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Abstract

In network science, one of the significant and challenging subjects is the detection of communities. Modularity
[1] is a measure of community structure that compares connectivity in the network with the expected connectivity
in a graph sampled from a random null model. Its optimisation is a common approach to tackle the community
detection problem. We present a new method for modularity maximisation, which is based on the observation that
modularity can be expressed in terms of total variation on the graph and signless total variation on the null model.
The resulting algorithm is of Merriman—Bence—Osher (MBO) type. Different from earlier methods of this type, the
new method can easily accommodate different choices of the null model. Besides theoretical investigations of the
method, we include in this paper numerical comparisons with other community detection methods, among which
the MBO-type methods of Hu et al. [2] and Boyd et al. [3], and the Leiden algorithm [4].

1. Introduction

A network is a graph structure that depicts intricate systems as nodes and edges, where nodes rep-
resent objects and edges express their relationships. Edge weights can quantify the strength of these
relationship, with higher edge weights indicating a stronger connection. Complex real-world systems,
such as urban transportation networks, airline networks, computer communication networks, and social
networks, are characterised by their members’ relationships. It is a daunting, if not impossible, task to
understand the structure of a network through direct (visual) observation, especially when the numbers
of nodes and edges are large. It is important, therefore, to be able to accurately and efficiently detect
relevant characteristics of networks.

A typical characteristic of networks is their community structure and its detection involves parti-
tioning the set of nodes into different communities (or clusters). Intuitively a network has a community
structure if the node set can be partitioned in such a way that nodes within each resulting cluster are
more likely to be connected to each other than to nodes in other clusters. Different mathematically pre-
cise measures have been proposed in the literature to capture this intuitive notion. In this paper, we will
focus on modularity [56, 57], which, for a given partitioning of the node set, quantifies the difference
between the actual connectivity structure within each cluster and the expected connectivity structure
based on a random null model. We give the precise definition in Section 2.3.

Community detection is of great theoretical and practical value for understanding the topology and
predicting the behaviour of real-world networks and has been widely used in many fields, such as protein
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function prediction [60] and criminology [38]. The formulation of modularity suggests that its maximi-
sation over all possible partitions of the node set allows one to detect communities in a given network.
Modularity optimisation, however, is an NP-hard problem [9]; thus, numerous algorithms have been
developed to approximately optimise modularity, including extremal optimisation [21], greedy algo-
rithms such as the Clauset-Newman—Moore algorithm (CNM) [19], the Louvain algorithm [6], the
Leiden algorithm [71], simulated annealing [28], spectral methods [26, 56], and a proximal gradient
method [67].

Hu et al. [33] presented a total variation (TV)-based approach for optimising network modularity
using a Merriman—-Bence—Osher (MBO) type scheme. The MBO scheme, originally formulated as an
efficient way to approximate flows by mean curvature in Merriman et al. [50, 51] and co-opted as a fast
method for approximately solving graph classification problems by Merkurjev er al. [49], is an iterative
algorithm that combines short-time (linear) dynamics with thresholding. By changing the specifics of the
dynamics, different MBO-type schemes can be constructed and Boyd et al. [7] suggested an alternative
MBO scheme for modularity optimisation which, unlike the scheme of [33], is based on an underlying
convex approximation of modularity.

One significant advantage of MBO-type schemes is their flexibility to incorporate extra data or con-
straints into the scheme, for example, a fidelity-forcing term based on training data in the linear-dynamics
step as in Budd et al. [12] or a mass-conservation constraint in the thresholding step as in Budd and van
Gennip [11]. The underlying models that form the basis of MBO schemes also make rigorous analy-
sis possible, often help interpretability of the method, and amplify the impact of even small numbers
of training data. Moreover, the general form of MBO schemes — linear dynamics alternated with non-
linear thresholding steps — makes them amenable to incorporation into artificial neural networks, as in
Liu et al. [45]. In the current paper, we focus on MBO schemes that only use the available weighted
graph structure and no additional training data or mass constraints.

1.1. Contributions

Our main contribution is the development and rigorous analysis of a new MBO-type method for modu-
larity optimisation, which we name the modularity MBO (MMBO) method. From a theoretical point of
view, our method distinguishes itself from the prior MBO-type methods in [33] and [7] in that the influ-
ence of the chosen null model on the algorithm is explicit. This is due to the fact that we reformulate the
modularity objective function in terms of a total variation functional on the ‘observed’ network whose
communities we aim to detect and a signless total variation functional on the expected network under
the null model. This signless total variation was a key ingredient in the maximum cut algorithm in [39].
Modularity optimisation can thus be interpreted as balancing a minimum cut problem on the observed
network with a maximum cut problem on the expected network under the null model. This also allows
for the easy adaptation of the new method to the use of different null models in the modularity function.'

We perform an in-depth theoretical study of the (various variants of the) linear operator L, that
appears in the linear-dynamics step of our MMBO algorithm, guaranteeing that the algorithm is well
defined. Besides allowing six variants of the linear operator, we also formulate two different variants
of the MMBO algorithm that differ in the method they use to numerically compute the linear-dynamics
step. Finally, we test our method on networks formed by the MNIST handwritten digits data set [43],
a stochastic block model (SBM) [32] and a ‘two cows’ image [4]. We compare our method with the
modularity optimisation methods of Clauset et al. [19] (CNM), Blondel et al. [6] (Louvain), Traag et al.

! Although some of the theoretical guarantees we give in this paper require the node degrees under the null model to be equal to
those in the observed network, there are no a priori reasons known to the authors, why the new method should fail to work with
null models that do not satisfy this condition. We tested the method with one such null model (an Erd6s—Rényi null model) but
chose not to include the results to curb the length of the paper.
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[71] (Leiden), Hu et al. [33] and Boyd et al. [7], as well as with spectral clustering [37], which was
developed for graph clustering, but not specifically for modularity optimisation. Because of our focus
on methods that do not use any training data, we do not compare with artificial-neural-network-based
methods.

The contributions of this paper are as follows:

« areformulation of modularity in terms of (signless) total variations functions (Section 3);

« the development of a new MBO-type method for modularity optimisation, which does not require a
specific form of the null model (Section 5);

 arigorous analysis of various aspects of the method, such as the matrices involved (Sections 3-5);

« the identification of different operators for the linear thresholding step following a careful consider-
ation of the inner products underlying the method (Sections 4-5);

o comparative computational tests, which not only show the performance of the new method in
relation to existing methods measured according to the obtained modularity scores and various
extrinsic clustering quality scores but also serve as a replication of results for the existing methods
(Section 7);

« an empirical investigation of the dependence of the methods by Hu et al., by Boyd et al., and the
new methods on the number of eigenvectors of the linear operator that are used and the number of
iterations of the algorithm (Section 7).

1.2. Paper outline

The remainder of the paper is organised as follows. In Section 2, we introduce the mathematical pre-
liminaries that we need; in particular in Section 2.3, we (re)acquaint the reader with the modularity
function.

The reformulation of modularity in terms of a total variation and signless total variation function is
key to our method. We present this reformulation in Section 3, both for the case of two communities and
multiple (i.e., more than two) communities.

On our way to formulating an MBO-type scheme for modularity optimisation, we require a relaxation
of the original problem. This we achieve via the Ginzburg-Landau (GL) diffuse-interface techniques that
we describe in Section 4.

After this, the stage is ready for the introduction of our MMBO schemes for binary community detec-
tion and multi-community detection in Section 5. The details of the numerical implementations of these
schemes are discussed in Section 6, such as the Nystrom extension with QR decomposition [4, 12, 23,
58] in Section 6.4, which is employed to efficiently compute the leading eigenvalues and eigenvectors
of our operators.

In Section 7, we evaluate the performance of our method on synthetic and real-world networks, not
only in terms of modularity optimisation and run time but also according to various performance metrics
(described in Section 7.1.3) that compare the algorithms’ output with ground truth community structures
that are available for the data sets we use for our tests.

We close the main part of the paper in Section 8 with some conclusions and suggestions for future
research.

In Appendix A, we establish some properties of two multi-well potentials. The other appendices
provide theoretical results regarding the spectra of the operators we use in the linear-dynamics step of
our MMBO scheme. Appendices B and C present deferred proofs for lemmas from Sections 5 and 6,
respectively, while Appendix D investigates the consequences that Weyl’s inequality and a rank-one
matrix update theorem have for our operators.

Notation. Table 1 contains an overview of notation that is frequently used in this paper.
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Table 1. Summary of frequently used symbols

Notation list

Symbol  Description Symbol  Description
A a partition of V P null model
i the community of which node i is a PN6 Newman—Girvan null model
member
(de); the (weighted) degree of node i based on  P#(K) set of matrices encoding a
adjacency matrix C partition of V into K subsets
D¢ degree matrix based on C Q, modularity
e® row vector with eff> =1and, if [ #k, Oc signless Laplacian based on C
eV =—1
E edge set Ocym signless symmetric normalised
Laplacian based on C
e parameter of the GL functional Oc.. signless random walk Laplacian
based on C
n parameter in stopping criterion T time step in MBO scheme
£ graph Ginzburg-Landau functional TV: graph total variation based on C
it signless graph Ginzburg—Landau TV graph signless total variation
functional based on C
G graph TV graph total variation for
vector-valued functions based on C
y resolution parameter TV graph signless total variation for
vector-valued functions based on C
1 identity matrix U node-cluster association matrix
K number of (possibly empty) clusters U, [™ column of U
A eigenvalue matrix U J™ row of U
Loy the linear operator in the MBO scheme o) double-well potential
of [7]
Loyarw random walk normalised variant of Ly, D multi-well potential
Lgoyasym  symmetrically normalised variant of % node set
Licya
L, the linear operator in the MBO scheme v set of node functions u: V — R
of [33]
Ly random walk normalised variant of Ly, Voin set of node functions

u:V—{—1,+1}
Ligy sym symmetrically normalised variant of Ly, vole(S)  the volume of S C V based on C

L one of six possible linear operators in our W adjacency matrix of the
MMBO scheme (see (38)) to-be-partitioned graph

Lc¢ graph Laplacian based on C X eigenvectors matrix

Le,, symmetric normalised Laplacian based (%) Euclidean inner product
on C

Lc, random walk Laplacian based on C (-, )¢ degree-weighted inner product

based on C

m the number of the eigenvalues used for (-1l Taxicab norm
the diffusion step

N natural numbers excluding 0 [l 112 Euclidean norm

N, number of time steps in Euler scheme - lr Frobenius norm

Ne(i) set of neighbours of node i based on C Il lloo infinity-operator norm for matrices
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2. Mathematical preliminaries

In this section, we introduce basic terminology and derive a new formulation of modularity maximi-
sation in terms of the minimisation of a combination of graph total variation and graph signless total
variation.

2.1. Graphical framework

In this paper, we consider connected, edge-weighted, undirected graphs G =(V, E, ®) with a node
set V={1,...,|V]}, an edge set E = {(i,j)}iy‘:l, and edge weight w; between node i and node j. The
(weighted) adjacency matrix W = (a),«j)l.};':1 is a symmetric matrix whose entries w; are zero if i =j or
(i,j) ¢ E, and positive? otherwise. Consequently, we can consider a given adjacency matrix W (with
non-negative entries and zeros on the diagonal) as defining the edge structure of the graph. Graphs with
non-negative edge weights are known as unsigned graphs. We consider unweighted graphs as special
cases of weighted graphs for which, for all i,j € V, w; € {0, 1}.

We will reserve the notation W for the adjacency matrix of the connected graph whose nodes we
wish to cluster. Along the way we also encounter graphs defined by other adjacency matrices; therefore
in our definitions of adjacency-matrix-dependent quantities, we will use the (dummy) symmetric matrix
C € [0, 00)"™I"I with entries ¢;. We note that we do not require the diagonal entries ¢; to be zero, as is
sometimes required in other sources (i.e., we allow the graph defined by C to have self-loops).

We denote the set of neighbours of node i € V with respect to the adjacency matrix C by:

Ne(i):={jeV:c; >0}

The (weighted) degree of node i with respect to the adjacency matrix C is
(de)ii= Y ¢y (1)
jev

The diagonal degree matrix D¢ of C has entries (D¢); = (d¢);. The maximum and minimum node
degrees with respect to C are

dC,max ‘= max dc): and  dcpin = min dc)is
ieV eV

respectively. The volume (i.e., total edge weight) of a subset S C V with respect to C is defined as:
vole(8):= Y " (de)i= Y ¢
ieS ieSjeV

In particular, vol.(V) is also called the volume of the graph with adjacency matrix C.
We define the set of real-valued node functions:

V:i={u:V—R}.

Since a function u € V is fully determined by its values u, . .., uy, at the (finitely many) nodes, we
may equivalently interpret u as a column vector (u, . . ., uy)" € RV'. We will freely make use of both
the interpretation as function and as vector and do not distinguish between the two in our notation. As
a consequence, we can represent linear operators that act on functions u:V — R by |V|-by-|V| real
matrices. Also in this context, we will not distinguish between the operator and matrix interpretations
in our notation.

2We will use ‘non-negative’ to contrast with ‘positive’ regarding the inclusion of the number zero.
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The standard (Euclidean) inner product (-, -) on R is defined as (u, v) := u”v. The norms || - ||, and
|| - ||, are the taxicab norm (i.e., 1-norm) and the Euclidean norm (i.e., 2-norm), respectively; that is, for
vectors w € R”,’

n n
wlhi= Y " Iw, and [wly:= (D w
i=1

i=1

If C does not contain a row with only zeros, that is, if all row sums (dc); are positive, we define the
C-degree-weighted inner product to be

(,v)e =Y uvilde). )

ieV
For future reference we note that, if C and C are two adjacency matrices with positive row sums, then
(u,v)c = (D' Deu, v)e. 3

Given an adjacency matrix C, and a function u: V — R, we define the graph total variation (7V,)
and graph signless total variation (TV}) as:

1 1
TVC‘(M):= 5 ZC“M,‘ _u,| and TVZY(M) = 5 ZCU|M,+MJ|

ijeV ijeV

A vector-valued node function u = (u?, . . ., u®): V — RX, where u® is the I component of u, can
be interpreted as a matrix U € RV*¥, with elements U, := u”. We write U,; for the [ column of U;
thus, the column vector U, is the vector representation of the function u” : V — R. We write U,, for
U’s j™ row. As with the vector interpretation of real-valued node functions above, we freely use the
interpretation as function or as matrix, as suits our purpose.

For vector-valued node functions u, we generalise the definition of graph total variation and graph
signless total variation to

TV(u) = ZTV W=~ ZZ ¢ fl)_u(1)| _ ZZ ¢ |U,1 jl| ,

=1 ijev =1 ijev

TVEw) = ZTV+(M(’))— ZZ ¢y |u” +ul’| =5 ZZ ¢ |Un+ Uy -

=1 ijeV =1 ijeVv

For a matrix U € R with entries Uy, its C-Frobenius norm (with C € R™" symmetric positive
definite*) is given by:

P n
1Ullgee := Vu(@TCUY = | Y CuUyUy,

j=1 kl=1

where tr denotes the trace of a square matrix. If C is the identity matrix I, this reduces to the standard

Frobenius norm [|U||g := ||U||,,. Because the standard Frobenius norm is submultiplicative, that is,

30r w e C", where we need it. These norms may be applied to column vectors or row vectors, as the context demands.
1
4We note that, if C is a symmetric positive definite matrix, || - ||r,c indeed defines a norm, since | U||gr,c = |C2 U||r:, where

1 1
C2 denotes the unique symmetric positive definite square root of C. Since the Frobenius norm || - || is @ norm and C2 U =0 if
and only if U =0, also || - ||gr,c is a norm.
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for all matrices U, € R and U, € R, U, U, ||g: < ||U; ||lg: || Uz |l k> the C-Frobenius norm satisfies the
following property:
10U llkee = 1C2U, Uzl < IC2 ULl Ul = 1 U e I U e 4)

The infinity operator norm of the matrix U is given by:

Ul := max > |Ujl.
ie{l

Given K € N, let A= {A,}X, be a multiset® of pairwise disjoint subsets of V that partition the node
set V, that is, V = Uf:l A;and A, NA, =0 if |, #,. Note that A, could be empty, so the number of
non-empty sets in 4 is at most K. We call two partitions (with possibly different numbers of ele-
ments) equivalent, if every element of their symmetric difference is . The canonical representative
of an equivalence class of partitions is the unique partition in the equivalence class that does not contain
any copy of (. Each canonical representative A is in bijective correspondence to a node assignment
c:V—{l,...,|Al}: given a canonical representative A= {A,}£, define ¢; =1 if and only if j€A;;
conversely, given a node assignment c: V — {1,...,K},define A, ={je Vic;=1}forle{l,...,K}.

We will refer to the sets A, in a partition as the communities defined by that partition. Also the terms
‘clusters’ or ‘classes’ may be used. We use an indicator function § with 6(c;, ¢;) = 1 if nodes i and j are
in the same community and §(c;, ¢;) = 0 otherwise.

2.2. Laplacians for unsigned graphs

In this section, we define graph Laplacians for unsigned graphs determined by an adjacency matrix C.
For a graph with weighted adjacency matrix C, we define the graph Laplacian matrix L. as [16]:

(de)i —ciy ifi=},
(LC )ij =

—Cy» otherwise.
We include the dependence on C explicitly in the notation, since we require graph Laplacians for various
different graphs.

The Laplacian matrix can be written as:
LC = DC - C.

If D¢ is invertible, the random walk graph Laplacian matrix L., and the symmetrically normalised
graph Laplacian matrix Lc,,, are given by:

L, = D;'Lc=1-D;'C,
_1 _1 _1 _1
Le,, = Do’ LeD.” =1—D.>CD.,

respectively. It is well known that the random walk graph Laplacian and symmetrically normalised graph
Laplacian have the same eigenvalues [74].

SA multiset is a generalisation of the concept of set to allow for multiple copies of the same element. Formally, it can
be thought of as a set of pairs (x,y), where y € N is used to distinguish different copies of x, for example, {a,a, b, b, b} =
{(a, 1),(a,2), (b, 1),(b,2),(b,3)}. For a multiset M, the notation x € M means that there exists a y € N such that (x,y) e M. We
require A to be a multiset and thereby deviate from the usual definition of partition, because we wish to allow .A to contain
multiple copies of the empty set (and only of the empty set, as follows from the requirement that the elements of the multiset be
pairwise disjoint subsets of V).
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In the special case that C = W, we recall that G = (V, E, ») is connected, and in particular there is
no isolated node. Thus, for all i € V, (dy); > 0 and hence the matrix Dy is invertible.
Let u € RV, We compute, fori e V,

(Leu); = ZCU (ui—w) and (Le,u), = (d ) ch(u 3)
cli

jev Jjev

where we require (dc); > 0 for the second computation. We note that any self-loops (i.e., ¢; > 0) do not
contribute to the images of the Laplacian L. but will contribute to the degree normalisation in L, .

Lemma 2.1. Let C € [0, 00)Y""! be a symmetric matrix. For parts (b) and (c) below, additionally
assume that D is invertible.

(a) The graph Laplacian (matrix) L. is self-adjoint with respect to the Euclidean inner product, that
is, for all u,v eV,

(Leu, v) = (u, Lev).

It is also positive semidefinite with respect to the Euclidean inner product’, that is, for all
uey,

(Lcu, u) > 0.

(b) The symmetrically normalised graph Laplacian (matrix) Lc,,, is self-adjoint and positive semidef-
inite with respect to the Euclidean inner product, that is, for all u,v €V,

(Ley, us v) = {u, Le,,v) and (Lc,,u,u) >0,

respectively.

(c¢) The random walk graph Laplacian (matrix) Lc,, is self-adjoint and positive semidefinite with
respect to the C-degree-weighted inner product, that is, for all u,v €V,

(Le,,usv)e = (u, Le,,v)e and  (Lc,u,u)c >0,
respectively.

Proof. Letu,ve).
It follows from the symmetry of C and (5) that L. is self-adjoint with respect to the Euclidean inner
product:

(u, Lev) = Z Cijui(vi - Vj) = Z (Cijuivi - Cji’/ljvi) = Z Cthi(ui - Mj) = (Lcu,v).
ijev ijev ijev

Interchanging the indices i and j in this calculation shows in a straightforward way that L. is positive
semidefinite:

(Leu, u) = %((Lcu, u) + (u, Leu)) Z ciyi(u; — u;)* > 0. (6)

IJEV

Similarly, the symmetrically normalised graph Laplacian L, is self-adjoint with respect to the
Euclidean inner product, since

_1 _1 _1 _1
(u, Ley,v) = (D¢ u, LeD*v) = (LeDe*u, D v) = (Lcsymu, v),
6Perhaps a more correct way to express this would be to say that the bilinear form (u, v) — (Lcu, v) is positive semidefinite.
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and it is positive semidefinite with respect to the same inner product:

(L uu)—l((L u,u) + (u, L u))—12c~ S W 2>0 (7
Csym > 2 Wsym > > =Weym 2 — y \/@ \/@ = U.

We recall that, for all i € V, (d¢); > 0, because the diagonal matrix D, is invertible.
Finally, using (5) we compute

(, L, v)e = (u, DeLe, v) = (u, Lev) = (Leut, v) = (DeLy, u, v) = (Le, i, V)
and
! 2
Ly e = 5 Z ¢y (u;— ;)" = 0. (8)
ijeV
O

The signless graph Laplacian (matrix) Q¢ for a graph with weighted adjacency matrix C, and its
random walk and symmetrically normalised variants Qc,, and Qc,,,, respectively, are defined as:

Oc:= Dc+C,
Oc,, = D:'Qc=1+D_'C,

_1 _1 _1 1
Ocym = D¢’ QcD:> =14 D CD.”.

Lemma 2.2. Let C € [0, 00)V>*V! be a symmetric matrix. For parts (b) and (c) below, additionally
assume that D is invertible.

(a) The signless graph Laplacian (matrix) Q¢ is self-adjoint and positive semidefinite with respect to
the Euclidean inner product, that is, for all u,v €'V,

(Qcu,v) = (u, Qcv) and (Qcu,u) >0,

respectively.

(b) The symmetrically normalised signless graph Laplacian (matrix) Qc,,, is self-adjoint and positive
semidefinite with respect to the Euclidean inner product, that is, for all u,v € V,

(Qc,,tts V) = (u, Qc,,,v) and  (Qc,,u,u) >0,

respectively.

(c) The random walk signless graph Laplacian (matrix) Qc,, is self-adjoint and positive semidefinite
with respect to the C-degree-weighted inner product, that is, for all u,v €V,

(Qc, u,V)c = (U, Qc,,V)c and (Qc, u,u)c >0,

respectively.

Proof. The proofs are analogous to the proofs of the statements in Lemma 2.1. For future reference, we
do note that, forallu € V,

1
(ch/{),' = Z Cij (Ml' + uj) and (QCrwu),' = m Z Cij(ui + uj)a (9)
i

jev
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and
(Qcu, u) = % > ey +w)* =0, (10)
1 = u u ’
(Qcyntts 1) = 5 /X; | 7t \/((;T)j >0, (11
Qe ity u)e = % > ey (it u)’ = 0. (12)
pray .

Remark 2.3. Differently from what we observed for the graph Laplacian L. in (5), the presence of
any self-loops in the graph with adjacency matrix C will influence the images of both signless graph
Laplacians in (9).

2.3. Review of the modularity function

‘Community structure’ is not a single well-defined concept. It attempts to capture the notion of partition-
ing a collection of individuals’ (set of nodes) into meaningful clusters (classes and communities). What
is meaningful depends on the context. Attempts to quantify ‘community structure’ tend to fall into one
of two categories: comparisons with an externally available reference clustering, which for easy refer-
ence we will call the ‘ground truth’ partition,® and applications of mathematically defined ‘measures’
of community structure that do not require a ground truth. The approaches and measures from these
categories are called extrinsic and intrinsic, respectively.

Extrinsic comparisons are used mostly when testing new methods on benchmark data sets for which
the ‘preferred’ community structure is known through other means, such as the MNIST data set of hand-
written digits (see Section 7.2). It may also be useful when investigating if the features that determine
the network structure can be used to detect a community structure which is defined in terms of other
features, for example, when a collaboration network of scientists is used in an attempt to construct a
clustering that agrees with the areas of expertise of the scientists.

Intrinsic approaches have the advantages that no known ground truth is needed and that the math-
ematical formulation in terms of an optimisation problem for a well-defined measure of community
structure can help in algorithm development. Once the mathematical problem has been formulated, the
problem also becomes independent of context, although it still depends on the context how useful (in a
practical, real-world sense) a given mathematical formulation is.

This work mainly falls in the second category, as we will use modularity [57, 56] as a measure of
community structure and develop a new algorithm to approach the modularity optimisation problem. We
will, however, also dip our toes into the first category, when we judge the outcomes of our algorithm not
only by their modularity scores, but also through comparisons with ground truth community structures
where these are available.

In the most general form that we encounter in this work, the definition of the modularity of a partition
A of the node set of a graph G = (V, E, ) is

1
QAW.P) = o D (w05 —py) (e ). (13)

ijev

7 Although the terminology ‘communities’ and ‘individuals’ suggests a context in which the individuals are people, there is no
reason to restrict ourselves to such settings a priori.

8In some contexts, the term ‘ground truth’ appears to promise more than is justified. In this paper, we intend it to be equivalent
to the phrase ‘reference clustering,” even if some of its other connotations are not entirely out of place for our classification, SBM,
and image segmentation examples in Section 7.

Not in the measure-theoretic sense.

https://doi.org/10.1017/5095679252400072X Published online by Cambridge University Press


https://doi.org/10.1017/S095679252400072X

European Journal of Applied Mathematics 11

The matrix P = (p,-j)l.};': , encodes the expected edge weight p; between nodes i and j under a given null
model, that is, a random graph satisfying some constraints. Since we are interested in undirected graphs
with non-negative edge weights in this work, we assume P to be symmetric and to have non-negative
entries. We note that there is no restriction for the diagonal elements of P to be zero. The null model can
be thought of as describing graph structures that one would expect to see if there were no community
structure present.

The modularity optimisation problem consists of finding argmax , Q(A; W, P). For simplicity of
notation, where we write argmax , or max 4, it is implicitly assumed that the maximum is taken over all
partitions .4 of V. We emphasise that K, that is, the number of sets in .4, is not fixed: finding an optimal
K is part of the optimisation problem. Because we do not assume that the sets in .4 are non-empty,
solutions of the optimisation problem are necessarily non-unique, as Q(A; W, P) = Q(A U {@}; W, P).1°

One of the commonly used null models is the Newman—Girvan (NG) model [57], which is a random
unweighted graph in which edges are assigned unbiasedly at random to pairs of distinct nodes, under
the constraint that the resulting node degrees are equal to the degrees (dy); in the graph G. The resulting
expected edge weights are (approximately'') p}“ = Uwidw) which are used as entries for the matrix PNC.
Modularity with the NG null model thus can be written as:

voly (V) *
) oy 1 ~ (dw)i(dw); _
Q(A; W, PN%) = o) > (w,] (7). ) 8(civ ). (14)

ijeV

We note indeed that the degrees under the null model are the same as those in G: (dpxc); = Zjev Pﬁ.j.G =
(dw);. This has some very useful consequences, for example, volpna (V) =", (dpva);i =), (dw)i =
voly (V) and both L,)gg,n and ng% are self-adjoint with respect to the inner product from (2) with C = W.
With this choice of null model Q(A; W, PN¢) =0 if K = 1, that is, if the partition is A = {V}.
According to Fortunato and Barthelemy [22], there is a drawback in optimising equation (14) to
find community partitions: it is difficult to find a community partition in networks that contain many
small communities. It is argued that (in an unweighted graph) the number of communities K that pro-

duces the maximum modularity score is (approximately) equal to w A partition with many small

communities tends to have more communities than this optimal value.
To solve the above problem, Arenas [2] proposed a generalised modularity based on the Reichardt
and Bornholdt method [62]:

1
QAW P)i= o ij (@5 = ypy) 8(civ ¢y, (15)
_ NGy 1 o (dw)i(dw); o
QA W, P) = oo Z (wl, Y o) )5((;,,@, (16)

where y > 0 is a resolution parameter [62]. The distinction between (15) and (13) is the parameter'?
y, which allows (15) to be more flexible and find more network community partitions; we note that
Q, = Q. Nevertheless, there are still some issues with modularity optimisation even in this case.

10A more interesting question is whether (or under which conditions) the maximiser is unique among canonical representatives,
up to permutations of the labels / of the subsets A;. The authors are not aware of any attempts in the literature to address this
question.

n fact, in the configuration model, which underlies the random graph described here, the expected number of edges between
nodes i andj is %YVW) ’((‘Z“L ){ [55, Section 13.2]. In the NG model, however, voly (V) is used in the denominator, rather than voly (V) —
1. Mathematically, this has the pleasant consequence that the degree of each node in the graph defined by adjacency matrix W is
the same as its degree in the graph defined by adjacency matrix PNC, as we show below. For graphs with a large volume voly (V),
the difference between the value used in the NG null model and the expectation that follows from the configuration model will be
small.

12We view y as a separate parameter, rather than absorbing it into the matrix P, so that we can keep the interpretation of P as a
matrix of expected values. Moreover, this way the useful property Dpng = Dy remains valid.
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Lancichinetti and Fortunato [41] make the case that for large enough y, the partition with maximum
modularity score will split random subgraphs, which is unwanted behaviour, since random subgraphs
should not be identified as having a community structure. On the other hand, they argue that for small
enough y, there will be communities that contain multiple subgraphs, even when the number of internal
edges in these subgraphs is large and there is only one inter-subgraph edge. Again, this is unwanted
behaviour. Moreover, they show that it is difficult and in some cases even impossible to select a value
for y that eliminates both these biases. In brief, for smaller values of y, we expect fewer clusters than
for larger values.

A strategy for sampling the range of possible resolutions is presented in Jeub et al. [36]. Another
approach to deal with this shortcoming is to investigate the stability of communities over multiple res-
olution scales, as in Mucha et al. [54]. Since here we are primarily interested in the ability of our new
algorithms to optimise modularity, rather than the appropriateness of the chosen resolution scale, we
will not pursue those approaches here, and the problem of how to determine a good value for y in any
given context is a matter outside the scope of this paper.

3. Reformulation of modularity optimisation

The new method we propose in this paper is based on the observation that the modularity function can
be reformulated in terms of (signless) total variation functions.

3.1. Reformulation of modularity optimisation for binary segmentation

In this subsection, we derive a new expression for the modularity Q(A) restricted to partitions A =
{A}K, with K =2, transforming the maximisation problem into a minimisation problem.

Let u be a real-valued function on the node set V, with value u; on node i. We define the set of
{—1, +1}-valued node functions as:

Vo := {u:V—{=1,+1}}.
Specially, if u € V;,, we define the sets
Vi={ieV:iuy=1} and V_ ={ieV:.u=-—1}.

We consider a partition A = {A;, A,}, with A, = V|, A, = V_,, and corresponding node assignment c.

If u; € Vyin, that is, u; € {—1, 41}, then u; + u/z =2, which implies that

1 1

If i,jeV, or i,jeV_, then 8(c;,c;))=1= %(uiuj +1). Similarly, if u; #u;, then 6(c;,¢;)) =0=
%(uiuj + 1). Hence, the modularity Q for K = 2 clusters can be rewritten as: '

1

Q,(A; W, P)= ol (V) ; (wfj - J/Pij) (uu; + 1)

1
Zvolw(v);wu(u,uﬁ )= 5o (V)Zpu<uu +1)

1 2 1 4 2
= ol (V) ;“”7(”" "t o) ;w’ 4voly (V) ;p it s)

- SRR < SR B __
- VO]W(V)|: Zw,,(u W 4 Zpl](ul-i_u])}_FVOIW(V);CUU. e

ijeV ijeV

13 As an interesting aside, we observe that we do not require any symmetry properties of W or P for this computation.
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For all u € V,;,, one obtains
0, if u; = u;, 0, if u; = u;,

(Mi — u])z = ‘ and 2|M, —_ u]| =
4, ifu; #u;, 4, ifu; #u,.

Therefore, if u € Vo, then (u; — u;)* = 2|u; — ;| Similarly, (u; + u;)* = 2|u; + |, if u € V.
Since voly (V)= the third term in (18) equals one; in particular, it does not depend on u.
Thus,

ijev Wij>

1
Qy(A’ W,P): 1 (V)Qbmy(u W P)+1

where

1 14
Qyiny, (u; W, P) 1= 1 Z w;(u; — Mj)2 + 1 Zpij(ui + Mj)z

ijeV ijev
1 Y
=3 Zwijlui —ul + B} Zpijwi + ul
ijev ijev
= TVy(u) + y TV, (). (19)

The maximisation of modularity Q, (A; W, P) from (15) over partitions .4 with K =2 is equivalent to
the minimisation of Oy, (u; W, P) (19) over all functions u € V;, (with the correspondence between A
and u introduced above).

Similarly to Newman [56], we define the modularity matrix as:

B,:=W-yP

and denote its entries by b;;. Since W and P are assumed to be symmetric, so is B, . We note that B, does
not need to have zeros on its diagonal.

If the condition Dy, = D; is satisfied, as is the case, we recall from Section 2.3, if P = PN¢ is given
by the NG null model, then

Dy, =(1 —y)Dy,. (20)

In our considerations above, we have split the matrix B, into the matrix W with non-negative entries
and the matrix —y P with non-positive entries, but we can also write B, =B — B, where B} and B,
are |V|-by-|V| matrices with entries

(b;),-j := max{(b,);,0} and (b;),-j := —min{(b,);, 0},

respectively, with (b,); := w; — ypj the entries of B,. Per definition B} has non-negative entries and
—B;, non-positive entries, yet in general B} # W and B, # y P. Thus, this split will give another way to
rewrite Q,, analogously to (18):

W.P) = T N !
Q, (A W,P)=— IW(V)[ ,;(b )1 — ) +2;<by>u<u,+u»]+volw(v)U;(bnu
_ - bt
- VOlW(V) Qbm l(u B ) + 1 (V) Z ( )lj

Because the final term on the right-hand side does not depend on u, we see that maximising Q, (A; W, P)
over all bipartitions A is equivalent to minimising Qy;,(u; B;’, B;) over all u € Vy,.

In the remainder of this paper, we would like to be able to consider graph Laplacians based on B}
and B . To be able to define random walk and symmetrically normalised (signless) graph Laplacians
based on these matrices, we require the degree matrices Dgs and Dy to be invertible. Additionally, for
the symmetrically normalised (signless) graph Laplacians, we also require these matrices to be positive
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semidefinite'* so that their square roots are uniquely defined. This property is easily checked to hold,
since both matrices are diagonal with non-negative entries.

The following lemma and corollary collect some useful results about their invertibility for easy
reference.

Lemma 3.1. Let i€V and y € (0,00). Then (dg:); 0 if and only if there exists a j € Ny (i) such
that

where we define pl.;’a)j := +o0 if p; =0.
Similarly, (dg,); # 0 if and only if there exists a j € Ni(i) such that

Consequently, Dy is invertible if and only if

. -1
< min max p; w;
y = je./\/'w(i)p U

and Dy is invertible if and only if

: —1
y > max min py'o,

Proof. First, we assume that (dps); = )., (b])i = 0. Since all terms in the sum are non-negative,

this means that, for all k € V, (b})x = max{wy — ypa, 0} =0. In particular, this holds for all k € Ny (D).

Hence, for all k € Ny (i), wy < ypux. Since, y > 0 and, per definition, for all k € Ny (i), wy > 0, for all

such k we get p; > 0 and thus y > p;;' ;.. This proves the contrapositive of the first ‘if’ statement from

the lemma.

To prove the contrapositive of the corresponding ‘only if” statement, assume that, for all k € Ny (i),
y Zp,.;‘a),-k. Since y < +o0 and, for all k € Ny (i), wy > 0, this implies that, for such k, p; # 0. Hence,
for all k € Ny (i), ypu > wy. If k € V '\ Ny (i), then wy = 0 and thus trivially ypy > w;. This proves the
statement.

The proofs of the analogous statements for (dj; ); are very similar. For the ‘if’ statement, we note
that (dB; ); = 0 implies that, for all k € V, and thus in particular for all k € N3(i), wy > y px. Since, for all
k € Np(i), py # 0, we obtain y < p,-;‘a),-k as required.

For the ‘only if’ statement, we assume that, for all k € NVp(i), ¥y < py'wy. Thus, for all k € (),
ypi < wy and hence (b;),k =0.Forall k € V \ N,(i), we have p; = 0 and thus (b;),»k = —min{wy, 0} =0.
Hence, (dB; )i =0.

Because Dy and Dy are real diagonal matrices, they are invertible if and only if all their diagonal
elements are non-zero. By the first part of this lemma, we know this is true for Dy if and only if,
for all i € V there exists a j € My (i) for which (21) holds. Thus, it is sufficient if it holds for a j* €
argmax;, ;,P; @i To ensure the condition holds for all i € V, the minimum is taken over all such i.

Similarly, by the second part of this lemma, DB; is invertible if, for all i € V there exists a j € Np(i)
for which (22) holds. By a similar argument as for Dy, we obtain the result. ]

Corollary 3.2.

1. Let the null model be such that Dy = Dp and assume that, for all i € V, there exists a j €V for
which w; # py. Then there exists an open interval I containing 1, such that, for all y € I, Dg; and
Dy are invertible.

2. In particular, if the stated assumptions hold and y = 1, then Dg; = Dy is invertible.

Proof. Let i e V. By assumption, there exists a j € V such that w; # p;.

14In fact, if these diagonal matrices are positive semidefinite and invertible, they are in fact positive definite.
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First, we assume that w; > p;. If j € V\ Ny (i), then w; =0, which contradicts p; > 0. Hence, j €
Ny (i) and thus the right-hand side of condition (21) is strictly greater than 1.

Moreover, since by assumption 0 = (dy); — (dp); = w; — p; + Zkev\m (wi — pir), there must exist a
k€ V\ {j} such that wy < py. If k€ V\ Np(i), then p; =0, which contradicts w; > 0, hence p; > 0.
Thus, the right-hand side of condition (22) is strictly smaller than 1 (with j = k).

This proves the claim if w; > p;. If instead w; < p;;, we repeat the proof above with the roles of j and
k interchanged.

The final statement of the corollary follows immediately from (20) combined with the first part of
this corollary fory =1 €. U

Remark 3.3. Per our discussion in Section 2.3, we note that the assumption Dy = Dj is satisfied if
we use the NG null model. Rather than checking the additional requirements of Corollary 3.2 part 1
explicitly, in our numerical tests in Section 7 we ensure invertibility of Dyt and Dy directly by checking
diagonals for zero entries.

3.2. Generalisation to multiple clusters

Next, we extend the approach of Section 3.1 to identify appropriate partitions of the node set into multiple
clusters. In this subsection, we consider K to be fixed (but not necessarily equal to two). Then a parti-

tion A = {A,}¥, with K parts is completely described by a function u = (u", ..., u®): V — RX, where
u” =1 if and only if i € A; and u” = —1 otherwise. We can also encode this information in a matrix
U € RVI*K with elements U; := u’. We denote the set of all matrices corresponding to a partition in K
parts by:

K
Pi(K):= {UeR"*:VieV Vie(l,...,K} Uje{-1,1} and Z Up=2-K}. (23)
k=1
We may call such matrices partition matrices. The last condition in the definition of P#(K) guarantees
that each node belongs to exactly one cluster. We recall that A may contain empty sets, thus, for all
le{l,... KLY u e[—|V],[VIINZ.
Because we will require the use of (signless) total variation with respect to various different matrices,
for the moment we consider an arbitrary real-valued matrix C € RV with entries c;.
We briefly compare the current set-up with that from Section 3.1 in the case K =2 with partition
A={A,, A,}. In the notation of the current section, this partition is encoded by a matrix U € P#(2); in
the set-up of Section 3.1 we encode the same partition by a function v € V;,. These two encodings are

related via U,; = v and U,, = —v and thus
1
TV(U)= 5 (Z cilUn — Un| + ZCU|Ui2 - U_/z|>
ijeV ijeV

1
=5 (Zc,;,-|vi—v,|+2c,-,-| —v,~+vj|) =2TVc(v) (24)
ijev ijeV
and similarly TV (U) = 2TV (v).
We return to the case of general K. For notational convenience, in the following computations we
write Uy := c;|Uy — Uyl and Uy, := ¢;|Uy + Uyl. For a matrix U € Pt(K), we obtain that
0 ifi,jeA ori,jeA],
|Ui — Unl = e e e (25)
2 ifieA,jeAforicAf,jeA,

0 ificA,jeAjorieAf,jeA,
|Uy + Uy = (26)
2 ifi,jeA ori,jeAsS.
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(We write A for the complement V \ Ay.) Thus, the generalised graph total variation and graph signless
total variation of U € Pt(K) on a graph with adjacency matrix C can be represented as:

mw:lz SOt Y Ut Y Upt Y 0y

ijeA; zeA,JeA‘ zeA‘ JEA; zJeA‘
K
= § § Cj+ E Cj
=1 i€A;jeA] i€A] jeA;

and

K
TVZ(U)=%Z DoUp+ > U+ Y Uu+ ) Uy

=1 ijeA; i€A;jeA] i€Af jeA; ijEeA]
K
1 N N
= 5 E Uijl+ E Uijl
=1 \ijeA, ijeAS
S S)ILTD 3] DIED WD SED PP
I=1 ijeA; =1 ijeVv ijeA; ieV. jeA; ieAjeV
K K
= E E ¢+ E E c; + (K —2)volc(V)
=1 ijeA I=1 ijeA
K
I=1 ijeA

Using these expressions for the generalised total variation and generalised signless total variation, if A
contains K subsets, the modularity from (13) can be written as:"

QAW P = 1(V)ZZ Yol (V)ZZP”

I=1 ijeA; I=1 ijeA;

1 K
=volw(V); 2o 2 enf = (V)ZZ” !

€A jeV icArjeA] I=1 ijeA;

15We note that neither in this computation, nor in the previous computations for 7V ¢ and ’TV}' in this subsection, do we require
symmetry properties of C, W or P. In particular, for the fourth equality of the following computation, we use that even without
symmetry we have

Y ey Y e

=1 ieA;jeA] =1 ieAf jeA

If we do use the symmetry of W, we can further reduce 7 Vw(U) =2 Zle ZisA,,jeAf wjj.
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Vi

1
~ voly (V) ;wy vol (V) ; Z ~ vol (V) ; ZAP"
t zeA,JeAI 1JEA]
1 l K 1 K K
] D SDDETRES 3D IR R ) WY
w =1 icA,jeAS I=1 ieAS jeA; =1 ijeA
1 1
1
=1- 7’ Vw(U) + 7’ Vi(U) — —(K 2)volp(V) 27
voly (V)
where in the last line U € P#(K) corresponds to the partition .A.
Thus,
1 y (K — 2)volp(V)
Ay W,P = mul U W P 1 ’
2 ) IW(V)Q 1 )1+ 2voly (V)

if U corresponds to A and
1
Quuiy (U W.P)i= TVu(U) + STV (U).

Thus, the maximisation of Q,(A; W, P) over all partitions .4 with fixed K is equivalent to the min-
imisation of Quu, (U; W, P) over all U € P«(K). If K=2 and U and v are related as in (24), then
Qunuty (U W, P) = Qi , (v; W, P).

Similar to what we did in the case of bipartitions in Section 3.1, if we split B, =W — yP as B, =
B} — B, we can do the analogue computation to (27) to find

. — Y. (b)) L C:
QAW P =5 Z (B = (8)y) (e )
1 L 2volg (V) 4 (K — 2)volg (V)
= ol (vy S (BB 2ol (V)

Hence, we can also maximise Q, (A; W, P) over all partitions .4 containing K subsets by minimising
Qi (U; B;’, B)) over all U € P1(K). We emphasise that in Q,..1 We choose y = 1, since the influence
of y is now in the matrices B;’ and B, rather than in the structure of the function(al).

4. Diffuse-interface methods

Diffuse-interface methods'® [4, 5] use efficient PDE techniques to handle segmentation problems.
The GL functional associated with a graph Laplacian, whose minimisation is associated with the
minimisation of the total variation, is widely used in diffuse-interface approaches.

4.1. Binary classification with graph Ginzburg—Landau functionals

A central object in the diffuse-interface approach of [4] is the graph GL functional f; : V — R defined

by:
1
fw:= 2y o (= Z @ (1)) = = {u, Lyu) + Z ® () (by (6))
ijeV i€V i€V
1 1
=5 Ly, u)w + Z @ (u;) (by (8)), (28)

16The name hints at the origins of these methods in continuum models for phase separation.
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where ¢ > 0 is a parameter and the function ®(u) is a double-well potential with two minima. For exam-
ple, a classical choice is the polynomial ®(u) = }T(uz — 1)* that has minima at u = —1 and u = +1. The
first of the two terms in (28) is called the graph Dirichlet energy.

In Van Gennip and Bertozzi [72], it is proven that if ¢ | 0, then the sequence of functionals f;
I"-converges to

TVW(“)’ lf ue Vbin’
Sou) =

+00, otherwise.

For details about I"-convergence, we refer to Dal Maso [47] and Braides [8]. Here, it suffices to note that
I"-convergence of f, combined with an equicoercivity condition, which is also satisfied in this case (see
[72]), implies that minimisers of f, converge to minimisers of f; as ¢ |, 0.

Similarly, in Keetch and Van Gennip [39], the signless graph GL functional f;" : V — R, defined as

[y = Zwl, i+ u)’ Z@(u)- (u, Quu) + Z@(u) (by (10))

IJEV ieV ieV

1 1
=5 Quyi)w +— > @ () (by (12)),

ieV

is introduced and it is proven that f;* I"-converges to

TV+(M), if ue Vbim
=1 "

+o00, otherwise,

as ¢ | 0. Also in this case the equicoercivity condition that is required to conclude convergence of min-
imisers of /;* to minimisers of ;" is satisfied (see [39]). We call the first of the two terms in f;" the signless
graph Dirichlet energy.

A straightforward adaptation of the proofs in [72, Theorems 3.1 and 3.2] and [39, Lemmas 4.3 and
4.4] shows that if we define

W)= Yo =) + 5 S b)Y @),

ijeV IJEV i€V

then ij( -3 W, P) T'-converges to

. Qpiny (s W, P), it u € Vi,
i (u; W, P) =
+o00, otherwise,

and the required equicoercivity conditions are again satisfied that allow us to conclude that minimisers
of ij( -3 W, P) converge to minimisers of Qy,, (-; W, P) from (19). We provide more details about the
proof when we consider the case with multiple clusters in Theorem 4.1.

Similarly, ij( -3 B}, B,)) I'-converges to ffy (u; By, B)) and the required equicoercivity conditions are
again satisfied.

For small &, minimisers of ffy( -3 W, P) (or f;j( -3 B;j, B;)) thus approximate (in the sense just
described'”) minimisers of Qyy,, (-3 W, P) (or Qpini( - ; B}, B,)), which we know to be equivalent to
maximisers of modularity Q( - ; W, P) restricted to bipartitions of V.

Finding global minimisers of the non-convex function f* is a difficult task. Instead, we can focus on
finding local minimisers and hope that these, in practice, are also good approximations for maximisers
of Q,. To which extent this hope proves to be justified will be investigated numerically in Section 7. For
now, we focus on the problem of finding such local minimisers.

7We do not have an error estimate on the quality of the approximation.
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One possible method is to compute a gradient flow of /* (see, e.g., Van Gennip et al. [73] and Keetch
and Van Gennip [39]). For u,v € V and s € R, using the self-adjointness of Ly, Ly, Ow, and Qy,,, we
compute'®

d 1
aij(u +s5v; W, P)| = (Lyu,v) + y(Qpu,v) + E(CD’ ou,v)

s=0

1
= (L, u, V)w + Y {(Op, ut, V)w + g(Dv_Vl D ou, V).

Thus, the gradient flows of ij( -3 W, P) with respect to the Euclidean inner product and the degree-
weighted inner product are

du 1, du |

o =—Lyu—yQpu— ECD ou and o =—Ly u—yQp, u— EDW d' ou, 29)
respectively. As is standard for gradient flows, a dependence on ‘time’ ¢ has been introduced so that we
now may interpret u as a function u: R — V.

In a completely analogous manner, we determine

d 1

—fEu+sv;BI,B))| = (Lg+ut,v) + (Qp-1t, v) + — (D o u, v)

dS &, Y Y v &

s=0
and thus the gradient flow of ffl( . ;B;’, B;) with respect to the Euclidean inner product is

du 1
—=—Igu—Qpu—-dou 30)
dt I3

For the gradient flow with respect to a degree-weighted inner product, the situation is more complicated.
We recall the definition of the degree-weighted inner product in (2) and explicitly will be using the
following versions:

(v, =D uvildy)) (Vg =Y uvidy),  and (v =y wvildy ) (31)
ieV ieV i€V
By (20), we know that, if Dy, = Dp and y = 1, then D, = 0 and therefore Dyt =Dy Thus in this case,
the B} - and B, -degree-weighted inner products are equal and the B, -degree-weighted inner product
is always zero." If additionally Dy+ =Dy is invertible (e.g., because the remaining assumption from
Corollary 3.2 part 2 is satisfied), then we can write

(LBTM’ v) = (LB]*W”, V)B]ﬂ <QB( u,v) = (Qb’jmu, V)Blﬂ and  (P'(u),v) = (D;rl @'(u), V)BT'

Hence, if y = 1, the gradient flow with respect to the B*-degree-weighted inner product is

du |
o= —Lg u—Qp u— EDBTCD ou. (32)
If y # 1 and Dy, = Dp, then the degree matrices with respect to B; and B; are no longer the same, but

rather we have

Dy, =Dyy — Dy, =Dpi — (1 = y)Dy. (33)
This means we have to make a choice to use either the B - or B} -degree-weighted inner product, as
they are no longer identical. That choice will influence the resulting equations. We choose the former;
calculations for the alternative choice are similar.

With this choice, and still assuming that Dy and Dy are invertible, for example because the
assumptions from Corollary 3.2 part 1 hold, we still have

(Lyst,v) = (Lys g and ('), v) = (D! &), v},

BIna slight abuse of notation, we interpret ®’(u) as the vector obtained by applying ® elementwise to the vector (representation
of) u so that the matrix-vector multiplication D@l ®'(u) is well defined.
19 And thus strictly speaking is not an inner product.
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yet when rewriting the remaining term in j 1(u+sv;BY B;)| _,» the difference in B - and B, -degree-
weighted inner products is important:

(Qs;u’ v) = <QBV >B = (QBVIW >B+ - (QBVm VB,

=(Qs, W Vg — (D;lDBy Os; Wi V)5 -

To obtain the second equality above, we used the first equality in (33). For the first and third equalities,
we used (3), with C=1, C = B ,and C=B, ,C= B}, respectively. Thus, under the assumption that
Dy = Dp and that Dy and DB— are 1nvert1ble the gradlent flow of £5(-; B, B, ,) with respect to the
B -degree-weighted inner product is

du

1 — ’
I —Lg; u—Qp u+ DB+DBV Op, u— DBI+I(D ou

1
=—Lg u—Qp u+1—y)DDyQy u——D, P ou.
o o 4 W

Here, we used (20) again. We note that this gradient flow indeed equals the one from (32) if y = 1.

In fact, in this paper we do not solve these Allen—Cahn-type equations directly, which could be accom-
plished, for example, by a convex—concave splitting technique as in [4] (see Luo and Bertozzi [46] for
an analysis of the scheme), but we use a related MBO scheme, which we introduce in Section 5. Before
doing that, we first consider an extension of the graph GL functional to multiple clusters.

4.2. Multiclass clustering with graph Ginzburg—Landau functionals

The previous sections dealt with partitioning of the node set V into (at most) two subsets; now we turn
our attention to the case where we allow partitions of up to and including K subsets, where K > 2 is fixed.
We recall that we allow empty subsets in the partition. We base our approach on the method described
in Garcia-Cardona et al. [24] and Merkurjev et al. [48].

To generalise the GL functional ffy to the multiclass context, we require multiclass generalisations
of the (signless) graph Dirichlet energies and of the double-well potential. For the Dirichlet energy, we
generalise the term %(u, Lyu) to

K

S LyU) = 3 3 U Ly U = ZZ%(U,k UpP,

k=1 k=1 ijeV

where, in a slight overload of the inner product notation, for matrices U, V € RV*X we have defined

K
(U, V)= Y (U V). (34)
k=1
Similarly, we extend the W-degree-weighted inner product to matrices U, V € RV*X py:
K
(U, Vg =Y (U Viddw- (35)

k=1
Hence,

1 1
5 U, LwU) = (U, Ly, U)w-

In a similar way, the signless graph Dirichlet energy 5 Yu, Qwu) is generalised to

1 U o,U ZZP:](Utk+(]/k) =

k=1 ijeV

(U’ QP;W U)P

NI'—-
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To generalise the double-well potential to a multiple-well potential, we recall from Section 3.2 that
a partition of V into K subsets can be described by a matrix U € Pt(K). If we write U, for the i™ row
of U, then U;, € {—1, 1}* as row vector and there exists a unique k € {1, ..., K} such that Uy, = 1. We
introduce a notation for such vectors. Fork € {1, . .., K},lete® € {—1, 1}¥ be the row vector that satisfies
e,(ck) =1land, forall/e{l,...,K}\ {k}, e(k) —1. Now we define the multiple-well potential for vectors
w € R¥ by:

Do) = (l_[ 1||w—e“‘>||2> (36)
mu . 2 4 1 N

k=1

Given a matrix U e R"¥, 3" &,,(U,) is non-negative, and it is zero if and only if, for all
i€V, there exists a k€ {1, ..., K} such that U, =e®. In other words, U > Ziev ®,.u(U;) achieves
its global minimum exactly at each element of P#(K) and thus generalises the double-well potential term
Ziev ®(u), which achieves its global minimum exactly at all elements of V.

This brings us to the following multiclass variant of the functional ffy( -3, W, P) for matrices

U € RIVIxK:
1 y o 1
FLWUW.Py= 23 ) oiUa— Ul + ¢ D0 3 pilUs+ Upd + = 3 ®oa(Us)
k=1 ijeVv k=1 ijeV € iV
1
= (U, LyU) + LU, QU Z Ppui(U)

1 1
= 2 {U. Ly, Uy + %w, 0r Uhr+ = D GpulUs)

ieV
As in the case of binary classification, we have a I"-convergence result for F*.

Theorem 4.1. Let K € Nwith K >2 and y € (0, 00). Define Fy : RV*X — R U {400} by

Qmul,y(U; W’ P)’ l.fU € PI(K)’
]-"(fy(U; W,P):=
+00, otherwise.

Then ffy( -; W, P) I'-converges® to .Efy( W, P)ase 0.

Moreover, if (¢,) C (0, 00) is a sequence such that ¢, |, 0 as n — oo and (U,) C Pt(K) is a sequence
for which there exists a C > 0 such that, foralln € N, ]-"gf’y(Un; W, P) < C, then there exists a converging
subsequence of (U,) with limit in Pt(K).

Proof. Our proof largely follows Van Gennip and Bertozzi [72] and Boyd e? al. [7]. The strategy to prove
I"-convergence for F* is to first prove I'-convergence of the functional ¢.(U) := 1 ,‘-Z‘l O, u(U;) to

&

0, ifUePuK),
@o(U) :=
+o0, if UeRV*K\ PyK),

and then use the fact that I"-convergence is preserved under addition of continuous terms (see Dal Maso
[47] or Braides [8]) such as the (signless) graph Dirichlet terms. The proof then concludes with the
observation that by (25) and (26), for all U € P#(K),

K K
% Z ng/(Uzk - U_jk)2 = }1 Z szj|Uﬂ< — Uyl = %TVW(U)

k=1 ijeV k=1 ijeV

20Since all norms on finite-dimensional vector spaces are equivalent, we do not need to specify which normed topology we
consider for our I'-convergence.
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and

K K
§ 0 P+ U= 3 3 pllis = Ul = 5TV O

k=1 ijeV k=1 ijeV

Per definition, to establish I"-convergence of ¢, to ¢y, we have to prove two statements:

« Lower bound. For all sequences (g,) C (0, co) that converge to zero, for all U € RV*X, and for all
sequences (U,) C RV*X that converge to U, it holds that

¢0(U) S hm lnf gosy,(Un)

« Recovery sequence. For all sequences (g,) C (0, 00) that converge to zero and for all U € RV,
there exists a sequence (U,) C RV that converges to U and such that

@o(U) = lim sup ¢, (U,).
Let (&,) be a positive sequence such that ¢, |, 0 as n — oo and let U € Rk,
To prove the lower bound condition, first we assume that U € P#(K). Since, for all n € N, ¢,, is non-
negative, we find that, for all n ¢ N

(PO(U) = 0 S (psn(Un)

and the required lim inf-inequality is satisfied.

If UeRY™6\ Pr(K), then ¢y(U)=+oo. Moreover, there exists a i€V such that, for all
ke{l,...,K}, U, #e®. Since (U,,) converges to U, it follows that there exists a radius r > 0 such
that for n large enough (U,,),, € R¥\ U,’;l B(e®, r), where B(e®, r) denotes the open ball with respect
to the 1-norm in RX centred at e(f” with radius r. This in turn implies that there exists a C > 0 such that,
for n large enough, ®,,,(U;,) > C. Hence,

| ... C
lim inf — Z ®,u(U;) > liminf — = +o00,
n—0o0 8’1 Py n— 00 gn
thus,

To prove existence of a recovery sequence, we note that the lim sup-inequality is trivially true if
U e RV*K\ Pt(K); hence, we assume that U € Pr(K). Let (U,) be the constant sequence with, for all
neN, U,=U.Then, foralln e N, ¢, (U,) =0. Since ¢, is non-negative, the sequence (U,) is indeed a
recovery sequence.

Thus, ¢, I'-converges to ¢, and, by our argument above, F* I'-converges to F;'.

To prove the equicoercivity statement in the second part of the theorem, we assume that (g,) C (0, co0)
is a sequence such that ¢, | 0 as n— oo and (U,) C P#(K) is a sequence for which there exists a
C > 0 such that, for all n e N, f;(U,l) < C. In particular, this implies that for all n € N and for all

ieV,

0 S quu]((Un)i*) S C (37)
Let i € V. If there exists a k€ {1, ..., K} such that the sequence (||(Un),-* - e“‘)||1) is unbounded in
R, then there must also exist an [ € {1, ..., K} such that the sequence (||(U,l),-* — e”)||1) converges to

zero; otherwise, the sequence (®,,,((U,):)) would be unbounded. This is a contradiction; hence, the
sequence ((U,)) is contained in a bounded subset of R¥ and thus the sequence (U,) is bounded in
RIV*X, By Bolzano-WeierstraB, this sequence has a converging subsequence. Denote its limit by U,..
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If U,, € RV*¥\ Pt(K), then by the same argument as in the proof of the lower bound, we know that

lim inf — Z O, u(U;,) = 400,

n—oo g
ieV

which contradicts (37). Hence, U,, € Pt#(K), which completes the proof. ]

As discussed in Section 4.1, the I'-convergence and equicoercivity results of Theorem 4.1 imply that
minimisers of F* converge to minimisers of 7 as & | 0.

In a completely analogous way to what we did at the end of Section 4.1, we may now derive gradient
flows of F* with respect to the Euclidean or W-degree-weighted inner product for matrices. Because
we will not actually use these gradient flows to find minimisers, but use MBO schemes (see Section 5.3)
instead, we leave out the details of the derivation and only mention that formally*! we recover, for all
ke{l,...,K}, the Allen—Cahn-type equations:

dU dU,

dr =—LyUy — QpUy — —(D<D LW,W *k QPrw *k —(D 1D<I>mul o U)us
where (D®,y 0 Uy := 8, Ppu(Us), with 9, the partial derivative operator with respect to the k"
variable.

Remark 4.2. As in Section 4.1, we can recover similar results as above, if we consider the functionals
;j( . ;B;f, B;). Their I'-limit for e | 0 is f(fl( . ;B;’ , B;) and their gradient flow with respect to the
Euclidean inner product is, for all k € {1, ..., L},
dU*k
dt

The gradient flow with respect to the B} -degree-weighted inner product is, for all k € {1, ..., L},

1
=—Lg Uy — Qp-Uy — E(Dq)mul 0 U)u-

dU*k
dt

=Lyt Uy — Op- Uy + DB+DBV QBV - _(D 1 DDy 0 U

=—Lg Uy — Qp U + (1- J/)D;;lDWQB;rWu - —(D D(Dmul o U)u.

We recall that we have used Dy, = Dy and invertibility of Dg+ and of Dy (as is guaranteed if assumptions
of Corollary 3.2, part 1 are satisfied).

21Because of the 1-norms in its definition (36), ®y is not differentiable at its wells, that is, at the vertices of the simplex G(K)
from (44). Instead of Allen—Cahn-type differential equations, we may consider differential inclusions such as dzt*" € —LwUy —

QpUyi — %(Dd>mu| o U).k, and similarly in the second case, where now (D®py o U)« denotes the Clarke subdifferential of @y
at Uyg.

Since &y is not convex, we cannot use the standard subdifferential. The Clarke subdifferential is an extension of the standard
subdifferential, which is well defined for locally Lipschitz-continuous functions. It has many of the same useful properties that
the standard subdifferential has. For example, for convex lower semicontinuous functions, the Clarke subdifferential is equal to
the standard subdifferential; the Clarke subdifferential of a function at a point where the function is Fréchet differentiable is the
singleton containing the Fréchet derivative at that point; and the Clarke subdifferential at a point at which the function has a local
minimum contains 0. For the definition of the Clarke subdifferential (also called the generalised gradient) and the proofs of these
and other properties, see, for example, Clarke [17, Chapter 2] and Clason [18, Section 8].

Since the 1-norm is locally Lipschitz continuous at every point in its domain and the product of locally Lipschitz continuous
functions is also locally Lipschitz continuous, the function @, is locally Lipschitz on its domain. Thus, its Clarke subdifferential
is well defined.

Other ways of defining gradient flows, such as variational inequalities, may be considered as well, but it goes far beyond the scope
of the current paper to investigate these options; see Ambrosio ef al. [1].

One may wonder if all these difficulties could not be avoided by replacing the 1-norms in @y by 2-norms. Indeed, the results
from Theorem 4.1 would then still hold, with little to no changes to the proof. In Merkurjev et al. [48, Section 2.1] and Garcia-
Cardona et al. [24, Section 3.1], it is stated the 1-norms are used to avoid @y having a (local) minimiser in the middle of the
simplex G(K). We provide details in Appendix A.
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We also note that the I"-convergence and equicoercivity proofs in Theorem 4.1 mostly depended on
the potential term and can thus easily be reproduced with the matrices B* and B~ replacing W and P,
respectively.

Remark 4.3. So far, we have ignored the question of existence of minimisers, but it is worth considering.
The sets Vi, and P#(K) are finite sets and hence the functionals f;,, f;', . f(fy and .F(fy trivially have
minimisers.

On the other hand, the functionals f.,, f;, and £, are all continuous on V' (or R'")), and F,, is
continuous on RIV*¥, All these functionals are also bounded below (by zero) and the coercivity of the
double-well or multiple-well potential terms allows us to restrict minimising sequences to a compact
subset of R or R"™X in a similar way to what was done in the equicoercivity proof in Theorem 4.1.
Hence, minimisers of these functionals exist.

5. MBO schemes

The MBO scheme was originally introduced by Merriman et al. [50, 51] as an algorithm for producing
flow by mean curvature. It is a simple yet powerful iterative scheme which alternates between diffu-
sion and thresholding. There is a large body of literature dealing with applications and computational
and theoretical aspects of this scheme. For brevity, we focus on the use of the scheme for modularity
optimisation.

5.1. MBO schemes for binary community detection

The MBO scheme was adapted to graphs by Merkurjev et al. [49] with the goal of (approximately) min-
imising the GL functional f;. It consists of iteratively performing short-time graph diffusion by solving
% = —Lu, followed by a hard thresholding step to mimic the drive towards the wells of ® from the
non-linear reaction term in the gradient flow. Here, we take L € {Ly, Ly,,,, Lw,,, } to allow for different
variants of the scheme. An MBO-type scheme is also employed by Hu et al. in [33] and Boyd ef al. in
[7] for modularity optimisation.

Unless specified differently, we assume that

Luix € {Lw + v Qp. L, + ¥ Opoys L, + ¥ Opos

Log + Qs Ly, + Qs o Ly, + O — D105, O} (38)

This assumption is motivated by the linear operators that appear in the gradient flows of Sections 4.1
and 4.2.
For later reference, we note that

I—DyiDs, =1— D, (Dyy — D) =D, Dy,
and thus for the last choice of L,,;, in (38), we can also write
Ly;  + Qs = DyiDy,Qp; =Ly +I—DyDp)Qp; =Ly +DyiDy Op
=Ly + Dl;;I O . (39)

This form is often easier to work with, but it hides partly the fact that it is the random walk variant of
L, for the split of B, into a positive and negative part.

We recall from Section 2.2 that connectedness of G implies invertibility of Dy, and, if the null model
is such that Dy, = Dp, also the invertibility of Dp, so that the choices of L that involve inverses
of those matrices are well defined. For the choices that require inverses of Dy or Dy we need the
additional assumption that these matrices are invertible, which holds, for example, in the situation of
Corollary 3.2.
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Adapting the idea in [49] to the equations in (29), we propose the following MBO-type scheme.

Binary L, ;,;modularity MBO scheme

« Initialise. Choose an initial condition u° € Vy;,, a ‘time step’ T > 0, and L, as in (38).

« Step n+ 1: linear dynamics. Solve the equation % = —L,_. u on (0, 7] with initial condition

dt
u(0)=u".
—1, if M,(T) < O,
o Step n + 1: threshold. Define, for all i € V, u'™' :=
1, if u;(t) > 0.
o Stop. Stop the scheme when a stopping condition or predetermined number of steps has been
achieved.

To indicate explicitly the dependence on the choice of L,;,, we call this the binary L,;, modularity MBO
(MMBO) scheme. We note that, besides the choices of L, that follow from equations (29), (30), and
(32), we also allow the variant choices™ Ly € {Lw,,, + ¥ Op,,,» LB;W + 05}

We briefly mention here that we will choose the value for T in the MMBO scheme via the method pre-
sented in [7]. It is an effective strategy and requires less manual adjustment of t than other approaches.
We give more details in Section 6.1.

5.2. Numerical schemes for binary MMBO

We employ two different numerical methods to implement the binary MMBO scheme, where the dif-
ference is found in how the methods solve the linear-dynamics step. One method uses (a truncation of)
the closed-form solution [29, 30], while the other uses an implicit finite-difference Euler scheme [14].
In both methods, we need (the leading) eigenvalues and eigenvectors of L.

5.2.1. Closed-form matrix exponential solution

A closed-form solution at =7 of the equation % = —L;xu with initial condition u(0) =u" is given
by [29]:

u(t) = e iy,
Here, e " is the matrix exponential, which is defined by its series expansion:

o0 1
—TLlmix «__ _ Y
e =1+ E _k!( TLyi)" .
k=1

2211 [10, Theorem 4.1.2], it is shown, in a generalised setting, that Ly u would appear in the gradient flow, if the functional
of which the flow is taken (with respect to the Euclidean inner product) has a Dirichlet-type term of the form:

1 _1 _1 \?
7 D w <(dw),- “up — (dw); 2“j> .
ijeV
Similar calculations can be performed for stym, LB:;/m and QB;ym. Such Dirichlet terms do not fit well in our setting, because

_1
calculations as the ones in (17) that depend on the binary character of u; cannot be replicated for (dw); *u;. Despite this, we still
consider choices of Lyix based on these symmetrically normalised operators in our numerical tests and compare their performance
with that of the other choices.
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If L, has real eigenvalues A, <... <y with corresponding, linearly independent, eigenvectors &,
ie{l,...,|V|}, then e "I has eigenvalues e~™* with the same eigenvectors. Hence,

4

u(t)= Z cie THE;, (40)

for appropriate coefficients ¢; € R.
The following lemma shows that for each of our choices, L., is indeed diagonalisable and thus has
|V| linearly independent eigenvectors.

Lemma 5.1. Assume L,,;, satisfies (38) and Dy is invertible, where this is needed for L, to be well
defined. Then L,,;, has |V| (possibly repeated) non-negative real eigenvalues with corresponding linearly
independent normalised eigenvectors, where the normalisation is specified in each of the cases below.

Denote by X a matrix having these eigenvectors as columns (in any order) and by A, the diagonal
matrix containing the corresponding eigenvalues in the same order. Then L, is real diagonalisable (in
the standard Euclidean inner product structure), that is, L,;, = XAX"".

((l) Let Lmlx S {LW + yQP’ LW\)m + yQPMm’ l‘BJr + QB B [‘BJr + QBV } In [he case that Lmn - LB;W” +
QB; assume that Dgy and Dy are invertible. Take for the columns of X eigenvectors of L,
with umt Euclidean norm. Then X is orthogonal, that is, X' = X".

(b) LetL,; =Ly, + yQOp,,. Assume that the null model is such that Dp = Dy,. Moreover, take for the
columns of X eigenvectors of L, with unit norm with respect to the W-degree-weighted inner

1

product from (2). Then X~ = X" D;,, where X is the orthogonal matrix containing the Euclidean-
normalised eigenvectors of Ly,,, + v Qp,, as columns, in the same order as the eigenvalues
in A.

(c) Assume that Dg; and Dy are invertible. Let L, = Ly +0p — D;;DBV Qs;, - Moreover, take
Jor the columns of X eigenvectors of L, with unit norm with respect to the B} -degree-weighted

~ 1 ~
inner product from (31). Then X! :XTD2+, where X is the orthogonal matrix containing the

Euclidean-normalised eigenvectors of Ly; QB B+ as columns, in the same order as the
sym
eigenvalues in A.

Proof. The proof is given in Appendix B. O

Remark 5.2. We note that the proof of Lemma 5.1, part (b) also establishes that Ly, + y Qp,, and

Ly,,,, + v Qp,,, have the same eigenvalues. Moreover, the proof of Lemma 5.1, part (c) establishes that
_1 _1

Ly, + Qp, — Dy Dp, O and Ly +D,’Qp D, have the same eigenvalues.

Remark 5.3. If y =1 and Dy = D in case (c) of Lemma 5.1, the situation simplifies, since then Dy, =0
and Dy+ = Dy and thus

_1
Dy LD, =D} (Lo, +0s ) Dy =Lur +0s .
1w 1rw B] 1 sym 1 sym

Part (a) of Lemma 5.1 then implies that L, is real diagonalisable and X =D_%X where X is the
matrix of Euclidean-normalised eigenvectors of LB+ - + QB " . Moreover, L, has non-negative eigen-
values since both Lyt " and Qp- , and thus also their sum are positive semidefinite with respect
to the Euclidean inner product by Lemma 2.1 part (b) and Lemma 2.2 part (b). We note that thls

result is consistent with the result in part (c) of Lemma 5.1, since, in this case, LB+ T+ DB+ Op Dy =
LB+ + Op-

ym 1sym”

Remark 5.4. In case (b) of Lemma 5.1, we know that L;, is self-adjoint with respect to the inner
product (-, -)w (see Section 2.2) and thus we expect the columns of X to be orthonormal with respect to
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this inner product. Indeed, we compute
~ R S Y ~ o~
X'DyX=X"D,’DiD,*X=X"X=1I

A similar conclusion holds in case (c) of the lemma, yet now with respect to the B} -degree-weighted
inner product from (31) as can easily be seen by replacing W by B+ in the computation above. This

is not surprising, as we know from the proof of the lemma, that D LmlxDB+ is symmetric and thus is
V

self-adjoint with respect to the Euclidean inner product; hence, L, is self- adJomt with respect to the
B} -degree-weighted inner product, since, for all u,v €V,

1 1 _1 1
(Lmixu’ V)B;r = (DB;erix’/h V) = (D;;r (Dé;erixDB;f )(D;J/r u)’ V)

1 1
= (D; LleD (D2+ Lt) D2+v> (D;u, D leD (D 2+ V)) <M, Lmixv>8$ .
14
For the next lemma, we recall that y > 0.
Lemma 5.5.

(a) Let L, € {LW +vQOp, Lw,,, + )/Qpﬂ_m}. Assume Dp is invertible, where this is needed to define
L, If the null model is such that the matrix P has at least one positive entry, then the eigenvalues
of L,;x are positive.

(b) LetL,;, =Ly, + yQp,,. If the null model is such that Dy, = D, then the eigenvalues of L, are
positive.

(c) Let L, € {L@ + 0, LB%W + QB;J_W, Ly + Qs — D;;'DBQB;W} and assume that Dgi and
Dy are invertible, in those cases where this is needed to define L. Assume one of the following
conditions is satisfied:

(i) the graph with adjacency matrix B} is connected and the matrix B, has at least one positive
entry;

(ii) the graph with adjacency matrix B is connected and the matrix B;r has at least one positive
off-diagonal entry (b);; moreover, there exists a path along an odd number of edges from i
to j in the graph with adjacency matrix B, ; or

(iti) the matrix B, has positive diagonal entries.

Then the eigenvalues of L., are positive.
Proof. The proof is given in Appendix B. U

Remark 5.6. The assumptions in the first two cases of Lemma 5.5 are satisfied for the NG null model.

If the graph defined by the adjacency matrix W is connected and has no self loops and P has positive
diagonal elements, as is again the case for the NG null model, then, for alli e V, (b; )i=ypi > 0. So (if
also D+ and Dy are invertible), the conditions in the third part of the lemma are satisfied.

Remark 5.7. In general, it cannot be expected that the eigenvalues of L, are positive without additional
assumptions on the graph. For example, if Ly, = L + Qp; Where

0 1 -1 0
1 0o -1 -1
B= ,
-1 -1 0 1
0o -1 1 0
it can be checked that u € V with u; =u, =1 and u; = u, = —1 is an eigenfunction (eigenvector) with

eigenvalue zero.

https://doi.org/10.1017/5095679252400072X Published online by Cambridge University Press


https://doi.org/10.1017/S095679252400072X

28 Z. Lietal

We now return to expression (40). When we are in case (a) of Lemma 5.1, the normalised eigenvectors
& of L, are orthonormal, and thus for the coefficients in (40) we compute ¢; = (§;, u").

In case (b) of the lemma, we know by Remark 5.4 that L, has eigenvectors &; that are orthonormal
with respect to the inner product (-, -), and thus ¢; = (§;, u")y instead.

Finally, in case (c) Remark 5.4 tells us that a similar conclusion holds, if we use the B;-degree—
weighted inner product from (31): ¢; = (&, u") ;.

Writing (40) fully in matrix form, we thus obtain

Xe ™A Xy, in case (a) of Lemma 5.1,
u(t) = { Xe ™" X"Dyu" = D;V%f(e‘mf(TDé,u", in case (b) of Lemma 5.1,
Xe " X"Dypsu" = D;;f(e*”‘f(TDi¢ u", in case (c) of Lemma 5.1

=Xe X'y, (41)

We recall that the matrices X are not the same in each case, and neither are the matrices X.

5.2.2. Implicit Euler finite-difference discretisation
Next, we take a look at the implicit Euler finite-difference discretisation. We discretise the time domain
(0, ] into N, € N intervals (t,_,, ] (k€ {1,...,N,}) of equal length, thus 7, = %T = két, where 8t :=

Nl’ > 0. Approximating u at the points #, by u(t,) ~ u* € R (with u° = u(0)), the discretisation of the
du

equation 4 = —Ly;u is given by
k k—1
u* —u
- .. = _Lmixuk'
ot

This we can rewrite as

k_ —1 k-1

w=(A+68tLyy) u ™, (42)

where [ is the identity matrix of the appropriate size.

From Lemma 5.1, we recall that X is a matrix containing the normalised® eigenvectors of L, as
columns and A a diagonal matrix containing the corresponding eigenvalues of L, (in the same order
as the eigenvectors). By the same lemma, we know that L., is diagonalisable as L, = XAX'. Hence,
(42) can be written as

W= [XU 48X u T = [XA+ N e a) X

In case (a) of Lemma 5.1, X is orthogonal and thus its inverse can be computed as X' = X”. In cases
(b) and (c), we have seen that X~' = XDz, for the appropriate orthogonal eigenvector matrix X and
appropriate degree matrix D.

In the linear-dynamics step of the MMBO scheme, we are interested in u(t), for which we find

ut) ~uM = [X(I—i—Nt’ltA)’lX’l]M u", (43)

where (in a slight abuse of superscript notation) we recall that u° = u(0) = ", with superscript 0 indicat-
ing the initial condition for the Euler finite-difference scheme, but superscript n indicating the iteration
number of the MMBO scheme. We recognise an approximation of the closed-form solution from (41)
in (43).

23We recall that the chosen normalisation depends on the choice of Ly;x; see Lemma 5.1.
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Similarly to what we did at the end of Section 5.2.1, u™ can be written as

- -1 N
X (I + iA) XTi| u, in case (a) of Lemma 5.1,
- ~ i | N

W =1 D% (1 n N%A) XTDéV} W, in case (b) of Lemmas5.1,
L L
DX (1+24) XTDH W', in case (c) of Lemmas5.1,

where X and X are the appropriate orthogonal eigenvector matrices for each case of Lemma 5.1.

5.2.3. Truncation

The occurrence of the eigenvector matrices X and eigenvalue matrices A in the proposed solutions in (41)
and (43) allows for the use of a truncated spectrum, by which we mean that instead of X € RV and A €
RVl we will use matrices X € RV and A € R™*", containing only the m € N leading eigenvalues
and eigenvectors.

By Lemma 5.1 we know that, for each of its possible forms, L;, has real non-negative eigenval-
ues. When we speak of the m € N leading eigenvalues, we mean the m smallest eigenvalues, counted
according to multiplicity. We call the corresponding eigenvectors the m leading eigenvectors.?*

There are several arguments for preferring a truncated method over a full method. First, smaller
matrices require less storage space, which can be a significant bottleneck when dealing with very large
graphs. Second, if only m < |V| eigenvalues and eigenvectors need to be computed, this can reduce the
run time of the algorithm considerably. In Section 6.4, we discuss the Nystrom extension method with
QR decomposition, which allows us to exploit both these benefits of truncation.

Third, in some applications it may be argued that the important information of the system under
consideration is contained in the leading eigenvalues and eigenvectors, with the larger eigenvalues and
corresponding eigenvectors containing more noise than signal. In that case, truncation may be viewed
as a data denoising method.

Whatever the reason may be for choosing a truncated method, (40) shows us that we expect the
influence of the larger eigenvalues and corresponding eigenvectors on u(7) to be small. Unless the small
error that is committed due to truncation makes the value u(t) change sign, it will have no impact on
the threshold step that follows the linear-dynamics step in the MMBO scheme.

5.3. Multiclass MMBO scheme

Just as the binary L,,; MMBO scheme from Section 5.1 was inspired by the Allen—Cahn-type equations
from Section 4.1, so we can base a multiclass L,;; MMBO scheme on the multiclass Allen—Cahn-type
equations from Section 4.2. We recall that K > 2 is fixed.

Multiclass L,;;modularity MBO scheme

« Initialise. Choose an initial condition U° € P#(K), a ‘time step’ T > 0, and L, as in (38).

« Step n+ 1: linear dynamics. Solve the equation < = —L_; U on (0, r] with initial condition

dt
U©) = U
« Step n + 1: threshold. Define, for alli € V, Ur*! := ¢*”, where”

241f the m'™ eigenvalue has (algebraic and geometric) multiplicity strictly greater than 1, there are multiple (linearly independent)
candidates for the m™ leading eigenvector. We anticipate that this pathological situation will not arise often in practice; if it does,
an arbitrary choice among the candidate eigenvectors is made.

251n cases where k* is not uniquely determined, we arbitrarily choose one of the maximisers.
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o Stop. Stop the scheme when a stopping condition or predetermined number of steps has been
achieved.

The linear-dynamics step is a straightforward generalisation of the analogous step in the binary algo-
rithm. The threshold step now needs to take into account that there are K > 2 clusters to choose from.
We assign each node to that cluster which is represented by the highest value in the row vector U(7),,.
In [20, Appendix A.3], it is proven that this procedure corresponds to first projecting the vector U(t);,
onto the (K — 1)-simplex

K
&Ky = {wel-1,11": Y w=2-K (44)
k=1

and then determining the nearest vertex (or vertices) of the simplex (i.e., nearest vector e®) to this
projected vector.

Remark 5.8. We recall from Section 3.2 that, if K = 2, we can relate the binary representation u € Vy;, to
the multiclass representation U € P#(K) via U,; = u and U,, = —u. The outcome of the linear-dynamics
step of the (binary or multiclass) MMBO scheme is in V or R"*X | respectively, rather than in Vi,
or P#(K), yet if the multiclass initial condition U’ satisfies U’, = —U?,, then it follows that U,,(t) =
—U.,,(7), since both vectors are solutions to the same system of linear ordinary differential equations
(ODEs). Because u is a solution to the same system of ODEs, we can still make the identification U, =
u= —U,,. This means that, foralli € V, U;;(r) > 0 if and only if U,,(t) < 0, which in turn is equivalent to
u;(t) > 0. Thus, U; (1) = Uy(7) if and only if u;(7) > 0, which makes the binary and multiclass threshold
steps equivalent (up to non-uniqueness issues when U;; (1) = U,(7)).

5.4. Numerical schemes for multiclass MMBO

We briefly discuss the generalisations of the numerical schemes that we encountered in Section 5.2 to
the multiclass case. An in-depth look at the resulting algorithms follows in Section 6.

5.4.1. Closed-form matrix exponential solution

If the relevant (for the case at hand) assumptions from Lemma 5.1 are satisfied, then the closed-form
solution of the multiclass-linear-dynamics step is a straightforward generalisation of the solution in the
binary case, since each column of U satisfies the same linear system of ODEs and there is no coupling
between the dynamics of different columns. Thus, U(t) = e " =ixU" and from there the same arguments
as in Section 5.2.1 lead to

U(t)=Xe "X 'U", (45)

where we recall that the meaning of X depends on which of the three cases of Lemma 5.1 L, satisfies.

5.4.2. Implicit Euler finite-difference discretisation

For the same reasons as mentioned in Section 5.4.1, the Euler finite-difference scheme from Section 5.2.2
also straightforwardly generalises from the binary to the multiclass setting, assuming that the relevant
assumptions of Lemma 5.1 are satisfied. Hence, we find, from (43), that

U~ [XU+N"ta) ' x ' 0, (46)
where we recall that N, € N is the number of steps in the finite-difference discretisation of the interval

[0, T].
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6. The modularity MBO algorithms

In Section 5, we established multiclass MMBO schemes for clustering into K > 2 clusters and explored
numerical methods for the computation of such schemes. Based on the work done in Section 5, in this
section we present the algorithms we use in detail. The results of applying these algorithms to various
data sets are presented in Section 7.

We present the algorithm based on the closed-form solution of Section 5.4.1 in Section 6.2 and the
algorithm based on the Euler finite-difference scheme of Section 5.4.2 in Section 6.3.

From Section 5.2.3, we recall that it can be beneficial to use only the m leading eigenvalues and eigen-
vectors of L, rather than its full spectrum. In Section 6.4, we present the Nystrom extension method
with QR decomposition, which provides an efficient way to approximate these leading eigenvalues and
eigenvectors.

As usual we assume that L, is as in (38) and that the corresponding assumptions from Lemma 5.1
are satisfied. Additionally, we assume that L,;, has positive eigenvalues, which in particular guarantees
that the smallest eigenvalue of L, is positive. Lemma 5.5 gives sufficient conditions for this assumption
to be satisfied.

For notational convenience, we write

(F,H) e {(W,P),(B},B))}. 47

The choice of L,,;, determines the choice of the pair (F, H) to be what is needed for the construction
of L.

Besides L, and the corresponding choice of matrices F and H, the parameters that are required as
input for our algorithms are the following:

o The maximum number of non-empty clusters K > 2.

o Theresolution parameter y > 0 that determines, via (15), which modularity function we are attempt-
ing to maximise. It also determines the time step 7 in the MMBO scheme, via the method from [7],
which we explain in more detail in Section 6.1 below.

o The number m € {1, ..., |V|} of leading eigenvalues and corresponding eigenvectors that we use.
o 1 €(0,00) which determines the stopping criterion; we choose either a partition-based stopping
criterion, under which the algorithm terminates if

1 2
max || U2 — UL

<n, 48
max [UZTE (*5)
eV

as in [24], or a modularity-based stopping criterion under which the iteration terminates if
|Qmul.y(Un+1; W’ P) - Qmul,y(Un; W’ P)’ <n. (49)

o Only for Algorithm 2 that uses the Euler finite-difference scheme for the linear-dynamics step: N, € N
is the number of steps in the finite-difference discretisation of [0, t].

We recall that, given a choice of L;,, A is the diagonal matrix containing the eigenvalues of L,
on its diagonal and X is a matrix containing corresponding eigenvectors of L, as columns in the order
corresponding to that of the eigenvalues in A. The required normalisation of these eigenvectors differs
as presented in cases (a)—(c) of Lemma 5.1. In cases (b) and (c), Lemma 5.1 provides expressions that
allow computation of X in terms of a matrix X with Euclidean-normalised columns.

6.1. Choice of the time step

To avoid having to manually fine-tune the value of the time step 7 in our algorithms, we follow the
method proposed by Boyd et al. [7, Section 4.5].
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Two main considerations are of importance in the choice of 7. If the value is chosen too small, then the
linear-dynamics step of the MBO scheme will change the initial condition very little and the threshold
step will return the initial condition again. In other words, the initial condition will be stationary under
the MBO scheme. If the value of 7 is chosen too large, then (because all eigenvalues of L, are positive)
the result of one application of the linear-dynamics step will be a function which is close to zero on
all nodes of the graph. Only the structure contained in the mode(s) with the smallest eigenvalue(s) is
retained, which is typically not sufficient to find optimal communities. Moreover, to have a threshold step
which is robust to noise, we prefer the values on the nodes to be clearly separated and not all clustered
together near zero. Thus, we need to choose a value of T which is neither too small nor too large. The
details of what is ‘too small’ and ‘too large’ depend on the structure of the graph and the choice of
initial condition. In [7], a specific choice of t is suggested for the particular MBO-type scheme that is
employed in that paper. Adapting a method from Van Gennip et al. [73], upper (t,,,) and lower (Tjoy)
bounds are established® by [7] and their geometric mean /TiowTupp 18 used as the value of 7. For the
lower bound, 7, is computed for K =2 (even in cases where K # 2). An explicit numerical value for
general K is harder to obtain and [7] expects (without proof) that the case K = 2 presents the worst-case
scenario. In the next lemma, we adapt the method from [7] to our MBO scheme and give upper and
lower bounds on t (which are not expected to be sharp but are efficiently computable).

Lemma 6.1. Let U° € Pt(K), © > 0, and let L,,;, be as in (38). Assume U solves % =—L,,Uon(0,1]
with initial condition U(0) = U°. Write U' for the outcome after one iteration of the multiclass L,,,
modularity MBO scheme starting from U°.%’

(a) Then
”U(T) - lJOHOo < K (eTHLmixHoo _ 1) )

We have the following (non-sharp®) upper bounds on || Lyl co:
(l) IfLmix = LW + yQP’ then ”Lmix”oo S L = 2(dW,max + ydP,max)~ . .
(”) IfLmiX = LW\)’W + J/QP.\')'m’ then ”Lmix”oo =< L =1 + Y + (dW_min)ij(dW,max)7 +
y (dP,min)7 % (dP,ma.x') % .
(iti) If Ly,, + v Qp,,, then | Ly;|lc < L™ := 2(1 4 y).
(iv) If Lg; + Qp,, then || Lyl < L™ := 2dg} ax + dp; mar)-
(V) IfLye=Ly;  + Qs then |Lyicllow <L := 2+ (dit i) (g ar)? +

(A in) ™ (g ).

(vi) If Ly =Ly +Qp —DyiDp,Qp , then |Lyillo < L™ = 2(1 +d,} = dy- ).
Y rw Yrw By 14 Y rw By jmin "By
(b) IfK=2and
T < Ty = (L") ' In(2),
then U' = U°.
(c) Assume that the assumptions of Lemma 5.1 are satisfied. If L, is the minimal eigenvalue of L.,
then
IU@ e < e ™ U5,
where the matrix C € RV satisfies:
(i) if Luix € {Lw + ¥ Op, Lw,,, + v Or,,,, Lg; + Os, LB;W + QB;W }, then C=1;

(”) ifLmix = LW,W + yQP,w: then C = DW; and
(iii) if Ly = LB:I',W + QB;W - D;;EDBV QB;'_W) then C = DB;“

26These bounds are not believed to be sharp.
2T That is, after ‘step 1: linear dynamics’ and ‘step 1: threshold’.
28The bounds can be improved by using an estimate earlier in the chain of estimates that appear in the proof.
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Algorithm 1. The MMBO scheme using the closed-form solution of the linear-dynamics step

Require: K >2, me{l,...,|V|},y >0, F,H € [0, 00)"™" as in (47),
stopping criterion (48) or (49) with n > 0
Initialise:
Dy, Dy <—F,H > Compute Dy and Dy (and, if needed, D5, D;%, D7, and D;%)
Lyix < F,H (Dp, Dy, y) > Compute L, from (38); some cases do not need D, Dy, y
A, X <« Ly, m > Eigendecomposition of L ; columns of X normalised as in Lemma 5.1;
use only leading m eigenvalues and eigenvectors

A< A > Select the minimal eigenvalue
U’ = (— 1)\V\><K
fori=1— Kdo

ul =1 > Randomly select K nodes and assign each one to a different cluster
end for

forj=1— (|JV|—K) do
| = random.sample(K, 1)

u_;’, =1 > Assign each node randomly to a community in initial condition
end for
dmax < D > Select the maximal degree of D
Tiow < (L™ In (2) > Compute T, as in Lemma 6.1 part (b)

_1

Tupp < A7 ' In (K%cmifﬂ’l |U° ||Fr> > Compute Ty, as in Lemma 6.1 part (d)
T < ‘[lowTupp
M., <exp(—1A)
n<20

while Stopping criterion not satisfied and n < 10000 do
Linear dynamics:

U™t < XM, X' U" > Compute (45)
Thresholding:
(U™ = ¢; with j € argmax {(uﬂ)w% }
I=1,...K
n=n+1
end while

(d) Assume the assumptions of Lemma 5.1 to be satisfied and ,, #0. Let 0 > 0 and define c,,;, :==
min,ey C; with C as in part (c) of this lemma. If

1 -1
T > Tupp - = )‘1_1 In <K§Cmir219_l ”UO”Fr) )
then ||U(7) |l < 6.
Proof. We give the proof in Appendix C. O

We follow [7] in choosing t = . /Tiow Tupp-

6.2. MMBO scheme using the closed-form solution of the linear-dynamics step

We recall from Section 5.4.1 that, to employ the closed-form solution of the linear-dynamics step to
compute the multiclass L,,;, MMBO scheme, we need to compute the expression in (45). The resulting
algorithm is summarised in Algorithm 1. The command random.sample(K, N) returns a list of length
N, with uniformly random sampling from 1 to K of N distinct elements (N < K).
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Algorithm 2. The MMBO scheme using the Euler finite-difference discretisation

Require: K >2, me{l,...,|V|},y >0, F,H €[0,00)"™" as in (47), N, € N,
stopping criterion (48) or (49) with n > 0
Initialise:
Dy, Dy < F,H > Compute Dy and Dy (and, if needed, D;', D;%, D', and D,_,%)
Lyix < F,H (Dg, Dy, y) > Compute L, from (38); some cases do not need Dy, Dy, y
A, X <« Ly, m > Eigendecomposition of L;,; columns of X normalised as in Lemma 5.1;
use only leading m eigenvalues and eigenvectors

A< A > Select the minimal eigenvalue
U= (— 1)\V|><K
fori=1— Kdo

ul =1 > Randomly select K nodes and assign each one to a different cluster
end for

fori=1— (V| —K)do
| = random.sample(K, 1)

uy =1 > Assign each node randomly to a community in initial condition
end for
dpax < D > Select the maximal degree of D
Tiow < (L")~ In (2) > Compute 1, as in Lemma 6.1 part (b)
_1
Tupp < A7 ' In (K%cmiie“ I U°||Fr) > Compute Ty, as in Lemma 6.1 part (d)

T < /Tiow Tupp

n<20

while Stopping criterion not satisfied and n < 10000 do
Linear dynamics:

fors=1— N, do
Ny

-1
Unt? « [X (1 + N%A) X":| U > Compute diffusion via (46)

s=s+1
end for
Thresholding:
Uy = ¢; with j € argmax {(u;,)’”% }
’ I=1,...K
n=n+1
end while

6.3. Alternative variant of the MMBO scheme

From Section 5.4.2, we recall that for the MMBO scheme with the Euler finite-difference scheme, we
have to solve equation (46).

We use the same thresholding step and stopping conditions for this alternative variant as we do for the
MMBO scheme in Algorithm 1. The MMBO scheme using the Euler finite-difference discretisation is
summarised in Algorithm 2. The main difference between Algorithm 1 and Algorithm 2 is the diffusion
step, as seen in (45) and (46).

6.4. Nystrom extension with QR decomposition

Both Algorithm 1 and Algorithm 2 contain steps that require us to compute the m leading eigenvalues
and corresponding eigenvectors of L. In the examples we consider in Section 7, the sizes of the graphs
go up to tens of thousands of nodes, making it time-consuming to perform operations on the matrix.
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The Nystrém approximation [58], which generates a low-rank approximation of the original matrix
from a subset of its columns, is an effective way to tackle this issue. The choice of sampling method could
affect the Nystrom approximation performance, since different samples provide different approximations
of the original adjacency matrix W.

Before applying the Nystrom method to our particular choices for the matrix L, we first give a brief
explanation of the method for a general, symmetric matrix C € RV*IVI,

We sample k distinct points® uniformly at random from |V| points and partition the matrix C as

Cn G
C= , (50)
C2| C22

where C; € R¥* C,; € R1VI=0%k “and C,, € RIVI=0*1VI- 'We have relabelled the points such that our k
sampled points are the first k points. We note that C,; and C,, are symmetric.

Because C), is a real and symmetric matrix, we can perform an eigenvalue decomposition to
obtain C;; = UAU”, where® A, := diag(A, . .., 1) € R®*is a diagonal matrix with the k eigenvalues
(counted according to multiplicity) A; of C}, on its diagonal and U € R¥* is an orthogonal matrix which
has the corresponding eigenvectors of Cy; as columns (in the order corresponding to the order of the
eigenvalues in A;).

We write C']"1 for the Moore-Penrose pseudoinverse® of C,,. If Cy; is invertible, then the pseu-
doinverse is equal to the inverse of C,;. If Cy; is not invertible, then the relationships C},Cy,C}, = C},
and C,,C},Cy, = C,, still hold. The pseudoinverse can be computed as C}, = UA]U”, where A] is the
pseudoinverse. Specifically, this means that A is a diagonal matrix whose diagonal elements are the
reciprocals of the diagonal elements of A; when those are non-zero, and zero when those are zero.

We would like to use the columns of U to approximate k eigenvectors of C. Eigenvectors of C are
in R, whereas the columns of U are in R¥; the main idea of the Nystrom extension is to approximate
the ‘missing’ |V| — k entries by C,; UA[. This approximation is inspired by a quadrature rule; for more
details, we refer to Fowlkes et al. [23] and Bertozzi and Flenner [4]. Thus,

U
Uc:= L] e RV
Cy UA]
is an approximation of k eigenvectors of C, which in turn gives us an approximation of the full
matrix C:
_ U v\
C = UcAkUg == Ak
CyUA] Cy UA]
UAU" UANALUTCE, c.  cucich
T | CuUALALUT CLUAAAUTCE | C, Cl,Cy CoCLCT
Cll -
= cj, (Ch C3)). (1)
C21

Comparing (50) and (51), we obtain that C, is approximated as
~ T
Cyn~ CyCl,CT.
29We emphasise that, despite what the notation might suggest, in the context of this section about the Nystrém extension, k does
not need to be related to clusters.

301f y € R¥ is a vector, diag(v) € RF*k js a diagonal matrix with diagonal entries (diag(v));; = v;.
3'Which can be computed, for example, by using the singular value decomposition of Cy;.
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We note that in many sources, the off-diagonal blocks are often given as C, and CJ, rather than
CZICII C,, and C; CLCZTI, respectively. If Cy, is invertible, these are equivalent, but in general they need
not be.*? In our numerical tests in Section 7, the matrices that are used for C,, are always invertible.
Now we wish to find the eigenvalue decomposition of C.** We follow the QR decomposition method
introduced in Budd et al. [12], which uses the thin QR decomposition [27, Theorems 5.2.2 and 5.2.3]:

Cu _ QR
Ca ’

where** Q € R"** has orthonormal columns (i.e., 0”0 = I) and R € R is an upper triangular matrix
Cl 1
Gy
if its column rank is k. We note that this is guaranteed to be the case® if C, is invertible, and thus in
particular in our numerical studies in Section 7.

By (51), we see that C = QRC],(QR)". The matrix RC],R” is real and symmetric and thus admits an
eigendecomposition:

with positive diagonal entries. This decomposition is possible if ( has full column rank, that is,

RCIR"=7xYT,
with T € R** orthogonal and ¥ € R¥* diagonal. Then
C=QRC/,R'Q" =0Y=YTQ" = QY =(QY)". (52)

Since (QY)"QY =1, we have that QY € R has orthonormal columns. Thus, we can view the k
diagonal entries of ¥ as approximate eigenvalues of C (and thus of C) with the columns of QY the
corresponding approximate eigenvectors.

Remark 6.2. The method explained above can be used to estimate k eigenvalues and corresponding
eigenvectors of the matrix C based on sampling the submatrices C;; and C,,. In our applications, we

require eigenvalues and eigenvectors of the matrix D¢ + C or of a normalised matrix D;%CD’% or
DglC, where D = diag(d.) is the diagonal degree matrix based on C with diagonal entries (d¢); as in
(1). Because we cannot compute D exactly if we do not have access to all entries of C, we first have to
compute an approximation to D.. We set D¢ = diag(c_lc) with

B _ _ 1, Cul, + CIIC}-1C2T11W\—/€
dc = CI‘V| = C = + " T s
1|V|,k C21C|1C1I1k + C21C11C2|1|V|—k

where 1, € R¥ is the k-dimensional column vector whose entries are all 1 (see [24]).%¢

32The operator I — C':'IC“ is the projection operator onto the kernel of Cj;. Since Cy; CTIC“ =Cy — C1(I — C'fl Cqy), if the
kernel of Cy; is a subset of the kernel of C51, then Cy C}LI C11 = C21. Under the same assumption, we also have C|1C]|L1C2T1 =
¢l — - cucipck =[cau - c’{'lcu)]r =cl,.

3By this we mean that we wish to find a matrix O € RIV1*¥ with orthonormal columns and a diagonal matrix % € R¥** such
that C=03x0". By construction in (51), the rank of C is at most k, hence a full eigendecomposition can be obtained from O and
X by extending O to a |V|-by-|V| orthogonal matrix (e.g., via the Gram—Schmidt process) and padding X with zeroes to form a
diagonal | V|-by-| V| matrix. We note that C=UchAg Ug does not give such an eigenvalue decomposition, as Uc does typically not
have orthonormal columns: UgUC =1+ AZUTCZT1 Co UA}E.

3We write Q instead of Q to distinguish this matrix from the various other Qs that are used in this paper.

351f the column rank is not full, in theory one could remove columns from (g;
however, if one has to remove many columns to achieve this, a resampling of the & columns might be a better idea, if possible.

36Recalling footnote 32, we find that if 1; is orthogonal to the kernel of Cy; (or equivalently, if 1 is in the column space of C1),
then Cy CT1C1 11x = C21 1. Similarly, since I — Cy; C;fl is the projection operator onto the kernel of CIT1 =Cyy, if C2T11|VHC is
orthogonal to the kernel of Cyj, then C“CLClelIV\—k = Czrlllv\—k-

) until it does have full column rank. In practice,
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Now we approximate D¢ + C by D¢ + C and D, C by D.C. If D has non-zero diagonal elements,

then DTC = D . Moreover, we approximate D, CD by (DC) : C(DC)2 where we require DT (and thus
also D¢) to have non-negative diagonal elements, for the square root to be well defined.

In general, there is no guarantee that D has non-zero or non-negative diagonal elements, but all
matrices of type D that we use in our numerical tests in Section 7 do. The following observation may be
of use establishing these properties in specific situations. If we denote by d¢,, := Cy, 1, + C3, 1y, € R,
the column vector containing the first k entries of the actual degree vector d- € RV, then

a Cl 1 Cildclzk
c= B .
CZI CildC Lk
If C is the adjacency matrix of a graph with positive degrees for all nodes (e.g., a connected graph), then
all entries of d. will be positive if the matrices C,;C], and Czl C;, both preserve entrywise positivity of

vectors. If Cy; is invertible, this is clearly the case for C|, Cl 11- In fact, in that case the first k entries of de
are exactly equal to the first k entries of the actual degree vector d.

_1
To obtain approximate eigenvalues and eigenvectors of DC +C, D.*CD~ 3, or D_'C, we can now
apply the decomposition from (52) to D¢ + C, (D} ):C (DC) or D\.C, respectlvely, instead of to C.

Now we apply the decomposition in (52) (using the approximate normalisations from Remark 6.2
where needed) to the six different cases for the matrix L,,;, that we will encounter. In each of the cases
below, the matrices Q, Y and ¥ are different, corresponding via (52) to the specific matrix C for which
the decomposition is computed.

¢+ Ly =Ly + yQp. Weuse (51) to find approximations W and P of W and P, respectively, and approx-
imate degree matrices Dy, and D as in Remark 6.2. Then we apply (52) to Dy, + W + y(Dp + P) to
find

Ly Dy + W + y(Dp 4+ P) = QT Z(QY)".

Thus, ¥ has the approximate eigenvalues on its diagonal and the approximate eigenvectors are the
columns of QY.

e L= LB; + QB;. We proceed as in the previous case, with Bj instead of W and B; instead of y P.
Then

Ly ~ Dy + Bf + Dy, +B, = 0TE(0Y)".

The diagonal of ¥ gives the approximate eigenvalues with the approximate eigenvectors being the
columns of QY.

* Lux=Lw,, + ¥Qp,,- Again we use (51) to find approximations W and P of W and P, respectively,

_ _ 1 IR
and approximate Dy and D, as in Remark 6.2. Then we approximate Dy,* WDy — yD,*PD,* by
(D) W(D},)? — y(D}): P(D})? and use (52) to obtain

Lo =+ ) — (D, WDy} —yD, ' PD,")
~(1+ )l — ((D*W)% W(D},)? — y(D;)%P(D;)%) —(1+ ) — 0T
=0T[(1+ ) —Z]QT)".

We use the diagonal elements of (1 4 y)I — X as approximate eigenvalues of L, and the columns
of QY as corresponding approximate eigenvectors.
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o L= LB; + QBf . In this case, we proceed as in the previous one, with B;r instead of W and B;
sym

instead of y P. Then
_1 _1 L1
Lo =21 — (DB;.B;DB;Z _DBiBJ/DB;)
~ 21— (D)) B (D)) — (D, )4B, (D] )*) =21 — QTE(@YY'
= 0721 - =](QY)".

Hence, we obtain the approximate eigenvalues from 27/ — ¥ with the columns of oY being the
approximate eigenvectors.

o L, =Lw, +yQp,. We compute approximations W and P of W and P, respectively, via (51) and
approximate Dy, and D, as in Remark 6.2. Then we compute the decomposition from (52) for D}, W —
yDLP to find

Lux =0+ ) —D,'W+D,'P~(1+y)I — (Dj,W — yD}P)

=1+ - 0T =0Y[(1+y)I—Z](OY).

We get the approximate eigenvalues from (1 4+ y)I — X with the columns of QY as approximate
eigenvectors.

e« L.,= LB?’,W + QB;rw — D];yiDBV QB?rW‘ According to Lemma 5.1 (c), L, and LB?sym + D;f QB;D N
have the same eigenvalues (see also Remark 5.2) and if v is an eigenvector of the latter matrix, then
D;; v is an eigenvector of L.

We use (51) to compute approximations B} and B, of B} and B, respectively. Then Remark 6.2

allows us to find approximations DB; and DB; of the degree matrices Dyt and Dy, respectively.
Hence,

1
7_ P Ipt -3 -5
o 0u D, =1-D, BiD,! +D,' 0, D,

+
BVs)m

e 5
=1 DB¢ (BV QBV)D+

1

_1 B _1
ZI_DBf (B}J:_BV _DB?+DB§_DB?)DB;Z

=21 —D,} (B —B; — Dy + D) D
~2 =~ (D})* (B} — B, = Dy + Dy )D})*
=21 - QYZ(QY) =072 - £](QY),

where we used (52) on (l_)l;)% (Bf =B, — Dy + DB;)(D;)% to obtain the decomposition.

Thus, the approximate eigenvalues of L., are obtained from 2/ — X, while the columns of (l_);)% QT
Y
give the approximate eigenvectors.

In each case, by choosing k> m we can use the m leading approximate eigenvalues computed by
the Nystrom method (and their corresponding approximate eigenvectors) as approximations for the m
leading eigenvalues of L;, (and corresponding eigenvectors).
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7. Numerical studies

This section presents the results of numerical studies for a variety of examples. All algorithms are imple-
mented in Python 3.8. For each example, we selected one value of the parameter y and then we tested
our MMBO algorithms for the six cases of L., in (38). Because we observed that L,;, = Ly + y Qp and
Luix = Lg; + Qp; always gave the worst modularity scores, the results for these two cases are not pre-
sented for the sake of brevity. To save space, in our tables we indicate the remaining four choices of L,
by the main matrices on which they depend: Ly, Or,,.", ‘Lw,,» Or,,"s ‘Lgy, . Op;,,” and "Ly , Q..

Our MMBO schemes are compared to the modularity MBO algorithm from Hu ef al. [33], Boyd
et al.’s pseudospectral balanced TV method [7], the CNM approach as given in Clauset et al. [19],
the Louvain method from Blondel ef al. [6], the Leiden algorithm introduced by Traag et al. [71] and
spectral clustering as in Shi and Malik [37].* The functions for the CNM method, the Louvain method,
the Leiden algorithm and spectral clustering can be called directly in the Python libraries NetworkX*
[68], leidenalg [70] and scikit-learn [59]. We assess the results not only based on their modularity
scores and computing times, but also according to the other metrics that we present in Section 7.1.3.
Our simulations were performed on a MacBook Air (13-inch, 2017), with a 1.8 GHz Dual-Core Intel
Core i5 processor and 8 GB 1600MHz DDR3 memory.

7.1. Related algorithms, null model and additional evaluation metrics
7.1.1. Related algorithms

The method from Hu ez al. [33] is based on the observation that maximising modularity 9, (A; W, PN%)*¥
over all partitions .4 with K (possibly empty) parts is equivalent to minimising

QM(W)i= TVwU) =y D > @) (Us = Ts) =TV(U) = y(U-T.U=T)y  (53)

k=1 ieV

over all U € Pty(K), where, in analogy to (23), we define

K
Pto(K) := {UeR”":VieVVle{l,...,K} Use{0.1}and Y Up=1}.

k=1
In addition, we define for all U € R""*X the mean U € R"*¥ by

1
Upi= —— Y (dy):Us,
“ T Vol (V) ;( w)iUs

and we recall the inner product (-, -) from (35). As per Section 6.4, 1y, is the column vector in R
which has each entry equal to 1. To unclutter the notation, in this subsection, we simplify this notation
to 1. Then dy, = Dy1 is the column vector with entries (dy); and

— 1
U=——14dU.
voly (V) %

Similarly to what we have presented in the current paper, this observation in [33] has led Hu et al.
to an MBO-type algorithm for modularity optimisation. Since the functional QE“ in (53) is non-convex

37TWe note that we do not compare with the recent proximal gradient method from Sun and Chang [67], primarily because that
method focuses on partitioning into two communities only.

381n an earlier draft, we used python-louvain [3] to implement Louvain’s method (see Section 7.1.1), but we found it to be
slower than NetworkX, despite yielding similar results in terms of modularity score and other evaluation metrics (see Section
7.1.3). Therefore, we include only results obtained by using NetworkX in our tables and figures. We thank one of the anonymous
reviewers for suggesting that we seek a faster implementation.

3Thus, with the NG null model, as in (16).
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as argued in [7, Footnote 2], a convex splitting approach is needed to solve the linear-dynamics step
of the MBO-type scheme. The operator used in this step (in the place where our algorithm uses L) is

given by*!
2y
LHuU = LwU 2'}/Dw(U U) so that LHu = LW + — vol (V) dwdT 2)/Dw,
w
where the second expression follows since Dy U = — (V)ledT Volw 0 ——dydl,U

For the actual computation of the linear-dynamics step, a projection onto the m leading eigenvectors
of the graph Laplacian is used.

As can be seen from Ly,, in [33] the unnormalised graph Laplacian Ly, is used in the algorithm. This
form of Ly, is obtained by using the inner product from (34) in the derivation of the gradient flow of
(53) (see footnote 41). If the inner product from (35) is used instead, we obtain the operator

LHu er - LW ™w U ZV(U U) SO that LHu,rw = LW,rw + dT

1
lw(V)

For the symmetrically normalised variant, we use*?

P 2 T
LHu,sym - LW,sym + IW(V)dW(dW) 2]/1,
where d B _ Dé‘,l denotes the column vector with entries (dw)i%.

We also present tests for Hu ef al.’s method with these normalised operators, because, as in the
MMBO algorithms above, we obtained better modularity scores (and better scores on most if not all
other measures that we introduce in Section 7.1.3) using those operators.

In [33], an Euler finite-difference scheme is used for Hu et al.’s method which requires a choice of
time step along the same lines as our 87 := N, 't in Sections 5.2.2 and 5.4.2. We do not select this time
step by using the method from Section 6.1 to select a value of 7, since the operators Ly,, Ly, gym and
Ly, are not positive definite which poses problems for 7, in part (d) of Lemma 6.1.

Instead, we tested three different values for §#** Our first choice is 8¢ = 1, following the choice in
[33]. While this works for the unnormalised operator Ly, it is unsuitable for the normalised operators
Ly ym and Ly, as we empirically observe that they can have eigenvalues close to —1 in some cases
(see Figures la, 5a and 5b). This causes I 4 §fA in (43) and (46) to be (close to) singular, where A is
the diagonal matrix containing eigenvalues of Ly, Ly, sym OF Ligy -

Our second choice is §¢ = 1/N,, which looked like a good choice in preliminary simulations; at least
it gave better results than 67 = 1.

Our third choice is §f = xyu/Anu, Where Ay, is the greatest eigenvalue for the unnormalised operator
Ly, (i.e., the smallest in absolute value if the eigenvalues are negative) and xy, is the greatest eigenvalue
for either Ly, Liysw OF Liysym. In the case of the unnormalised operator Ly, Ay, = Xn. and we are back
to the choice from [33]: §¢ = 1. For the two normalised operators, in this choice the time step is scaled

4OMore accurately, the functional is still non-convex, even if the non-convex domain Pfy(K) is relaxed to be the convex domain
RIVIXK_ Depending on the value of y, this non-convexity can still persist if 7Vyw(U) is replaced by the graph Dirichlet energy.
Since this replacement gives the functional that generates, via arguments analogous to those in Sections 4 and 5, to the linear
dynamics step of the corresponding MBO scheme, non-convexity of this functional suggests the use of a convex splitting scheme
to solve the linearly dynamics step.

41The derivation is similar to the way that we, for example, derived a gradient flow in (29) and then a corresponding MBO scheme
in Section 5.1. The identities U = U and (U, V)w = (U, V), for all matrices U, V € RIVI*X and their corollary (U — U, V)y =0,
are useful in this and following computations.

2As per footnote 32, a symmetrically normalised variant Ly sym cannot be obtained from (53) in the same way that we derived

_1
Ly, and Ly, rw. Instead, inspired by footnote 22, we replace each instance of U in (53) by DW2 U and then follow the usual recipe

_1 N S
with the inner product from (34). We emphasise that DW2 U should be used in the second term of (53), not DW2 U. To understand

1 1
the second term in Ly sym, We observe that DJ,Dy,* U = volw(v)lelTDwDW U= Volw(v) dW(dW)T
SB0or 7, or dt in the notation of [33].
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according to the ratio of eigenvalues to avoid the singular operator problem we noted earlier. Based
on our numerical experiments, this third choice for §¢ consistently outperforms the other two in terms
of modularity score, computation time and other evaluation metrics (see Section 7.1.3). Therefore, we
present only the results obtained via this third choice in all the tables and figures below that involve any
of the variants of Hu ef al.’s method.

The method also requires the maximal** number of non-empty clusters K as input. In [33], the algo-
rithm is run for multiple values of K and the optimal output is selected, whereas we will run the algorithm
at specifically selected values of K so that all algorithms we test can be compared at the same value(s)
of K.

As shorthand, we may call this method Hu’s method.

Similar to the method from [33], also the method by Boyd ef al. [7] is based on finding a functional
whose minimisation over Pty(K) is equivalent to the maximisation of O, (A; W, PNS) over all partitions
A with K (possibly empty) parts:

144

2
Q) == TVw(U) + 1W(V)Z Y @)U ) =TVw(U)+y (U, . (54)

Jjev
Different from [33], this functional is convex.” Based on this equivalence, also in [7] an MBO-type
algorithm is proposed, analogous to what we did in Sections 4 and 5. The matrix which is used in the
linear-dynamics step (in the place where we use L) is
2y
voly (V)
This is obtained from Q‘;"yd in (54) in the standard way, using the inner product in (34) for the gradient
flow. Indeed, taking into account the corollary given at the end of footnote 41, we find that*
QW) — Q' (U) = y(U, U)w = y(DyU, U) (55
and thus LBoyd = LI—Iu + 2)/DW
Similarly, if we use the inner product from (35) to obtain Lggyq,w, then
2y
voly (V)

_1
Following a recipe similar to that in footnote 42, we replace U in (55) by D,,” and thus in particular
(U’ U) w by

LBoyd = LW + de;];/

LBoyd,rw = LHu,rw + 2)/1 = LW,rW + lda/

(Dy U, Dy Uy = (DU, Dy Uy = (U, U).

Computing its gradient according to the inner product in (34), we find

2y
LBoyd,sym = LHu,sym + 2‘}/1 = LW,sym + 1w(V) dW(dW)T
We use the pseudospectral balanced TV MBO scheme from [7], which uses a similar (truncated)
eigendecomposition of the operator in the computation of the linear-dynamics step as our Algorithm 1.
As we did for Hu’s method, however, and for the same reasons, we present tests for Boyd et al.’s
method using normalised variants of Lp,yq.

44 Also in this method empty clusters are allowed in the output, as will also be the case in Boyd ef al.’s method which we describe
later in this section.

43Similar to footnote 40, a more accurate statement is that the functional becomes convex if the non-convex domain Pfo(K) is
replaced by the convex domain RIVI*K,

401f U € Pry(K) encodes the partition A4 = {AI}IK=|, that is, Uy =1 if and only if i € A; and U;; = 0 otherwise, then (U, U)w =
Zf | Yiey @w)i zzk = ZkK 1 ZIEAA dw)i= ZkK:1 voly (Ag) = voly (V). Thus, for the purpose of maximisation over Pry(K), the

difference between QH“ and QBoyd is a constant, and therefore irrelevant, term. Considering these functionals on all of RIVIXK

Boyd

however, this term is no longer constant and leads to the observed convexity of Q, " on RIVIXK (see footnote 45).
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As discussed in Section 6.1, [7] proposes a selection method for . We use that method for determin-
ing t in Boyd et al.’s method. Specifically, we use the value suggested by [7, Propositions 4.1 and 4.2],
which are analogous to our Lemma 6.1. The method requires that the maximum number of non-empty
clusters K is known in advance.

To shorten the name, we may call this method Boyd’s method.

The CNM method from Clauset et al. [19], Louvain method from Blondel et al. [6] and Leiden algo-
rithm from Traag et al. [71] are all greedy methods, which iteratively update communities in a way that
maximises the immediate increase in modularity. All methods differ in the types of updates they per-
form. In all methods, initially each node in the network is considered as a separate community and then
nodes may be moved to different communities to increase modularity in a local movement phase. The
CNM method sequentially computes for each community (according to some ordering of the commu-
nities) and each of its neighbours the change in modularity if those two communities would merge. If
any increase in modularity is possible, one of the mergers that produces the maximum increase is per-
formed. This continues iteratively until no merger of neighbouring communities increases modularity.
The Louvain method sequentially computes for each node (according to some ordering of the nodes)
and for each of its neighbours the change in modularity if the node were to be removed from its current
community and assigned to its neighbour’s community. If any increase in modularity is possible, one
of the assignments that produces the maximum increase is performed. This continues iteratively until
no more increase in modularity is possible in this way. Then the first phase of the algorithm ends and,
for the CNM and Louvain algorithms, the second phase, an aggregation phase starts, in which a new
graph is built that contains a node for each community obtained in the first previous phase. The edge
weight between two nodes in the new graph is obtained by adding together all weights of the edges that
connect the corresponding communities in the original network. To this new graph, the procedure of the
first phase is again applied. The two phases are iterated in this way until no more change in modularity
is obtained.

The Louvain algorithm can lead to poorly connected communities [71]. The Leiden algorithm
improves upon the Louvain algorithm through an additional refinement phase that takes place between
the local movement and aggregation phases. It ensures that every community is internally connected.
Each iteration of the Leiden algorithm includes three phases: local movement of nodes, refinement
of communities to ensure internal connectivity and aggregation of the network. This results in more
accurate and stable community detection.

The local movement phase of the Leiden algorithm is similar to that of the Louvain algorithm, yet
more efficient as it only (re)visits those nodes whose neighbours’ community assignments have changed
as aresult of an earlier local move, rather than all nodes. This contributes to the Leiden algorithm gener-
ally being faster, particularly for large networks. In the refinement phase communities from the unrefined
partition that has been formed in the local movement phase can split further into subsets that are better
connected internally. For each community from the unrefined partition, a refined partition is initialised
by assigning each node to its own community. Then singleton communities are merged with other com-
munities according to a connectivity-based probability distribution. Importantly, these mergers only
happen within each community from the unrefined partition so that the communities that were found in
the local movement phase can split, but not merge. In the aggregation phase of the Leiden algorithm,
the aggregated graph is based on the refined partition, yet the partition of this new graph, with which the
local movement phase of the next iteration is initiated, is based on the unrefined partition that resulted
from the previous local movement phase, rather than the refined partition. This means that in the Leiden
algorithm, contrary to the Louvain algorithm, not all communities of the initial partition at the start of
each new local movement phase need to be singletons (except in the first iteration of the algorithm). For
a detailed description of the Leiden algorithm, we refer to [71, Supplementary Information].

The stopping criterion for the CNM, Louvain and Leiden methods is based on the change in mod-
ularity score, or rather, the lack of increase in this score among all community update options that are
available to the algorithm in question. This is different from the stopping condition (48), which depends
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on the Euclidean change in subsequent partition matrices found by the algorithm, rather than their mod-
ularity scores. The nature of the CNM, Louvain and Leiden methods makes it difficult to introduce
a stopping condition like (48). This is an important reason why we also consider the modularity-
based stopping criterion in (49). Another motivation is the observation that often the modularity score
improves only slowly after the first few iterations of the algorithms, as we will see in some more detail
later. Because of this difference in stopping conditions, we present the results for the CNM, Louvain and
Leiden methods in different tables than the results for the MMBO schemes, Hu’s method and Boyd’s
method.

Furthermore, the CNM, Louvain and Leiden methods do not require the (maximum) number of clus-
ters K as input, in contrast to Hu’s, Boyd’s and our methods; rather, K is one of the outputs of these
methods, implicitly given by the final clustering when the stopping condition has been reached in the
CNM, Louvain and Leiden methods. By construction, these methods do not output empty clusters.

Spectral clustering proposed by Shi and Malik [37] is a clustering approach based on spectral graph
theory (see also von Luxburg [74]). It was not developed for optimising modularity specifically, but
we use it in our tests to compare how our method compares to it in the various performance measures
that we consider. The basic idea is to embed the data, represented as nodes in a graph, into Euclidean
space based on the K leading eigenvectors resulting from the eigendecomposition of the random walk
Laplacian L,,. Clusters are then found by using a clustering algorithm that can be applied to points in
Euclidean space. We use the commonly used K-means algorithm, as part of the SpectralClustering
function in the Python scikit-learn library [59]. The maximum* number of non-empty clusters K
needs to be specified in advance.

7.1.2. Null model for modularity optimisation

Hu’s method, Boyd’s method, the CNM method, the Louvain method and the Leiden algorithm all are
based on modularity with the NG null model.*®

Therefore, in our examples, we also employ the NG null model in our MMBO algorithms. We refer
to Section 2.3 for more details. In particular, we wish to optimise Q(A; W, PN%) from (16). This is the
quantity reported in the tables in this section as ‘NG modularity’.

7.1.3. Additional evaluation metrics

The main goal of our numerical tests is to find out how well our method performs on the modularity
maximisation task. As a secondary goal, we also want to compare the clusters (communities) that we
obtain with ground truth communities in cases where such ground truth is available. For this comparison,
we employ a number of different evaluation metrics:* purity [63], inverse purity, the adjusted rand
index (ARI) [25] and normalised mutual information (NMI) [40, 42]. For clarity’s sake, we will call
the communities that are obtained by the algorithm clusters and the communities that are present in the
ground truth classes.

Let C and C’ be partitions of V, where C := {C,, ..., Cx} is the set of K clusters to be evaluated and
C:={C},...,C}istheset of K’ classes of the ground truth. We assume here that all clusters and all
classes are non-empty.

Purity is an evaluation metric that quantifies the proportion of nodes in a cluster that are members of
the same majority class and is defined as

1 K
Purity(C,C') := m Z max
k=1 1<I<K

G ﬂ c/

4TThe K-means algorithm can return empty clusters.

48Since spectral clustering is not designed to be a modularity optimisation method, it does not rely on a choice of null model.

490r evaluation measures, where we do not necessarily intend either ‘metric’ or ‘measure’ to be read in their strict mathematical
meaning.
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Purity achieves its maximum value of 1 if C = C’, but this maximiser is not unique: if C consists of |V/|
singleton clusters, this maximum value is also obtained. A high purity can thus be achieved artificially
by having many clusters, since this metric does not penalise cluster size.

We note that purity is not symmetric in C and C'. By interchanging both arguments, we obtain inverse
purity:

1 &
InvPurity(C, C’) := Purity(C',C) = — max
y(C.C) y(C,0) V] 2 1%

G, ﬂ c/

Inverse purity is biased in favour of large clusters. In particular, the maximum value 1 is not only obtained
if C =C’, but also if all nodes are grouped together into a single cluster.

Purity and inverse purity both quantify the number of correctly clustered nodes, under some definition
of ‘correct’. The next metrics we list quantify numbers of correctly clustered pairs of nodes.

We classify a pair of distinct nodes i, j € V as true positive if they belong to the same cluster in C and
the same class in C’, that is, if there are k and k', such that i,j € C;, N C;c" We denote the total number
of true positives by TP. Similarly, a pair of distinct nodes i, j forms a true negative, if both nodes are in
distinct clusters and distinct classes, that is, if there are distinct £ and / and distinct &’ and [’ such that
ie C,NC, andje C, N C,. The total number of true negatives is TN. The pair i, j forms a false positive,
if there are k and distinct £ and /', such thati € C;, N C}’{, andje C, N C]’,, and it forms a false negative if
there are k" and distinct k and / such thati € C, N C’, andj € C; N C;,. The total numbers of false positives
and false negatives are denoted by FP and FN, respectively. These quantities are computed as follows:

TP := ii(legC/I)’ FP:= i('i"') _ TP,

K/ ’
|C/| VI
FN:= ) 2’ TP, TN:= () -TP—FP—FN.

=1

The Rand index (RI) [61] is the proportion of correctly clustered node pairs:

—1

TP + TN VI

RIl:= = (TP 4+ TN).
TP +FP +FN + TN 2

One of the drawbacks of RI is that it it does not consider the possibility of a coincidental agreement
between the two partitions. The number and sizes of the clusters in each partition, as well as the total
number of nodes, impact on the number of agreements of two partitions that can be expected to occur
by chance. To mitigate this problem, the ARI is proposed in Hubert and Arabie [35] to be
RI — E(RI)
ARl :'= ——————, (56)
max RI — E(RI)

where the expected Rand index [E(RI) is computed based on the assumption that the contingency table
with entries |C, N C/| is drawn from a generalised hypergeometric distribution® and we know that
max RI = 1. Hence ARI is well defined, unless IE(RI) = 1.°! Various equivalent expressions for the ARI

S0This translates to C and C’ being random partitions conditioned on K, K’ and all cluster and class sizes |Cy| and |C/’| being
fixed at their actual observed values. Under this assumption, it can be computed that E(RI) =1 + 2(“2/‘)72(TP + FN)(TP + FP) —
(V)™ TP + FP + FN). See [35].

SFrom the third expression in (57) below, it can be seen that the denominator equals zero if and only if TP =FN =FP =0
or FN =TN = FP = 0. The former case occurs if and only if TN = (“z/l), thus if and only if K = K’ = 1, whereas the latter case
occurs if and only if TP = (‘g‘), thus if and only if K = K’ = |V/|. See also [15].
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can be calculated:’?
(')TP — (TP + FN)(TP + FP)

ARI =
T("(2TP + FP + FN) — (TP + FN)(TP + FP)

_ (¥)(TP +TN) — [(TP + FP)(TP + EN) + (FN -+ TN)(FP + TN)]
- (')? = [(TP + FP)(TP + FN) + (FN + TN)(FP + TN)]

_, TP.TN — FN - FP 7
~ (TP + FN)(FN + TN) + (TP + FP)(FP + TN)’

From (56), we see that the maximum value of the ARI is 1, which is obtained if Rl = max RI = 1% In
Chacon and Rastrojo [15], the minimum possible value of the ARI is proven to be — % S

The entropy of the clustering C is defined® to be>

K
Gl (1G]
HC):= — — 1o (—)
2y 2=\

If we view the cluster assignment in C of a given node as a random variable with possible outcomes k €
{1,..., K} with uniform probability ‘', then H(C) is the entropy associated with this random variable.
The ]Oan‘ entropy of C and C' is

cNC G
jointH(C,C) := — ZZ| k|r3| ! log, <%>

If we let our intuition be that (joint) entropy is a measure for the uncertainty associated with the cluster
assignment of a node, then mutual information (MI) evaluates the reduction in this uncertainty that we
obtain by considering C and C’ jointly, rather than separately, that is,

ICkﬁC/I1 (IVIICkﬂCH)
0g, 7 .
\4 lenjleny

K K
MI(C,C") := H(C)+ H(C') — joint H(C,C') = Z Z
k=1 I=1

52The first expression below follows directly from [35, Formula (5)], the second one appears in Steinley [66, Formula (9)] and
Chacén and Rastrojo [15], and the third expression appears in the the ARI function of the Python scikit-learn library [59]
that we have used.

S31f not simultaneously E(RI) = 1.

54In some sources in the literature, such as [53] one finds the (correct) claim that ARI has values in [ — 1, 1]. Indeed, it is not
difficult to show that ARI < —1 leads to the contradiction (TP 4+ FP 4+ FN)TN + TP(FP + FN + TN) + (FP — EN)? + 2TP - TN <
0. Some sources, such as [65] even claim that the value —1 can be achieved, which contradicts the result in [15]. In an attempt
to corroborate that the value —1 is in fact achievable, one could be tempted to choose TP = TN = 0 and maximise the resulting
expression, which leads to FP =FN. However, we will show now that is not possible to construct C and C’ that satisfy both
TP=TN =0 and FP =FN.
It follows from footnote 51, that ARI is undefined if |V| = 1. Assume |V| > 2. If the ground truth has |V| classes, then TN =0
forces C not to contain any singletons. Thus, there is a cluster in C containing at least two elements, hence FP > 1. However,
since |C’| = |V|, FN = 0 < FP. If the ground truth has only one class, then TP = 0 forces C to have |V| singleton clusters, in which
case FN = (‘Z') > 0 =FP. Thus, the ground truth must have at least two and at most |V| — 1 classes, which rules out |V| =
Hence, assume |V| > 3. By the pigeonhole principle, the ground truth must contain a class containing at least two elements, say
Ca' ={a, b}. Since the ground truth has at least two classes, there is another class C,” containing at least one element ¢ € C,./
distinct from a and b. Since TP = 0, C has to contain two disjoint clusters C,, Cj witha € C, and b € Cp. Because TN =0, c € C,
and ¢ € Cp. This is a contradiction.

55The convention is that the kth term is zero if |Cy| =0

56For definiteness, and to honour its origins in information theory in Shannon [64], we have chosen base 2 for the logarithm, but
in the normalised mutual information of (58), which is the quantity we are ultimately interested in, any overall constant factors
that would appear in H and MI under a different choice of base would cancel out.
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Table 2. MNIST: parameter settings for the Nystrom
extension and edge weights in (59) (left) and param-
eter setting of the MMBO scheme (right)

Parameter Value Parameter Value

k 500 N, 5

o 100 n 1073
y 1

By subadditivity of the joint entropy, MI is always non-negative. Moreover, it is zero if and only if
the cluster assignments associated with C and C’ are independent random variables. Out of the many
variants and generalisations of mutual information, we choose to use the following normalised mutual
information:

2MI(C, C)

NMI(C, C/) = m

(58)

7.2. MNIST

The MNIST database is a widely used data set in computer vision and machine learning [43]. It com-
prises 70, 000 black-and-white images of handwritten digits ranging from O to 9, each image consisting
of 28 x 28 pixels. The data set consists of pairs of handwritten digit images together with ground truth
digit assignments. We aim to group images of different digits into distinct communities. We construct
a graph in which each node represents an image, thus |V| =70, 000, and the weighted edges are based
on feature vector similarity. To create these feature vectors associated with each image, we project the
images (which are associated with vectors in R**?® containing their pixel’s greyscale values) onto 50
principal components as determined by a principal component analysis (PCA). For each node i (corre-
sponding to an image), we thus obtain a feature vector x; € R* containing the coordinates with respect
to the first 50 principal components. We define the weight between distinct nodes i and j as

 — . 2
oy = exp <—u> , (59)

o

where o by the user. In this example, we choose o = 100. The choice of o impacts the number of
clusters K found by the Louvain method. Since we use that value to set the maximal number of clusters
in the MMBO methods as well as in the methods from Hu ef al. and Boyd ef al., this in turn affects the
size of the matrices in those methods, such as U° in Algorithms 1 and 2, which itself impacts the run
times. Tests with o = 50, which are not shown in the tables and figures in this paper, did show fewer
clusters and lower (absolute) run times for all methods. If we compare the results in Tables 3 and 4,
with the results in Table 5, the difference in run times between the MMBO methods and the Louvain
method is substantial. In our tests with o = 50, this difference was much less pronounced, in some cases
even absent. This suggests that the Louvain method is more sensitive to changes in o than the MMBO
methods.

Defining the weights by (59) implies w; =1 if and only if nodes i and j are identical. Additionally,
we choose the same N, as Hu et al. in [33] to compare the results of MMBO with those from [33], that
is, N, = 5.%7 See Table 2 for the parameters used in the methods.

5Tn the notation of [33]: n=>5.
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Table 3. MNIST: average time per run for computing eigenvalues and eigenvectors, the average time
per run for all MBO iterations, and the average number of MBO iterations per run for the MMBO
schemes, Hu et al.’s method, and Boyd et al.’s method when using m =130 and K =764 and the
partition-based stopping criterion from (48). The number of iterations is rounded to the nearest integer.
The best average result in each column is shown in boldface

Avg. time for eigenvalues  Avg. time for MBO  Avg. # of

Method and eigenvectors (s) iterations (s) iterations

MMBO Algorithm 1 Ly, Op,,, 14.4 (£2.9) 64.3 (£ 11.8) 134 (£ 36)
Ly, Op,, 13.7 (£2.0) 63.2 (£ 10.3) 127 (£ 38)

Ly, Os;,, 15.1(£4.4) 19.4 (£ 3.8) 55 (£21)

Ly, O, 15.6 (£4.8) 67.2 (£7.0) 91 (£25)

MMBO Algorithm 2~ Ly, , Op,,, 14.4 (£2.9) 178.2 (£ 18.5) 152 (£ 36)
Ly, Op., 13.7 (£2.0) 153.6 (£20.2) 127 (£ 30)

Ly, O, 15.1(£4.4) 144.2 (£ 14.2) 119 (£ 18)

Ly, O, 15.6 (£4.8) 164.7 (£ 15.4) 140 (£ 23)

Hu et al. Ly, 12.7 (£ 1.6) 186.2 (£26.4) 138 (£27)
Ly, 13.5(£1.2) 179.6 (£ 20.3) 130 (£ 16)

Boyd et al. Ly, 12.6 (£ 1.6) 199.4 (£ 20.5) 206 (% 25)
Ly, 13.5(£1.2) 197.7 (£21.7) 187 (£ 34)

Table 4. MNIST: average time per run for computing eigenvalues and eigenvectors, the average time
per run for all MBO iterations, and the average number of MBO iterations per run for the MMBO
scheme, Hu et al.’s method, and Boyd et al.’s method when using m =130 and K =764 and the
modularity-based stopping condition from (49). The number of iterations is rounded to the nearest
integer. The best average result in each column is shown in boldface

Avg. time for eigenvalues  Avg. time for MBO  Avg. # of

Method and eigenvectors (s) iterations (s) iterations

MMBO Algorithm 1 Ly, , Op,,, 14.4 (£2.9) 11.2 (£2.9) 32 (+4)
Ly, Op., 13.7 (£2.0) 12.6 (£3.2) 36 (£ 6)

Ly, Os;,., 15.1 (+4.4) 9.3 (£2.5) 17 (£ 4)

Ly, Op-, 15.6 (£4.8) 10.2 (£2.0) 28 (£ 4)

MMBO Algorithm 2 Ly, , Op,,, 14.4 (+£2.9) 24.8 (+4.1) 36 (+5)
Ly, Op., 13.7 (£2.0) 289 (£54) 34 (£7)

Ly, Os, 15.1 (£4.4) 18.6 (+4.7) 25 (£ 7)

Lg: , Op- 15.6 (£4.8) 17.4 (£5.1) 32 (£ 6)

Hu et al. Ly, 8.1(+1.2) 30.4 (£ 12.8) 27 (£ 10)
Ly,, 8.5 (£ 1.3) 71.9 (£ 13.5) 29 (£8)

Boyd et al. Ly, 9.7 (+£1.2) 34.9 (£ 10.2) 43 (£19)
Ly, 9.8 (£ 1.3) 60.7 (£ 20.8) 39 (+£21)
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Table 5. MNIST: average performance of algorithms regarding modularity scores, various classification metrics, and average computation time
per run under NG null model. The best average results in each column are shown in boldface (we exclude the ground truth numbers). For the
number of non-empty clusters we consider the one closest to the ground truth to be ‘best’ in this context

NG Inv. Time Non-empty
Method modularity ARI Purity purity NMI Time (s) clusters
Louvain 0.58 (£0.01) 0.69 (£ 0.01) 0.78 (£ 0.01) 0.88 (£ 0.0) 0.79 (£0.01) 1146.3 (£ 131.9) 764 (£23)
CNM 0.30 (£ 0.0) 0.19 (£ 0.0) 0.33 (£0.0) 0.93 (+0.0) 0.45 (£ 0.0) 8196.4 (£13.3) 808 (£ 0)
Leiden 0.55 (£ 0.01) 0.67 (£0.07) 0.75 (£ 0.06) 0.88 (£ 0.06) 0.79 (£ 0.03) 11.2 (£0.6) 659 (+2)

Ground truth 0.31 1.0 1.0 1.0 1.0 - 10

8y
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Table 6. MNIST: average performance of different algorithms regarding modularity scores, various classification metrics, and total computation
time under NG null model when using m = 130 and K = 764 and the partition-based stopping criterion (48). The best average result in each column

is shown in boldface. For the number of non-empty clusters we consider the one closest to the ground truth number 10 to be ‘best’ in this context

Method NG Inv. Time Non-empty
Method modularity ARI Purity purity NMI (s) clusters
MMBO Algorithm 1 Ly, , Op,,, 0.55(£0.02) 0.44 (£0.07) 0.77(£0.04) 0.52(£0.07) 0.63(40.04) 80.3(+£148) 20(%2)
Ly,,,QOp, 055(£0.02) 0.45(£0.09) 0.77(x£0.05) 0.53(£0.08) 0.63(£0.04) 763(%£13.5) 20(x£3)
Ly, Os;,, 028 (£0.06) 0.29(£0.02) 0.40(£0.03) 0.78(£0.02) 0.44(£0.02) 34.7(£8.0) S5(£1)
Lgi,Qp-,  0.53(£0.06) 0.45(£0.10) 0.74 (£0.07) 0.56 (£0.06) 0.61 (£0.04) 84.3(£10.9) 26(*))
MMBO Algorithm 2 Ly, , Op,,, 0.56 (£0.02) 0.42(£0.04) 0.77(£0.04) 049 (£0.05) 0.63 (£0.02) 191.7(£21.9) 22(+2)
Ly..,0Qp, 0.55(£0.02) 0.44(£0.07) 0.78 (+£0.03) 0.51(£0.07) 0.63(£0.03) 167.2(+£23.0) 21(x2)
Ly, Os,,, 0.55(£0.03) 045(£0.06) 0.75(£0.05) 0.53(+£0.05) 0.63(40.03) 157.9(£18.8) 18(=£2)
Ly, Qp,, 054(£0.02) 0.47(£0.09) 0.78(£0.04) 0.54 (£0.10) 0.64 (£0.04) 177.5(£20.3) 19(£3)
Hu et al. Ly, 0.54 (£0.03) 043 (£0.05) 0.79 (£0.06) 0.49(=£0.04) 0.63(£0.03) 198.4(£26.8) 22(=£2)
Ly, 0.54 (£0.02) 042 (£0.06) 0.79 (£0.08) 0.48(+0.03) 0.63(£0.03) 190.8 (£23.8) 22(=£2)
Boyd et al. Ly, 0.51 (£0.05) 0.60 (£0.14) 0.80(£0.15) 0.76 (£0.12) 0.75(£0.06) 201.4(£22.5) 17(£8)
Ly,, 0.52(£0.03) 0.52(£0.14) 0.72(£0.11) 0.75(%£0.10) 0.71 (£0.04) 200.5(=*£21.2) 14(£)5)

Spectral clustering 0.51(%£0.01) 043 (£0.05) 0.75(£0.03) 0.81(%£0.04) 0.69 (£0.06) 186.4(£16.9) 764 (=x0)
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The values that we present in Tables 3—7 are averages computed over twenty runs for each algorithm,
followed by the maximum deviation (in absolute value®®) from each average in parentheses. It is worth
noting that the initial condition U°, which involves randomly assigning each node to a community (with
each community containing at least one node) as outlined in Algorithms 1 and 2, is likely to differ
with each run. However, this variation in initial conditions does not impact greatly the modularity score
achieved by the algorithms.

Both the Louvain method and the Leiden algorithm achieve similar modularity; see Table 5. Although
the running time of the Leiden algorithm is much faster than that of the Louvain method, the primary
goal of this paper is to maximise modularity. Since the Louvain method achieves the highest modularity,
we select the optimal K found by the Louvain method. The highest modularity obtained by the Louvain
method is achieved around® K = 764. We also tested the MBO-based methods with K = 659, inspired
by the results of the Leiden algorithm in Table 5. We obtained a lower modularity than for K =764
in this way and also the values of the other classification metrics were lower. Therefore, we have not
included those results in this paper, although the running time was also reduced.

For a fair comparison of the different methods’ resulting modularity values, we wish to use the same
upper bound K on the number of clusters for each method. We recall that for the Louvain method K is an
output of the algorithm (with K being the exact number of non-empty clusters, not just an upper bound),
whereas for the methods of Hu ef al. and Boyd et al., as well as for our MMBO method, K has to be
given as input (and is only an upper bound on the number of non-empty clusters, since the methods may
output empty clusters). Thus, we first use the Louvain approach to determine an appropriate value for
K. Then we run the methods of Hu et al. and Boyd et al. and our MMBO method with the same value
for K, namely K = 764.

Figure 1 displays the spectra of the first 180 eigenvalues for the different choices of L, under the
NG null model as well as Ly syms Litusw> Lioyasym and Lpoyarw. In each of the panels in Figure 1, the
two plotted curves overlap since the eigenvalues of the corresponding pairs of operators are identical,
that is, the eigenvalues of Ly, m and Ly, are identical, as are the eigenvalues of Ly, sym and Lpyq v
the eigenvalues of Ly,,, +yQp,,, and Ly, + yQp,,, and also the eigenvalues of Lys + Oy and
LB;;_,W + QB;,,W-

Using the MMBO scheme from Algorithm 1 as an illustration, Figure 2 demonstrates that the highest
modularity is achieved if m, the number of leading eigenvalues that is used for the eigendecomposition
of L, is chosen at 130. Therefore, we pick m = 130.

First, we study the computing times of the two main parts of the algorithms. Then, we discuss the
performance in terms of the modularity scores and other evaluation metrics, and its dependency on the
choice of null model and the stopping criterion. Finally, the effect of using some a priori known node
assignments will be explored.

There are two main parts to the execution time of the MMBO schemes, Hu ef al.’s method and Boyd
et al.”s method: the computation of the eigenvalues and eigenvectors of L, for MMBO or of the method-
specific matrices for Hu and Boyd’s methods, and the iteration of the linear-dynamics and thresholding
steps. In order to speed up the computation of the eigenvalues and eigenvectors, we use the Nystrom
extension with QR decomposition as explained in Section 6.4. Table 3 presents the computing times if
the partition-based stopping criterion from (48) is used. In Table 4, we show the computing times if the
modularity-based stopping criterion from (49) is used instead. The use of the second stopping criterion
is motivated by the observation that often the modularity score improves only slowly after the first few
iterations. In Figure 3, for example, the modularity score changes little after the first 35 iterations, but
the algorithm continues because we do not set any stopping criterion. This behaviour is similar to the

3To be explicit, the top-left entry 14.4( & 2.9) in Table 3, for example, indicates that the average time over 20 runs is 14.4
seconds and the time, or times, that deviate most from this average in all of the 20 runs are equal to 14.4 —2.9 seconds or to
14.4 + 2.9 seconds.

3We implement the Louvain method using the NetworkX package for Python [68]. On the website [68], it is noted that the
order in which nodes are considered can influence the final output, and in the algorithm, this order is determined by a random
shuffle.
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Table 7. MNIST: average performance of algorithms regarding modularity scores, various classification metrics, and total computation time under
NG null model with (‘10%’) and without (‘no’) 10% mild semi-supervision when using the modularity-based stopping condition (49). In both the
unsupervised and mildly semi-supervised case, m = 130 and K = 764 are used. With mild semi-supervised clustering, m = 130 and K = 764 is used.
The best average results with and without mild semi-supervision in each column are shown in boldface. For the number of non-empty clusters we
consider the one closest to the ground truth number 10 to be ‘best’ in this context

NG Inv. Time Non-empty
Method GT modularity ARI Purity purity NMI (s) clusters
MMBO Lyy,> Opy, 1m0 0.55(£0.02) 043(£0.06) 0.77(£0.04) 047(£0.03) 0.62(+0.03) 23.0(*£52) 21(%3)
Algorithm 1 10% 0.31(£0.01) 0.81(%x0.02) 0.90(£0.01) 090(x0.01) 0.79(£0.01) 124(x4.1) 10(%0)
Ly, Op,, no 055(£0.02) 042(£0.04) 0.76 (+£0.04) 0.49(£0.04) 0.62(x0.01) 245(£82) 21(x3)
10% 0.31(£0.01) 0.80(x0.02) 090(£0.01) 090(+£0.01) 0.79(£0.01) 13.6(x3.5) 10(£0)
Ly, Qs,,, 1o 049(x£0.07) 033(£0.06) 0.65(+0.11) 0.52(+£0.13) 0.52(+£0.03) 19.8(£45) 30(+10)
10% 0.26 (+0.01) 0.44(4£0.01) 0.61(%+0.01) 0.80(%+0.01) 0.58(=+0.01) 14.7(£3.6) 10(=x0)
Ly, Op-, no 050(£0.08) 0.38(£0.03) 0.68(£0.03) 0.50(=£0.13) 0.54(£0.03) 19.2(£35) 24(x7)
10% 0.31(£0.01) 0.65(%x0.07) 0.79(£0.07) 0.84(x0.04) 0.71(£0.03) 159(x44) 10(%0)
MMBO Lyy,>Qpy, 1o  0.56(£0.02) 0.43(£0.04) 0.78(£0.05) 048 (+£0.04) 0.63(+0.02) 36.8(+£6.4) 22(%6)
Algorithm 2 10% 0.31(£0.01) 0.80(x0.01) 0.90(+£0.01) 090(+£0.01) 0.79(£0.01) 125(x3.2) 10(£0)
Ly, Op., no 055(£0.02) 043(£0.05) 0.78(£0.06) 0.50(=£0.07) 0.63(£0.02) 43.6(%£12.9) 26(%3)
10% 0.31(£0.01) 0.80(%x0.01) 0.90(£0.01) 090(x0.01) 0.79(£0.01) 145(x42) 10(%0)
Ly, Qp;,, 1m0 054(£0.04) 048(£0.06) 0.76(£0.04) 0.58(£0.04) 0.64(£0.03) 41.7(£7.8) 27(x7)
10% 0.31(£0.01) 0.79(%x0.01) 0.89(£0.01) 090(x0.01) 0.78(£0.01) 21.7(x2.6) 10(=%0)
L+, Op-, no 0.53(£0.03) 045(£0.05) 0.76 (£0.05) 0.54(+0.05) 0.63(+0.03) 38.1(%£8.5) 28(x5)
10% 0.31(£0.01) 0.79(%£0.02) 0.89(£0.01) 0.89(£0.01) 0.78(£0.01) 193(x45) 10(£0)
Hu et al. Ly,,, no 054(£0.02) 043(£0.03) 0.79(£0.04) 049 (£0.05) 0.63(£0.02) 43.2(%£155) 23(%3)
10% 0.31(£0.02) 0.81(%x0.01) 091(£0.01) 091(x0.01) 0.80(=£0.01) 20.8(x63) 10(%0)
Ly, no 054(£0.02) 041(£0.07) 0.78(£0.04) 047 (£0.05) 0.63(£0.04) 473(+£12.5) 24(L5)
10% 0.31(£0.01) 0.81(£0.02) 091(£0.01) 091(+£0.01) 0.80(£0.01) 22.6(x6.5) 10(£0)
Boyd et al. Ly, no 052(£0.10)0 045(£0.19) 0.72(£0.20) 0.69 (£0.15) 0.68 (£0.15) 51.3(%£23.7) 17(£9)
10% 0.32(£0.01) 091(+0.01) 0.96 (£0.01) 096 (+0.01) 0.89(£0.01) 17.5(x25) 10(%0)
Ly, no 052(£0.04) 0.51(£023) 0.72(+0.20) 0.76 (£0.09) 0.71(x0.12) 47.5(£282) 15(x)5)
10% 0.32(£0.01) 0.90(x0.01) 0.96 (£0.01) 0.96 (+0.01) 0.89(£0.01) 20.7(x29) 10(%0)
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Figure 1. MNIST: comparison of the spectra of different operators with y = 1 under the NG null model.
In each of the plots, one of the two curves is hidden behind the other one.

Index of eigenvalues

results shown in section 4.2.2. of [33]. Therefore, choosing a value for 7 in the partition-based criterion
(48) larger than = 10~ (which is the value used to produce the results in Table 3) could lead to similar
modularity scores but fewer iterations.
The three rightmost columns show (from left to right) the average time (over the 20 runs) that the
computation of the eigenvalues and eigenvectors takes, the average total time it takes to perform all
the iterations in the respective MBO scheme and the average number of iterations of the MBO scheme
that are required. All times presented in these tables (and those that follow later in the paper) are given
in seconds. It can be seen from Tables 3 and 4 that for all methods, except MMBO Algorithm 1 with
the modularity-based stopping criterion, the time for computing the eigenvalues and eigenvectors is
smaller than the time for performing the iterations, yet still contributes non-trivially to the run time. The
number of iteration steps is considerably smaller if the modularity-based stopping criterion is used than
if the partition-based stopping criterion is used. Within each table, thus with fixed stopping condition,
the necessary average number of iterations is similar for all methods. By far the shortest average time
per iteration (which can be obtained by dividing the average time for the MBO iterations by the average
number of iterations) among the methods considered in Tables 3 and 4 is needed for MMBO Algorithm 1.
Results obtained with the different methods under the NG null model are presented in Tables 5, 6
and 7. The modularity scores (with the NG null model) and the various metrics from Section 7.1.3 are
given, where the values are averages over 20 runs, followed by the maximum deviation from the average
in parentheses. The total average run time (including both the time needed for computing the eigenvalues
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—— MMBO Algorithm 1 with Lw,, +y*Qp,,
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Number of eigenvalues used (m)

Figure 2. MNIST: relationship between the number of eigenvalues used and modularity. The MMBO
Algorithm 1 uses the modularity-based stopping condition (49) and y = 1.
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—-~- Boyd etal.'s method with Lgoyd, sym
0.2 —— MMBO Algorithm 1 with Ly, _ +yQp,
—— MMBO Algorithm 1 with Lg-__ + Q8- .
—-=- MMBO Algorithm 2 with Ly, _ +yQp,_,
MMBO Algorithm 2 with Lg: __ + Qs
0.1

6 2‘5 5’0 7‘5 160 lﬁS 15‘0 17"5
Number of iterations

Figure 3. MNIST: Modularity score versus number of iterations, obtained with y = 1 without stopping
criterion.

and eigenvectors as well as the MBO iterations) of each algorithm (and its maximum deviation) is given
in seconds in the second-rightmost column. The rightmost column lists the average number of non-
empty clusters (and its maximum deviation) that is returned by each method. As in Tables 3 and 4, the
initial condition U° may change with each run. However, similar to the previous results, such changes in
the initial conditions do not significantly influence the modularity scores or scores of other classification
metrics obtained by the algorithm.

Many of the methods obtain modularity scores that are larger than 0.52, with the Louvain method
giving the highest value (0.58). Comparing the results presented in Tables 6 and 7, it can be seen that the
stopping criterion might have a certain (small) impact on the modularity score. Sometimes, even higher
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modularity scores are obtained with the modularity-based stopping criterion than with the partition-
based stopping criterion, which indicates that in these cases the modularity score decreases during
the further iterations if the partition-based stopping criterion is utilised; this behaviour is illustrated
in Figure 3. It is noteworthy that the best MMBO scheme generally provides higher modularity scores
than the methods of Boyd et al. The fastest method is MMBO Algorithm 1. In particular, both MMBO
Algorithm 1 and Algorithm 2 are significantly faster than the Louvain algorithm, with a smaller loss
in modularity (average). In line with what we observed earlier, also this algorithm is even faster if the
modularity-based stopping criterion is used (Table 7) than if the partition-based stopping criterion is
used (Table 6). The high modularity score obtained by the Louvain method, however, leads to the con-
clusion that the value y = 1 which we used here is not optimal if the goal were to have high modularity
scores correspond to partitions that are close to the ground truth. Because that is only of secondary
concern in this paper, we will not vary the value of y in this example. It is also worth noting that,
although the modularity obtained by the Leiden algorithm is not as high as that reached by the Louvain
method, the former method achieves significantly better results in some of the other quantities of interest.
Additionally, its run time is shorter (much shorter in some cases) than that of all other methods.

Finally for this example, we study the impact of a very mild form of semi-supervision on the modular-
ity scores and the other quantities of interest. To this end, we uniformly chose 70, 000 x 10% = 7, 000
nodes at random and assigned them true community assignments obtained from the available ground
truth (GT). We only do this in the initial condition of the algorithm. It is possible to incorporate stronger
fidelity to this partial ground truth in the MBO schemes by introducing an extra fidelity-forcing term
into the linear-dynamics step, along the lines of what was done in Budd et al. [12]. Since our primary
focus in this paper is modularity optimisation and fidelity to a ground truth is only of secondary concern,
we have not pursued that option here, but it can be an interesting direction for future research.

The obtained results are depicted in Table 7. It can be observed that, on the one hand, the modularity
scores of the MBO-based methods are noticeably lower. This suggests that the initial condition U° of
the algorithm influences the outcome. But, on the other hand, the other classification metrics increase
significantly for all approaches when using 10% of ground truth. In addition, using supervision leads
to a notable reduction of computing times (number of iterations) under the modularity-based stopping
criterion.

7.3. Stochastic block model

The SBM [32] evolved from the study of social networks. The SBM is a model to create random graphs
in which the node set is split into separate groups, also known as blocks, that determine the edge connec-
tivity structure. The SBM is constructed by generating an undirected edge between each pair of nodes
independently. The probability of an edge linking two nodes is solely determined by the blocks to which
the nodes belong.

We start the unweighted SBM graph construction with a node set V that is partitioned into several
equally-sized subsets called blocks. In a general undirected SBM setting (without self-loops), undirected
edges are constructed between each pair of distinct nodes independently with a probability that depends
only on the block memberships of both nodes. We restrict ourselves to a specific setting in which the
probability for each (non-self-loop) intra-block connection, pg., is the same, and the probability for
each inter-block connection, pgy, is the same. We want py;r to be smaller than p,,. and study two types
of SBMs: strong and weak community structures. To obtain a strong community structure, we set pgme =
0.95, and pgr = 0.01. In contrast, in the weak community structure, the probabilities are p,,. = 0.3 and
Par = 0.1. Table 8 summarises the parameters we use to construct realisations of the SBM. Examples
of adjacency matrices of realisations of the strong and weak community structure at K = 10 are shown
in Figure 4, where the dark colour indicates the existence of an edge and white the absence.

By construction, the ground truth community assignments of each node in a realisation of an SBM
are known.
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Table 8. Parameter settings used to construct the SBM

Parameter Value

Nodes V] =3000

# blocks 10

Block size |V|/ Number of blocks

Probability Strong community structure: pg,. = 0.95, pgg = 0.01

Weak community structure: pg,n. = 0.3, pag = 0.1

(b)
¥

SBM with the strong community structure. SBM with the weak community structure.

Figure 4. SBM: Adjacency matrices of realisations of the strong and weak community structure where
the number of blocks is 10.

Figure 5 depicts the first 16 eigenvalues of Ly,, Lpoya (using Ly, or Ly, as graph Laplacian) and
Luix € {Lwyw + ¥ Qpym> L, + 7 Oy LB%ym + QB?sym’ Ly + Qs  — D,;;DB, Qg } for a realisation of
an SBM with 10-block strong and weak community structures, y = 1, and the NG null model. It is
worth noting that there is a sudden jump in the eigenvalues for both the strong community structure
(Figure 5a) and weak community structure (Figure 5b) at the tenth eigenvalue.® The graph on which
Figure 5 is based did not require the use of the Nystrom extension with QR decomposition (Section 6.4)
for the eigenvalue and eigenvector computation. We have used the Nystrom extension only for graphs
with more than 10,000 nodes. In this case, we use the implicitly restarted Lanczos method [44] to find
the eigenvalues and eigenvectors.

The parameters used for performing the MMBO schemes, Hu ef al.’s method and Boyd et al.’s
method are given in Table 9. To motivate the choice of m, the number of eigenvalues we used in different
methods, we investigate the effect of the number of used eigenvectors on the final result. In Figure 6,
we plot the modularity score produced by varying m, using the eigenvalues from Figure 5 which are
obtained for a single realisation of an SBM with 10 blocks. For each value of m, each algorithm is
run 20 times and the average modularity scores are plotted. To avoid cluttering the plots, we have only
included results for the algorithms that use the symmetrically normalised (signless) Laplacians. Similar

%0Remark D.4 in Appendix D discusses possible relations of the occurrences of jumps of the eigenvalues of Liix = Ly +
¥ OPgym (OF Limix = Lw,,, + ¥ Qp,,) on the one hand and Ly, (or Lw,,) on the other hand, for P = PNG, the NG null model.
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Figure 5. SBM with strong and weak community structure: spectra of Ly, sy Ltures Lioyasymr Lioydw
and four choices of Ly € {Lw,,,, + v Qp,» Lw, + vV Qpoo Lig | + Qs Ly + Oy, — D;;DBV Os; )
with y =1 and the NG null model, for a single realisation of an SBM with 10 blocks. The fol-
lowing graphs overlap: Ly sm and Ly Lgoyasym and Lgoyarw; L, + v Qp,,, and Ly, +yQp,,
(which is expected thanks to Remark 5.2); LBTM + Oy~ and (using that Dy =0 by (20))

1 sym

Lyt +Qp —Dy D5 Qp =Lyg +Qp (whichis expected from Remark 5.3).
" p : "

results were obtained when using the random walk (signless) Laplacians. Upon examining Figure 6, it
is apparent that all depicted methods achieve the highest modularity score (within the depicted domains
for m) at m = 12 for the strong community structure (as shown in Figure 6a) and at m = 10 for the weak
community structure (illustrated in Figure 6b). Moreover, the maximum modularity scores achieved by
the methods are approximately the same (see also Tables 11 and 12). The combined observations from
Figures 5 and 6 suggest that the number of eigenvectors chosen should be at least the same as the number
of clusters, that is, m > K.

Tables 10—12 present results that are obtained using the same realisation of an SBM with 10 blocks
that was used for Figures 5 and 6. Each method was run 20 times, and the average modularity scores
and other quantities of interest are reported in the tables, followed by the maximum deviations from the
average in parentheses. The reported times are average time per run, including the computation of eigen-
vectors and eigenvalues for the methods that require that. The number of iterations refers specifically to
the iterations of the respective MBO schemes in both MMBO algorithms, Hu et al.’s method and Boyd
et al.’s method. For those four methods, stopping criterion (48) was used. For the methods that require
a prescribed value of K, we use K found by the Leiden algorithm, that is, K = 10 for both the strong
community structure and the weak community structure, since the highest modularity scores in Table 10
are obtained at this value. Using what we learned from Figure 6, for both MMBO algorithms and for
Hu’s method and Boyd’s method we choose m = 12 for the SBM realisation with strong community
structure and m = 10 for the one with weak community structure.

We recall the variability of the initial condition U in Algorithms 1 and 2, where each node is ran-
domly allocated to a community under the constraint that each community contains at least one node.
This initial assignment can differ in each iteration. However, such variations in the initial conditions
have a negligible effect on the modularity score that the algorithms yield.

Consider first the results for the SBM with strong community structure, as presented in Tables 10
and 11. It can be observed that the best modularity score, with the value 0.813, is computed with the
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Table 9. Parameter setting of the
MMBO schemes, Hu et al.’s and Boyd
et al.’s methods in SBM

Parameter Value
Clusters Kequal to # blocks
N, 3

n 10

y 1

0775 ﬁ\ 0.14

0.750
0725

0.700

Modularity

0.675 Hu et al.'s method with Lyy, sym

Modularity

Hu et al.'s method with Liu, sym

-# Boyd et al.'s method with Laoya, sym 011 f -# Boyd et al.'s method with Leoya, sym

0.650

0.625

MMBO Algorithm 1 with Lw, . + yQp, .,
MMBO Algorithm 1 with Lg:,_ + Qs ..
MMBO Algorithm 2 with Lw, . + yQr, .,
MMBO Algorithm 2 with Ls, _ +Qs; ..

MMBO Algorithm 1 with Lw, . + yOr,.,
MMBO Algorithm 1 with L, + Qs ..
MMBO Algorithm 2 with Lw, . + vQe,,,
MMBO Algorithm 2 with Lg:, . +Qa; .,

0.600

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16

Number of eigenvectors used (m) Number of eigenvectors used (m)

Different choices of m for SBM with weak
community structure.

Different choices of m for SBM with strong
community structure.

Figure 6. SBM with strong and weak community structures: modularity depending on the number of
eigenvalues used (m) for SBM blocks are 10. The number of clusters K used by the MMBO schemes, Hu
et al.’s and Boyd et al.’s methods are obtained from Leiden algorithm, that is, K = 10 for both the strong
community structure and the weak community structure. All methods use y = 1, the partitioned-based
stopping condition (48) and the NG null model. The red circle solid curve and purple triangle solid
curve are overlapped by the brown diamond dashed curve and pink octagon dashed curve, respectively.

Louvain method, Leiden algorithm, CNM and spectral clustering. Also all other evaluation measures
(except the run times) are identical for these methods; in fact, these four methods return exactly the
ground truth. The Leiden algorithm is the fastest of all methods and is one of the methods that gives the
highest modularity score. Although the Louvain method and spectral clustering also give high modular-
ity scores, these methods are slower than the MBO-based methods (i.e., both MMBO algorithms, Hu’s
method and Boyd’s method) in Table 11. The average modularity scores for both MMBO algorithms,
which are around 0.77, are similar to Hu ef al.’s and Boyd et al.’s methods, but not decisively so when
taking into account the reported maximum deviations from the average. The modularity scores, ARI,
(inverse) purity and NMI in Table 11 are also very similar for these MBO-based methods.

The results for the SBM with weak community structure are presented in Tables 10 and 12. Their
evaluation leads to very similar conclusions as for the case of the strong community structure. Noticeable
differences are that the Louvain, CNM and spectral clustering methods do no longer reproduce the
ground truth. The Leiden algorithm not only gives the highest modularity and highest value for all other
evaluation metrics but also has the shortest run time of all methods.

A surprising result from Tables 10, 11 and 12 is that in the strong community structure case, none
of the MBO-based methods return the same number of non-empty clusters as the ground truth has,
even though the Louvain method, the Leiden algorithm, the CNM method and spectral clustering all do
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Table 10. SBM: average NG modularity, other classification metrics scores, and average computation time per run obtained from 20 runs. The
best average results for the strong and for the weak community structure in each column are shown in boldface. For the number of non-empty
clusters we consider the one closest to the ground truth number 10 to be ‘best’ in this context

Community NG Inv. Non-empty Time
structure Method modularity ARI Purity purity NMI clusters (s)
Strong CNM 0.813 (+0.0) 1.0 (£0.0) 1.0 (£0.0) 1.0 (£0.0) 1.0 (£0.0) 10 (£0) 41.1 (£2.6)

Louvain  0.813 (£0.0) 1.0 (£0.0) 1.0(£00) 1.0(£00) 1.0(£0.0) 10(£0)  4.6(£1.5)
Leiden  0.813 (£0.0) 1.0 (£0.0) 1.0(£00) 1.0(£00) 1.0(£0.0) 10(£0)  0.6(£0.2)

Weak CNM  0.107(£0.0)  036(£00) 039(£00) 092(£0.0) 063(£00) 4(£0) 61.9(£17)
Louvain  0.145(£0.001) 0.88(£0.01) 0.88(£0.01) 1.0(£0.0) 096(£001) 9(£1)  71(+14)
Leiden  0.149 (£0.0)  1.0(£00)  1.0(£00) 1.0(£00  10(£00)  10(£0) 1.0(£04)
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Table 11. SBM with strong community structure: average performance of algorithms regarding modularity scores, various classification indicators,
average time per run, and average number of iterations per run. The number of clusters K used by spectral clustering, MMBO schemes, Hu et al.’s,
and Boyd et al.’s methods are obtained from the Leiden algorithm, that is, K = 10. Moreover, for the MMBO schemes, Hu et al.’s method and Boyd
et al.’s method, we choose m = 12. The best average results in each column are shown in boldface (we exclude the ground truth numbers). For the
number of non-empty clusters we consider the one closest to the ground truth number to be ‘best’ in this context

NG Inv. Time Non-empty #
Method modularity ARI Purity purity NMI (s) clusters iter.
MMBO Lyys Opye 0779 (£0.032) 0.79 (£0.08) 0.77(x0.13) 1.0(+0.0) 093 (+£0.06) 1.3(£03) 38(x2) 4(£2)
Algorithm 1 Ly, , Qp,,  0.762 (£0.025) 0.75(£0.04) 0.73 (£0.03) 1.0(£0.0) 091(%£0.02) 1.3(£04) 8(x1l) 32(x£0.8)
Ly, . Os,,, 0.779 (£0.035) 0.79 (£0.08) 0.77 (£0.13) 1.0(£0.0) 093 (£0.06) 1.3(£0.5) 8(=£2) 4(x1
Ly, Qp. 0771 (£0.025) 0.76 (£0.04) 0.76 (£0.03) 1.0(£0.0) 091(£0.02) 1.4(£04) 8(x1) 3.0(£1.0)
MMBO Lyys Opy 0.779 (£0.021) 0.81 (£0.08) 0.80 (£0.10) 1.0 (+0.0) 094 (£0.05) 1.3(£04) 8(+x2) 4(x2)
Algorithm 2 Ly, ,Qp, 0.763(£0.024) 0.76 (£0.05) 0.73 (£0.05) 1.0(x0.0) 091(%£0.02) 1.5(£06) 8(x1) 3.8(%£0.2)
Ly, Op,,, 0.779 (£0.022) 0.81 (£0.08) 0.80(+0.10) 1.0(£0.0) 0.94(£0.05 1.3(£05) 8(£2) 4(x£2)
Lgi, Qs  0.771 (£0.020) 0.78 (£0.07) 0.77 (£0.06) 1.0(£0.0) 091(£0.03) 1.5(£04) 8(£1) 3.6(x£04)
Hu et al. Ly, 0.779 (£0.018) 0.80 (£0.10) 0.80(+£0.12) 1.0(+0.0) 093(£0.04) 20(£04) 8(£1D 5(£2)
Ly, 0.770 (£0.020) 0.79 (£0.10) 0.78 (£0.11) 1.0(£0.0) 093 (£0.04) 19(£04) 8(£1D 5(£1)
Boydetal. Ly, 0.779 (£0.024) 0.81 (£0.09) 0.80(£0.10) 1.0(x0.0) 093(£0.04) 1.6(£0.5) 8(x1) 47(X£0.1)
Ly, 0.767 (£0.023) 0.80(£0.09) 0.79 (£0.10) 1.0(x0.0) 092(£0.02) 1.5(£0.5) 8(xl) 43(£04)
Spectral 0.813 (£ 0.0) 1.0 (£0.0) 1.0(+£0.0) 1.0(£00) 1.0(£00) 24(x04) 10(X0) -
clustering
Ground truth 0.813 1.0 1.0 1.0 1.0 - 10 -
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Table 12. SBM with weak community structure: average performance of algorithms regarding modularity scores, various classification indicators,
average time per run, and average number of iterations per run. The number of clusters K used by spectral clustering, MMBO schemes, Hu et al.’s,
and Boyd et al.’s methods are obtained from the Leiden algorithm, that is, K = 10. Moreover, for the MMBO schemes, Hu et al.’s method and Boyd
et al.’s method, we choose m = 10. The best average results in each column are shown in boldface (we exclude the ground truth numbers). For the
number of non-empty clusters we consider the one closest to the ground truth number to be ‘best’ in this context

NG Inv. Time Non-empty #
Method modularity ARI Purity purity NMI (s) clusters iter.
MMBO Ly, Oy 0.141 (£0.008) 0.77 (£0.10) 0.75(£0.15) 1.0(£0.0) 0.92(£0.06) 1.5(£06) 8(£2) 5(£2)
Algorithm 1 Ly, , Qp,  0.140(£0.003) 0.76 (£0.08) 0.74 (£0.10) 1.0(x0.0) 091 (£0.03) 1.8(£0.5) 7(x1) S5(£1)
Ly, Os,,, 0.141(£0.007) 0.77(£0.10) 0.75(£0.15) 1.0(£0.0) 092(+0.06) 1.4(x04) 8(£2) 5(£3)
Ly, O, 0.140 (£ 0.003) 0.76 (£0.08) 0.74(£0.10) 1.0(£0.0) 091(£0.03) 1.6(£04) 7(x1) 5(x1)
MMBO Lyys Opyye 0.141(£0.008) 0.77 (£0.10) 0.75(=+0.15) 1.0(£0.0) 092(+£0.06) 1.7(x0.5) 8(£2) 5(£3)
Algorithm 2 Ly, ,Qp,  0.140(£0.003) 0.76 (£0.07) 0.74(£0.09) 1.0(x+0.0) 091 (£0.03) 22(+05) 7(x1) 5(£1
Ly, Op,, 0.141(£0.007) 0.77(£0.10) 0.74(£0.14) 1.0(+0.0) 091(£0.06) 1.6(£06) 7(£2) 6(X£D)
Ly, Qs  0.140(£0.003) 0.76 (£0.07) 0.74(£0.09) 1.0(£0.0) 091(4£0.03) 20(£07) 7T(£1) 5(x1)
Hu et al. Ly, 0.141 (£0.004) 0.75(x0.10) 0.73(%£0.13) 1.0(£0.0) 091(£0.05) 23(£03) 7(x1) 5(x1
Ly,, 0.141 (£0.006) 0.76 (£0.13) 0.74(£0.11) 1.0(£0.0) 091(£0.06) 23(£03) 7(x2) 5(x2)
Boydetal. Ly, 0.141 (£0.005) 0.77(£0.10) 0.75(%£0.15) 1.0(£0.0) 092(£0.06) 19(£04) 8(x2) 7(x3)
Ly, 0.140 (£0.005) 0.76 (£0.10) 0.74(£0.14) 1.0(£0.0) 091(£0.05) 1.8(£04) 7(x2) 8(x3)
Spectral 0.146 (+£0.001) 090 (x=0.01) 090(£0.0) 1.0(£0.0) 096 (£0.01) 3.0(£07) 9(x1) -
clustering
Ground truth 0.149 1.0 1.0 1.0 1.0 - 10 -
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Table 13. Two cows: parameter settings for the Nystrom extension and edge weights
in (59) (left) and parameter setting of the MMBO schemes (right)

Parameter Value Parameter Value
k 500 Clusters Determined by Louvain’s method or K =3
o 50 m m=K

N, 3

n 1073

% 1

while also achieving a higher modularity score. This observation remains true even in the case with weak
community structure, except for the CNM method, which performs poorly. In the MNIST example, the
number of non-empty clusters found by the MBO-based methods (Tables 6 and 7) is a lot closer to that
of the ground truth than to the number found by the Louvain method and Leiden algorithm (Table 5),
even though all these methods give similar average modularity scores (with the Louvain method even
giving the highest average score). Looking ahead to the ‘two cows’ example of Section 7.4, we can draw
a similar conclusion as in the MNIST case when we compare the number of clusters found by the MBO-
based methods (Tables 15 and 16) with the Louvain method and Leiden algorithm (Table 14); in that
case also, the CNM method performs quite well in this regard. Despite that, the modularity scores that
are obtained by the Leiden algorithm and, especially, the Louvain method, in that setting are noticeably
higher than those obtained by the MBO-based methods. In this context, it is useful to note that Hu’s
method and Boyd’s method were not tested on SBMs in [33] and [7], so we have no other tests on SBMs
for the MBO-based modularity optimisation methods with which to compare the results that we obtained
here.

7.4. Two cows

The ‘two cows’ image is a 213 x 320 RGB image [4, 52]. The classification task consists in identifying
pixels that include comparable components, such as sky, cows and grass.

We model the image by a graph as follows. With each pixel i of the image, we associated a node i
in the graph; hence, |V| =213 x 320 = 68, 160. We then define the weighted adjacency matrix W by
assigning to each node i € V a feature vector x; € R* and defining w; to be as in (59) with o = 50. The
feature vector of node i contains the three RGB intensity levels for each of the nine pixels in the three-
by-three patch centred at pixel i in the image. To obtain full patches for pixels at the edge of the image,
we use symmetric padding, which consists of adding an extra row or column of pixels around the edge
of the image that mirror the pixel values that are at the edge of the image.

Actually constructing the matrix W g R!160x68160 woyld require too much memory and computing
time to be feasible, if even possible. Due to the Nystrom extension with QR decomposition from Section
6.4, however, we can still compute the eigenvalues and eigenvectors of L, for the MMBO schemes or
of the method-specific matrices for Hu’s method and Boyd’s method. All parameter values that we use
are listed in Table 13.

Observing the original RGB image, we manually cluster the pixels into three ‘communities’ repre-
senting the sky, the grass and both cows. In the ‘ground truth’ image in Figure 7, we have represented
each cluster by a different colour.

Figure 7 and 8 display the image segmentation outcomes for the various methods. We have run each
method 20 times and display the result with the highest modularity score. In Algorithms 1 and 2, the
initial condition U° varies, as each node is randomly assigned to a community with the constraint that
each community contains at least one node. Although this assignment may differ in each iteration, these
variations have a negligible impact on the resulting modularity score. Tables 14—16 show the average
modularity scores and other quantities of interest, followed by the maximum deviation (in absolute value)
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Table 14. Two cows: average performance of algorithms regarding modularity scores, various classification metrics, and computation time per
run under NG null model. The best average result in each column is shown in boldface (we exclude the ground truth numbers). For the number of
non-empty clusters we consider the one closest to the ground truth number 3 to be ‘best’ in this context

NG Inv. Time Non-empty
Method modularity ARI Purity purity NMI (s) clusters
Louvain 0.92 (£ 0.01) 0.017 (£ 0.001) 0.98 (£0.01) 0.05 (£ 0.0) 0.30 (£0.01) 50.8 (£3.3) 168 (£ 10)
CNM 0.70 (£ 0.02) 0.31 (£0.01) 0.75 (£ 0.01) 0.66 (= 0.0) 0.45 (£0.01) 1586.5 (£ 183.4) 7(x1)
Leiden 0.87 (£0.01) 0.23 (£0.03) 0.99 (+0.01) 0.31 (£0.04) 0.52 (+0.02) 3.8(£0.5) 16 (£2)
Ground truth 0.53 1.0 1.0 1.0 1.0 - 3
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Table 15. Two cows: average performance of algorithms under the NG null model regarding modularity scores, various classification metrics, and
computation time per run under the NG model. In all cases, K = 168 is applied to spectral clustering, MMBO schemes, Hu et al.’s method, and
Boyd et al.’s method. Note that for the MMBO schemes, Hu et al.’s and Boyd et al.’s methods, we choose m = K = 168 and use modularity-based
stopping condition (49). The best average results in each column are shown in boldface. For the number of non-empty clusters we consider the one
closest to the ground truth number 3 to be ‘best’ in this context

NG Inv. Time Non-empty iter.
Method modularity ARI Purity purity NMI (s) clusters iter.
MMBO Ly, Opy 079 (£0.06) 0.45 (0.08) 0.98 (£0.01) 0.64 (£0.08) 0.66 (£0.07) 158 (+£3.3) 7(£1) 34(x16)
Algorithm 1 Ly, Qp, 0.77(£0.04) 0.42(£0.03) 098 (£0.01) 0.58 (£0.06) 0.64 (£0.02) 13.1(£25) 7(£2) 37(£10)
Ly, Op;,, 0.55(£0.08) 0.48 (+£0.09) 0.80(+0.02) 0.75(£0.05) 0.45(£0.06) 204 (£8.9) 8(x2) 59(£20)
Lgi,Qp-, 056 (£0.08) 0.44(£0.07) 0.78(£0.03) 0.83(£0.02) 0.46(£0.02) 225(£3.9) 6(£2) 41(x17)
MMBO Ly,.» Oprym 079 (£0.05) 0.43 (£0.07) 0.98 (£0.01) 0.64 (£0.05) 0.64 (£0.05) 20.7(£5.1) 8(£1) 37(x£20)
Algorithm 2 Ly, Qp, 0.78 (£0.03) 0.42(£0.02) 0.98 (£0.01) 0.59 (£0.05) 0.65(£0.05) 235(£58) 6(£2) 33(£16)
Lgy,.. O, 0.58(£0.15) 0.37(£0.08) 0.79 (£0.04) 0.69 (£0.12) 043 (£0.07) 302(£11.6) 8(£2) 45(x17)
Lgi, Qg  0.60(£0.12) 0.35(£0.07) 0.80(£0.04) 0.70(£0.10) 0.43 (£0.05) 263 (£7.5) 12(£4) 29(+£13)
Hu et al. Ly,,,, 0.76 (£0.04) 0.41(=x£0.02) 098 (£0.01) 0.57(%£0.02) 0.64(£0.01) 428 (£15.0) 8(x£1l) 44(£13)
Ly, 0.78 (£0.04) 0.34(%0.03) 098 (£0.01) 0.49(£0.06) 0.58(£0.03) 445(+12.7) 13(£3) 44(£28)
Boydetal. Ly, 0.76 (£0.03) 0.41(=%£0.02) 098 (£0.02) 0.57(£0.03) 0.64(£0.02) 349(+10.6) 8(£2) 40(£32)
Ly,, 0.78 (£0.03) 0.41(=x£0.02) 098 (£0.02) 0.64 (+0.03) 0.64(£0.03) 324 (+13.1) 13(£2) 39(£26)
Spectral 0.85(£0.02) 0.03(£0.00 096 (£0.01) 0.10(£0.01) 0.27(£0.01) 52.7(£5.1) 168 (£0) —
clustering
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Table 16. Two cows: average performance of algorithms regarding modularity scores, various classification metrics, and computation time per run
under the NG model. In all cases, K = 3 is applied to spectral clustering, MMBO schemes, Hu et al.’s method, and Boyd et al.’s method. Note that
for the MMBO schemes, Hu et al.’s and Boyd et al.’s methods, we choose m = K =3 and use modularity-based stopping condition (49). The best
average results in each column are shown in boldface. For the number of non-empty clusters we consider the one closest to the ground truth number

3 to be ‘best’ in this context

NG Inv. Time Non-empty #
Method modularity ARI Purity purity NMI (s) clusters iter.
MMBO Ly,> Opy, 0.54(£0.08) 0.95(+0.06) 0.99 (£0.05) 098 (+£0.04) 0.92(+0.10) 5.1(+1.3) 3(£1) 7(£5)
Algorithm 1 Ly, ,Qp, 0.54(£0.06) 0.94 (£0.06) 0.99 (£0.04) 0.98 (£0.03) 0.92(+0.10) 4.5(£1.0) 3(x1) 8(x5)
Ly, O, 0.50(£0.03) 0.88(£0.29) 096 (£0.17) 098 (+£0.03) 0.85(+£0.31) 7.5(£22) 3(£1) 11(£98)
Ly, Qs  052(4£0.03) 0.85(%0.18) 093 (£0.11) 096 (£0.02) 0.84(£0.27) 62(£1.7) 3(£1) 10(£9)
MMBO Ly,> Qpy, 0.54(£0.08) 0.95(£0.06) 0.99 (£0.04) 0.98 (£0.04) 0.92(£0.09) 6.3(£1.5) 3(x1) 7(£4)
Algorithm 2 Ly, ,Qp, 0.54 (£0.06) 0.94 (£0.08) 0.97 (£0.05) 0.98 (£0.05) 0.92(£0.13) 55(£1.9) 3(x1) 8(£6)
Lgy,.. O, 0.50(£0.04) 0.88(£0.23) 0.96(£0.17) 0.98 (+£0.03) 0.85(+£0.21) 9.7 (£2.6) 3(x1) 13(x7)
Lyt ,Qp,  052(£0.03) 0.90(£0.20) 0.96(£0.13) 097 (£0.02) 0.84(£0.17) 7.1(£1.6) 3(£DH) 10(£4
Hu et al. Ly, 0.54 (£0.05) 0.90(£0.07) 0.93(£0.10) 096 (£0.05) 0.83(%£0.10) 9.4(%£1.2) 3(£1) 12(£6)
Ly, 0.54 (+£0.05) 091 (+£0.08) 0.92(£0.09) 0.96(£0.06) 0.83(£0.13) 10.7(+x14) 3(£1) 12(£6)
Boydetal. Ly, 0.54 (+£0.05) 0.93(£0.08) 0.97 (£0.06) 0.97 (£0.06) 0.88(£0.13) 69 (£1.2) 3(x1) 11(x6)
Ly, 0.54 (+£0.05) 0.93(£0.08) 0.97(£0.06) 0.97(£0.06) 0.89(=%£0.13) 7.3(£1.1) 3(£1) 12(£6)
Spectral 049 (£0.02) 0.87(£0.01) 0.95(£0.01) 095(£0.01) 0.83(%£0.01) 11.6(£1.5 3(x£0) —

clustering
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RGB image Ground Truth Louvain

Leiden Spectral Clustering with 168 classes

MMBO Algorithm 1 with L, + yQe,, MMBO Algorithm 1 with Lg: . + Qs; ...

MMBO Algorithm 2 with Lu, ., + vQr,.,

e

MMBO Algorithm 2 with Ly, + vQr,,

MMBO Algorithm 1 with Lg, + Qs;,, = D5}Ds,Qp

MMBO Algorithm 2 with Las, . + Qs; .. MMBO Algorithm 2 with Lg: , + Qs — D§*Ds Qs ., Hu et al.’'s method with Ly, sym

Boyd et al.'s method with Lgoyd, sym

Figure 7. The ‘two cows’ image segmented using different methods with y = 1. The number of clusters
K used by MMBO algorithms, Hu et al.’s method and Boyd et al.’s method is obtained from Louvain’s
method, that is, K = 168. Moreover, for the MMBO schemes, Hu et al.’s method and Boyd et al.’s method,
we choose m = K = 168. Each method’s displayed image segmentation result is the one with the highest
modularity scores for that method from among 20 runs.
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Spectral clustering 3 classes MMBO Algorithm 1 with Lw, , + vQr, .

MMBO Algorithm 1 with Lw,, + yQer,,

MMBO Algorithm 1 with Lg; . + Q8 MMBO Algorithm 1 with Lg+  + 09 —D. ng 05 = MMBO Algorithm 2 with Lw, ., + yQr,.,
MMBO Algorithm 2 with Ly,, + ¥Qe,, MMBO Aligorithm 2 with La;, MMBO Algorithm 2 with Lg:  + Qg — DBJDE Qs; .

Hu et al.'s method with Luy, sym Hu et al.'s method with Ly, rw Boyd et al.'s method with Laoyg, sym

——T
ar “aw “w

Boyd et al.'s method with Leoyd, rw

Figure 8. The ‘two cows’ image is segmented using different methods with y = 1. The number of clusters
K used by MMBO algorithms, Hu et al.’s method and Boyd et al.’s method is obtained from the ground
truth (shown in Figure 7), that is, K = 3. Moreover, for the MMBO scheme, Hu et al.’s method and Boyd
et al.’s method, we choose m = K = 3. Each method’s displayed image segmentation result is the one
with the highest modularity scores for that method from among 20 runs.

from the average in parentheses. The MMBO schemes, Hu et al.’s method and Boyd et al.’s method are
implemented using the modularity-based stopping criterion (49). Moreover, we set m = K.

These figures also explore two different strategies for determining the value of K in spectral cluster-
ing, MMBO schemes, Hu et al.’s method and Boyd et al.’s method. The first strategy involves using the
Louvain method to determine K (Figure 7). We see that spectral clustering is not capable of segmenting
the cows completely. Even worse, the Louvain method segments the images too finely if reproducing
the ground truth is the goal, finding about 168 (non-empty) clusters. This does, however, give a high
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modularity score. This suggests that there are better values of y to choose for the Louvain method if we
want to reproduce the ground truth partition. Besides with y = 1, we also tested Louvain’s method with
y €{0.5, 1.5, 2} and found on average 72 (for y = 0.5), 263 (for y = 1.5) and 359 (for y = 2) non-empty
clusters.5!

In Figure 7, the MMBO schemes effectively group most sky-representing pixels into a single class,
while the Boyd method (with Ly, ) manages to cluster some cow-representing pixels together. However,
none of these methods achieves a level of segmentation that comes close to matching the ground truth,
although it should be noted that the MBO-based methods return a number of non-empty clusters that is
much closer to the ground truth than might be expected based on the choice K = 168.

The second strategy for determining the value of K is based on the ground truth. Upon examining
the ground truth, we find that K = 3. This approach leads to the results shown in Figure 8. In this figure,
the MMBO schemes (with Ly, + ¥ Qp,,, and Ly,, + ¥ Qp,,) successfully classify the sky and cows,
clustering the cows (of different colours) into a single category. Nevertheless, a few pixels representing
grass are incorrectly labelled as cows.

In Tables 1416, we present quantitative results. With respect to the modularity score, the Louvain
method performs best, but at substantially greater run time than most other methods (except CNM).
It should be noted that the Louvain method finds 168 clusters. Out of the other methods, the Leiden
algorithm achieves the highest average modularity and shortest (average) running time, but ARI, inverse
purity and NMI are lower than those of MBO-based methods. Also the number of non-empty clusters
that is found by the Leiden algorithm, although much closer to the ground truth than the number that the
Louvain method found, is still further removed from the ground truth number than the numbers obtained
by the MBO-based methods. This suggests modularity may not be the best metric to capture the ground
truth behaviour in this case; this suggestion is all but confirmed by the low modularity score obtained
by the ground truth in Table 14, at least for the modularity score with y =1 and the NG null model.
In Table 16, we show the result with the ground truth value K = 3, for those methods that allow us to
specify the value of K. Observing Tables 15 and 16, we note that in some cases, the MMBO schemes
(with Ly, + v Op,,,) obtain a slightly higher average modularity score than the methods from Hu et al.
and Boyd et al.

8. Conclusion and future research

In this paper, we have derived a novel expression for the modularity function at a fixed number of
communities in terms of total variation functional based on the graph and a signless total variation func-
tional based on the null model. From this expression, we have developed a modularity MBO (MMBO)
approach for modularity optimisation. When working with large networks, we implement the Nystrém
extension with QR decomposition to compute the leading eigenvalues and corresponding eigenvectors.

Our MMBO schemes can handle large data sets (such as the MNIST data set) while requiring low
computational costs. In numerical experiments, we compared our method with the Louvain method [6],
the Leiden algorithm [71], CNM [19] and spectral clustering [37], and the methods by Hu et al. [33] and
Boyd et al. [7]. These experiments show that our methods are competitive in terms of modularity scores
and run times with most of the other methods. We have observed that the Leiden algorithm often obtains
a somewhat higher modularity score in a shorter time. With respect to the other evaluation metrics of
interest, the MMBO methods sometimes outperform all the other methods. In particular, we note that all
the MBO-based methods, and especially the MMBO methods, often find substantially smaller numbers
of clusters than the other methods, including Leiden, which hints at an inherent scale in these methods
that is of interest for future research.

Other potential directions for future research are the generalisation of the MMBO algorithms to
signed graphs, that is, graphs in which the edge weights may be negative as well, along the lines of

1n fact, the results of Hu ef al. [34] suggest that values around y = 0.13 could lead to a smaller number of clusters, closer to
the ground truth.

https://doi.org/10.1017/5095679252400072X Published online by Cambridge University Press


https://doi.org/10.1017/S095679252400072X

68 Z. Lietal

Cucuringu et al. [20], the incorporation of mass constraints or fidelity forcing based on training data,
as in Budd and Van Gennip [11] and Budd et al. [12], respectively, and the combination of the MMBO
scheme with artificial neural networks, similar to Liu et al. [45]. Also the use of different null models
can be considered.

The newly proposed MMBO algorithms in this paper share an underlying philosophy in their con-
struction with the methods by Hu et al. and Boyd et al.. The first step in devising each of these methods
is to rewrite the modularity functional into an equivalent form. Then the non-convex discrete domain
is relaxed into a convex domain. The first step in this approach allows for the use of a great variety of
functionals that are all equivalent to the modularity functional on the original discrete domain. One of
the reasons for the choice we made in this paper is that it clearly illustrates the role of the null model in
the modularity functional. A more systematic study into the effect of the choice of equivalent functional
in this first step on the accuracy of the resulting method would be a very illuminating topic for future
research.
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Appendix A Multiple-well potential with 1-norms and 2-norms

From (36) we recall that, for w € R¥,
K

_ 1 1 k)| )2
P (W) = 5 gﬂw el
Merkurjev et al. [48, Section 2.1] and Garcia-Cardona et al. [24, Section 3.1] argue that the choice for
1-norms instead of 2-norms is driven by the presence of an unwanted local minimiser in the interior of
the simplex G(K) from (44) when 2-norms are used.

First we prove that such a minimiser indeed does not exist with the current definition as in (36). Recall
that 15 € RX is the column vector whose entries are all 1.

Lemma A.1. Let K > 3. The only local minimisers of the function ®,,, from (36) on RX are its global
minimisers at the vertices of the simplex &(K) from (44) and a local minimiser (which is not a global
minimiser) at —I .

Proof. We recall that the vertices of the simplex G(K) are the vectors ¢® that are defined in Section
4.2. Since @, > 0 and @,,;(w) = 0 if and only if w = e®, it is clear that @, has global minima at and
only at these vertices.

Now assume that w € R¥ is such that, for all j € {1, ..., K}, w; & {—1,1}. Then

91 k)12 1 (k) 9 - (k) ! (k) (k)
gl = eVl =S lw = eVl 3w — el = Ssgntw; — ¢)llw — el
J j

7 =1
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Thus
3 1« 1
- . (S NI () Ll — 02
oy, i) = 5 ;sgmw, eV)w—e ||1£[4||w "I}
Ik
1 & 20,.,(w)
S ey [ S Tmar T
=g 2 =) <1||w—e<k>||1>
k=1 4
sgn(w; — e(k))
=2®,u(w
: )kz, lw — e®1);
Assume that ®,,,; has a local minimum at w = w* which satisfies, for all j € {1,..., K}, w; ¢ {—1, 1}.

Then, for all j € {1,...,K}, -2 ®,.(w) =0. Since w* is not a vertex of the s1mplex @mul(w )# 0 and

’ 8w

thus, forallje{l1,...,K},

sgn(wt — e(”)
Z g— (60)
[w* — e®]l

k=1

If wr < —1, then, for all k € {1,...., K}, sgn(w; — ej(.k)) = —1 and thus
L e — e,

This is a contradiction. If w; > 1, then, for all k € {1, ..., K}, sgn(w} — e(")) =1, which leads to a sim-
ilar contradiction. Hence, 1t must hold that, for all j e {1 K}, wi € (= 1,1). In that case, for all

je{l,....K}, if k=j we have sgn(w! —¢{”) = —1 and for all ke {1,...,K} \ {j} we have sgn(w; —

e’y = 1. Therefore, for all j € {1,...,K},

Ma

[[w* — 6’(’)”1 o lw* — e”‘)lln
j
Summing both sides over all j € {1, . .., K}, we obtain
i 1 K K 1 K
* _ o)) = Z * __ p(k) Z _ plk)
lw =0l et — e £ el

\._.

k=
k:
Since K > 3, it follows that

e —e®l,

k*=1

which is again a contradiction. (For future reference, we note that the proof by contradiction that followed

(60) did not depend on any properties of ||w* — e®||; except its positivity.)

Hence if @, has a local minimum at w*, there must exist aj € {1, ..., K}, such that w; € {—1, 1}.

Assume there is exactly one such j which we call j* and define the subspace
K .__ K. gk
Ry = {weR w =wi}.

Since @, has a local minimum at w*, ®,,4|r« also has a local minimum at w*. If we write
J

K
k . k
||W—€()||1,Rj’i = E |Wj—€,(-)|7
j=1
I
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then
lw—e®l; |M =g+ lw—e?| LEE »
J

where

0, =if(w.=—1andk#/j)or(w,=1and k=j"),
gi:= (L +wp) = 2wy = '
2, =if(w.=—1landk=j")or (w;. =1and k #j").

In particular g; > 0. Thus

Qg © ANRNE=S! © 2
Pualeg =5 (T (1= eIl ) ) =5 (T (a+1w—e®llsg) ).

k=1 k=1

Recall that we have assumed that, if j # j*, then w; ¢ {—1, 1}. Hence, in that case

a

1 ® 21
= (= ellag) =5

el
S 3 (@ 1w =Pl ) 21w = ¥l

aw;

=2 (11w = ¥l ) sentw; — )

NI>—‘

and therefore

K

d 1 1 1 2
_ — (] _ W - ()
gy Ol 0= 5 3 Fognt; = ) (o + 1w —e ||.,R,g)E[4(q,+||w "l )
Ik
mul|RK(W)
== sgn(w; — e .
Z I R
Since CIDmu.|R/g has a local minimum at w*, we require that, forallj € {1,..., K} \ {j*}, = oy mu,|]R/:; w*)=0.

Since g, + ||w* — e®||, g > 0, we can use a similar proof by contradiction as that which followed (60)
to show that there must i)e aj*e{l,...,K}\ {j°} for which wi.. € {—1,1}. If, forall j e {1,..., K} \
{77} wi € {—1, 1}, then via essentlally the same arguments as in the previous case (with two values
qr- qy € {0 2}, k # k'; in particular their sum is non-negative), it can be shown that w* is also not a local
minimiser, and thus there must be another component of w* in {—1, 1}. Repeating this approach further
shows that w* is not a local minimiser if at least one of its components is not in {—1, 1}.

Consider now the case that all components of w* are in {—1, 1} and not all of its components are —1.
Thus, at least two components are 1 since it is assumed that w* is not a vertex. We define

J = {je{l,...,K}:wf:l};
then
[w* — el = [w; — 1] 4217 \ {k}].

Since w* is not one of the vertices ¢*, we have, forallk € {1,...,K}, |w; — 1| =2or |J \ {k}| > 1, thus
[w* —e®l; > 2.

If there exists a k* such that wj, =1, and thus |J\ {k*}| > 1, let I* € J \ {k*} and, for all ¢ € (0, 2),
define w* viaw; := wi if j# " and w; := w; — e if j=1". Then

I = ¢ =20\ R F) 4+ @ = ) =2\ (k) — e = lw' — ey — e,

I = el =lwj. = 1+ 20\ H =8 + 20\ {1} = " =)+
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and, forallke{l,...,K}\ {k*, '},
W —e®lly = wi — 1|+ 21\ {k, I} + Wi + 1| = |wi — 1|+ 2l \ {k, '} +2—¢
=W, — 1+ 20\ kI + Wi + 1 —e=lw —e®||, —e.
For notational convenience, we write a; ;= ||[w* — e®||,. Then

D) =27"f2e),  with f(e):= (ar +&) [ [ (@ —e.

k=1
kAL

We compute

f/(e)-]"[(ak—s)+(a,*+s>2( 1)1‘[(a,—s>—]_[<a1—s> 1‘(“’*+8)Zak_g

If#ll* k#l* l#l* l#l* k#l*
Ik
Since ax = a;-, we have 2 - > landthusf'(¢) <0 for e € (0, 2). Thus, for small ¢, &, (W*) < Pu(W)
which contradicts w* bemg a local minimiser of ®,,,;.

It remains to study the case in which, forallk € {1, ..., K}, [w; — 1| =2, thatis, w* = —1,. We claim
this is a local, but not global minimiser of ®,,,;. That —1 is not a global minimiser follows simply from
O u(—1) = % > 0.

To prove that —1 is a local minimiser via a proof by contradiction, assume that for all ¢ € (0, 2),
there exists a 7 € R¥ such that |2 + 1¢]|; < & and ©,y(Z) < @pu(— 1x). Thus for every ¢ € (0, 2) the
set

argmin ®,,,(z) (61)
zeRK
llz+1kll1 <e

is not empty and does not contain —1. For every ¢ € (0, 2), let z° be an element of this set. Then there
must be a k* such that ||z° — e®”||, < | — 1x — ¢*”||, <2 and therefore there exists an 7 € (0, 2] such
that ||z2 — e*”||; =2 — 1. Hence

K
G — 1+ Y I +1=2-n (62)
=1
jj#k*
For future use, we note that
2= -1k = =l -k =2+ 1 — el <e+2—1n

and thus0 <n <e.
Because, for all j e {1,...,K}, zj €[—1—¢,—1+¢], there exist &; € [ — €, €], such that, for all j €
{1,...,K}, zj = —1 + ¢;. Condition (62) implies

K
2—en+ ) lgl=2-n,
jj:k*

thus
K
ge =1+ lgl.
j=
AR
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In particular, &« > 0. Furthermore, for [ # k*,

K K K

I —e®li=la—11+> lz+1=2—a+) lgl=2—c+&+Y_ lgl —lal
Jj=1 Jj=1 j=1
J# -l AR

K K K
=2+n—&—lal+2) lgl=2+n—a+lal+2) lgl=241+2) |gl.

J=1 J=1 J=1
J#k* J#Ek* J#Ek*
J#l J#l

For the final equality we used that |g;| = ¢;, which follows from the equalities in the first line in this
calculation. Indeed, if & < O then ||z* — e?|, is larger than if &, > 0 and this choice does not influence
|22 — e®||; for k # [ as those norms depend on &; only through their dependence on |g,|. Thus ®,,,(z%)
will not be minimal in the sense of (61) if &, < 0. Hence, forall / € {1, ..., K} \ {k*}, & > 0. It follows

that, forall € {1, ..., K} \ {k*]},
Iz =’ =247

and therefore

1
cbmul(zg) = Egz(é‘l’ ] 81()

with

K
ger, ., ex) =275 — el T 112 = el
iz
> 27K Q= mQR+ ) =27 Q- mE+ 2"
=275 [8+n(—n* —2n+4] 27,

where we used that K > 3. If 5 € (o, V5 — 1),then8 (=7 —2n+4)>8andthus g(ey, . . ., ex) > 1

and ©,,,(z°) > % = @, (— 1k). By choosing ¢ < V35— 1, we force n < +/5 — 1 and thus we have a con-
tradiction with the minimality of z° in the sense of (61). Hence —14 is a local minimiser of ®,,,.
O

Next we consider the following alternative multiple-well potential:
8 1 (1
[ _ _ L,®2
Pr(w) 1= 7 (ﬂ gl —e ||2> .
‘We show that d~>mul has a local minimiser in the interior of the simplex.

Lemma A.2. Let K > 2. The function ®,,, has global minimisers at the vertices of the simplex S(K)
from (44). It also has a local minimiser at the unique point w* in the interior of S(K) that is equidistant
(in the Euclidean distance) from all vertices of S(K).

Proof. The first statement is true since ®,, > 0 and, for all k € {1, . .., K}, ®pu(e®) =0.
Furthermore, for allw e R¥ and allj € {1, ..., K},
0

1
WZ ||W — e(l‘)||§ = E(Wj — e](.k)).
J

Thus
d 1« |
— P, S ok Zllw — e®12.
ow 1(w) 2 kEZI (w; —¢ )[|=]| 4IIW evll;
I#k

In particular, ®,,, is differentiable on R¥.
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Let w* € RX be the vector in the interior of &(K) equidistant to all vertices of G(K), that is, for all
le{l,....K}, Y, (w; —e”), thus wf = ZX. We compute, forall k € {1,...,K},

2-K \ -K Y 1
_ehpr= (22 K-D(Z—"41) =4(1-=)=@*>0.
lw—e™]l; ( 1% )+( )( X +> ( K) >
Therefore

9 CD § 2-K (k) |K| 1 KdZ(K D E (k) =0
Iw mul(w ) - 4 K - e]. Z - e s
=1
I#k

./ k=1

smcezk | (-k)_l (K-1)=2-K.
For second partial derivatives, with j, /€ {1,...,K},

3 9 1 & K
__(i)mu — S, i, 2
B, 9w, (W) 2 E (,1| |4||W ™5

k=1 m=1
m#k

K
1
+ 0w, —MZ (—nw wuz) I1 Zuw—e("”ui)

r=1
m;ék ré{k,m}
1 £l
=12 (aﬂﬂ Zlw =™l
SN
1 K
+ E(W,-—e;“)Zl(wl — ") H —||w—e<’">||2>,
gf;?k ik, m)
1
where §; is the Kronecker delta. In the case where K =2 we should interpret l_[ 7 [w—e™]3 as 1.
r;(zk,lm}
Thus at w = w* we find
3 - 1« | 1 /(2-K £ 2
_— (Dmu = — S _d2 (Ak) (m) d2
W, awj (W) . 4 kz_l: ( il ljll 4 2 ( K J Z_; 1_[
- ik mk ré{kan
@ 1 2-K £ 2K
__ d28 gk) (m) ,
8 ; (2 jl ( K e_/ mZI: K 1

where o := (]a’z)Kf2 (1-k )Kfz > 0.
Since ¢® is a vertex of G(K), we know that 3t o1 € (k) = —K + 2. Moreover, direct computation tells
us that, for all j, /€ {1, ...,K},

1, ifl=k,
Ze("’) —K+gu:=—-K+ )
= 3, ifl#k.
Furthermore,
Y =Y K=K - Y =K — (13K - 1) =K = 3K 42
k=1 m 1 k=1 k=1
k
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and

K K K K
D> e =—K> P+ que =K(K —2)+(— 3K +8—48,) = K> — 5K + 8 — 45,
k=1 rmn;}( k=1 k=1
where we used that

—1, ifl=kandj#k,

1, ifl=kandj=k, K

qkle;k) — and therefore Z lee;k) =-—-3K+8— 48_,'1.
' -3, ifl#kandj#k, k=1 '
3, ifl £k andj=k,

Combining these results with our computation of the second partial derivatives at w* we find

(1 K—1DQ2-K? (K-D2-K
%Z<_d28ﬂ+( 2-KP  (K-DR-K)
k=1

(k)
K K ¢

m= m=1
m#k m#k

K K
2-K
_ 2 e;m) + e(.k) 2 e;)}l)
K J
1

_ g(ldegﬂJr (K—DQ-K? (K-DQ@-K)
2 K K

8

2-K .
+ e (K = 3K +2) + K> — 5K 48— 45,

(L ) s L 24 (L s, ko
“2\3 TTok T 2\2 7 :

Thus the Hessian matrix H(w*) at w* has entries

o= (Lx—vs, 5 ) =2 (Lx -k
( (W))ﬂ—a E( —1)d; + = E( -1+ i,

o
2

o -1
5K

where the matrix $) has entries ); =1if j=/and ; = := TTx—07aT) = K(K—21)+2 e, Difj#£L
2\ 2

The eigenvalues of §) have the same signs as the eigenvalues of the Hessian matrix H(w*), because
s (%(K —1D+K ") > 0. We will show that all these eigenvalues are positive and therefore émul has a
local minimum at w*.

We note that § = (1 — B)I + Bl,1, where I € RK*X is the identity matrix and 14 € R¥ the vector
with 1 as each entry. Thus, if v € R¥ is an eigenvector of $) with eigenvalue A, then

=B+ B(Ig, v)1g = A,
which is equivalent to
A+ —Dy= B vk (63)

Direct verification shows that v, := 1x is an eigenvector with eigenvalue A,:= B(K—1)+ 1. If
{v2,..., vk} is an orthogonal basis for (span({v,}))*, then, for all /€ {2,...,K}, v, is an eigenvector
with eigenvalue A,:= 1 — 8, because (1, v) =0 forces the term in parentheses in equation (63) to
be zero. Since 0 < B < 1, this shows that all eigenvalues of ), and thus all eigenvalues of H(w*), are
positive. O
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Appendix B Proofs of Lemmas 5.1 and 5.5

Proof of Lemma 5.1. We recall that in each of the cases (a)—(c), it has to be shown that the eigenvalues
of L, are non-negative and that L, is real diagonalisable as L,,;, = XAX ™' with X of the specific form
stated in each case.

Firstly, if L., is as in case (a), then L, is a symmetric real matrix and thus (by a standard result from
linear algebra [31]) L, is orthogonally real diagonalisable. Furthermore, since W, P, Bj, and B; are all
symmetric matrices with non-negative entries, Lemmas 2.1 and 2.2 establish that Ly, Qp, Ly Opyns
Ly, O, Lffhym’ and QB?sym are all positive semidefinite with respect to the Euclidean inner product.

Hence so is Ly, and thus its eigenvalues are non-negative.®? This concludes the proof of part (a).
Secondly, if L, is as in case (b), then
_1 1 _1 1 1 1
Luix = Dy’ Ly, Diy + yDp* Qp, D = Dy’ (Lwy, + 7 Q) Divs

where for the second equality we used the assumption that Dp = Dy,. Hence L, is similar to the real
diagonalisable matrix Ly, + Op,,, and thus both matrices have the same eigenvalues and L, is real
diagonalisable (but not orthogonally). Moreover, from Lemma 2.1 we know that Ly, is positive semidef-
inite with respect to the W-degree-weighted inner product and from Lemma 2.2 we have that Qp,
is positive semidefinite with respect to the P-degree-weighted inner product. Under the assumption
Dy, = Dp these inner products are equal and thus L, is positive semidefinite with respect to this inner
product. Hence its eigenvalues are non-negative.
Since, by definition of )N(,

(LWsym + QWsym) X ZXA,
we get
1o Y ~ 1.
LoDy’ X =Dy’ (Ly,,, + Ow,.) X =Dy’ XA,

1. ~ ~ ~ 1
hence X = D> X. From case (a) we know that X! = X7, and thus X' = XD},
Thirdly, let L, be as in case (c).
From (39) we recall that Ly, = Ly + D,! Q. Hence
_1 _1
D LleDB+ = D LB;rerBf + D B+ QB B+ = LB - + DB; QB;D ;

As the sum of two real symmetric matrices, the right-hand side above is a real symmetric matrix and thus
has real eigenvalues. Since L, is similar to this matrix, it has the same, and thus also real, eigenvalues.
Moreover, by Lemma 2.2 part (a), we know that Q- is positive semidefinite with respect to the

_1
Euclidean norm and thus so is D> Q- since
By =By

B+ ’
_1 _1
<DB+ QB D ’4 u) = <QB;DB£M,DB£M> >0.
By Lemma 2.1 part (b) also LB?sym is positive semidefinite with respect to the Euclidean inner product and
1 _1
thus so is the sum LB¢ + DBE Oy, D .+ - It follows that this matrix, and thus also Ly, have non-negative
eigenvalues.® Finally, since D LmlxDB+ is real and symmetric, it is (real) orthogonally diagonalisable

and thus X! = X7, hence X! :XTD;+. O
Y

62 After all, if (A, v) is a (real) eigenpair of Ly, then Lyixv = Av and thus A||v|2 = (Av, v) = (Lmixv, v) > 0.
1 _1
%31n particular, because D; + Lm,-xDB ; is positive semidefinite with respect to the Euclidean inner product, Lyix is positive

semidefinite with respect to the B; -degree-weighted inner product:

1 1 1
(Lmixu,ml,;=<D;;‘D;¢Lmixu,D;¢u>B;=<D s LinixD (D ;1. Dy ) 2 0.
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Proof of Lemma 5.5. To prove positivity of the eigenvalues of L, it suffices to prove that L, is positive
definite (see footnote «2). In each of the cases of the lemma, the assumptions of the corresponding part
of Lemma 5.1 are satisfied. Hence, we already know that L, is positive semidefinite. It remains to
prove that, for u € V, (L,xu, u) =0 implies u = 0, where the inner product may be the Euclidean inner
product, or one of the degree-weighted inner products. We treat each variant of L, separately: Cases |
and II cover part (a); part (b) corresponds to Case III; and Cases IV-VI concern the variants from part
(c).LetueV.

Case I Let L, =Ly + yQp and assume the matrix P has at least one positive entry. Assume
(Liixtt, u) = 0. From (6) and (10) we have

1
0 = (Luixit, u) = E Z [a)ij(ui - ”j)2 + Vpij(ui + ”j)z] .

ijeV
Leti,j eV, then
[if w; >0, thenw; =w;] and [if p; > 0, then u; = —u;]. (64)

The first implication shows that u needs to have the same value on any two nodes that are connected by
an edge. By induction, it follows that # needs to have the same value on any two nodes that are connected
by a path in the graph. We recall that the graph based on W is assumed to be connected, hence any two
nodes are connected by a path and thus u is constant on V.

By assumption there is a positive entry of P. If the entry is a diagonal entry p;;, then (64) implies that
u; =0. Since u is constant on V, u = 0. If the positive entry is an off-diagonal entry p; with i #j, then
by (64) and the constancy of u, u; = —u; = —u;. Again, we conclude that u; = 0 and thus u = 0.

Case II Next, assume Dj is invertible (we recall Dy, is invertible per assumption), let L, = Ly,,, +
¥ Op,,- Since P is assumed to have non-negative entries, invertibility of D, implies that the matrix P
has at least one positive entry. Assume (L4, #) = 0. From (7) and (11) we have

0—(L-uu)—lz wjj bW 2+ |+ 2 2
T SN\ T, T awy) T\ VD, i,

Leti,jeV, then

[lf wjj > 0, then u =4/ (dw);l(dw),u/] and [lfp,] > 0, then Ui = —4/ (dp)jl(dp),ul] (65)

1, if x>0,
For x € R, we define the signum function sgn(x) = { —1, ifx <0,
0, if x=0.

Since Dy, and D, are non-negative invertible diagonal matrices, their diagonal entries are positive.
Thus from (65) it follows that

[if w; > 0, then sgn(y;) =sgn(y;)] and [if p; > 0, then sgn(u;) = —sgn(u;)].

Thus, by a similar argument as in the previous case, connectedness of the graph based on W implies
that sgn(u) is constant on V. Furthermore, based on P having a positive entry, we can use an argument
as before to conclude that sgn(#) = 0 and thus = 0.

Case III Next, let L,x = Ly,, + ¥ Op,, and assume that (L u, u)y = 0. Assume that the null model is
such that Dy, = Dp. This assumption allows us to use Lemma 5.1 part (b) to establish that L, is positive
semidefinite. Moreover, it implies that the W-degree-weighted and P-degree-weighted inner products

https://doi.org/10.1017/5095679252400072X Published online by Cambridge University Press


https://doi.org/10.1017/S095679252400072X

European Journal of Applied Mathematics 79

are the same. Furthermore, since the diagonal elements of Dy, are non-zero, so are the diagonal elements
of Dp, and since P is a non-negative matrix, this implies that P has a positive entry. Because we also
know, by (8) and (12), that

1
(Lmixtt, uhy = 5 > [wgu — u)* + pylu; + )]

ijev

the remainder of the proof in this case follows in exactly the same fashion as in case I.
In the remaining three cases, we always assume the conditions of part (c) of the lemma to be satisfied.

CaselV LetL,, = LB¢ + QB; and assume that (L u, u) = 0. Repeating the argument from case [ above
with B} instead of W and B instead of P (and y absent from the correct places), we find the analogue
of (64):

lif (b)), >0, thenu; =u;] and [if (b)); > O, then u; = —u;]. (66)

If assumption (i) is satisfied, then the same argument as in the first case (with B} and B, instead of W
and P) proves u =0.

If assumption (ii) holds, because the graph with adjacency matrix B, is connected, for all nodes
k,1 eV it holds that there exists a path in this graph connecting k and / and thus u; = £u,. Since this
holds for all pairs of nodes, |u| is constant on V. For the nodes i and j from the assumption we know that
u; = u; and, since they are connected by a path with an odd number of edges in the graph with adjacency

matrix B, we have u; = —u;. Thus u; = u; and hence |u| =0 and therefore u = 0.
If assumptions (iii) is satisfied, then for all i € V, (b;),-,- > 0. Hence, forallie V, u; = —u;, thus u; =0
and u=0.

Case V Nextlet L, =Lz+ + QB; - and assume that (L u, u) = 0. We repeat the argument from case

Y sym

1T with Bj instead of W and B, instead of P (and y absent from the correct places) to find
[if (b;r),;,- > 0, then sgn(y;) =sgn(x;)] and [if (b;),;, > 0, then sgn(u;) = —sgn(u;)].

For each of the three assumptions (i), (ii), and (iii) we repeat the arguments from case IV, but for sgn(u)
instead of u. Then we find under each of the assumptions that sgn(x) = 0 and thus u = 0.

Case VI Finally, let Loy, = Ly;  +Qp.  — D, Dy Os;
(39), (8), and (10) to compute

~and assume that (L u, u)gr = 0. Then we use

W

0= (Luixut, M)B; = (LB%W“’ u)@ + (DEyl QB; u, u>3¢ = (LB;IW% M)B; + (QB; u, u)

— % Z (b)) — wy)* + % Z (B )yt + )",

ijev ijev

Thus, again we recover (66). From here the proof proceeds in the same way as in case IV and we conclude
that, under each of the three assumptions (i), (ii), and (iii), = 0. ]
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Appendix C Proof of Lemma 6.1
Proof of Lemma 6.1.

(a) Since the infinity operator norm is sub-multiplicative® and U(t) = e~"x U°, we get
0 1

_ T e
1U@) = Ul < e =Tl U oo < 10l D 2 Ml = N0 e (™ = 1) . (67)

=1
Since U° € Pt(K), we have ||U°||,, = K and the first result follows. Let §; denote the Kronecker
delta. We recall that W, P, B}f, and B; have non-negative entries and that in the cases in which

expressions of the form x~! or X2 appear, x is assumed to be positive (as is needed to have L,
be well-defined in those cases).

(1) From (Lmix)ij = (dW)iS,:/ — (l)l:,' =+ ]/(dp),al/ =+ '}/p,:,', it fOHOWS that

Ll < max (Z (dw)d+ Y s+ Y ydp)dy+ Y yp,-j)

jev Jjev jev jev
= max ((dw)i + (dw)i + y(dp)i + y(dp):) <2 max (dw)i +2 max (dp);
— Lmax'

(i) Since (Lun)y = 8; — (dw); *wy(dw)* + 8, + (dn);, *ypy(dp); * . we obtain

1
dy)? : : d
| Linix |l oo < max 1~|—( IW)' —I—y—l—y( dr); <1—|—y—|—max( wh + y max ¢ P) =L"".
eV b d ieV d2 ieV dz

W,min P,min W,min P,min

(iii) From (Lu)y = 8; — (dw); '@y + v 8; + v (dp) 'py. we get
”Lmix”oo < rnEan (1 + 1+ y + y) — [max
(Av)  Using (Luix); = (dgp )iy — (b7); + (dg;)id; + (b)) yields
Mo lloc =< max (2(dgy )i + 2(dy; )) <2 max (dy;); + 2 max (dy; ); = L™

1
2

(v) Since (L) = 8 — (dBy);i (b;r)ij(dB; )77 +3; + (dB; ),7 (b;)ij(dB; ) 7, we find
1 1 1 1
dy)? (s} dy); dy)?
I Zumixlloo < max 2+( i —i-( IBV) <2+ ax( ) +max( IBV) =L",
do 2 eV dz i€V 7
BJr min B; .min lfr min B; ,min

(vi) Since (Luin)y = 85 — (dp); ' (b)) + (dg);! ((d,;; )i + (b;),-j) by (39), we obtain

dp-); dg-);
[ Linix |0 = max <2+2( o) ) <2 (1+max 4s;) ):Lm“.

(dB; )i i€V B; ,min
(b) Let K =2. Each column of U satisfies the same ODE:
du, du,

dt l = —Lu Uy and 2 =—LUs.

o41f A € R and B € RP*Y, then

4 P
1Bl = max Z|<AB>~|—,?13§ Z ZAL,B/, =, max 30> lAdliByl
j=1lI=1 / 1 I=1
a P
< max ZDAﬂan—||AnoonB||oo

/ 1 =1
kell....p}
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Setting v:= 3(U,; — U,,), we obtain & = —L,;,v with initial condition v(0) = J(U? — UY).
Because K =2, each entry of the vector v(0) is either 1 or —1. Thus, if for anie V, |vi(t) —
vi(0)] < 1, then sgn(v;(t)) = sgn(v;(0)) and thus U, (t) > Uy(7) if and only if U;;(0) > U,(0),
and U; (1) < Up(7) if and only if U;(0) < Up(0). Thus, if for all i € V, |vi(t) — v;(0)| < 1, then
U'=U.1f T < 1y, it follows by (67) applied to the column vector v — v(0) instead of the matrix
U — U° (with ||[v(0)]ls = 1) that, ||v(t) — v(0)||» < 1 and thus, for all i € V, |vi(t) — v:(0)| < 1.
(¢) In the notation of Lemma 5.1, we have L,;, = XAX~'. By a property of matrix exponentials, we
find that e~"‘mx = Xe~™X~!. Lemma 5.1 shows that for each choice of L,,,, X~! = XD? for some
diagonal and invertible matrix D with positive diagonal entries and for an orthogonal matrix X.

Hence

where the last equality follows if C = D. From Lemma 5.1 we see that D = Dy, if L, =Ly, +

Y Qpu» D=Dgs if Ly =L+ Qp-  — DDy, Qs and D =1 for the other choices of L.
™w ™w 14 ™w

Thus with the choice of C as stated in the current lemma, we have

TLmix

et [, =t (DEEe 0 RDTH) =ur (e R) =t () = e,

where we used twice the cyclic property of the trace. Since the trace of a square matrix is the sum
of its eigenvalues, we find

TLmix TA < e—rkl

Fr —

e lc = lle

By property (4) of the C-Frobenius norm, we conclude that

TLmix

IU@) e = || 0° |

Iz [0°]
|U Fr_e U Fr

Fr,C — ”6 Fr,C |

(d) Since C is diagonal and has positive diagonal entries, we compute

1U@)llgec = ZZCUIU,k(r)I >, ZZIUk(r)I >cl, maxZ|U,k<r>|

i€V k=1 i€V k=1

k=1

| K
> ¢z, K™ max (Z |Uik<r)|> = LK U |
eV

The third inequality follows from the Cauchy—Schwarz inequality for the Euclidean inner product
and norm applied to the vector max;., |U,(7)| € R¥ and the vector of ones in R¥. Using the result
of part (c), we thus have

1

U@l < K2 ent IV, < KEepte™ |07,

mm

Hence, if 7 > 1, then || U(7)]l < 6.
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Appendix D Weyl’s inequality and rank—one matrix updates

If A € C™" is a Hermitian matrix, it is known that it has n real eigenvalues X;(A) (counted according to
algebraic multiplicity), which we label according to their ordering:

MA) =hA) =. .. = 4,(A).

Weyl’s inequality (which we present below without proof) gives a bound on the eigenvalues of the
sum of Hermitian matrices. That result is followed by the theorem of rank—one matrix updates (also
without proof), which illustrates why the eigenvalues of the original matrix and the rank—one update
matrix are interleaved.

Theorem D.1. (Weyl’s inequality [73]) Let A,B € C"™" be Hermitian matrices. Then, for all i€
{1’ R n})

Ai(A) + 11(B) = Li(A + B) < 1:i(A) + A.(B).

Theorem D.2. (Rank—one matrix updates [74, 75]) If A, B € C™" are positive semidefinite Hermitian
matrices and B has rank at most equal to one, then, forallie {1,...,n— 1},

AA+B) <A 1(A) <X (A+ B).
Proof. This follows from [69, Theorem 1]. O

Corollary D.3. Let L, = Ly,,, + vy Q»,,, where P =P"’ is obtained from the Newman—Girvan null
model. Then, forallie{l,...,n},

AilLw,,) + v < AilLpi) < Ai(Lw,,) +2y. (68)
Moreover, forallie {l,...,n—1},
AilLinie) < Aip1 (L, + v D = Aig1(Lw,,,) + ¥ < Aipt (Linie)- (69)

Finally, if L,;; = Ly, + vy Op,, instead, then (68) and (69) also hold, both in the original form and with
Ly, replacing Ly, ,,.

NN
Proof. Since Dy = Dy, the matrix D,>PD,? can be written as zz’, where the column vector z € R"!

1 _1 _1
has entries z; = (volW(V))’%(dW)f. Thus D,*>PD,’ has rank one and hence all its eigenvalues but one
are equal to zero. The only non-zero eigenvalue equals one. (It can be checked that the vector v with

entries v; := (dW)l-% is a corresponding eigenvector.) Thus Qp, =1+ zz" has one eigenvalue equal to 2
and |V| — 1 eigenvalues equal to 1. In particular A,(Qp,,,,) =1 and A,y(Qp,,,) = 2. Because both Ly,
and y Qp,,, are real symmetric matrices, from Theorem D.1 it follows that, for all i € {1, ..., n}, (63)
holds.

Since zz" has non-negative eigenvalues, it is positive semidefinite. By Lemma 2.1 also Ly, + y1
is positive semidefinite. Since Ly = Ly, + ¥ + yzz?, it follows from Theorem D.2 that, for all i €
{1,...,n—1}, (69) holds.

Since Ly,,, and Ly, have the same eigenvalues and, by Remark 5.2, also Ly, + v Qp,,, and Ly, +
y Op,, have the same eigenvalues, the final statement of this corollary follows immediately. 0

Remark D.4. It can be observed in Figure 5 that there is a jump between the 9™ and 10™ eigenvalues of
the operators included in the plot, in the SBM example from Section 7.3 with 10 blocks. For the SBM
with strong community structure, this jump is more pronounced than for the SBM with weak community
structure. A jump in the spectrum of the graph Laplacian for a graph with a strong community structure
with K communities after the K" eigenvalue is expected and in fact a key reason why graph Laplacians
are useful for clustering; see for example [29, Section 4]. For the SBM this is confirmed by the plot in
Figure 9a; in Figure 9b we see that also for the SBM with the weak community structure a jump occurs
after the 10" eigenvalues, but a much smaller one.
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Figure 9. SBM with strong and weak community structure (see Section 7.3 for details): spectra of Ly,

and Ly,,. As expected [74], both operators have the same eigenvalues.
Let us consider the operator Ly = Ly, + ¥ Op,,,, whichis included in the plots of Figure 5. Applying

(69) yields
Ao(Lmix) < )\lo(LW,ym) + ¥ < AoLnix) < )Ln(Lw,ym) + ¥ < A (Lnin)-
Hence, given the jump between the 10" and 11™ eigenvalue of Ly, there are three principal
scenarios:
1. there is a similarly large jump between Ag(Ly,x) and A (L),

2. or there is a similarly large jump between X o(Lx) and dq;(Lyix)s
3. or there are two smaller jumps between Ag(L,,i,) and X o(Lyix) and between A o(Lyix) and Ay (Liix)-

In Figure 5 one encounters the first scenario.
By the last statement of Corollary D.3, we can argue similarly for the eigenvalues of Ly, and L;x =

Ly, +v0Or,,-
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