢; = ¢ =1, and
regularization parameter y = 1.

Moreover, the estimated label assignment for unlabeled nodes goes by the follow-
ing rule

[(v;) = argmax{fi(l),fi(z)}
Hence, we need to find conditions so that the following inequality holds
' 1(v; .
i< Y1)

Let[(v;) =1 < v; € C1, and [(v;) = 2 < v; € Cp. A quick computation following
Lemma [C.3| yields

. fl.(l) =g +n1ﬁ(m) forv; € Cy, ie. I(v;) =1

o fl.(l) ="y — nlﬁ(\lxlzl\Z) for v; € Cy, ie. I(v;) =2
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o (P =my —mp(-L) for v; € Cy e (1) =1

1 n
o = Zoc—i—nz,B( L) foro € Gy e I(v) =2
Observing that || x2 || = n these conditions can be rephrased as follows

£ = % ((a+B) 1+ (a — B) 15)
FO =12 (0= B)1c + (a + B) 1)

n

Hence, the conditions for correct label assignment of unlabeled nodes are
ny (a+B) >ny(a—B) and np (a + ) > ny (o — B)

Let Oy = 137, Qp =
022 — W
By studying the first condition we observe

and w =

1 _ 1
Tmy(pe)” T

n(a+p)>m(a—p) <
m(QOQn—w+Qpn—w)>n(Qn—w—(Qpn—w)) <
ny (1 + Qo2 — 2w) > n2(Qqy — Q) &
(Tl1 — 712)011 + (111 + le)sz > 2mw <

1
Oy > (2mw — (n; —n2)0qq) &
n 1’12
1 1 1
> 20 ————— — (11 — n2)Q) PN

1+ mp(pe) n1+n2( 11—|—(1+g) (1 —n) 11)

1 ( P )@
1+ mp(pe) 711-!-?12 1= M)

1 <2n2—|— n1+n2) )

4
1+ mp(pe) n1+n2 2+¢)(1+¢)
2+¢)(1+¢)

L mplpe) < (m 4 m) (2”2+(n1+n2) =

mp(pe) < (n1+ nz) (21531?31(11++n2))s> -1

Then, « = ()] —w, and B =

(n1+n)(2+¢€)(1+¢) — (2ny + (17 + no)e)

mp(Pe) < 2ny + (111 + le)e

(m+m)(@+e)(1+e) —e)~2m
2ny + (nq +np)e
(n1 +m)((1+&)?+1) —2n
2ny + (ny + ny)e

mp(pe) <

my(pe) <
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The corresponding condition for C; can be obtained in a similar way, yielding

(m +m2)((1+¢)*+1) —2m
2n1 + (nq +ny)e

my(pe) <

Hence, both conditions hold if and only if

(m +n2)(1+e)2+1) —2ny (nq+n)((1+¢€)2+1) —2n1}

mP(PS) = mP(PS) < mm{ 21y + (nq + np)e ’ 2n1 + (nq +ny)e

O]
We are now ready to give the proof of Theorem
Proof of Theorem We first analyze the first condition of the right hand side of

Theorem |C.1| Let g¢(¢) = (”ﬁ’;i)z(il(:ffgg_znz. Then,

2(ny +mnp) —2ny ny
an ny

g(0) =

Moreover, it is clear that ¢ is monotone, as it is quadratic on € on the numerator and
linear on the denominator, and hence g(0) < g(e).

A similar procedure with the second condition of the right hand side of Theo-
rem leads to the condition %, leading to the desired result. O
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