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Abstract

We study the problem of k-way clustering in signed graphs. Considerable attention in
recent years has been devoted to analyzing and modeling signed graphs, where the affin-
ity measure between nodes takes either positive or negative values. Recently, Cucuringu
et al. (2019) proposed a spectral method, namely SPONGE (Signed Positive over Nega-
tive Generalized Eigenproblem), which casts the clustering task as a generalized eigenvalue
problem optimizing a suitably defined objective function. This approach is motivated by
social balance theory, where the clustering task aims to decompose a given network into
disjoint groups, such that individuals within the same group are connected by as many
positive edges as possible, while individuals from different groups are mainly connected
by negative edges. Through extensive numerical experiments, SPONGE was shown to
achieve state-of-the-art empirical performance. On the theoretical front, Cucuringu et al.
(2019) analyzed SPONGE, as well as the popular Signed Laplacian based spectral method
under the setting of a Signed Stochastic Block Model, for k = 2 equal-sized clusters, in the
regime where the graph is moderately dense.

In this work, we build on the results in Cucuringu et al. (2019) on two fronts for the
normalized versions of SPONGE and the Signed Laplacian. Firstly, for both algorithms,
we extend the theoretical analysis in Cucuringu et al. (2019) to the general setting of k > 2
unequal-sized clusters in the moderately dense regime. Secondly, we introduce regularized
versions of both methods to handle sparse graphs — a regime where standard spectral
methods are known to underperform — and provide theoretical guarantees under the same
setting of a Signed Stochastic Block Model. To the best of our knowledge, regularized
spectral methods have so far not been considered in the setting of clustering signed graphs.
We complement our theoretical results with an extensive set of numerical experiments on
synthetic data, and three real world data sets standard in the signed networks literature.
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1. Introduction

Signed graphs. The recent years have seen a significant increase in interest for analysis of
signed graphs, for tasks such as clustering (Chiang et al., 2014; Cucuringu et al., 2019), link
prediction (Leskovec et al., 2010; Kumar et al., 2016) and visualization (Kunegis et al., 2010).
Signed graphs are an increasingly popular family of undirected graphs, for which the edge
weights may take both positive and negative values, thus encoding a measure of similarity
or dissimilarity between the nodes. Signed social graphs have also received considerable
attention to model trust relationships between entities, with positive (respectively, negative)
edges encoding trust (respectively, distrust) relationships.

Clustering is arguably one of the most popular tasks in unsupervised machine learning,
aiming at partitioning the node set such that the average connectivity or similarity between
pairs of nodes within the same cluster is larger than that of pairs of nodes spanning different
clusters. While the problem of clustering undirected unsigned graphs has been thoroughly
studied for the past two decades (and to some extent, also that of clustering directed graphs
in recent years), a lot less research has been undertaken on studying signed graphs.

Spectral clustering and regularization. Spectral clustering methods have become a
fundamental tool with a broad range of applications in areas including network science, ma-
chine learning and data mining (von Luxburg, 2007). The attractivity of spectral clustering
methods stems, on one hand, from its computational scalability by leveraging state-of-the-
art eigensolvers, and on the other hand, from the fact that such algorithms are amenable to
a theoretical analysis under suitably defined stochastic block models that quantify robust-
ness to noise and sparsity of the measurement graph. Furthermore, on the theoretical side,
understanding the spectrum of the adjacency matrix and its Laplacians, is crucial for the
development of efficient algorithms with performance guarantees, and leads to a very math-
ematically rich set of problems. One such example from the latter class is that of Cheeger
inequalities for general graphs, which relate the dominant eigenvalues of the Laplacian to
edge expansion on graphs (Chung, 1996), extended to the setup of directed graphs (Chung,
2005), and more recently, to the graph Connection Laplacian arising in the context of the
group synchronization problem (Bandeira et al., 2013), and higher-order Cheeger inequal-
ities for multiway spectral clustering (Lee et al., 2014). There has been significant recent
advances in theoretically analyzing spectral clustering methods in the context of stochastic
block models; for a detailed survey, we refer the reader to the comprehensive recent survey
of Abbe (2017).

In general, spectral clustering algorithms for unsigned and signed graphs typically have a
common pipeline, where a suitable graph operator is considered (e.g., the graph Laplacian),
its (usually k) extremal eigenvectors are computed, and the resulting point cloud in R¥ is
clustered using a variation of the popular k-means algorithm (Rohe et al., 2011). The main
motivation for our current work stems from the lack of statistical guarantees in the above
literature for the signed clustering problem, in the context of sparse graphs and large number
of clusters k£ > 3. The problem of k-way clustering in signed graphs aims to find a partition
of the node set into k disjoint clusters, such that most edges within clusters are positive,
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while most edges across clusters are negative, thus altogether maximizing the number of
satisfied edges in the graph. Another potential formulation to consider is to minimize the
number of (unsatisfied) edges violating the partitions, i.e, the number of negative edges
within clusters and positive edges across clusters.

A regularization step has been introduced in the recent literature motivated by the ob-
servation that properly regularizing the adjacency matrix A of a graph can significantly
improve performance of spectral algorithms in the sparse regime. It was well known before-
hand that standard spectral clustering often fails to produce meaningful results for sparse
networks that exhibit strong degree heterogeneity (Amini et al., 2013; Jin, 2015). To this

end, Chaudhuri et al. (2012) proposed the regularized graph Laplacian L™ = D, 1 *AD; 1/ 2,
where D, = D + 71, for 7 > 0. The spectral algorithm introduced and analyzed in Chaud-
huri et al. (2012) splits the nodes into two random subsets and only relies on the subgraph
induced by only one of the subsets to compute the spectral decomposition. Qin and Rohe
(2013) studied the more traditional formulation of a spectral clustering algorithm that uses
the spectral decomposition on the entire matrix (Ng et al., 2001), and proposed a regular-
ized spectral clustering which they analyze. Subsequently, Joseph and Yu (2016) provided
a theoretical justification for the regularization A, = A 4+ 7J, where J denotes the all ones
matrix, partly explaining the empirical findings of Amini et al. (2013) that the performance
of regularized spectral clustering becomes insensitive for larger values of regularization pa-
rameters, and show that such large values can lead to better results. It is this latter form
of regularization that we would be leveraging in our present work, in the context of clus-
tering signed graphs. Additional references and discussion on the regularization literature
are provided in Section 1.2.

Motivation & Applications. The recent surge of interest in analyzing signed graphs
has been fueled by a very wide range of real-world applications, in the context of clustering,
link prediction, and node rankings. Such social signed networks model trust relationships
between users with positive (trust) and negative (distrust) edges. A number of online social
services such as Epinions and Slashdot that allow users to express their opinions are nat-
urally represented as signed social networks (Leskovec et al., 2010). Banerjee et al. (2012)
considered shopping bipartite networks that encode like and dislike preferences between
users and products. Other domain specific applications include personalized rankings via
signed random walks (Jung et al., 2016), node rankings and centrality measures (Li et al.,
2019), node classification (Tang et al., 2016), community detection (Yang et al., 2007; Chu
et al., 2016), and anomaly detection, as in Kumar et al. (2014) which classifies users of an
online signed social network as malicious or benign. In the very active research area of syn-
thetic data generation, generative models for signed networks inspired by Structural Balance
Theory have been proposed in Derr et al. (2018). Learning low-dimensional representations
of graphs (network embeddings) have received tremendous attention in the recent machine
learning literature, and graph convolutional networks-based methods have also been pro-
posed for the setting of signed graphs, including Derr et al. (2018); Li et al. (2020), which
provide network embeddings to facilitate subsequent downstream tasks, including clustering
and link prediction.

A key motivation for our line of work stems from time series clustering (Aghabozorgi
et al., 2015), an ubiquitous task arising in many applications that consider biological gene
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expression data (Fujita et al., 2012), economic time series that capture macroeconomic vari-
ables (Focardi, 2005), and financial time series corresponding to large baskets of instruments
in the stock market (Ziegler et al., 2010; Pavlidis et al., 2006). Driven by the clustering
task, a popular approach in the literature is to consider similarity measures based on the
Pearson correlation coefficient that captures linear dependence between variables and takes
values in [—1, 1]. By construing the correlation matrix as a weighted network whose (signed)
edge weights capture the pairwise correlations, we cluster the multivariate time series by
clustering the underlying signed network. To increase robustness, tests of statistical sig-
nificance are often applied to individual pairwise correlations, indicating the probability of
observing a correlation at least as large as the measured sample correlation, assuming the
null hypothesis is true. Such a thresholding step on the p-value associated to each individual
sample correlation (Ha et al., 2015), renders the correlation network as a sparse matrix,
which is one of the main motivations of our current work which proposes and analyzes
algorithms for handling such sparse signed networks. We refer the reader to the popular
work of Smith et al. (2011) for a detailed survey and comparison of various methodologies
for turning time series data into networks, where the authors explore the interplay between
fMRI time series and the network generation process. Importantly, they conclude that, in
general, correlation-based approaches can be quite successful at estimating the connectivity
of brain networks from fMRI time series.

Paper outline. This paper is structured as follows. The remainder of this Section 1
establishes the notation used throughout the paper, followed by a brief survey of related
works in the signed clustering literature and graph regularization techniques for general
graphs, along by a brief summary of our main contributions. Section 2 lays out the problem
setup leading to our proposed algorithms in the context of the signed stochastic block model
we subsequently analyze. Section 3 is a high-level summary of our main results across the
two algorithms we consider. Section 4 contains the analysis of the proposed SPONGEy,
algorithm, for both the sparse and dense regimes, for general number of clusters. Similarly,
Section 5 contains the main theoretical results for the symmetric Signed Laplacian, under
both sparsity regimes as well. Section 6 contains detailed numerical experiments on various
synthetic and real world data sets, showcasing the performance of our proposed algorithms,
as we vary the number of clusters, the relative cluster sizes, the sparsity regimes, and the
regularization parameters. Finally, Section 7 is a summary and discussion of our main
findings, with an outlook towards potential future directions. We defer to the Appendix
additional proof details and a summary of the main technical tools used throughout.

1.1 Notation

We denote by G = (V, E) a signed graph with vertex set V, edge set E, and adjacency
matrix A € {0,£1}"*". We will also refer to the unsigned subgraphs of positive (resp.
negative) edges GT = (V, ET) (resp. G~ = (V, E7)) with adjacency matrices AT (resp.
A7), such that A = AT— A~. More precisely, Al‘-; = max {4;;,0} and A;; = max {—A4;;,0},
with EYNE~=(, and ET UE~= E. We denote by D = D" + D~ the signed degree
matrix, with the unsigned versions given by DT := A1 and D~ := A~ 1. For a subset of
nodes C' C V, we denote its complement by C =V \ C.
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For a matrix M € R™*", || M|| denotes its spectral norm ||M]|,, i.e., its largest singular
value, and ||[M||r denotes its Frobenius norm. When M is a n X n symmetric matrix, we
denote V(M) be the nx k matrix whose columns are given by the eigenvectors corresponding
to the k smallest eigenvalues, and let R(Vj(M)) denote the range space of these eigenvectors.
We denote the eigenvalues of M by (A;(M))}_;, with the ordering

A(M) < Xpi (M) < - < A (M).

We also denote M;, to be the i-th row of M. We denote 1 = (1,...,1) (resp. 1j) the all
ones column vector of size n (resp. k) and x1 = ﬁ]lk. I, denotes the square identity
matrix of size m and is shortened to I when m = n. J,,, is the m x n matrix of all ones.
Finally, for a,b > 0, we write a < b if there exists a universal constant C' > 0 such that
a<b. Ifa<bandb<a, then we write a < b.

1.2 Related literature on signed clustering and graph regularization techniques

Signed clustering. There exists a very rich literature on algorithms developed to solve
the k-way clustering problem, with spectral methods playing a central role in the devel-
opments of the last two decades. Such spectral techniques optimize an objective function
via the eigen-decomposition of a suitably chosen graph operator (typically a graph Lapla-
cian) built directly from the data, in order to obtain a low-dimensional embedding (most
often of dimension k or k — 1). A clustering algorithm such as k-means or k-means—+-+ is
subsequently applied in order to extract the final partition.

Kunegis et al. (2010) introduced the combinatorial Signed Laplacian L = D — A for
the 2-way clustering problem. For heterogeneous degree distributions, normalized exten-
sions are generally preferred, such as the random-walk Signed Laplacian L, = I — E_IA,
and the symmetric Signed Laplacian Lgy, = I — D PAD 2 Chiang et al. (2012)
pointed out a weakness in the Signed Laplacian objective for k-way clustering with k > 2,
and proposed instead a Balanced Normalized Cut (BNC) objective based on the opera-
tor Lgne = E_l/Q(DJr - A)ﬁ_l/2 Mercado et al. (2016) based their clustering algo-
rithm on a new operator called the Geometric Mean of Laplacians, and later extended
this method in (Mercado et al., 2019) to a family of operators called the Matriz Power
Mean of Laplacians. Previous work (Cucuringu et al., 2019) by a subset of the authors of
the present paper introduced the symmetric SPONGE objective using the matrix opera-
tor T = (Lg,,, + T+I)_1/2(L;Zm + 771 (Lgym + 7+1)71/2 using the unsigned normalized
Laplacians Lsiym = I — (D*)"'1/24%(D*)~1/2 and regularization parameters 7+, 7= > 0.
This work also provides theoretical guarantees for the SPONGE and Signed Laplacian al-
gorithms, in the setting of a Signed Stochastic Block Model.

Mercado et al. (2016) and Mercado et al. (2019) study the eigenspaces - in expectations
and in probability - of several graph operators in a certain Signed Stochastic Block Model.
However, this generative model differs from the one proposed in Cucuringu et al. (2019)
that we analyze in this work. In the former, the positive and negative adjacency matrices
do not have disjoint support, contrary to the latter. Moreover, their analysis is performed
in the case of equal-size clusters. We will later show in our analysis that their result for the

symmetric Signed Laplacian is not applicable in our setting.
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Hsieh et al. (2012) proposed to perform low-rank matrix completion as a preprocessing
step, before clustering using the top k eigenvectors of the completed matrix. For k = 2,
Cucuringu (2015) showed that signed clustering can be cast as an instance of the group syn-
chronization (Singer, 2011) problem over Zs, potentially with constraints given by available
side information, for which spectral, semidefinite programming relaxations, and message
passing algorithms have been considered. In recent work, Cucuringu et al. (2021) proposed
a formulation for the signed clustering problem that relates to graph-based diffuse interface
models utilizing the Ginzburg-Landau functionals, based on an adaptation of the classic
numerical Merriman-Bence-Osher (MBO) scheme for minimizing such graph-based func-
tionals (Merkurjev et al., 2014). We refer the reader to Gallier (2013) for a recent survey
on clustering signed and unsigned graphs.

In a different line of work, known as correlation clustering, Bansal et al. (2004) considered
the problem of clustering signed complete graphs, proved that it is NP-complete, and pro-
posed two approximation algorithms with theoretical guarantees on their performance. On
a related note, Demaine et al. (2006) studied the same problem but for arbitrary weighted
graphs, and proposed an O(logn) approximation algorithm based on linear programming.
For correlation clustering, in contrast to k-way clustering, the number of clusters is not
given in advance, and there is no normalization with respect to size or volume.

Regularization in the sparse regime. In many applications, real-world networks are
sparse. In this context, regularization methods have increased the performance of traditional
spectral clustering techniques, both for synthetic Stochastic Block Models and real data sets
(Chaudhuri et al., 2012; Amini et al., 2013; Joseph and Yu, 2016; Le et al., 2015).
Chaudhuri et al. (2012) regularize the Laplacian matrix by adding a (typically small)

weight 7 to the diagonal entries of the degree matrix L, = I — DT_l/QADT_l/2 with D, =
D + 7I. Amini et al. (2013) regularize the graph by adding a weight 7/n to every edge,
leading to the Laplacian Ly=1- DT_l/QATDT_l/2 with A, = A+ 7/n117 and D, = A, 1.
Le et al. (2017) prove that this technique makes the adjacency and Laplacian matrices
concentrate for inhomogeneous Erdés-Rényi graphs. Zhang and Rohe (2018) show that
this technique prevents spectral clustering from overfitting through the analysis of dangling
sets. In (Le et al., 2017), Le et al. propose a graph trimming method in order to reduce the
degree of certain nodes. This is achieved by reducing the entries of the adjacency matrix
that lead to high-degree vertices. Zhou and Amini (2018) add a spectral truncation step
after this regularization method, and prove consistency results in the bipartite Stochastic
Block Model.

Very recently, regularization methods using powers of the adjacency matrix have been
introduced. Abbe et al. (2020) transform the adjacency matrix into the operator A, =
1{(I+ A)" > 1}, where the indicator function is applied entrywise. With this method,
spectral clustering achieves the fundamental limit for weak recovery in the sparse setting.
Very similarly, Stephan and Massoulié (2019) transform the adjacency matrix into a distance
matrix of outreach [, which links pairs of nodes that are [ far apart w.r.t the graph distance.

1.3 Summary of our main contributions

This work extends the results obtained in Cucuringu et al. (2019) by a subset of the authors
of our present paper. This previous work introduced the SPONGE algorithm, a princi-
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pled and scalable spectral method for the signed clustering task that amounts to solving a
generalized eigenvalue problem. Cucuringu et al. (2019) provided a theoretical analysis of
both the newly introduced SPONGE algorithm and the popular Signed Laplacian-based
method (Kunegis et al., 2010), quantifying their robustness against the sampling sparsity
and noise level, under the setting of a Signed Stochastic Block Model (SSBM). These were
the first such theoretical guarantees for the signed clustering problem under a suitably
defined stochastic graph model. However, the analysis in Cucuringu et al. (2019) was re-
stricted to the setting of two equally-sized clusters, which is less realistic in light of most real
world applications. Furthermore, the same previous line of work considered the moderately
dense regime in terms of the edge sampling probability p, in particular, it operated in the
setting where E[D,;] = lnn, i.e., p > h‘T” Many real world applications involve large but
very sparse graphs, with p = © (%), which provides motivation for our present work.

We summarize below our main contributions, and start with the remark that the the-
oretical analysis in the present paper pertains to the normalized version of SPONGE
(denoted as SPONGE,y;,) and the symmetric Signed Laplacian, while Cucuringu et al.
(2019) analyzed only the un-normalized versions of these signed operators. The experi-
ments reported in Cucuringu et al. (2019) also consider such normalized matrix operators,
and show their superior performance over their respective un-normalized versions, further
providing motivational ground for our current work.

(i) Our first main contribution is to analyze the two above-mentioned signed operators,
namely SPONGE,,,, and the symmetric Signed Laplacian, in the general SSBM
model with £ > 2 and unequal-cluster sizes, in the moderately dense regime. In
particular, we evaluate the accuracy of both signed clustering algorithms by bounding
the mis-clustering rate of the entire pipelines, as achieved by the popular k-means
algorithm.

(ii) Our second contribution is to introduce and analyze new regularized versions of both
SPONGE;y,, and the symmetric Signed Laplacian, under the same general SSBM
model, but in the sparse graph regime E[D;;] > 1, a setting where standard spectral
methods are known to underperform. To the best of our knowledge, this sparsity
regime has not been previously considered in the literature of signed networks; such
regularized spectral methods have so far not been considered in the setting of clus-
tering signed networks, or more broadly in the signed networks literature, where such
regularization could prove useful for other related downstream tasks. One important
aspect of regularization techniques is the choice of the regularization parameters. We
show that our proposed algorithms can benefit from careful regularization and at-
tain a higher level of accuracy in the sparse regime, provided that the regularization
parameters scale as an adequate power of the average degree in the graph. These
findings are supported by our experiments on real-world datasets.

2. Problem setup

This section details the two algorithms for the signed clustering problem that we will analyze
subsequently, namely, SPONGEg,,, (Symmetric Signed Positive Over Negative Generalized
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Eigenproblem) and the symmetric Signed Laplacian, along with their respective regularized
versions.

2.1 Clustering via the SPONGE,,,, algorithm

The symmetric SPONGE method, denoted as SPONGEyy,,, aims at jointly minimizing
two measures of badness in a signed clustering problem. For an unsigned graph G and
X,Y C V, we define the cut function Cutg(X,Y) := ZiGXJey A;j, and denote the volume
of X by VOlg(X) = ZiEX Z?:l Al]

For a given cluster set C' C V, Cutg(C, C) is the total weight of edges crossing from C to
C and Volg(CO) is the sum of (weighted) degrees of nodes in C'. With this notation in mind
and motivated by the approach of Cucuringu et al. (2016) in the context of constrained

clustering, the symmetric SPONGE algorithm for signed clustering aims at minimizing the
. . Cut+ (C,0) Cute,— (C,O)\™F Vol (C)
following two measures of badness given by ol () and (7\/010_(0) ) = Gutg(C0)"

To this end, we consider “merging” the objectives, and aim to solve

CUtG+ (C,@) _
Vol o) T 7
min —
ccv CUtg— (C:C)
Vol (C)

M
+ 7t

where 77 > 0,7 > 0 denote trade-off parameters. For k-way signed clustering into disjoint
clusters C1,...,C), we arrive at the combinatorial optimization problem

k Cutg+ (Ci,Ci) o
: Vol (Ci)
min — . (1)
C1,...,Ck 4 Cut,— (C5,C) 4t
i=1 Vol (C)

Let DT, L" denote respectively the degree matrix and un-normalized Laplacian associ-

ated with G*, and L], = (DH)=12L+(D*)~1/2 denote the symmetric Laplacian matrix
for G* (similarly for Lgym, D™, L7). For a subset C; C V, denote 1, to be the indicator

vector for C; so that (1¢,); equals 1 if j € Cy, and is 0 otherwise. Now define the normalized
indicator vector z¢, € R" where

— ~1/2
Cutgf(Ci,C,») +> 1 +\1/2
xo, = ——— " 4 7 —— (D 1c..
< ( Volg-(Ci) V010+(Ci)( ) e,

In light on this, one can verify that

_ I - B
-(C5, G 1, D71, (C:. C:
xng- — M_’_TJF C; Ci _ CUtG (szcz) +T+ :
Y Vol (Ci) Volg+ (Cj) Volg— (C5)
- .
mg Lt xc = M+T+ w
i Hsym<Cj VOlg—(Ci) VOIGJF(Ci)
U Volg- (Gy) Vol (C7)
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Hence (1) is equivalent to the following discrete optimization problem

ClmlnkaC (Liym +7 Dzc (2)

which is NP-Hard. A common approach to solve this problem is to drop the discreteness
constraints, and allow z¢, to take values in R”. To this end, we introduce a new set of vectors

21,..., 2k € R" such that they are orthonormal with respect to the matrix L, + 1, ie.,
(Lgym + 7%1)2y = §;7. This leads to the continuous optimization problem
k
min > a2 (L, + 7 Dz (3)

Z-T(Ls_ym—‘r’r+])2’/ 6“/i 1

Note that the above choice of vectors zi,...,z; is not really a relaxation of (2) since
xcy, - - -, Zc, are not necessarily (Ls_ym + 771 I)-orthonormal, but (3) can be conveniently for-
mulated as a suitable generalized eigenvalue problem, similar to the approach in Cucuringu
et al. (2016). Indeed, denoting y; = (L, THD)Y 2z, and Y = [y1,..., ] € R7F, (3)

can be rewritten as

sym +

min Te (YT (Lo + 7 3 (L + 7 D) (L + 77D 712Y),

the solution to which is well known to be given by the smallest k eigenvectors of

T = (L + 7 0) 2L + 77 1) (L + 77172,

sym sym

see for e.g. (Sameh and Tong, 2000, Theorem 2.1). However this is not practically viable
for large scale problems, since computing T itself is already expensive. To circumvent
this issue, one can instead consider the embedding in R¥ corresponding to the smallest k
generalized eigenvectors of the symmetric definite pair (Ljym + 771, Ly, + 7HI). There
exist many efficient solvers for solving large scale generalized eigenproblems for symmetric
definite matrix pairs. In our experiments, we use the LOBPCG (Locally Optimal Block
Preconditioned Conjugate Gradient method) solver introduced in Knyazev (2001).

One can verify that (\,v) is an eigenpair! of T'iff (), (L;ym+T+I)_1/27)) is a generalized
eigenpair of (L{,,, +771, L, +7"I). Indeed, for symmetric matrices A, B with A >~ 0, it

holds true for w = A~1/2y that
AYV2BAY2) — \y <= Bw = Muw.

Therefore, denoting Vi, (T') € R™** to be the matrix consisting of the smallest k eigenvectors
of T, and Gi(T) € R™* to be the matrix of the smallest k generalized eigenvectors of
(Liym + 771, Ly, +711), it follows that

Gk(T) (Ls_ym + T+I)_1/2Vk(T) (4)

Hence upon computing G(T'), we will apply a suitable clustering algorithm on the rows
of Gi(T) such as the popular k-means++ (Arthur and Vassilvitskii, 2007), to arrive at the
final partition.

"With X\ denoting its eigenvalue, and v the corresponding eigenvector.
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Remark 1 In Cucuringu et al. (2019), similar arguments as above were shown for the
SPONGE algorithm which led to computing the k smallest generalized eigenvectors of the
matriz pair (LT + 77D, L~ + 7t D%). SPONGE,,,, was proposed in Cucuringu et al.
(2019) but no theoretical results were provided.

Clustering in the sparse regime. We also provide a version of SPONGE,,,, for the
case where G is sparse, i.e., the graph has very few edges and is typically disconnected. In
this setting, we consider a regularized version of SPONGE,,,, wherein a weight is added
to each edge (including self-loops) of the positive and negative subgraphs, respectively.
Formally, for regularization parameters y*,v~ > 0, let us define A’jyti = AT+ WT]I]I—r to be
the regularized adjacency matrices for the unsigned graphs G+, G~ respectively. Denoting
Dfi to be the degree matrix of Afi, the normalized Laplacians corresponding to Af;i are
given by
Li;mﬁi =4 = (Dii)il/zAfi(Dii)il/z-

Given the above modifications, let Vi(T,+ ,-) € R™** denote the matrix consisting of the
smallest k eigenvectors of

T =(LT _+7D)7V2LE 47 ) (LT

+7\—1/2
RARES sym,y sym,y sym,y~ T I) ’

For the same reasons discussed earlier, we will consider the embedding given by the smallest

k generalized eigenvectors of the matrix pencil (L;Zm S+t 71 ,LS_Z’,m ~+ 711), namely
Gr(Ty+ ,-) where
Gr(Tyy-) = (Ls_ymn* * T+I)71/2Vk(Tv+n*)7

as in (44). The rows of Gp(T,+ ,-) can then be clustered using an appropriate clustering
procedure, such as k-means++-.

Remark 2 Regularized spectral clustering for unsigned graphs involves adding %]l]lT to the
adjacency matriz, followed by clustering the embedding given by the smallest k eigenvectors
of the normalized Laplacian (of the regularized adjacency), see for e.qg. Amini et al. (2013);
Le et al. (2017). To the best of our knowledge, regularized spectral clustering methods have
not been explored thus far in the context of sparse signed graphs.

2.2 Clustering via the symmetric Signed Laplacian

The rationale behind the use of the (un-normalized) Signed Laplacian L for clustering is
justified by Kunegis et al. in Kunegis et al. (2010) using the signed ratio cut function. For
ccVv,

_ _ — 1 1
sRCut(C,C) = (2Cutq4(C, C) + Cutg—(C,C) + Cutg—(C,C)) <|C’| + \C|> . (5)
For 2-way clustering, minimizing this objective corresponds to minimizing the number of
positive edges between the two classes and the number of negative edges inside each class.
Moreover, (5) is equivalent to the following optimization problem

min quu,
ueU

10
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where & € R" is the set of vectors of the form Vi € [n],u; = £3 (, / % +4/ g)

However, Gallier (2016) noted that this equivalence does not generalize to k > 2, and
defined a new notion of signed cut, called the signed normalized cut function. For a partition
C1,...,C) with membership matrix X € {0, 1}"*¥,

k — k T g
iy Ci —(Ci, Gy X' LX"
sNC’ut(Cl,...,Ck):ZCUtG(C ?) 2Cu‘cG (C C):ZL

VOlg(C' VOlg(Ci)

=1

with X the i-th column of X. Compared to (5), this objective also penalizes the number of
negative edges across two subsets, which may not be a desirable feature for signed clustering.
Minimizing this function with a relaxation of the constraint that X* € {0, 1}" leads to the
following problem
min Tr(Y Lo ).
YTy=I

The minimum of this problem is obtained by stacking column-wise the k eigenvectors of
m corresponding to the smallest eigenvalues, i.e. Vk(m) Therefore, one can apply
a clustering algorithm to the rows of the matrix Vj(Lsym) to find a partition of the set of
nodes V.

In fact, we will consider using only the k — 1 smallest eigenvectors of % and applying
the k-means++ algorithm on the rows of V;_1(Lsyn). This will be justified in our analysis
via a stochastic generative model, namely the Signed Stochastic Block Model (SSBM),
introduced in the next subsection. Under this model assumption, we will see later that
the embedding given by the k — 1 smallest eigenvectors of the symmetric Signed Laplacian
of the expected graph has k distinct rows (with two rows being equal if and only if the
corresponding nodes belong to the same cluster).

Clustering in the sparse regime. When G is sparse, we propose a spectral clustering
method based on a regularization of the signed graph, leading to a regularized Signed
Laplacian. To this end, for y,v~ > 0, recall the regularized adjacency matrices Aii, with

degree matrices Dvii, for the unsigned graphs G*, G~ respectively. In light of this, the
regularized signed adjacency and degree matrices are defined as follows

Jr —
W Al AP TY
Ayi= AT - AL = At 11,

D, = Dj++D;, =D 44 " I+ D +y I=D+(y "+~ ) =D +~I,

with v := 4T + 7. Our regularized Signed Laplacian is the symmetric Signed Laplacian
on this regularized signed graph, i.e.

Ly:=1~ (Ev)_1/2A7(57)_1/2~ (6)
Similarly to the symmetric Signed Laplacian, our clustering algorithm in the sparse case

finds the & — 1 smallest eigenvectors of L, and applies the k-means algorithm on the rows
of Vi—1(L~).

11
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Remark 3 For the choice v© = v, the regularized Laplacian becomes
Ly:=1~ (Ev)_l/zA(Ev)_l/z,

with ﬁ7 = D+ (vt 4~7)I. This regularization scheme is very similar to the degree-corrected
normalized Laplacian defined in Chaudhuri et al. (2012).

2.3 Signed Stochastic Block Model (SSBM)

Our work theoretically analyzes the clustering performance of SPONGEy,, and the sym-
metric Signed Laplacian algorithms under a signed random graph model, also considered
previously in (Cucuringu et al., 2019; Cucuringu et al., 2021). We recall here its definition
and parameters.

e n: the number of nodes in network;

e k: the number of planted communities;

e p: the probability of an edge to be present;

e 1: the probability of flipping the sign of an edge;

e (1,...,Cy: an arbitrary partition of the vertices with sizes ni, ..., ng.

We first partition the vertices (arbitrarily) into clusters C1, ..., Cy where |C;| = n;. Next,
we generate a noiseless measurement graph from the Erdés-Rényi model G(n,p), wherein
each edge takes value +1 if both its endpoints are contained in the same cluster, and —1
otherwise. To model noise, we flip the sign of each edge independently with probability
n € [0,1/2). This results in the realization of a signed graph instance G from the SSBM
ensemble.

Let A € {0,£1}"*" denote the adjacency matrix of G, and note that (A;;);<; are
independent random variables. Recall that A = AT — A~ where AT, A~ € {0,1}"*" are
the adjacency matrices of the unsigned graphs GT, G~ respectively. Then, (Ajj’)jﬁj/ are
independent, and similarly (Aj_j/)jﬁj’ are also independent. But for given j,j’ € [n] with
j#7q, A;'j, and Aj_j, are dependent. Let d;t denote the degree of a node in cluster i, for
i € [k] in the graph E[A*]. Moreover, under this model, the expected signed degree matrix
is the scaled identity matrix ED = dI, with d = p(n — 1).

Remark 4 Contrary to stochastic block models for unsigned graphs, we do not require (for
the purpose of detecting clusters) that the intra-cluster edge probabilities to be different
from those of inter-cluster edges, since the sign of the edges already achieves this purpose
implicitly. In fact, it is the noise parameter n that is crucial for identifying the underlying
latent cluster structure.

To formulate our theoretical results we will also need the following notations. Let
s; = n;/n denote the fraction of nodes in cluster ¢, with [ (resp. s) denoting the fraction for
the largest (resp. smallest) cluster. Hence, the size of the largest (resp. smallest) cluster
is nl (resp. ms). Following the notation in Lei and Rinaldo (2015), we will denote M, s

12
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to be the class of “membership” matrices of size n x k, and denote 6 e M, 1 to be the
ground-truth membership matrix containing k distinct indicator row-vectors (one for each
cluster), i.e., for i € [k] and j € [n],

R {1 if node j € cluster Cj,
0j; =

0 otherwise.

We also define the normalized membership matrix © corresponding to ©, where for i € (k]
and j € [n],
o {1/\/771 if node j € cluster C;,
Ji =

0 otherwise.

3. Summary of main results

We now summarize our theoretical results for SPONGE,,,, and the symmetric Signed
Laplacian methods, when the graph is generated from the SSBM ensemble.

3.1 Symmetric SPONGE

We begin by describing conditions under which the rows of the matrix Gy (T') approximately
preserve the ground truth clustering structure. Before explaining our results, let us denote
the matrix T to be the analogue of T' for the expected graph, i.e.,

T = (Laym +7 1) 2Lt + 77 I)(Laym +771) 72,

where L, = I — (E[D¥]))~'/2E[A*](E[D*])~'/2. We first show that for suitable values
of 77 > 0,77 > 0 (with n large enough), the smallest k eigenvectors of T, denoted by
Vi(T), are given by Vi(T) = OR, for some k x k rotation matrix R. Hence, the rows of
Vi(T) have the same clustering structure as that of ©. Denoting G1(T) € R™ ¥ to be the
matrix consisting of the k smallest generalized eigenvectors of (Ldym + 771, Lyym + 771),
and recalling (4), we can relate Gx(T) and Vi (T) via

Gi(T) = (Ligm + 7717 2Vi(D). (7)

It turns out that when V4(T) = OR, and in light of the expression for Lz, + 711 from
(24), we arrive at Gi(T) = ©(C~)"Y2R, where C~ = 0 is as in (18). Since (C~)"'/2R is
invertible, it follows that Gy (T) has k distinct rows, with the rows that belong to the same
cluster being identical. The remaining arguments revolve around deriving concentration
bounds on HT — TH, which imply (for p large enough) that the distance between the column
spans of Vi(T) and Vi(T) is small, i.e., there exists an orthonormal matrix O such that
Vi(T) — Vk(T)OH is small. Finally, the expressions in (4) and (7) altogether imply that
Gi(T) — G (T)OH is small, which is an indication that the rows of G(T") approximately
preserve the clustering structure encoded in ©.

The above discussion is summarized in the following theorem, which is our first main
result for SPONGE,,, in the moderately dense regime.

13
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Theorem 5 (Restating Theorem 29) (Eigenspace alignment of SPONGE,,,, in

2(1-1) 2 _
5(1_227), (1_1)271_77) }, suppose that 7™ > 0,77 > 0 are

the dense case) Assuming n > max{

chosen to satisfy

167 _ B s(1—2n) ) 1 T
T maomy T <2(S(1—2n)+2n>mm{4(1—6)’8}

where B,n satisfy one of the following conditions

_ 4 1
1. B—W and0<77<§; or

2. B:% and n < 577

Then Vi(T) = OR and G(T) = ©(C~)~"'/2R, where R is a rotation matriz, and C~ > 0
is as defined in (18). Moreover, for any e, € (0,1), there exists a constant ¢. > 0 such
that the following is true. If p satisfies

256C (T, 77)(2 4+ 71)4 81 In(4n/e)
R O i |

with C1(+), Ca(+) as in (45), then with probability at least 1 — 2¢, there exists an orthogonal
matriz O € RF** such that

p 2 max {5602(3777’”7 n

) n )
vt (rh)?

Let us now interpret the scaling of the terms n,p,7" and 7~ in Theorem 5, and provide
some intuition.

IVelT) ~ 0| <5, and  [|GW(T) - GR(T)O|| <

4n
s(1—2n)+4n

and the requirement on n is n 2 max {S(Tl%)’ % } Then a sufficient set of conditions

1. In general, when no assumption is made on the noise level 7, we have 8 =

on 7t >0,77 >0 are

+>1 _n —<#. 8
TR Sy T N sa—em o ®)

Moreover, we see from (45) that Cy(7",77) < 1/7F, and thus % <1
Hence, a sufficient condition on p is

Inn

1 n 4
> — R — —
P <1 5(1—217)) Calsim 1) n

2. In the “low-noise” regime where < 5%, the condition on 7~ in (8) becomes strict,
especially as n — 0. In this regime, the second condition in Theorem 5 allows for a

wider range of values for 77; in particular, the following set of conditions suffice

7-+>]_, ’T_<M,
~ ™ s(1—2n)+2n

Moreover, we then obtain that the condition p = 5%02(8, 7, l)lnT" is sufficient.
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3. When 77 — oo, then HGk(T) - Gk(T)OH — 0, which might lead one to believe that
the clustering performance improves accordingly. This is not the case however, since

when 771 is large, then G (T') ~ \/%Vk(T) and Gi(T) ~ \/%Vk (T), which means that

clustering the rows of G (7)) (resp. Gy (T)) is roughly equivalent to clustering the rows
of Vi,(T) (resp. Vi(T)). Moreover, note that for large 7+, we have T~ - (L, +771)

sym
and T ~ T%r (Liym~+7~I) and thus the negative subgraph has no effect on the clustering
performance.

SPONGE,,,, in the sparse regime. Notice that the above theorem required the spar-
sity parameter p = Q(Inn/n), when n is large enough. This condition on p is essentially

in Lemma 27, which in turn im-

required to show concentration bounds on HLSiym - L;Zm‘

plies a concentration bound on HT - TH (see Lemma 28). However, in the sparse regime
p is of the order o(lnn)/n, and thus Lemma 27 does not apply in this setting. In fact,

it is not difficult to see that the matrices Lsiym will not concentrate? around L;tym in the
sparse regime. On the other hand, by relying on a recent result in (Le et al., 2017, Theorem
4.1) on the concentration of the normalized Laplacian of regularized adjacency matrices of

inhomogeneous Erdds-Rényi graphs in the sparse regime (see Theorem 31), we show con-

Sym“ and ‘

centration bounds on HL

symoyt sym,y~
and v+, 7~ < (np)%7 (see Lemma 32). As before, these concentration bounds can then be
shown to imply a concentration bound on HT’Y+7’Y_ — TH (see Lemma 33). Other than these
technical differences, the remainder of the arguments follow the same structure as in the

proof of Theorem 5, thus leading to the following result in the sparse regime.

Theorem 6 (Restating Theorem 34 ) Assuming n > max{f((ll:z%, (1_772)’%1_1) }, sup-

pose 77 > 0,77 > 0 are chosen to satisfy

16n _ B s(1—2n) ) 1 T
A S <2<s<12n)+2n>mm{4<lm’8}

where 8,m satisfy one of the following conditions

Zﬂ—mand0<n<%,or

2. B:%a"dﬁ<25+4

Then Vi(T) = OR and G(T) = ©(C~)"Y2R, where R is a rotation matriz, and C~ = 0
is as defined in (18). Moreover, there ezists a constant C > 0 such that for r > 1 and
6 €(0,1), if p satisfies

401(T+,T )(2+ ) 2 014(T757777l)
pZmaX{1,<3( 21 -8 (1 +7 )) }538(1—77)71’

and v, v~ = [np(1 — n)]/7, then with probability at least 1 — 2e~", there exists a rotation
O € RF** 5o that

HVk(T’WO’_) - Vk(T)OH <9, and “Gk(T7+’,Y—) — Gk(T)OH <

2See for e.g., Le et al. (2017).
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Here, Cy(r,s,m,1) := 25/2Cr? + 3./2C5(s,n,1), with Cy(s,n,1) as defined in (45).

The following remarks are in order.

1. Tt is clear that v, can neither be too small (since this would imply lack of concen-
tration), nor too large (since this would destroy the latent geometries of G, G™). The

choice v, 7~ < (np)®7 provides a trade-off, and leads to the bounds HL symo+ L:ymH’

HL Ls_ymH = O((np)~/') when p > 1/n (see Lemma 32).

sym,y—

2. In general, for n € (0,1/2), it suffices that 77, 7~ satisfy (8) and n > max { S 1277) li}
@2+tH)Ci(rF, 7~
)Gl ) <

) < 1, and hence it suffices that p = M

As discussed earlier, 578
n

Mis-clustering error bounds. Thus far, our analysis has shown that under suitable
conditions on n,p, 7" and 77, the matrix Gi(T) (or Gi(T,+.-) in the sparse regime)
is close to G(T)O for some rotation O, with the rows of Gy(T') preserving the ground
truth clustering. This suggests that by applying the k-means clustering algorithm on the
rows of G (T') (or Gi(T+ ,-)) one should be able to approximately recover the underlying
communities. However, the k-means problem for clustering points in R¢ is known to be
NP-Hard in general, even for k = 2 or d = 2 (Aloise et al., 2009; Dasgupta, 2008; Mahajan
et al., 2012). On the other hand, there exist efficient (1 + £)-approximation algorithms (for
¢ > 0), such as, for e.g., the algorithm of Kumar et al. (2004) which has a running time of
0(2H/9°V 1q).

Using standard tools (Lei and Rinaldo, 2015, Lemma 5.1), we can bound the mis-
clustering error when a (1 + §)-approximate k-means algorithm is applied on the rows of
Gi(T) (or Gp(T,+ 5-)), provided the estimation error bound ¢ is small enough. In the
following theorem, the sets S;, ¢ = 1,..., k contain those vertices in C; for which we cannot
guarantee correct clustering.

Theorem 7 (Re-Stating Theorem 36) Under the notation and assumptions of Theo-
rem 5, let (0, X) € Myxr x RE¥F be a (14 &)-approzimate solution to the k-means problem
mingep, , xerkxk |OX — G(T)||%. Denoting

1

>
21/717;(T+ + %—l)

S;={jec H(é)?)j*f(@(c—)—l/QRO)j*

it holds with probability at least 1 — 2¢ that
zk: 2(64 4 326 )k 7+ 4 —2 () +1 9)
— 1-1 ()4 '

In particular, if § satisfies

(7-+)2

5 <
V(644 320)k(r + 2)((r+)3 + 1)
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then there exists a kxk permutation matriz m such that ©g = Ogm, where G = UF_ (C;\ S;).
In the sparse regime, the above statement holds under the notation and assumptions of
Theorem 6 with Gy (T) replaced with Gy(Ty+ ), and with probability at least 1 — 2e™".

We remark that when 77 — oo, the bound on § becomes independent of 7+ and is of the
form § < L. This is also true for the mis-clustering bound in (9), which is of the form

Zk 15il < 52

=1 n; ~

3.2 Symmetric Signed Laplacian

We now describe our results for the symmetric Signed Laplacian. We recall that E[4] =

E[AT] — E[A~] and E[D] denote the adjacency and degree matrices of the expected graph,
under the SSBM ensemble. We define

Lsym = In — (E[D])~/?E[A](E[D])~"/?, (10)

to be the normalized Signed Laplacian of the expected graph. Moreover, p = 7 < 1 denotes
the aspect ratio, measuring the discrepancy between the smallest and largest cluster sizes
in the SSBM.

We will first show that for p large enough, the smallest k& — 1 eigenvectors of Lgym,
denoted by Vj—1(Lsym), are given by Vi_1(Leym) = ORy_1, with Ri_; € RF*(E=1) 3 matrix
whose columns are the k — 1 smallest eigenvectors of a k x k matrix C defined in Lemma 37.
We will then prove that the rows of Vj_1(Lsym) impart the same clustering structure as
that of ®. The remaining arguments revolve around deriving concentration bounds on
H@ — Lsym ||, which imply, for n,p and p large enough, that the distance between the
column spans of Vk_l(%) and Vi_1(Lsym) is small, i.e. there exists a unitary matrix
O such that HVk,l(@) — Vk,l(ﬁsym)OH is small. Altogether, this allows us to conclude
that the rows of Vj,_1(Lsym) approximately encode the clustering structure of ©. The above
discussion is summarized in the following theorem, which is our first main result for the
symmetric Signed Laplacian, in the moderately dense regime.

Theorem 8 (Eigenspace alignment in the dense case) Assuming n € [0,1/2), k >
2, n > 10, suppose the aspect ratio satisfies

1
V> 1

4R+ VE)

and suppose that, for § € (0, %), it holds true that

(11)

Inn 2Ck 2
; = — 4 12
p > C(k,n,0) - with  C(k,n,0) <5(1 — 277)> and C < 43, (12)

Then there exists a universal constant ¢ > 0, such that with probability at least 1 — % —
nexp (—£), there exists an orthogonal matriz O € RE=DxE=1) sych that

Vi1 (Zsym) — ©ORy_10|| < 26,

where Ry, € RF*E=1) s o matriz whose columns are the (k — 1) smallest eigenvectors of
the matriz C' defined in Lemma 37.
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Remark 9 (Related work) As previously explained, for the special case where k = 2 and
with equal-size clusters, a similar result was proved in (Cucuringu et al., 2019, Theorem
3). Under a different SSBM model, the Signed Laplacian clustering algorithm was analyzed
by Mercado et al. (2019) for general k. Although their generative model is more general
than our SSBM, their results on the symmetric Signed Laplacian do not apply here. More
precisely, one assumption of Theorem 3 of Mercado et al. (2019) translates into our model
as p(k — 2)(1 — 2n) < 0, which does not hold for n < 3 and k > 2.

Remark 10 (Assumptions) The condition on the aspect ratio (11) is essential to apply
a perturbation technique, where the reference is the setting with equal-size clusters, i.e.
n; = ¢, Vi € [k] (see Lemma 89). In the sparsity condition (12), we note that the constant
C(k,n,6) scales quadratically with the number of classes k and as §~2 with § > 0 the error
on the eigenspace. However, we conjecture that this assumption is only an artefact of the
proof technique, and that the result could hold for more general graphs with very unbalanced
cluster sizes.

Regularized Signed Laplacian. We now consider the sparse regime p = o(Inn)/n and
show that we can recover the ground-truth clustering structure up to some small error using
the regularized Signed Laplacian L., provided that n, p and p are large enough, and that
the regularization parameters v, v~ are well-chosen. We denote £, to be the equivalent
of the regularized Laplacian for the expected graph in our SSBM, i.e.

L, =1 - (E[D,))""*E[A,)(E[D,])""/2,

with E[A,], resp. E[D,], denoting the adjacency matrix, resp. the degree matrix, of the
expected regularized graph. The next theorem is an intermediate result, which provides a
high probability bound on ||L, — £, || and || Ly — Lsym||-

Theorem 11 (Error bound for the reqularized Signed Laplacian) Assuming n € [0,1/2),
k > 2, and regularization parameters vy~ >0, v :== v +~7, it holds true that for any
r > 1, with probability at least 1 — Te™2", we have
=\ 5/2

Cr? d 32v2r 8

HLV—EWHS(H) +t—t—=,

el Vi Vd

with C' > 1 an absolute constant. Moreover, it also holds true that

(13)

Cr? ( d)5/ 2 322 8 ~
L~ Lomll < 2= (1+2)  + TR —— 14

In particular, for the choice v = 87/8, if p>2/n, we obtain

1Ly — Loym|l < (128072 +1) (d) 7.

Remark 12 The above theorem shows the concentration of our reqularized Laplacian L.
towards the reqularized Laplacian (13) and the Signed Laplacian (14) of the expected graph.
More precisely, if for some well-chosen parameters v*,v~ > 0, these upper bounds are
small, e.g || Ly — Lsym|| << 1, then we have ||Ly — Loym || << [|Lsyml| since |Loym| = 2 (see
Appendiz E).
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Using this concentration bound, we can show that the eigenspaces Vj,_1 (L) and Vi—1(Leym)
are “close”, provided that p = Q(1/n), p is close enough to 1, and ~ is well-chosen. This is
stated in the next theorem.

Theorem 13 (Eigenspace alignment in the sparse case) Assuming n € [0,1/2), k >
2, and n > 10, suppose that (11) holds true, and for § € (0, ) and r > 1, the sparsity p
satisfies

2kCy \® 2 , )
— | = th =12 1 1
p > <5(1—277)> - wi Cy 8Cr* + (15)
and C > 1 the constant defined in (13). If the regularization parameters v*,v~ > 0 are

chosen so that v = 87/8, then with probability at least 1 — Te — ne~"P/< there exists

an orthogonal matriz O € RE=Dx(E=1) o that

|Vi—1(Ly) — OR,_10|| < 24.

—2r _ 2
n

Remark 14 In the sparse setting, the constant before the factor % in the sparsity condition
(15) scales as (%)8. However for k fized, it would hold if p=w(1/n) as n — oo.

Remark 15 In practice, one can choose the reqularization parameters by first estimating
the sparsity parameter p, e.g. from the fraction of connected pairs of nodes

2
p= mZV%’h

1<j
then choosing v > 0 so that v = (p(n — 1))7/®

how one would suitably choose v* and v~ .

. Howewver, from this analysis, it is not clear

Mis-clustering error bounds. Since Vi_1(Lsym) and Vi1 (L ~) are “close” to Vi_1(Lsym),
we recover the ground-truth clustering structure up to some error, which we quantify in the
following theorem, where we bound the mis-clustering rate when using a (1+&)-approximate
k-means error on the rows of Vi_1(Lsym) (vesp. Vi—1(Ly)).

Theorem 16 (Number of mis-clustered nodes) Let £ > 0 and § € ( W)
and suppose that p and p satisfy the assumptions of Theorem & (resp. Theorem 15 and
r>1). Let (©, Ry_1) be the (1+ £)-approzimation of the k-means problem

min OR - Vi_1(L resp. min OR - Vi_1(L .
©eM,, 1, RERFX(+1) | et@agn)llp - (resp Ot HeRx6-) | k=1Ll )

Let S; = {] e Cy; (éék_l)j* — (@Rk_lO)j*

2 ~

> 372%} and V = UleCi\Si. Then with
probability at least 1 — E - nexp( P) (resp. 1 —Te ™™ — 2 —ne "P/¢)  there exists a
permutation m € RE¥F such that @ =0 7,7 and

k

Z

)(k —1)8%.

In particular, the set of mis-clustered nodes is a subset of Ué“:lSi.
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4. Analysis of SPONGE Symmetric

This section contains the proof of our main results for SPONGE,y,,, divided over the
following subsections. Section 4.1 describes the eigen-decomposition of the matrix 7', thus
revealing that a subset of its eigenvectors contain relevant information about ©. Section 4.2
provides conditions on 71, 7~ which ensure that V;(©) = OR (for some rotation matrix R),
along with a lower bound on the eigengap A\, _x+1(T) — A\_x(T). Section 4.3 then derives
concentration bounds on HT — TH using standard tools from the random matrix literature.
These results are combined in Section 4.4 to derive error bounds for estimating Vj(T') and
Gx(T) up to a rotation (using the Davis-Kahan theorem). The results summarized thus far
pertain to the “dense” regime, where we require p = Q(Inn/n) when n is large. Section
4.5 extends these results to the sparse regime where p = o(lnn)/n, for the regularized
version of SPONGE,y,,. Finally, we conclude in Section 4.6 by translating our results
from Sections 4.4 and 4.5 to obtain mis-clustering error bounds for a (1 + &)-approximate
k-means algorithm, by leveraging previous tools from the literature (Lei and Rinaldo, 2015).

4.1 Eigen-decomposition of T

The following lemma shows that a subset of the eigenvectors of T indeed contain information
about O, i.e., the ground-truth clustering.

Lemma 17 (Spectrum of T) Let

df = p(n(si(1—2n) +1) — (1 =n),

di =p(n(=si(1=2n)+ 1 —=n)—n),
denote the expected degree of a node in cluster C;, i € [k]. Let u™ = (E, el \/E>T,
u- = <\/E,...,\/E>T, of =147 +p(l—n)/df, and o =1+ 717 +pn/d;, for

i € [k], for some 7+ > 0,77 > 0. Let the columns of V* contain eigenvectors of E[D7]
which are orthogonal to the column span of ©. It holds true that

A ;
a{rl
. o np—1 OR T
T=[6R V] ' (VJ_)T : (16)
O¢+
%Ink—l
- ak -
where R is a k X k rotation matriz, and A is a diagonal matriz, such that
(C~)~Y2 Ct (C7)~Y2 = RART, where
. — p
ct = —pnut(uh)" + diag <1 +77 + d—+(1 —n—n;(l— 277))> , (17)
C™ = —p(l —n)u(u)" + diag (1 +7t 4+ d%(n +ni(1 — 277))> . (18)
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Proof We first consider the spectrum of D*, D=, A%, A~ followed by that of (Liym+771)

and (Lgym + 771), which altogether will reveal the spectral decomposition of 7.

e Analysis in expectation of the spectra of D™, D™, A*, A~. Without loss of gener-
ality, we may assume that cluster C; contains the first ny vertices, cluster Cy the next no ver-
tices and similarly for the remaining clusters. Note that E[D*] = diag (dlilm, e ,d,f[nk),
where for i € [k], straightforward calculations reveal that d;” = p (n(s;(1 — 2n) +17) — (1 — 7)),
and d; = p (n(—s;(1 —2n) + (1 — 1)) —n). One can rewrite the matrices (E[D*])~! in the
more convenient form

1 1 1

_ . 1
(EID*]) = [0 V] ding ot
k

E E’ e Ink_l) e v’ (19)

since the column vectors of © are eigenvectors of (E[D*])~!, and the eigenvalues of (E[D*])~!
are apparent because E[D*] is a diagonal matrix. Note that (19) is true in general, and
does not make any assumption on the placement of the vertices into their respective C;
cluster. Furthermore, one can verify that E[AT] admits the eigen-decomposition

nip(l—n) /ningpn ... /ningpn

Vnenipn  nep(l—mn) ... \/nangpn
E[A+] — ®n><k: . . . . ®k><n _p(l - U)Ian (20)

Viknapn o /mgnepn o mep(L—=n) ]

and similarly, E[A™] can be decomposed as

nipn vingp(l—mn) ... /ningp(l —n)

- Vrnanip(l —n) napn oo y/mangp(l —n)
E[A ] = @nxk . . . : @;—Xn - pnIan .
vignap(l —n)  ngnap(l —n) ... nEpn kxck

e Analysis of the spectra of (L, +7 1) and (Lsym +711). We start by observing
that

Liym + 771 = I — (B[D*])"V2(B[A®)(B[D]) /2 4+ 771
= (1+ 7)1 - (E[D*))"*(E[AT])(E[D*) /2. (21)
In light of (20), one can write (E[D*])~ 1/2( [AT])(E[D ])—1/2 as
(ELD*]) 2 (E[AM) (D) = —p(1 — n)(ELD*])"

=Bt
aPd—m)  JEEm ;Liz_ﬁpn
nani n2 NnaNgk T
pn #p(l—m) ... N o

+[e Vi dy dy dy ( ) d df O (i) yLT

T Ny L DEp(] —

it P it P P =) o

i O(n—k)xk O(n—k)x (n—k)_
(22)
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Similarly, using the expression for E[A~], the expression for (E[D~])~Y/2(E[A~])(E[D~])~1/?
can be written as

(E[D-) 2 (E[ADED )2 = —pn(E[D]) '+

def

=B~
=L (=) SRR = )]
17k
nznl nz nang T
P =m) 2pn e EED(L =) )
@ V4] | d; dy dj, Otk ||yt T
TERL (] — T — ) ul
id ( 1) p( 1) L
L O(n—k)xk O(n—k)x (n—k)
(23)
Combining (19), (22), and (23) into (21), we readily arrive at
[[diag(c;") — B=lixk  Opx(n_r) |
d:efc,i
+ T
In, 1 ©
Lim+ =6 vt A im
( sym+771) [ ] Oéitfnk—l it
L alflnk—l’_
(24)

where a and CT,C~ are defined as in the statement of the lemma. The spectral de-

composmon of T now follows trivially using (24), along with the spectral decomposition
(C—)~Y2¢*+(C~)~1/2 = RART. |

Lemma 17 reveals that we need to extract the k-informative eigenvectors O R from the
n-eigenvectors [@R VJ-] of T. Clearly, it suffices to recover any orthonormal basis for the
column span of ©, since the rows of any such corresponding matrix (one instance of which
is OR) will exhibit the same clustering structure as ©.

4.2 Ensuring V4(T) = OR and bounding the spectral gap

In this section, our aim is to show that, for suitable values of 7% > 0,7~ > 0, the eigenvectors
corresponding to the smallest & eigenvalues of T" are given by OR, i.e., Vi(T) = ©R. This
is equivalent to ensuring (recall Lemma 17) that

Jr
a;
Mot (T) = || (€7)H20H(E) 2| < min T = k() (25)
Moreover, we will need to find a strictly positive lower-bound on the spectral gap A\, _(T) —
A—ki1(T), as it will be used later on, in order to show that the column span of Vi(T) is
close to that of Vi (T'). We first consider the equal-sized clusters case, and then proceed to
the general-sized clusters case.
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4.2.1 SPECTRAL GAP FOR EQUAL-SIZED CLUSTERS

When the cluster sizes are equal, the analysis is considerably cleaner than the general
setting. Let us first establish notation specific to the equal-sized clusters case.

Remark 18 (Notation for the equal-sized clusters) For clusters of equal size, we have
thatny = ...=np=n/k, d":=df =..=d,d"=d] =..=d_,a" =af =...=qof,
and o~ = o] = ... = o . Let C’Jr C , and T, denote the respective counterparts of

C*t,C~, and T, for the equal-sized case. In light of (17) and (18), one can verify that CF
and C; are simultaneously diagonalizable, which we show in Lemma 60.

In the following lemma, we show the exact value of ||A] = H “12cHCo)Y 2”

Lemma 19 (Bounding the spectral norm of (C; )~ 1/20+(C )" 1/2) For equal-sized clus-
ters, the following holds true

— + pm?
H(C )~ 1/2C+(C ) 1/2H :max{Z,T pn(l 77)} .
T T+ + =
Proof The lemma follows directly from Lemma 60. |

Next, we derive conditions on 7+ > 0,7~ > 0 which ensure V(T) = OR.

Lemma 20 (Conditions on 7~ and 71) Suppose n > 2161(7172;7), and 7= >0, 77 > 0. If

7=, 71 satisfy

1.
_ P + p(1 =)
T <1 + = ) <T <1 + )
1—-2n)/k 1—-2n)/k 2
o ELECTT P (T IR
(=)= =" o U
Then it holds true that Vi(T) = OR, i.e., A\y_ps1(T) = H 1/2C’+ Co UQH < O‘+ =
Proof Recalling the expression for H “120+H(Co)1? H from Lemma 19, we will ensure
that each term inside the max is less than oﬁ Ja~. To derlve the first condition of the lemma,

we simply ensure that

™ 14+7 +p(l—mn)/dt _ P + p(1—n)
I e (142 1+ 82"
7_+< T+ +pnjd- T ( +d_><7' + ar

Before deriving the second condition, let us note additional useful bounds on d,, 3+ which
will be needed later.

Ld /np=1-n—010-2n)/k—n/n<1-n

23



CUCURINGU, SINGH, SULEM, TYAGI

2. Since n > k > 2, we obtain that d~/np > (1 —n) — (1 — 3n)/k > an This also
implies that pn/d— < 1.

Therefore, combining the above two bounds, we arrive at

1 o w2
I—n—d> " 1-n

S

3.d%mp=(1-2m)/k+n—(1-n)/n<n+(1-2n)/k

4. Since n > ( ) , it holds that d* /np = (1—2n)/k+n—(1—n)/n > n+(1—2n)/2k.

5. Therefore, combining the above two conditions yields
1 n 1
1-2n < di-]: — 1-2n
N+ =% N+ 3

—_ bnn

To derive the second condition, we need to ensure ++Im(dl+_ 5 <
T —_—
=

1+7=+p(1—n)/d* ;
it ipn/d- which

is equivalent to

term 2

Now, we can lower bound “term 2” in the above equation as

np(1 —mn) p(1—mn) npn pn 21
— Py =7
= <1+ i+ o (1) =1 g+ 022

Hence from the above two equations, we observe that it suffices that 77,7~ satisfy

- [ (1 —2n)/k ] L [(1 —20)/k
(1 U

2n
1-2 1—2 1
—n) - " <

+1> 5
2k

Next, we derive sufficient conditions on 77,7~ which ensure a lower bound on the
spectral gap

Mk(T) = M1 (T) = — — H Y20t (cr 1/2”

Lemma 21 (Conditions on 7,77, and lower-bound on spectral gap) Supposen >

2’;(_12_77"), then the following holds.
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1. If 77 > 0,7~ > 0 satisfy

32 -
> _ 32k , T < min §, iT+, 73(1 n) )
2°16 8

3(1—2n) (n+ 522)
then Vi(T) = OR, and ||(C;)~Y2CH(Co) V2| < ( %) o e, Api(T) —

Mo (T) > (i) &5

2. Ifn< ﬁ and 77 > 0,77 > 0 satisfy

N /A T
T < min W ,5,@ 5

then Vi(T) = OR, and ||(C;)"2CH(C) V2| < &2, e, Ai(T) = Anpa (T) >
at
2007 °

Proof We need to ensure the following two conditions for a suitably chosen 5 € (0, 1].

e < () oo
il<ﬂ<”f;;pfp;/2/“)- &
1. Ensuring (26) We can rewrite (26) as
T (Hfﬁ —Bm(:l__n)> +77F <]ZT—B <1+p(1d:”))> +7tr7(1-B)
<Pl (yy oy (g oy, )

Using the expressions for d*, d~, we can write the coefficients of the terms 71, 7~ as follows.

p pn(l—n)  —(FH+ (0 -n)1-5)
B A =T s

n

pnn pl—n)\ np 1-7 (1 —p) = BFEL)
d+‘/3<1+d+)=d+< Bl il il = e

n

Moreover, using the bounds on &, " derived in Lemma 20, we can lower bound the RHS

np’ np
term in (28) as

1— 1— 2
Bpn(d_ 1) (1+p(d+n)>_pdn+n (1+—> S5 +717ﬂ_
k

From the above considerations, we see that (28) is ensured provided
N A=) =B)| | |5+ (1 1) 21 -
T - +7 +3 > +777 (1-5).
[—(15”>+<1—n>—z S iz o)
(29)

k

We outline two possible ways in which (29) is ensured.
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e Note that the denominators of the coefficients of 71,7~ in (29) are positive, while the

numerators are non-negative provided 1 — § < 2(;(;2_"77)). Therefore, choosing

=gy (1)

note that (29) is ensured provided

[0277)} T+8k3<12n>+3 2"+T+T[<12”>]<30>

- _ 17 51l -
2k(1 —mn) <77 +1=2n kQU) 4 n+ % 2k(1 —mn)

Finally, we observe that in order for (30) to hold, it suffices that

1-2 + 1-2 1-—

+T[( n)}<7 3(1 - 2n) e - 3= and
2k(1 —n) 2 _8l<: <n+%)_ 8<n+%)
2 + 3(1—2 32nk
7;7_2 < _ 30 -2m) — t > 2
e Alternatively, by setting 8 = 1/2, (29) can be rewritten as

1-2 1-2 1— _
1-2n + 1—n 9 1-2n 1-2n 1 n 2
== n+ 5t —(FH+ A=) -3

Clearly, it holds true that

27 gyl B+ 2

which also ensures that the numerator of the coefficient of 71 is positive. Therefore,
ifn < ﬁ, then in order for (31) to hold, it suffices that

1-2
_ [—77+ =

_n 4 1-2y +. -
2 T ok ] T T

1-2 1-2 1—
R I B

:w[

2. Ensuring (27) Note that one can rewrite (27) as

A - B) + T (1+§—?) < prt <1+p(1d:77)>. (32)

Since £ < 1, (32) is ensured provided

(1 -B)+2r < Brt
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which in turn holds if each LHS term is respectively less than half of the RHS term. This

leads to the condition
7~ < min {ﬂ ﬁTJr} .

2(1—-p)" 4
Finally, plugging the choices 8 =1 — 2(161(12’777) (>3/4) and g = % in the above equation, and
combining it with the conditions derived for ensuring (26), we readily arrive (after minor
simplifications) at the statements in the Lemma. |

4.2.2 SPECTRAL GAP FOR THE GENERAL CASE

For the general-sized clusters case, it is difficult to find the exact value of H y"L20t ()12 H
Therefore, in the following lemma, we show an upper bound on this quantlty by bounding
the spectral norms of Ct and (C’_)_l.

Lemma 22 (Bounding the spectral norm of (C~)~! and C") Recall s := min ey ni/n.
Then it holds true that

nn
n(s(l—2n)+n)—(1-n)’
Amin(C7) > 77 (34)

)\max(CH—) <7 +

(33)

From the above two inequalities, it follows that

. o Amaz(CH) _ T+ G m )
1/2 ~+ 1/2 < JAmaz < n)Tn n .
H(C ) C (C ) ‘ — /\mm(c_) — 7_+

The proof of the above lemma is deferred to Appendix D.

Remark 23 [t is difficult to obtain more precise bounds on Amax(C™) and Anin(C ™), given
the expressz'ons for C* in (17), and C~ in (18). Clearly, a tighter bound on
H 1/2C+ C'_)_I/QH would yield a tighter analysis in the general case.

Recall | := max;e) ni /n; with a slight abuse of notation, let cl;E denote the degree of the
largest cluster (of size nl). As before, we now derive conditions on 7+ > 0,77 > 0 which
ensure Vi (T') = OR, or equivalently,

of 147 +p(l-n)/df of

Mnkia () = |[(€7) 720 (C7) 72| < min 24 = I —)
k(1) = ||[(C7) (€7) pLriine p— o k(T)
(35)
Additionally, we find sufficient conditions on 7+ > 0,7~ > 0 which ensure a lower bound
— +
on the spectral gap Mp_i(T) — My_p31(T) = min;e(y) = e [(% 1/2C+(C*)*1/2H. These

are shown in the following lemma.

Lemma 24 (Conditions on 77,77, and Lower-Bound on Spectral Gap) Supposen >
max{ 2(1-m) 21 }, then the following is true.

s(1=2n)’ (1-0)(1-n)
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1. If 77 > 0,7~ > 0 satisfy

_ 4n s(1—2n) n
2 36
{5 R P s o s (36)
— + —
then Vi(T) = OR, i.e., Ayps1(T) = ||[(C7)"Y20H(C) V2| < 2L = Ai(D).
&
2. For 3 = 5(1_3% with0 <n < 3, if 77 > 0,7~ >0 satisfy
_ _ 4n B(_s(1=2n)
1- tporp— 1 2 (R ) o+ 37
(L=f)yrrr+2r +s(1—27])+27]<2<s(1—27])+27] 7 (37)
+ — —
then Vi(T) = OR, and ||[(C7)~Y2CH(C™)7Y2|| < B2L, icee, Ay (T) = Mty 1 (T) >
&
(1- 5)0[—2 Moreover, for (37) to hold, it suffices that
@
167 _ B s(1—2n) . 1 T+
+< 91 [ A e VA T
T T Bs(i-2n) T T2 <8(1—277)+277 e PR R
3. The statement in part (2) also holds for the choice B = %, and provided n < ﬁ.
Proof From (35) and Lemma 22, it suffices to show for 5 € (0, 1] that
- n
TR 5 (1 +7 +p(1— n)/df) (38)
T+ 147+ +pn/d; '
For the stated condition on n, it is easy to verify that
2(1 —n) (I—n) _ s(1—2n)
—_— 1-2 - >
2n pn 2n
Yl G ] A S —
(1= —=n) dy — n(l—=n)(1-1)
Using these bounds in (38), observe that it suffices that 7+, 7~ satisfy
T + A5 1 -
s(1— 2n)+2n +7
g <B(2+T+>. (39)
Then for 5 = 1, we readily see that (39) is equivalent to (36).
To establish the second part of the Lemma, we begin by rewriting (39) as
_ - 4n 2n
1— + 9 e - +
=B e gy oy <5 s(l2n)+2n>T
s(1—2n)+2n
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and observe that

4n

Bs(l—2m) 2 4n(1l=B) < B2 g o

(41)
This verifies (37) in the statement of the Lemma. The “moreover” part is established by
ensuring that each term on the LHS of (37) is a sufficiently small fraction of the RHS term.
In particular, it is enough to choose this fraction to be 1/4 for the first two terms, and 1/2
for the third term.

Finally, the third part of the Lemma can be shown in the same manner as the second
part. The starting point is to ensure (40), and we simply observe that for § = 1/2, (41) is

equivalent to n < 55 + 7- The rest follows identically. |

4.3 Concentration bound for HT — TH

In this section, we bound the “distance” between T and T, i.e., HT — TH This is shown
sym L;ZmH, and HLsym L;ymH. To this end, we
first recall the following Theorem from Chung and Radcliffe (2011).

via individually bounding the terms HL

Theorem 25 (Bounding HLsym —@H, (Chung and Radcliffe, 2011)) Let Ly, de-
note the normalized Laplacian of a random graph, and Ly, the normalized Laplacian of
the expected graph. Let & be the minimum expected degree of the graph. Choose € > 0. Then
there exists a constant c. such that, if 0 > c.Inn, then with probability at least 1 — g, it
holds true that

3In(4n/e)

HLsym_LsymH §2 5

Remark 26 A similar result appears in Imbuzeiro Oliveira (2009) for the (unsigned) inho-
mogeneous Erdds-Rényi model, where HLsym - LsymH = O(y/Inn/dy), with dy the smallest
expected degree of the graph.

Using Theorem 25, we readily obtain the following concentration bounds for

and HL;ym — Ls_ymH.

+
sym LsymH

Lemma 27 (Bounding ‘

sym LsiymH) Assuming n > max{f(( )) = l)(" )}, there

exists a constant c. > 0 such that if p > <20 hm max {W % then with probability
at least 1 — 2¢,
— 61n(4n/c) - 121In(4n/e)
Ly — Ldym|| <2 A | — Lam|| 20—
[ = 2] < \/ S22 " == (=)

Proof Note that the minimum expected degrees of the positive and negative subgraphs
are given by df,d;”, respectively. For the stated condition on n, it is easily seen that

= P-4 = Pa-na-px"0 0wy
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Invoking Theorem 25, and observing that df,d;” > % Inn are ensured for the stated condi-
tion on p, the statement follows via the union bound. |

Next, using the above lemma, we can upper bound HT — TH This will help us show
that Vi(T') and Vi (T) are “close”.

Lemma 28 (Bounding ||T —T||) Let P = (Lg,, +771), P = (Lym +771), Q =
(LL,,+771), and Q = (Lym +71I). Assume that HP —?} < Ap, and HQ —@H < Ag.

sym

Then it holds true that

— _ (e +Ag) [Ap Ap)\  Aq
L = = = =

where af =1+ 77 + Z% (see Lemma 17).

Proof Since P, P, (Q,Q are positive definite, therefore using Proposition 59, we obtain the
bound

I =70 < |21l (I [P - 2] + 2| @2 [P - PI2) + @) e - Tl
(43)

We know that ||[P7Y| = 1/7F = HPAH and H(ﬁ)_l/zH = 1/V7F. Moreover, ||Q| <
H@H + Ag by Weyl’s inequality (Weyl, 1912) (see Appendix B). Hence (43) simplifies to

— < +=2
T Tt Tt Tt Tt Tt Tt Tt

— Qll+4g) (A A A T+AQ) (A A A
HT_THS(HQHJr Q) <P+2 P>+Q<(as+ Q)< P P) Q
where the last inequality can be verified by examining the expression of @ in (24), and
noting from the definition of C* that [|[C*|| < max{af,...,of } = o holds (via Weyl’s
inequality). [

4.4 Estimating V;(T) and G(T) up to a rotation

We are now ready to combine the results of the previous sections to show that if n,p are
large enough, then the distance between the subspaces spanned by Vi (T) and Vi (T) is
small, i.e., there exists an orthonormal matrix O such that V;(T) is close to V4(T)O. For
77 chosen suitably, we have seen in Lemma 24 that V,(T) = ©OR for a rotation R, hence
this suggests that the rows of Vi (T') will then also approximately preserve the clustering
structure of Vi (T).

With P, P,Q,Q as defined in Lemma 28 recall from (4), (7) that G&(T), Gx(T) can be
written as

T

GL(T) =P "*Vi(T), Gu(T) = P~V (T). (44)
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Therefore if Vi.(T) = OR, then using the expression for P from (24) we see that G (T) =
O(C~)~Y2R, and thus the rows of G1(T) also preserve the ground truth clustering struc-
ture. Moreover, if ||V (T) — Vix(T)O|| is small, then it can be shown to imply a bound on
|Gk(T) — Gx(T)O||. Hence the rows of G(T) will approximately preserve the clustering
structure of G (7).

Before stating the theorem, let us define the terms

BTV AT B 1 9
Gt )‘3< (P ) 02(3’”’”‘ma"{su_zn)mn’1_1}'
(45)

Theorem 29 Assuming n > max { 52((11:227)), (1_5("1_77) }, suppose 7+ > 0,7~ > 0 are chosen

16n _ B s(1—2n) , 1 Tt
™ —op) T T2 <8(1 — 2n) +2n> mm{4(1 —6)’8}

where B,m satisfy one of the following conditions.

to satisfy

_ 4 1
1. /B—m and0<77<§, or

2. B:% and n < 557

Then Vi(T) = OR and Gi(T) = ©(C~)~'/2R where R is a rotation matriz, and C~ = 0 is
as defined in (18). Moreover, for any e,6 € (0,1), there exists a constant ¢. > 0 such that
the following is true. If p satisfies

256C (tH,77) (2 + 71)* 81 In(4n/e)
e

with C1(+), Ca(+) as in (45), then with probability at least 1 — 2, there exists an orthogonal
matriz O € RF*F such that

Y

p = max {5602(87777”7 n

_ — o 0
— < - <.
HVk(T) Vk(T)OH <4, and HGk(T) Gk(T)OH S T= + )
Proof We will first simplify the upper bound on HT —TH in Lemma 28, starting by
bounding of. If n > 32((11:2717))’ it is easy to verify that (1;717)10 < 1 which implies af <2+77.

In(4n/e)

Moreover, we observe from Lemma 27 that Ap, Ag < 1is ensured if p > ¢.Ca(s,n,1) =

where ¢; = max {24, c.}. These considerations altogether imply

17T < (3+T—()T(3\)/27++1)\/A—PJFff
T T Tt
S(3+ )(2(\T/j)+2+1)+ max{@,@}
n(4n 1/4
< Cy(rt,7)Cy (s,m,0) (1(‘;]3/5)) (46)
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where in the penultimate inequality we used Ag < \/T , and the last inequality uses
Lemma 27.

Next, we will use the Davis-Kahan theorem (Davis and Kahan, 1970) (see Appendix B)
for bounding the distance ||(I — Vix(T)Vi(T)")V4 (T)H Applied to our setup, it yields

e =TI
N An k+1( )_)\nfk(T)

(1 = Ve(T)Vi(T)T) ) (47)

provided Ap_g41(7T) — M—x(T) > 0. From Weyl’s inequality, we know that \,_py1(T) >
An—k+1(T) — HT — TH Moreover, under the stated conditions on 71,77, we obtain from
Lemma 24 the bound

TV - (T > (1— 8% > g (L2
A—k1(T) = A (T) > (1 5)0[[_2(1 /3)<2+T+>’

where in the last inequality we used the simplifications p(1 —n)/d” > 0 and pn/d; <1 in
the expressions for a;r, «, . Hence using (46), we observe that if

1) In(4n/e) 1/4§ 1-p\[(1+71"
16C7 (7 +,<)gf(s,vzl)(z273)4551?4;/;)
(I+7)t = B)

then the RHS of (47) can be bounded as

2+T+) C/ In(4n/c)\ /4
e e ] =

It follows that there exists an orthogonal matrix O € R¥** so that

Ci(vF,77)Cy (s,

<:>p2<

)
n

|Vi(T) = Vi(T)O|| < 2||(1 = Vi(T)Vi(T)")Vi(T)||  (using Proposition 57)

42+ 1) /4 In(4n/e)\ V/*
F O e (R

IN

(
5

IN

for the stated bound on p. This establishes the first part of the Theorem.
In order to bound HGMT) — G(T)O||, we obtain from (44) that

|GK(T) = GO = ||P~2(VA(T) = Vi(T)O) + (P2 = P~ ) vi(T)0)|

< [P v —vi@o| + [P~ = P2 v
——
(r+)-1/2 <6 =1

< 1/2 _f—l/QH_ (48)
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The term HP‘l/2 — ?71/2” can be bounded as

B/
A I e P et
_lp-7("”
L
n(4n 1/4
- (Ti)? Ep(é flﬂ ) (49)

where the penultimate inequality uses Proposition 58, and the last inequality follows
from Lemma 27 with a minor simplification of the constant. Plugging (49) in (48) leads to

the stated bound for p > ﬁln(?/a)_ m

4.5 Clustering sparse graphs

We now turn our attention to the sparse regime where p = o(Inn)/n. In this regime, Lemma

27 is no longer applicable since it requires p = (2 (IHT”) In fact, it is not difficult to see that

the matrices L;tym will not concentrate around Lfgtym in this sparsity regime. To circumvent

this issue, we will aim to show that the normalized Laplacian Lsiym N

+
regularized adjacencies Afi = AT 4 771111—r concentrate around L;tym, for carefully chosen

4 corresponding to the

values of v+, v~.

To show this, we rely on the following theorem from Le et al. (2017), which states that
the symmetric Laplacian Ly, , of the regularized adjacency matrix A, := A + %]l]lT is
close to the symmetric Laplacian Ly, , of the expected regularized adjacency matrix, for
inhomogeneous Erdés-Rényi graphs.

Theorem 30 (Theorem 4.1 of Le et al. (2017)) Consider a random graph from the
inhomogeneous Erddés-Rényi model (G = (n,pij)), and let d = maxy,; np;j. Choose a num-
ber v > 0. Then, for any r > 1, C being an absolute constant, with probability at least
1—e"
- Cr? d 5/2

|Eama = Bams || < = (1 + 7) : (50)
The above result leads to a bound on the distance between Ly, and the normalized
Laplacian Lgym, of the expected (un-regularized) adjacency matrix.

Theorem 31 (Concentration of Regularized Laplacians) Consider a random graph
from the inhomogeneous Erdds-Rényi model (G = (n,p;j)), and let d = maxy, . np;j, dmin =
min; Zj pij - Choose a number v > 0. Then, for any r > 1, C being an absolute constant,

r

with probability at least 1 — e~

- 2 d 5/2
| Zagmr — Tagm]| < \% (1 + 7) “W/E‘ o
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Proof To establish the above lemma we make use of triangle inequality, where we use the
fact that HLsymﬁ — LsymH < HLsymﬁ — LsymﬁH + HLsymﬂ — LsymH. We know the bound
on the first term on the RHS from Lemma 30 (which holds with probability 1 —e™"). To
bound the second term on the RHS, note that

L B L
_ HE—1/2E—1/2 _ 1/2AD 1/2 ;1/2E’;1/2 B EJI/QZVEJI/QH
< “571/2@—1/2 B / D 1/2H n “5;1/2E;1/2 _3;1/2275;1/2“ '

The second term of the inequality can be easily bounded as follows.

’yHSLS #
dmin“"y dmin‘*"}/

——1/2—=—1/2  —=—1/2— ——1/2 ——1/2||2 )=
o a0 < [
To analyse the first term, we observe that

Hﬁ_l/zﬁ_lﬁ B 5;1/2@;1/2” _

Hb—1/2@—1/2 _ ﬁ—1/2ﬁ1/2ﬁ—1/2E—1/2ﬁ1/2b;1/2 H

1/2 1/2

= || = Zoym)r = D"*DT%) + (1 - DI*D"*)(1 - Loy DD

IN

5, |

dmin dmin
1——min )y (o o mi
( dmin + 'Y) ( dmin + 7)

§2 +7
dmin“"y

IN

where in the first inequality we use the fact that HI — EH < 1, and in the last inequality
we use the fact that for two numbers a,b > 0 if a > b then \/a — Vb < Va —b. We have all
the components to plug into the triangle inequality, which yields the desired statement of
the theorem. |
We now translate Theorem 31 to our setting for G*, G~ and show that if p = Q(1/n) for
n large enough, then for the choices vy, v~ =< (np)6/7, the bounds HLfy Lsym ‘ =

o (W) hold with sufficiently high probability.

Lemma 32 Let n > max 2(1-n) 21 and p > —=—. Then for the choices
( n)

s(1=2n)’ (I-n)(1-1) n(1
yH AT = [np(1 — 9)]%7, and any r > 1, there exists a constant C' > 0 such that with
probability at least 1 — 2e”, it holds true that
— 2 1
( Lt - Lt,mH < [2°%20r% + 3v2 , (52)
ey s(1—2n) +2n ) [np(1 —n)]'/*
E— 6 1
Loy = Lam| < (22072 . 53
e N =) e %9)
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Proof We will apply Theorem 31 to the subgraphs G, G~. Let us denote d* to be the
quantity max;; np;;, and dim to be the minimum expected degree for the positive and
negative subgraphs, respectively. From the SSBM model, it can be verified that d* =
np(1 —n). We also know that d, = df and d;, = d; , where for the stated condition on

n, df ,d;” satisfy the bounds in (42). The latter can be written as

dr d=—(1—-1
B> Sls -+ 20, dyy, > TEZD

min min =— 4

Let us denote C5(s,n) = s(1—2n)+ 2n for convenience. In order to show (52), we obtain

T

from Theorem 31 that, with probability at least 1 —e™",

—_ Cr? dt\*? vt
+ 7t < i I
il < 55 4 £) "0

Cr? d+\"? ~t
<2 (1+4%& G G —
IRVAEs ( " 7*) " Cs(s,m)d"’

where the last inequality uses df +~T > df. Now note that if y© < d*, then the above
bound simplifies to

25/2Cr2(d+)5/? 3v2 [yt

Lt - L H < + —. (54)
H sym,yt sym (’Y+)3 /—03(57 n) d+
/

Choosing ' such that % =4/ Z—i, or equivalently, v+ = (d*)%/7, and plugging this in
(54), we arrive at (52). Clearly, v+ < d7 is equivalent to the stated condition on p. The
bound in (53) follows in an identical manner and is omitted. [ |
We are now in a position to write the bound on HTW,“F — TH in terms of ‘ Lfymmi — Lfym ,
in a completely analogous manner to Lemma 28.

Lemma 33 (Adapting Lemma 28 for the sparse regime) Let P, = (Ls_ymﬁ, +7711),

P = (Lgym +711), Q.+ = (L;Lym 4t 771), and Q = (Liym + 7 I). Assume that
HPV_ — PH < pr_, Q,y+ —@H < AQW' Then it holds true that

(a;r + AQWJF) AP“F AP“f + AQ“{*

+2

P

where af =14+ 77 + 1’(27:77) (see Lemma 17).

S

Next, we derive the main theorem for SPONGE,y,, in the sparse regime, which is the
analogue of Theorem 29. The first part of the Theorem remains unchanged, i.e., for n large
enough and 77,7~ chosen suitably, we have Vi4(T) = OR and Gi(T) = ©(C~)~'/2R for
a k x k rotation R, and C'~ > 0. The remaining arguments follow the same outline of
Theorem 29, i.e., (a) using Lemma 33 and Lemma 32 to obtain a concentration bound on
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HT7+’T — TH (when p = Q(1/n)), and (b) using the Davis-Kahan theorem to show that the
column span of Vi (T,+ - ) is close to Vj, (T). The latter bound then implies that G(T,+ .- )
is close (up to a rotation) to Gx(T'), where we recall

Gi(T) =P Vi), Gi(Tyr ) = B PVil T o) (55)

with P, -, P as defined in Lemma 33.

2(1-n)
s(1-2n)°

16n _ B s(1—2n) , 1 T+
> Bs(i—2ny)’ | T2 <8(1 — 2n) +2n> mm{4(1 —6)’8}

where B,m satisfy one of the following conditions.

Theorem 34 Assuming n > max{ (1_;("1_77) }, suppose 7+ > 0,7~ > 0 are chosen

to satisfy

Zﬂ—mand0<n<%,or

2. B:fandn<28+4

Then Vi (T) = OR and Gy(T) = ©(C~)"Y2R where R is a rotation matriz, and C~ > 0
is as defined in (18). Moreover, there ezists a constant C' > 0 such that for r > 1 and

5 € (0,1), if p satisfies

401(T+,T )(2+T) 2 CM(T,S,T],Z)
pzm“{l’@( A=A+ >> }638<1—n>n’

and v,y = [np(1 — 1)]|%7, then with probability at least 1 — 2e~", there exists a rotation
O € RF*k 50 that

_ — 4] o
Vil Tyt ) = Vk(T)OH <9, HGk(TVﬂv‘) - Gk(T)OH < == + (rH)2
Here, Cy(r, s,m,1) := 2°/2Cr? + 3,/2C5(s,n,1) with Cy(s,n,1) as defined in (45).
Proof We will first simplify the upper bound on H TH in Lemma 33. Note that

n > 52((11:2")) implies af < 2+77, and moreover, we can bound ‘

(from (52), (53)) as
252012 + 3./2C5(s, 7, .1
’L:I: :(:_LfetymH T 2877 < ?"877 ) (:AP,,AQ +). (56)

s I S
4
Note that Apr,AQ7 L, <1lifp> % Under these considerations, the bound in
Lemma 33 simplifies to

HT’Y‘L/Y_ *TH < (3—1—7‘)(2(;/:—1—1 —|—7‘Jr { /rp_, /TQ +}

Gt 1)/ Cu(ry 5,1, 1)
— 3(7)2[np(1 — )1/

sym At L;‘fym H uniformly
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Following the steps in the proof of Theorem 29, we observe that

_ 1 _
1Ty =T < 5 Onsra By o) = Au s(T),
is guaranteed to hold, provided
Ci(tT,77)\/Ca(r,s,m,1) 1-8. (1+7"
+)2 1/28 < ( ) +
3 )2np(1 — 1) > \avr
2C(rH, )2+ 77) )28 Ci*(rys,m,0)
3(rt )21 =p)(1+77) n(1—mn)

Then, we obtain via the Davis-Kahan theorem that there exists an orthogonal matrix O €
R**% such that

<:>p2(

4 HTWJHT - TH
)‘nkarl(T) - /\nfk(T)
4C1 (77, 77)/Ca(r, 8,m,1)(2 + 77T)
~3(r )2 np(1 =)A= B) A +77) T
for the stated bound on p in the theorem. This establishes the first part of the theorem.
In order to bound ||G(T,+ ,-) — Gi(T)O)], first observe that

HVk(Tvﬂv*) _Vk(T>OH

IN

|Gi(T,+-) — GR(T)O| = HPJ_W(V;C(TWW) ~V(T)0) + (P ~ F‘”?)vk(T)oH

< HPJ}MH Hvk(T,ﬁﬂ,—) — Vk(T)OH + HP—1/2 _?—1/2H HVk(T)H
N—_——

<(re)-12 =0 -
< \/%+HP,Y_1/2—P1/2H. (57)

The second term HP;_1/2 — Fﬁl/zH can be bounded as

HP;I/Q - F‘”QH - HPW‘}(PWIP _PY/HPp! H (58)
pY2 _ P2 e
S Gk A e =

where the penultimate inequality uses Proposition 58, and the last inequality uses (56).

Plugging (58) into (57) leads to the stated bound for p > %. [ ]

4.6 Mis-clustering rate from k-means

We now analyze the mis-clustering error rate when we apply a (1+&)-approximate k-means
algorithm (e.g., (Kumar et al., 2004)) on the rows of G (T') (respectively, Gi(T,+ ,-) in the
sparse regime). To this end, we rely on the following result from Lei and Rinaldo (2015),
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which when applied to our setting, yields that the mis-clustering error is bounded by the
estimation error ||Gx(T) — Gk(T)OH; (or ||Gi(Ty+ - ) — G (T)OH?J in the sparse setting).
By an (1 4 &)-approximate algorithm, we mean an algorithm that is provably within an
(14 ¢) factor of the cost of the optimal solution achieved by k-means.

Lemma 35 (Lemma 5.3 of Lei and Rinaldo (2015), Approx. k-means error) For
any € > 0, and any two matrices U,U, such that U = X with (0,X) € M,,x x RF*k,
let (é,)?) € M,xir X RF** be a (1 + &)-approvimate solution to the k-means problem
mingep, , xerkxk |OX — U|% so that

. 2
X - H <@ i X -U|>
|ox-vl <0+ min_  lox-vlL
and U = ©X. For any &; < ming .z HYI/* — X, define
Si = {jECi : Hﬁj*—Uj* 251'/2}’ then,
b —12
D 1Sl 67 <44+ 20)||U =T[5, - (60)
i=1
Moreover, if
(16 +8¢) |U ~U|[% /62 <mi Vi€ [H], (61)

then there exists a kxk permutation matriz = such that ©g = Ogn, where G = UF_ (C;\ S;).

Combining Lemma 35 with the perturbation results of Theorem 29 and Theorem 34, we
readily arrive at mis-clustering error bounds for SPONGEy,,.

Theorem 36 (Mis-clustering error for SPONGEsym) Under the notation and assump-
tions of Theorem 29, let (©,X) € My xx x RF*F be a (1 + &)-approzimate solution to the
k-means problem mingeyy , xegrkxk [[OX — Gi(T)||%. Denoting

1

quni(TJr‘i‘%)

>

S;={jeC : H(@))Z)j*—(@(c—)—l/QRO)j*

it holds with probability at least 1 — 2¢ that
k

Z’iz‘ < 6%(64 + 32¢)k <T+ 7 i g) <(T(+T)j)44r 1> '

1=1

In particular, if 0 satisfies
(r*)?

0 < )
V(644320 k(r+ + 2)((r+) + 1)

then there exists a k x k permutation matriz © such that Og = Ocm, where G = Uf‘zl(Ci\Si).
In the sparse regime, the above statement holds under the notation and assumptions of
Theorem 34 with Gi(T) replaced with Gy(T,+ ), and with probability at least 1 — 2e™".
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Proof Since Gi(T) — Gx(T)O has rank at most 2k, we obtain from Theorem 29 that

— — (tH)32 +1
|G(T) — GR(T)O|| , < V2k||Gr(T) — Gx(T)O|| < 6V2k e (62)

We now use Lemma 35 with U = Gi(T) and U = Gp(T)O. Tt follows from (44) and
Lemma 17 that G¢(T) = ©(C7)"Y/2R = ©A A~1(C7)"Y/2R where A = diag(\/n1, - . - , \/7%)-

Denoting X = A~Y(C~)"'/2RO, we can write Gx(T)O = OX, where © € M, is the
ground truth membership matrix, and for each i # i’ € [k], it holds true that

X i = Xira|| = Amin ((CT) Y21/ + 1/myy >

max(C_)ni .
From (18), one can verify using Weyl’s inequality that
2
Amax(07) < 1t 7% ma = (i + sin(1 = 20) < 75+ 7,
where the last inequality holds if n > (l_l?ﬁ The above considerations imply that
§; = ﬁ Now with S; as defined in the statement, we obtain from (60) and (62)
n (7T +1
that
k k
1 S; ((7)32 + 1)? (tT)3+1

i|07 = ———— < 6%(32 + 168kt < 3%(64 + 328k |

2180 = g 3 T S S 6O < 0564+ 320k T )

where the last inequality uses (a +b)? < 2(a® 4+ b?) for a,b > 0. This yields the first part of
the Theorem.

For the second part, we need to ensure (61) holds. Using (62) and the expression for d;,
it is easy to verify that (61) holds for the stated condition on §.

Finally, the statement for the sparse regime readily follows in an analogous manner (re-
placing G(T) with G(T+ ,-)), by following the same steps as above. [ |

5. Concentration results for the symmetric Signed Laplacian

This section contains proofs of the main results for the symmetric Signed Laplacian, in both
the dense regime p 2> lnT” and the sparse regime p 2> % Before proceeding with an overview
of the main steps, for ease of reference, we summarize in the Table below the notation
specific to this section.
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Notation Description
Lsym symmetric Signed Laplacian
Loym population Signed Laplacian
L, regularized Laplacian
L population regularized Laplacian
vy, y~ >0 regularization parameters
Y=7"+~v
a=1+L(1-2p)
d=np(n—1) expected signed degree
p= % =1 aspect ratio

The proof of Theorem 8 is built on the following steps. In Section 5.1, we compute
the eigen-decomposition of the Signed Laplacian of the expected graph Lgy,,. Then in
Section 5.2, we show Ly, and Lgyn, are “close”, and obtain an upper bound on the error
H% — .CsymH. Finally, in Section 5.3, we use the Davis-Kahan theorem (see Theorem 56)
to bound the error between the subspaces Vi_1(Lsym) and Vi_1(Lsym). To prove The-
orem 11, in Section 5.4, we first use a decomposition of the set of edges [n] x [n] and
characterize the behaviour of the regularized Signed Laplacian on each subset. This leads
in Section 5.5 to the error bounds of Theorem 11. Finally, the proof of Theorem 13, that
bound the error on the eigenspace, relies on the same arguments as Theorem 8 and can be
found in Section 5.6. Similarly to the approach for SPONGEy,,, the mis-clustering error is
obtained using a (14 &)-approximate solution of the k-means problem applied to the rows of
Vie—1(Lsym) (vesp. Vx_1(L,)). This solution contains, in particular, an estimated member-
ship matrix ©. The bound on the mis-clustering error of the algorithm given in Theorem 16
is derived using Lemma 35 (Lemma 5.3 of Lei and Rinaldo (2015)), in Section 5.7.

5.1 Analysis of the expected Signed Laplacian

In this section, we compute the eigen-decomposition of the matrix Lyyp,. In particular,
we aim at proving a lower bound on the eigengap between the (k — 1) and k** smallest
eigenvalues. For equal-size clusters, there is an explicit expression for this eigengap.

5.1.1 MATRIX DECOMPOSITION

Lemma 37 Let © € R"¥* denote the normalized membership matriz in the SSBM. Let
VL e R k) be g matriz whose columns are any orthonormal base of the subspace orthog-
onal to R(O). The Signed Laplacian of the expected graph has the following decomposition

(T 0 N\ er
Lsym - [@ 14 ] (0 aln—k: (VL)T ’ (63)
with C =aly — B, a =1+ %(1 —2n) and B is a k x k matriz such that

5 “E(L—2m); dfi=1d
T R -2y ifi

(64)

Proof On one hand, we recall from Section 2.3 that the expected degree matrix is a scaled
identity matrix E[D] = dI,,, with d = p(n — 1). Thus, any vector v € R" is an eigenvector
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of E[D] with corresponding eigenvalue d, and it holds true that

E[ﬁ]—l/? _ LI — i[@ (VJ_)] T l: ®T :| (65)
\/E n \/E n (VJ_)T .
On the other hand, the signed adjacency matrix can be written in the form
E[A] = E[AT] - E[A7] = M — p(1 - 2n)1,, (66)
where
p(L=2n)Jn,  —p(1=20)Jnyxny - —p(1 = 20)Jny sy
B —p(1 —2n)Jnyxn, p(1 —2n)Jp, oo —p(1 = 20)Jpyxn,
—p(1 —2n)Jn, xn, . . p(1 —2n)Jn,
The matrix M has the following decomposition
amar el (B O\ [ ©F
M =dOBO" =d[0 V-] <0 O) [(VL)T )
with B defined in (64). Thus, combining (65) and (66), we arrive at
. . 1 1 B 0\ [ ef p
E[D]"Y2E[AJE[D| /% = =M — p(1 -2 In—9vl< )[ ]—1—2 -
(D) B[] /2 = <M = p(t ==L = OV (o) | payr| -1 - 20
This finally leads to the decomposition of Ly,
ol T
7 mip-1/2 1-1/2 _ L(C 0 S}
Lo =1~ ED]2ELABD 2 = o v (00 ) | (]

with C =@l — B and @ = 1 + p(1 — 27). |

We can infer from Lemma 37 that the spectrum of Ly, is the union of the spectrum
of the matrix C' € R*** and {@}. Moreover, denoting u = %(‘/nl’ ooy /mR) T, we have

Vi

C = p(1 - 2n)uu” + diag (1 + %(1 —2n)(1 — an)) For a SSBM with equal-size clusters,

we are able to find explicit expressions for the eigenvalues of C.

5.1.2 SPECTRUM OF THE SIGNED LAPLACIAN: EQUAL-SIZE CLUSTERS

In this section, we assume that the clusters in the SSBM have equal sizes ny =ng =+ =
ng = 1. In this case,

1

\/g(\/ﬁl,..,\/ﬁ)T: \/ZXL

and denoting by C. the matrix C in this setting of equal clusters, we may write

C.= %(1—2n)><1xip+ (1+Z(1—277)(1—22)>Ik. (67)
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Hence, the spectrum of C, contains only two different values. The largest one has multi-
plicity 1, and x; is the corresponding largest eigenvector. The k£ — 1 remaining eigenvalues
are all equal. In fact, we have

1+2(1-2n)(n+1-2%); ifi=1

A\i(Ce) =
(Ce) (1—27))(1—22); if 2 <i<k.

1+

alls alls

One can easily check that these eigenvalues are positive, and that the following inequality
holds true

M@ =a+ 21 —2)(n— 2%) >a>a—20(1—2n) = \a(CL).

SHIRS
>3

We finally have

L4 2(1—2p)(n+1-22); ifj=1
N (Lsym) = { @; if2<ji<n—k+1

A2(Ce); ifn—k+2<j<n.

Note that for k = 2, AM(Ce) = @ and the spectrum of Ly, contains only two values
{@, X2(Ce)}. For k> 2, M(Lsym) > @ > Aa(C.). Writing the spectral decomposition

_ T RT
Ce=RAR" =[Ri_1m|A [ kfl] ,
gi
with 71 = x1 and Ry_; € RF*(*~1) being the matrix of eigenvectors associated to Aa(Cl),
we conclude that Vi1 (Leym) = ORi—1. In fact, since © has k distinct rows and R is a
unitary matrix, © R also has k distinct rows. As xi is the all one’s vector , ORy_1 has k
distinct rows as well. These observations are summarized in the following lemma and lead
to the expression of the eigengap.

Lemma 38 (Eigengap for equal-size clusters) For the SSBM with k > 2 clusters of
equal-size 3, we have that Vk,l(ﬁjym) = ORj_1 € Rk~ where Ry_q corresponds to the
(k — 1) smallest eigenvectors of C. Moreover, with the eigengap defined as

)\gap = )\n—k+1(£sym) - )\n—k+2(»csym)7

it holds true that

— 2 2
)\gap =Qa-— )\Q(Ce) = %(1 - 277) > E(l - 277) (68)

5.1.3 NON-EQUAL-SIZE CLUSTERS

In the general setting of non-equal-size clusters, it is difficult to obtain an explicit expression
of the spectrum of Lgy,,. Thus, using a perturbation method, we establish a lower bound
on the eigengap, provided that the aspect ratio p is close to 1. Recall that

C = p(1 — 20)un” + ding (1+ 21~ 201 - 2m)

= p(1 — 2n)uu” — 2p(1 — 2n)diag(u?)?, + diag (1 - %(1 — Qn)> : (69)
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We note that this matrix is of the form A +vv”, with A being a diagonal matrix and v € R*
a vector. Using again the spectral decomposition

RT
C=RART =[R,_1m]A [ ;Tl}, (70)
1

where v, is the largest eigenvector and Rj_; € RF*(* =1 contains the smallest (k—1)
eigenvectors of C, we would like to ensure that the smallest (k — 1) eigenvectors of Lsym are
related to the (k — 1) eigenvectors of C in the following way Vi_1(Lsym) = ORi_1. Note
that 1 is not necessarily the all one’s vector, and © Rx_1 has at least k — 1 distinct rows.
To this end, we will like to ensure that

{X2(C), ., Xe1(C), M)} = {An—ig2(Laym): - - A1 (Lsym), An(Laym) }- (71)
From Weyl’s inequality (see Theorem 55), we know that
IAi(Ce) = X(O)| < [C—=Ce|| Vi=1,...k,
which in particular implies
X(C) < X(Co) +IC=Cell,  M(C) = M(Ce) —|IC = Cl.

Moreover, A\1(C) = @ when k = 2, and \;(C) > @ when k > 2. Thus, for Condition 71 to
be true, it suffices to ensure

a—/\z(ée)
2
— — np

— ||C - C¢|| < =(1 — 27n),
IC~Cell < =1~ 20)

)\2(66) + Héféen <a-+ Héiéen A ”éféen <

using (68). In this case, we indeed have that Vi_1(Lsym) = ©ORi_1. As it will be convenient
later, we will ensure a slightly stronger condition, i.e.
— X2(Ce)

C—-C. <2z A2e)
[C-Cell < =21 = 22

2 (1 - 2p). (72)

Now we compute the error |[C — C.||. We recall that |u| = \/% and denote D,, =:
> diag(u?)_, then (69) becomes

C=al,+ %’(1 —2n) <“> (“)T - 2%(1 — 21))Da..

]

Using (67), we obtain

[C-C.| = 72”(1—277)(([;”) (H“H)T—m{>—2’f(1—2n> (. kI)H
<22 (1) (@H)T—m? w20~ 1n. @
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For the first term on the RHS, we have

T
U ni 1
X1X — X1 <2\fmax =
H [lul] <IUH> ! H [ V n k
< 2VE(V1—/5) < 2VE(1 — /p), (74)
while for the second term on the RHS, we have
1
HDu - Eln = max (75)
By combining (74) and (75) into (73), we arrive at
_ 2np
[0 =Tl < 20— 2)VEG - VA + 2201 - 20)(1 - 7)
np
< 2 -2 - vp) (VE+2)
<202+ VE)(1 - 2n)(1 - V/p),
using that %D = 7 < 2. Now since —% > 1;,377 and from Condition 72, it suffices that p

satisfies

1—2n 1
202+ VE)(1 = 2n)(1 — /p) < o = l—fgm.

Finally, we can compute

)\gap = )\n k+1(£sym) - An k+2(£sym)
>a—||C = Ce|l = (Xa(Ce) +[|IC = Cell)
>a—Aa(Ce) — 2||C ~C||
a—/\g( e)
> “Z(1—2n) >

Hence we arrive at the following lemma.

Ql 2

1—-2n
e

v

&

Lemma 39 (General lower-bound on the eigengap) For a SSBM with k > 2 clusters
of general sizes (n1,...,n) and aspect ratio p satisfying

1
>1-
VP 4k(2 + Vk)
it holds true that Vi_1(Lsym) = ORi—_1, where Ry_; € RF¥*E=1 corresponds to the (k — 1)

smallest eigenvectors of C. Furthermore, we can lower-bound the spectral gap Agap @S

1-2
Agap = )\nfk+1(£sym) - )\nfk+2(£sym) > L 77‘

We will now show that Ly, concentrates around the population Laplacian Lgy,, pro-
vided the graph is dense enough.
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5.2 Concentration of the Signed Laplacian in the dense regime

In the moderately dense regime where p 2> 1“7”, the adjacency and the degree matrices
concentrate towards their expected counterparts, as n increases. This can be established
using standard concentration tools from the literature.

Lemma 40 We have the following concentration inequalities for A and D

1. V0<€§%,Hcg>0,

IP’<||A —E[A]|| < ((1 +e)4f2+2)\/77p> >1—nexp < - ”p).

Ce

In particular, there exists a universal constant ¢ > 0 such that

C

IP’(HA—IE[A]H < 12@) > 1 —nexp(— ”p>.

1
2. If p> 1275, ,
IP’(HD—IE[D]H < \/3nplnn> >1——.
Proof For the first statement, we recall that A is a symmetric matrix, with A;;; = 0 and

with independent entries above the diagonal (Ajj/) j<jr We denote Z;;r = Ajjr — E[ Ajj’]- If
J»j" lie in the same cluster,

3

1—-p(1—-2n) ; w.p. p(l—n)
Zijjp =< —1—=p(1—-2n) ; pn
-p(1-2n) ; w.p.1—p

=
© o

If 7,7 lie in different clusters,

I1+p(1-2n) ; w.p. pn
Zjjp=<{ —1+p(1—=2n) ; w.p. p(l—n)
p(1-2n) ; w.p.1-p

One can easily check that in both cases, it holds true that

E[(Z;;)%] = p[(1 = n)(1 = p(1 = 21))* + n(L + p(1 — 21))* + p(1 — 2n)*)(1 — p)]
<p(1+n(l+p)?+p) <4p.

Thus we can conclude that for each j € [n], the following holds

n

Y El(Z5)%) < \/Anp = 2y/7p.

Hence7 & = man \/Z?’:l E[(Zj]/)z ] S 2\/TTP MoreOVer, 5* = manJ/ ‘ Z]+]/ - =1 +

p(1—2n) < 2. Therefore, we can apply the concentration bound for the norm of symmetric
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matrices by Bandeira and van Handel (2016, Corollary 3.12, Remark 3.13) (recalled in
Appendix 53) with ¢ = 2,/np, in order to bound ||Z|| = ||[A — E[A]||. For any given 0 < ¢ <
1/2, we have that

|4~ E[A]] < ((1+2)4v2 +2) .

with probability at least 1 — nexp ( ) where ¢, only depends on €.
For the second statement, we apply Chernoff’s bound (see Appendix A.1) to the random
variables D;; = > =1 (Ajj, + Aj_j,) where we note that (AJr + A1)}~ are independent

Bernoulli random variables with mean p. Hence, E[Dj;] = d = p(n — 1). Let § = ,/61%
and assuming that p > 121117” (so that 6 < 1), we obtain

P Uﬁjj —3} > V6Elnn} <P [‘ﬁjj —E’ > \/3nplnn} < Qexp(—Zlnn) = 3

n?’

using that n — 1 > §. Applying the union bound, we finally obtain that

p(ID - 5D)l = Vompin) < 2.

Lemma 41 If [|A — E[A]| < A4, |[D —E[D]| < Ap and p > 1222 then with probability
at least 1 — %, it follows that

- Ay Ap A2
HLsym_ SymH = 7"‘27"‘7
d d a4

Proof We first note that using the proof of Lemma 40, with probability at least 1 — %, we
have that ‘Djj - d| < 0d,Vj € [n], with 6 < 1. Consequently,

[(ED) /2D — 1) = max |y 25— 1] < moe P = _ B0,
J d j d d

since |/x — 1| < |z — 1| for 0 < < 1. We now apply the first inequality of Proposition 59
with A= =D, A" = A, B~ =E [D|,B* = E[A]. We obtain

— A — AL A
| Lsym — Lsyml|| < 714 + HD H Al < + 2dD)

It remains to prove that HE_IH |A]l < 1. Tt holds since D is a diagonal matrix, thus
Hﬁ_lH |All = HE_IAH and similarly to Lemma 61, it is straightforward to prove that

I—- Hﬁ_IAH < 2, therefore HE_IAH <1.
|

Combining the results from Lemma 40 and Lemma 41, we arrive at the concentration bound
for || Lsym — Lsyml|-
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Lemma 42 Under the assumptions of Theorem 8, if n > 10, then with probability at least
1 —nexp(— np) — % there exists a universal constant 0 < C' < 43 such that

lnn

HLsym - SymH <C np

Proof If p > 121“” the bounds in Lemma 40 hold simultaneously with probability at
least 1 — nexp(— @) — 2 and we have, with the notations of Lemma 41, A4 < 12,/np and
Ap < +/3nplnn. Applylng Lemma 41, we then obtain

12./n V3nplnn  3nplnn 24 lnn 12Inn
Dy gVONPAn | Onp +4v3 :

L - L < X = <
|| sym sym” > d d 82 F p
If n > 10, Inn > 1 and 1“;} > f Moreover, since p > 121n" then 12]’: <73 2 < 1 and
1 1 :
”?T;:L > 2—;‘. We finally obtain
- Inn Inn
I Zsym — Loymll < (24 +4V3 + 2) [ — =Cy[—,
np np
with C' = 24 + 4/3 + 12 < 43. [ |

5.3 Proof of Theorem 8

The proof of this theorem relies on the Davis-Kahan theorem. Using Weyl’s inequality (see
Theorem 55) and Lemma 42, we obtain for all 1 < j <mn,

N Inn 1/2
(L — < )
[Aj (Lsym) — Aj(Lsym)| < C ( p >

In particular, for the k-th smallest eigenvalue,

S Inn\ 2
)\n—k-i-l(Lsym) > )\n—k-l-l(['sym) -C (np) )

1 1/2
An—k‘—&—l(Lsym) - )\n—k+2(£sym) > >\n—k+1(£sym) - )\n—k+2(£sym) -C <nn>

np
Inn 1/2
= Aou = C < np ) '

For § € (0,1), we will like to ensure that

Inn\ Y2 1)
0 (B0 1 (18, -
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From Lemma 39, if \/p > 1 — m, then Agqp > %(1 — 27n). Then for the previous

condition (76) to hold, it is sufficient that

Inn\ Y2 1) 2Ck 2lnn Inn
C(np) < 2k< n) <= p> <5(1—277)> - C(k,n,9) — (77)

2

with C(k,n,0) = (%) . We note that since C'(k,n,d) > C > 12, hence (77) implies
that p > 12“17”.

With this condition, we now apply the Davis-Kahan theorem (Theorem 56)

| Zsym = Ly
1/2

Yo =€ (37)

INgap/2 _ 5/2 <5
T Agap(1—0/2)  1-46/2

(I = Viet (Zsym) Vie1 (Lsym) ") Vi1 (Laym) || <

Using Proposition 57, there then exists an orthogonal matrix O € RE—Dx(k=1) g that

1Vi—1(Zsym) — ORx_10|| < 26.

5.4 Properties of the regularized Laplacian in the sparse regime

The analysis of the signed regularized Laplacian differs from the one of unsigned regu-
larized Laplacian. In particular, Lemma 30 cannot be directly applied, since the trimming
approach of the adjacency matrix for unsigned graphs is not available in this case. However,
we will also use arguments of Le et al. (2015) and Le et al. (2017) for unsigned directed ad-
jacency matrices in the inhomogeneous Erdés-Rényi model G(n, (p;jr); ). More precisely,
in Section 5.4.1, we will prove that the adjacency matrix concentrates on a large subset of
edges called the core. On this subset, the unregularized (resp. regularized) Laplacian also
concentrates towards the expected matrix Ly, (resp. £). In Section 5.4.2, we will show
that on the remaining subset of nodes, the norm of the regularized Laplacian is relatively
small.

5.4.1 PROPERTIES OF THE SIGNED ADJACENCY AND DEGREE MATRICES

In this section, we adapt the results by Le et al. (2017) for the signed adjacency matrix and
the degree matrix in our SSBM. Similarly to Le et al. (2017, Theorem 2.6) (see Theorem 54),
the following lemma shows that the set of edges can be decomposed into a large block, and
two blocks with respectively few columns and few rows.

Lemma 43 (Decomposition of the set of edges for the SSBM) Let A be the signed adjacency
matriz of a graph sampled from the SSBM. For any r > 1, with probability at least 1 —6n"",
the set of edges [n] x [n] can be partitioned into three classes N, R and C such that

1. the signed adjacency matriz concentrates on N

1A~ EA)x < Cr¥yJd(1 - ),

with C > 1 a constant;
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2. R (resp. C) intersects at most 4n/d columns (resp. rows) of [n] x [n];

3. each row (resp. column) of Ar (resp. Ac) has at most 128r non-zero entries.

Remark 44 We underline that this lemma is valid because the unsigned adjacency matrices
A" and A~ have disjoint support. We do not know if similar results could be obtained for
the Signed Stochastic Block Model defined by Mercado et al. (2016).

Proof We denote A;tup (resp. Aiin ) the upper (resp. lower) triangular part of the unsigned

adjacency matrices. Using this decomposition, we have

A=Al

+ — —
inf +A Aznf - Asup'

sup

We note that AT ., At A~ . A have disjoint supports, and each of them has indepen-

inf? “isup? “hinfr £ Tsup
dent entries. We can hence apply Theorem 54 to each of these matrices, where we note that

for each matrix

d:=nmaxE[A;;] = np(1 —n) < 2d(1 — ).
7,3’

With probability at least 1 — 2 x 3n~", there exists /\/;if,Rif,Cif,/\/sﬁp,R;tup,Cip four
partitions of [n] x [n] that have the subsequent properties. For e.g., for A} P

o (Al —EA x|l < Cré2V/d < Cr3/2 J2d(1 - n);
e R} s (resp. ch ;) intersects at most n/d < n/d columns (resp. rows) of [n] x [n];
e each row (resp. column) of (A4; 7)® (resp. (Af )c) have at most 32r ones.

We note that this decomposition holds simultaneously for A,?Z 5 and A;tup. Taking the unions
of these subsets,
_ At + - —
N =N UNGp UN  UNG,,

(3

and similarly for R and C, we have, with the triangle inequality

[(A—EA) |
= ||(A;zf - EA;zf)/\f;Lf + (AL, — EAjup)N;zp — (A —EAL -

inf
- (A;up - EAgup)NS;P H

sup

+ ||(As_up - EAs_up)N_ ||

sup

+
< [I(A

<4Cr32Vd < O3 Jd(1 - ),
with C; = 4C+v/2. Moreover, each row of R (resp. each column of C) has at most 2 x 32r

entries equal to 1 and 2 x 32r entries equal to —1, which means at most 128r non-zero
entries. Finally R (resp. C) intersects at most 4n/d rows (resp. columns) of [n] X [n]. M
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For the degree matrix D, we use inequality (4.3) from (Le et al., 2017). Recall that the
degree of node j is Dj; = Z?,ZI(A;;., + Aj_j,) which is a sum of n independent Bernoulli
variables with bounded variance d/n. We can thus find an upper bound on the error

|D—E[D]||r. This bound is weaker than the one obtained in Lemma 40 with the assumption
Inn
P2

~ n

Lemma 45 There exists a constant C' > 0 such that for any r > 1, with probability at
least 1 — e™2", it holds true

Z(Ejj/ —d)? < C'r’*nd < 2C"r*nd(1 — 7).
j=1

5.4.2 PROPERTIES OF THE REGULARIZED LAPLACIAN OUTSIDE THE CORE

In this section, we will bound the norm of the Signed Laplacian restricted to the subsets
of edges N and C. The following “restriction lemma” is an extension of Lemma 8.1 in Le
et al. (2015) for Signed Laplacian matrices.

Lemma 46 (Restriction of Signed Laplacian) Let B be a n x n symmetric matriz, By its
reqularized form as described in Section 2.2, and C C [n]x[n]. We denote D~ the reqularized

degree matriz , and L =D UQBWﬁ;l/Q the modified “Laplacian” and Be the n X n matrix
such that the entmes outszde of C are set to 0. Let 0 < e < 1 such that the degree of each
node in (By)c is less that € times the the corresponding degree in B. Then we have

1Ly )ell < Ve.

Proof We denote D, (resp. D.) the degree matrix of (By)c¢ (resp. (B,)%) and L its
regularized “Laplacian” (it is not necessarily a symmetric matrix) where

L= (D, (B,)c(D)?).

By definition of L., (Ly)¢ = 57 12 (Bv)cﬁglﬂ. Since in (By)c¢, some entries in B are
set to 0, we have that for all 1 < j <n

(E)jj < [Dyj-
Moreover, by assumption, (D,);; < €[D,];;. We denote X = (Ei/Q)T, Y = (Ei/z)T and
7 = ﬁ;lm, and now we have
Le=ZBcZ =ZX'XBeYY'Z = ZXLY'Z.
Because ||ZXT|| < /z and ||[YTZ| < 1, by sub-multiplicativity of the norm, we thus obtain
IZell < 1ZXT| - IZ) - 1Y 2Z)] < VEILII-

In addition, by considering the 2n x 2n symmetric matrix L
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we have ||L/|| = |L|| < 1. In fact, L' is equal to the identity matrix minus the regularized

Laplacian of
(g @),
(By)e  On

Using Appendix E, we can conclude that tfie eigenvalues of L are between -1 and 1, leading
to || L'|| < 1. Hence, we finally arrive at ||(L)c| < v/e. |

Remark 47 We note that this lemma is not specific to the rows of the matriz B, and one
could also derive the same lemma with the assumptions on the columns of the matriz.

5.5 Error bounds w.r.t the expected regularized Laplacian and expected
Signed Laplacian

In this section, we prove an upper bound on the errors || L, — L,|| and ||Ly — Ly || from
Theorem 11. We will use the decomposition of the set of edges (N, R,C) from Lemma 43,
and sum the errors on each of these subsets of edges. We recall that on the subset N,
we have an upper bound on ||[(A —EA)xs||. We will also use the fact that the regularized

degrees [D,];; are lower-bounded by the regularization parameter y. On the subsets R and
C, we will use Lemma 46 to upper bound the norm of the regularized Laplacian.

Lemma 48 Under the assumptions of Theorem 11, for any r > 1, with probability at least
1 —7e"?", we have

Cr? A\°? 32y 8
-l < S (142) T+ 22 B (78)
val gl val

S

S|

Proof Let L, — L, =S+ T with

We will bound the norm of S+ 7 on N, and the norms of L, and £, on the residuals R,C.
We first use the triangle inequality to obtain

1Ly = L4
Sy = L) p 1Ty = 1) = (Ly = D) [T+ 11 (Ly = £5)c |
SNy = L)p 1T = L) T+ TT = L)g T = Ly [+ 11 = Ly)c
=[S+ T |+ 11T = L) | + 1T = L) | + [T = L) [+ 11 (T = £L5)c |l
S ISM NN+ T = L) [+ = L3) g [+ 1L = Ly)e | + ([T = £4) I
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1. Bounding the norm |T)/||. Denoting v =~ +~~, we have that

[Favdiia

n
=2 T

J'=1

[vavdlk

IA

1 !
ji=1 VDii + 0Dy +7) 17
@+t [« : Sy

< e Y D+ Y (Djry —d? +n(d+7)* Y (Dj; —d)*| . (80)
ji=1 =1

(79)

To upper bound (79) by (80), we have used the simplification trick in the proof of (Le et al.,
2017, Theorem 4.1) which we now recall. Firstly, the second factor of (79) can be upper
bounded in the following way. For 1 < 7,5’ < mn,

1 1
L A
_ (D +2)(Dyy+7) ~ @+
(D3 + 7Dy +1)(@A+7) + ) (Dss + 1) Dy + (A +7)?
(Djj + 1Dy +7) = (d+ )

<
< 2
_|Dji + N @jry +7) = (d+7)(Dj; +v) + ([d+ ) (D5 +7) — (d+7)°]
273
_ |Djj = Dy + ;)7: (d+1)(Dy; —d)| (1)

where the inequality comes from the fact that D;; 4+~ > 7. Secondly, we use the inequality
(a+b)? < 2(a? + b?) and we recall that by definition, we can bound the first factor of (79)

by |E(A,) | < T2 This finally leads to (80).
Now we will bound each term of (80). Using Lemma 45, we have, for any r > 1, with

probability at least 1 — e 2"

)

Z(Ejj —d)? <20"r*nd(1 —n) < 2C"r?*nd.

J=1
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If this holds, then the first term of (80) is upper bounded by

n n n

> (Djj+7)° ) (Dyy —d)? < 22 s — O+ 2m(d+)? | S (Dyy — 0

i=1 J=1 =
- 2C'r2nd (4C"r*nd + 2n(d +~)?)
< 2C"r*n(d +4)(1 = n) (4C"r*nd + 2n(d + 7)?)
< 20r2n(d + ) (2(20’ + 1)rn(d + 7)2)
< 017‘4 2(a )

with C; = 4C’(2C" + 1). Similarly, we can bound the second term of (80)
)2 Z 2 <2C"(d+ v)*r*n?d < 2C"(d + ~)3r*n>.
Jj=1

Hence, we obtain the following upper bound of (80)

O +20")r" Cort (. d\’
O R AR (RO (52)

with Cy = (Cl + 20/)/2
2. Bounding the norm ||Sys||. We first note that
S = (Ev)il/Q(Av - EAV)(EW)A/Q = (Ev)il/Z(A - EA)(EW)A/Z'

T

We also recall that ||D.|| > ~. Hence, using Lemma 43, with probability at least 1 —6n~",
we have

—-1/2 ——1/2 Cr3l? =
ISxell < 1051114 = Al D3]] < (A ~ EA)wll/y < (1 n)
3/2 —
< Va (83)
~
Summing the bounds in (82) and (83), we have the intermediate result
Cr3?2 =  /Cor? a\*"?
L, — L)l < Vi + (1 n ) 84
I(Ly = Lyl 5 Nei 5 (84)
2 d d 5/2
< C\/>+ Cs (1 + ) (85)
Val Y Y
— 5/2 ) — 5/2
72 d Csr d
<" (G < ) _ <1+> , 86
f ’ gl val v (86)

with C3 = C' + /5.
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3. Bounding H(L’Y)RH , H(L’Y)CH , H<£7)RH , H(ﬁ,Y)CH Using the proof of Lemma 43,

each row of Az has at most 128r non-zeros entries and intersects at most 4n/d columns.
Thus, forall 1 < j <n

n

B 4 128 4 _ 128 4
2 s el i o (g < b el (53,

i=1 7 7 v o d

—_ + - .
as Zj,[A;" +AZ ] > nx <7n + %) = . We can thus apply Lemma 46 with ¢ = @ﬁL %,
and we arrive at

128r
[(Ly)r] < 5

We also obtain the same bound for ||(Ly)c/||. Similarly, we have 3, [E[AT] + E[A
(n—Dp+~y=d+~v>vand

i 4 4 8 4
> [(BIAF] + B[4 )R] <4+7<8+7_7< +>

+

il e

= 37’ d d d v o d
< Z [E[A*], +E[A7],] 8 + 2
; 5! ! 7 vy o d)

We arrive at ||(£,)r| < ,/% + %, and finally, we also have [|(L,)c|| < ,/% + %.

4. Bounding ||L, — £,||. Summing up the bounds obtained in the first three steps, with
probability at least 1 — e™2" —6n~" > 1 — Te™2", we finally arrive at the bound

Cyr? a\ /2 198
A (1+,Y) 1o, /12

2

_l_
Il =
+
)
2|00
_l_
ISHIN

Nal
2 =\ 5/2
SC'gr <1+d> 4 128r+i
val v v o d
O (D) R
VT ot Vi VA

This bound also provides easily a bound on the norm of L, — Lym,.
Corollary 49 (Error bound of the reqularized Laplacian) With the notations of Theorem 8
and Theorem 11, and v =~y +~~, we have

5/2
1L Lol < 7 (14 @) 32V 0
Y Y ﬁ

y

¥ +\/g+3+7=:AL(%3)- (87)

In particular, for the choice v = 87/8, if p > 2/n, we obtain

Ly = Logml < (128072 +1)d °,
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Proof By triangular inequality,
HL’Y B ‘CsymH < ||L7 B E’YH + H'Cv B ‘Csym”~

For the second term on the RHS, we have

1 1
1Ly = Laym| = HEA - IEAH S —) ] [ g—_— (88)
d+7 d d(d+7) d+y

The last inequality comes from the fact that |EA| < (n — 1)p(1 —n) < d. Thus, by
summing the bound obtained in Lemma 48 and (88), we arrive at the expected result in
(87). Moreover, if v < d, since C' > 1, one can readily verify that

_5
2

1Ly — Lsym|| < 128Cr? ig + (89)

all=

Ify = 87/ 8, then v < d holds provided d > 1 or equivalently, p > ﬁ The latter is ensured
if p > 2/n (since n > 2). Plugging this in (89), we then obtain the bound

1Ly = Loyl < (128072 +1)d °,

This concludes the proof of Corollary 49 and Theorem 11. |

5.6 Error bound on the eigenspaces and mis-clutering rate in the sparse
regime

This section provides a bound on the misalignment error of the eigenspaces of L, and Lgym,
which then leads to a bounds on the mis-clustering rate of the k-means clustering step.
5.6.1 EIGENSPACE ALIGNMENT

Using the bound from Corollary 49, we can perform the same analysis of the eigenspaces of
L., and Lgym,, as in Theorem 8, which will prove Theorem 13. We apply, once again, Weyl’s
inequality and the Davis-Kahan theorem to bound the distance between the two subspaces
R(Vi—1(Ly)) and R(Vi—1(Lsym)). We have that

)‘nkarl(Lw) - )‘nkarZ(Esym) > )‘gap - HL’Y - EsymH > )‘gap - AL(%E)a
. —7/8
using Corollary 49. If v = ~9d ', then

- - C
Ap(v,d) < (128Cr% + 1) (d) /% = aTg’

with Cy = 128Cr2 + 1. For 0 < § < 1/2, we would like to ensure that

- 4]
)\gap - AL(’)/,d) Z )\gap (1 - 2) .
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Hence, using the lower bound on the eigengap from Lemma 39, it suffices that

C ) —1/8 2/604 2k04 8 1
) S hgap [1-2) = df> 22 > :
Agap — d1/8 —)‘9p< 2> 0(1—2n) P <5(1—277)> n—1

8
Thus, the condition p > ( 5(211102477)) % is sufficient. Applying the Davis-Kahan theorem, we

arrive at

A gap/2 52 s

1T = Viea (L) Vieea (L) WVica (Loym)l € 324525000 < 575 <

and using once again Proposition 57, there exists an orthogonal matrix O € R*—1)x(k—1)

such that
”Vk 1( ) OR_ 10” < 29.

5.7 Proof of Theorem 16

In this section, we finally prove our result on the clustering performance of the Signed
Laplacian and regularized Laplacian algorithms. The proof essentially relies on the following
lemma, which provides a lower bound on the distance between two rows of A7 Ry_;, with

A = diag(y/n;).

Lemma 50 For all 1 < i # i < k, we have ||[(Ri—1)ix — (Ri—1)i«|| = 1. Moreover, for
i € [k], it holds that

2

i AR )ie — (A Ry 1) ine||P > —.

il 187 R = (A7 Ry 2 50
j€Cs,3'€Cy

Proof Recall from (69) that C = p(1 — 2n)uu’ + diag(d;), with d; = u? + (1 + %(1 - 277))
and u; = %, 1 < i < k. Moreover, from (70), C = RAR with R = [Ry_1 71] and ~; the

largest eigenvector of C. We first show that the entries of y; are necessarily of the same
sign, i.e. (71)i > 0,Vi or (71); < 0,Vi. In fact, by definition, 7 is the solution of

” 0 ax v Cv—”mHaxp(l—Qn —i—Zdv (90)

Since all the entries of u are positive, it is easy to see that any solution 1 of (90) necessarily
has entries of the same sign (otherwise you could replace some (1);) by —(71); and increase
the objective function).

Let i # ' € [k]. As R has orthonormal rows,

(Ris, Rirs) =0 <= ((Rik—1)ix, (Ri—1)irs) + (m1)i(n)ir =0
>0

= ((Rr—1)ix (Ri—1)irx) < 0.
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Hence,

I(Rk1)se = (Ria)iral* = [(Re—n)ix|* + | (Ric)i'* | = 2 ((Ri1)is, (Re—1)irs)

<0

> (Ri—1)isl” + [ (R )i

=2— ()i + ()i > 1
<1

In particular, this implies that Rj_; has k distinct rows. Now let j, j' € [n] such that j € C;
and j’ € Cy. Recalling that with A = diag(\/n;), Vi—1(Leym) = ORk—1 = OAATI R4 =
(:)A*IRk,l, we have

ﬁ

(A_le_1)j* = lm (Rk—l)z’*a
(AT Ry 1) jri = \/%7(31471)1'/*.
Hence,

(AT Ri—1)ju — (A7 Ri—1) jra ?

1 .9 1 9 1
= — || (Rr_ — |(Rp_1)is||” — 2 Rr_1)is, (RE_1)ir«
p [ (Ri—1)ix]| t [[(Re—1) sl T (Br—1)in, (Rg—1)irs)
<0
1 2 1 2
> — R_ L% — R_ 1 %
> (Rl + o | (R
2 2
ZijLi_(%)i _('71/)z"
n; g n; ni
2 2
S 1 ity 11 11 1 1
“n; Ny ns “n; ny ns_n; nl ns

Besides, we know that % > % and % < %. Therefore, we obtain the bound

1 1
H(A_le—l)j* - (A_le—l)j/*HQ > e <1 +p— p) .

)

We will now prove that with the condition \/p > 1 — L

Wehave1+p—%2%and

4k(2+VE)’
this will lead to the final result. First, we note that p > 1 — m and 2k(2 + Vk) > 12,
2k(2+Vk) 5
and m < i for k > 2. ThllS,
1 1 2k(2 1 2
L4p—=>2- _ BV L, 152
P 2k(2+Vk) 2k(2+VEk) -1 12 4 3
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Remark 51 In the equal-size case n; = %,Vl <1<k, since y1 = x1, Rx—1 has orthogonal
rows and

(Rie1)ix — (Ri—1)irs||? = | Rix — Rirs|)® = 2.

This implies that

2%
(AT Ry_1)je — (A Ry 1)) .

From Lemma 50, we have that V1 <i <k, n%n¢ *1Rk,1)j* — (Afle,l)j/*Hz >
1,0/ €[k],i£
JeCs,j'€Cy
. Hence with 67 := 71- and using Lemma 35, we obtain

2|S; -
Zﬂs | = Z ;n <o) Vit Tsgrm) — Vi1 (L) ||

< 4(16 + 8)(k — 1) |[Vie1 (Toym) — Vi1 (Loym)O||”
< 8(16 + 8¢)(k — 1)42,

using Theorem 8 . Moreover, we have

Hkal(Lsym) - kal(ﬁsymjuir S Q(k - 1) HVk71<Lsym) - Vk71<£sym)OH2

< 8(k —1)6?
1
k—1)-
<8k -1 Basrsam D
= L 1<i<Ek.
16 + 8¢’ Visis

Therefore, we can use the second part of Lemma 35 and finally conclude that

For the regularized Laplacian algorithm, the same computations are valid using the
result from Theorem 13.

96(2 + £)5?

6. Numerical experiments

In this section, we report on the outcomes of several numerical experiments that compare our
two proposed algorithms with a suite of state-of-the-art methods from the signed clustering
literature. We test the performances of the different algorithms on signed graphs drawn
from our Signed Stochastic Block Model, as well as on three real-world data sets that are
standard benchmarks in the signed networks literature. We rely on a previous Python
implementation of SPONGE and Signed Laplacian (along with their respective normalized
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versions), and of other methods from the literature®, made available in the context of
previous work of a subset of the authors of the present paper (Cucuringu et al., 2019). More
specifically, we consider algorithms based on the adjacency matrix A, the Signed Laplacian
matrix L, its symmetrically normalized version Ly, (Kunegis et al., 2010), SPONGE and
its normalized version SPONGEjy,,, and the two algorithms introduced in Chiang et al.
(2012) that optimize the Balanced Ratio Cut and the Balanced Normalized Cut objectives.

We note that once the low-dimensional embedding has been computed by any of the
considered algorithms, the final partition is obtained after running k-means++ (Arthur
and Vassilvitskii, 2007), which improves over the popular k-means algorithm by employing
a careful seeding initialization procedure and is the typical choice in practice.

6.1 Grid search for choosing the parameters 7,7~

In the following experiments, the Signed Stochastic Block Model will be sampled with the
following set of parameters

e the number of nodes n = 5000,
e the number of communities k& € {3,5,10,20},

e the relative size of communities p = 1 (equal-size clusters) and p = 1/k (non-equal
size clusters).

For the edge density parameter p, we choose two sparsity regimes, Regime I and Regime
II, where Regime II is strictly harder than Regime I, in the sense than for the same value
of k, the edge density in Regime I is significantly larger compared to Regime II. The noise
level 7 is chosen such that the recovery of the clusters is unsatisfactory for a subset of pairs
of parameters (77,77). For each set of parameters, we sample 20 graphs from the SSBM
and average the resulting ARI.

Our experimental setup is summarized in the following steps.

1. Select a set of parameters (k, p, p,n) from the regime of interest;
2. Sample a graph from the SSBM(n, k, p, p,n);

3. Extract the largest connected component of the measurement graph (regardless of the
sign of the edges);

4. TIf the size of the latter is too small (< n/2), resample a graph until successful;

5. For each pair of parameters (71, 77), compute the k-dimensional embeddings using the
SPONGEy, algorithm (with the implementation in the signet package (Cucuringu
et al., 2019));

6. Obtain a partition of the graph into k clusters, and compute the ARI between this
estimated partition and the ground-truth clusters using the implementation in scikit-
learn of the k-means++ algorithm;

3Python implementations of a suite of algorithms for signed clustering are available at https://github.
com/alan-turing-institute/signet
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7. Repeat 20 times the steps 2 — 7 mentioned above, and record the average performance
over the 20 runs.

The results in the dense regimes are reported in Figure 1, while those for the sparse
regimes in Figure 2. This set of results indicate that the gradient of the ARI in the space
of parameters (77,77) is larger when the cluster sizes are very unbalanced and the edge
density is low. We attribute this to the fact that, for suitably chosen values, the parameters
(7%, 77) are performing a form of regularization of the graph that can significantly improve
the clustering performance.

6.2 Comparison of a suite of spectral methods

This section performs a comparison of the performance of the following spectral clustering
algorithms. We rely on the same notation used in Cucuringu et al. (2019), when mentioning
the names of the SPONGE algorithms, namely SPONGE and SPONGEy,,,,. The complete
list of algorithms compared is as follows.

e the combinatorial (un-normalized) Signed Laplacian L = D — A,

the symmetric Signed Laplacian Ly, = I — D 2ap Y 2,

SPONGE and SPONGEgy,, with a suitably chosen pair of parameters (7, 77)

the Balanced Ratio Cut Lgrc = D™ — A

e the Balanced Normalized Cut Lgyc = D~'/2(Dt — A)D~1/2.

For the combinatorial and symmetric Signed Laplacians L and Ly, we compute (k—1)-
dimensional embeddings before applying the k-means++ algorithm. For all other methods,
we use the k smallest eigenvectors.

In this experiment, we fix the parameters n = 5000, k € {3,5,10,20} and p,n in a certain
set, and for each plot, we vary the aspect ratio p € [0, 1]. The relative proportions of the
classes s; = 7t are chosen according to the following procedure

1. Fix s} = 1/k, pick a value for p and compute s, = s/ /p.

2. For i € 2,k — 1], sample s, from the uniform distribution in the interval [s}, s}.].

3. Compute the proportions s; = ,fié,, and then sample the graph from the resulting
SSBM.

=174

4. Repeat 20 times the steps 1-3 mentioned above, and record the average performance
over the 20 runs.

The results are reported in Figure 3. We note that in almost all settings, the SPONGEyy,,,
algorithm outperforms the other clustering methods, in particular for low values of the as-
pect ratio p. With the exception of the symmetric Signed Laplacian, most methods seem
to perform worse when the aspect ratio is higher, meaning that the clusters are more un-
balanced, which is a more challenging regime.
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Figure 1: Heatmaps of the Adjusted Rand Index between the ground truth and the par-
tition obtained using the SPONGE,y,, algorithm with varying regularization parameters
(r+,77), for a SSBM in Regime I, with n = 5000 and k = {3,5, 10,20} clusters of equal
sizes (left column) and unequal sizes (right column).
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Regime
]

Equal-size clusters Unequal-size clusters

p =0.002,1n=0.1,p = 1.00 p=0.002,7=0.1,p = 0.33

0.8
0.6
0.4

0.2

0.8
0.6
0.4
0.2
0.85
0.80
0.75
0.70
0.65
0.7
0.6
0.5
0.4
0.3

003, n = 0.05, p = 1.00

0.85
0.80
0.75
k=5 0.70
0.65
0.60
) -

2 4 6 8

T+

p = 0.005, n = 0.03, p = 1.00

2 4 6

T+

8

p = 0.005, n = 0.03, p = 0.10

0.7
0.6
0.5
0.4
0.3

2 4 6 6 8

Tt T+

p = 0.015,n =0.05, p =1.00 p =0.015, n = 0.05, p = 0.05

0.60 0.60
0.55 0.55
k=20
0.50 0.50
0.45 0.45
Tt T+

Figure 2: Heatmaps of the Adjusted Rand Index between the ground truth and the partition
obtained using the SPONGE;,,,, algorithm with varying regularization parameters (71, 77),
for a SSBM in Regime II with n = 5000 and k& = {3,5,10,20} clusters of equal sizes (left
column) and unequal sizes (right column).
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Figure 3: Performance of the various clustering algorithms, as measured by the Adjusted
Rand Index, versus the aspect ratio p for a SSBM with k& = {3, 5,10, 20} for n = 5000. For
larger number of clusters, k = 10 and especially k = 20, SPONGE,,, is essentially the
only algorithm able to produce meaningful results, and clearly outperforms all the other
methods. Note that no regularization has been used throughout this set of experiments.

6.3 Performance of the regularized algorithms in the sparse regime

In this batch of experiments, we study how the regularized Signed Laplacian and the
SPONGE;,, sparse algorithms perform. We consider sparse settings of the SSBM (p <
0.003) with n = 5000 nodes. For the SPONGEq,,, algorithm, we fix the parameters (7F,77)
in each setting. Our parameter selection procedure is to chose a pair of parameters that
leads to a “good” recovery of the clusters for the unregularized algorithm (see Figure 2). We
perform a grid search on the parameters (y*,v7) for each of the two regularized algorithms
(see Figure 4 and Figure 5). For the regularized Signed Laplacian algorithm, we observe
distinct regions of performance on the space of parameters (y*,~~). This is not predictable
from our theoretical results, where the positive and negative regularization parameters play
symmetric roles. We conjecture this to be due to the difference of density of the positive
and negative subgraphs in our signed random graph model. For the SPONGE,,,, sparse
algorithm, we note that the gradient of performances in the heatmaps (Figure 4, Figure 5) is
similar to what was reported in Figure 2, which could be due to the fact that the parameters
(tF,77) already have a regularization effect.
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Figure 4: Heatmaps of the Adjusted Rand Index between the ground truth and the partition
obtained using the L, and SPONGEqy,, algorithm with fixed parameters (7%,77) and
varying regularization parameters (y*,77), for a SSBM in two sparse regimes, with
n = 5000 and k = 3 clusters.
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Figure 5: Heatmaps of the Adjusted Rand Index between the ground truth and the partition
obtained using the L, and SPONGEqy,, algorithm with fixed parameters (7%,77) and
varying regularization parameters (y*,77), for a SSBM in two sparse regimes, with
n = 5000 and k£ = 5 clusters.
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’ Dataset | Number of nodes | Edge density

Wikipedia 11,259 2.2 %1073
Slashdot 82,140 1.3 x 1074
Bitcoin 5,875 3.6 x 1073

Table 1: Characteristics of the three benchmark data sets.

6.4 Performances on real-world data sets

Finally, we measure the performances of our unregularized and regularized algorithms on
three benchmark data sets in the signed clustering problem: the Wikipedia Requests for
Adminship, the Slashbot Zoo and Bitcoin data sets from Leskovec and Krevl (2014). These
networks are large and sparse (see Table 1 for a summary of the number of nodes and edge
densities). Since no ground-truth clusters are available for these networks, we measure the
quality of the clustering using an objective score, namely the normalized adjacency score.
This metric is defined as the sum of ratios of the number of positive edges over the number
of negative edges within each cluster. We assume that a higher value of this score indicates
a better partition of the node set. Our results are reported in Figure 6. We observe that
the regularized versions of our algorithms, namely SPONGE,,,, and the Symmetric Signed
Laplacian, perform much better that their respective unregularized versions, confirming
the fact that regularization improves the performance of spectral algorithms in the sparse
regime. We also note that the standard Spectral Clustering algorithm based on the signed
adjacency matrix - denoted by A in the figure legend - also performs well on these real-world
data sets.

7. Concluding remarks and future research directions

In this work, we provided a thorough theoretical analysis of the robustness of the SPONGEy,
and symmetric Signed Laplacian algorithms, for graphs generated from a Signed Stochastic
Block Model. Under this model, the sign of the edges (rather than the usual discrepancy
of the edge densities across clusters versus within clusters) is an essential attribute which
induces the underlying cluster structure of the graph. We proved that our signed clustering
algorithms, based on suitably defined matrix operators, are able to recover the clusters un-
der certain favorable noise regimes, and under two regimes of edge sparsity. Although the
sparse setting is particularly challenging, our algorithms based on regularized graphs per-
form well, provided that the regularization parameters are suitably chosen. We also expect
that the same type of analysis could be adapted to other probabilistic generative models for
signed networks. For instance, extensions of the unsigned Stochastic Block Models, such as
the Degree-Corrected Stochastic Block Model, that includes degree-heterogeneity could be
considered, as well extensions to the setting of polarized communities, in the spirit of those
proposed by Bonchi et al. (2019) and Xiao et al. (2020).

One theoretical question that has been not been answered yet relates to the choice of
the positive and negative regularization parameters v, v_. Having a data-driven approach
to tune the regularization parameters would be of great use in many practical applications
involving very sparse graphs. An interesting future line of work would be to study the latest
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Figure 6: Objective clustering scores attained by the different spectral clustering algorithms,
as we vary the number of clusters k on the Wikipedia (top left panel), the Bitcoin (top right
panel), and Slashdot (bottom panel) data sets.

regularizing techniques based on powers of adjacency matrices or certain graph distance
matrices, in the context of sparse signed graphs.

Yet another approach is to consider a pre-processing stage that performs low-rank ma-
trix completion on the adjacency matrix, whose output could subsequently be used as input
for our proposed algorithms. An extension of the Cheeger inequality to the setting of signed
graphs, analogue to the generalized Cheeger inequality previously explored in Cucuringu
et al. (2016), is another interesting research question. Extensions to the time-dependent
setting and online clustering (Liberty et al., 2016; Mansfield et al., 2018), or when covari-
ate information is available (Yan and Sarkar, 2020), are further research directions worth
exploring, well motivated by real world applications involving signed networks.
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Appendix A. Useful concentration inequalities
A.1 Chernoff bounds

Recall the following Chernoff bound for sums of independent Bernoulli random variables.

Theorem 52 ((Mitzenmacher and Upfal, 2005, Corollary 4.6)) Let Xi,..., X, be
independent Bernoulli random variables with P[X; = 1] = p;. Let X =Y " | X; and pn =
E[X]. Foré € (0,1), it holds true that

P[|X — p| > 6] < 2exp(—pd?/3).

A.2 Spectral norm of random matrices

We will make use of the following result for bounding the spectral norm of symmetric
matrices with independent, centered and bounded random variables.

Theorem 53 ((Bandeira and van Handel, 2016, Corollary 3.12, Remark 3.13)) Let
X be an nxn symmetric matriz whose entries X;; (i < j) are independent, centered random
variables. There there exists for any 0 < ¢ < 1/2 a universal constant c. such that for every
t>0,
2
P [||X|y > (1+¢)2V25 + t} < nexp <— > (91)

Ce02

o= max ZE[XEJL Oy 1= Hllgx 1 Xl o -
J

Note that it suffices to employ upper bound estimates on &, in (91). Indeed, if & < &
(u)

and o, <o, ’, then

where

t2
PllX] > (1+e)2v26® +t} <P [HXH > (1+5)2\@5+t} < nexp (— )

ce02
£2
<nexp|——7+].
e (712

The following graph decomposition result for inhomogeneous Erdés-Rényi graphs was es-
tablished in (Le et al., 2017, Theorem 2.6).

Theorem 54 (Le et al., 2017, Theorem 2.6) Let A be a directed adjacency matrixz sampled
from an inhomogeneous Erdds-Rényi G(n, (p;j);) model and let d = nmax; j p;y. For
any r > 1, with probability at least 1 — 3n™", the set of edges [n] x [n] can be partitioned
into three classes N', R and C, such that

A.3 A graph decomposition result

1. the signed adjacency matriz concentrates on N

[(A=EA)w|| < Cr¥2Va,
2. R (resp. C) intersects at most n/d columns (resp. rows) of [n] x [n],

3. each row (resp. column) of Ar (resp. Ac) have at most 32r non-zero entries.
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Appendix B. Matrix perturbation analysis

In this section, we recall several standard tools from matrix perturbation theory for studying
the perturbation of the spectra of Hermitian matrices. The reader is referred to Stewart
and Sun (1990) for a more comprehensive overview of this topic.

Let A € C™*"™ be Hermitian with eigenvalues Ay > Ay > --- > A, and corresponding
eigenvectors vy, v, ...,v, € C™. Let A=A+Wbea perturbed version of A, with the
perturbation matrix W € C™*" being Hermitian. Let us denote the eigenvalues of A and
W by Xl > > Xn, and €; > € > -+ - > €, respectively.

To begin with, one can quantify the perturbation of the eigenvalues of A with respect to
the eigenvalues of A. Weyl’s inequality (Weyl, 1912) is a very useful result in this regard.

Theorem 55 (Weyl’s Inequality (Weyl, 1912)) For each i =1,...,n, it holds that
Ai4en <X <A\ +er (92)
In particular, this implies that A; € [\i — [|[W]|, Xi + [|[W]|].

One can also quantify the perturbation of the subspace spanned by eigenvectors of A,
which was established by Davis and Kahan (1970). Before introducing the theorem, we
need some definitions. Let U,U € C™** (for k < n) have orthonormal columns respectively,
and let o1 > -+ > o denote the singular values of U*U. Also, let us denote R(U) to
be the range space of the columns of U, and similarly for R(U). Then the k principal
angles between R(U), R(U) are defined as 6; := cos™'(oy) for 1 < i < k, with each 6; €
[0, 7/2]. Tt is usual to define k x k diagonal matrices ©(R(U), R(U)) := diag(f1, .. .,0k) and
sin @(R(U),R(U)) := diag(sin b, ...,sinf). Denoting ||| - ||| to be any unitarily invariant
norm (Frobenius, spectral, etc.), the following relation holds (see for eg., (Li, 1994, Lemma
2.1), (Stewart and Sun, 1990, Corollary 1.5.4)).

[1sin©(R(U), RO = [II(I = TTUI-

With the above notation in mind, we now introduce a version of the Davis-Kahan theorem
taken from (Yu et al., 2015, Theorem 1) (see also (Stewart and Sun, 1990, Theorem V.3.6)).

Theorem 56 (Davis—Kahanl Fig1l <r<s<mn,letd=s—r+1, and let U =
(s Uity -+ s ts) € C and U = (Up, Upy 1, - - ., Us) € C™. Write

5= inf{‘j\ - A} A€ s Al A € (=00, Agya] U [Xr_l,oo)}

where we define Xo =00 and Xn+1 = —oo and assume that 6 > 0. Then
lsinOR), ROV =1~ 5T < I
For instance, if r = s = j, then by using the spectral norm ||-||, we obtain
Wi

sin©O(R(v;), R(vj)) = H(I - vjv;-‘)'ﬁjH < (93)

)

min { ‘Xj,l —Aj

Ay
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Finally, we recall the following standard result which states that given any pair of k-
dimensional subspaces with orthonormal basis matrices U, U € R™**there exists an align-
ment of U, U with the error after alignment bounded by the distance between the subspaces.
We provide the proof for completeness.

Proposition 57 Let U, U € Rnxk respectively consist of orthonormal vectors. Then there
exists a k X k rotation matriz O such that

Hﬁ - UOH <2 H(I - UUT)(?H .

Proof Write the SVD as UTU = VY (V)T, where we recall that the ith largest singular
value o; = cos6; with 6; € [0, 7/2] denoting the principal angles between R(U) and R(U).
Choosing O = V(V")T, we then obtain

Hﬁ - UV(V’)TH < Hﬁ - UUTl?H + HUUTﬁ - UV(V’)TH
= | —vvna| +|jpTE - v
= | = vo™|| + 11 - =i

<9 H(I —vuhyol|,

where the last inequality follows from the fact ||I — || = 1 — cos ), < sin 0y, [ |

Appendix C. Summary of main technical tools

This section collects certain technical results that were used in the course of proving our
main results.

Proposition 58 ((Bhatia, 1996, Theorem X.1.1)) For matrices A, B > 0,
HA1/2 _B1/2H < ||A—B|\1/2
holds as (-)'/? is operator monotone.

Proposition 59 For symmetric matrices AY, A=, BT and B~ where A=, B~ = 0, the
following holds.

o4 a5
< [lea) 14| (HI— (B 24 a1 - <B>1/2<A>1/2H>
+BH AT - BT

< [y At ()~ 1) = a0+ 2| )72 [(B7) - (an)]?)
) fla* - B -
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Proof
(A7) 2AR (A (BB BT

_ H(Af)fl/ZAJr(Af)fl/Q - (Bf)fl/2A+(Bf)fl/2

(B AN B - () B (B

< H(B*)*1/2(A+ —B*)(B7) 1/2H + H )TH2AT (AT T2 - (37)71/2A+(Bf)71/2H .
Now, we bound the two terms separately. The first term is easy to bound.
= ooy i - oy
=B 4" =B - (94)

To bound the second term, we do the following manipulations,

H 1/2A+ )—1/2 _ (B_)_1/2A+(B_)_1/2H

<A*>*1/2A+<A )TV = (A7) VRN RB )R (BT) T A (AT A (A
= a2 (4t = an) 2By AT (BT TR (a0) 2
= a2 (at = () 2B =T 1) At (B VRN - 14 1) ) (a0) 7|
= [[(A7)7 ((A)2(B7) 7 = DAT((B7) 2(A7)2 = D)+ AT((B7)2(A7)? = )
+ ((A7)2(BT) 2 = DAY ) (A7)
< eyt (7= ey 2 - ] ) (95)

The first inequality of the lemma follows by adding (95) and (94). To see the second
inequality of the lemma, observe that,

HI _ (B—)—1/2 1/2H _ H (B~ 1/2(( )1/2 _ (A—)l/Q)H
<@y ey - any]
< H (B~ WH B~ — A~ H Y2 (using Proposition 58).  (96)

The second inequality of the lemma follows by substituting (96) in the first inequality of
the lemma.
|

Appendix D. Proofs from Section 4
Lemma 60 (Expression for Cf & C))

Ciz—pnd%X1x1T+(l+T +dj(1—n—%(1—2n)))l,
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C;=-—p(l— n)dﬁ,xle + (1 o d% (77+ %(1 - 2n)>) I.

It follows that can be written as CF = RETRT and C- = RX™R'", where R is a rotation
matrix, and

O )
(o8 (1=n=n () ]

O et )

(1 Tt (n+n (%))) Iy

The above lemma shows that we know the spectrum of (C~)~1/2C+(C~)~1/2 exactly,
in the case of equal-sized clusters.
Proof [Proof of Lemma 22| From (17) it follows that,

N P
() < 1 (1477 4+ (1 == i1 = 20))

)

The maximum is achieved for the smallest sized cluster. This shows the proof for (33).
The proof of (34) follows from the fact that in (24) we had decomposed the matrix

Lsym + 7+1 as a block-diagonal matrix, with block of C,a; Iy —1,...,0p Iy, 1. Since

Lgym is a symmetric Laplacian, we know that Amin(Lsym + 771) = 77. Also, a; > 7 for
i € [k]. Thus the equation follows. [ |

Appendix E. Spectrum of Signed Laplacians

This section extends some classical results for the unsigned Laplacian to the symmetric
Signed Laplacian and the regularized Laplacian.

Lemma 61 For all x € R,

2
- 1 €Ts €Tl
T
x' Lgymo = B g | A (] — sgn(Ajjr) J ,> (97)

Y Vi d;

Moreover, the eigenvalues of Lsym and L~ are in the interval [0, 2].

Proof Equation (97) is adapted from Proposition 5.2 from Gallier (2016) and is obtained

by replacing = by ﬁ_l/ ®%. The second part of the lemma comes from the fact that (a4b)? <
2(a® + b?). In fact, for € R" such that ||z|| = 1, we have

_ 2 gL‘Q.,
T < S (347
J

j.j’ J

2
x>
=2 \Ajj/|fdj:2§ a3 =2
33" J
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Similarly, we have

T Z 1;2 xz/
o' Lye < ) |(A)if | == +=—
7 Djj+~  Djj+n
S+ D
<2} (4l+)=—"—
n°-Dj;+y

¥
(Djj +v)af

_2; Dy

Moreover Ly, and L. are positive semi-definite, thus we can conclude that their eigenval-
ues are between 0 and 2. |
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