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ABSTRACT

In an era of unprecedented deluge of (mostly unstructured) data,
graphs are proving more and more useful, across the sciences, as a
flexible abstraction to capture complex relationships between com-
plex objects. One of the main challenges arising in the study of such
networks is the inference of macroscopic, large-scale properties af-
fecting a large number of objects, based solely on the microscopic in-
teractions between their elementary constituents. Statistical physics,
precisely created to recover the macroscopic laws of thermodynamics
from an idealized model of interacting particles, provides significant
insight to tackle such complex networks.

In this dissertation, we use methods derived from the statistical
physics of disordered systems to design and study new algorithms
for inference on graphs. Our focus is on spectral methods, based on
certain eigenvectors of carefully chosen matrices, and sparse graphs,
containing only a small amount of information. We develop an origi-
nal theory of spectral inference based on a relaxation of various mean-
field free energy optimizations. Our approach is therefore fully prob-
abilistic, and contrasts with more traditional motivations based on
the optimization of a cost function. We illustrate the efficiency of
our approach on various problems, including community detection,
randomized similarity-based clustering, and matrix completion.

Keywords: non-backtracking operator, Bethe Hessian, spectral meth-
ods, community detection, spectral clustering, matrix completion, gra-
phical models, Bayesian inference, mean-field approximations, disor-
dered systems, belief propagation, message-passing algorithms.



RESUME

Face au déluge actuel de données principalement non structurées,
les graphes ont démontré, dans une variété de domaines scientifiques,
leur importance croissante comme language abstrait pour décrire des
interactions complexes entre des objets complexes. L'un des princi-
paux défis posés par 'étude de ces réseaux est l'inférence de pro-
priétés macroscopiques a grande échelle, affectant un grand nombre
d’objets ou d’agents, sur la seule base des interactions microscopiques
qu’entretiennent leurs constituants élémentaires. La physique statis-
tique, créée précisément dans le but d’obtenir les lois macroscopiques
de la thermodynamique a partir d'un modele idéal de particules en
interaction, fournit une intuition décisive dans l'étude des réseaux
complexes.

Dans cette these, nous utilisons des méthodes issues de la physique
statistique des systemes désordonnés pour mettre au point et analy-
ser de nouveaux algorithmes d’inférence sur les graphes. Nous nous
concentrons sur les méthodes spectrales, utilisant certains vecteurs
propres de matrices bien choisies, et sur les graphes parcimonieux,
qui contiennent une faible quantité d’information. Nous développons
une théorie originale de l'inférence spectrale, fondée sur une relaxa-
tion de l'optimisation de certaines énergies libres en champ moyen.
Notre approche est donc entierement probabiliste, et différe considé-
rablement des motivations plus classiques fondées sur 1’optimisation
d’une fonction de cotit. Nous illustrons 1’efficacité de notre approche
sur différents problemes, dont la détection de communautés, la classi-
fication non supervisée a partir de similarités mesurées aléatoirement,
et la complétion de matrices.

Mots clés : opérateur non retracant, Hessienne de Bethe, méthodes
spectrales, détection de communautés, partitionnement spectral, com-
plétion de matrices, modéles graphiques, inférence bayésienne, ap-
proximations de champ moyen, systemes désordonnés, propagation
des convictions, algorithmes de passage de messages.
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They danced down the streets like dingledodies, and 1 shambled after as I've
been doing all my life after people who interest me, because the only people
for me are the mad ones, the ones who are mad to live, mad to talk, mad to
be saved, desirous of everything at the same time, the ones who never yawn

or say a commonplace thing, but burn, burn, burn like fabulous yellow
roman candles exploding like spiders across the stars and in the middle you
see the blue centerlight pop and everybody goes “Awww!”.

— Jack Kerouac
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FOREWORD

Graphs, sometimes called networks, provide a flexible language
to describe complex systems, composed of many items maintaining
complicated interactions. Examples of such systems abound in all
branches of science, ranging from biological or artificial neural net-
works, to social networks, the Internet and the World-Wide Web,
electrical power grids, ecological networks or telecommunication net-
works... This list could go on without significantly scratching the
surface of the ubiquity of graphs.

In this dissertation, we are interested in inference problems defined
on sparse graphs. While precise definitions will be given in the up-
coming first chapter, these problems can be intuitively thought of as
prediction or estimation tasks based on scarce data, that can be con-
veniently encoded in the form of a graph with “few” edges. A typical
example, studied in this dissertation, is community detection, where
the aim is to identify homogeneous groups of items based on their
connections. An illustration of this problem is shown on figure o.1,
where we have represented a network of political blogs during the
2004 U.S. presidential election. By using an algorithm developed in
chapter 5, we are able to distinguish the conservative blogs from the
liberal ones based solely on their hyperlinking pattern, represented
as a graph.

Our focus is on spectral methods, which encode the graph in a care-
fully chosen matrix, and use certain eigenvectors of this matrix to
make predictions. In the context of graph clustering, spectral meth-
ods are often introduced as relaxations of certain optimization prob-
lems [98], where a cost function is introduced that promotes grouping
together strongly connected vertices. In contrast with this motivation,
we adopt here a fully probabilistic approach. More precisely, we intro-
duce spectral algorithms approximating the marginals of certain prob-
ability distributions, encoding the similarity between the vertices.

This dissertation is organized into three parts, the last two of which
present original contributions. The first part is composed of chapter 1,
and introduces the general language and framework of inference on
graphs. We review generalities about graphical probabilistic models,
and gradually specialize to the particular models which will be use-
ful in the subsequent applications. We also review some standard
results on sparse random graphs, mean-field approximations, as well
as several variations of the Ising model of statistical physics, which is
the cornerstone of the following analyses.

The second part introduces the original theory underlying our main
contributions. In chapter 2, we identify a class of probabilistic mod-
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Figure 0.1 — Network of political blogs during the 2004 U.S. presidential elec-
tion. Each vertex in this network represents a blog, and each
edge represents a hyperlink between two blogs. This visualiza-
tion clearly separates the Democrats (in red) from the Repub-
licans (in yellow). We show in chapter 5 how to recover this
partition with a 93% accuracy. Data collected by [8].

els that exhibit a phase transition, and give necessary conditions for
non-trivial inference to be possible. These conditions are expressed
in terms of two related matrices, one called the non-backtracking op-
erator, and the other called the Bethe Hessian. We give an intuitive
interpretation of their interesting eigenvectors, and propose two gen-
eral spectral algorithms for approximate inference on sparse graphs.
In chapter 3, we study in detail, using the cavity method of statisti-
cal physics, the spectral properties of these two matrices on weighted
random graphs, and further explore their mutual relationship. We
illustrate our general theory on the simple but enlightening example
of the planted spin glass in chapter 4, for which we sketch a rigor-
ous treatment.

The third part of this dissertation is devoted to applications of the
previous general theory. In chapter 5, we introduce an efficient and
optimal algorithm for community detection. In chapter 6, we consider
the problem of classifying items based on a minimal number of com-
parisons between them. We introduce several related algorithms and
illustrate their performance on a model and on toy datasets. Then, in
chapter 7, we consider a semi-supervised version of the same prob-
lem, and introduce a highly efficient algorithm with guaranteed per-
formance on a model. On real world data, we show that our approach
outperforms a state-of-the-art algorithm by a large margin. In chap-
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ter 8, we take a look at the matrix completion problem, and introduce
an efficient algorithm able to infer the missing entries of a matrix
from a small number of revealed entries. Coming back to statistical
physics, we show in chapter 9 that the matrices introduced in this
dissertation allow to derive rigorous upper bounds on many quanti-
ties of interest in the ferromagnetic Ising model, on arbitrary graphs.
We conclude in chapter 10 by outlining a possible direction for fu-
ture applications of the present ideas in the context of unsupervised
learning.

This work applies statistical physics methods and intuition to sta-
tistical inference and machine learning problems. This is an awkward
task, as each of these fields has its own folklore. In section 1.6, we
review at a high level the phenomenology of the Ising model in its
various flavors. We have tried to include in this section most of the
statistical physics background necessary for the discussion of the sec-
ond part of this dissertation. Many of these statistical physics results
are “well known” without being fully rigorously proven yet. We have
tried to clearly separate non-rigorous results from rigorous ones, both
when referring to previous work and in the present contributions.
Throughout the dissertation, we use graffiti in the margin to highlight
important concepts or quantities and facilitate browsing through the
chapters. We use footnotes to make additional comments.

On the use of graffiti
in this dissertation






Part 1

INFERENCE ON GRAPHS

This first part introduces the general background for the
methods we develop in the following. We start by in-
troducing the general formalism of (undirected) graphi-
cal models, gradually restricting to pairwise models. We
review some standard results on sparse random graphs,
mean-field theory and the Ising model, and outline the
general approach we adopt in the subsequent parts.
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Graphical models are a powerful paradigm for multivariate statis-
tical modeling. They allow to encode information about the condi-
tional dependencies of a large number of interacting variables in a
compact way, and provide a unified view of inference and learning
problems in areas as diverse as statistical physics, computer vision,
coding theory or machine learning (see e. g. [86, 151] for reviews of
applications). In this first chapter, we motivate and introduce in sec-
tion 1.1 the formalism of undirected graphical models, often called
Markov random fields (MRFs). We then focus in section 1.3 on the
particular case of pairwise MRFs which will be particularly important
in the following. The analyses of this dissertation will apply to mod-
els drawn from certain random graph ensembles, and section 1.4 is
devoted to a review of some of their basic properties. Computing
the marginals of pairwise MRFs is computationally hard, and we will
systematically resort to mean-field approximations, reviewed in sec-
tion 1.5. We next turn to a presentation of the Ising model and its
variants, and give in section 1.6 a high level description of their phase
diagram, which will guide our intuition in the following. We finally
outline in section 1.7 the general strategy we will apply to tackle the
various problems in this dissertation.

We note that while MRFs are particularly well-suited to represent
non-causal probabilistic interactions between variables, they are not
the only example of graphical models. In particular, we will not
address Bayesian networks ', which are defined on directed acyclic
graphs. The reader is referred to [86] for a comprehensive introduc-
tion to graphical models.

1.1 MOTIVATION

One of the first goals of a graphical model is to give a high-level,
compact representation of a joint probability distribution (JrD). Far
from being of purely academic concern, this problem has a consider-
able practical importance when dealing with the distribution of even
a moderate number of correlated random variables. Imagine for in-
stance having to represent the JPD of 300 binary variables. In gen-
eral, such a JPD is specified by 23°° numbers — the probabilities of
the different assignments of all the variables. This already requires

1. As shown in [161], Bayesian networks can in fact be transformed into the MRFs
on which we focus.
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Figure 1.1 — Graphical model associated with the Ising chain 1.1. After con-
ditioning on the value of the spin oy, the JPD splits into two
independent parts, with the addition of local fields h;, 7 and
hi,+1 acting on the neighbors of oy,.

more bits than the total number of atoms in the observable universe >.
In practical applications, it is common to face millions or billions of
variables, with hundreds of possible values for each of them. For
instance, in computer vision, the probabilistic analysis of a single
megapixel image in grayscale requires dealing with the JPD of more
than a million variables (the pixels), with 256 values for each one of
them (their intensities).

Fortunately, it is often the case that there is some kind of struc-
ture in the distribution of the variables, which can be stated in terms
of (conditional) independence properties. As a simple example, con-
sider the case of a one-dimensional Ising model on a chain of length
n € N, defined by the JrPD

] mn
P(o) = 7 &Xp Z Ji,i+10i0i41, (1.1)
iz

where 0 = (0)ic[n) € {£1}™ is a set of binary spins, and the J; ;11 €
R for i € [n—1] are called couplings. Z is a normalization called
the partition function. Let us consider the effect of conditioning on a
given spin oj,. We define two fields hi,_1 = Ji,—-1,1,01, and hj, 1 =
Jio,io+10i, Which summarize the influence of oj, on its neighbors.
We can then write

IP(O-| Uio) = IP(O—])'--)O-iO—1 | O-io)IP(O—io—O—h"')Gn | o-io)) (1‘2)

where
io—2
P(01,..., 011 | 03) xexp Y Jii41010i41+hig 1051, (1.3)
im1
n—1
P(oig+1y--+50n | O1,) o< exp E Ji,i+1010i11 +hig110i,41 .
imip+1

(1.4)

This property, depicted on figure 1.1, means that the spins that are
left of oj, in the chain are independent of the spins that are right of

2. The current estimate of the number of atoms in the observable universe is
1080 ~ 2266,
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0i,, when conditioned on oy,. It is a special case of a more general
global Markov property, which we state in the next section.

Markov random fields exploit such conditional independence prop-
erties of a JPD to provide a compact, graphical representation of the
distribution. In the following section, we introduce MRFs as a gen-
eralization of the Ising chain example, and state their independence
properties.

1.2 GENERAL MARKOV RANDOM FIELDS

Throughout the dissertation, we let 0 = (0i)icn] € X™ denote n
random variables, jointly distributed according to the JPD IP. We will
assume that the alphabet X is finite, although many of the results of
the next section can be naturally extended to real random variables.
Our first aim is to find a compact representation of IP that highlights
the conditional dependencies between the n variables.

1.2.1  Definition and Markov property

In the Ising chain example of the previous section, global correla-
tions between spins arise as a consequence of local interactions be-
tween neighboring spins on the chain. Such a structural property can
be generalized, and more complex interactions can be modeled by
replacing the chain with a general graph G = (V,E), where V = [n]
is the set of vertices, representing the random variables o; for i € [n],
and the set of edges E represents direct interactions between the ran-
dom variables. We allow for interactions involving more than two
variables by defining compatibility functions on the cligues of the graph.
A clique of G is a fully connected subgraph of G, i.e. a subset C C V
of the vertices such that for any 1i,j € C, (ij) € E. We associate with
each clique C a compatibility function, or potential, Pc : X' — R,
where |C| is the number of vertices in the clique C. Generalizing exam-
ple (1.1), we define a Markov random field (MRF), also called undirected
graphical model, by the following factorization?

P(o) = 12 I ve(oi)ice) (1.5)
cec

where C is the set of cliques of the graph G, and the partition function
Z ensures that the distribution is normalized. Note that we recover
the Ising chain example of the previous section by taking G to be the
chain graph with edge set E = (i,1+ 1);c, 1), and noticing that the
cliques of G consist of pairs of neighboring spins. The corresponding
compatibility functions are, fori € [n —1],

Piir1(01, 0i41) =exp Ji,i+10i0i41 - (1.6)

3. Note that it is equivalent to require the factorization (1.5) to hold on the maxi-
mal cliques of G, i.e. the cliques that are contained by no other clique.

We consider n

random variables
(0i)ic[n) over a
finite alphabet X

Cliques
Potentials

Definition of a MRF

Partition function
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Figure 1.2 — On the left is an example of a MRF encoding the factorization

P(0) o< ¥123(01,02,03)134(03, 044567 (04, 05, 06, 07), With
its factor graph representation on the right.

The definition (1.5) is justified by the following global Markov property,
that generalizes the conditional independence property (1.2) of the
Ising chain. Let A,B,S C V be three disjoint sets of nodes of the
graph G. Assume that S separates A and B, in the sense that any path
in the graph G linking a node in A and a node in B must include
a node in S. Then any MRF, i.e. any distribution of the form (1.5)
verifies

P((01)ieaus | (01)ies) =P((01)iea | (01)ies)P((01)ieB | (01)ies) -

(1.7)
The factorization (1.5) can therefore efficiently encode complex inter-
actions and independence properties between a large number of in-
teractions. In fact, under a small additional assumption, it is possible
to show that a JPD that verifies the global Markov property with re-
spect to a graph G must factorize in the form (1.5). This is the content
of the Hammersley-Clifford theorem which we recall here.

Theorem 1.2.1. (Hammersley and Clifford, 1971) Let P be a distribution
over the set X™ verifying the global Markov property (1.7) with respect to
a graph G. Assume that P(c) > 0 for any o € X™. Then there exist
compatibility functions \pc indexed by the cliques of the graph G such that
IP factorizes into the form (1.5).

A consequence of this theorem is that, as an alternative to the defini-
tion (1.5), (positive) MRFs can equivalently be defined as distributions
verifying the global Markov property, a definition often chosen in the
literature. In fact, the Hammersley-Clifford theorem also implies the
equivalence between the global Markov property and so-called local
Markov properties ([86]), any of which can be used as a definition
for MRFs.

1.2.2 Factor graph representation

One of the main advantages of MRFs is that they can be conveniently
represented graphically (see left panel of figure 1.2 for an example).
However, to recover the factorization associated with a given graphi-
cal representation, one has to look for the cliques of the graph, which
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01
2 3 s Jn2 Jn- 1(01 V03 V 04) 02
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Figure 1.3 — Factor graphs associated with the 3-spin model (1.8) (left) and
the SAT formula (1.9) (right).

can be cumbersome, especially when many variables are involved.
An alternative visual representation of the same factorization prop-
erty is given by factor graphs, which explicitly depict the interactions
between variables. A factor graph is formally defined as a bipartite
graph G = (V, F, E) where V is the set of variable nodes, F is the set of
factor nodes, representing the potentials, and E is the set of edges. To
represent a MRF of the form (1.5) as a factor graph, we associate with
each variable o; (i € [n]) a variable node (represented as a circle on
figure 1.2), and with each potential {¢c a factor node (represented as
a square on figure 1.2). We then link each variable to the factors that
depend on it.

1.2.3 First examples

Factor graphs give an explicit and convenient representation of
the conditional independencies of a MRF, and are extensively used
in many fields. Let us illustrate their use on two examples, repre-
sented graphically on figure 1.3. The first example is drawn from
statistical physics, and is called the p-spin model. It is a generalization
of the Ising model (1.1) with p-body interactions (p > 2) between the
spins, instead of only pairwise interactions. The probability of a spin
configuration o € {£1}™ in the 3-spin model on a chain is given by

n—1

P(0) = - exp ZZ Ji01-10:0111 - (1.8)

The factor graph associated with this distribution is depicted on fig-
ure 1.3.

A second example, from the field of theoretical computer science,
is that of satisfiability. A satisfiability problem (or SAT problem for
short) is specified by n boolean variables (oi)ic[n) € {true,false}™,
and a formula, defined as the logical AND of a certain number of
clauses that the variables must satisfy. An example of a SAT formula
over n = 6 variables is

(01 Vo2V o4) A\ (03VGs) N[04V 05V T6), (1.9)

11

Factor graph
representation

p-spin model

SAT problem
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where 0; denotes the negation of the variable o;. The problem of
finding an assignment o of the variables that satisfies a given SAT for-
mula is equivalent to finding the configurations with non-vanishing
probability in an associated MRF. For instance, the MRF associated
with the SAT formula (1.9) is

P(o) = ]2 1(01 V02 Vou)1(o3Voz)1(o4V o5V 0g). (1.10)
The associated factor graph is shown on figure 1.3.

These two examples barely scratch the surface of the extensive use
of factor graphs in many problems. Whenever the problem at hand
requires performing inference, e.g. computing the marginals or the
modes of a high dimensional distribution, the fist step in finding a so-
lution is usually to draw a factor graph representation of the problem,
and to use it to derive approximate inference algorithms, e. g. belief
propagation (see section 1.5). This approach is standard in problems
as diverse as error-correcting coding [129], compressed sensing [106],
computer vision [119], and many more [86, 151].

In the following, we will be mainly interested in the special case
of pairwise MRFs, both in the interest of simplicity and because the
original contributions of this dissertation are naturally expressed in
terms of pairwise models. In the next section, we motivate the use of
pairwise models, and show that they can in fact be used to represent
any MRF.

1.3 PAIRWISE MARKOV RANDOM FIELDS
1.3.1 Definition and examples

An interesting particular case of the general MRF (1.5) is obtained by
setting trivial compatibility functions ¥ ¢ ((0i)iec) =1, for all cliques
with size [C| > 2. On a given graph G = ([n], E), the resulting model,
called a pairwise MRF, reads

n

Po) = & [T wylono) [T ilo0), (1.11)
( .

ij)€E i=1

where we have separated the single-variable potentials ($i)ic[n) as-
sociated with cliques of size |C| = 1, from the pairwise potentials
(bij)(ij)ee associated with cliques of size |C| = 2. Note that for
convenience, we are slightly abusing our notations by indexing the
pairwise potentials, defined on each edge e € E, by indices i,j € [n]
such that e = (ij). Since the edge (ij) is the same as the edge (ji), for
equation (1.11) to be consistent regardless of the labeling of the edges,
the pairwise potentials must verify the following symmetry

Pyj(0i, 05) =ji(05,01)  V(ij) € E 01,05 € X. (1.12)
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When the distribution (1.11) is strictly positive for any assignment o,
it admits the following exponential representation

n

Z €ij(61»0—j)_zei(0—i) ; (1.13)

P(o) = lexp —
Z £ .
(1j)€E i=1

where the energies €y, €i5 for i € [n] and (ij) € E are defined as
ei(oi) = —log di(oi), €ij(oi, 0j) = —logbyj(oi, 05) . (1.14)

The choice of the word “energy” highlights the connection with statis-
tical physics. Indeed, expression (1.13) is nothing but the Boltzmann
distribution of the so-called Potts model of statistical physics [159].
We will represent pairwise models of the form (1.11) by simply
drawing the graph G = ([n],E), in which each node (pictured as a
white circle) represents a variable, and each edge (ij) € E carries a
pairwise potential ;. The single-variable potentials ¢; for i € [n]
are pictured as black circles connected to a single variable node. We
stress that while the graph G may contain cliques of size larger than 2,
they are not associated with potentials in a pairwise MRF model. For
instance, the triangle graph in the margin represents the factorization

P(o) ocPi2(01,02)P13(07,03)P23(02,03)P3(03), (1.15)

which does not include a term of the form V{y23(07, 02, 03).

The Potts model (1.13) is popular in computer vision [21, 22, 54],
where it is used to denoise a partially observed image by encouraging
nearby pixels to have similar colors. In this case, the graph G is
taken to be a regular lattice where each node, representing a pixel,
is connected with its four adjacent pixels in the image. The single-
variable energies €;(0;) are chosen to be minimized when o; = 63,
where §; is the observed value of the pixel. One simple example is

€i(oy) = —h1(o; = 61), (1.16)

where h > 0 can be interpreted physically as a local field, quantifying
the confidence that we have in the observed value of the pixel. The
pairwise energies €; j(0, 05) act as smoothing terms, and are chosen
to be minimized when o; = oj, e. g.

eij(oi,05) = —J1(0y = 0j) , (1.17)

where ] > 0 is a coupling controlling the strength of the smoothing.
The resulting graphical model is depicted on figure 1.4.

Pairwise models of the form (1.11) provide a principled approach
to the probabilistic analysis of data in which we expect correlations to
arise as a consequence of two-body interactions between random vari-
ables. An interesting application in biology is the so-called direct cou-
pling analysis [109] of co-evolution in protein sequences. The primary
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Figure 1.4 — Pairwise MRF for computer vision. Each variable node (white)
represents a pixel, and is attached to a single-variable poten-
tial (black) containing the observed value of pixel. Pairwise
potentials promote smoothness by correlating nearby pixels in
the image.

structure of a protein can be regarded as a sequence of n amino acids
(01)ie[n) taking values in an alphabet X with 21 possible values (20
amino acids plus possible “gaps” arising from insertion or deletion
mutations). The function of the protein is (mainly) determined by its
three-dimensional structure, which, in turn, is determined by a pair-
wise contact map, encoding which pairs of amino acids are in contact
in the folded protein. Although such contacts are the result of com-
plex physical and chemical interactions, they can in fact be inferred
from purely statistical considerations. The key observation is that
evolution strongly constrains these pairs of interacting amino acids.
Indeed, if two amino acids i and j are in contact after the folding
of the protein, then a mutation affecting o; must come with a muta-
tion affecting o accordingly, otherwise the protein will be denatured,
and the mutation will not be selected. These two-body interactions
result in strong correlations in the sequences of homologous proteins,
i. e. proteins sharing the same function. By sequencing homologous
proteins in various living organisms, it is possible to compute these
correlations, and to learn a model of the form (1.13) that is able to
reproduce these correlations. Using this approach, [109] showed that
the learned pairwise potentials allow to recover, with an impressive
accuracy, the contact map of the protein.

The previous example is an illustration of an inverse, or learning
problem, where we have access to some statistics which we believe
can be explained by a model of the form (1.11), and we try to learn a
graph G = ([n], E) and potentials (Vij) (ij)ce, (¢i)iem that can repro-
duce the observed data. In the converse direction, it may happen that
we have access to some data in the form of pairwise constraints on
the variables. In this case, we may postulate a model of the form (1.11)
encoding the available data, as well as any belief we may have on the
structure of the data, into the potentials (+j) (ij)cE, (Pi)icn) of a cer-
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tain graph G = ([n], E), and use this model to make predictions. For
instance, to predict the most probable state of a particular variable o}
for some i € [n], one may compute its marginal distribution IP; (o)
and look for its mode. This approach is usually called inference, and
will be the main subject of the original contributions of this disser-
tation. This strategy is exemplified by the computer vision example
represented on figure 1.4. Here, the available observed pixels are
encoded into single-variable potentials, and the pairwise potentials
translate our belief that neighboring pixels in an image usually have
similar colors. Similarly, in the following, we will consider graph
clustering problems, in which the pairwise potentials will encode the
similarity (or dissimilarity) between two objects, and the marginals of
model (1.11) will serve to label the objects.

Another motivation for considering pairwise MRFs stems for the
maximum entropy principle, and is the subject of the next section.

1.3.2  Maximum entropy principle

Generalizing the biological example of the previous section, as-
sume that we wish to learn the multivariate probability distribution
IP of a random variable 0 = (01)ic[n) € X", given some realizations of
this random variable. More precisely, assume that we have access to p
independent and identically distributed (i.i.d) samples oM ..., 0P
from the distribution P, and that we wish to find a distribution Q
such that, for all « in some index set J,

Eq [fa(0)] = fia, (1.18)

where o has distribution Q, each f, : X™ — R is a fixed function, and
the (fix)xeg are the empirical averages of the functions (fy)xeg on
the data we are given, i.e.

ﬁcx:

ifoc <Gm> . (1.19)

1
P53
In words, we are looking for a probability distribution Q such that
the expected value of each function f, for « € J is equal to the
empirical average of this function on the data. By the law of large
numbers, in the limit where the number of samples p — oo, we have
fix = Ep(fy(0)), so that Q = P is a solution. However, the system
of equations (1.18) is strongly under-determined, and there exists in
general an infinite number of solutions. As usual in physics and sci-
ence in general, we favor the “least constrained” solution?, i.e. the
solution that assumes the least additional structure in the distribu-
tion Q.

4. This general principle of parsimony is known as Occam’s razor, and is vividly
criticized, as is the maximum entropy principle.
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To quantify what we mean by “least constrained”, we introduce the
(Gibbs-Shannon) entropy of the distribution Q, defined as

— ) Q(0)logQ(o). (1.20)

oeXn
The entropy of the distribution Q quantifies the unpredictability of a
variable o distributed according to Q. The entropy of a determinis-
tic distribution (which support is a single element of X™) vanishes —
the value of o can be exactly predicted without doing an experiment.
On the other hand, the uniform distribution on X™ has maximum en-
tropy, as the uncertainty on the value of a realization of ¢ is maximal
in this case. The principle of maximum entropy states that among
all the distributions Q that verify the constraints (1.11), we should
favor the distribution that has maximum entropy. Therefore Q is the
solution of a constrained optimization problem which Lagrangian is
given by

— ) Q(0)logQ(0)+ ) Aa (Z Q(G)MO)—%) , (1.21)

oeXn xed oeXn

where the Ay for « € J are Lagrange multipliers. For any given
o € X™, we get by differentiating

oL
2000 =—1—logQ(o —1—0%7\ ofo (1.22)

so that Q takes the form of an exponential (or Boltzmann) distribution

Qo) = exp< Z?\ fo ) (1.23)

xel
for some normalization Z. The general form (1.23) reduces to the
pairwise exponential representation of (1.13) for a certain graph G =
(], E) when J = ([n] x X) U (E x X?), and for any o € X™
fi,a(0) = 1(0y = a), Vienl,aeX, (1.24)
fij,ab(0) =1(0i =a)1(oj =b),  V(yj) €E (a,b) € X, (1.25)
The energies (€i)icn), (€ij)(ij)ee of (1.13) are related to the Lagrange
multipliers of (1.23) by the identities

ei(a) =Aiqa, Vie nl,aeX, (1.26)
eij(a)b) = ?\ij,a,b» V(l]) € E) (a)b) € xZ . (1'27)

The constraints (1.18) then correspond to prescribing the one-variable
and two-variables marginals of Q, which, in the limit of large number
of samples p, verify for all i € [n], (ij) € E,a,b e X

Qi(o; =a) =fj,a — Pi(oy=a), (1.28)
pP—o0

Qij(0y = a,05 = b) = [Lij,a,b e IPi;(0;y = a,05 =b). (1.29)
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To sum up, among all the distributions over X™ with prescribed
one-variable and two-variables marginals, the Potts model of equa-
tion (1.13) is the one with maximum entropy.

1.3.3 From general to pairwise Markov random fields

As stated previously, our main motivations for focusing on the pair-
wise model (1.11) instead of the more general MRF (1.5) are both sim-
plicity, and the fact that the contributions we describe in following
are naturally expressed in terms of pairwise models. For complete-
ness however, we show here that any MRF of the general form (1.5)
may in fact be rewritten in the pairwise form (1.11), at the expense of
increasing the size of the dictionary X [160].

We start from the factor graph representation of a general MRF. As
sketched in the margin, the potentials corresponding to cliques of
size 1 and 2 are already of the pairwise form (1.11) and are readily
translated. To deal with factors corresponding to larger cliques, we
introduce a new variable node with a corresponding single-variable
potential, and tune the potentials adequately.

To be definite, consider the MRF depicted on figure 1.5, which is of
the form

P(o1,02,03,04) x P123(071,02,03)P34(03,04)Pa(04).  (1.30)

We replace the 11,3 potential with a new variable node o5 € X3 (note
that we have enlarged the alphabet), attached to a single-variable po-
tential ¢5. We write the components of o5 as 05 = (O‘é”, Géz), G?)).

The new pairwise model on the right of figure 1.5 factorizes as

P’(01, 02,03, 04,05) < ¢5(05)P15(071,05)P25(02,05) (1.31)
P35(03,05)P34(03,04)P4(04) . .

We tune the newly defined potentials {5 for i € [3] in the following
way

Pis(0i,05) =1 (Gi = Gfr,l)) , (1.32)
so that, in the pairwise MRF, the probability of a configuration van-
ishes unless o5 = (07,02,03). It only remains to fix the single-

variable potential ¢5 to equal the potential 1,3 that we removed

$5(xs5) =123 <Ué])>(féz)»0§)> . (1.33)

With these choices, the distribution represented by the pairwise model
is related to the distribution represented by the original factor graph

by
]I)/(G1)GZ) 0-3)64)0-5) = 1(05 = (0—1)62) 03))P(G1)02)G3>04)) (134)

so that the marginals of P’ are trivially related to those of IP. The

1
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Figure 1.5 — Conversion from a factor graph with a 3-body interaction (left)
to a pairwise MRF (right).

procedure we have described on this example is straightforwardly
adapted to any clique potential, and allows to turn any factor graph
into a pairwise MRF. Note that this is achieved at the expense of an in-
crease in the size of the alphabet, which goes from X to X!Clmax where
|Clmax is the size of the largest clique in the original MRF. This cost
is however not completely superfluous, in the sense that an inference
algorithm such as belief propagation (see section 1.5) has a time com-
plexity of O(X!Clmx) on general MRFs, while it can be made to run
in time O(X?) on pairwise models. On the other hand, using pair-
wise models simplifies the formulation of belief propagation which
is defined using only one type of messages, whereas in general factor
graphs, there are two types of messages (factor to node and node to
factor). As the previous procedure shows, we can choose without loss
of generality to restrict the presentation to pairwise models, as in the
classical paper [160].

1.4 RANDOM GRAPH ENSEMBLES

In the applications of the following chapters, we will consider pair-
wise models defined on random graphs. We define here the main
ensembles of random graphs we will be considering, and list some of
their prominent properties that will important to our study.

1.4.1 The Erdds-Rényi model

Perhaps the best known ensemble of random graphs is the so-
called Erdds-Rényi model G(n,p) [41]. In the G(n,p) model, a graph
G = ([nl, E) with n vertices (or nodes) is generated by including in
the edge set E each pair (ij) for T < i < j < n with probability p,
independently for each pair. The degree d; of vertex iin G is the num-
ber of neighbors of 1 in G. We write 91 for the set of neighbors of i,
so that d; = [9i]. In §(n,p), the degree of any node follows the same
binomial distribution, for any i € [n]

P(di =d) = (ni1>pd(1 -4t (1.35)
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We call E[di] the average connectivity (or simply average degree) of
G. In Y(n,p), the average connectivity is p(n —1). In any graph
(deterministic or random), the number of edges |E| is related to the
degrees by the so-called handshake lemma

n
208/ =) di, (1.36)
i=1

so that |E| is a binomial random variable with expectation E [[E[] =
pn(n—1)/2. In the following, we will be mostly interested in the
limit n — oo, with the scaling

P=_ (1.37)

where « > 0 is therefore identified with the average connectivity.
When « is fixed, independently of n, we say that the resulting graph
is sparse, as the expected number of edges scales linearly with the
number of vertices

E[E] ~ oo (1.38)

n—soo 2
In this regime, the degree of a given node i converges in probability
to a Poisson random variable with mean «

e
P(di =4d) oL T (1.39)
We say that a property holds with high probability (w.h.p) if it holds
with a probability tending to T as n — oco. The Erd6s-Rényi model
undergoes several phase transitions when n — oo, as the average
connectivity « is varied [41].

— For a < 1, a typical realization G is wh.p composed of a large
number of small disconnected trees, each containing of the or-
der of logn vertices.

— For o« > 1, G has wh.p a unique giant connected component con-
taining a finite fraction of the vertices.

— For a < log(n), G contains w.h.p isolated vertices of degree 0.

— For o > log(n), G is wh.p connected.

These phase transitions give us a clue about what to expect from an
inference algorithm on a random graph G. As a generic example, an-
ticipating on the following, assume that we are trying to infer latent
labels (0});i¢[n) carried by the nodes of the graph G, based on informa-
tion (e. g. comparisons or similarities) encoded on the edges of G. If
two vertices 1 and j belong to different connected components of the
graph G, then there is no way to decide whether o; = o; or not, since
we do not have access to any (even indirect) comparison between the
two vertices. As a consequence, we expect two different regimes.
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Figure 1.6 — Illustration of the locally tree-like property of a sparse random
graph. The gray dashed circle contains the subgraph G(i,3) of
all nodes that are at distance at most 3 from i. G(i,3) contains
no cycle.

— « = O(1) is the regime of so-called detectability, in which we
may hope to correctly infer the labels of a finite fraction of the
vertices, but not all of them.

— « ~ klogn for some constant k > 1 is the regime of so-called
perfect recovery, in which we may hope to correctly infer the
labels of all the vertices.

This hand-waving argument will be made more precise on the spe-
cific problems we consider in the following. The contributions of this
dissertation are interested in the detectability regime.

One of the most interesting properties of random graphs with small
average connectivity o« = O(logn) (including both detectability and
perfect recovery regimes) is that they are locally tree like. More pre-
cisely, for a fixed k € IN, and for some vertex i chosen uniformly at
random in [n], let G; x denote the subgraph of G consisting of all the
vertices and edges of G that are at most k steps away from i. Then for
any fixed k, G(i,k) is whp a tree. This property is depicted graphi-
cally on figure 1.6 and stems from the following heuristic exploration
process. Starting from node i, we discover its neighbors by drawing
(on average) « vertices in [n] uniformly at random. Then we discover
its neighbors’ neighbors by repeating the same procedure for each
neighbor of i. Assuming that each new neighbor has not been dis-
covered before, we have discovered after k iterations of the previous
scheme a¥ vertices on average. When o = O(logn), the number of
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discovered vertices is o(n), so that whp, they are all distinct, and
there is no cycle in G(i, k). This argument can be made precise, and a
full proof can be found e. g. in [19]. An equivalent popular statement
of the locally-tree like property is that there is w.h.p no cycle of length
smaller than log  n.

We now turn to generalizations of the Erd6s-Rényi model that will
allow us to encode information in the topology of the graph, or to
assign labels to the edges of the graph. We stress that these general-
ized ensembles will inherit the properties of the Erd6s-Rényi model
of same average degree, including the thresholds for the emergence
of the giant component and for the connectedness of the graph, as
well as the locally tree-like property.

1.4.2 The stochastic block model

The stochastic block model (SBM) is a simple generalization of the
Erd6s-Rényi model in which the probability of presence of an edge be-
tween two vertices is not uniform, but depends on latent variables car-
ried by the vertices. The stochastic block model (SBM) was first intro-
duced in the context of mathematical sociology in [65] and has played
a major role in the theoretical understanding of the performance of
community detection algorithms [32]. Indeed, unlike the Erd6s-Rényi
model, the sBM allows to generate graphs with non-uniform density
of edges, e.g. with communities of nodes more densely connected
than the average. Specifically, an instance of the SBM is specified by

n the number of vertices
q the number of communities

(fo)oe the relative sizes of the communities
(P, (,,)(T ,o'clq] a g x q matrix of edge probabilities.

A graph G = ([nl,E) is generated from the SBM in the following
way. First we assign each vertex i € [n] to a community o; € [q]
independently with probability P(o; = o) = fg, for 0 € [q]. Then
for each pair of vertices (ij) such that T <1i < j < n, we include the
edge (ij) in E with probability P ((ij) € E | 01,0j) = Po,,0;- The aim
is usually, given the graph, to recover the community memberships
(01)icn of the nodes.

We w1ll be mainly interested in the sparse case, i. e. for 0,0’ € [q]

Ko, o

Po,o’ = n

(1.40)
with a o fixed independently of n, although we will occasionally
mention some results in the perfect recovery regime o, o ~ klogmn.
In the sparse case, the average connectivity of the graph is given by

Z foforde or = O(1). (1.41)

o,0'=1
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In a social network, « can be interpreted as the average number of
friends a person in the network has®>. While the sparse regime is
more challenging, as the graph contains less information, it is also ar-
guably the most relevant in real world applications. Indeed, if the to-
tal number of users of Facebook doubles overnight, we do not expect
that the number of friends of a given user will also double. Said dif-
ferently, the number of friends that a person can have is constrained
by time, location and cognitive skills®. It is therefore reasonable to
assume this number to be independent of the total number of people
in the world.

The properties of the Erd6s-Rényi model G(n,«/n) listed in the
previous section also apply in the SBM with average connectivity «.
In particular, as argued in the previous section, we cannot hope to
perfectly recover the community memberships of all the nodes in the
sparse case. Instead, we may ask what conditions must verify the
parameters (fo)ge(q) and (&g o')g,07ec(q) tO detect the communities,
i.e. to recover the community memberships (0;);c[n] better than by
guessing randomly. Remarkably, based on arguments originating in
statistical physics, [32] conjectured a very precise answer to this ques-
tion. To state the result, we consider a particular, symmetric instance
of the sBM, with equally sized communities (fo =1/q,Vo € [q]), and

Kg,o! = Kin 1 (G = 0,) + Oout 1 (G # G/) y (1.42)

for 0,0’ € [q]. In words, the probability of two nodes being con-
nected takes only two different values, depending on whether the
nodes belong in the same community or not. Therefore, «j, is in-
terpreted as the average connectivity inside each community, while
oout is the average connectivity between different communities. The
average connectivity in the whole graph is

_ Qin + (q — 1)(Xout

q .
The case ain > Xout is termed assortative, and corresponds to the case
where the nodes are more densely connected inside a community
than the average. The opposite case xin < oyt is termed disassorta-
tive, and is useful to describe e. g. predator-prey, or mating networks.
Examples of both cases are pictured on figure 1.7.

(1.43)

5. The SBM (sparse or not) has however many other limitations when it comes
to modeling reality, e. g. the fact that it cannot account for the heavy-tailed degree
distributions observed in real world networks.

6. In the gos, the British anthropologist Robin Dunbar attempted to compute the
maximum number of “stable” friends a person can have. He found a correlation
between the size of a primate’s brain and the average size of its social group [39]. By
extrapolation, Dunbar suggested a cognitive limit of 150 as the maximum number
of close friends a human being can keep. Later studies based on the exchange of
Christmas cards in contemporary Western societies proved in remarkable agreement
with this prediction [63].
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e R

Figure 1.7 — Examples of assortative (left) and disassortative (right) commu-
nities.

The conjecture of [32] states that there exists a phase transition
in detectability, in that a polynomial time algorithm can detect the
communities in the limit n — oo if and only if

|(Xin - (Xout| > q\/& (144)

More precisely, if ¢ < 4 in the assortative case (or q < 3 in the
disassortative case), the authors of [89] claim that it is information-
theoretically impossible to detect the communities unless (1.44) holds.
For larger q, they argue that when below the transition (1.44), expo-
nential algorithms such as exhaustive search can detect the communi-
ties, but no polynomial time algorithm can. A large part of this con-
jecture has now been proved rigorously 7. More precisely, for the case
of q = 2 communities, the impossibility result below the transition
(1.44) was first proved in [110], and the detectability result was proved
shortly later in [100, 111]. For larger q, [4] proved that a polynomial
time algorithm (close to belief propagation, see section 1.5) succeeds
in detecting the communities when (1.44) holds, and also supported
the existence of an information-computation gap ® for q > 5, by show-
ing the existence of exponential time algorithms that can detect the
communities when (1.44) does not hold.

Finally, we mention for completeness that in the exact recovery
regime « ~ klogn, the situation is simpler, as there is no information-
computation gap in the limit n — oco. More precisely, [3] showed
that there exists a fundamental limit, expressed in terms of a certain
divergence function, such that no algorithm can perfectly recover the
communities below this limit, while a polynomial time algorithm can
do so when above this limit.

1.4.3 The labeled stochastic block model

The labeled stochastic block model (ISBM), first introduced in [60],
is a generalization of the SBM that allows to generate labeled graphs.
A graph generated from the labeled stochastic block model (1SBM)

7. Note that a rigorous proof of the full conjecture implies showing that P # NP.
8. An information-computation gap is a mismatch between what is information-
theoretically possible and what (known) polynomial time algorithms can achieve.
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contains two sources of information. The first one is encoded in the
topology of the graph, i.e. in the presence or absence of edges, just
like in the original SBM. The second one stems from the values of
the labels carried by the edges, which are assumed to be random
variables with a distribution that depends only on the labels of the
endpoints of the edges. More precisely, an instance of the 1SBM is
specified by

n the number of vertices
q the number of communities
(fo)oelq) the relative sizes of the communities
ple /> a q x q matrix of edge probabilities
99/ 5,0’clq]
L a set of labels

(p(e) /> a q x g matrix of label probability distributions
%9/ 5,0'€lq]

The first four parameters are the same as the SBM — note that we
now denote the edge probabilities p(¢) to differentiate them from the
label probabilities p¢). We use these parameters to assign each vertex
i € [n] to a community oy, and to generate a graph G = ([n], E) from
the SBM (see section 1.4.2). Then, for each edge (ij) € E, we draw a
label ¢;; with probability IP({;; = £ | 0y, 05) = pgl o (£), for ¢ in the
label set £. Like in the SBM, the aim is, given the thus constructed
labeled graph, to recover the community memberships 0 = (0})ic[n)
of the nodes. Again, we will be interested in the following scaling,
for 0,0’ € [q],

(e) Ko, o’
pg,g/ - T) (145)
with &5 v = O(1) (detectability), and only mention some results in
the regime o v ~ klogn (perfect recovery). Like the SBM, this model
is thought to exhibit phase transitions, both for detectability and per-
fect recovery, although it has been comparatively less studied than
the SBM.

In the detectability regime, the different conjectures and results

about this model mostly concern the symmetric 1SBM defined for o, 0’ €

[q], € € £ by

(ol
q
Koo/ = &in1 (U = U/) + Xout 1 (O‘ #* G/) , (1.46)

WEL, Pyl =pinl)1(0=0")+poult) 1 (0 #0).

In the symmetric 1SBM with q = 2 clusters and discrete edge set £,
[60] first conjectured that detectability is possible if and only if

(tin Pin (€) — Xout Pout(0))”
2 Z n out Pout > ] ) (147)

el XKin pm + Kout pout(e)
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The negative part of this conjecture (impossible detectability when
T < 1) was proved in [94], who also exhibited three algorithms that
can detect the hidden assignment o when 7 is larger than some con-
stant, strictly larger than 1.

In the following, we will be mostly interested in the special case
where o5 o = «, V0,0’ € [q], so that there is no information in
the topology of the graph, only in the labels carried by the edges.
For the case of ¢ = 2 communities, we will introduce provably opti-
mal algorithms that can detect o as soon as T > 1, and also extend
the conjecture (1.47) to the case of real labels, and q > 2 commu-
nities. This model includes as a special case the planted spin glass
introduced in section 1.6.5, called censored block model in the informa-
tion theory community. In the censored block model, £ = {£1}, and
Pin(+1) = pout(—1) = 1 —¢, for some € > 0. This model was first
studied in the perfect recovery regime « ~ klogn in [1, 56], who
showed that there exists a phase transition between a phase in which
no algorithm can perfectly recover o, and a phase in which efficient
algorithms can. We will study the detectability regime of the planted
spin glass in details in chapter 4. The perfect recovery regime of the
general 1SBM was studied in [163] who identified a phase transition
in terms of a divergence function, generalizing the results of [3] for
the SBM.

1.5 MEAN-FIELD APPROXIMATIONS

We now motivate and introduce a general class of approximate
inference methods, and discuss the belief propagation algorithm and
Bethe approximation which play a substantial role in the following.

1.5.1 Intractability of exact inference

We have shown on the example of the previous section that there is
valuable information to be extracted from the marginals of a pairwise
MRF. The gigantic caveat that we have swept under the rug is that the
task of computing the marginals of a multivariate (discrete) distribu-
tion is in general exponentially hard® (meaning that this operation
has a time complexity that is exponential in the number of variables).
This follows directly from the definition, since the marginal of o; for
some i € [n] is given by

Pi(o;) = Z Z Z Z P(oq,...,0n), (1.48)

o1€X 0i_1€X 0j41€X on€eX

9. Our applications will require computing single-variable marginals of the form
IP;(0y), which is why we focus here on this problem. However, the following re-
marks apply to other inference problems, such as computing the marginal distribu-
tion of a set of variables (conditioned or not on another set of variables), or comput-
ing modes of a JPD.
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so that computing this marginal requires summing over |X|™~! terms.
When the JPD has strong independence properties, as in the case of a
pairwise MRF, it is possible to leverage this structure to order the sums
in expression (1.48) in a clever way that reduces the overall complex-
ity of the procedure. An extreme example of such a simplification
is the case where the pairwise MRF factorizes according to a graph
that is a tree. In this case, computing the marginals of the pairwise
MRF can be done in time linear ' in the number of variables using a
dynamic programming procedure called the sum-product algorithm, or
belief propagation (BP) [124, 125] "

Let us detail the procedure for the pairwise MRF of equation (1.11),
defined on a given graph G = ([nl, E), with single-variable potentials
(b1)icn) and pairwise potentials (1s;) (ij)ce- Here and throughout
the dissertation, we denote by E the set of directed edges of the graph
G. The BP algorithm iteratively updates beliefs b;_,; which are discrete
distributions on X, defined on the directed edges (i — j) € E of
the graph G. These beliefs can be interpreted [103] as the marginal
distribution of o; in a “cavity” graph in which the potential \i; has
been removed. When the graph G is a tree, it is possible to show that
that the beliefs must verify the following fixed point equation *?, for
all(i—j)eE

¢)l 61 H Z q)lk 01, 0k bk—)l(o—k) (149)

keoi\j oxeX

bij(o1) =
l—>]

where 9; denotes the set of neighbors of vertex i in the graph G, and
the normalization Z;_,; ensures that the belief b;_,; is normalized, i. e.

iy = Z b1—>] (1.50)

oeX
If we find beliefs that verify the fixed point equation (1.49), we can
use them to recover the marginals of the pairwise MRF (1.11). More
precisely, when the graph G is a tree, we have IP;(0;) = bi(0i) where

bi(Gi) - 61 H Z d)lk 01, 0k bk*}l(o-k) (1~51)

keodi oeX

In practice, the BP algorithm iterates equation (1.49) until a fixed point
is reached, and outputs the marginals given by (1.51). As long as the

10. Each iteration of belief propagation (BP) is linear in the number of variables n
on a tree.

11. A variant of the sum-product algorithm allows to compute the modes of MRF.

12. Note that we write here BP in a “product-sum” rather than “sum-product”
form. We recover the perhaps more usual form of [161], equation (14), by defining
messages m;_;;(0j) = Zciex Pij(0oi, 05)bi5 (o) for (1 —j) € E, so that the fixed
point equation (1.49) becomes

mi—)j(gj) Z. Z bi(oy 1xbl] GI)G] H my_i(0y)

i) oieX keoi\j
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graph G is a tree, this procedure is guaranteed to converge, and to
give exact marginals [103].

When the graph G is not a tree, there exists a general procedure to
associate the pairwise MRF with a distribution that factorizes accord-
ing to a tree. This procedure, called the junction tree algorithm, allows
to perform exact inference, e. g. by running BP on the resulting tree.
A description of this procedure is beyond the scope of this disserta-
tion, and we refer the interested reader to [151] for the details. We
however remark that the complexity of the junction tree algorithm
is exponential in a fundamental graph-theoretic quantity called the
treewidth of the graph, which is one less than the size of the largest
clique in the junction tree representation of the pairwise MRF. Note
that when building a junction tree, we introduce additional edges in
the graph G, so that the treewidth of G is not the size of the largest
clique in G (it is larger). For many practical applications, including
the computer vision problem of the previous section, defined on a
regular lattice, and the problems studied in this dissertation, defined
on random graphs, the treewidth is large [151], so that the junction
tree algorithm is intractable.

In general, we therefore have to resort to approximate inference
methods. For instance, we may close our eyes on the fact that our
pairwise MRF does not factorize according to a tree, and run the BP
algorithm, which in this context, is sometimes called loopy BP 3. As
before, we iterate equation (1.49) until we find a fixed point, and use it
to output the pseudo-marginals b; for i € [n] given by equation (1.51).
If the algorithm converges, although we do not expect that IP;(o;) =
bi(oi), we may hope that P;(0i) =~ bi(0i), especially if the graph G
is not too different from a tree, i. e. if it has few and long loops. This
will in particular be the case for the sparse random graphs we will
consider in the following. Applying BP as a generic inference engine
on general graphs has often been rewarded with impressive success,
especially in coding theory [101, 129], but not only [32, 103]. It turns
out that this approach is inscribed in a more general approximation
framework originating in statistical physics, from which it inherited
the name of mean-field approximations. It is the purpose of the present
section to introduce this framework.

1.5.2 Variational mean-field

We now show that the distribution IP defined by the pairwise MRF
is the unique solution of a variational problem. In this section we let
Q denote an arbitrary trial distribution over X™.

13. In this dissertation, we will refrain from using the attribute “loopy” since it is
after all exactly the same algorithm.
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We define the KL divergence from IP to Q as

D(QIP) = ¥ Q(o)log 2. (1.52)

P(o)
oeXn

The KL divergence can be thought of as a sort of distance between
probability distributions, with the caveat that it is not symmetric un-
der the exchange of IP and Q. Its most useful property in the follow-
ing is the fact that the KL divergence between any two distributions
IP and Q is always non-negative, and it vanishes if and only if IP = Q.
This result, known as Gibb’s inequality, can be obtained as a conse-
quence of Jensen’s inequality. Inserting in the definition of the KL
divergence the exponential form (1.13) of the pairwise MRF P, with
energies (€i)icn, (eij) (ij)eE given by (1.14), we find

Dk (Q[P)= ) Q(o)logQ(o)+ Y Qlo)logZ

oeXn cexn
+ > Y Q@eylono)+) > Qlo)eiloy)
(ij)eE oeX™ i=1 cexn
(1.53)
=logZ + E[Q] - S[QI, (1.54)

where S[Q] is the entropy (1.20) of the trial distribution Q, and we
have defined its internal energy E[Q] as the sum of the expectations
(under Q) of the energies €, €5, i.e.

= Z Z Qo) 61) (71,0‘) +Z Z Q(o) ei(0oy) (1.55)
(ij)€E cexn i—1 gexn

We can finally define two quantities that play a major role in statistical
physics. The first one is the Helmholtz free energy

F=—-logZ, (1.56)

and the second is the Gibbs free energy, which is a functional defined
on the set of probability distributions over X™ and given by

GIQ] = E[Q] - S[Q]. (1.57)

We have therefore shown the following variational formulation. For
any trial probability distribution Q over X™,

GlQl >F, (1.58)
with equality if and only if Q = IP. In particular, it holds that
P = argmin, GQJ, (1.59)

where the optimization is over the set of all probability distributions
on X™. Once more, this optimization problem is intractable, since the
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mere evaluation of the Gibbs free energy of a distribution requires
summing over X™ terms. However, this variational formulation in-
spired a useful class of approximations termed variational mean-field.
The idea of variational mean-field is to make the optimization prob-
lem (1.59) tractable by restricting the set of possible choices for Q to a
smaller and manageable set. The simplest non-trivial choice is to con-
sider independent (also called factorized '*) distributions of the form

n
Q(o) =] [ bilos), (1.60)

i=1
where the b; for i € [n] verify ZU_I cx bi(oi) = 1 and are therefore the
marginals of the distribution Q. Solving the optimization problem
(1.59) over this restricted class of distributions amounts to finding the
independent distribution Q* which is closest to the true pairwise MRF
[P, in the sense of the KL divergence. By injecting the form (1.60) in
the definition of the Gibbs free energy (1.57), it is straightforward to
check that the solution of the restricted optimization problem is the
distribution Q* that maximizes the so-called naive mean-field (nMF)

free energy

g MF (( Z Z bi(oy) G))el](gl)o—])

(ij)EE oy,05€X
(1.61)

+Z > bi(m)ei(mwz Y bi(oi) logbi(oy).

i=1 O'iex i=1 O'iG:x

The main advantage of this nMF approximation is that the evaluation
of the Gibbs free energy is now tractable, and the optimization prob-
lem has become overall much easier to solve, since a distribution of
the independent form (1.60) is specified by n(X — 1) real numbers in-
stead of X™ — 1 for a generic distribution. Additionally, once we have
found a solution to the restricted optimization problem, it is trivial to
produce estimates for the marginals of IP, which we may approximate
by the marginals b} of Q*.

Unfortunately, in practice, employing the nMF approximation is of-
ten a bad idea >, since we are effectively assuming that the variables
o; are independent. A better approach, which allows for correlation
between the variables, is provided by the Bethe approximation, and is
at the heart of the methods developed in this dissertation.

14. In the next chapter, we give a definition of factorized models that generalizes
condition (1.60). This is why we use the non-standard adjective “independent” to
refer to these trial distributions.

15. A notable exception is the Curie-Weiss, or fully connected ferromagnetic Ising
model, for which the nMF approach is exact (see section 1.6.3).
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1.5.3 The Bethe approximation and belief propagation

The Bethe approximation takes a slightly different route than the
previous nMF approximation. More precisely, let us assume for now
that the graph G = ([n], E) is a tree. Then it can be shown [103] that a
trial distribution Q that factorizes as a pairwise MRF according to the
graph G can be written in the form

Factorization of a Q(o) = H(ij)eE bii (0%, Gj)

= 1.62
MRF on a tree H?:1 bi(oy)l0il—1 ) ( )

where the byj for (ij) € E and b; for i € [n] are called the beliefs for
reasons that will be made clear shortly, and are equal respectively to
the pairwise and single-variable marginals of Q. In particular, the
beliefs should verify the normalization and consistency conditions

, Zbij(ﬁi,(fj) = bi(oy), V(ij) e o1 € X,
Consistency o
constraints on the ’ (1.63)
beliefs > biloy) =1, Vie n].

Note that these two sets of conditions ensure that the pairwise marginals
are also correctly normalized. Injecting the form (1.62) in the defini-
tion (1.57) of the Gibbs free energy yields the so-called Bethe free energy

FBe (b (b)) Z Z bij (01, 03) €ij (04, 05)
(ij)EE o,05€X™

Z i(0y) ei(oy) + Z Z bl) 0-1.»0—)) logbu(ﬁuﬁl)
g, €X

(1j)E€E oy,05€X™

Bethe free energy

I\/]ﬁ i [\/]:

(19i/=1) D> bi(o1) logbi(oy).

i=1 Oiex

(1.64)
To sum up, as long as G is a tree, we therefore have that P = Q*

where Q* is defined by the decomposition (1.62) where the beliefs are
those that minimize the Bethe free energy (1.64), under the constraints
Bethe approximation (1.63). In the Bethe approximation, we assume that even when G is
not a tree, we can still approximate IP by the “distribution” Q* thus
defined. This is a strong assumption, since the form (1.62) does not
even, in general, define a correctly normalized distribution when G

is not a tree °.
Relation between the However, there is reason to believe that the Bethe approximation
Bethe approximation is useful in many problems, because it is closely related to the very

and 5P successful loopy BP strategy introduced previously. More precisely, it

can be shown that there is a deep connection between the marginals

16. In particular, the Bethe free energy is in general not a bound on the Helmholtz
free energy.
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estimated through BP and the stationary points of the Bethe free en-
ergy (1.64). This connection was first intimated by [73] in a special
case, and later formalized by [161] in its full generality. Their result
can be stated informally as follows.

Proposition 1.5.1. There is a one-to-one correspondence between the fixed
points of BP and the stationary points of the Bethe free energy.

In order to make the correspondence explicit, one writes down a
Lagrangian associated with the minimization of the Bethe free energy
(1.64) under the constraints (1.63). By setting the derivatives of this
Lagrangian to 0, one obtains a closed set of equations that allow to
relate bijectively the fixed points of BP to the Lagrange multipliers
[161]. Interestingly, when the graph G is a tree, or when it has a single
loop, it is possible to show [62] that the Bethe free energy is convex
over the set of beliefs verifying the constraints (1.63). In particular, in
this case, BP has a unique fixed point, corresponding to the unique
and global minimum of the Bethe free energy. In general however,
the Bethe free energy is non-convex and has multiple local minima.
Approximating these local minima will be our major concern starting
from the next chapter. When the Bethe free energy is not convex, it is
still possible to show that the stable fixed points of BP are local minima
of the Bethe free energy [61]. The converse is in general not true, and
we will see illustrations of this fact in chapter 2.

In the next section, we consider a special pairwise MRF, the Ising
model, and discuss a different approach to mean-field approxima-
tions in this special case, before stating some general results about
the phase diagram of the Ising model in its different flavors.

1.6 THE ISING MODEL: SOME PHYSICS

Pairwise models of the exponential form (1.13), also called Boltz-
mann distributions, have a century old history in statistical physics,
where they have been studied extensively as idealized models of sys-
tems with interacting particles. In the special case where the alphabet
X consists of 2 possible values X = {£1}, and the pairwise energies
are symmetric, €ij(0%, 05) = €4j(0j, 01), the distribution (1.13) can be
written in the familiar form of the celebrated Ising model

.l n

]P((Y) = Eexp §) Z Iij 010j + Zhio-i s (165)
({j)€E i=1

where the (]i;)(ij)ce are called couplings and the (hi)icn) are called

fields. The variables (0})ic[n are usually called spins. The parameter
 controls the strength of the interactions between the spins, and is in-
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terpreted physically as the inverse of the temperature. The expected
value of a spin '/

my = E[oyi], for i€ [n] (1.66)

is called its magnetization. Although the magnetizations alone do not
fully determine the Ising model (1.65) (one also needs to specify the
correlations), we will see that a great deal of insight lies in under-
standing the qualitative behavior of these quantities as we vary the
inverse temperature 3. The Ising model is a typical pairwise MRF, and
captures most of the computational challenges of their study. Since
this model will be central in the following, we list here some of its
qualitative properties, and some of its variations, that will make it
interesting for our applications. Before doing so, we introduce a dif-
ferent point of view on the mean-field approximation framework de-
veloped in the previous section. For simplicity (and also because it
suits our upcoming applications), we consider throughout the section
the case of vanishing fields h; =0 for i € [n].

1.6.1 A different approach to mean-field approximations

In the case of the Ising model, it is possible to derive another
systematic approach to the class of mean-field approximations intro-
duced in section 1.5, which we now present succinctly. This approach
relies on an expansion of a free energy functional expressed in terms
of the magnetizations m = (m;);cn). More precisely, from the varia-
tional formulation (1.58), it is straightforward [121] to see that

F= inf JF(m), (1.67)
me[—1,1]"
where F is the Helmholtz free energy of the Ising model, and we have
defined a free energy functional F(m) by

T = 0 il Hyto=m, S 2 (69
where G[Q)] is the Gibbs free energy of the trial distribution Q. This
amounts to solving the variational problem (1.59) in two steps. We
first minimize the Gibbs free energy over the trial distributions Q
with prescribed magnetizations, and we then minimize the resulting
functional J(m) over the magnetizations. In particular, from (1.67),
the magnetizations of the Ising model (1.65) are those that minimize
the free energy functional F(m). Unfortunately, computing F(m) is
just as intractable as minimizing the full Gibbs free energy.

However, the advantage of this two-step approach is that it is pos-
sible to perform a systematic small couplings expansions [51, 126]

17. There is a catch in this definition related to ergodicity breaking, which we
explain in the following.
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of the free energy functional J(m), which, when truncated at a cor-
rect order depending on the particular instance of the Ising model,
provide tractable approximate free energies. One possible such ex-
pansion is the Plefka expansion [126], which first orders are

iwmil 1+m+1—mi 1T—my

9:'0 (m) = 2 Og 2 2 10g 2 ) (169)
i=1
Fr(m) =— Z Jiymimy, (1.70)
(ij)€E
1
=— > 5 0-mi)(1-m7) (1.71)

(ij)€E

Note that the zeroth order is simply the entropy of n independent
random signs. Truncating the expansion to first order, we recover the
nMF free energy of the Ising model

F™ME(m) = Fo(m) + F1(m)

== D Jymumy

(ij)eE (1.72)

Z1+ml 1—|—mi 1—mi 1—mi

;7 T3 8

Indeed, it is straightforward to check that this last expression equals
the nMF free energy J “MF((bi)ie[n]) of equation (1.61) after noting
that for binary spins o; € {£1}, we can write

1—|—m10'i

bi(oi) = >

(1.73)

Truncating the expansion at second order, we obtain a more accu-
rate mean-field approximation called the Thouless-Anderson-Palmer
(TAP) approximation [149]

FI(m) = Fo(m) + F1(m) + F(m)

=— D Jymimj— Z J5 (1=mf) (1-m])

(ij)eE (ij)eE (1'74)

7 T3 18

Z1+m1 T+my T—my 1T—my
This free energy played an important role in the understanding of the
Sherrington-Kirkpatrick model of spin glasses, which we introduce
in the following. Interestingly, by summing a certain family of terms
in the Plefka expansion, including the previous first order terms as
well as other particular terms of arbitrary order in the couplings, one
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can also recover the Bethe free energy of equation (1.64) [126, 128] *°.
In section 2.3.3, we will compare spectral methods derived from the
nMF and the TAP approximations to those derived from the Bethe ap-
proximation, and discuss the superiority of the latter on the sparse
graphs we consider. In the rest of this section, we introduce vari-
ous types of Ising models and discuss the qualitative behavior of the

corresponding magnetizations.

1.6.2  The ferromagnetic Ising model

When the couplings are positive (J;; > 0 for (ij) € E), the Ising
model (1.65) is called ferromagnetic. This case corresponds to the orig-
inal physical motivation of the Ising model, as a toy model for mag-
nets, in which each spin o; for i € [n] represents the magnetic mo-
ment of an atom i composing the medium. In this physical interpre-
tation, the graph G is usually taken to be a regular lattice, mimicking
the positions of the atoms in an ordered medium, and the positive
couplings encourage neighboring atoms to have equal spins. In chap-
ter 5, we will however be interested in an Ising ferromagnet defined
on a sparse random graph. The magnetic quality of an Ising model
is controlled by its total average magnetization, defined as

1 n
Mn =~ Z1 mi, (1.75)
1=

Note that the total average magnetization can also be written M, =
E[m[o]] were the expectation is over the Boltzmann distribution (1.65),
and m[o] is the total magnetization of a single configuration

] n
mlo] = - Z oy . (1.76)

i=1

The average total magnetization (1.75) is therefore a measure of the
global order in the material: a large magnetization (in absolute value)
means that a large number of spins are typically in the same state. At
large temperature (small 3), the spins are nearly independent, so that
we expect the magnetization to vanish for a typical configuration of
the material. As we decrease the temperature (increase f3), the cou-
plings between neighboring spins become stronger, and large clusters
of aligned spins can appear. Physicists are usually interested in the
so-called thermodynamic limit where the number of atoms n — oo '7.

18. Note that the Bethe free energy (1.64) is expressed, in the case of the Ising
model, in terms of both the magnetizations and the correlations between spins. The
expression we recover from Plefka’s expansion corresponds to the Bethe free energy
evaluated at the correlations that minimize the Bethe free energy at fixed magnetiza-
tions [154, 155].

19. The thermodynamic limit is justified in practice by the value of the Avogadro
constant: one gram of matter contains approximately 1023 atoms.
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In this limit, an interesting phenomenon known as a phase transition *°
can occur. More precisely, depending on the topology of the graph
G and the values of the couplings, there may exist a critical (inverse)
temperature (3. such that,

B<Pe = li_r>n M;, =0and m; =0,Vi € [n] (1.77)
n o0

B>Pe = lim My #0 (1.78)

The Ising model can therefore capture the dependence on tempera-
ture of the magnetic properties of a physical medium. When 3 < 3.,
we say that the medium is in the paramagnetic phase, as the global
magnetization vanishes. On the other hand, when 3 > f., the
medium behaves like a magnet, and is said to be in the ferromag-
netic phase. Interestingly, we will see in the following that exactly the
same kind of phase transition phenomena explains why some infer-
ence problems are solvable while some others are not.

The alert reader may have noticed that, under the assumption of
vanishing fields, the distribution (1.65) is invariant under a global
flipping of the spins oy — —07j, so that for any finite n and any f3, the
magnetizations rigorously vanish. The existence of a ferromagnetic
phase with finite magnetization therefore appears impossible at first
sight. What makes it possible is a phenomenon known as ergodicity
breaking. In the limit n — oo , when 3 > 3., the support of the Boltz-
mann distribution (1.65) splits into two disconnected sets, called pure
states, or ergodic components*'. One of these sets consists of config-
urations o such that m[o] > 0, while the other consists of configura-
tions such that m[o] < 0. The two pure states are separated by a set of
configurations with vanishing probability. When multiple pure states
exist, the Boltzmann distribution (1.65) must be restricted to one of
them, and the magnetization must be computed within each of the
pure states. Ergodicity breaking, and the fact that the Ising model
can have non-vanishing magnetizations, will prove of paramount im-
portance in the following. Apologizing to the reader familiar with
statistical physics, we shall dwell a little more on this phenomenon
by examining, in the next section, a simple special case of the Ising
model for which we can compute analytically the magnetizations.

1.6.3 The Curie-Weiss model

To understand how ergodicity breaks and pure states emerge, it
is instructive to look at one of the simplest realizations of the Ising
model, called the Curie-Weiss model. The Curie-Weiss model corre-
sponds to the Ising distribution (1.65) in the special case where the

20. Phase transitions are signaled by a non-analyticity (as a function of (3) of the
Helmbholtz free energy.
21. Ergodicity is assumed to hold within each of the pure states.
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graph G is complete (or fully-connected) and the couplings are uni-
form Ji; = J/nfor 1 <i < j <mn, for some J > 0. In particular, the
model in invariant under any permutation of the spins, so that the
magnetizations are uniform m; = M,,, where M, is the total average
magnetization defined in equation (1.75). The Boltzmann distribution
of the Curie-Weiss model can be written as

1 n
P(o) = Zexp % Z 0i0j | o)
=1 1.79

where mlo] is the total magnetization (1.76) of a single configuration
0. The probability of observing a configuration with total magnetiza-
tion m is therefore given by

P(m) = ;’<n(£m)> exp (Tlfl m2> , (1.80)
2

where the combinatorial factor is the number of configurations o with
total magnetization m[o] = m. Using Stirling’s formula, we can write
the distribution of the random variable m for n large enough as

P(m) = %exp (—m B f(m)) , (1.81)

where f is the large deviation (rate) function of m, given for m €

1 1 1— 1—
f(m) = -5 m? + +mlog +m—i— mlog Zm

> 2 7 2 (1.82)

Note that n f(m) = F™MF(m) where F™MF is the nMF free energy (1.72),
so that the nMF approximation is exact for the Curie-Weiss model. In-
deed, applying Laplace’s method to the partition function Z, it is
straightforward to check that by (1.81), the distribution IP (m) con-
centrates, in the limit n — oo on the global minimum m* of f. As
a consequence, when sampling from the Curie-Weiss model, we ob-
serve w.h.p only configurations with total magnetization m*, so that,
by symmetry, the magnetization of each spin equals m*.

It turns out that depending on the value of the inverse tempera-
ture 3, the free energy f(m) of the Curie-Weiss model may take two
qualitatively different shapes, shown on figure 1.8. For ] <1, fisa
convex function of m, with a unique global minimum at m* = 0. The
Curie-Weiss model is therefore in its paramagnetic phase. For 3] > 1
on the other hand, f is no longer convex and has two local minima
+m* # 0. The Curie-Weiss model is then in its ferromagnetic phase,
and has finite magnetizations. The transition from paramagnetic to
ferromagnetic takes place at the critical inverse temperature 3. = 1/J.
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Figure 1.8 — Shape of the large deviation function f of equation (1.82) for
the Curie-Weiss model. The shape is qualitatively different de-
pending on the value of the parameter 3]. At high temperature
(paramagnetic phase 3] < 1), f is convex and has a unique
global minimum with vanishing magnetization m* = 0. At low
temperature (ferromagnetic phase 3] > 1), f is no longer con-
vex, and has two minima +m* # 0 with finite magnetization.
These two local minima correspond to the two pure states in
the ferromagnetic phase.

To understand how the existence of the ferromagnetic phase can
be compatible with the fact that the magnetizations are, for any finite
n, strictly vanishing, it is useful to imagine that we sample config-
urations from the Ising model using a Markov chain Monte Carlo
algorithm such as the Metropolis algorithm *>. When (3 ] > 1, starting
from a configuration o with arbitrary total magnetization m[o], the
algorithm would soon start sampling configurations with total mag-
netization approximately equal to +m*, depending on which local
minimum of f is closest. After a number of iterations exponential in
n, the Markov chain will make its way to the other local minimum,
and remain in its vicinity for an exponential number of iterations. If
we were to run the algorithm for a number of iterations exponential in
n, we would therefore be able to explore the entire free energy land-
scape, and we would have as many configurations with positive to-
tal magnetization as configurations with negative total magnetization.
Performing the empirical average of any given spin over this exponen-
tial number of realizations would yield a vanishing magnetization as
expected. However, doing the same after running the algorithm for
any reasonable amount of time would yield a finite magnetization, ei-
ther +m* or —m*. The two local minima of f are therefore metastable
states [165], escaped by a Markov chain only in exponentially large
time. In the limit n — oo, the free energy barrier between the two

22. For the ferromagnetic Ising model, there exist so-called cluster Monte Carlo
algorithms (see chapter 9) that, contrary to the Metropolis algorithm, can make non-
local moves on the free energy landscape. Such algorithms do not remain stuck in
the vicinity of a local minimum of f.
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local minima, and therefore the escape time of the Markov chain, be-
come infinite, causing the breaking of ergodicity, and the appearance
of two pure states.

The analytical solution of the Curie-Weiss model leads us to iden-
tify the pure states with the local minima of a well-suited mean-
field free energy *>. The choice of the mean-field approximation that
should be used depends on the instance of the Ising model we are
considering. In our applications, we will be exclusively interested in
models defined on sparse random graphs drawn from one of the en-
sembles introduced previously. Since such graphs are locally tree-like
in the large n limit, we will use use the Bethe free energy, and design
spectral algorithms that approximate its local minima *+.

1.6.4 The Ising spin glass

When the couplings have arbitrary sign, the model (1.65) is usu-
ally called an Ising spin glass. Physically, it can be used to model
disordered media, in which neighboring spins may be coupled posi-
tively or negatively depending on their distance. Such models have
been studied in statistical physics mainly using the not (yet) rigor-
ous replica and cavity methods [103], on cases where the couplings
Ji; are random variables with a prescribed distribution. Perhaps the
best known spin glass model for which an analytical solution exists
[122] is the Sherrington-Kirkpatrick model [146]. In this model, the
graph G is the complete graph with n vertices, and the couplings
are drawn from a Gaussian distribution with mean E[]i;] = Jo/n for
some Jo > 0, and variance 1/n. Another model with qualitatively
the same phenomenology is the Viana-Bray model [150], where the
graph G is drawn from a sparse Erd6s-Rényi model with finite aver-
age connectivity (see section 1.4.1), and the couplings Ji; € {1} are
drawn from a Bernoulli distribution *> with mean [E[J;;] > 0. We say
that an Ising spin glass has a ferromagnetic bias if E[]i;] > 0. Since
we will be interested in pairwise models defined on sparse random
graphs, this model will play an important role in the following.

The phenomenology of the spin glass is more complex than the one
of the ferromagnetic Ising model, and is in fact currently only under-
stood in so-called infinite-dimensional models, such as the Sherrington-
Kirkpatrick and Viana-Bray models. In the thermodynamic limit, in

23. This interpretation may break down in the spin glass phase introduced the fol-
lowing. However, in all our applications, we will always make sure to carefully tune
the inverse temperature 3 in such a way that we are never in the spin glass phase.

24. The actual free energy functional F(m) defined in equation (1.68) can be writ-
ten as a Legendre transform and is in fact a convex (non-analytic) function, corre-
sponding to the convex hull of the function f of figure 1.8. One perhaps unexpected
advantage of mean-field approximations is that they yield non-convex free energies
whose local minima correspond to pure, or metastable states [165]

25. The Viana-Bray model is in fact more generic and allows for more general
distributions of Ji;.
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Figure 1.9 — Phase diagram of a spin glass in vanishing fields. On the left
is the phase diagram of the Sherrington-Kirkpatrick model, de-
fined on a fully connected graph, with iid couplings drawn
from a Gaussian distribution with mean Jo/n and variance 1/n.
On the right is the phase diagram of the Viana-Bray model, de-
fined on a sparse Erd6s-Rényi graph with finite average con-
nectivity «, and +1 couplings drawn from a Bernoulli distri-
bution with mean [E[J;;]. The equations of the paramagnetic
to spin glass, and paramagnetic to ferromagnetic phase bound-
aries of the Viana-Bray model are given by equations (1.85) and
(1.84). The dashed red line is the Nishimori line discussed in
section 1.6.5. It can be noticed that it passes through the tricrit-
ical point without entering the spin glass phase. We note that
the spin glass phase depicted on both phase diagrams in fact in-
cludes a mixed ferromagnetic/spin glass phase that we do not
discuss here.

addition to the ferromagnetic and paramagnetic phases, there may
exist, for large enough (3, a third phase called the spin glass phase,
in which the global magnetization (1.75) vanishes, but the following
quantity, called the Edwards-Anderson order parameter, is finite

n

an = %Z Eloi]?. (1.83)

i=1

In this definition, the expectation is taken first with respect to the
Boltzmann distribution, and then with respect to the distribution of
the graph and couplings, an operation usually termed quenched dis-
order average. Equation (1.83) implies that while there is no global
ordering of the spins (the magnetization vanishes), each individual
spin has a preferred orientation (E(o0i) # 0). We show on figure 1.9
a cartoon of the typical phase diagram of a spin glass. Note that
generically, the existence of a ferromagnetic phase is conditioned on
a strong enough ferromagnetic bias. This fact will prove important in
the upcoming analyses.

The existence of a spin glass phase stems from the fact that, for
couplings with arbitrary signs, the distribution (1.65) may have many

39

Spin glass phase

Edwards-Anderson
order parameter



40

The spin glass phase
is very complicated

We will avoid the
spin glass phase

Locating transitions

Para-Ferro
transition

Para-SG transition

Our drosophila

MARKOV RANDOM FIELDS

modes. This feature differentiates the spin glass from the ferromag-
net, for which the modes are trivially given by the two uniform config-
urations. In the spin glass, a highly non-trivial breaking of ergodicity
may occur. Algorithmically, this leads to a dramatic slowing down of
methods based on Markov chain Monte Carlo. It is in fact believed
that the phenomenology of the spin glass phase could explain the
computational hardness of some inference problems [103, 166]. The
statistical properties of the spin glass phase are extremely complex,
and cannot be fully stated without introducing additional concepts
which will not be useful in the following. The reader is referred to
[103, 105] for complete presentations. Our main point about the spin
glass phase is that we should try to avoid it, which is exactly what all
of the original inference methods presented in the following will do,
by carefully choosing an adequate “temperature”.

In order to be able to avoid the spin glass phase, we need to be able
to locate it. When the underlying graph G is drawn from the sparse
Erd6s-Rényi model with average connectivity «, statistical physicists
make a precise (though not yet fully rigorous®°) prediction on the
location of the paramagnetic to ferromagnetic, and paramagnetic to
spin glass transitions. More precisely, when the couplings are i.id,
they predict, based on the so-called replica-symmetric cavity method
(see e. g. [168]), that the paramagnetic to ferromagnetic transition hap-
pens at an inverse temperature 3f defined by

oc]E]{tanh(BF])} ~1, (1.84)

while the paramagnetic to spin glass transition occurs at the inverse
temperature 3sg defined by

o« E; [tanhz (ngl)] —1. (1.85)

These equations are derived by analyzing the stability of the param-
agnetic phase with respect to different types of perturbations. We
detail and generalize these computations in chapter 3. We will reg-
ularly check throughout the dissertation that all of our results are in
agreement with these predictions.

1.6.5 The planted spin glass

As stated previously, this dissertation in interested in designing
inference methods to recover latent variables (0i);c) based on ob-
servations encoded in the form of a pairwise MRF. We give in this
section a precise example of such a problem, called the planted spin
glass, that will serve as our “drosophila”, on which we will illustrate,
in chapter 4, the effectiveness of the methods developed in chapters

26. A fully rigorous proof for the paramagnetic to ferromagnetic transition of fer-
romagnetic Ising models on locally tree-like random graphs was given by [35].
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Figure 1.10 — The thought experiment of the planted spin glass, with € ~
23% of lying pairs (left). Solid edges are assigned to the pairs
that answered “yes” to the question “do you have the same
color?”, and dashed edges are assigned to the pairs that an-
swered “no”. After the gauge transformation (1.92) (right), the
problem is equivalent to an Ising spin glass with a strong fer-
romagnetic bias in the couplings. The dashed lines represent
the negative couplings, and correspond to the pairs that lied.

2 and 3. This example corresponds to a special case of the ISBM
previously introduced, and has also been known under the name of
censored block model [1]. One way of introducing the planted spin
glass is through the following thought experiment, borrowed from
[168], and represented graphically on figure 1.10. Assume a playing
card is given to each of n players by a dealer. Each card is, with equal
probability 1/2, either red or blue. The dealer then asks a certain
number of pairs of players whether they have been dealt a card of the
same color or not. Each pair either answers the truth with probabil-
ity 1 — €, or lies with probability e. Can the dealer recover who was
given a red card, and who was given a blue card? *”

The connection with the Ising spin glass might not appear obvious
at this point. To make it precise, let us denote by ¢* = (07)ic[n €
{£1}™ the colors (+1 for blue, —1 for red) of the cards. We call this
configuration the planted configuration. We assume that this configu-
ration is chosen uniformly at random between the 2™ possible config-
urations, and we let G = ([n], E), where E is the set of pairs of players
to whom we ask whether their cards are of the same color. To each of
these pairs (ij) € E, we assign a coupling J;; = 1, where +1 repre-
sents the answer “yes”, and —1 represents “no”. The distribution of
the couplings is therefore given by

P (Jij =Jlof,07) = (1—€)1(] = o70]) + e1(] = —070]). (1.86)
Defining an inverse temperature 3* by

s 1—e
[3 _Elog c (1~87)

we can rewrite the distribution of the couplings as

_exp [3*]0’{0;

P (Ji; =] | of,07) = Tcosh B (1.88)

27. Note that the problem is invariant under the exchange of the colors blue and
red, so that we can only hope to recover these colors up to a global flip.
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Since the couplings are drawn independently from (1.88), we have by
Bayes’ theorem that the posterior distribution of the hidden assign-
ment o™ is given by

P(0* = 0) [T(35)ce P (Jy | 01, 05)
P ((J45) (1j)eE) ’

P (0" = o | (Jij)j)ee) = (1.89)

] *
=7 &P B Z Jijoioj | (1.90)

(H)ek

where we have used that the prior distribution of ¢* is uniform. Thus,
the posterior probability of the planted configuration o* given the
observations (Jij)ij)ee is nothing but the Boltzmann distribution of
the Ising spin glass, with the particular distribution (1.88) of the cou-
plings. We will derive in chapter 4 efficient and provably optimal
algorithms to recover the planted configuration from the knowledge
of the couplings. For the time being, we would like to show that
statistical physics offers a precise prediction as to whether the prob-
lem is solvable or not. Intuitively, the problem is solvable if a typical
configuration sampled from the distribution IP of equation (1.90) is
correlated with the true planted configuration. The expected correla-
tion between a configuration o sampled from P and the planted one
is given by the following quantity, called overlap

n

! x
On = E Z 0 Eloi], (1.91)

i=1

where the expectation is over the distribution IP. In the thermody-
namic limit n — oo, On vanishes e. g. if the probability distribution
P is uniform on {£1}", and approaches unity as IP becomes more
peaked around o*.

We now make use of a general property of the Ising model, called
gauge invariance. This property relies on the fact that the Boltzmann
distribution (1.90) is invariant under the following transformation, for
any T = (Ti)igm € {£1"

0y — 0i = 0iT; forie [n], (1.92)

Jij = Ty = Jy T for (ij) € E.
Indeed, ~it is readi}vy checked that the thus gauge transformed distri-
bution P verifies IP(5) = IP(0) for any choice of T. In particular, we
have E[6;] = Eloj] for any i € [n], with E denoting expectation with
respect to IP. With the special choice T = 0*, we have the additional
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property that the overlap becomes equal to the total average magne-
tization (1.75), in the gauge transformed model

1 & 1«
On =) oiElod=_3 (o7)° Elojoil, (193)
i=1 i=1
l « ~ ~
== Z E[6i] = My, . (1.94)
i=1

Therefore we expect the original problem to be solvable in the ther-
modynamic limit if and only if the gauge transformed model is in
the ferromagnetic phase. As seen in the previous section, this will de-
pend on two things, namely the distribution of the couplings, and the
value of the (inverse) temperature 3*. The gauge transformation does
not affect the value of the temperature, but changes the distribution
of the couplings. Since Jij070} = J, we get that the couplings in the

gauge transformed model are now i.i.d, with distribution P given by

Py 1) = gorpge 1 (=1 s bea(==1) (o9

To sum up, we have shown that the dealer of our thought experiment
can correctly guess the color of the cards of a finite fraction of the
players if and only if the Ising spin glass, at temperature 3* given
by (1.87) and with i.i.d couplings distributed according to (1.95), is in
the ferromagnetic phase. This setting corresponds to the Viana-Bray
model of the previous section, on a particular line of the phase dia-
gram of figure 1.9, since the ferromagnetic bias E []i;] of the gauge
transformed couplings with distribution (1.95) is linked to the tem-
perature by the identity

E [Ji;] = tanh B*. (1.96)

It turns out that this particular line has a long history in statistical
physics, where it is known under the name Nishimori line [117]. The
analysis of a model on the Nishimori line is greatly simplified, mainly
by the fact that it does not cross the spin glass phase. This can be seen
by showing that on the Nishimori line, the magnetization M,, equals
the Edwards-Anderson parameter ¢, so that we cannot have q,, > 0
without having M,, > 0 [118, 168]. On the other hand, in the phase
diagram of the Viana-Bray model, the Nishimori line interpolates be-
tween the points (f* = 0, IEUij] = 0), and (B* = +oo0, ]E[]ij] =1).
The first point corresponds to a Boltzmann distribution uniform over
{1}, which is therefore in the paramagnetic phase. The second
point corresponds to the limit of vanishing temperature of a purely
ferromagnetic model, and is therefore in the ferromagnetic phase.
Consequently, the Nishimori line must cross the paramagnetic to fer-
romagnetic phase boundary. It turns out that it does so precisely at
the tricritical point of the phase diagram of the Viana-Bray model of
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figure 1.9. To see this, one only needs to check that when the cou-
plings are distributed according to (1.95), we have the identity

By [tanh (B*])] = By [tanh? (B*]) | . (1.97)

At the paramagnetic to ferromagnetic transition, both quantities there-
fore equal unity, and we have by formulas (1.84) and (1.85) that the
corresponding point in the phase diagram lies at the intersection of
the paramagnetic to ferromagnetic, and paramagnetic to spin glass
boundaries, i. e. at the tricritical point of figure 1.9.

There is an important connection between the Nishimori line and
Bayes optimality. In order to write the posterior probability (1.90) of
the planted configuration 0*, we have assumed knowledge of 3*, i.e.
of the parameter € of the model that was used to generate the data
— here, the couplings. This setting, in which we know exactly all the
parameters of the generative model is called Bayes optimal. When we
do not know €, we have to consider the Ising model at general inverse
temperature {3, i. e. with a so-called parameter mismatch. In this case,
the posterior probability is no longer on the Nishimori line, and may
be in the spin glass phase. The definition of the Nishimori line can be
extended to more complex models [50], and it is believed to be a gen-
eral fact that in the Bayes optimal setting, a given inference problem
always lies on a generalized version of the Nishimori line, that avoids
the spin glass phase. We refer the reader to the excellent review [168]
for arguments supporting this claim, and some of its algorithmic im-
plications. We will come back to the problem of parameter mismatch
in the planted spin glass in chapter 4.

In the Bayes optimal setting, we can read the statistical physics pre-
diction about the solvability of our problem from the phase diagram
of figure 1.9. Specifically, we expect that the problem is solvable if
and only if the gauge transformed model with couplings distributed
as in (1.95) is in the ferromagnetic phase, i. e.

1< oc]ET [tanh2 (B*T)} = o tanh? (B*) < « > (1.98)

1
(1—2€)2°
where we have used the definition (1.87) of 3*. In chapter 4, we will
show rigorously that this prediction is correct, and give a provably
optimal algorithm that can partially recover the configuration o* as
long as the condition (1.98) holds. Remarkably, this algorithm will
not require the knowledge of 3* (i. e. €).

1.6.6 The Hopfield model

We finally introduce a variant of the Ising model that will be rele-
vant to our application in matrix completion (chapter 8). This variant
corresponds to the Ising spin glass of section 1.6.4 with yet another
particular prescription for the couplings (Jij)(ij)ce- Specifically, we
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assume that there exist r patterns ("), c[rj where each pattern is a
vector of size n with components &* = (&!');c (), and we consider
the Ising model (1.65) in vanishing fields, with couplings given, for
(ij) € E by

N
Jij = Z E{Lcﬁju. (1.99)
n=1
This defines a particular instance of the Hopfield model, in which the
couplings are specified by the so-called Hebbian rule. The entries &}'
of the patterns are usually taken to be i.i.d binary signs +1 with equal
probability, although we will consider in chapter 8 i.i.d patterns drawn
from a Gaussian distribution with mean 0. We take in this section pat-
terns drawn from a general probability distribution of mean 0. The
main interest of the Hopfield model stems from the fact that, un-
der certain conditions, it has pure states correlated with the patterns
(&) er]- We say that a pure state is correlated with a pattern &V if
the following overlap O}, is finite in the thermodynamic limit

1 n
n_ : U8 .
O = n ; sign(&;) E[oy], (1.100)

where the expectation is, as in the case of the ferromagnetic Ising
model of section 1.6.2, understood to be with respect to the Boltz-
mann distribution restricted to the pure state. We say that the pure
state is positively correlated with the pattern & if O* > 0, and nega-
tively correlated if O* < 0.

To develop an intuition as to why this may be the case, we consider
first the case of a single pattern (r = 1). The probability of a config-
uration 0 = (0y)ic[n in the Hopfield model can then be written as
P(0) xx exp (—BE(0)) where the energy E(o) is defined by

E(o) = — Z Jijoioj = Z cﬁlé]]cfi(fj. (1.101)
(

ij)eE (ij)eE

Therefore the ground-states, i. e. the most probable configurations, are
+0'!, with Gg = sign(ig) for 1 € [n]. We would like to find out when
the Boltzmann distribution concentrates around this ground-state. To
do so, we use the invariance of the Boltzmann measure under the
gauge transformation (1.92), which we take here to be

0y — 0y = cri(r{ forie [n], (1.102)

Ji = Ty = Jyoi0f =]yl for (ij) € E. (1.103)

The gauge transformed model is therefore a ferromagnetic Ising model,
akin to the one of section 1.6.2. The overlap (1.100) with the unique

pattern becomes
n

Z E[6:] = My, , (1.104)

i=1

ol =
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Figure 1.11 — Qualitative phase diagrams of the Hopfield model with bi-
nary patterns on the complete graph [11] (left) and on a sparse
Erd6s-Rényi graph with finite average connectivity [28] (right).
Notice the different scaling of the number of patterns r be-
tween the two cases.

where M, is the total average magnetization, as defined in equa-
tion (1.75), of the gauge transformed model. Therefore, we expect
from the results of section 1.6.2 that in the ferromagnetic phase (i. e.for
(3 large enough), the Boltzmann distribution will indeed split into two
pure states, one of them positively correlated with the unique pattern,
and the other one negatively.

When r patterns are used, the configurations +o* with o} = sign(&}")
for u € [r],1 € [n] are still approximately local minima of the energy
E(o). Indeed, the energy E(f+o") of any of these configurations de-
composes into a term similar to (1.101), and a small crosstalk term,
arising from random correlations between the different patterns. This
second term is negligible for a small enough number r of i.i.d patterns
of mean 0. In this case, and for a suitable range of values of (3, the
model is in a so-called retrieval phase, which generalizes the ferromag-
netic phase of the Ising model, and in which the Boltzmann distribu-
tion splits into r pairs of pure states, called in this context retrieval
states, each pair correlated with one of the patterns 28 When in the
retrieval phase, the Hopfield model effectively acts like an associative
memory, which is the function it was first introduced to perform [66].
In this context, we say that the r patterns have been memorized, and
we can address the associative memory to denoise or complete a noisy
or partial version of one of the patterns. This is usually achieved
using a Markov Chain Monte Carlo algorithm (often at vanishing

28. This is an oversimplification, as upon lowering further the temperature, (many)
spurious pure states appear, corresponding to superpositions of the patterns. How-
ever, these spurious states will not have an impact on the spectral method of chap-
ter 8, since they correspond to linear combinations of the retrieval states, and hence
do not affect the dimension of the vector space spanned by the retrieval states.
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temperature), which can sample the retrieval state to which the ob-
servation belongs, without escaping to another, irrelevant retrieval
state. In a tentative biological identification, the spins (0)ic[n) are
identified with neurons, and their binary value reflects whether the
neuron is spiking or not. The couplings (]i;)(ij)ce are interpreted as
synaptic weights.

As anticipated in the previous heuristic discussion, there is a limit,
called capacity, to the number of patterns than can be memorized by
a Hopfield model. This capacity depends on the distribution of the
patterns, as well as the underlying graph. In the classical case of a
complete graph with n vertices, and random binary patterns, Amit,
Gutfreund and Sompolinsky showed [11] using the replica method
that the maximum number of patterns that can be stored in the ther-
modynamic limit is Cn, where C ~ 0.138. The same authors also
give the complete corresponding phase diagram, depicted qualita-
tively on figure 1.11. The situation is different for the Hopfield model
on a sparse random graph with finite connectivity *°. In this case, the
capacity is finite in the limit of large number of neurons n. The phase
diagram in the case of binary patterns has been computed using the
replica method in [28], and is shown qualitatively on figure 1.11. In
chapter 8, we compute numerically the capacity of a sparse Hopfield
model with Gaussian patterns of mean 0.

1.7 GENERAL APPROACH OF THIS WORK

Before closing this review chapter and beginning the construction
of our theory of spectral inference, let us give a high level descrip-
tion of the scope of the upcoming methods. As previously hinted
at, we will be interested in particular problems whose solutions are
given by the marginals of a pairwise MRF. Generically, our upcoming
applications can be classified into two groups.

The first group consists of problems whose Bayes optimal solution
is naturally written as a marginalization problem in a pairwise MRF.
A typical example of such a situation is the 1SBM of section 1.4.3. In-
deed, the probability of generating a cluster assignment o = (o3) €
[q]™, a graph G = ([n],E) and labels ¢ = (;;)(ij)ce in this model is
given by

n

PG, 6018 =[Tfe IT P&leiptlonts) TT (1-95e;)

i=1  (ij)eE i<j
(J)€E

29. The sparse Hopfield model has received comparatively less attention, probably
both because it is irrelevant as a model of the brain, and because it has a much
smaller capacity.
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here 8 = 4 (f (pics) (pi%(0) is th
where {( oJoctal \Po,or) o grerg Pono D) o cranees 118 e
set of parameters of the 1ISBM. The posterior probability of the cluster

assignment o is therefore given by

P (G,¢ 0] 0)
IP(G| G,e,e):m)
- (e)
G (,0) l:I 11 p“n"tp%al((]’ﬁ) EI) (]_P01,0i> ’
(J)EE

(1.105)
From standard results in Bayesian inference, the optimal estimator

of the cluster assignments o, i.e. the estimator that minimizes the
number of misclassified vertices, is given by

61 = argmax; (4 Pi(oy), Yie n], (1.106)

where IP; is the marginal distribution of o;. Therefore the Bayes
optimal solution of the inference problem in the 1SBM is naturally
expressed in terms of the marginals of the pairwise MRF of equa-
tion (1.105) 3°. Chapters 4,5 and 6 are devoted to the in-depth analysis
of particular cases of this problem.

The second group of possible applications we consider consists of
problems where we do not assume the data to be generated from
a particular MRF3', but we define an ad hoc pairwise MRF in which
we expect the configuration o we are after to have high probability.
An example of this approach is the computer vision problem of sec-
tion 1.3.1, where we consider a pairwise MRF directly translating our
belief that neighboring pixels should have similar colors. One way
of achieving such a model is by assigning a cost (or energy) E(o) to
each configuration such that the solution we are looking for is a (local)
minimum of E. We may then consider the model

P(0) = o exp (~BE(0)) (1.107)
where 3 is a free parameter. As an example, let us consider the prob-
lem of similarity-based clustering, in which we try to cluster n items
into q groups based on some measure of similarity between two given
items. We may define a weighted graph G = ([nl, E) where each edge
(ij) € E carries the similarity s;; between items i and j. A standard
approach (see e. g. [98]) is then to consider a cost function of the form

30. Note that, even when the graph G is sparse, this pairwise MRF is, in general,
defined on the fully connected graph with n vertices, which causes numerical ineffi-
ciencies. We deal with this issue in section 3.1.1.

31. We may analyze the performance of our algorithms on data generated from a
model, but we do not assume, when designing the algorithm, that the data comes
from a model.
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E(o) =— Z f(syj) 1(0y = 03), (1.108)
(Y)ek

where f is an increasing function. This cost function encourages items
with a large similarity to be in the same cluster. The probability dis-
tribution (1.107) is then a pairwise MRF, in fact a Potts model. This
approach was considered in [17] who showed that, by computing
the correlation of the Potts model thus defined using Monte Carlo, it
is possible to cluster the items to very good accuracy. In chapter 7,
we introduce a spectral algorithm that clusters the items by estimat-
ing the marginals of this model, eliminating the need to run costly
Monte Carlo simulations. Note that instead of minimizing the cost
function (1.108) (which would amount to taking the limit 3 — oo in
the distribution (1.107)), we follow a probabilistic approach based on
the marginals of the model (1.107) at finite 3. This allows us to over-
come some severe overfitting limitations of methods based on the
optimization of a cost function, which tend to find seemingly good
clusters even when there are none [167]. Another example of this
ad hoc approach in the context of matrix completion will be devel-
oped in chapter 8. Starting from the next chapter, we develop general
spectral approximation schemes that will apply to both the “Bayes
optimal” and the “ad hoc” types of problems.
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Part II

SPECTRAL INFERENCE

In this second part, we outline a general theory of spec-
tral inference. We identify a class of interesting pairwise
MRFs exhibiting phase transitions, controlled by two linear
operators, the non-backtracking operator and the Bethe
Hessian. We study the properties of these operators with
methods drawn from statistical physics, and use them to
introduce new spectral algorithms. We finally illustrate
the performance of these algorithms on the example of
the planted spin glass.






FACTORIZED AND SYMMETRIC MODELS

In this chapter, we introduce spectral relaxations that approximate
the marginals of a graphical model using the eigenvectors of certain
linear operators. Our starting point is the pairwise MRF introduced
previously, and defined by the joint distribution, for o € X

P(o) = 5 [T oilon) [T wylonoy). (2.1

iev (ij)eE

We will derive in section 2.1 a set of conditions on this pairwise MRF
such that the associated BP algorithm has a trivial and uninformative
fixed point. In this setting, we will identify a necessary condition
for BP to output non-trivial marginals. In section 2.2, we show that
under additional conditions on the pairwise MRF (2.1), the stability
of the trivial fixed point of BP is controlled by a matrix called the
non-backtracking operator, acting on the directed edges of the graph.
We introduce a spectral inference algorithm based on this operator
and motivate it intuitively by relating it to the Ising model. Finally,
in section 2.3, we change our perspective and show that the previ-
ous results can be related to the disappearance of a paramagnetic
local minimum in the Bethe free energy. We show that this approach
yields a smaller, symmetric operator called the Bethe Hessian, tightly
related to the non-backtracking operator. We propose another spec-
tral algorithm based on the Bethe Hessian, and discuss possible gen-
eralizations to other mean-field free energies. In particular, by con-
sidering other classical mean-field approximations, we make contact
with other operators frequently used in graph clustering. To simplify
some of the algebra, we assume throughout the chapter that

> ilo)=1, Viem]. (2.2)

oi€X

This is achieved without loss of generality by rescaling the partition
function Z.

2.1 PHASE TRANSITION IN BELIEF PROPAGATION
We first identify a general condition on the potentials of a pairwise

MRF such that the corresponding BP algorithm fails to provide useful
marginals.
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Figure 2.1 — Graphical representation of the factorized condition. A pair-
wise MRF is factorized if and only if, for any two nodes i and j
such that (ij) € E, the marginals of o; and oj in the subgraph en-
closed by the dashed gray line are given by the single-variable
potentials. Note that this does not imply that o; and oj are
independent in the small graphical model with two variables.

2.1.1 Factorized models

We introduce a subclass of pairwise MRFs, which we call factorized’,
for which BP has a phase transition. Given a model of the form (2.1),
we define, for (ij) € E, 07 € X,

TiLj(0y) = Z Pyij (0, 05) dj(oj). (2.3)

O'jex

We say that the model is factorized if for all (ij) € E and for all 0; € X,

Tinj(01) = Tisj independent of o . (2.4)

This property has a nice graphical representation depicted on fig-
ure 2.1. For any (ij) € E and o0y € X, 1ij(0i)di(0i) can be inter-
preted as the (unnormalized) marginal probability distribution of o;
in a small graphical model containing only the nodes i and j. The
factorized condition (2.4) therefore corresponds to assuming that in
this small graphical model with two variables, each variable has its
marginal determined by its single-point potential, i. e. the interaction
with any other single variable alone does not influence its marginal.

At first sight, this condition seems very restrictive. Let us therefore
give some examples of interesting problems that fall in the category
of factorized models. A first non-trivial example is the Ising model
in vanishing fields, which corresponds to X = {£1}™, and

11)1j(0'i, O‘j) = exp Iijo_io-j s V(l]) € E, oy, 05 € {:l:]},

(2.5)
di(oy) = =2

, Vie nl, oy € {£1}.

N —

1. The word “factorized” does not imply here that the variables o; are indepen-
dent, as in the nMF approximation of section 1.5.2. Our wording is unfortunate, but
motivated by the fact that our definition generalizes the factorized condition of [32].
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In this case, we have for any (ij) € E, 03 € {£]1},

Tin(01) = % Y expJijoio; = cosh (Jijoi) = cosh (Jy;)
o;e{£1}
which is indeed independent of o; = £1.
A generalization of the previous example with an arbitrarily large
alphabet X = [q] for some q € N is given by the “symmetric” Potts
model defined by

exp J5 if 0y = 0j B
Yij(0i, 05) = Z . ,  V(ij) € 01,05 € [q],
expJi; if oy # 0j (2.6)
1
d)i((fi):a» Vie [nl,o; €lql,

for arbitrary couplings (Ii:j> ]Zﬁ) e that for any (ij) €E, oy €[q],
Ve

1 _
ri—n'(ci):a Z exp (]51(01261-)4—];1(617&01-)), (2.7)

oj€lql
_ ; (exp (05) +(a—Dexp (17) ) (28)

again, independent of o; € [q]. We will see that these two examples of
factorized models alone provide significant insight into the solution
(or absence of solution) of various distinct problems in inference and
machine learning.

2.1.2  Trivial fixed point of belief propagation

Recall that a fixed point of the BP recursion for model (2.1) must ver-
ify

bisj(o) = —dilo0) [] D wiklow,00) bissilon), (29)

Z. .
) kedi\j oreX

and the corresponding approximate marginals are given by

bi(Gi)— (o) H Z Pik(oi, oK) brsilow) . (2.10)

keoi oeX

The justification of the factorized condition (2.4) is that it implies the
existence of a trivial solution of BP. Indeed, if we assume the model
to be factorized, then the assignment

bt ,i(01) =dilor), V(i—j)eEoeX, (2.11)
verifies the fixed point equation (2.9). Indeed, it holds that

bilo) [T D viklon o) biilo) = dilo) [] riok,

kedi\j oxeX kedi\j
= 2r

1—)] bt—))( ) )
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True pairwise model Trivial fixed point

Figure 2.2 — The trivial fixed point (2.2) of BP estimates the marginals of the

pairwise model on the left to be equal to the marginals of the
independent model on the right.

with normalization constant given by

*
iy = H Tisx - (2.12)
kedi\j

The corresponding beliefs output by BP are given by
bi(0i) = dpiloi), Vie n],oy€X. (2.13)

In other words, at the trivial fixed point, the marginals computed by
BP on the pairwise model (2.1) are the same as the marginals of the
independent model *

n n

P(o) = [ [ bilo) = [ [Pilov), (2.14)

i=1 i=1

represented on figure 2.2 and which does not include any of the infor-
mation encoded on the edges of the graphical model. In the various
applications we consider, ¢;(0i) represents the prior probability of o}
in the absence of data in the form of pairwise potentials. The solution
(2.2) is therefore uninformative. We will also call this solution paramag-
netic, as it yields a vanishing magnetization (1.75) in the Ising model.
Note that the paramagnetic solution exists for any choice of the cou-
plings. In particular, in an Ising model with a temperature 3 such
that J;; = B]’ij, the fixed point exists for any value of 3. However, as
we will see in the next section, it is not always reachable by BP.

2.1.3 Phase transition

As explained in section 1.5, we run BP by iterating the fixed point
equations (2.9) starting from an arbitrary initial condition. This it-
eration can be written in a compact form by introducing the map-
ping F : RIEXIXI _ RIEXIXI sych that, for any set of beliefs b =

2. Note that the correlations estimated through BP would by non-trivial, even at
the trivial fixed point.
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(biﬁj(g))(i—meﬁ,cex e RIFXX, F(b) = (fgi)j

forany(i—>j)€ﬁ oeX,

(b)) )
(i—j)ek,0eX

1) (b) =

1—)

o) I D vulo,ou)brsilon).  (215)

1_” keodi\j oxeX

The BP recursion starting from an initial condition b° then simply
writes, for t > 0
bt = F(bY). (2.16)

If we choose an initial condition b® = b* + §b° € RIEIXX close to the

uninformative fixed point b* = F(b*), BP will converge to b* if and
only if it is a stable fixed point of BP. The reachability of the trivial
fixed point is therefore controlled by the Jacobian J of F at b*. Some
algebra given in an appendix

1 = (o) (PO i), ea)

Tk Tk

and the perturbations evolve to linear order according to
Sb T =750 + o0 (||5bY]) - (2.18)

A perhaps friendlier, equivalent statement is the following. For (i —
j) € E, we define 6b{ € R™I to be the vector with elements (5b} (o
The linearized system (2.18) can then be written equivalently, to linear
order,
8bf ;= D Jkeidby ), Vi-—j)€E, (219
KEDL\j

where for each (k — 1) € E, Jx_i € RI¥*IX| is the matrix with entries

Yyi(o'y0) Tk—>i) ‘

(esi)o.or = dil0) ( | _
Tisk Tisk

We would like to find out if, upon iterating BP, the perturbations
grow, or they decay. This question is readily answered in stability
theory, when the initial perturbation can span the entire vector space

(2.20)

RIEXIXI In this case, the stability of the fixed point is controlled by
the spectral radius p(d) of the Jacobian at the fixed point. A small

subtlety arises here from the fact that the beliefs must be normalized,

so that the initial perturbation §b° must verify, for all (i — j) € E,
Z 6b1_>) 0i) =0. (2.21)
o,eX

This condition defines a vector subspace H of dimension | x (|| —1)
of admissible perturbations. On the other hand, we observe that each
column of Ji_,j sums to 0. Indeed,

Z ety or = 2_sex Pilobiilo’,0) i Z bi(01), (2.22)

‘r.
cEX ik T 0 €X

_ Tk—i  Tkoi —0. (2'23)

Tij Tij

with,
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This property can be used to show that ImJ C 7, so that the restric-
tion J|g¢ of the Jacobian to the subspace of admissible perturbations
defines a meaningful endomorphism of H, whose spectral radius con-
trols the stability of the trivial fixed point. Moreover, the fact that
ImJ C J implies that any eigenvalue of J is either an eigenvalue of
dlg¢ or is equal to zero. This implies that p(dlsc) = p(d), so that the
trivial fixed point of BP is unstable with respect to admissible pertur-
bations if and only if

p(d) > 1, (2.24)

where p(J) denotes the spectral radius, i. e. the modulus of the largest
eigenvalue of J. There is therefore a phase transition in BP, and (2.24)
is a necessary condition for BP to yield informative marginals.

2.2 SYMMETRIC MODELS

We now restrict further the class of factorized models by introduc-
ing a symmetry requirement on the potentials of a pairwise model.
Specifically, we ask that the single-variable and pairwise potentials ver-

ify
1

bi(oy) = e Vie [n],o1€X,
V5 if oy = o ) (2.25)
wij(ﬁi,ﬁj):{lpé ot £ o0, V(ij) € E, 01,05 € X,

for some constants ll)i:j,lbjé > 0. When this condition is fulfilled,
we call the resulting model symmetric, and it is readily checked that
symmetric models are factorized. Note that both the Ising and Potts
examples of section 2.1.1 are of this particular form. Under the sym-
metry assumption (2.25), the trivial fixed point (2.11) of BP takes the
simple form

1 L 2
bij(oy) = ) Y(i—j) €k o€ n], (2.26)
1 .
bi(oi) = o’ Vi€ [n],o; € X, (2.27)

i.e. the beliefs output by BP are uniform, so that it is impossible to
make a prediction about e. g. the most probable value of any partic-
ular variable o;. In this section, we show that this condition leads
to simplifications in the study of the stability of the fixed point, and
that this study leads to a new spectral algorithm for approximate
inference.
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2.2.1  Tensor decomposition and the non-backtracking matrix

Under the symmetry assumption (2.25), the parameters r;_,; of sec-
tion 2.1.1 verify

Tinj = Z Pyj(oi, 05) dj(oj), (2.28)
O'JGDC

— o (5 + 10 -197) (2.20)

=Tjoi- (2.30)

We therefore now denote ri; = 1j; = Ti_,j = Tji. The BP recursion
linearized around the trivial fixed point, equation (2.19), reads

5bf ;= Y Joidbi ),  V(i—j)€E, (2.31)
keoi\j

where the matrices Ji_,; € R*XXl for (k — 1) € E verify, under the
symmetry assumption,

(Jk—i)g,or = Pil0) (W - 1) ;

Tik
X —1 . (2.32)
_ if 0y = 03
N vk ;RN R O
= — = B )
P + (1% — D7 |£ if 01 # 05
Defining weights (wi;j)(ij)ce by
USRI
Wi = V(ij) € E (2.33)
s+ (X - D ’
we can rewrite (2.32) in full matrix form as
1
Jk—i = Wii <Ix — x|U|x|> ; (234)

where Iy € RIXXIXI is the identity matrix and Uy € RIXIXIXI has
all its entries equal to unity. The linearized BP recursion therefore
reads

bt ;= (Ix U|x|> > wdbi ), V(i—j)€E,
keoi\j
(2:35)
In other words, the full Jacobian of BP at the trivial fixed point

decomposes as

1
J= (Ix| - DCUIDC) ®B, (2.36)
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where ® denotes the tensor (or Kronecker) product, and we have
defined a new matrix B € RIE/XIFl, called the non-backtracking matrix
(or operator), whose elements are given by

Bisjxst=wut(l=1) 1(k#j). (2.37)

This operator mimics the way messages are passed in BP. In partic-
ular, it forbids backtracking immediately to the previous edge (see
illustration in the margin). The non-backtracking matrix was first in-
troduced in graph theory where it bears the name of Hashimoto ma-
trix [59]. It was first used in the context of inference as the basis for
a new spectral method for community detection in [89] — note that
our definition corresponds to the transpose of the matrix they intro-
duce. We will devote a considerable amount of time understanding
the properties of the non-backtracking operator, and its applicability
in various inference problems. For now, we simply remark that B
controls the stability of the trivial fixed point of BP. Indeed, we have
by a standard result in linear algebra that

p(d)=p <I|:>c| - |;C|Ux) p(B). (2.38)

Since p (IIXI — ﬁleO = 1, the instability of the trivial fixed point is
equivalent to the condition

p(B) >1. (2.39)
2.2.2  Reduction to an Ising model

Let us compute explicitly the non-backtracking operator associated
with the Ising model (2.5). In this case we have V(ij) € E

1b1:] = exp ]1) ) (2 40)
ll)z? = exp —Jij,

so that
wyj = tanh(Ji;) . (2.41)

For a general symmetric pairwise model with alphabet X of arbitrary
size, we observe that the weights introduced in equation (2.33) verify

1T <wy <1, Y(ij) € E, (2.42)
as long as the potentials are finite, and therefore the associated pair-
wise model assigns a positive probability to each o € X™. Therefore
we can write

wij = tanh (J5") ,  v(ij) € E, (243)

U
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for some couplings (]Ismg> et In words, the non-backtracking op-
V)E

erator of an arbitrary symmetric pairwise model is the same as the

non-backtracking operator of an associated Ising model with properly

chosen couplings. In particular, the onset of the instability of the para-

magnetic solution in both models coincide. As an important example,

the instability of the trivial fixed point in the Potts model (2.6) with

|X| = q and couplings (]i:j, ]ﬁ) et is equivalent to the instability of

the trivial fixed point of the Ising model with couplings (]Eing> et
ij
defined by

Isin exp (]f) —exp (]Zj)
tanh (J5 g)__exp(la)_+(q__1)exp(]§>. (2.44)

This reduction to the simpler Ising model will guide our intuition
when defining new approximate inference methods. It also provides
a fruitful interpretation of the leading eigenvectors of the non-back-
tracking matrix, which we now explicit.

The BP algorithm takes a particularly simple form for the Ising
model. Indeed, since o; € {£1}, each belief b;(o;) is completely spec-
ified by a single number,

J(41) = by (+1
misz)sz), (2.45)

corresponding to the expectation of oj, and which we will therefore
call (approximate) magnetization. We will denote m € R™ the vector
with entries (mi)ic[n). Similarly, the messages bi_,j(0}) are written
in terms of their expectat1on m;_j, and the BP recursion reduces to

mi_,; = tanh Z atanh (tanh (]Ismg) m{‘:_:i> : (2.46)
keoi\j

To differentiate the messages from the final magnetizations (2.45),
we will denote m_, € R'E! the vector whose entries (mi_n-)( isi)eE
are the messages. The trivial fixed point with uniform beliefs corre-
sponds to m_, = 0. Linearizing around this fixed point, we find that
for small ||m_; ||, the BP recursion can be approximated by

I
m;‘_n- ~ Z tanh (] smg) Z Wlkmkal’ (2.47)
keoi\j keoi\j
or equivalently, in matrix form,
m', =BmY ! +o(|m5 ). (2.48)

The magnetizations (2.45) are then given to linear order in the mes-
sages by

Isin
my ~ Z tanh < g) k—>1 Z Wlkmk—>1) (249)
keoi keoi

61

Potts to Ising
reduction

BP recursion for the
Ising model



62

Pooling matrix

Unstable directions

The leading
eigenvectors of B
with real eigenvalues
approximate the
magnetizations of
the associated

Ising model

FACTORIZED AND SYMMETRIC MODELS

i. e. in matrix form
m=Pm, +o (JmL, ), (2.50)

where we have defined a pooling matrix P € R™*El that maps, to
linear order, the messages to the magnetizations. The elements of P
are given by

Pixsi=wai(l=1), Viemnl(k—1) <cE. (2.51)

In the following, we refer to the operation of applying P to an eigen-
vector of B as pooling, and the result is a pooled eigenvector, the compo-
nents of which are called approximate magnetizations. To linear order
(admittedly a crude approximation), the BP recursion for the Ising
model therefore reduces to a power iteration of the non-backtracking
operator. When t — oo, one of two situations may arise. Either
p(B) < 1, in which case all the perturbations converge to 0, or p(B) >
1, in which case ||mt, || = co. When additionally B has real eigenval-
ues larger than 1, the corresponding eigenvectors are unstable direc-
tions of BP. By unstable direction, we mean that a small perturbation
|m_ || < 1 of the trivial fixed point aligned with this direction will
grow when iterating BP, and lead to a different, hopefully informa-
tive fixed point. In general, each of these unstable directions approxi-
mately “points” towards a distinct fixed point of BP. A cartoon of this
argument is shown on figure 2.3.

The leading eigenvectors of the non-backtracking operator there-
fore provide an approximation to the non-trivial fixed points of BP on
the Ising model associated with a symmetric pairwise model. From
an eigenvector v € R/El of B, we retrieve the corresponding approxi-
mate magnetizations by applying the pooling matrix of equation (2.51)
to obtain a vector m = Pv € R™. This suggests the existence of a spec-
tral algorithm based on B that performs almost as well as BP. Before
writing down the full algorithm, we need to understand more pre-
cisely what the non-trivial fixed points of BP might look like on an
Ising model deriving from an inference problem.

2.2.3 An example

In this section, we consider a simple generalization of the planted
spin glass (or censored block model) of section 1.6.5, and discuss how
to solve it using the non-backtracking operator. Assume that n ver-
tices are partitioned into q clusters by assigning each vertex i € [n] to
a cluster oy € [q] chosen uniformly at random. We generate a sparse
Erd6s-Rényi random graph G = ([n], E) with average connectivity «,
and we assign to each edge (ij) € E a label {;; = +1 drawn from the
probability distribution

1—¢e if oy = 0j

Pty =1 o0i,05) = { (2.52)

€ ifci;&cj'
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m— 3

m® o)

Figure 2.3 — Cartoon of the unstable directions of BP on the Ising model.

Each of the black and white points represents a particular fixed
point of BP, i.e. a vector in RIEl. The white point at the center
is the trivial fixed point m_, =0,i.e. mij; =0, V(i — j) € E.
The three black points are non-trivial fixed points of BP, rep-
resented as three vectors mg),mg),m(j) = RIE! Here, the
non-backtracking operator B has three real eigenvalues larger
than 1, with corresponding eigenvectors v(') v(2) v(3). Each
of these eigenvectors corresponds to an unstable direction such
that a small perturbation of the trivial fixed point aligned with
this direction leads, upon iterating BP, to a different fixed point.
The dashed gray arrows represent the true trajectory of the mes-

sages in RIEl as Bp is iterated. In our approximate inference
methods, we make the assumption that the these trajectories
don’t deviate too much from their linear approximation at the
origin, so that the non-trivial fixed points are approximately
proportional (denoted here X) to the eigenvectors of B.
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Our aim is to recover the planted partition o. Note that the case q = 2
is the planted spin glass. For general g, the distribution of the labels
can be rewritten in the Boltzmann form

exp B lij (21(0y = 05) — 1)

P(t; | 01, 05) = 2 cosh(B) ’

(2.53)

where the inverse temperature 3 has the same definition as in the
planted spin glass, and is given by (1.87), i.e.

€

1 1—¢
- s (159 -

Using Bayes’ theorem, it is straightforward to show that the posterior
probability distribution of o is

1
Plo) = & (~1')_£E exp 2p¢ij 1(0y = 0j) . (2.55)
ij

Note that this model is a special case of the 1SBM in which no in-
formation is encoded in the presence or absence of edges, and the
labels are simple Bernoulli variables. This makes for a simpler first
example, but we shall generalize the claims of the present section to
the general setting in chapter 3. For the moment, let us remark that
this model is of the symmetric form (2.25), so that BP has a trivial
fixed point, whose stability is controlled by the spectral radius of the
non-backtracking operator B (2.37), with weights (2.33) given here by
Wiy = b (288;) — 1 . V(ij) eE. (2.56)
exp (Zﬁfij) +q— 1
The associated Ising model has couplings (Jij)ij)ce defined through
equation (2.43), i.e. tanh(J;;) = wyj. In particular, the couplings as-
signed to edges carrying a label {;; = +1 are positive, and they grow
to infinity as 3 — oco. On the other hand, the couplings assigned to
edges with a label {;; = —1 are negative, and as  — oo, they decay
to —oo if g = 2, and to a finite negative value if q > 2.

Let us first consider the planted spin glass case q = 2. The Ising
couplings are then given, as expected, by Ji; = 3{i;. As argued in sec-
tion (1.6.5), when (3 is large enough, this Ising model is in a partially
ordered phase where typical configurations are correlated with the
planted partition o. BP should therefore have a stable ferromagnetic
fixed point, at which the beliefs are correlated with the planted parti-
tion. In particular, the trivial, paramagnetic fixed point of BP should

be unstable, and we expect BP to have one unstable direction v € IRE,
with corresponding approximate magnetizations m = Pv € R™ veri-
fying equation (1.91), here

n

1
J%EZ(A(Q:U—UW#O. (2.57)

i=1
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In words, we expect m; to take a different sign depending on whether
o; = 1 or 0y = 2. This unstable direction should be signaled a large,
real eigenvalue of B. However, we do not expect this eigenvalue to
be the only one with modulus larger than 1. Indeed, since the model
in on the Nishimori line, statistical physics predicts (see discussion
in section 1.6.5) that whenever the paramagnetic fixed point is unsta-
ble with respect to perturbations correlated with the ferromagnetic
fixed point, it is also unstable with respect to perturbations leading
to glassy states. Since there are potentially many glassy states, we ex-
pect many eigenvalues of B to become larger than 1 simultaneously.
We can check on figure 2.4 that this is exactly what happens. For
small 3 (i. e. high noise €), the spectral radius of B is smaller than 1,
and the trivial fixed point of BP is stable, so that it is impossible to
detect the clusters using either BP or B. We will sometimes associate
this fact with unsolvability of the problem in the following. On the
other hand, for high enough 3, there is one large and real eigenvalue,
and many smaller (mostly complex) eigenvalues with modulus larger
than 1. Additionally, in this case, the approximate magnetizations
corresponding to the leading real eigenvector are strongly correlated
with the planted partition o, and can be used to recover them (see
next section).

For a larger number of groups q, the situation is qualitatively the
same. A given coupling J;; for (ij) € E is positive if {;; is, so that the
ground states of the Ising model correspond to configurations where
spins within the same cluster have typically the same value. For large
enough 3, we may therefore expect a partially ordered phase to appear,
with magnetizations reflecting the true clustering of the graph. The
numerical simulations of figure 2.4 suggest (on this particular model)
that B has q — 1 large and real eigenvalues, well separated from the
bulk of complex eigenvalues. It can also be checked that the corre-
sponding approximate magnetizations take typically different values
on the different clusters. We will come back in greater details on
what the partially ordered phase looks like in chapter 3, and also
show how to predict the appearance and the number of large and
real eigenvalues of B on a general instance of the 1SBM.

Notice the distinctive shape of the spectrum of B. There is a bulk of
uninformative (mostly complex) eigenvalues that stays sharply con-
fined in a disk, and well separated from the potential informative
eigenvalues. This property, which we investigate in a special case in
chapter 3, is the main reason why spectral algorithms based on B are
superior to other, more traditional spectral methods, based e. g. on the
adjacency matrix or the Laplacian, for sparse graphs. Indeed, in the
case of the adjacency matrix for example, the bulk of the spectrum is
constrained for large enough connectivity by Wigner’s semi-circle law.
However, for a constant connectivity o = O(1), this law is violated,
and the spectrum exhibits tails that extend beyond the semi-circle,
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Figure 2.4 — Spectrum of the non-backtracking operator on the example of section 2.2.3, with n =

200 variables, on a random Erdés-Rényi graph of average connectivity « = 10. The
dashed pink circle has radius unity, and the dashed gray circle has radius R defined in
equation (2.59). For q = 2, 3,4, we represent the spectrum of B on a problem generated
with a small 3 (high noise €), and another generated with a large 3 (low noise). In the
rightmost column, we represent the approximate magnetizations obtained by pooling
the top q — 1 eigenvectors of B obtained in the large  problem. Generically, we
observe that when the noise is too high, the spectrum of B is strictly included in
the circle of radius unity, so that p(B) < 1, and the trivial fixed point of BP is stable.
Upon decreasing the noise (increasing f3), the situation changes, and for low enough
noise, there are many eigenvalues of B that are larger than 1. However, there are
only q — 1 eigenvalues that are larger than R, they are real, and the corresponding
(pooled) eigenvectors are correlated with the true cluster assignments of the vertices,
in the sense that the approximate magnetizations take typically different values of
the q clusters. We characterize these approximate magnetizations in more details in
chapter 3.
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potentially drowning the informative eigenvalues [89]. By contrast,
we will argue in chapter 3 that, on the sparse models we consider,
the uninformative eigenvalues of B stay sharply confined, in the limit
n — oo, in the circle of radius R given by

R=/aE[w?], (2.58)

where w is a random variable that has the same distribution as the
weights wy; of the non-backtracking operator. Note in particular that
the associated Ising model has couplings tanh(Ji;) = wy; so that the
paramagnetic to spin glass transition of equation (1.85) is equivalent
to R > 1. Conveniently, we can estimate this radius from the data

. 1
R=— w? —s R. 2.
|E|(§ (2.59)

4 Y nsoo
ij)eE

We show on figure 2.4 the excellent agreement between this predic-
tion and the the numerical simulations. We call the eigenvalues (and
corresponding eigenvectors) of B that are outside of the circle of ra-
dius R informative.

2.2.4 A linearized belief propagation algorithm

In the previous sections, we have argued that the leading eigenvec-
tors of B with real eigenvalues allow to approximate the marginals
(or rather the mean of the marginals, i.e. the magnetizations) cor-
responding to the non-trivial fixed points of BP, in an Ising model
associated with an arbitrary symmetric MRF. We show in this sec-
tion how to use these observations to design a spectral algorithm for
graph clustering.

As usual in spectral clustering methods (see e. g. [98]), we use the
top eigenvectors of B to define a low dimensional embedding of the
vertices of the graph. Let us detail the procedure on the example in-
troduced in the previous section for the case of q = 3 clusters. We
assume that {3 is large enough so that there are 2 eigenvalues larger
than R, where R is defined in equation (2.59). We denote by v{!) and
v(2) the top two eigenvectors of B. Using the pooling matrix P, we can
define approximate magnetizations m(!) = Pv(!) and m(2) = Pv(2).
We use these magnetizations as coordinates in IR?. More precisely, to

each vertex i € [n], we associate the point (mi”,m@) € R%. This

defines an embedding of the vertices of the graph in R? in which we
expect points belonging to the same cluster to be close in the sense
of the Euclidean distance of R?, since we have observed previously
that the magnetizations reflect the true cluster memberships of the
variables. The embedding is represented on the left of figure 2.5 us-
ing the eigenvectors shown on figure 2.4. To cluster the vertices of
the graph, it only remains to cluster the n points in R?, using e. g.
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Embedding of the graph in R? Kmeans clustering: 83.5% accuracy
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Figure 2.5 — Kmeans clustering of the eigenvectors of B on the example of section 2.2.3, for the
case of q = 3 clusters. On the left is the two-dimensional embedding of the vertices
obtained using the approximate magnetizations computed from the (pooled) top two
eigenvectors of B represented on figure 2.4, with colors showing the ground true
cluster assignment. On the right is the clustering obtained using kmeans on this two-
dimensional embedding. The ground true cluster assignments are recovered with a
83.5% accuracy.

the kmeans algorithm. The result is shown on the right part of fig-
ure 2.5, and allows to recover the ground true cluster assignments
with a 83.5% accuracy in this case. This procedure is readily adapted
to the general case of q clusters. As shown numerically in the pre-
vious section, there are in this case q — 1 informative eigenvectors,
with real eigenvalues lying outside of the circular bulk of complex
eigenvalues. We may use these eigenvectors to define an embedding
of the vertices in R9~', and use kmeans to approximately recover the
cluster assignments.
A new spectral Abstracting and generalizing from these examples, we consider a
inference algorithm generic graph clustering problem defined on a graph G = ([nl, E),
in which we are looking to assign each vertex i € [n] of G to a
cluster o; € [q]. We assume that the probability of a given assign-
ment 0 = (0i)icm) € [q]™ being correct takes the form of a pair-
wise MRF verifying the symmetry assumption (2.25). The optimal
estimator of the cluster membership of vertex i € [n] is then given by
6y = argmax .4 Pi(0) where P; denotes the marginal probability
distribution of o;. Note that since the symmetric MRF (2.25) is invari-
ant under any permutation of the alphabet XX = [q], we can only hope
to recover the true cluster assignment up to a global permutation. To
compute these estimators, we propose the procedure described in al-
gorithm 1. The performance of this algorithm, which we illustrate on
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various examples in the following, stems from the spectral properties
of the non-backtracking operator, which we study in chapter 3, in the
case of random graphs. In particular, we will argue that for graphs
generated from the 1SBM, we can make this algorithm more precise
by predicting the number of eigenvalues that should be computed
(which is for instance q — 1 in the previous example). This algorithm
can be thought of as an alternative, linearized version of BP. Note that
we have assumed here a Bayes optimal setting in which we know both
the number of clusters q and the true posterior probability distribu-
tion of the cluster assignment 0. We come back to these assumptions
in the following and show that they can be relaxed in certain cases.
Finally, we note that we expect this algorithm to perform well when
BP accurately estimates the marginals of the MRF IP, therefore, par-
ticularly when the underlying graph G is sparse so that it is locally
tree-like. We briefly discuss other cases in the following.

Algorithm 1 Linearized belief propagation for graph clustering

Input: Number of clusters ¢, probability I’(o) of each cluster assign-
ment o € [q]™ assumed to be a pairwise MRF of the symmetric
form (2.25)

1: Build the non-backtracking operator B of (2.37) and the pooling
matrix P of (2.51)

2: Compute the estimate R (2.59) of the radius of the bulk of the
spectrum of B

3: Compute all the real eigenvalues of B which are larger (in abso-
lute value) than R. Let us call r their number and v('), ..., v(")
their corresponding eigenvectors. If r = 0, raise an error.

4: Pool the eigenvectors to compute the approximate magnetiza-
tions:

for u e [r] do m* « Pv(®)

6: Embed the vertices of the graph in R" by assigning to each vertex
i € [n] the coordinates (mi],...,m{) eR"

7: Cluster the embedded vertices using (e. g.) kmeans

2.3 THE FREE ENERGY POINT OF VIEW

The non-backtracking operator is a large (IEI X IEI) and non-sym-
metric matrix. This causes numerical issues for large problems, as the
fastest and most stable known numerical (sparse) eigensolvers, based
e. g. on the Lanczos algorithm, work only for symmetric matrices. On
the other hand, we are interested only in the eigenvectors v with real
eigenvalues of B, and even more precisely, in their pooled version
m = Pv € R™. We may therefore hope that m is in fact an eigen-
vector of a smaller (n x n), and symmetric operator H. This turns
out to be true, in a certain sense which we explicit in the following.
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Additionally, the smaller and symmetric operator H has a straightfor-
ward interpretation which yields insight into a more general class of
spectral algorithms for clustering.

We assume in this section that we have reduced a symmetric MRF
to its associated Ising model formulation, so that we write the non-
backtracking operator as

Bij k1 =tanh(Ji;) 1 (1 =1) 1(k #j) (2.60)

where the couplings are defined by (2.43), so that the (pooled) prin-
cipal eigenvectors of B approximate the magnetizations in the non-
trivial fixed points of BP on the Ising model with couplings (J;) (ij)cE,
and vanishing fields.

2.3.1 The Ihara-Bass formula

Let A > 1 be a real eigenvalue of B with associated eigenvector v €
RIEl, with components (Vi) (;_,;)cg- We are interested in finding an
equation verified by m = Pv € R™, where P is the pooling matrix
defined in (2.51). The components (m;);c [, of m are therefore given
by

mi = Z tanh (Jxi) Vi, Vie [n], (2.61)
kedi

and the eigenvector v verifies the set of equations

)\Vi_”' = Z tanh(]ki)vk_ﬁ, V(l — ]) S E (2.62)
kEdi\j

This last equation implies the following closed set of equations relat-
ing, for each edge (ij) € E, the magnetizations m; and m; on the one
hand, and the messages v;_,; and vj_,; on the other

{ Avisj = my — tanh(Jij) vioi V(ij) € E. (2.63)

Avj_,i = m; — tanh(Jij) viosj

For A > 1 and finite couplings (]ij)(ij)ce, this system of equations is
invertible. Inverting it allows to write the messages as a function of
the magnetizations

Ami — tanh(]ij )m]'

}\Z_tanhZ(]“) ) V(l—>]) GE- (264)
ij

Vi =

Injecting this form of the messages in equation (2.61), we find that the
magnetizations must verify

2
(1 N Z tanh(Jy;) )mi_ Z A tanh(Jy5) m; =0. (2.65)

i Az—tanhz(]ij) Keoi Az—tanhz(]ij)
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To sum up, we have shown that (?\ >T1,ve ]R|€|> is an eigenpair of B
if and only if, for m = Pv, we have

H(A)m =0, (2.66)

where, for any x € C\ {itanh(]ij)}( H(x) is an n x n matrix

with elements

) — tanh? (Jix ) .. xtanh(Jy) .
Hij(x) = (1 +k;i xz—tanhz(]ik)> 1(i =) ()] 1(j € d1)
(2.67)

We will call this matrix the Bethe Hessian, for reasons that will be
made clear in the next section. Note in particular that when x €
IR\ {:t tanh(]ij)}(ij)eE, H(x) is a real and symmetric matrix.

The previous calculation is a (poor man’s) version of the so-called
Ihara-Bass formula?, which, in its generalized form ([153]) relates
the characteristic polynomial of B to the determinant of H(x), for
x € C\ {itanh(]ij)}(ij)eE through

ij)er’

det (XIIEI—B> —det(H(x) [] (xz—tanhz(]ij)> L (269)

(J)ek

We provide a proof of this formula in chapter 3. The task of solving
equation (2.66) simultaneously for A and m is called a nonlinear eigen-
problem. Although methods for solving such problems exist, they are
typically slow because they require solving sequentially several (lin-
ear) eigenproblems. In the following, we will argue that it is actually
not necessary to solve the nonlinear eigenproblem.

The spectrum of H(x) is tightly related to the spectrum of B. Let
us restrict here to x € R, x > 1, so that the definition (2.67) of H(x)
has no poles. First, we observe that for large x, the diagonal entries
of H(x) stay larger than 1, while the non-diagonal entries become
small. Using the Gershgorin circle theorem, we can therefore show
that H(x) has all its eigenvalues strictly positive for x large enough.
As we decrease x, the Thara-Bass formula implies that H(x) becomes
singular when x becomes equal to an eigenvalue of B. We find empir-
ically (see figure 2.6) that as long as x > R, where R is the radius of
the bulk in the spectrum of B, the smallest eigenvalues of H(x) are a
decreasing function of x. Therefore, H(x) gains a new negative eigen-
value whenever x becomes smaller than a real eigenvalue of B. As a
consequence, at x = R, there is a one to one Correspondence between
the (potential) negative eigenvalues of H(R) and the real eigenvalues
of B that are outside of the bulk. We will therefore be particularly in-
terested in the matrix H (IAQ), where R is the estimator of R defined in
equation (2.59). Note that this matrix can be safely defined whenever

3. The original form of the Ihara-Bass formula [14] only applies to the un-
weighted non-backtracking operator.
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R > 1. Indeed, if R < 1, it is in general close (or maybe even equal)
to a pole of the definition (2.67), so that the resulting matrix is at best
very badly conditioned. On the other hand, when R < 1, we have
argued in 2.2.3 that the trivial fixed point of BP is stable so that both
BP and B fail to output non-trivial solutions.

While there is no obvious relation between the eigenvectors of
H (R) and the (pooled) eigenvectors of B, the previous correspon-
dence suggests that the eigenvectors of H (R) with negative eigenval-
ues may also allow to approximate the magnetizations in the non-
trivial fixed points of BP on the Ising model. In the following, we
clarify in what sense this is the case, and propose an alternative to
algorithm 1 based on H (R).

2.3.2 The Bethe Hessian

We have obtained algorithm 1 as a linear relaxation of BP around a
trivial fixed point. On the other hand, we have stated in section 1.5.3
that the fixed points of BP are stationary points of the Bethe free en-
ergy. The Bethe free energy of the Ising model in vanishing fields
must therefore have a trivial stationary point, and we may wonder
whether it is a local minimum of the Bethe free energy or not.

Recall that in the Bethe approximation, we approximate the mag-
netizations [E[o;] for i € [n] and correlations between neighboring
variables [E[o; 03] for (ij) € E respectively by variables m; and Xi; that
minimize the Bethe free energy, i. e.

((]E[Gi])ie[n] , (]E[Giai])(“)eli) ~ argmin g Bethe (1 vy (2.69)
meR™, xeRIE

where the Bethe free energy Fth® can be written in the case of the
Ising model ([153]) as

ghte(mx)=— ) Juxy+ ) n < +migi+";i(fi+xu<wj)
(ij)€E (ij)€E
oi,05€{£1}
1+ myo;
+ 2 0= ) n(—5—), (2.70)
i€[n] o {1}

where for x > 0, n(x) = xlogx. The gradient of F Bethe 4 given ([107]),
forallie [n], (ij) € E by

Bethe
as/(;m. = (1 —10i|) atanh(m;)
1

] 3 o (T +mi+my+x35) (T+mi — m] Xu) ,

jeoi (T—=mi+my —x45) (T —mi —my +x45)

o Bethe 'y +1log (1 ~|—m1+m] +X1]) (1—mi —m; +xi5)

0Xij Vg (1+mi—my—xi5) (1—mi+m; — Xl]) ’ )

(2.7
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Figure 2.6 — Spectrum of the Bethe Hessian H(x) on a single instance of the example of sec-
tion 2.2.3, with n = 300 variables, average connectivity & = 9, noise ¢ = 0.1, and
q = 3 clusters. On top is the spectrum of B, on which we have highlighted 4 real
values x; > 1 for i € [4]. x; > p(B), so that, as argued in the text, H(x7) is positive
definite. As we decrease x, H(x) gains a negative eigenvalue when x becomes smaller
than an eigenvalue A of B (H(x2),H(x3)). In particular, H(x3 = R) has two negative
eigenvalues, corresponding to the informative eigenvalues of B. As we increase fur-
ther x, these negative eigenvalues become positive again, as x crosses real eigenvalues
of B which are smaller than R, and H(x4 = 1) is positive definite.
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where we have used that for |x| < 1 atanh(x) = + log }%ﬁ As antici-

pated, the following assignment (m*,x*) is therefore always a trivial
(or paramagnetic) stationary point of the Bethe free energy

mt = 0) Vie [Tl] s
* .. (2.72)
X3; = tanh(Ji;), V(ij) € E.

Whether this stationary point is a local minimum of the Bethe free
energy depends on the Hessian of FB¢th¢ evaluated at the stationary
point. A straightforward computation yields

02 Bethe _ w V(ij), (k1) € E, (2.73)
OXijOXKL [ e yx ] —tanhz(]ij) ) ) )
aZg:Bethe

e -0, V(ij) e B ke ], (274)
Xij amk mr,x*

aZngethe

- =H.:: (1 Vi, j € [n]. (2.
Ty N (1), v (2.75)

The Hessian of the Bethe free energy therefore has a block diagonal
structure, with a large “x — X" block given by equation (2.73) which is
a diagonal matrix with strictly positive entries on the diagonal. The
only non-trivial block in the Hessian is the “m —m” block of equa-
tion (2.75), which equals the matrix H(1) defined in the previous sec-
tion. In particular, the only possible negative eigenvalues A < 0 of
the full Hessian are negative eigenvalues of H(1), and their corre-
sponding eigenvectors are of the form (v,0) € R™*¥l, where v is an
eigenvector of H(1) with eigenvalue A, and 0 € R/®l is the vector with
all its entries equal to 0.

Reinterpreting the previous results, we have just shown that the
matrix H(x) is the (only non-trivial part of the) Hessian of the Bethe
free energy, at the trivial, paramagnetic stationary point, of an effective

Ising model, with vanishing fields, and couplings (]{j> et given by
1)E

tanh (J3;) = tanhx(]U)‘ (2.76)
The parameter x therefore plays the role of a pseudo-temperature, con-
trolling the strength of the interactions. In particular, the Hessian
becomes singular at a phase transition, and we can therefore inter-
pret the real eigenvalues of B as critical pseudo-temperatures in this
effective Ising model (assuming the limit n — oco). Indeed, from the
fluctuation-dissipation theorem, H(x) is nothing but the inverse of
the susceptibility matrix of the effective Ising model.

Remarkably, the matrix H (R) corresponds to the Hessian of the
Bethe free energy at the paramagnetic to spin glass transition. This fact
justifies the following heuristic picture. As argued previously, BP and
B give meaningful answers when the Ising model associated with the
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Figure 2.7 — Kmeans clustering of the eigenvectors of H (R) on the example of figure 2.6. We use
the 2 eigenvectors v(1) and v(?) with negative eigenvalues of H(x3 = R) to embed

the graph in R?. The embedding is shown on the left panel, where each vertex i is

represented as a point (mg]],mgz)) € R?, and the colors represent the ground true

cluster assignment. In the right panel, we show the result of the kmeans algorithm,
which is able to correctly label 91% of the points.

pairwise MRF is in a partially ordered phase. By varying x in the ef-

fective Ising model, we explore its phase diagram. We find that for  Phase diagram of the
large x, H(x) is positive definite (as shown in the previous section),  ¢ffective Ising model
so that the paramagnetic stationary point is a local minimum of the

Bethe free energy, and the system is in a paramagnetic phase. As

we lower x from a large value to R, the effective Ising model under-

goes phase transitions if B has informative, real eigenvalues A > R.

At x = R, the model finally undergoes a paramagnetic to spin glass

transition. From the typical phase diagrams of spin glasses presented

in section 1.6.4, we expect that the ferromagnetic transitions, if any,

must have happened before (i. e. for a larger value of x). Therefore,

we expect that if the Bethe Hessian H (R) has negative eigenvalues,

the associated eigenvectors can be used as proxies for the magneti-

zations of the effective Ising model in its partially ordered phases.

One way of thinking about this approximation is by imagining that

we minimize the Bethe free energy with a second order (e. g. Newton

or quasi-Newton) algorithm, starting from the paramagnetic point.

If H (R) has negative eigenvalues, then this paramagnetic pointis a  Probing the Bethe
saddle point, and the first step of the optimization algorithm can de-  free energy
crease the Bethe free energy by moving along the direction of one of landscape

the eigenvectors of H (R) with negative eigenvalues. In a sense, we

use H (R) to probe the Bethe free energy landscape, locally around

the m = 0 point. Somewhat miraculously, in the examples we will
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study, this probe is able to sense all the interesting local minima of
the Bethe free energy, in the same way as the principal eigenvectors
of B give away all the informative fixed points of BP on the associated
Ising model.

By the same arguments as for the non-backtracking operator, we
may use the eigenvectors of H (R) with negative eigenvalues to em-
bed the graph in an Euclidean space, and use kmeans to cluster the
graph. The result for the example of figure 2.6 is shown on figure 2.7,
and allows to recover the true clusters with a 91% accuracy. This
hand-waving heuristic, which we shall detail more in the example
of the planted spin glass in chapter 4, justifies algorithm 2. We will
argue on the specific examples of the following sections that this al-
gorithm is also optimal on some important models., in the sense that
it can detect clusters as soon as it is possible to do so. However, com-
pared to algorithm 1, this algorithm is based on a smaller (n x n),
real, and symmetric matrix, which is easy to build (while the non-
backtracking matrix is not). This results in a sizable speed up of the
whole procedure. Additionally, we will observe that algorithm 2 con-
sistently provides a slightly better reconstruction accuracy, although
a theoretical understanding of this fact is still missing. We will also
discuss extensions of this algorithm in the non-Bayes optimal setting,
where the parameters of the model are not known.

Algorithm 2 Graph clustering with the Bethe Hessian

Input: Number of clusters q, probability IP(o) of each cluster assign-
ment o € [q]™ assumed to be a pairwise MRF of the symmetric
form (2.25)

1: Compute the estimate R (2.59) of the radius of the bulk of the
spectrum of B

2: Build the Bethe Hessian H (R) where H(x) is defined by equa-
tion (2.67)

3: Compute all the negative eigenvalues of H (R). Let us call r their
number and v(!)| ... v(") their corresponding eigenvectors. If r =
0, raise an error.

4. Embed the vertices of the graph in IR" by assigning to each vertex
i € [n] the coordinates (mg yooryml) €RT

5: Cluster the embedded vertices using (e. g.) kmeans

It is fair to wonder why we do not use instead the true Hessian of
the Bethe free energy of the Ising model associated with the pairwise
MREF, i.e. H(1). The simple answer is that this method would not (al-
ways) work, in the sense that it may happen (as we will illustrate in
the following) that H(1) is positive definite, i. e. the trivial stationary
point of the Bethe free energy is stable, but p(B) > 1, i.e. the trivial
fixed point of BP is unstable. This is an illustration of the fact that,
while stable fixed points of BP are local minima of the Bethe free en-
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ergy ([61]), the converse is not true in general. Note that this does not
contradict the Thara-Bass formula. We find numerically that, upon
lowering x from +oco to 1, H(x) does indeed become singular when-
ever x is equal to an eigenvalue A of B. However, what happens em-
pirically is that for A > R, the Hessian gains a new negative eigenvalue
when x becomes smaller than A, while for 1 < A < R, the Hessian loses
a negative eigenvalue. It can be checked on figure 2.4 that B may in-
deed have real eigenvalues in the range [1,R], so that H(1) does not,
in general, have as many negative eigenvalues as B has informative
eigenvalues. In particular, we find that the paramagnetic stationary
point of the Bethe free energy may be a local minimum, while the
trivial fixed point of BP is unstable. This is exemplified on figure 2.6,
where H(x4 = 1) is positive definite while the spectral radius of B is
larger than 1.

2.3.3 Free energy Hessians

We have argued that, in order to cluster a graph into q groups, it
is interesting to consider an associated Ising model defined on this
same graph, and to compute (approximately) its magnetizations in
its ferromagnetic phases. On sparse graphs, a natural choice of ap-
proximation is BP or the Bethe free energy. However, on other types
of graphs, it may be reasonable to resort to a different approxima-
tion. We show in this section that this point of view allows to make
contact with more classical spectral clustering methods. To do so, we
consider the Ising model

:
P(o) = 7 &Xp Z (Jij0105) (2.77)

(J)ekE

where each coupling Ji; may be given by equation (2.44), or may sim-
ply be some number that reflects our confidence that i and j belong
in the same cluster. We consider two mean-field approximations, dif-
ferent from the Bethe approximation, both introduced in section 1.6.1.
The first is the simple nMF approximation, whose corresponding free
energy reads

gynMF Z ]Umlml—i—z Z ( +O-1ml>a (2.78)

(ij)€E i=1o0y==%1

where n(x) = xlog(x) for x > 0. This free energy is defined for any
set of magnetizations m € (0,1)™. Computing the gradient of F™MF,
we obtain

oFnMF 1+ ml
omy - Z Jim + IOg 1—
jeoi

=— Z Jijmy +atanh(m;) .
jeai

(2.79)
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Equating the gradient to 0, we find the familiar naive mean-field ap-
proximation to the magnetization

myi = tanh Z Jiymy |, (2.80)

i€dj

which admits as a trivial solution the paramagnetic point m = 0. To
understand whether this fixed point is a local minimum of the nMF
free energy, we compute the Hessian (or inverse susceptibility) at this

point
aZgjnMF ) ) ) )
=1(i=j)—1(j € 01) Jij. (2.81)

amiam]- m=0

Looking for the smallest eigenvalues of the nMF Hessian therefore
amounts to looking for the largest eigenvalues of the matrix A €
R™ ™, with elements Aj; = 1(j € 01) Ji;. This is nothing but the adja-
cency matrix of the graph G, potentially weighted. In the unweighted
case Ji; = 1, V(ij) € E, the adjacency matrix has been extensively used
in community detection, and has been shown in [112] to correctly re-
cover the planted partition in the SBM provided the graph is sufficiently
dense, with average connectivity going to oo in the large n limit. In
particular, spectral methods based on the adjacency matrix are shown
in [89] to fail significantly above the optimal threshold in the sparse
case where the average connectivities oy, in are bounded, indepen-
dent of n. Similarly, [94] showed that in the 1SBM, a spectral method
based on the adjacency matrix, with weights given by equation (2.44)
(we write these weights explicitly for the 1SBM in chapter 3), is opti-
mal, again under the condition that the average connectivity of the
graph tends to co with n. In the sparse case, the same authors show
that the adjacency matrix succeeds in detecting the planted partition
only when above the threshold of the ISBM by a large constant. From
a statistical physics point of view, all these results are not surprising.
Indeed, as we have seen in section 1.6.3, the nMF approximation is
exact on the Curie-Weiss model, i. e. on fully connected graphs with
small ferromagnetic couplings. In general, the nMF approximation
corresponds to assuming that each spin has a large number of neigh-
bors with which it weakly interacts, so that the interaction of each
spin with its neighbors can be replaced by an effective (mean) field,
whose fluctuations are negligible. On sparse graphs, this assumption
is strongly violated, and methods derived from the nMF approxima-
tion can therefore be expected to fail. These observations encourage
us to look at more advanced mean-field approximations.



2.3 THE FREE ENERGY POINT OF VIEW

The next order approximation in the Plefka expansion of section 1.6.1
is the TAP free energy given by

S;TAP(m) — Z <]ijmimj + % ]%] (1 —miz)“ —m]2)>

(H)ek

n 1 (2.82)
+ oymy
+ Z Z n (2 > .
i=10i==1
As has become customary, we compute the gradient of F AT
afFTAP ) )
=— Z (Jyymy —J5 mi(1 —m3)) +atanh(my), (2.83)

om;
t jedi

so that a stationary point of the TAP must verify the following set of
equations, known as the TAP equations

my = tanh Z Jiymy — ]izj m; (1 —mjz) . (2.84)
jeai

Without surprise, we find that the paramagnetic point m = 0 is again
a stationary point of the TAP free energy. The Hessian, or inverse
susceptibility, is given by

aZg:TAP

arniany

= (1 + Z Iizk> 1(i=j)—1(j € 01) Jy; - (2.85)
m=0

keoi

The problem of finding the smallest eigenvalues of the TAP Hessian is
equivalent to the problem of finding the smallest eigenvalues of the
matrix L = D — A, where A is the adjacency matrix defined previously,
and D is a a diagonal matrix with entries

Dii= ) J&, Vien]. (2.86)
keoi

The matrix L therefore resembles the classical Laplacian matrix, and
is exactly equal to the Laplacian in the unweighted case J;; = 1 for
(1)) € E, which arises naturally and is widely used in community
detection [46, 114]. It is interesting to note that the usual motiva-
tion for the use of the Laplacian follows from a graph cut point of
view [98]. Here, we have instead introduced it from a probabilistic
perspective, as the Hessian of the TAP free energy of an Ising model
defined on the graph to cluster. Note that the Laplacian matrix is al-
ways positive semi-definite, so that this matrix cannot have negative
eigenvalues. The spectral algorithm instead consists in finding the
smallest eigenvalues of the Laplacian (which are different from the
trivial eigenvalue 0 [98]).

Like the adjacency matrix, the Laplacian is observed in [89] to fail
to detect communities in the sparse SBM near the optimal threshold.
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Once more, statistical physics gives an interpretation of this fact. In-
deed, the TAP equations (2.84) can be obtained as a large connectivity
limit of the BP equation for the Ising model. Therefore, they are ex-
pected to provide a good approximation of the magnetizations of the
Ising model only in sufficiently dense graphs. For sparse graphs, the
Bethe approximation should be used instead, i. e. the Bethe Hessian.

Abstracting from these examples, it is in principle possible to gen-
eralize our approach to different types of graphs, e. g. those contain-
ing cliques. Indeed, the Bethe approximation, and therefore the non-
backtracking operator and the Bethe Hessian, are expected to fail on
graphs containing short loops. It was shown in [68] that adding
cliques to the graph causes the appearance of negative eigenvalues
of the Bethe Hessian with very localized eigenvectors, spoiling the
ability of this Bethe Hessian to uncover global structure in a graph.
This localization problem is a standard one, and affects all spectral
methods [89]. On the other hand, the Bethe approximation can be
generalized to take into account densely connected subgraphs. This
class of mean-field approaches, which minimize a so-called Kikuchi
free energy [85], has been used by [161] to propose a generalized be-
lief propagation algorithm, tailored for graphs that contain regions
with many (small) loops. An interesting direction for future work
is the investigation of the existence of trivial fixed points of gener-
alized BP, or trivial stationary points of the Kikuchi free energy. As
we hope to have conveyed in this chapter, the local analysis of such
trivial points may yield insight into the complexity of the problem
at hand, as well as new spectral algorithms, obtained as linear relax-
ations of more involved algorithms such as (generalized) BP, or direct
free energy minimization.

2.4 CONCLUSION

In this chapter, we have identified a general class of factorized pair-
wise MRF for which BP has a trivial fixed point. By studying the
linear stability of this trivial fixed point, we have shown that BP un-
dergoes a phase transition, expressed in terms of the spectral radius
of its Jacobian. Restricting further the class of factorized models, we
have defined a subclass of symmetric models, which contains in par-
ticular interesting special cases of the Potts and Ising models. On
symmetric models, the Jacobian of BP factorizes and can be expressed
in terms of a non-backtracking operator B, acting on the directed edges
of the graph, and controlling the stability of the trivial fixed point of
BP. We have then argued that the leading eigenvectors of B contain
non-trivial information, and allow to design a spectral algorithm for
approximate inference in symmetric pairwise MRFs. In particular, we
have shown that these informative eigenvectors of B can be thought
of as approximating the magnetizations of an associated Ising model.



2.4 CONCLUSION

Adopting a different point of view based on mean-field free energy
approximations, we have related the non-backtracking operator B to
a smaller, symmetric matrix H(x) called the Bethe Hessian, which
controls the stability of a paramagnetic stationary point in the asso-
ciated Ising model, in the Bethe approximation. Generalizing our
approach to other mean-field approximations, we have shown that
we recover classical linear operators used in graph clustering, and we
gave an interpretation of their expected performance based on the ac-
curacy of the mean-field approximation from which they derive. In
the next chapter, we study in details the spectral properties of the
non-backtracking operator and the Bethe Hessian on sparse random
graphs. These results will allow us, in the applications of the follow-
ing chapters, to design and study the efficiency of spectral algorithms
based on B and H(x).
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SPECTRAL PROPERTIES OF THE
NON-BACKTRACKING OPERATOR AND THE
BETHE HESSIAN ON RANDOM GRAPHS

The performance of algorithms 1 and 2 relies crucially on their spec-
tral properties on sparse graphs. In this chapter, we study heuristi-
cally these properties on graphs generated from the sparse 1SBM, and
show that both the spectra of B and H(x) are well-behaved, in the
sense that we can control the location of both their informative and
uninformative eigenvalues. In particular, their noisy eigenvalues are
sharply separated from the informative ones in the limit where the
size of the graph n grows to infinity, allowing algorithms 1 and 2 to
perform well, even on very sparse graphs.

This is in sharp contrast with other matrices typically used for spec-
tral clustering. As a simple example, let consider again the adjacency
matrix A of a sparse Erd6s-Rényi graph. As explained in the pre-
vious chapter, a typical spectral algorithm based on the adjacency
matrix looks for its leading eigenvalues, and uses the corresponding
eigenvectors to cluster the graph. On sparse Erd6s-Rényi graphs, this
strategy fails, due to the presence of large eigenvalues of A whose
eigenvectors are localized on high degree vertices, and therefore do
not allow to find any global structure in the graph. A simple ar-
gument to justify this claim is the following ([34]). Using classical
results on the extreme value statistics of the Poisson distribution, it is
straightforward to see that the largest degree dmax of a vertex in the
graph is of order logn/loglogn. Let us call i the vertex with maxi-
mum degree, and x € R™ the vector whose only non-zero component
is x; = 1. The quantity xTA?x = (A?)., is equal to the number of 2-
steps walks on the graph G that start and end at i. Therefore, we have

dimax = xTAZx. (3.1)

Since AZ is a real and symmetric matrix, x can be orthogonally de-
composed as a linear combination of eigenvectors of A2, so that the
previous argument shows that A has an eigenvalue larger than v/dmax,
unbounded as n — oco. Therefore, due to the presence of heterogene-
ity in the degree of the vertices of a sparse random graph, A has
large eigenvalues, that are uninformative since they exist even when
there is no cluster structure in the graph. Note that equation (3.1)
holds because the adjacency matrix allows backtracking, and there-
fore coming back to the vertex i right after leaving it.

In the following, we argue that the situation is different for the
non-backtracking operator B and the Bethe Hessian H(x), in the sense
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that their uninformative eigenvalues are constrained in a well defined
region, allowing to easily detect the potential useful eigenvalues. We
first consider the non-backtracking operator in section 3.1, and turn
to the Bethe Hessian in section 3.2.

3.1 THE NON-BACKTRACKING OPERATOR

We start by studying the spectral properties of the non-backtracking
operator. We first derive the explicit expression of the matrix B aris-
ing from the stability analysis of the trivial BP fixed point on graphs
G generated from the 1SBM, and discuss some subtleties arising from
the presence of interactions on so-called “non-edges” of G. We then
use the cavity method of statistical physics to study analytically the
stability of the trivial BP fixed point. This allows us to derive a precise
picture of the spectrum of B on graphs generated from the 1SBM. Fi-
nally, we show how to compute, using non-rigorous statistical physics
methods, the spectral density of B on the unlabeled SBM.

3.1.1  Non-backtracking operator of the symmetric labeled stochastic block
model

In this section, we write down the non-backtracking operator of a
graph G generated from the symmetric ISBM. Strictly speaking, the
resulting non-backtracking matrix is defined on a fully connected
graph, due to the presence of interactions on the “non-edges” of G
(see following). However, we argue that in the limit n — oo, we can
instead use a non-backtracking operator corresponding to the graph
G, retaining only a subset of its eigenvectors.

Recall that a graph G = ([n],E) is generated, in the symmetric
ISBM, as follows. First, we assign each vertex i € [n] to a cluster
o; € [q] with uniform probability 1/q. For each pair of vertices i and
j with T <1< j <n, we include the edge (ij) in E with probability

Xin

.. KXo
P ((ij) € E| 03,05) = 71(01 =0j)+ ut

1(0y # 0j) . (3-2)

The average connectivity of the graph is therefore

o= fxin‘i‘(q_])(xout.
q

Finally, we assign each edge (ij) € E a random label {;; € £ drawn
from the distribution

(3-3)

P (i =] 01, 05) = pin(0) 1(05 = 05) + pout() 1(01 # 05),  (3.4)

where pji, and pout are two probability distributions over £.
We have shown in chapter 1 that the posterior distribution (1.105)
of the cluster assignment o given the labeled graph G = ([nl,E) is
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a pairwise MRF on the fully connected graph with n vertices, with
potentials given by

0.6} .
(i) (3, 05) T Pinlly) if o =05
V(yj) € By dyj(oy,05) = ¢ o ;
:lut Pout(lij)  if 0y # 03
X .
) 1-— if 01 = 0 (3-5)
V(ij) € E,dyj(0y, 05) = Kout ,
1— n if (OF] 75 0j

vie nl, difoi) = :I

Note that, whenever o, # xout, the absence of an edge between two
vertices also encodes information about the planted assignment o.
As a consequence, there are potentials 1i; associated to non-edges
(ij) ¢ E, so that the labeled 1SBM of equation (3.5) is a pairwise MRF
with respect to the complete graph with n vertices, but not with re-
spect to the graph G generated from the 1SBM. However, it is still of
the symmetric form (2.25), so that the analysis of the previous section
shows that BP has a trivial fixed point, and that its stability is con-
trolled by the (huge) non-backtracking operator B¢ of the complete
graph, with elements given by (2.33), for i #j,k # 1l € [n],

fﬁj)kﬁl =wi1(l =1)1(k #j), with weights (3.6)
Kin pin(ekl) — Kout pout(ekl) .
if (kl) € E,
otin Pin(fit) + (4 — 1) Xout Pout (1) (k)
Wit = x x
in — Qout .
— if (k1) € E.
ng — &in — (g — 1) xtout (kD) ¢
(3.7)

An eigenpair (A, V) with real eigenvalue A of this large matrix must
verify, for all (1 — j) such that (ij) ¢ E

AViLj = Z Wi Vi + Z Wi Vi (3.8)
kedi éﬁé@i
i,

where only the last term depends on the target node j, i.e.

Kin — Xout
z Vi s — z AV )
. WkiVk—i nq — i — (q 1) oot . k—i (3-9)

kgoi k¢ oi
k#1,j k#1,j

n =S y- 1

na oo n

K#i

Notice that in the last line, we have included back the contribution
Vj_,i, which is negligible since the sum contains of the order of n
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terms. As a consequence, in the limit n — oo, the components V;_;
corresponding to non-edges do not depend on the target node j, and
we can write equation (3.8) as
1 .
Vieg =Mi+0 (), V(i) ¢ E, (3.11)
where we have defined n parameters M;. The system of equations (3.8)
then reduce to n equations on M; fori € [n]

o 1
AM; = Z Wkin—n—M Z My + 0O < ) ; (3-12)

n

kedi na o
KA1
lod o = 1
in — Qout
= Z Wi Vi — BT Z My +0O <n> . (3-13)
keoi i=1
The components V;_,; for (ij) € E write
AVing= Y WiiVisit+ ) wiiVioi, (3.14)
kedi\j %éaii
Xin — Xout 1
= Z ‘Wkin—n T ng Z My + O (n) y (315
keoi\j k¢goi
KA1
Xin — &, U 1
= Z 'Wkin—n - == e out Z My + O <n> . (3.16)
keoi\j i=1

Therefore, when n — oo, (A, V) is an eigenpair of B¢ if and only if it
verifies the system

mn
. . =2 Xin — X,
VA=) €E,AVing = ) wiaViesi—— 5 ) M,
keoi\j q i=1
V(i —3j) ¢ E, Vi =My, (3.17)
Kin — X, ke
Vie ], AM; = k;_ Wii Vi — mniqout 21 My .
1 1=

Let us now define the more natural non-backtracking operator B of
the graph G by its elements, for (i — j), (k — 1) € E

Bisj kst = w1l =1)1(k #j), (3.18)

with weights wy given by equation (3.7) for (kl) € E only. Remark
that if (A,v) is an eigenpair of B, and if n™' Y I* ; m; = 0, were m =
Pv, then (A, V) is an eigenpair of B¢, where

V(i —3j) €E, Vinj =Visg,

my

e ml, My === (3-19)
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Indeed, it is readily checked that the previous assignment satisfies
the set of equations (3.17). In particular, in the large n limit, the
(potential) real eigenvectors of B with large real eigenvalue are unsta-
ble directions of the BP algorithm if the condition n=' 3 I* ; m; = 0
holds. In the next section, we show that we indeed expect to find
such eigenvectors of B, so that a spectral algorithm algorithm based
on the non-backtracking operator B of the graph G succeeds in recov-
ering the hidden clustering of the vertices. The arguments exposed
in the present section suggests that the non-edge interactions simply
suppress the globally ordered eigenvectors of B, i.e. those whose total
magnetization is finite (see next sections).

To sum up, we will therefore, somewhat improperly, call non-back-
tracking operator of the 1SBM the matrix B € RIEIXIEI defined by equa-
tion (3.18), which we write as

Biisj). (ko =W i(l=1)1(k #j), Vi —j), (k> 1) €E, (3.20)
where the weights wy for (kl) € E are given by

in Pin (fk1) — Xout Pout(fx1)
%in Pin (Lk1) + (4 — 1) ot Pout ({k1) ’

Wyl = V(kl) e E. (3.21)

The corresponding pooling matrix is

Pi ks =wit(l=1), Vieh](k—=1¢€ E. (3.22)

3.1.2  Cavity approach to the stability of the paramagnetic fixed point

We study heuristically the statistical properties of the eigenvec-
tors of B on the ISBM, in the limit n — oco. We stress that our ap-
proach in non-rigorous, and based on the cavity method of statistical
physics [103]. However, we believe these claims to be correct, and will
give rigorous arguments supporting them in some special cases in the
following. We consider in this section a general non-backtracking op-
erator B € RIEIXIEI defined by its elements, for (i — j),(k — 1) € E

Bij kst =wi1(l =1)1(k #j), (3-23)

where for (kl) € E, wxr = w(ly) is an arbitrary weight, defined
through a weighting function w of the observed label {};. We call
Bayes optimal the choice of weighting function w = w*, where w* is
given by

_ Xin pin(e) — Kout pout(e)
Kin pin(e) + (q - 1)(Xout pout(e)

, Viel. (3.24)

With this choice of weighting function, the non-backtracking opera-
tor is the one obtained in the previous section by linearizing BP in
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the Bayes optimal setting. We expect (and will check) that the per-
formance of a spectral algorithm based on the non-backtracking op-
erator will be best for this particular choice of weights. However, it
is interesting to understand how the performance is degraded if we
do not assume this Bayes optimal setting, e. g. in the case where the
distributions pi, and poyt are unknown. We therefore consider in the
following a generic weighting function w.

Starting from an arbitrary initial condition vi0) g ]R“a, we consider
the power iteration, for 0 <1<t —1

1+1)_1

=Byt (3.25)

W
where x > 0 is a real constant. As shown in chapter 2, this power
iteration controls the stability of the paramagnetic fixed point of BP in
the Ising model with couplings J;; related to the weights wy; of the
non-backtracking operator through

_ Wy

tanh (Jy;) = .t V(ij) € E. (3.26)

As argued in section 2.3.2, when we vary the pseudo-temperature x,
this Ising model undergoes phase transitions when x equals an in-
formative eigenvalue of B. As we will see, these phase transitions
are signaled by an instability of the paramagnetic fixed point with re-
spect to ordered, or partially ordered perturbations. We will compute
explicitly the values of x for which these instabilities happen, and this
will give us a precise picture of the spectrum of B.

From the vector v(t) constructed by iterating equation (3.25), we
obtain approximate magnetizations m*) € R™ by using the pooling
matrix of equation (3.22)

mt = %Pv(t) : (3.27)
Our aim is to say something about the statistics of the components
of mY), as a function of the choice of the initial condition v(°). In
particular, we are interested in finding out whether, starting from an
initial condition “correlated” with the true cluster assignment of the
vertices, this correlation grows or decays as we iterate B. We shall fix
a vertex I € [n] chosen uniformly at random among the n vertices,
and investigate the distribution of its magnetization mit) conditioned
on the cluster assignment o7 € [q] of vertex I.

As noted in section 1.4, the graph G is locally tree-like, so that it is
possible to show ([103, 129]) that for any finite number of iterations t,

m%t) converges in probability to a random variable

P (m%t) | o1 = O') — P (mg‘)) , (3.28)

n—oo
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where the distribution of the random variables m&’ for o 6 [q] is
given in terms of the distribution of other random variables it by

d"[ out

my 2! Zwl Vgt~ Z > Wimouvlt, (3-29)

TG[GIJ\G i=1

where Z means equality in distribution. In this expression, di, is
a Poisson random variable with mean «jn/q, and the d. ou for T €
ql\o are iid Poisson random variables with mean aout/q. The wi in
(resp. Wi rout) are iid copies of a random variable wj, (resp. Wout)
with distribution

P(win =w) =P (wij =w |0y = 0j) , (3.30)
P(Wout =w) =P (wi; =w| 0y # 05) ,

where the wy; are the weights of the non-backtracking operator of
equation (3.23). Finally, the variables vgt have the same distribution
as the components v j for a randomly chosen directed edge (i — j),

conditioned on o; = G Their distribution is given recursively, for
0<1l<t—-1by

dT out
) D 1
V(O- ZWI lnvl ())_—i_i Z Z WlTOutvlT) (3‘31)
gl\o i=1
Note in particular that mg ) has the same distribution as vg . This

follows from the fact that the excess degree (i. e. the quantity |al\]| for
(ij) € E) in a Poissonian graph has the same distribution as the degree.
Equation (3.31) is rigorously valid only for a finite number of itera-
tions | < t. However, within the replica symmetric cavity method,
we will assume that we can take the limit 1 — oco. Heuristically, since
the smallest loops in a graph generated from the ISBM are of size of
the order of logn, this is justified when the correlations between the
components of the vector v(!) decay fast enough as a function of the
distance between the edges. We will be interested in the evolution of
the total magnetization M and Edwards-Anderson parameter Qm
defined here by

M :; > E [\;E,”} ,
QW :; Y E [(vﬁ}))z} .

o€lq]

(3-32)

These quantities are analogous to those defined in chapter 1, and they
control part of the phase diagram of the associated Ising model, as
we will see. We also introduce another parameter which we call P(V)
given by

PV — lim = l Z E [vﬁ,”r . (3-33)
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When PV £ 0 with MY = 0, the approximate magnetizations are
partially ordered, in the sense that their average on some of the clus-
ters is finite, while their total average vanishes. In particular, the
expected value of the magnetizations on different clusters must be
different. This case corresponds to the informative unstable direc-
tions of chapter 2. Indeed, when the magnetizations take typically
different values on the different clusters, they can be used as (noisy)
indicator functions of the clusters. In the following, we investigate the
evolution of the quantities M(Y), QY and P(!) upon iterating B, as a
function of the distribution of the initial conditions VE;O), for o € [q].

Equations of the form (3.31), sometimes called distributional re-
cursions, or density evolution, allow in principle to compute all the
moments of the random variables v((yu. In coding theory, they are
the main ingredient allowing to study the performance of BP-based
decoders on sparse graphical codes [103, 129]. The situation is here
greatly simplified by the fact that our equations are linear, which
stems from the fact that we have first linearized belief propagation.
In particular, the first moments evolve according to the linear system,
for o € [q]

(0.6} X,
E V] = SR B B [vh | + S8 Ewod Y E ]
q q telq\o

(3-34)
This linear system can be written in terms of a q x q matrix whose

eigenvalues are

1
)\1 = E (Cxin]E[Win]+(q*])ocout]E[Wout]) = OCIF;([W] )
(335)
Ay = 17 (in E [Win] — Xout E [Wout]) = “A(W) »
qx X

where « is the average connectivity of the graph, given by (3.3), and,
with an abuse of notation, E[w] is the expected value of the weights
in the non-backtracking operator, i. e. the expected value of a random
variable w with distribution

P(w) =P (wi; =w) . (3-36)
The parameter A(w) defined in equation (3.35) is given by

1
A(W) = o(*q (“in EWwin] — &out EWout) - (337)

The eigenvector associated with Ay is vi = (1,1,...,1)T, while A; has
an eigenspace of dimension q — 1 equal to the orthogonal of v;. The

second moments of the variables vl for o € [q] evolve according to

E| (6 ) ] = e ) B | ()

o 2 2
+ —qoit E [wgut} Z E [(vg)) ] +E [vé””} .
telq\o

(3-38)
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We examine three interesting choices of initial conditions, and their
consequences on the spectrum of B. First, we study the stability of
the paramagnetic point with respect to a noisy perturbation , of the
form, for o € [q]

(0] _
E ] =0 .
2 3-39
E [(vf,o)) } = Q® > 0, independently of o

This perturbation is neither globally, nor partially ordered, and we
have M(®) = P(0) = 0. From equation (3.34), it follows that for any

oc€lq,1>0,E [vg)} =0, so that M) = P(L) = 0. The evolution of
the Edwards-Anderson parameter is given by equation (3.38), which
implies

QU = <R(W)>2 QWY (3.40)

X

where R(w) is defined by

R(w)? = ; (i E [Wi] + (g — Noowt E [Wiy]) = « E [W?] . (3.41)

Here, w is the random variable introduced in equation (3.36), so that
R(w) is the radius of the bulk of eigenvalues of B conjectured in equa-
tion (2.58). We find that that as long as x > R(w), Q(Y) — 0 when the
number of iterations | — co. By Chebyshev’s inequality, this implies
that the random variables v converge to 0 in probability. In statis-
tical physics terms, the paramagnetic fixed point of the Ising model
with couplings (3.26) is stable with respect to noisy perturbations as
long as x > R(w), and we recover that x = R(w) is the critical pseudo-
temperature associated with the paramagnetic to spin-glass transi-
tion. We expect that any real initial condition that can be written as
a linear combination of the (complex) uninformative eigenvectors of
B will verify the condition (3.39), in the limit n — oo. Therefore, the
previous argument supports our conjecture that all the uninformative
eigenvectors of B have their associated eigenvalues constrained to the
disk of radius R(w). In the following, we restrict to x > R(w) and
study other types of instability of the paramagnetic fixed point.

As a second choice of initial condition for the power iteration (3.25),
we consider a ferromagnetic, or globally ordered perturbation of the
paramagnetic fixed point, defined for o € [q] by

E |:V£;O):| =M > 0, independently of o,

2 (3-42)
E [(\)Eﬁ”) } = Q® > 0, independently of o
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From the evolution of the expectations in equation (3.34), it is straight-
forward to check that for all 1 > 0,0 € [q], we have [E [\)E})} =M,
where the magnetization MY is given by

MU — <O‘E[W])1M(°). (3.43)

The evolution of the second moments in equation (3.38) implies that
2
foralll > 0,0 € [q], E {(vg)) } = Q“) where the Edwards-Anderson

parameter QY is given recursively for 1 > 0

Q1) = <R(W)>2 QU+ <“]EX[W}>2 (M(”)z . (3.44)

X

In the limit where the number of iterations 1 grows to infinity, one of
two things may happen. First, if R(w) > |« E[w]|, we have

In this case, the expected value of vV s negligible with respect to its
standard deviation, and the initial global order is washed away as the
number of iterations increases. Additionally, for any x > R(w), both
MU and Qm tend to 0, so that the random variables vg) converge to
0 in probability by Chebyshev’s inequality. We therefore say that for
x > R(w), the paramagnetic fixed point is stable with respect to a fer-
romagnetic perturbation. On the other hand, if R(w) < |x E[w]|, then

QM n-oo (ocIE[w])Z >0. (3-46)

In this case, the standard deviation of VE;U is of the same order as its
expected value. Additionally, it holds that

QY <ME[W]>2Q“)- (3-47)

X

In particular, when x > [xE[w]|, both M) and Q(U converge to
0, and the paramagnetic point is stable with respect to a ferromag-
netic perturbation. On the other hand, when R(w) < x < |[x Ew]|,
both ‘M(”‘ and QM tend to 400, so that the paramagnetic point be-
comes unstable. Therefore, whenever |x [E[w]| > R(w), B should have
a real eigenvalue «E[w] outside of the bulk of radius R. Note that
this eigenvalue can be positive or negative, depending on whether
the associated Ising model has a ferromagnetic, or anti-ferromagnetic
bias. The approximate magnetizations computed by pooling the cor-
responding eigenvectors are expected to exhibit global order, in the
sense that their average should not vanish in the limit n — oo.
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Finally, we consider a third class of initial conditions corresponding
to a partially ordered perturbation of the trivial fixed point, defined by
the conditions

3o € [q],E [vﬁ,‘”' £0
(0] _
2 E [VG ]=° (3.48)

o€lq]

Vo ¢ [q],E [(vg“)z' =Q > 0.

The first condition ensures that this choice of initial condition is dif-
ferent from the noisy perturbation first considered. Together, the first
two conditions imply that M) = 0, but P©) # 0, so that the ini-
tial condition is partially ordered, but not globally ordered. Using
equation (3.34), it is then straightforward to show that for all 1 > 0,

M =0, and
21
Pl = <(XAX(W)> Pl (3-49)
The evolution of the Edwards-Anderson parameter follows
2 2
@””=(mfv @U+<M?M>Pm. (3.50)

Following the same reasoning as for the ferromagnetic perturbation,
we can show that if [x A(w)| < R(w), then PY) becomes negligible
compared to Q") as | — oo, so that the partial order disappears.
Additionally, in this case, for any x > R(w), the random variables v
converge in probability to 0. On the other hand, when |x A(w)| > R,

then QY and P(Y stay of the same order as we iterate, with

PO (xAW)® —R(w)?
Q(U n— o0 (O(A(W))z

>0. (3.51)
and the Edwards-Anderson parameter Q') verifies

Q1) ~ (“A(W)>2Q(1)) (3.52)

X

so that when x < |x A(w)|, the paramagnetic fixed point is unstable
with respect to partially ordered perturbations. In this case, we expect
B to have an eigenvalue equal to o« A(w) outside of the bulk of radius
R(w). Additionally, we expect this eigenvalue to have multiplicity
q — 1, since it is the dimension of the eigenspace associated with the
eigenvalue & A(w) in the linear system (3.34). Note that o A(w) may
be positive or negative. In contrast with the case of the ferromagnetic
perturbation, the approximate magnetizations obtained from pooling
the corresponding eigenvectors should not exhibit global order, but
rather partial order, in the sense that their average on each cluster
should not vanish in the limit n — oo, while their total average van-
ishes.
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3.1.3 Non-backtracking spectrum of the labeled stochastic block model

Let us summarize the conclusions of the cavity reasoning of the
previous section in the form of a conjecture about the spectrum of
the non-backtracking operator. In the limit n — oo, we conjecture
that the non-backtracking operator defined in equation (3.23) with a
generic weighting function w has the following rich spectral prop-
erties, depending on the parameters of the symmetric 1SBM and the
choice of the weighting function w.

— If |[x Elw]| < R(w) and |« A(w)| < R(w), the whole spectrum of B
lies inside of the disk of radius R(w), and there is no informative
eigenvector of B.

— If [x E[w]| > R(w) and |x A(w)| < R(w), there is one real eigen-
value of B outside of the bulk of radius R(w). This eigenvalue,
which we call ferromagnetic is equal to a[E[w]. The correspond-
ing approximate magnetizations m € R™ verify

.1 e
Jim — Z] m; #0. (353)

We call this eigenvector globally ordered, or ferromagnetic, and it
does not allow to recover the clusters.

— If |k Elw]| < R(w) and |x A(w)| > R(w), there is one real eigen-
value outside of the bulk of radius R(w). This eigenvalue equals
o A(w) and has multiplicity q — 1. In practice, for finite n, we ob-
serve q — 1 distinct real eigenvalues outside of the bulk, and we
call them informative. For each of these eigenvalues, the corre-
sponding approximate magnetizations m € R™ are not globally
ordered, but verify

2

lim 9 m} 0. :
a6 GGZM ni’;d i # (3:54)
We call these eigenvectors partially ordered, and they allow to de-
tect the clusters using the embedding described in algorithm 1.
— If [ Ew]] > R(w) and |xA(w)| > R(w), both the ferromag-
netic and the informative eigenvalues are outside of the bulk
of radius R, so that there are q eigenvalues outside of the bulk,
counted with their multiplicity.

To be more explicit, let us write down the expression of the differ-
ent parameters controlling the spectrum in terms of the distribution
Pin (resp. pout) of the labels within a cluster (resp. between different
clusters). The bulk of uninformative eigenvalues of B is constrained
to a disk of radius R(w) where

Rw)? = xE [wz}

— ]J dfl (oqnpm(f) + (q — 1)0‘0utp0ut(€)) W(€)2 . (3.55)
qlc
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When |x Ew]| > R(w), there is a ferromagnetic eigenvalue xE[w]
outside of the bulk of radius R(w), and it equals

XE[w] = ;L At (ctin Pin(0) + (G — 1 tout Pout(0) w(0) . (3.56)

Finally, when [xA(w)| > R(w), there is an informative eigenvalue
o A(w) with multiplicity q — 1 outside of the bulk of radius R(w),
and it equals

1

X A(w) = q J Al (otin Pin(€) — ctout Pout(£)) W(L) . (357)
L

As a corollary of the previous conjecture, we find that a spectral

method based on the non-backtracking operator with weighting func-

tion w succeeds in detecting the clusters if and only if it has informa-

tive eigenvalues outside of the bulk of radius R(w), i. e. if and only if

2
T(o,w) = (“RA(EVV;))> >1. (3.58)

Consequently, an optimal weighting function w should maximize the
quantity t(«,w). Unsurprisingly, it is straightforward to check that
there exists a unique weighting function w that maximizes (o, w),
and that it is equal to the Bayes optimal choice w* of equation (3.24).
With the Bayes optimal choice of weighting function, the radius of the
bulk and the informative eigenvalue become equal to

((xin pin(e) — Kout pout(e)) 2

(xinpin(e) + (q - ])(Xoutpout(e) ’
N (3-59)

R(w*)? = L de

1 J ae ((xinpin(e) _(xoutpout(e))
qJc Oin Pin(£) + (g — 1) Xout Pout ()

Remarkably, with the Bayes optimal weighting function, we have
RW*)? = x A(w*), (3.60)

so that the non-backtracking operator with Bayes optimal weights
detects the clusters as soon as

(a, w*) = Rw*)? > 1, (3.61)

This transition corresponds to the paramagnetic to spin glass transi-
tion of equation (1.85) in the associated Ising model. The fact that the
paramagnetic to spin glass transition coincides with the detectability
transition, like in the case of the planted spin glass of section 1.6.5, is
specific to the Bayes optimal setting. Indeed, it stems from the fact
that the paramagnetic to ferromagnetic transition on the one hand,
and the paramagnetic to spin glass transition on the other, coincide,
for a gauge transformed model on the Nishimori line. The onset of
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sensitivity to noise of BP, which corresponds to the spin glass tran-
sition, has been used e. g. in [60] to conjecture the detectability tran-
sition (1.47) in the ISBM, in the case of q = 2 clusters. In particular,
for q = 2, detectability is information-theoretically impossible when
R(w*) < 1, so that we conjecture the non-backtracking operator to be
optimal, in that it achieves the information-theoretic threshold. For a
larger number of clusters, the situation can more complicated, as we
now discuss.

When the non-backtracking operator with Bayes optimal weights
fails to detect the clusters (i. e. when R(w*) < 1), it also has a spectral
radius smaller than 1. In this case, as shown in chapter 2, the trivial,
paramagnetic fixed point of BP is stable, so that BP also fails to de-
tect the clusters. When this happens, detecting the clusters is either
information-theoretically impossible, as in the case of q = 2 clusters,
or (believed to be) possible but hard [32], depending on the number
of clusters q. This distinction has a simple statistical physics explana-
tion, based on the order of the paramagnetic to ferromagnetic phase
transition in the planted Potts model. Here, the ferromagnetic phase
refers to the detectable phase, in which the marginals of the Potts
model are correlated with the planted clustering. For an “assortative”
Potts model with A(w*) > 0, this transition is second order for q < 4,
and first order for q > 5. When the detectability transition is second
order, the instability of the paramagnetic fixed point of BP coincides
with the appearance of a ferromagnetic, informative and stable fixed
point, so that the two fixed points are never both stable. In this case,
detecting the clusters is either impossible (When below the detectabil-
ity transition), or easy (when above), since nothing prevents BP from
converging to its informative fixed point. When the detectability tran-
sition is first order, on the other hand, there is a range of values of the
parameters of the model for which there are two stable fixed points
of BP, namely the paramagnetic one, and another, informative one.
In this range, inference is possible, since the informative fixed point
is stable, but it is believed to be hard, in the sense that the basin
of attraction of the informative fixed point is much smaller than the
one of the paramagnetic fixed point, so that one has to resort to an
exhaustive search to find it. In this case, there exists a information-
computation gap, as explained in chapter 1. A typical way to test for
the existence of this hard phase is to compare the result of B> when
initialized randomly on the one hand, or close to the planted solu-
tion on the other. When the former fails to detect the clusters while
the latter succeeds, the problem is in its hard phase. The problem
becomes easy again above a second transition, the spinodal, at which
the paramagnetic fixed point becomes unstable. Detailed considera-
tions about the impossible, easy and hard phase in various inference
and optimization problems can be found in [166, 168]. The condition
R(w*) > 1 computed above corresponds to this spinodal, or hard to
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easy transition. In particular, we conjecture that the spectral method
based on the non-backtracking operator with Bayes optimal weights
is optimal, in the sense that when it fails to detect the clusters in the
symmetric 1SBM, then no other polynomial time algorithm can suc-
ceed.

Let us make the link with section 3.1.1, where we have argued that
we could consider the non-backtracking operator B of the graph G,
while the stability analysis in fact yielded the non-backtracking op-
erator B¢ of the complete graph. We have seen that the informative
eigenvectors of B are also eigenvectors of B¢ provided the correspond-
ing approximate magnetizations verified n=' }_ I ; m; = 0. From the
analysis of the previous section, it follows that the q — 1 eigenvectors
corresponding to the partially ordered instability do verify this con-
dition, while the ferromagnetic eigenvector does not. Therefore, we
can interpret the main purpose of the non-edges introduced in the
previous section as to remove the purely ferromagnetic eigenvector
(if it exists). In this case algorithms 1 and 2 can be adapted to define
an embedding in IR~ using only the partially ordered eigenvectors.
In practice, it is in general safe to include this eigenvector and use
algorithms 1 and 2 as they are [89].

It is fair to wonder how the condition (3.58) relates to the results
of the previous chapter, where we have shown that a necessary con-
dition for BP to recover the clusters is that p (B¢) > 1. This condition
corresponds to the instability of the trivial, paramagnetic fixed point
of BP. According to the previous conjecture, we expect that this con-
dition is not sufficient when outside of the Bayes optimal setting, i. e.
with weights w different from the optimal weights w*. Indeed, we
may then have R(w) > 1 with t(,w) < 1, so that we expect the
spectrum of B to be fully contained in the disk of radius R(w), except
perhaps for an uninformative ferromagnetic eigenvalue, absent from
the spectrum of B€. In this case, the trivial fixed point of BP is unsta-
ble, since B¢ has eigenvalues close in norm to R(w) > 1, but neither
B nor B¢ have any informative eigenvalue. Thus we have p (B€) > 1,
but the large eigenvalues of B then correspond to the noisy pertur-
bations identified in the previous section. The behavior of BP in this
situation is unclear. On the one hand, since the trivial fixed point is
unstable, BP will not converge to it. However, the fact that the lead-
ing eigenvalues of B¢ are uninformative suggests that BP will either
converge, under sufficient damping, to an uninformative (“glassy”)
solution, or more probably fail to converge at all. Interestingly, this
problem is avoided when using the Bayes optimal weights w*. In-
deed, in this case, we have by equation (3.61) that R(w*) > 1 if, and
only if T(x,w*) > 1. In particular, we find that both B and B¢ have
informative eigenvalues as soon as the trivial fixed point of BP is un-
stable, so that the condition p (B¢) > 1 is both necessary and sufficient
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to recover the clusters. This fact is in fact not surprising, and stems
from the previously mentioned properties of the Nishimori line.
Finally, we note that the conjecture presented in this section is
consistent with previous rigorous results in some particular cases.
The rigorous foundations for the study of the spectrum of the non-
backtracking operator on random graphs were laid by Bordenave,
Lelarge and Massoulié in [19], who studied the non-backtracking op-
erator associated with the unlabeled SBM. In this case, the label set
£ is reduced to a single element, so that varying the weighting func-
tion w only amounts to multiplying the non-backtracking operator
by a global factor, without affecting its spectral properties. With the
choice wyy = 1, V(kl) € E, the non-backtracking operator is said to
be unweighted, and its elements are given, for (i —j),(k = 1) € E, by

Bij ko1 = 1(L=1)1(k #j). (3-62)

This corresponds to the non-backtracking operator as first introduced
in [89] and considered in the rigorous analysis of [19] *. In this case,
our conjecture predicts that the ferromagnetic eigenvalue, the infor-
mative eigenvalue, and the edge of the bulk are given respectively by

xEw] = «,
o) = o 65
R(w) = Va,
so that the detectability condition becomes
Xin — Xout 2
T(o, W) = <q\/&) >1, (3.64)

which is equivalent to the conjecture (1.44) of [32]. When above this
transition, [19] proved that the leading eigenvalue of B is «, that the
second largest eigenvalue is “2—>ut with multiplicity q — 1, and that
all other eigenvalues are smaller than /& in modulus. When below
the transition, they proved, in agreement with the previous conjec-
ture, that the leading eigenvalue of B is «, and that all other eigen-
values are smaller in modulus than /. The proof technique of [19]
relies heavily on a certain symmetry of the non-backtracking operator,
which they call “PT-invariance”, where “PT” stands for parity-time.
More precisely, we denote by M the involution of RIEl with matrix
elements

Mij k- =1(l=1)1(k =j). (3-65)

This operator maps a directed edge (k — 1) onto its inverse (1 — k),
so that it is clear that MT = M and M? = Ilﬁ\‘ The PT-invariance

states that, while B is not a symmetric matrix, the matrix MB! for any

1. [19, 89] consider the transpose of this matrix, which has the same eigenvalue
spectrum.
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L > 0 is symmetric. The proof of this invariance is straightforward,
and uses the fact that all the non-zero entries of the unweighted non-
backtracking operator are equal to unity. In the rest of this disserta-
tion, we extend some of the techniques of [19] to a particular case of
the ISBM. An important step in these extensions will be the general-
ization of the PT-invariance to a weighted non-backtracking operator.

In the next section, we show that the spectral density of the un-
weighted non-backtracking operator can be computed using statisti-
cal physics methods.

3.1.4 Cavity approach to the spectral density of the non-backtracking oper-
ator

In this section, we continue our investigation of the spectral prop-
erties of the unweighted non-backtracking operator defined in equa-
tion (3.62). The results presented here were published in [140]. We in-
vestigate the spectral density of B on locally tree-like random graphs
using the non-rigorous cavity method, and show that it is non-vanish-
ing only in a disk of radius /p(B) where p(B) is the spectral radius
of B. In the case of the SBM, p(B) = «, so that we recover the results of
[19, 89] that the bulk of the spectrum of B is constrained to the disk
of radius /c.

Analytical results for spectral densities on sparse random graphs
are largely based on the replica or cavity methods, and were mostly
developed and studied for symmetric random matrices [40, 91, 130,
132, 145]. The result most relevant to the present section is that the
tails of the spectrum of the commonly studied matrices associated
with random graphs (including the adjacency and Laplacian matrices)
are extended, see e. g. [84, 91, 145]. The spectral density of the non-
backtracking operator, on the other hand, has a finite support, and
we would like to provide a statistical-physics based explanation to
this fact.

We derive the spectral density of the non-backtracking operator for
random locally tree-like graphs G = ([n], E) in the limit of large size
n — oo. We use the methods of [40, 91, 130, 132] based on expressing
the spectral density as the internal energy of a disordered system with
quenched disorder. In particular we use the method applied to non-
symmetric matrices as developed in [113, 131]. The corresponding
disordered system is then studied using the cavity method and the
associated BP algorithm.

Our main result is the discovery of a phase transition in the disor-
dered system associated with the spectrum of the non-backtracking
operator which translates to the fact that the spectral density can be
finite only inside a circle of radius equal to the square root of the
leading eigenvalue (a fact that was indeed proven in [89]). This is
fundamentally different from the spectral properties of the commonly
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considered operators associated with a sparse random graph where
the tails of the spectrum are unbounded in the limit of large size. The
presence of this phase transition provides a physics-based explana-
tion of the superior performance of spectral methods based on the
non-backtracking operator.

Statistical physics formulation

We map the computation of the spectral density to a problem of
statistical physics of disordered systems. We use straightforwardly
the method of [131], with the only difference that we use the Ihara-
Bass formula, which is specific to the non-backtracking operator, to
simplify slightly the subsequent analysis. Using the results of sec-
tion 2.3.1, it is straightforward to show that in this unweighted case,
all the eigenvalues A; of the B that are different from +1 are the roots
of the polynomial, for z € C,

2n
det [D—ZA—(l —zz)In] :H(Z—Ai). (3.66)
where A is the adjacency matrix of the graph, and D is the diagonal

matrix with entry Di; = |01 for i € [n]. We define the spectral density
of Batze C as

2n

vie)= 5 ) sz, (:67)

i=1

We use the complex representation of the Dirac delta

Sz—p) = Loslz—p) ", (3.68)

where, for z = x +1y, 90; = 1/2(05 +10dy) is the Wirtinger derivative,
so that

1
v(z) = ——0:0, log det [(D A (-2 (D —2A— (1 —zZ)In)]
2mn

(3.69)
whenever z is not an eigenvalue of B. Here and in the rest of this
section, we denote by X' the conjugate-transpose of X. To make this
formula valid for all z € C, we add an infinitesimal regularizer e,
in the determinant, so that one can rewrite

o
v(z) = 2135 Haiazlogdetj\/{e, (3-70)

where M is a 2n x 2n matrix given by

M. (2, A) = ( e1 i(D —zA — (1 —22)I,,) ) |

i(D—2zA—(1—22)1,)" €1
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All the eigenvalues of this matrix have a strictly positive real part
equal to €, so we can use the complex Gaussian representation of the
determinant

2n

1 2n 2n .
(detMo) ™! = (ﬂ) JeXp - Z P Mk Hdzll)j» (3.71)

k=1 j=1

where for z = x + iy € C, d%z = dxdy. It will prove convenient ([131])
to group the complex variables \; for j € [2n] in pairs

x]':( s ) vj € [nl. (3.72)
ll’)'—i—n

Finally, the computation of the spectral density has been mapped to

a statistical physics problem

o
v(z) = — 2135 ﬁazazlog Ze (3.73)

where we have introduced a partition function

Ze = Jﬂx exp (—Helx)), (3-74)
where 5
Dx = [ [ d*; (3.75)

j=1

and the corresponding Hamiltonian (or energy) is given by

€ idy —i(1 — 22
Helx)= ) x5 ( o T )y
= idy —i(1 —2%) €
. (3.76)
. —Z
+1 Z XjT< B )Xk-
(ik)eE -z 0

In this last expression, and in the following, we denote by d; = |9j| the
degree of vertex j in the graph G. Computing the derivative with re-
spect to z, we can express, as in [131], the spectral density in terms of
“expectations” with respect to the (complex) Boltzmann distribution
exp ( —He (X))/Z,e, as

. n
viz) = lim —0; |z E[xoixg| - Y Epdoa |, G
j=1 (jk)€E

where o is a so-called Pauli matrix

0 1
= , .78
04+ (O O) (3.78)
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and the expectation of a function f(x) is defined formally as

E[fx)] = J@x 1l L) 679

While the “Boltzmann distribution” happens to be complex here, the
problem is formally reduced to computing the expectations of the one
and two-points marginals IP; (x;) and IPji (xj, Xk ), for j € [n], (kl) € E,
of a pairwise MRF defined by the energy function (3.76). Since the
graph is assumed to be sampled from a locally tree-like random en-
semble, we will compute these marginals using the replica symmetric
cavity method, i.e. BP.

The cavity method
We write the energy (3.76) as

n

Helx) =) F06)+ D Helxyrxw), (3.80)
j=1 (jk)eE

where we have defined the single variable and pairwise energies

€ id; —i(1—22)
3 (x;) = x| ’ X
P iy —i(1 - 22) e :

. 0 z . 0 z
Hiw (x5, x00) = —ix] (_ 0> Xk —ix] ( o) Xj -
z z

The BP fixed point equations then read, for (j — k) € E

(3.81)

byolxy) e P00 [T [e 200 o) D, (382)
1€dj\k

where Dx; = d?1d*Piyn. When a fixed point of BP has been
found, we obtain an approximation to the single point marginals
P;(x;) ~ bj(x;) (with equality if the graph is a tree [133]) where

by) oc e 200 [T e %00l by Dyt 683)
1€9j

Since the Hamiltonian (3.76) is quadratic, the variables x; for i €
[n] are bi-variate complex Gaussians with mean 0, so that we can
parametrize

-1
1 e—X;r(Ajak) X;

T2 detA, n , (3-84)

bj_k(x5) =

1 a0y
b = g, (585)
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where the 2 x 2 matrices A are constrained by symmetry arguments

(see [131]) to the form
A= (_" “3> , (3.86)
iy x

where x is real and non-negative, and y € C. Injecting this form
in (3.82)-(3.83), we find that the BP fixed point equations translate
into the following fixed point equations for the parameters x and y

Xj—k 2
S5 5 =€+l Z X1 » (3.87)
Xty -l 1€0j\k
Yj—k = (1 —d; Z?
N T i - Y] (3.88)
Xj2_>k+|yj—>k|2 leaz)\k ’
Z‘H =€+ |Z| Z X1—j (389)
1€9j
Y (1 22)—z Z
e VT ETEIT Yij - (3.90)
X5 +lys | 1€

In the following, we take e = 0. To obtain an expression for the
spectral density (3.77), it only remains to express the expectations
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E [X]T O'.,.Xj} and E [xj 0'_|_Xk} in terms of the variables x and y. From (3.85),

we find that
E [X]TGJer} =1yj. (3.91)

T

To express E |:Xj cuxk] , we need the two-points marginal IPj (x;, Xx)-

Since (jk) € E, this is simple to estimate from the BP beliefs

IPjic (X5, Xk) 0 bj i (x5 ) bres (xic ) e~ xxinxi) (3-92)

Some algebra then yields

E [XJT “+Xk} =1 (—2Yroiyj + 2Xksi)) - (3.93)

Replacing in (3.77) and using the BP recursions (3.87) - (3.90), the
spectral density takes the form
] n

T~ Z (1—dj+2%) 5. (3.94)
=1

v(z) = —

By differentiating (3.87)-(3.90), we obtain a set of closed form equa-
tions for the derivatives of the variables x and y, which we iterate to

Fixed point
equations for the
derivatives of

x and y



104 SPECTRAL PROPERTIES OF B AND H(x)
compute these derivatives without resorting to numerical differentia-
tion

0:Xj 5k = — Xjsk (Xj—>k Ajok —Yj—k Bj—>k) (3-95)
+Yjok (Xj5k Cjok F TSk Ajok)

0:Yjmk = — Xjok (Ujok Ajok + Xk Bjk) (3.96)
—Yjok (Yjox Cjok + X5k Ajok)
0:Uj=k = —Ujok (Xjok Ajok — Jj=k Bjok) (3.97)

—%Xjok (X5k Cjok Yok Ajok) »

where we have defined messages A, B and C which verify

Ajok = Z (zx15j +121202x155) (3-98)
1edj\k
Bink=2z+ )Y (2215 +2°0:0155), (3.99)
ledj\k
Cj—>k = 22 Z azyl_n' . (3.100)
1€dj\k

The expressions for the derivatives of the variables x; and y; are sim-
ilar, expect that the quantities Aj_,, B;j_.x and C;_.x are replaced by
Aj,Bj and Cj, whose definition is given by (3.98)-(3.100), with the
only difference that the sums become over all the neighbors of j.

Equations (3.87)-(3.88) and (3.95)-(3.100) are self-consistent BP equa-
tions which, when iterated, converge to a set of solutions xj_,1, yj_—x,
0:Xj sk, 0zYj—k, 0zYj—k. We then compute the variables x;,y;, 0zx;,
0:Yj, 0zUj using equations (3.89)-(3.90) and the counterpart of equa-
tions (3.95)-(3.100) for the variables Aj,B; and C;j as explain previ-
ously. This finally allows us to compute the spectral density using
expression (3.94).

The paramagnetic phase

It is straightforward to check that the following assignment of the
messages is a fixed point of the belief propagation equations

Xjk =0 V(j — k) €E,
Paramagnetic fixed 1 ~ (3.101)
point of BP Yjok = 2 V(i —k)eE.
We call this the factorized fixed point. The corresponding variables x;

and y; verify

(3.102)

Yi=7-,2 Vj e n].

)
With this solution, we have 0;y; = 0 for all j € [n] so that, from (3.94),
the spectral density is v(z) = 0. As a consequence, for any z € C
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such that the fixed point (3.101) is stable, the corresponding spectral
density v(z) vanishes. We will refer to this region of the complex
plane as the paramagnetic phase. To study the stability of this solution,
we linearize the belief propagation equations (3.87)-(3.88) around the
trivial fixed point. Writing xj_ = 0+ 6x§)ﬁk, Yjok = —1/27 +5y]9%k
where éx? Lk € R, 6y§) _x € C are infinitesimal initial perturbations,
the evolution of these perturbations when iterating the BP equations
is given by the system

tr1 | 3 o
6Xj—>k - |Z‘2 6Xl~)j )
1€9j\k

1
69}:1k = Ziz Z 69{—”' .
1€dj\k

(3.103)

As usual, we can write the perturbations as vectors d6x*, oyt € RIE,
and we obtain that the evolution of the perturbations is governed by
the unweighted non-backtracking operator B through the iteration

:
o' = —= Bax',
2|

1
6yt+1 — 27 Béyt )

(3.104)

Therefore, we find that the paramagnetic phase corresponds to the
region lz2 > p(B), where p(B) is the spectral radius of the non-
backtracking operator. As a consequence, the support of the spectral
density, i. e. the bulk of eigenvalues of B, is contained in the disk

lzl < v/p(B), (3.105)

at the boundary of which there is a phase transition in the model de-
fined by the Hamiltonian (3.76). We expect the above result to hold for
the unweighted non-backtracking operator of any graph such that the
cavity method provides asymptotically correct predictions. We expect
this to encompass at least all locally tree-like ensembles. In particular,
for an Erd6s-Rényi random graph, we have p(B) = « where « is the
average connectivity of G, so that our results our consistent with the
rigorous results of [19].

The existence of a factorized fixed point, and hence of a paramag-
netic phase in which the spectral density is exactly 0, seems to be a
special feature of the non-backtracking matrix. For instance, one can
compute the spectral density for the (symmetric) adjacency matrix A,
see e.g. [132]. The Hamiltonian is then again quadratic, and couples
n Gaussian variables, whose marginals are completely determined by
their (complex) variance A; for j € [n]. The spectral density can then
be shown to be proportional to the average of the quantities Im (A;)
over the graph. More precisely, to compute the spectral density at
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(a) belief propagation (b) direct diagonalization

0 0
—b -5
~10 —10

Figure 3.1 — Spectral density of the non-backtracking matrix in logz-scale.
Comparison between the result of belief propagation and direct
diagonalization, on graphs of average degree o = 3. Figure
(a) is the result of applying BP to a single graph of size n =
10000, on a grid of 600 x 600 different points z € C. Figure (b)
was obtained by diagonalizing 1000 matrices of size 3000 x 3000.
The origins of the differences are discussed in the text. Figure
taken from [140].

A € R, we need to find a solution to the fixed point equations, for
z € C such that Re (z) = A,

Aj%k: z— Z Alﬁ\j . (3.106)

These equations in general do not admit a factorized (site-independent)
solution, expect on regular graphs. The spectral density of the ad-
jacency matrix instead exhibits Lifshitz tails [84] that spoil the gap
between the bulk and the informative eigenvalues, associated with
the cluster structure of the graph. Similar results hold for the other
matrices commonly used for spectral clustering. In section (3.2.1), we
show that the analog of equation (3.106) for the Bethe Hessian H(x) of
equation (2.67) does admit a “trivial solution”, yielding a vanishing
spectral density v(A) = 0 for A in an open neighborhood of 0, for a
certain range of values of x. Therefore, like the non-backtracking op-
erator, and contrary to e. g. the adjacency matrix, we expect the Bethe
Hessian to have a well-behaved bulk of uninformative eigenvalues,
well separated from the potential informative eigenvalues.

Numerical results

We solve the belief propagation equations on a single graph. We
discretize a chosen z-domain using a grid of points at which we com-
pute the spectral density by iterating (3.87)-(3.88) and (3.95)-(3.97) un-
til convergence, and finally outputting (3.94).
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Figure 3.2 — Slices of the spectral density of B along two lines: compari-

son between BP (black line), and histograms of the eigenval-
ues of B on graphs of various sizes n, and average connectivity
a« = 3. For each n, we diagonalized a number of random ma-
trices B such that the total number of eigenvalues obtained is
equal to 10°. We then extracted the eigenvalues close to the
line Im(z) = 0.8 for the left panel, and those close to the line
Im(z) = 1.3 for the right panel. BP was run on a single graph of
size n = 10% for the figure of the right panel, and the spectral
density was computed at 1000 points along the line Im(z) = 1.3.
For the figure of the left panel, we used BP to compute the spec-
tral density at 200 points along the line Im(z) = 0.8, and we
averaged the results obtained for 500 different graphs of size
n = 10%. For the left figure, we additionally smoothed the result
of BP by setting to the spectral density to the average spectral
density computed at 5 neighboring points, to reduce the strong
finite size effects that we observed. Figure taken from [140].
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Figure 3.3 — Convergence time and spectral density computed by BP at 500
points along the line Im(z) = 0.8, on a single graph of size
n = 10000 nodes, and with an average degree of « = 3. Com-
parison with figure 3.2 shows that the location of the peaks
inside the circle depends on the instance of the graph. The con-
vergence time is defined as the number of iterations of BP that
are needed for the variation of the messages of equations (3.87)-
(3.88) and (3.95)-(3.100) to be smaller than 107, between two
consecutive iterations. Figure taken from [140].

The left panel of figure 3.1 shows the results of BP for a typical
random graph of size n = 10000, with average connectivity o« = 3.
For comparison, we show on the right panel of figure 3.1 the spec-
tral density estimated by histogramming the eigenvalues of the non-
backtracking operator for many different realizations of the graph
G. The discrepancies between the two figures are of two types. The
first type consists of the tails that extend beyond the black circle in
the direct diagonalization case. These represent sub-extensive contri-
butions to the spectral density as can be seen from figure 3.2, that
disappear in the thermodynamic limit, in agreement with the predic-
tion of BP. The second type of discrepancy consist of the internal tails
inside the circle in the right panel of figure 3.1, that are absent from
the left panel of the same figure. As can be seen from 3.2, these tails
do not seem to vanish in the large n limit.

We investigated several possible explanations for this second kind
of discrepancy. The first was the possibility of a replica symmetry
breaking (RSB), for which we found no evidence. Figure 3.3 shows
the convergence time of BP along the line Im(z) = 0.8, which stays
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Figure 3.4 — Inverse participation ratio (IPR) of the eigenvectors of B, ob-
tained by direct diagonalization of a graph of size n = 3000.
The color scale represents the logarithm of the IPR of the (nor-
malized) eigenvectors, defined as the sum of the fourth power
of their components. The internal tails consist of eigenvalues
whose corresponding eigenvectors are localized (IPR close to 1).
Figure taken from [140].

finite on the internal tails. In our different numerical experiments,
the algorithm always converged. Note that the peaks in the conver-
gence time correspond to phase transitions in the statistical physics
system, taking place at the boundary of the support of the spectral
density. Outside of the disk of radius y/p(B), we find that BP does
indeed converge to the trivial solution (3.101). However, there seems
to be another region with vanishing spectral density inside the disk of
radius /p(B), where BP converges to a non-trivial fixed point such
that the expression (3.94) also vanishes.

Our second line of investigation focused on very localized peaks
that we see in rare cases in the BP solution for z in the range of the
internal tails, an example of which is shown on figure 3.3. If a peak
in the spectral density is very localized then we might miss it simply
because of the finite resolution of the grid used to discretize the z-
domain. By averaging the result of BP over 500 graphs, as in figure
3.2, we recover a non-vanishing spectral density on the internal tails,
although the finite size effects are strong.

Lastly, we investigated the localization of the eigenvectors corre-
sponding to eigenvalues located in the inner tails. Figure 3.4 shows
the inverse participation ratio of the eigenvectors of B. We found
that the eigenvectors corresponding to the inner tails are more lo-
calized than the others. It is unclear to us how this influences the
behavior of BP on a single graph and if it can explain the discrepancy
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Figure 3.5 — Spectral density of B computed by BP for increasing values of
the average connectivity «. For each value of «, BP was run on
a single realization of an Erd6s-Rényi graph with average con-
nectivity oc and n = 10* vertices. When « becomes larger, the
support of the spectral density becomes closer to the circle of
radius v/, as expected by comparison with the case of random
regular graphs. Figure taken from [140].

we see between the single graph runs and their averages over many
runs. On the other hand in population dynamics [103] (which is an
alternate way of solving the cavity equations), which we also imple-
mented, this is clearly a possible source of problems. Equation (3.94)
expresses the spectral density as a sum of complex variables, the sum
of which should have a vanishing imaginary part, since the spectral
density must be a real and non-negative number. We found that the
cancellation of the imaginary parts indeed takes place when we run
BP on a single graph, but not in our implementation of population
dynamics with populations of size up to S = 10 and equilibration
time 10% x S per point. It is possible that the events that correspond to
localized eigenvectors are encountered only very rarely in the popu-
lation dynamics and hence usual magnitudes of population sizes and
equilibration time are not sufficient here.

In the case of random regular graphs of connectivity d, it is straight-
forward to show that the spectral density of B is non-zero only pre-
cisely on the circle of radius v/d — 1 ([89]). For an Erd6s-Rényi graph,
when the average connectivity « becomes larger, the fluctuations of
the degrees of the nodes become negligible compared to the average
connectivity, so that spectral density to become non-zero only in a
region close to the circle of radius /o« (recall that for a Poissonian
graph, the excess degree has the same distribution as the degree). It
can be checked on figure 3.5 that this is indeed what happens.

As a conclusion, the study of the spectral density of the non-back-
tracking operator in the thermodynamic limit by means of the cav-
ity method allows to understand better its remarkable efficiency to
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perform spectral clustering. A phase transition-like behavior at the
boundary of the circle of radius /p(B) provides physical insight on
why its spectral density vanishes sharply instead of exhibiting Lif-
shitz tails, like other popular choices of spectral methods. Addition-
ally we identified puzzling properties of the interior tail of the spec-
trum. Their more complete understanding requires further work. In
principle, the method used here in the case of the unweighted non-
backtracking operator can be extended to a general non-backtracking
operator with arbitrary weights, although the analysis becomes more
complex. In the following, we will instead study the spectral density
of the Bethe Hessian with arbitrary weights, which will turn out to
be much simpler, owing to the fact that it is a symmetric matrix.

3.2 THE BETHE HESSIAN

Recall the definition of the Bethe Hessian H(x), with elements, for
x € C\ {£tanh (J;;) } o

JeE
tanh” (Jix .. xtanh(Jy) o

(1 +kél tanhz(llk)> 1(i =j) 2 tanh?(y) 1(j € o)
(3.107)

In the previous expression, the couplings Ji for (kl) € E are arbi-
trary real numbers. In chapter 2, we have shown that this matrix is
tightly related to the non-backtracking operator with elements, for
(i—j)(k—=1€t

Bijks1 = w1l =1)1(k #j), (3.108)

where the weights verify, for (kl) € E,

Wi = tanh(Ji) . (3.109)

Conversely, given an arbitrarily weighted non-backtracking operator
of the form (3.108), we may, without affecting the spectral properties
of B, rescale it by a global positive constant such that all the weights
verify fwyy| < 1, for (kl) € E. We may then define couplings through
equation (3.109), and the corresponding Bethe Hessian through equa-
tion (3.107). We will therefore say that the weighted non-backtracking
operator (3.108) and the Bethe Hessian (3.107) are associated, provided
the couplings of the Bethe Hessian are related to the weights of B
by (3.109).

The point of this section is to explore and formalize the relation-
ships between the two matrices, that we began to uncover in chap-
ter 2. We first show that the spectral density of the Bethe Hessian
can be computed via methods similar to those used for the non-
backtracking operator in section 3.1.4. This will allow us to relate
the spectral properties of H(x) to those of B, justifying in part the

111

Bethe Hessian and
associated
non-backtracking
operator



112

Spectral density of
the Bethe Hessian

Fixed point equation
for the A

SPECTRAL PROPERTIES OF B AND H(x)

heuristic picture of section 2.3.1 about the evolution of the spectrum
of H(x) as we decrease x from a large positive value. In the second
part of this section, we show rigorous identities relating H(x) and B,
including the generalized Ihara-Bass formula used in section 2.3.1.

3.2.1  Cavity approach to the spectral density of the Bethe Hessian on the
labeled stochastic block model

We consider here the same setting as in section 3.1.2. More pre-
cisely we assume that the graph G is generated from the sparse
1SBM, and take the non-backtracking operator of equation (3.108) with
weights wyy = w(ly1) for (kl) € E, where w is an arbitrary weighting
function of the observed labels {y;. The associated Bethe Hessian is
given by equation (3.107), with couplings defined through (3.109).

Using the same kind of techniques as those described in section 3.1.4,
it is possible to argue [132, 133] that in the limit n — oo, the smooth
part (in which potential delta peaks have been removed) of the spec-
tral density vy (A) of the Bethe Hessian H(x) on sparse graphs verifies

1 e
vxnggr;o;_Zé(A—m,
(3.110)

J%RZM

where the A; are the eigenvalues of H(x), and we have introduced
complex variables A;, which depend on x and A although we do not
write the dependence explicitly to lighten the notations. The A; € C
for i € [n] verify

tanh ]‘Lk)
AT = A+14
kél 2 —tanh? (Jii)
tanh(J o) 2 (3-111)
x tanh(Jix
- A —1iy
%«—mmm>k

and the Ai_,; € C for (i — j) € E are the linearly stable solution of
the system

Al =-A+1+4 ) — tanh” (Ju)

e keoi _tanh (]ik)
2 (3.112)
Yy ( xtanh(Jix ) ) A
2 —1-
kedi\j Xz_tanh (Iik)

The steps to derive these equations are very similar (but simpler
because H(x) is symmetric) to the computations performed in sec-
tion 3.1.4, and can be found in [132]. The main idea is once more
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to map the computation of the spectral density to a marginaliza-
tion problem in a certain statistical physics problem with a complex,
quadratic Hamiltonian, and then solve this marginalization problem
using BP, which we believe to be exact on sparse random graphs, in
the limit n — oo. In this case, running BP amounts to iterating the
fixed point equation (3.112) until convergence, starting from a ran-
dom initial condition. The solution found by BP must therefore be
linearly stable. Numerical simulations showing the very high accu-
racy of this approach will be presented in chapters 5 and 8.

It is worth noting that, unlike the previous, non-symmetric case,
this approach to the computation of the spectral density of a sparse
symmetric matrix has been made rigorous in some cases. In partic-
ular, in the unweighted setting, corresponding to uniform couplings
Ji; for (ij) € E, when the underlying graph is random and locally
tree-like, it is possible to show that the variables A; for i € [n] and
Aij for (i — j) € E converge in probability to random variables
verifying a distributional fixed point equation. It was shown by [18]
that this distributional fixed point equation has a unique solution,
and that this solution allows to compute the spectral density in the
limit n — oco”. The same authors show that these rigorous results
generalize to weighted sparse and symmetric matrices when their di-
agonal elements vanish, which is not the case for the Bethe Hessian.
However, we will see numerically in chapter 8 that, although not yet
rigorous, the present approach based on BP allows to estimate very
accurately the spectral density of H(x).

The aim of this section is to justify analytically part of the heuris-
tic picture presented in section 2.3.1, where we have argued that, as
we decrease x from a large positive value, the bulk of uninformative
eigenvalues of H(x) is shifted to the left, until its left edge reaches the
A = 0 axis precisely at x = R(w), where R(w) the radius of the bulk of
uninformative eigenvalues of the associated non-backtracking opera-
tor B. An idealized cartoon of this picture is presented in figure 3.63.

From the results of section 3.1.3, the radius R(w) is given by

R(w) =/« E [w?],

(3.113)
= /aE [tanhz(])} ,

where we recall that we abuse our notation by also calling w a ran-
dom variable with the same distribution as the weights wy for (kl) €
E of B, and similarly, | is a random variable with the same distribu-
tion as the couplings Ji1 for (kl) € E of H(x). In partial justification

2. We show in chapter 5 how to solve numerically this distributional equation.

3. We solve numerically equation (3.112) in two different settings in chap-
ters 5 and 8, and show that the corresponding spectral density is indeed qualitatively
close to the cartoon of figure 3.6.
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Figure 3.6 — Cartoon of the spectral density of the Bethe Hessian H(x) for
various values of x, in the limit n — co. For large enough x,
H(x) is positive definite. As we decrease x, the bulk of uninfor-
mative eigenvalues if shifted to the left, and reaches the A = 0
axis when x = R(w), where R(w) is the radius of the bulk of the
spectrum of the associated non-backtracking operator B, with
weights related to the couplings of the Bethe Hessian by (3.109).

of this picture, we now show that whenever x > R(w), there exists an
open set around A = 0 in which the spectral density vanishes.

From equation (3.110), a sufficient condition for the spectral density
to vanish is for equation (3.112) to have a real and stable solution.
We will show that such a solution exists for A close to 0, whenever
x > R(w). To this end, we introduce first, for each A € R, a function
Gr:A € RE = GA(A) € RIEI, where for A € RI¥l the components of
Ga(A) are given, for (i —j) € E by

keal _tanhz(llk)

2 —1
_ x tanh(Jix) .
2 <x2 —tanhz(]ik)> A‘Hl) ’

keoi\j

(GA(A))i; :< A1+ Z tanh? (Jix)
(3.114)

so that A is a real solution of the fixed point equation (3.112) if, and
only if
Ga(a) =A. (3.115)
We also require a function F: (A, A) € RIEHT F(AA) € RIE! where,
for A € R,A € RIE!
F(AA) = GA(A) —A. (3.116)

The fixed point equation (3.115) is therefore equivalent to

F(A\,A) =0. (3.117)
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As has become customary in this dissertation, the first step of our ar-
gument is to remark that the previous equation has a trivial solution
at A = 0, namely A* with components

x2 — tanh? (]1])

A*
x2

1—)]

V(i—j) €E. (3.118)

Indeed, injecting this expression in (3.114), we find, for any directed
edge (i —j) € E

X tanh? (Jix)
Go(A*) 1
( O( 1—>] ( +k§l —tanhz(llk)

2 —1
- x tanh(Jix) .
Z. ) (xz —tanhz(]ik)> Ak_n) ’

keoi\j

—1

_ 1+Z tanh?(Jii) _ Z tanh? (k) )

keoi Xz - tanhz(llk) keEdL\j Xz - tanhz(lik)
2 —1
— 1 + M ,
x2 — tanhz(]i)-)

—1
_ Xz _ A*
x2 — tanh?(Jy;) bt

so that F(0,A*) = 0. We now show that this fact implies the existence
of a real solution in the vicinity of A = 0. To see this, we first note that
the Jacobian Jr of F at (\,A) = (0, A*) is an |E| x (|E| + 1) real matrix
which can be written as

110 0

0
Jr(0,A%) = . , (3.119)
' : HGO(A*) _I‘E‘|

0
where Jg,(A*) is the IE| x [E| Jacobian of Gy at A = A*, given by
JG,(A*) =DB. (3.120)
In the last expression, we have introduced two matrices D, B € RIEIXIE]

whose elements, for (i — j), (k = 1) € E, can be written as

2 . .
Di%j,kﬁl = (Afﬁ)) 1(i= k)I(] =1),

tanh 2
Bisj ko1 = <UH)

(3.121)
) =il 2.

*
XAL

Let us assume for now that the Jacobian J¢(0,A*) is full rank. Then,
since F is continuously differentiable at (0,A*), by the implicit func-
tion theorem, there exists an open set V C R containing 0 such
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that for any A € V, there exists a vector A(A) € R/El such that
F(A,A(A)) = 0. Additionally, the map A — A(A) is continuous on
V, and A(0) = A*. In other words, there exists a real fixed point A(A)
of G for A € V, where 0 € V. It is additionally a stable fixed point if
and only if

p(dc, (AN)) <1, (3.122)

where p denotes the spectral radius. By continuity of the spectral
radius and of the map A — A(A), it is straightforward to check that
the map A — p(é] Gy (A(?\))) is continuous on an open set U C V such
that 0 € U. As a consequence, if we can show that

p(dg,(A%) <1, (3.123)

then there will finally exist an open set W containing 0 such that for
all A € W, condition (3.122) holds. As a consequence, for any A € W,
A(A) is a real and stable fixed point of Gy, so that the spectral density
of H(x) vanishes on W. Indeed, if (3.123) holds, then it also holds
that the Jacobian Jr(0,A*) of equation (3.119) is full rank, because
then Jg,(A*) — I\?ZI is invertible, so that our previous application of
the implicit function theorem was legitimate.

It turns out that we know how to compute p (5 Gol A*)). Indeed, we
have that 4

p(dc,(A%)) (3.124)

p(DB),
p(BD).

The matrix BD € RIEIXIE] has a familiar structure. Its elements, for
i—=3), (k=1 € E, are given by

tanh? (Jy1)

(BD)isj ka1 = 2

1(l=1)1(k #j). (3.125)

This is a non-backtracking operator, with a particular choice of weights.
Using the results of section 3.1.3, it is straightforward to check that
its leading eigenvalue is unique, and given by

«E ) =—2 (3.126)

tanhz(I)] R(w)2

where R(w) is the radius of the bulk of uninformative eigenvalues
of the non-backtracking operator associated with the Bethe Hessian
H(x), recalled in equation (3.113). Note that this eigenvalue is a fer-
romagnetic one in the sense of section 3.1.3, i.e. with a correspond-
ing globally ordered eigenvector. This is consistent with the Perron-
Frobenius theorem which states that, since BD is non-negative’, it

4. Note that the matrix DB does not have the same structure as the non-
backtracking matrix, so that the inversion of the order of the matrix product is
necessary here.

5. The Perron-Frobenius theorem applies to non-negative and irreducible matrices.
For BD to be irreducible, we need the graph G to be 2-connected, meaning that any
vertex or pair of vertices are part of a cycle [19].
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should have a unique eigenvalue equal to its spectral radius, with a
corresponding eigenvector which whose are all positive.

Let us wrap up our argument. From (3.126), it holds that whenever
x > R(w), we have p(H GO(A*)) < 1, so that there exists an open set
around A = 0 on which the spectral density of H(x) vanishes. Coming
back to the cartoon picture of figure 3.6, we have justified that as we
lower x from a large positive value, the moment where the bulk of
uninformative eigenvalues of H(x) reaches the A = 0 axis is precisely
x = R(w). At this point, any potential informative eigenvalue of H(x),
i. e. any eigenvalue smaller than the uninformative eigenvalues, must
have become negative. This gives an alternative justification of the
graph clustering algorithm 2, based on the Bethe Hessian. We discuss
what happens for x < R(w) on the applications of the upcoming
chapters 5 and 8.

3.2.2 Ihara-Bass type formulas

We prove here two identities relating the non-backtracking operator
and the Bethe Hessian. The first one is a general matrix identity re-
lating the resolvent of the non-backtracking operator to the inverse of
the Bethe Hessian, i. e. the susceptibility (in the paramagnetic phase
and in the Bethe approximation) of the Ising model. This formula
will be useful in chapter 9, where we show in particular that this ap-
proximate susceptibility is an upper bound on the true susceptibility
for the ferromagnetic Ising model, in a certain high temperature re-
gion. The second identity is the Ihara-Bass formula, which we show
as a corollary of the first identity. This formula will also be useful in
chapter 9, as the involved determinant will be shown to provide an
upper bound on the partition function of a ferromagnetic Ising model
in a high temperature region.

We stress that both the formulas stated in the two following propo-
sitions are algebraic identities, which are valid on any graph, deter-
ministic or random, of any size, with any topology. In addition to the
Bethe Hessian of equation (3.107) and the non-backtracking operator
of equation (3.108), the following results are expressed in terms of the
corresponding pooling matrix P € R™* Bl with elements

Pi (1) = tanh(Jx) 1(1=1), Vi € nl, (k = 1) € E, (3.127)
and another matrix Q € R™¥El with elements, fori e [n],(k » 1) € E

Qix-s1=1(i=k). (3.128)

Proposition 3.2.1. Let G = ([n],E) be arbitrary couplings. Let B be
the non-backtracking operator of equation (3.108), P be an arbitrary graph
and (Ji;)1j)ee the pooling operator of (3.127), H(x) the Bethe Hessian of
(3.107), and Q the matrix defined in equation (3.128). The following equality
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holds for any x € C\ {+ tanh (]1])} Jcg Such that x is not an eigenvalue
of B

P (Xlna - B) QT +1In =H(x)™' (3.129)
Proof. The fact that xI;z, — B is invertible follows from the fact that x

is assumed not to be an eigenvalue of B. For an arbitrary u € C™, we
let

v = (XI\EI — B) QTu e cl®l. (3.130)
The fact that H(x) is invertible, as well as the proposition, will follow

if we show
H(x)Pv+H(x)u=u. (3.131)

We denote (Pv); for i € [n] the i-th component of the vector Pv, we
have

(Pv)i= ) tanh (i) visi- (3.132)
kedt
From (3.130), v verifies (x Lg — B) v = QTu, so that for any (i —j) €
E,
xVing— Y tanh (Jud) Visi =4 (3.133)
kedilj

For any (ij) € E, we therefore have

xVisj — (Pv) + tanh (J45) vji = uy, (3-134)

X Vji — (Pv); + tanh (J§j) vij = uj . (3.135)
Together, these two questions form a closed, linear system of equa-
tions which we solve for v;_,; and vj_,;. The fact that this system is
invertible follows from the assumption that x # = tanh (J;;) for any
(ij) € E. Carrying out the inversion, we obtain

1
5 = S g (= P90~ ) o+ )

(3-136)
Inserting this expression in (3.132), we obtain
(Pv)i = ) tanh (Jix) Viosi,
kedi
tanh (J;
-y Ute)__(x (u + (Py)i) — tanh (Jue) (s + (Py)) )
kedi —tanh (Ilk)
(3-137)

Rearranging this last expression, we obtain

tanhz (Iik) o x tanh (Iik)

(1 " k;- x2 — tanh? Uik)) PVl kéi x2 — tanh” (Jix) PVl
x tanh (Ji) B tanh” (Jix) _

=2 T e o™ (Z xZ—tanhZ(Jik)> o

keoi keoi

(3-138)
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or equivalently, in matrix form,
H(x)Pv=—-H(x)u+u (3.139)
which completes the proof. O
We now turn to the proof of the generalized Ihara-Bass formula,

first stated in [153], which we used in chapter 2. The proof uses the
first identity, and is close to the one of [153].

Proposition 3.2.2 (Generalized Thara-Bass formula). Let G = ([nl], E)
be an arbitrary graph and (Ji;) (i5)ce be arbitrary couplings. Let B be the
non-backtracking operator defined by equation (3.108), and H(x) the Bethe
Hessian defined by equation (3.107). Then the following equality holds for
any x € C\ {* tanh (J3;) } ({i)eE
det (xl‘ﬁl - B) —det(Hx) [] (xz - tanhz(]ij)) . (3.140)
(ij)ek
Proof. We first note that the formula holds if x is an eigenvalue of
B, since in this case, det (x IIEI — B) = 0, and the argument leading
to equation (2.66) in section 2.3.1 is straightforwardly adapted to any
eigenvalue A € C of B which is not in the set {+ tanh (J;) } (ij)ee- We
can therefore assume that x is not an eigenvalue of B. From proposi-
tion 3.2.1, it holds that

det (P <x Lg — B)i1 QT + In) =det (H(x)™ ") . (3.141)

From Sylvester’s determinant theorem, it holds that
-1 -1
det <P (x1-B) Q ~|—In> — det ((xlgl ~B) Q P+IE> ,

—1
= det <<XI|E| —B) ) det (xI‘E‘ —B+QT P) .
(3-142)
The crux of the proof is then to notice that

Q'P=B+M (3-143)

where M is an operator that maps a directed edge (i — j) onto the
reciprocal edge (j — j). More precisely, the elements of M are given,
for i —j),(k = 1) € E, by

M(ij), (k—1) = tanh (Jx1) 1l =D1(j = k). (3-144)
We therefore have that

det (H(x)q) = det <<x1f_ — B>1> det (XIIEI —B+QT P) ,
-1
— det ((xlﬁ ~B) >det (x1g ~B+B+M),

— det ((xlﬁ —B>_1> det (xTg, +M) .

(3-145)
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Since M is almost an involution, the last determinant is easy to com-
pute. More precisely, we may order the canonical basis of RIE by
putting the vector corresponding to the directed edge (i — j) next to
the one corresponding to the directed edge (j — i). In this basis, the
matrix x I,z| + M is block-diagonal, with diagonal blocks of size 2 x 2.
The block corresponding to the subspace spanned by the vectors rep-
resenting the two directed edges (i — j) and (j — i), for (ij) € E

given by
x k() (3-146)
tanh (J;) X
so that
det <x Lg + M) = H (xz — tanh? (]ij)) . (3.147)
(J)ek
This completes the proof. O

3.3 CONCLUSION

In this chapter, we have analyzed non-rigorously the spectral prop-
erties of the non-backtracking operator and the Bethe Hessian on
sparse weighted random graphs. We have argued, that contrary to
more classical operators such as the adjacency matrix or the Lapla-
cian, the spectra of these matrices are well-behaved in the limit where
the size of the graph tends to infinity, even on very sparse graphs.

For the non-backtracking operator, we argued that its noisy, un-
informative eigenvalues are constrained, in the complex plane, in a
disk of a certain radius, depending on the statistical properties of
the weighted random graph. We gave an analytical expression for
the radius of this disk. We also discussed the possible presence of
informative eigenvalues outside of this disk, and predicted a precise
threshold for their appearance, again in terms of the statistical prop-
erties of the weighted graph. We computed, using the cavity method,
the spectral density of the non-backtracking operator on Erdés-Rényi
random graphs.

In a second part, we characterized the spectral density of the Bethe
Hessian H(x). In particular, we argued that its bulk of uninformative
eigenvalues does not contain any eigenvalue close to 0 as long as
x < R, where R is the radius of the bulk of uninformative eigenvalues
of the associated non-backtracking operator. We also gave rigorous
results relating the non-backtracking operator and the Bethe Hessian.

Thanks to our newly gained understanding of the spectral proper-
ties of B and H(x), we are now ready to look at particular applications.
We start by going back to the simple planted spin glass introduced in
section 1.6.5, and show how the methods introduced thus far allow
to solve it.



CASE STUDY: THE PLANTED SPIN GLASS, OR
CENSORED BLOCK MODEL

In this chapter, we come back to the planted Ising spin glass prob-
lem introduced in section 1.6.5, and show how the ideas exposed
thus far allow to design a provably optimal algorithm to recover the
planted configuration. This chapter is based on the publication [137],
although we adopt here a different perspective.

Recall that the planted spin glass (or censored block model) is a special
case of the symmetric ISBM of equation (1.46) with q = 2 groups,
average connectivity & = in = ®out, €dge labels set L = {£1}, and
label distributions

)x(

pin(e) = (1 1
Pout(f) = (1 ) 1(

The posterior probability distribution of the hidden assignment o
takes the form of an Ising spin glass

N+e1(l=-1),

L=
(= (4.1)

—€
—¢€ —D+e1(d=1).

1
IP((T) = Eexp [3 Z 6150'10')' y (42)
(ij)ek

where the inverse temperature 3 = (3* is related to the noise € through

o 1 1—¢€
p*=5log——. (43)

As shown in section (1.6.5), with this choice of inverse temperature,
corresponding to the Bayes optimal setting, the (gauge transformed)
Ising spin glass is on the Nishimori line, so that it cannot be in the
spin glass phase. However, defining 3* requires knowing the noise
parameter e, which we will not assume in this chapter. Instead, we
will consider the planted spin glass (4.2) at a general inverse tempera-
ture 3, and show that we can still design an optimal algorithm.

Finally, recall that the statistical physics prediction for the detectabil-
ity transition of this model (which also corresponds to the conjecture
of [60]) is given by (1.98), i.e.

1
x> 1—2¢)2 = (detect - (4-4)

It was shown in [94] that this condition is necessary, in the sense that
when o < getect, it is impossible to distinguish a graph generated
from the planted spin glass from a completely random graph with
random =1 labels, so that detectability is information-theoretically
impossible. In this chapter, we show rigorously that this condition is

121

Distribution of the
binary labels

Posterior
distribution of the
planted
configuration

Bayes optimal
temperature

Conjectured
transition



122

Owerlap

Non-backtracking
operator of the
planted spin glass

CASE STUDY: THE PLANTED SPIN GLASS

also sufficient. More precisely, we introduce two algorithms, based
respectively on the non-backtracking operator and the Bethe Hessian,
that output an estimate 6 € {+1}™ that has a finite overlap with the
planted assignment o whenever (4.4) holds, where the overlap is de-

fined as
mn

.1 A
Jim — ; 0i67. (4-5)
Note that this quantity is a rescaled version of the accuracy, that van-
ishes when & is a random guess, and equals unity if the reconstruc-
tion is perfect.

There are various interpretations and models that connect to this
problem. One example is a particular community detection problem
[2], in which we try to recover the community membership of the
nodes of a graph based on noisy (or censored) observations about
their relationship. Another example is correlation clustering [12], in
which we try to cluster the graph G by minimizing the number of
“disagreeing edges” (here {;; = —1) in each cluster. These examples,
and others such as synchronization, are discussed in details in [1].

In the rest of this chapter, we introduce the particular forms of the
non-backtracking and Bethe Hessian operators on the planted spin
glass, and make some of the intuitive arguments of chapters 2 and 3
more precise. We end this chapter by sketching a rigorous proof of the
optimality of the algorithm based on the non-backtracking operator,
and discuss the implications of this result for the Bethe Hessian.

4.1 THE NON-BACKTRACKING OPERATOR

The non-backtracking operator of the symmetric ISBM was com-
puted in section 3.1.3, and reads in general, for (i — j),(k = 1) € E,

in Pin (b)) — Xout Pout (Lic1)
%in Pin(€1) + (4 — 1) Xout Pout (fx1)

Biisy),(ksn = 1(1=1)x(k #3).

On the particular case of the planted spin glass, this expression con-
siderably simplifies to

B(isj), (k=1 = (1 —2€) i 1(L = 1)1(k #j) .

Interestingly, the noise parameter e appears only as a global con-
stant. We will therefore refer to the following matrix as the non-
backtracking operator of the planted spin glass

B, (k=) = a1l =1)x(k #j). (4.6)

This matrix has the same eigenvectors as the “true” non-backtracking
operator (4.6), and their respective eigenvalues are related by a trivial
scaling factor (1 —2e). The great advantage of this last expression
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is that it depends only on the data we are given, and not on the
parameter e that was used to generate it.

In chapter 3, we made precise predictions on the spectrum of B in
a general instance of the symmetric 1SBM. Their implications for the
matrix B of equation (4.6) on a graph generated from the planted spin
glass are as follows.

— The uninformative eigenvalues of B are constrained in a disk of

radius R given here by
R=,/aE[t?], (4.7)

where { denotes a random variable with the same distribution
as the labels {;; for (ij) € E. Since these labels are here equal
to+1, we have

independently of the distribution of the labels.
— There is an informative eigenvalue « A(e) outside of the bulk of
radius R if and only if x A(e) > R, where

1

A(e) = E

(IE[em} - IE[eout]) ) (49)
where (i (resp. {out) is a random variable that has the same
distribution as the labels between points in the same group
(resp. different groups). From rules in equation (4.1), we have
E[tin] = —E[lou] = 1—2¢, so that the potential informative
eigenvalue is equal to

aAle) =a(1—2¢). (4.10)

— For any choice of €, there is no ferromagnetic eigenvalue, since
o« E[¢] =0 < R for any e.
We therefore expect that a spectral method based on B can detect
the planted partition if and only if

2
T(x,€) = <(XA(€)) >1, (4.11)

R

or equivalently, « (1— 2¢)2 > 1,1i.e. from (4.4), as soon as it is informa-
tion-theoretically possible. More precisely, the previous predictions
imply that when below the previous transition, the spectrum of B is
entirely constrained in the disk of radius /&, while when above the
transition, there is a single informative eigenvalue « (1 — 2¢) outside
of the bulk. An illustration of both situations in provided in figure 4.1.
We will see in the following that we can, in this case, prove this pic-
ture rigorously.
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3+ =3

Figure 4.1 — Spectrum of B for a problem generated with € = 0.25, n =
2000. We used a = 3 (left side) and « = 8 (right side), to be
compared with Xgetect = 4 for this value of €. In both cases,
the bulk of the spectrum is confined in a circle of radius y/«.
However, when ot > Xgetect, @ single isolated eigenvalue appears
out of the bulk at « (1 —2¢) (see the arrow on the right plot) and
the corresponding eigenvector is correlated with the planted
assignment. Figure taken from [137].

4.2 THE BETHE HESSIAN

The Bethe Hessian (3.107) associated with the non-backtracking op-
erator defined in equation (4.6) reads here

2 ..
Hij(x) = (1 + > e*) 1(i=j) — Xf” 1(j € 21),

2 _ p2 2 2
= <5 (4.12)
] . . . .

Disregarding the trivial, positive factor (x?> — 1)1, we will in fact call

Bethe Hessian of the planted spin glass the matrix
H(x) = (x> = 1) I, —xA+D, (4.13)

where A is the (weighted) adjacency matrix of the graph, with non-
zero entries Ay; = {; for (ij) € E, and D is the diagonal degree matrix,
with entries Di; = |04 for i € [n].

We will be particularly interested in the matrix H(R) = H (y/a).
Note that as usual (see equation (2.59)), the quantity R can be easily es-
timated from the data, without knowing the parameters of the model.
Here, one only needs to take the empirical average of the degrees
of the vertices in the graph. From the arguments of section 2.3.2, we
expect that H (/) has one negative eigenvalue whenever B has an in-
formative eigenvalue (outside of the bulk). The corresponding eigen-
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vector is an unstable direction of the Bethe free energy at the paramag-
netic point, pointing toward an informative, partially ordered phase
(in fact the ferromagnetic phase of the gauge transformed model, as
explained in section 1.6.5). More precisely, from the arguments of
section 3.2, we expect that the bulk of uninformative eigenvalues of
H (\/«) is supported on a subset of R, with its left edge precisely
at 0. Consequently, any negative eigenvalue of H(x) is potentially
informative. Once more, the advantage of using a spectral algorithm
based on H (/) rather than B is that H (1/«) is a smaller ' and sym-
metric matrix. Additionally, we will see numerically in the following
that the overlap provided by the Bethe Hessian is slightly larger than
the one given by B, although we lack a theoretical understanding of
this fact.

As explained in section 2.3.2, the presence of negative eigenvalues
of H (/) has an intuitive statistical physics interpretation, related to
the instability of the paramagnetic phase in the Bethe approximation.
On a model as simple as the planted spin glass, it is possible to give a
transparent graphical representation of this interpretation which we
sketch now. We have shown in section 2.3.2 that H(x) is the Hessian of
the Bethe free energy at the paramagnetic point of an associated Ising
model with couplings (Ji;)(ij)ce given by equation (2.76), i. e. here

tanh(J;) = = (4-14)

On the other hand, the true posterior (4.2) takes the form of an Ising
model with true couplings 3*{;;, which verify

tanh(B*¢;) = (1 —2€) ;. (4.15)

Therefore, had we known €, we could have evaluated the Bethe Hes-
sian H(x) at x = (1 —2¢)~". Indeed, in the Bethe approximation, the
matrix H ((1—2¢)~") controls the stability of the paramagnetic sta-
tionary point of the true posterior distribution (4.2) , and the presence
of a negative eigenvalue of H ((1—2¢)~") indicates that the param-
agnetic point is not a local minimum of the Bethe free energy, so that
the problem is solvable. However, we dot not assume here that we
know e. Comparing equations (4.14) and (4.15), we see that by con-
sidering the matrix H(x), we are in fact investigating the stability of
the paramagnetic stationary point of the planted spin glass (4.2) at a
temperature (3 different from 3*, and defined by the equation

tanh(B¢;;) = tanh (J3;) ,

< tanh(p) =x"', (4:16)

where we have used that the labels are equal to £1. Recall the phase
diagram of the planted spin glass represented on figure 4.2, obtained

1. When the weights of B are equal to +1, as is the case here, it is possible to
reduce B to a smaller (2n x 2n) matrix B/, as explained in [89, 137]. This matrix is
however still non-symmetric, and still larger than H (/).
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from the phase diagram of the Viana-Bray model after gauge trans-
forming, as discussed in section 1.6.5. The true (Bayes optimal) pos-
terior of equation (4.2) lies somewhere on the Nishimori line, repre-
sented in red, say at a point (e,3*), where 3* is related to epsilon
by equation (4.3). In section 1.6.5, we have argued that an instance
of the planted spin glass is solvable if (e,3*) € F, and unsolvable
if (e,f*) € P, where J and P denote respectively the ferromagnetic
and the paramagnetic regions depicted on figure 4.2. By changing the
temperature, we enter a parameter mismatch regime, and we venture
outside the Nishimori line. More precisely, when using the matrix
H(x), we are effectively considering a model that is somewhere on
the vertical line passing through the point (e, 3*), specifically at the
point (e,atanh (x')) of this phase diagram. To design an optimal
non-parametric approach based on H(x), we need to find a magical
value of x, independent of e (since we dot not know it), and such that

(e,B*) € P <> (e,atanh (x 1)) € P,

(e,B*) € F <= (e,atanh (x 1)) € 7. (4.17)

It turns out that there is one, and only one, value of x that does the
job, as can be seen from figure 4.2, and that this value is given by

x =+a. (4.18)

This corresponds to setting the Ising model (4.2) on the edge of the
paramagnetic to spin glass transition. With this value, the condi-
tions (4.17) hold. Consequently, the presence of a negative eigenvalue
of H (y/«) is equivalent to the presence of negative eigenvalue of
H ((1—2¢)~"). In particular, a spectral algorithm based on H (/)
should be optimal in that it detects the hidden assignment as soon as
the true posterior is in the ferromagnetic phase, i.e. as soon as (4.4)
holds. However, remarkably, such an algorithm does not require the
knowledge of e.

In the next section, we write down explicitly the spectral proce-
dures (based on B and H (y/«)) suggested by the remarks of the
previous sections, and show numerical simulations comparing the
overlap achieved by these methods with the overlap achieved by BP.

4.3 ALGORITHMS

For completeness, we spell out explicitly the procedures described
in algorithms 1 and 2 for the special case of the planted spin glass. Al-
gorithm 3 presents our procedure for the non-backtracking operator.
Recall that to form an estimate for each vertex from the eigenvectors

of B, we use the pooling matrix P € R™* Bl whose definition is here

Pixs1=ba1(l=1). (4.19)
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Figure 4.2 — Cartoon of the phase diagram of the planted spin glass, ob-
tained from the phase diagram of the Viana-Bray model af-
ter performing a gauge transformation, as explained in sec-
tion 1.6.5. The true posterior of equation (4.2), with Bayes opti-
mal temperature 3* given by (4.3), lies somewhere on the red
Nishimori line. The two red dots represent two instances of
the true posterior, one corresponding to a solvable problem (in
the ferromagnetic phase) and another corresponding to an un-
solvable problem (in the paramagnetic phase). The Bethe Hes-
sian H (y/&) controls the stability of the paramagnetic station-
ary point of a different model (blue dot), obtained by projecting
the true posterior on the spin glass line = atanh (1//a). This
choice preserves the solvability (or unsolvability) of the model,
as the projected model is always in the same region (paramag-
netic or ferromagnetic) of the phase diagram as the true poste-
rior.
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Note that since we are dealing only with 2 clusters, we have replaced
the use of kmeans in the last step of algorithm 1 by a partitioning
based on the sign of the components of the pooled informative eigen-
vector of B.

Algorithm 3 Non-backtracking spectral algorithm for the planted
spin glass
Input: Graph G = ([n], E), labels ¢;; = +1 for (ij) € E
1: Build the non-backtracking operator B of (4.6) and the pooling
matrix P of (4.19)
2: Compute the leading eigenvalue A1 of B and its corresponding
eigenvector v. If A1 € C\R or Ay < \/«, raise an error.
3: Pool the eigenvector v to compute the approximate magnetiza-
tions m =Pv
4 Output the assignments 6; = sign(m;) for i € [n]

The spectral method based on the Bethe Hessian is presented in
algorithm 4. Note that both algorithms 3 and 4 use the value of
the average connectivity o« which in practice is easily estimated from
the graph.

Algorithm 4 Bethe Hessian spectral algorithm for the planted spin
glass

Input: Graph G = ([n], E), labels {;; = £1 for (ij) € E
1: Build the Bethe Hessian H (/&) where H(x) is defined by equa-
tion (4.13)
2: Compute the (algebraically) smallest eigenvalue A; of H (/)
and its corresponding eigenvector v. If A7 > 0, raise an error.
3: Output the assignments 6; = sign(v;) for i € [n]

Before turning to proofs, we show on figure 4.3 the numerical per-
formance of our two algorithms, and compare them with the asymp-
totic performance of BP, estimated with a population dynamics algo-
rithm [103]. Here, BP is run on the true posterior distribution (4.2)
with 3 = * so that its marginal (are believed to) provide an asymp-
totically correct estimate of the Bayes optimal assignment in the limit
n — oco. We find that both algorithms 3 and 4 are able to achieve
partial recovery as soon as & > Xgetect, and that their overlap is simi-
lar to that of BP, though of course strictly smaller. Note again that
BP requires here the knowledge of € while the two spectral algo-
rithms 3 and 4 do not. Additionally, they are trivial to implement,
run faster, and avoid the potential non-convergence problem of belief
propagation while remaining asymptotically optimal in detecting the
hidden assignment. We also observe, empirically, that the overlap
given by the Bethe Hessian seems to be always superior to the one
provided by the non-backtracking operator.
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Figure 4.3 — Overlap as a function of a: comparison between algorithm 3
(based on the non-backtracking operator B), algorithm 4 (based
on the Bethe Hessian H (\/&) called here H), and BP. The noise
parameter e is fixed to 0.25 (corresponding to otgetect = 4), and
we vary a. The overlap for B and H (y/«) is averaged over
20 graphs of size n = 10°. The overlap for BP is estimated
asymptotically using the standard method of population dy-
namics (see for instance [103]), with a population of size 10%.
All three methods output a positively correlated assignment as
SOON as X > Ogetect- 1he spectral algorithms 3 and 4 have an
overlap similar to that of BP, with the same phase transition,
while being simpler and not requiring the knowledge of the
parameter €. Figure taken from[137].
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4.4 SPECTRAL PROPERTIES OF THE NON-BACKTRACKING OPER-
ATOR ON THE PLANTED SPIN GLASS

In this section, we state results concerning the spectrum of B and
show that algorithm 3 outputs an assignment 6; that has a finite over-
lap with the planted one, in the limit n — oo, whenever (4.4) holds.
In fact, the following result makes rigorous the predictions of sec-
tion 3.1.3 in the special case of the planted spin glass, extending some
of the proof techniques of [19] to the case where the non-backtracking
operator is weighted, with weights in {£1}.

Theorem 4.4.1. Consider an Erdds-Rényi random graph G = ([n],E)
with average degree o, variables assigned to vertices oy = £1 uniformly
at random independently from the graph and where the edges carry labels
(€5) (1j)cE sampled from (4.1). We denote by B the non-backtracking oper-
ator defined by (4.6), and by \| = A2 = -+ > P\IﬁI' the eigenvalues of
B in order of decreasing magnitude. Then, with probability tending to 1 as
n — oo, we have:
(1) ifo‘ < Kdetect then |}\1| < \/&"i_ 0“)

(ii) if & > Kgetect, then Ay € Ry Ay = (1 —2¢€) +0(1) > /&, and
A2l < o+ o(1). Additionally, denoting v the eigenvector associated
with A1, the following assignment has a finite overlap with the planted
variables o;:

61 = Sigi’l ZV)'_>1 . (4.20)
jeai
This theorem is illustrated on figure 4.1. It is then straightforward
to show the following guarantee for algorithm 3.

Corollary 4.4.2. The assignment output by algorithm 3 has a finite overlap
with the planted assignment in the limit n — oo if and only if

X > Xdetect - (4'21)

We now give a brief sketch of proof for theorem 4.4.1. The proof
relies heavily on the techniques developed in [19], and we try to use
notations consistent with [19]. For an oriented edge e = (u — V) € E,
wesete; =u, e; =vand e ! = (v — u). We start with a simple
observation, which translates the gauge invariance property exposed
in section 1.6.5. If t is the vector in RIEl defined by te = 0¢, and © is
the Hadamard product, i.e. (t ® X)e = 0¢,Xe, We have

Bx=M<= B(tox) =A(t®x), (4.22)

with B defined by Ber = Berof, 0f,. In particular, B an B have the
same spectrum and there is a trivial relation between their eigenvec-
tors. It will be easier to work with B so to lighten the notation, we
will denote (throughout the proof)

Ber = wr1(f2 = eq)1(f1 # e2), (4-23)
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where w¢ = o¢,{f0¢,, and we write, with a abuse of notation, ¢ =
l;—1 = lf,¢,. Note that the random variables w¢ are now iid with
Pws=1) =1—P(ws =—1) = 1 — €. With this formulation, we have
gauge transformed the problem which now lies on the Nishimori
line [90, 117].

For the case o (1 —2¢)? < 1, the proof is relatively easy. Indeed,
from [94], we know that our setting is contiguous to the setting with
€ = 1/2. In this case, the random variables w¢ are centered and a
version of the trace method will allow to upper bound the spectral
radius of B. Note however, that one needs to condition on the graph
to be k-tangle-free, i.e. such that every neighborhood of radius k
contains at most one cycle in order to apply the first moment method.

We now consider the case « (1 —2¢)? > 1 and denote by M the
linear mapping on R/El defined by (Mx)e = We X1, i. €. the matrix
associated with M has elements M¢s = we1(f=e"'). Note that
MT = M and since wﬁ = 1, M is an involution so that M is an or-
thogonal matrix. A simple computation shows that B¥M = M (BT)¥,
hence B*M is a symmetric matrix. This symmetry generalizes the
PT- invariance discussed in the unweighted case in equation (3.65),
and will be crucial in adapting the analysis of [19].

We define & = o« (1—2¢) and x € RIE! with xe = 1foralle € E. The
proof strategy is then similar to section 5 in [19]. Consider a sequence
k ~ klog, n for some small positive constant k. Let

Bkx B*M ¢

= 2 0=|B*M = : .

If R =B -0 (MeT and we can prove that ||R|| is small compared
to 0, then we can use a theorem on the perturbation of eigenvalues
and eigenvectors adapted from the Bauer-Fike theorem (see section 4
in [19]) to show that B¥ has an eigenvalue close to 0.

More precisely, for y € R'El with llyl| =1, write y = sM @ + x with
x € (M @)+ and s € R. Then, we find

IRyl = [[B*x+s(B*M e —0 )| < sup IB*x]|. (4.25)
xi(x, M) =0, |x[| =1

This last quantity can be shown to be upper bounded by (logn)¢ /2
for some constant ¢ > 0, similarly to proposition 12 in [19]. Moreover,
we can also show that w.h.p, for some constants ¢; > co > 0,

CM@)T >co, cod* <O < crik. (4.26)

Using the Bauer-Fike theorem, these bounds allow to show that
B has an eigenvalue |[A; — & = O(1/k) and that [A;] < &+ o(1).
Note that
_|BX(BT)* M|

IB*xl

0 , (4.27)
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so that in order to show the bounds (4.26), we need to compute quan-
tities of the type ||B¥x||. We now explain the main ideas to compute
these quantities. First note that (B*x)e depends only on the ball of
radius k around the edge e. For k not too large, this neighborhood
is wh.p a tree, which can be coupled with a Galton-Watson branch-
ing process with offspring distribution Poisson(«). It is then natural
to consider this Poisson Galton-Watson branching process with i.i.d
weights wy,, € {1} with mean 1 — 2¢, on each edge (uv). For u in
the tree, we denote by |u| its generation and let Y(u) = [t Wy.,y..s
where vy = (y1,...,Yt) is the unique path between the root o = v
and u = y. Then (B*x). is well approximated by

Ly = Z Y(u). (4.28)

[lul=k

It is easy to check that Xy = Z/&" defines a martingale (with respect
to the natural filtration) with unit mean. Moreover we have, by a
computation similar to lemma 5.1 in [42], that

E [Zﬂ =IE Z YuwY(v) (4-29)
u,v:jul=|v|=t
= Z ot TH1 = 2e)P ot = O (&%), (4.30)
i=0
2

where the last equality is valid only if « (1 —2€) > 1. So in this
case, we have E [X{] = O(1) and by Doob’s martingale convergence
theorem, the martingale X; converges almost surely and in L? to a
limiting random variable X(oco) with unit mean and finite variance.
Following the arguments of [19], this reasoning leads to (4.26).

We now consider the eigenvector associated with A;. It follows

from the Bauer-Fike theorem (section 4 in [19]) that the eigenvector x
k

associated to A7 is asymptotically aligned with HE:EE%' Thanks

to the coupling with the branching process, we can prove that

IB* (BT)*Mx| ~ &** (4.31)
and moreover, we have for e € E,

(B* (BT)*Mx)e _ &

5(2k ~ (X(] _ ze)z _ -l X(OO), (432)

where X(oo) is the limit of the martingale defined above and has
mean one. We can now undo the gauge transformation to translate
this result for the eigenvector of the original non-backtracking opera-
tor thanks to (4.22): ve = 0¢,Xe Where x. is approximated by (4.32).
In particular, we see that }_ ve is correlated with o,,. This com-
pletes our sketch of proof.

e,e;=v



4.5 CONCLUSION

Let us finally briefly mention the implications of the previous the-
orem for the spectral method of algorithm 4 based on the Bethe Hes-
sian. As we have already argued in chapter 2, for x large enough,
H(x) is positive definite. Then as x decreases, by the Ihara-Bass for-
mula 2.68, the determinant of H(x) vanishes if and only if x becomes
equal to an eigenvalue of B. Theorem 4.4.1 allows to control the sign
of the characteristic polynomial of B, i. e., by the Ihara-Bass formula,
the sign of the determinant of H(x). Using continuity arguments, we
can show the following corollary.

Corollary 4.4.3. Under the same conditions as theorem 4.4.1, if X < Xdetects
then for any m > 0, H (/& +n) is whp definite positive. Conversely, if
X > Kdetect, then there exists o > O such that for any no > n > 0,
H (\/a+n) has wh.p a unique strictly negative eigenvalue.

Strictly speaking, if we denote by A; the leading eigenvalue of B,
theorem 4.4.1 combined the computation presented in section 2.3.1
only allows to show that the eigenvector with eigenvalue 0 of H(A1)
is correlated with the planted variables if & > &getect- Indeed, in
this case, the null space of H(A1) is spanned by Pv where P is the
pooling matrix (4.19) and v is the leading eigenvector of B. However,
we observe numerically (as shown on figure 4.3) that the eigenvector
with negative eigenvalue of H (y/x) also has a positive, and in fact
slightly larger overlap with the planted configuration. This fact will
have to be clarified in future work.

4.5 CONCLUSION

In this chapter, we have illustrated the performance of spectral algo-
rithms based on the non-backtracking operator and the Bethe Hessian
on the planted spin glass problem. In particular, we have argued that
these algorithms are optimal in that they can detect the hidden as-
signment as soon as it is information-theoretically possible to do so.
For the case of the non-backtracking, we were able to rigorously and
fully substantiate this claim, while the rigorous results for the Bethe
Hessian are only partial. On the other hand, we were able to explic-
itly connect the algorithm based on the Bethe Hessian to the phase
diagram of the planted spin glass, therefore giving a transparent gra-
phical justification of the Bethe Hessian approach.

In the next, and final part of this dissertation, we examine vari-
ous applications of our spectral methods, in the fields of community
detection, similarity-based clustering, and matrix completion, before
going back to statistical physics to prove rigorous bounds for the fer-
romagnetic Ising model on arbitrary graphs.
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Part III

SOME APPLICATIONS

This last part is devoted to applications of the theory of
spectral inference developed previously. We consider in-
ference problems in community detection, unsupervised
and semi-supervised similarity-based clustering and ma-
trix completion before returning to statistical physics. In
a final outlook chapter, we outline possible future applica-
tions in unsupervised learning.






COMMUNITY DETECTION AND THE ISING
FERROMAGNET

We consider community detection under the SBM, as introduced
in section 1.4.2. This problem experienced a surge of interest after
the work of [32] who conjectured the phase transition (1.44) for the
symmetric SBM, and proposed an optimal inference algorithm based
on BP. This algorithm, however, requires knowing the parameters of
the model used to generate the problem, and, although these can be
learned using an expectation-maximization approach [32, 33], this in-
curs a non-negligible cost in complexity ' and makes the whole pro-
cedure non-trivial to implement. Additionally, since the SBM is, as
argued in section 1.4.2, a bad model for real world network, fitting an
instance of the SBM on a real world problem may not always make a
lot of sense.

Among the popular non-parametric methods for community de-
tection are spectral approaches, based e. g. on the computation of a
few eigenpairs of the adjacency or modularity matrices [94, 112, 115],
or the Laplacian [46, 98, 114, 116]. Such methods are popular be-
cause of their simplicity and scalability. Indeed, highly optimized
sparse linear algebra libraries are widely available, and randomized
or distributed matrix-free methods, akin to those developed for the
PageRank algorithm, exist for (very) large scale problems. However,
as explained in 2.3.3, these traditional spectral methods are severely
suboptimal on the sparse SBM, and fail to detect the communities even
hen significantly above the transition (1.44). This gap was closed in
[89], who first proposed using a spectral method based on the non-
backtracking operator, and conjectured that it achieves the optimal
threshold (1.44). This conjecture was later proved rigorously in [19].
We review this approach in the first section of this chapter.

These results are, however, not entirely satisfactory. First, the use a
of a high-dimensional matrix (of dimension |E| rather than n, as for
more traditional spectral methods) can be expensive, both in terms of
computational time and memory. Secondly, numerical eigensolvers
are typically faster and more efficient for symmetric matrices than
non-symmetric ones. In the second section of this chapter, we show
that there in fact exists a symmetric n x n operator that performs
optimally well in the SBM, namely the Bethe Hessian. Finally, in a

1. When running BP with the correct parameters, we are on the Nishimori line,
and BP converges [32]. On the other hand, when using an expectation-maximization
approach, we explore a potentially wide region of the phase diagram and may end
up (depending on the initial choice of parameters) in the spin glass phase where BP
fails to converge.
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third and last section, we show numerical simulations comparing the
performance of various spectral algorithms as well as BP, on both
synthetic and real world networks. The second and third part of this
chapter are based on the publication [139], but follow a different route
inspired by the theory developed previously in this dissertation.

5.1 THE NON-BACKTRACKING OPERATOR

We quickly recall the results of section 3.1.3 on the spectrum of B
in the symmetric SBM. Disregarding a global multiplicative factor, we
define B by its elements

B(isj), (k1) = 1l =11k #j). (5.1)
The spectrum of B, in the limit n — oo is composed of

— a bulk of uninformative eigenvalues constrained to the disk of
radius /& where & = q~' (otin 4+ (q — 1) otout) is the average con-
nectivity of the graph.

— a leading ferromagnetic eigenvalue «, with a corresponding
globally ordered eigenvector.

— a potential informative real eigenvalue q~" (atin — otout) With mul-
tiplicity ¢ — 1. This eigenvalue can be positive (assortative case)
or negative (disassortative case), and exists if and only if

|(Xin - %ut| >(q \/&7 (52)

which corresponds to the detectability transition of the symmet-
ric SBM, equation (1.44).

Figure 5.1 shows the spectrum of B in the case of q = 2 communi-
ties, both in the detectable and undetectable regimes. This spectrum,
consistent with our general derivation of chapter 3, was first conjec-
tured by [89] and later proved by [19]. In the next section, we provide
an additional independent derivation, in the case of q = 2 communi-
ties, based on a statistical physics analysis of the Ising model associ-
ated with B, introduced in section 2.2.2.

5.2 THE BETHE HESSIAN

The Bethe Hessian (3.107) associated with the non-backtracking op-
erator (5.1) is given by

Hij(x) = <1+ > X21_1>1(i:j)xzx_11(jeai),

keoi

1 (5.3)
=27 ((X2—1 +10:l) 1(i=j)—x1(j € ai)) .

Just like for the planted spin glass, we will disregard the trivial, pos-
itive factor (x> —1)~', and call Bethe Hessian of the SBM the matrix

H(x) = (x* =1 I, —xA+D, (5-4)
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Undetectable (ot = Xout = 3) Detectable (xjn =5, ctout = 1)
2.0 2.0
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Figure 5.1 — Spectrum of B on two instances of the SBM with q = 2 communi-
ties, n = 1000 vertices and average connectivity o« = 3. The left
figure corresponds to an undetectable problem, while the right
one is detectable (above the transition (5.2)). In both cases, the
spectrum of B has its bulk of uninformative eigenvalues con-
strained to the disk of radius /& ~ 1.732, with a ferromagnetic
eigenvalue at o« = 3. In the detectable case, there is in addition
an informative eigenvalue at q” (&in — out) = 2.

where A is the adjacency matrix of the graph, with non-zero entries
Ai; = 1 for (ij) € E, and D is the diagonal degree matrix, with en-
tries Di; = |0i] for i € [n]. This matrix is a deformed version of
the Laplacian, equal to the standard Laplacian when x = 1. We will
however be more interested in the matrix H(y/«), which, as we will
see, has much more desirable spectral properties than the Laplacian.
Indeed, according to the study of the spectral density of H(x) which
we performed in section 3.2.1, we expect that, as we lower x from a
large positive value, the left edge of the bulk of eigenvalues of H(x)
is shifted to the left, and reaches 0 exactly at x = \/x. As noted in
section 3.2.1, in the case of the unlabeled SBV, the fixed point equa-
tion (3.112) can be turned into a distributional fixed point equation
specifying the distribution of Aj_,; for a randomly chosen (i — j) € E.
Moreover, this approach has been shown rigorously in [18] to give the
right spectral density in the limit n — oo for locally tree-like graphs
such as those generated by the SBM. In particular, in the case of the
SBM, all the steps of the argument of section 3.2.1 can be made rigor-
ous, so that the spectral density vy (A) of H(x) vanishes in an open set
around A = 0 for any x > /«.

To compute the spectral density of H(x), we solve the distributional
fixed point equation numerically using the standard population dy-
namics algorithm [103]. The results, presented in figure 5.2 are in
striking agreement with a direct estimation of the spectral density ob-
tained from a histogram of the eigenvalues of a realization of the ma-
trix H(x). In particular, this figure illustrates that, by taking x = \/«,
we maximize our chances of finding informative negative eigenvalues
(see the caption of figure 5.2).
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Figure 5.2 — Spectrum of the Bethe Hessian H(x) of equation (5.4) for various values of x > 1, on
graphs generated from the sBM. The red dots are the result of the direct diagonaliza-
tion of the Bethe Hessian for a graph with n = 10% vertices and q = 2 communities,
with &« =4, &, = 7, xout = 1. The black curves are the solution of the distributional
fixed point equation (see text), obtained from population dynamics (with a popula-
tion of size 10° ). We isolated the two smallest eigenvalues, represented as small red
bars for convenience. The dashed black line marks the A = 0 axis, and the inset is a
zoom around this axis. At large value of x (x = 5 in the top left panel), H(x) is positive
definite and all its eigenvalues are positive. As x decays, the spectrum moves towards
the A = 0 axis. The smallest eigenvalue (corresponding to the uninformative ferromag-
netic eigenvalue of B) reaches zero for x = o« = 4 (middle top), followed, as x decays
further, by the second (informative) eigenvalue at x = (&jn — Xout)/q = 3, which is
the value of the second largest eigenvalue of B in this case. Finally, as shown by the
computation of section 3.2.1, the bulk reaches the A = 0 axis at x = /& = 2 (bottom
left). At this point, the information is in the negative part, while the uninformative
bulk is in the positive part. Interestingly, if x decays further (bottom middle and right)
the bulk of the spectrum remains positive, but the informative eigenvalues blend back
into the bulk. The best choice is thus to consider the matrix H (y/«). Figure adapted
from [139].
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The fact that H(x) is the Hessian of the Bethe free energy at the
paramagnetic stationary point of an Ising model in fact allows us to
give a simple derivation of the transition (5.2) based on the gauge
invariance property of the Ising model. This argument, which we
now explicit, also sheds a slightly different light on the informative
eigenvectors of B than the original motivation of [89]. To make the
argument simple, we consider the case of g = 2 communities. Recall
(as shown in section 2.3.2) that the matrix H(x) controls the stability
of the paramagnetic phase (in the Bethe approximation) of an Ising
model with couplings given by (2.76), here

tanh(J;) = 71(, V(ij) € E, (5-5)

where x plays the role of a temperature, and we assume that x > 1.
This is a ferromagnetic Ising model, with positive couplings that tend
to infinity as x — 1. From the classical results summed up in sec-
tion 1.6.2, we expect that this model is for large enough x (high tem-
perature) in its paramagnetic phase, so that H(x) is positive definite.
As already mentioned, this is indeed the case, as can be shown using
the Gershgorin circle theorem. As we lower x (lower the temperature),
we expect generically that the model will undergo a paramagnetic to
ferromagnetic phase transition, corresponding to the onset of a global
ordering of the spins. When this happens, the susceptibility diverges,
i.e. H(x) becomes singular and the paramagnetic stationary point of
the Bethe free energy becomes a saddle point. The statistical physics
prediction (1.84) (which is in fact rigorous for the sparse ferromag-
netic Ising model [35]), is that this transition happens at a value of x
specified by the condition

1= «E[tanh(J)] = (5.6)
where ] is a random variable with the same distribution as the cou-
plings of equation (5.5), i.e. here a deterministic one. We find that
the onset of the ferromagnetic instability is x = oc. On the other hand,
by the Ihara-Bass formula, det H(x) vanishes if and only if x is an
eigenvalue of B so that we recover the ferromagnetic eigenvalue of
B, equal to . From the previous arguments, we can interpret the
corresponding eigenvector of B as an instability of the paramagnetic
fixed point of BP, revealing the existence of a different, ferromagnetic
fixed point.

Generically, the ferromagnetic Ising model has only two phases
(the paramagnetic and the ferromagnetic ones). However, this does
not mean that the paramagnetic phase does not have other types of
instabilities. More precisely, let us suppose for the sake of intuition
that the graph G is drawn from the SBM with o, > &oue. In this
case, although the ground state (i.e. the mode) of the Ising model
is still a perfectly ordered configuration with all spins equal, there
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Partially ordered configuration Gauge transformed model
Spin +1 Spin —1 Negative couplings

Figure 5.3 — In additional to the purely ferromagnetic ground state, an Ising
model defined on a graph generated from a strongly assorta-
tive SBM has a low energy (high probability) partially ordered
configuration, represented on the left. After gauge transform-
ing, the resulting model is an Ising spin glass with a strong
ferromagnetic bias (right).

is another, partially ordered configuration, that also has low energy
Partially ordered ~ (or high probability). This configuration, represented on figure 5.3,
configuration corresponds to setting the spins in one community to 1, and those in
the other community to —1. Then, the only frustrated edges are those
connecting the two communities, and there are comparatively few of
them. For low enough pseudo-temperature x, we may therefore sus-
pect the existence of a local minimum of the (Bethe) free energy, cor-
responding to partially ordered configurations *. These local minima
are informative, since they correspond to configurations that have a
finite overlap with the planted partition.
We can in fact even compute for which value of x this local mini-
mum starts having a lower free energy than the paramagnetic point.
Gauge  To do so, we use the gauge transformation introduced in section 1.6
transformation to map the partially ordered configuration of figure 5.3 to the glob-
ally ordered, ferromagnetic one. In doing so, we create negative cou-
plings on the edges connecting the two communities (see figure 5.3).
We therefore have an Ising spin glass, but with a strong ferromagnetic
bias. More precisely, the gauge transformed couplings Tij for (ij) € E

now verify tanh (TU’) = +1/x, and the fraction of negative couplings

is otout/(20¢), which is the fraction of edges that connect vertices from
different communities. From equation (1.84), the paramagnetic to fer-
romagnetic transition in the gauge transformed model is given by

= ek fanh (1) = 2 (- 5053
X — Kout

= —x (5-7)

Kin — Xout
2x ’

2. The global minimum of the free energy at low temperature is still the ferromag-
netic one. In fact, it is not entirely clear that the partially ordered local minimum
is really a local minimum, and not e. g. a saddle. The important point is that the
paramagnetic stationary point is unstable with respect to a partially ordered pertur-
bation.




5.3 ALGORITHM AND NUMERICAL SIMULATIONS

The previous argument suggests that when x < (otin — Xout)/2, there
is a second unstable direction of the paramagnetic stationary point
of the Bethe free energy, pointing towards a partially ordered local
minimum. By the Ihara-Bass formula, (in — Xout)/2 is therefore an
eigenvalue of B, and its corresponding eigenvector signals the exis-
tence of a partially ordered (therefore informative) fixed point of BP.

Interestingly, the choice x = /& corresponds to the onset of the
paramagnetic to spin glass instability in the gauge transformed model.
The detectability threshold (5.2) implies that if the partial ordered in-
stability has not happened before the spin glass instability, the prob-
lem is not solvable, as in the case in the planted spin glass of the
previous chapter.

5.3 ALGORITHM AND NUMERICAL SIMULATIONS

Based on the previous considerations, we propose the spectral algo-
rithm 5 to perform community detection in the SBM. This algorithm
includes two subtleties. First, in the case where the SBM is disassor-
tative (Xout > ®in), we have shown in section 3.1.3 that the informa-
tive eigenvalues of B are negative, and smaller than —/«x. From the
Ihara-Bass formula, to find these eigenvalues, we need to consider
the Bethe Hessian at a negative pseudo-temperature x = —/« (see
details in [139]). In the statistical physics interpretation of the pre-
vious section, this corresponds to an anti-ferromagnetic Ising model.
In order to cluster a general graph generated from the SBM, we look
at the negative eigenvalues of both H (y/«) (which reveal the assor-
tative communities) and H (—\/&) (which reveal the disassortative
ones). The other subtlety included in algorithm 5 is the estimation of
the number of communities. By the heuristic analysis of section 3.1.3,
and by the rigorous results of [19], when the problem is solvable, the
non-backtracking operator has q eigenvalues outside of the disk of
radius /. Their number therefore gives away the number of com-
munities in the graph. We expect the number of negative eigenvalues
of H (y/«) and H (—/x) to be the same as the number of informative
eigenvalues of B, allowing us to infer the number of communities.
Note that when q = 2, the last step of the algorithm involving kmeans
can be replaced by a classification based on the signs of the entries
of the eigenvector corresponding to the second smallest eigenvector,
similarly to algorithm 4.

We illustrate the accuracy of algorithm 5 on graphs generated by
the SBM on figure 5.4, which also shows the performance of standard
spectral clustering methods, as well as that of the BP approach of
[32], believed to be asymptotically optimal in large tree-like graph.
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Algorithm 5 Bethe Hessian spectral algorithm for the SBM
Input: Graph G = ([n], E)
1 Build the Bethe Hessians H (y/x) and H (—/x) where H(x) is
defined by equation (5.4)
2: Compute the negative eigenvalues of both H (y/&) and H (—/x).
If there are none, raise an error, otherwise call § their number,

and v1,V2,...,Vvq their eigenvectors.
3. Cluster the eigenvectors vi,vz,...,vq into § clusters using
kmeans.

The performance is measured in terms of the overlap with the true
labeling, defined here as

I« 1 |
(ngﬂmzﬁi)—q) /<]—q) ) (5.8)

where 6; € [q] is the estimate of the community membership of ver-
tex i output by algorithm 5, and o; is the ground true community
membership. This overlap is scaled so that a random guess yields
a zero overlap, and a perfect clustering has an overlap of 1. Note
that since we can only hope to cluster the vertices up to a global per-
mutation of the cluster labels, we maximize this overlap over all q!
permutations of these labels.

Figure 5.4 shows that the Bethe Hessian systematically outperforms
the non-backtracking operator B and does almost as well as BP, a
more complicated algorithm, which we have run here assuming the
knowledge of “oracle parameters”: the number of communities, their
sizes, and the parameters o, and ooy, which are needed to write
down the posterior distribution (1.105). The Bethe Hessian, on the
other hand is non-parametric and infers the number of communities
in the graph by counting the number of negative eigenvalues (like the
non-backtracking operator).

We finally turn to real world graphs to illustrate the performance
of our approach, and to show that even though the SBM is not a good
model for real networks, the Bethe Hessian remains a useful tool. Our
results on common benchmarks are presented in table 1, where we
also give the overlap achieved by the non-backtracking operator for
comparison. We limited our experiments to this list of networks be-
cause they have known, “ground true” communities. For each case
we observed a large correlation with the ground truth, and at least
equal (and sometimes better) performance compared with the non-
backtracking operator. The overlap was computed assuming knowl-
edge of the number of ground true communities. We note however
that the number of communities was correctly given by the number
of negative eigenvalues of the Bethe Hessian in all the presented
cases except for the political blogs network (10 predicted commu-
nities) and the football network (10 predicted communities). These
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Figure 5.4 — Performance of various clustering methods on graphs of size n = 10> generated from

the sBM. Each point is averaged over 20 such graphs. On the left is the assortative case
with ¢ = 2 communities (theoretical transition at &, — oyt = 3.46). In the middle is
the disassortative case with q = 2 (theoretical transition at «j, — xout = —3.46). Finally,
on the right is assortative case with q = 3 communities (theoretical transition at o, —
oout = 5.20). While both the standard adjacency (A) and symmetrically normalized
Laplacian (D~'/?(D — A)D~'/2) approaches fail to identify the communities in a
large relevant region, both the non-backtracking operator (B) and the Bethe Hessian
(BH) identify the communities almost as well as using the more complicated belief
propagation algorithm (BP) with oracle parameters. Note, however, that the Bethe
Hessian systematically outperforms the non-backtracking operator, and has a lower
computational cost. We note that while clustering with the adjacency matrix and the
normalized Laplacian requires first extracting the giant component of the graph G,
the Bethe Hessian does not require any kind of preprocessing of the graph. While
our theory explains why clustering with the Bethe Hessian gives a positive overlap
whenever clustering with B does, we currently do not have an explanation as to why
the Bethe Hessian overlap is actually larger. Figure taken from [137].
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Table 1 — Overlap with human-made group assignments for some com-
monly used benchmarks for community detection. The non-
backtracking operator detects communities in all these networks,
with an overlap comparable to the performance of other spectral
methods [89]. The Bethe Hessian systematically either matches or
outperforms the results obtained by the non-backtracking operator.
Table taken from [137].

Network Non-backtracking [89] Bethe Hessian
Polbooks (q = 3) [8] 0.742857 0.757143
Polblogs (q = 2) [97] 0.864157 0.865794
Karate (q = 2) [164] 1 1
Football (q = 12) [52] 0.924111 0.924111
Dolphins (q = 2) [115] 0.741935 0.806452
Adjnoun (q = 2) [88] 0.625000 0.660714

differences either question the statistical significance of some of the
human-decided labeling, or suggest the existence of additional rel-
evant communities. It is also interesting to note that our approach
works not only in the assortative case but also in the disassortative
ones, for instance for the word adjacency network, whose two com-
munities consist of adjectives on the one hand, and nouns on the
other, so that neighbors in the graph are often in different communi-
ties.

5.4 CONCLUSION

In this chapter, we have examined the problem of detecting commu-
nities in the SBM, for which an optimal spectral algorithm based on
the non-backtracking operator was already introduced by [89]. We
introduced a related algorithm based on the Bethe Hessian, which
takes a particularly simple form for this problem. In particular, the
computation of the spectral density can be made rigorous, thanks to
techniques developed by [18]. While this fact does not guarantee the
optimality of the algorithm presented here, it strongly supports our
approach, which is also validated by statistical physics arguments, as
well as numerical simulations on both synthetic and real world net-
works. In practice, we found that the Bethe Hessian systematically
provides slightly better performance than the non-backtracking oper-
ator, and has lower computational cost. Additionally, we showed in
the case of 2 communities how the phase transition can be understood
in terms of the stability of the paramagnetic phase of an associated
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Ising model, further motivating our algorithm. A rigorous guarantee
of the optimality of the Bethe Hessian on the SBM is an interesting
direction for future work. In the following, we turn to other types of
applications, in which the available data is encoded as labels on the
edges of a graph, rather than in its topology.
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RANDOMIZED CLUSTERING FROM SPARSE
MEASUREMENTS

In this chapter, we consider the general framework of similarity-
based clustering, in which the aim is to group items in a dataset
based the pairwise similarities between the items. After defining
and motivating this problem, we introduce three algorithms for this
task, based respectively on BP, the non-backtracking operator and the
Bethe Hessian. We illustrate numerically the optimality of all three
algorithms on a model, and substantiate this claim with rigorous ar-
guments in the case of the non-backtracking algorithm. This chapter
is based on results published in [143].

6.1 MOTIVATION AND DEFINITION OF THE PROBLEM

Similarity-based clustering is a standard approach to label items in
a dataset based on some measure of their resemblance. In general,
given a dataset {Xi}icn) € X", and a symmetric measurement func-
tion s : X? — R quantifying the similarity between two items, the aim
is to cluster the dataset from the knowledge of the pairwise measure-
ments sij; = s(xi,%;), for 1 <1i < j < n. This information is conve-
niently encoded in a similarity graph, whose vertices represent items
in the dataset, and the weighted edges carry the pairwise similari-
ties. Typical choices for this similarity graph are the complete graph
and the nearest neighbor graph (see e.g. [98] for a discussion in the
context of spectral clustering). In both cases, building the similarity
graph requires computing (and storing if we use the fully connected
graph) of the order of n? similarities.

Here, on the contrary, we will not assume knowledge of the mea-
surements for all pairs of items in the dataset, but only for O(n) of
them chosen uniformly at random. In particular, instead of compar-
ing each items in the dataset to all of the other items, we only compare
each item to a constant (independent of n) number of other items,
considerably reducing the cost of building the similarity graph. In
fact, we will not even assume the measurement function s to quantify
the similarity between items, but more generally ask that the measure-
ments be typically different depending on the cluster memberships of
the items, in a way that will be made quantitative in the following.
For instance, s could be a distance in an Euclidean space or could
take values in a set of colors (i. e. s does not need to be real-valued).

The ability to cluster data from as few pairwise comparisons as
possible is of broad practical interest [29]. First, there are situations
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where all the pairwise comparisons are simply not available. This is
particularly the case if a comparison is the result of a human-based ex-
periment. For instance, in crowdclustering [53, 162], people are asked
to compare a subset of the items in a dataset, and the aim is to cluster
the whole dataset based on these comparisons. Clearly, for a large
dataset of size n, we can’t expect to have all 0O(n?) measurements.
Second, even if these comparisons can be automated, the typical cost
of computing all pairwise measurements is O(n?d) where d is the
dimension of the data. For large datasets with n in the millions or bil-
lions, or large dimensional data, like high resolution images where d
can easily equal tens of millions, this cost is often prohibitive. Storing
all O(n?) measurements is also problematic. Our upcoming results
support the idea that if the measurements between different classes of
items are sufficiently different, a random subsampling of O(n) mea-
surements might be enough to accurately cluster the data. Random
subsampling methods are a well-known means of reducing the com-
plexity of a problem, and they have been shown to yield substantial
speed-ups in clustering [38] and low rank approximation [5, 6, 57]
The main challenge is to choose the lowest possible sampling rate
while still being able to detect the signal of interest. In the following,
we compute explicitly this fundamental limit for a simple probabilis-
tic model and present three algorithms allowing partial recovery of
the signal above this limit.

The link between this problem and the results exposed thus far in
this dissertation is also provided by the model, which we expose now.
We consider n items i € [n], each of them in a cluster o; € [q], where
all q clusters are assumed to be of equal size n/q. We choose the ob-
served pairwise measurements uniformly at random, by generating
an Erd6s-Rényi random graph G = ([nl, E) € §(n, a/n). The average
degree « corresponds to the sampling rate: pairwise measurements
are observed only on the edges of G, and « therefore controls the dif-
ficulty of the problem. From the base graph G, we build a measure-
ment graph by weighting each edge (ij) € E with the measurement
sij, assumed to be a random variable drawn from a probability distri-
bution pg,,s;, dependent only on the cluster assignments o; and oj
of items i and j. The aim is to recover the cluster assignments o; for
i € [n] from the measurement graph thus constructed.

We consider the sparse regime & = O(1), and the limit n — co with
fixed number of clusters q. As explained in section 1.4.1, with high
probability, the graph G is disconnected, so that exact recovery of the
clusters, as considered e.g. in [29, 69], is impossible. As usual, we
address here instead the question of how many measurements are
needed to partially recover, or detect the clusters, i.e. to infer cluster
assignments 6; such that the following overlap is strictly positive:

LY ialo(6) =o)— %
max

oceBGy 1—

T , (6.1)
q



6.2 ALGORITHMS

where G is the set of permutations of [q]. This quantity, identi-
cal to the one considered in the previous chapter for the SBM, is

monotonously increasing with the number of correctly classified items.

In the limit n — oo, it vanishes for a random guess, and equals unity
if the recovery is perfect. Finally, we note an important special case
for which analytical results can be derived, which is the case of sym-
metric clusters: Vo, 0’ € [q]

Po,o'(s) = 1(0 = 0') pin(s) +1(0 # 0”) Pout(s), (6.2)

where pin(s) (resp. pout(s)) is the probability density of observing
a measurement s between items of the same cluster (resp. different
clusters). In this case, the model we consider is nothing but a special
case of the symmetric 1SBM introduced in section 1.4.3, in the special
case where

Xin = Xout (6.3)

so that there is no information in the topology of the graph (which is
simply a random Erd&s-Rényi random graph), but only in the labels.

From the statistical physics analysis of section 3.1, we therefore
predict that the problem is (efficiently) solvable if and only o > o,

where 5
1 J 15 (Pin(s) = Pou(s))
% pin(s)+(q_1)pout(s)

Xc q

, (6.4)

where X is the support of the function pin + (q — 1) pout. This equation
translates the general threshold (3.58) to the present setting. More
precisely, as explained in section 3.1.3, we expect that for a small
number of clusters g, equation (6.4) marks the transition between a
phase were detection is information-theoretically impossible, and a
phase where it is easy. For larger q, we expect that this transition
separates the possible but hard phase from the easy phase.

6.2 ALGORITHMS

In this section, we list the three methods discussed previously for
solving an instance of the 1SBM and give their particular form and
properties for the problem defined in the previous section. The three
methods will be tested numerically on the experiments of the next
section. We assume for now that the measurement distributions pi,
and pout are known and discuss ways to estimate them in the follow-

ing.
6.2.1 Belief propagation
The posterior distribution of the cluster assignment o is a special

case of the general posterior of the I1SBM given by equation (1.105).
The Bayes optimal clustering of the graph is given by the mode of the
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marginals of this pairwise MRF, which we can estimate using BP. The
BP fixed point equation (2.9) reads here

q
1 [T 2 pouelsi)bisilon), (6.5)

Y71 1e0i\j oy=1

bij(o1) = z

As usual, starting from a random initial assignment of the beliefs, we
iterate (6.5) until convergence, and use (2.10) to estimate the marginals.

6.2.2  The non-backtracking operator

As shown in section 3.1.1, the model introduced in section 6.1 is fac-
torized and symmetric, so that the previous BP recursion has a trivial
fixed point, whose stability is controlled by the non-backtracking op-
erator (3.20) which writes here, for (1 — j), (k = 1) € E,

B(imj), (k1) = Wisk) 1(l =1)a(k #7j), (6.6)

with a weighting function w corresponding to the Bayes optimal*
setting of equation (3.24), given here by

VS,W(S) _ pin(s)_pout(s)

= Pn(s) + (4= Dpouls) (©6.7)

The predictions of section 3.1.3 concerning the spectrum of this
matrix in the limit n — oo are as follows.
— B has a bulk of uninformative eigenvalues constrained to the
disk of radius R(w) where R(w) is given by

R(w) = /ax EW?],

(6.8)

where we have used the definition (6.4) of ..

— When R(w) > 1, i.e. when « > «, there is an informative
eigenvalue of B with multiplicity q — 1, outside of the bulk of
radius R(w). With the notations of section 3.1.3, this eigenvalue
is given by

x A(w) = R(w)?,
o« (6.9)

=
Once more, note that when « < &, there are no informative eigenval-
ues of B, but we also have that p(B) < 1, so that the trivial fixed point
of BP is stable, and BP also fails to detect the clusters. The approach

1. In the next chapter, we discuss in a semi-supervised setting the non-Bayes
optimal case where pin, pout are unknown, and we consider a general weighting
function w.
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we propose based on the non-backtracking operator is summarized
in algorithm 6. It requires the pooling matrix, fori € [n],(k =+ 1) € E

Pixs1=w(sk)1(l=1). (6.10)

In the following, we will give rigorous arguments to support the pre-
vious claim about the spectrum of B in the special case of q = 2
clusters, justifying the performance of this algorithm.

Algorithm 6 Non-backtracking spectral algorithm for randomized
clustering from sparse measurements

Input: Graph G = ([n], E), measurements si; for (ij) € E

1: Build the non-backtracking operator B of (6.6) and the pooling
matrix P of (6.10)

2: Compute the eigenvalues of B which are larger in modulus than
R(w) defined by equation (6.8). If there are none, raise an error.
Otherwise, call g their number and vi,v;...,vq4 the correspond-
ing eigenvectors.

3: Pool the eigenvectors v; for i € [g] to compute the approximate
magnetizations m; = Pv;

4 Output the assignments 6; = sign(m;) for i € [n]

6.2.3 The Bethe Hessian

The Bethe Hessian associated with the non-backtracking operator (6.6)

reads here

)2 .
Hij(x) = (H— Z xzw(slk))z> 1(12]’)—%1(]’ € oi)

X% —w(sik)

(6.11)
From the analysis of section 3.2.1, we expect the left edge of the bulk
of uninformative eigenvalues of H(x) to reach 0 when x = R(w)
where R(w) is given by equation (6.8). We therefore consider the
matrix H(R(w)) and look for its negative eigenvalues.

Algorithm 7 Bethe Hessian spectral algorithm for randomized clus-
tering from sparse measurements

Input: Graph G = ([n], E), measurements s;; for (ij) € E
1: Build the Bethe Hessians H (R(w)) where R(w) is defined in equa-
tion (6.8)
2. Compute the negative eigenvalues of H (R(w)). If there are none,

raise an error, otherwise call § their number, and vq,v2,...,vq
their eigenvectors.
3. Cluster the eigenvectors vi,va,...,vq into § clusters using

kmeans.
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Figure 6.1 — Performance in clustering model-generated measurement
graphs. The overlap is averaged over 20 realizations of graphs
of size n = 10°, with q = 2,3 clusters, and Gaussian Ppin, Pout
with mean respectively 1.5 and 0, and unit variance. The theo-
retical transition (6.4) is at & ~ 2.63 for q = 2, and at & ~ 5.5
for ¢ = 3. All three methods achieve the theoretical transi-
tion, although the Bethe Hessian (H) and belief propagation
(BP) achieve a higher overlap than the non-backtracking opera-
tor (B). Figure taken from [143].

The procedure based on the Bethe Hessian is summarized in algo-
rithm 7. We investigate numerically the accuracy of this algorithm, as
well as the two previous ones, in the next section.

63 NUMERICAL RESULTS

Figure 6.1 shows the performance of all three algorithms (BP, algo-
rithm 6 and algorithm 7) on model-generated problems. We consider
the symmetric ISBM with q = 2,3, fixed pin and pout, chosen to be
strongly overlapping Gaussians, and we vary the sampling param-
eters oin = Xout = . All three algorithms achieve the theoretical
threshold 6.4.

While all the algorithms presented in this chapter assume the knowl-
edge of the parameters of the model, namely the functions p o for
0,0 € [q], we argue that the BP algorithm is robust to large impre-
cisions on the estimation of these parameters. To support this claim,
we show on figure 6.2 the result of the BP algorithm on standard toy
datasets where the parameters were estimated on a small fraction of
labeled data.
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Figure 6.2 — Clustering of toy datasets with q = 2 clusters using BP. Each dataset is composed
of n = 20000 points, 200 of which come labeled and constitute a training set used to
learn the distribution of the measurements. We used the Euclidean distance as the
measurement function s, and estimated the probability densities Po,o’ for 0,0’ € (2]
on the training set, using kernel density estimation (middle row). Note that we do not
assume here the symmetric setting (6.2). Although these estimates are very noisy and
overlapping, BP is able to achieve a very high accuracy using a random measurement
graph G of small average degree « (top row). For comparison, we show in the third
row the result of spectral clustering with the normalized Laplacian, using a 3-nearest
neighbors similarity graph (see e.g. [98]) built from G, i.e. using only the available
measurements. Figure taken from [143].



156

RANDOMIZED CLUSTERING FROM SPARSE MEASUREMENTS

64 SPECTRAL PROPERTIES OF THE NON-BACKTRACKING OPER-
ATOR

The accuracy of all three previous algorithms is related to the de-
sirable spectral properties, conjectured in section 3.1.3, of the non-
backtracking operator on graphs generated from the 1SBM. In this
section, we sketch some rigorous arguments supporting these claims
on the graphs considered in this chapter, i.e. those generated from
the symmetric ISBM with oy, = Xout. In the following, we restrict our
analysis to the case of q = 2 clusters, and assume that pi, and pout
are distributions on a finite alphabet 8.

Claim 1. Consider an Erd8s-Rényi random graph on n vertices with av-
erage degree «, with variables assigned to vertices oy € [2] uniformly
at random independently from the graph and measurements si; between
any two neighboring vertices drawn according to the probability density:
Poi,0;(8) = 1(0i = 0) pin(s) + 1(01 # 05) Pout(s) for two fixed (i.e. in-
dependent of n) discrete distributions pin # Pout 01 8. Let B be the matrix
defined by (6.6) and denote by \1| = Az = --- > |7\\*E|| the eigenvalues of
B in order of decreasing magnitude. Recall that o is defined by (6.4). Then,
with probability tending to 1 as n — oo:

(i) If o« < otc, then [Aq| < /o% +o(1).
(ii) If ¢ > «c, then Ay = 0% +o(1) and |Az] < ,/o% + o(1). Addition-
ally, denoting by v the eigenvector associated with A1, Pv is positively

correlated with the planted variables (01 );cn), where P is the pooling
matrix defined in equation (6.10).

Note that this claim contains as a special case theorem 4.4.1 of chap-
ter 4 for the planted spin glass, which it generalizes. The main idea
which substantiates our claim is to introduce a new non-backtracking
operator, with binary weights, and with spectral properties close to
those of B, and then apply to it the techniques developed in [19] and
extended in chapter 4. We use the same notations as in the proof of
theorem 4.4.1: for an oriented edge e = (u — V), wesete; =u,e; =v
and e~! = (v — u). For simplicity we also redefine the cluster labels
oy € [2] = 20y —3 € {1}, fori € n].

We start by our usual gauge transformation: if t is the vector in RIE!
defined by te = 0¢, and © is the Hadamard product, i.e. (t ®x)e =
Oe, Xe, then we have

BTx = Ax < BX(tox) = A(t®x), (6.12)

with BX defined by BX; = B¢e 0¢, O¢,. In particular, BX and B have
the same spectrum and there is a trivial relation between their eigen-
vectors. Defining Xe = 0¢, W(se)0e,, we have:

BX, = Xc1(ex = f1)1(e #f2). (6.13)
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Moreover, note that the random variables (Af = o¢,0¢,)fcE are ran-
dom signs with IP(A¢ = 1) = 1/2 and the random variables (X¢)¢cE
are such that

_ 271 1 (pin(s) _pout(S))z _ L
E [X¢ =E [X{] = 2; S T (s~ w (6.14)

The fact that the random variables X have equal first and second
moments is a manifestation of the Nishimori conditions alluded to in
section (1.6.5), see [168] for details.

The main difficulty in adapting the proof of theorem 4.4.1 to the
present situation stems from the fact that we are now dealing with
general weights (not only £1 as before) in the non-backtracking op-
erator. This breaks the PT-invariance, which plays a central role in
the various bounds of [19]. To remedy the situation, we now define
another non-backtracking operator BY. First, letting

_ pout(s)
Pin(8) + Pout(s)

€(s) e [0,1], (6.15)
we define a sequence of independent random variables (Yelect with
P(Ye = +1[se) = 1 —P(Ye = —1se) = 1 —€(se), so that E [Velse] =
w(se). We define Yo = Ye0¢,0¢,, so that the expected value of the
variables Y. equals the weights in the gauge transformed operator
BX. Finally, we define

BY; = Yi1(es = f1)1(er # f2), (6.16)

so that E [BY|G,{se¢}ece] = BX. We recover a non-backtracking op-
erator with 1 weights, whose conditional expectation is the matrix
used in our algorithm. For the matrix BY, the PT-invariance holds,
and its spectrum can be analyzed with the tools developed in [19],
in a way similar to the proof of theorem 4.4.1. More precisely, we
call M the linear mapping on RIE defined by (Mx)e = YeXe-1, i.e.
in matrix form Per = Ye1 (f =e~'). Since MT = M and (M.)? =1,
M is an involution so that M is an orthogonal matrix. As for the
planted spin glass, a simple computation shows that for any integer
k>0, (BY)k M=M (BYT)k, hence (BY)k M is a symmetric matrix.
If (15,) for 1 <j < [E| denote the eigenvalues of (BY)k M and (xj,x)
is a corresponding orthonormal basis of eigenvectors, we deduce as
in [19] that
IE|
(BY)k = Z Tj,k X)')k (MXj)k)T . (617)
j=1

Since M is an orthogonal matrix (Mx;y) for 1 <j < |E| is also an
orthonormal basis of R'El. In particular, (6.17) gives the singular value
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decomposition of (BY)k. Indeed, if we set tj = |Tjx| and y;x =
sign(Tj, 1) Mx; k, then we get

|E|
(BY)k =Y XYk (6.18)
j=1

which is precisely the singular value decomposition of (BY)*. As
shown in [19], for large k, the decomposition (6.17) carries structural
information on the graph.

A crucial element in the proof of [19] is the result of Kesten and
Stigum [82, 83] and we give now its extension required here which
can be seen as a version of Kesten and Stigum’s work in a random
environment. We write N* = {1,2,...} and U = Up>o(IN*)™ the
set of finite sequences composed by IN*, where (IN*)° contains the
null sequence (). For u,v € U, we denote [u| = n the length of u
and we denote uv the sequence obtained by juxtaposition of u and v.
Suppose that {(Ny, Ay1,Au2, ... )Jucu is a sequence of iid random
variables with value in N x {£1N" such that N, is a Poisson random
variable with mean « and the A,;; are independent i.i.d random signs
withP(Ay1 =1) =P(Ay =-1) = % We then define the following
random variables: first s, such that P(sy|Ay = 1) = pin(sy) and
P(sulAy = —1) = pout(su)z then Xy, = Ayw(sy) and Yy = Ay Yu
where P(Yy, = 1[sy) = 1 —P(Yy = —1|sy) = 1 — €(sy). We assume
thatforallu € Uand 1 > Ny, Ayi = sui = Xui = Yui = 0. Ny, will be
the number of children of node u and the sequence (sy1,...,5uN,)
the measurements on edges between u and its children. We set for
u=uuy...uy € 4,

Pé(:1’ Pff:Xu1Xu1u2---Xu1...unv

(6.19)
Pr=1,  PY=Yy Vi Yo
We define (with the convention % =0),
Py
Qo=1 Q¢= Z o PX " (6.20)
uw

[ul=t

Then conditionally on the variables (sy)ucu, Qt is a martingale (gen-
eralizing the martingale X; of section 4.4) converging almost surely
and in L% as soon as & > o. The fact that this martingale is bounded
in L? follows from an argument given in the proof of theorem 3
in [60].

In order to apply the technique of [19], we need to deal with the
k-th power of the non-backtracking operators. As in our proof of
section 4.4 for the planted spin glass, for k not too large (of the or-
der of logn), the local structure of the graph (up to depth k) can
be coupled to a Poisson Galton-Watson branching process, so that
the computations done for Qy above provide a good approximation
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of the k-th power of the non-backtracking operator and we can use
the algebraic tools about perturbation of eigenvalues and eigenvec-
tors, i. e. the Bauer-Fike theorem and its variations listed in Section 4

of [19].
6.5 CONCLUSION

In this chapter, we have considered the problem of clustering items
based on a minimal number of comparisons between them, chosen
uniformly at random. Our main result is that it is possible to par-
tially cluster the n items using only O(n) comparisons, instead of
computing all of the O(n?) comparisons. We introduced three re-
lated algorithms for this task, and gave a precise prediction about
their performance on a model, supported by numerical experiments
on synthetic networks. For one of the algorithms, based on the non-
backtracking operator, we gave rigorous arguments supporting this
prediction. Finally, we showed that our approach is useful outside
of our model, by illustrating the ability of BP to cluster, to excellent
accuracy, toy datasets not generated from the model, even in the pres-
ence of large imprecisions in its parameters. In the next chapter, we
consider a semi-supervised variant of the same problem, and show
that a highly efficient and local algorithm is rigorously guaranteed to
achieve a low error from a small number of measurements.
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As in the previous chapter we consider here a randomized simi-
larity-based clustering problem where the aim is to cluster a dataset
{Xi}iem) of n items from the knowledge of the pairwise similarities
sij = s(xq,%j), for (ij) € E, where s is a similarity function, and E is a
random subset of the (121) possible pairs of items. In this chapter, we
build upon the approach of chapter 6 by considering two variations
motivated by real world applications.

The first question we address is how to incorporate the knowledge
of the labels of a small fraction of the items to aid clustering of the
whole dataset, resulting in a more efficient algorithm. This question,
referred to as semi-supervised clustering, is of broad practical inter-
est [15, 170]. For instance, in a social network, we may have pre-
identified individuals of interest, and we might be looking for other
individuals sharing similar characteristics. In biological networks,
the function of some genes or proteins may have been determined
by costly experiments, and we might seek other genes or proteins
sharing the same function. More generally, efficient human-powered
methods such as crowdsourcing can be used to accurately label part
of the data [76, 77], and we might want to use this knowledge to
cluster the rest of the dataset at no additional cost.

The second question we address is the number of randomly cho-
sen pairwise similarities that are needed to achieve a given classifi-
cation error. Previous work has mainly focused on two related, but
different questions. One line of research has been interested in ex-
act recovery, i.e. how many measurements are necessary to exactly
cluster the data. Note that for exact recovery to be possible, as dis-
cussed in section 1.4.1, it is necessary to choose at least O(nlogn)
random measurements for the similarity graph to be connected with
high probability. On simple models, [1, 56, 163] showed that this
scaling is also sufficient for exact recovery. At the sparser end of the
spectrum, [60, 94, 137, 143] have focused on the detectability thresh-
old, i.e. how many measurements are needed to cluster the data bet-
ter than chance. As shown in the previous chapter, on simple mod-
els, this threshold is typically achievable with O(n) measurements
only. While this scaling is certainly attractive for large problems, it is
important for practical applications to understand how the expected
classification error decays with the number of measurements.

To answer these two questions, we introduce a highly efficient, local
algorithm based on a power iteration of the non-backtracking opera-
tor. For the case of two clusters, we show on a simple but reasonable
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model that the classification error decays exponentially with the num-
ber of measured pairwise similarities, thus allowing the algorithm to
cluster data to arbitrary accuracy while being efficient both in terms
of time and space complexities. We demonstrate the good perfor-
mance of this algorithm on both synthetic and real world data, and
compare it to the popular label propagation algorithm [170]. This
chapter closely follows the presentation of the publication [138], with
an added note on the link with the general approach outlined at the
beginning of this dissertation.

7.1 ALGORITHM AND GUARANTEE

For simplicity, we start by introducing our procedure in the case of
q = 2 clusters. On a model which generalizes the ISBM to the semi-
supervised setting, we present strong guarantees on the performance
of the algorithm. When then generalize the approach to a larger num-
ber q > 2 of clusters.

7.1.1  Algorithm for 2 clusters

Consider n items {Xi}icn) € X™ and a symmetric similarity func-
tion s : X2 — R. The choice of the similarity function is problem
dependent, and we will assume that one has been chosen. In this
chapter, contrary to the previous one, we really think of s as quan-
tifying the resemblance between items, so that s(xi,x;) is typically
larger if x; and x; belong to the same cluster. For concreteness, s can
be thought of as a decreasing function of a distance if X is an Eu-
clidean space. We give explicit examples of such similarity functions
in the upcoming numerical experiments. The analysis we perform,
however, applies to a generic function s, and our bounds will depend
explicitly on its statistical properties. We assume that the true labels
(01 = £1)ieg of a subset £L C [n] of items is known*. Our aim is
to find an estimate (6i)icn) of the labels of all the items, using a
small number of similarities. More precisely, let E be a random sub-
set of all the (%) possible pairs of items, containing each given pair
(ij) € ]2 with probability o/n, for some o > 0. As in chapter 6, we
compute only the acn/2 similarities (si; = s(xi,%;))(ij)ce of the pairs
thus chosen.

We can now define a weighted similarity graph G = ([n], E) where
the vertices represent the items, and each edge (ij) € E carries a
weight wi; = w(sij), where w is a weighting function. Once more,
we will consider a generic function w in our analysis, and discuss the
performance of our algorithm as a function of the choice of w. In

1. In this chapter, £ refers to the set of items i € [n] whose labels o; are known,
and not to a set of labels carried by the edges of the graph, as in the definition of the
ISBM in section 1.4.3
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particular, we show in section 7.1.2 that there is an optimal choice of
w when the data is generated from a model, corresponding to the
Bayes optimal setting of the previous chapter. However, in practice,
the main purpose of w is to center the similarities, i.e. we will take
in our numerical simulations w(s) = s — 5, where § is the empirical
mean of the observed similarities. The advantage of centering the
similarities is discussed in the following. Note that the graph G is
a weighted version of an Erdés-Rényi random graph with average
degree «, which controls the sampling rate: larger & means more
pairwise similarities are computed, at the expense of an increase in
complexity. Algorithm 8 describes our clustering procedure for the
case of 2 clusters.

Algorithm 8 Non-backtracking local walk for 2 clusters

Input: n, L) (Gi == )iEL)Ea (Wij)(ij)GE) Kmax
Output: Cluster assignments (63)icn)

(0) .

1: Initialize the messages v(°®) = (vi_”.)(iﬂ.)eE

2: forall (i —j) € E do

3 if i € £ then vgo_))j — 0
4 else V£0—>)j < %1 uniformly at random

: Iterate for k = 1,..., Kmax

Ul

N k k-1
for (i—j) € Edo vi(_zj < 2 1eai WuV{_n :

A

7: Pool the messages
8: foriec [n] dov; ) (o wuv{]j;‘fX)
9: Output the assignments

10: for i € [n] do &; « sign(¥;)

This algorithm is in fact nothing but a power iteration of a non-
backtracking operator B, with elements for (i — j),(k = 1) € E

B(isj), (ko) =W 1(l=1)1(k #j). (7.1)

If we let the number of iterations kmax grow to infinity, then algo-
rithm 8 computes the leading eigenvector of this non-backtracking
operator. This procedure is therefore close in spirit to the unsuper-
vised spectral methods introduced in chapters 4 and 6, which also
rely on the computation of the principal eigenvectors of B. However,
in contrast with these spectral approaches, algorithm 8 is local, in that
the estimate 6; for a given item i € [n] depends only on the messages
on the edges that are at most kmax + 1 steps away from 1 in the graph
G. This fact will prove essential in the upcoming analysis. Indeed,
we will show that in the semi-supervised setting, a finite number of
iterations (independent of n) is enough to ensure a low classification
error. On the other hand, in the unsupervised setting, we expect local
algorithms not to be able to find large clusters in a graph, a limitation
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that has already been highlighted on the related problems of finding
large independent sets on graphs [48] and community detection [75].

It is possible to connect this algorithm with the general approach
of this dissertation outlined in section 1.7 by noting that the leading
eigenvector of the non-backtracking operator defined in equation (7.1)
approximates the magnetizations of the Ising model defined by the
Boltzmann distribution

P(o) = ]z exp Z atanh(wj;)oioj | (7.2)
(ij)ek

where we have assumed |wj;| < 1 for (ij) € E (which can be assumed
without loss of generality by rescaling B). Since atanh is an increas-
ing function, this model promotes assigning the same label to pairs
of vertices sharing a large weight (i.e. a large similarity if w is an
increasing function of the similarity s, e.g. w(s) = s —35). The algo-
rithm we describe here is therefore an instance of the “ad hoc” type of
problems introduced in section 1.7. Indeed, instead of computing the
marginals of the true posterior distribution of the labels o, as we have
done in the previous chapters, we are here trying to approximate the
marginals of an ad-hoc Ising model which encodes the available data.
Another example of such an approach will be provided in the next
chapter, in the context of matrix completion.

7.1.2  Model and guarantee

To evaluate the performance of algorithm 8, we consider the follow-
ing semi-supervised variant of the symmetric ISBM. Assign n items to
2 predefined clusters of same average size n/2, by drawing for each
item i € [n] a cluster label o; € {£1} with uniform probability 1/2.
Choose uniformly at random nn items to form a subset £ C [n] of
items whose label is revealed. n is the fraction of labeled data. Next,
choose which pairs of items are compared by generating an Erd6s-
Rényi random graph G = ([n],E) € §(n,a/n), for some constant
a > 0, independent of n. As usual, we will assume that the simi-
larities are random variables, with symmetric distribution given by

P(sij = sloy, 05) = 1(0y = 0) pin(s) + 1(0y = —05) pout(s),  (7.3)

where pi, (resp. pout) is the distribution of the similarities between
items within the same cluster (resp. different clusters). The properties
of the weighting function w will determine the performance of our
algorithm through the two following quantities. Define A(w) and
2(w) as

2A(w) = E [wyjloj = 05] — E [wyjloj # 0]

I(w)? =E [w?] . 74
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2A(w) is the difference in expectation between the weights inside a
cluster and between different clusters, and X(w)? is the second mo-
ment of the weights. We have come across these quantities before
in the study of the spectrum of the non-backtracking operator B of
equation (7.1). More precisely, according to the results of section 3.1.3,
R(w) = y/aZ?(w) is the radius of the bulk of uninformative eigen-
values of B. When o A(w) > R(w), there is an informative eigenvalue
a A(w) of B outside of the disk of radius R(w). In the unsupervised
setting, when the number of iterations of algorithm 8 is allowed to
grow to infinity, this algorithm detects the cluster if « A(w) > R(w).
Our first theorem extends this result to the semi-supervised setting,
where algorithm 8 is run for a finite number of iterations.

Theorem 7.1.1. Assume a similarity graph G with n items and a labeled set
£ of sizemn to be generated from the symmetric model (7.3) with 2 clusters.

Define t(a,w) = “ZA(S‘)’Z)Z. If A(w) > 0, then there exists a constant C > 0

such that the estimates & from k iterations of algorithm 8 achieve

1« o+ Tlogn
— Plo; #6;) <1— C—=2— .
n ; (o1 # 61) Tk+1 + \/ﬁ y (7.5)
where 1o = 1> and for 0 <1<k,
(o, W)r
Pt = W 76)

T+ 1o, w)ry

The proof relies on an analysis of the evolution of the distribu-

tion of the messages v?jj and the Cantelli bound (see section 7.3).
Note again that our bound depends on the same signal to noise
ratio T(x,w) as identified in section 3.1.3. To understand the con-
tent of this bound, we consider the limit of a large number of items
n — oo, so that the last term of (7.5) vanishes. Note first that if
T(ot,w) > 1, then starting from any positive initial condition, 1\ con-
verges to (T(x,w)—1)/t(x,w) > 0 in the limit k — oco. A random

guess on the unlabeled points yields an asymptotic error of

N . 1—1
nlgr;on;P(Gi#Gi)—2>
1=

(7.7)

so that a sufficient condition for algorithm 8 to improve the initial
partial labeling, after a certain number of iterations k(t(x,w),n) in-

dependent of n, is

2

Let us compare this bound in the limit of small supervision n — 0
with the transition of the previous chapter for the unsupervised case.
We have already stated in section 3.1.3 that there is an optimal choice

(o, w)
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of weighting function w which maximizes the signal to noise ratio
T(o, w), namely the Bayes optimal choice

w(s) )

_ Pin(8) — Pout(s) —  t(aw) = & J ds (Pin(s) _pout(s))z

Pin(8) + Pout(s) 2 Pin(8) + Pout(s)

(7.9)
whose definition however requires knowing pin and poyt. In the limit
of vanishing supervision 1 — 0, the bound (7.8) guarantees improv-
ing the initial labeling if t(x,w*) > 24 O(n). On the other hand,
in the unsupervised setting, we have argued in the previous chapter
that detectability is possible if and only if T(ct, w*) > 1. In the limit
of small supervision, the bound (7.8) is off by a constant factor of 2.

On the other hand, the bound (7.5) applies to any weighting func-
tion w. In particular, while the optimal choice (7.9) is not practical,
theorem 7.1.1 guarantees that algorithm 8 retains the ability to im-
prove the initial labeling from a small number of measurements, as
long as A(w) > 0. With the choice w(s) = s — 5 advocated for in sec-
tion 7.1.1, we have 2A(w) = E [sij|oj = Gj} —E [sij|crj #* Gj]. There-
fore algorithm 8 improves over random guessing for « large enough
if the similarity between items in the same cluster is larger in expec-
tation than the similarity between items in different clusters, which is
a reasonable requirement. Note that the hypotheses of theorem 7.1.1
do not require the weighting function w to be centered. However, it is
easy to check that if E[w] # 0, defining a new weighting function by
w'(s) = w(s) — E[w], we have t(x,w') > t(x,w), so that the bound
(7.5) is improved.

While theorem 7.1.1 guarantees improving the initial clustering
from a small sampling rate «, it provides a rather loose bound on the
expected error when a becomes larger. The next theorem addresses
this regime. A proof is given in section 7.4.

Theorem 7.1.2. Assume a similarity graph G with n items and a labeled set
L of size nn to be generated from the symmetric model (7.3) with 2 clusters.
Assume further that the weighting function w is bounded: Vs, |w(s)| < 1.

Define t(oe,w) = o‘ﬁiv“)’z)z. If x A(w) > 1 and aZ(w)? > 1, then there

exists a constant C > 0 such that the estimates &; from k iterations of
algorithm 8 achieve

1 — R Qi1 . I (w)? o+ logn
_ . < _ =V z e
- ;P(m # 61) < exp [ 4 min <1, Alw) +C N
(7.10)
where qo = 2m? and for 0 <1 <k,
(o, W
o1 = L (7.11)

143/2max(1,q1)

Note that by linearity of algorithm 8, the condition Vs, [w(s)| < 1
can be relaxed to w bounded. It is once more instructive to consider
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the limit of large number of items n — oo. Starting from any initial
condition, if t(,w) < 5/2, then qx k—> 0 so that the bound (7.10)
—00

is uninformative. On the other hand, if T(x,w) > 5/2, then starting
from any positive initial condition, qx k:; %(T((X,W) —1) > 0. This
bound therefore shows that on a model with a given distribution of
similarities (7.3) and a given weighting function w, an error smaller
than e can be achieved from an/2 = O(nlog1/e) measurements, in
the limit € — 0, with a finite number of iterations k(t(&, w),n, €) in-
dependent of n. We note that this result is the analog, for a weighted
graph, of the recent results of [24] who show that in the SBM, a lo-
cal algorithm similar to algorithm 7.1.1 achieves an error decaying
exponentially as a function of a relevant signal to noise ratio.

7.1.3 More than 2 clusters

Algorithm 9 gives a natural extension of our algorithm to q > 2
clusters. In this case, as argued in section 3.1.3, we expect the non-
backtracking operator B defined in equation (7.1) to have q — 1 large
eigenvalues, with eigenvectors correlated with the types o of the
items. We use a deflation-based power iteration method ([148]) to
approximate these eigenvectors, starting from informative initial con-
ditions incorporating the knowledge drawn from the partially labeled
data. Numerical simulations illustrating the performance of this al-
gorithm are presented in section 7.2. Note that each deflated matrix
B¢ for ¢ > 2 is a rank-(c — 1) perturbation of a sparse matrix, so that
the power iteration can be carried out efficiently using sparse linear
algebra subroutines. In particular, both algorithms 8 and 9 have a
time and space complexities linear in the number of items n.

7.2 NUMERICAL SIMULATIONS

In addition to the theoretical guarantees presented in the previous
section, we ran numerical simulations on two toy datasets consisting
of 2 and 4 Gaussian blobs (figure 7.1), and two subsets of the MNIST
dataset ([93]) consisting respectively of the digits in {0, 1} and {0, 1, 2}
(figure 7.2). We also considered the 20 Newsgroups text dataset [92],
consisting of text documents organized in 20 topics, of which we se-
lected 2 for our experiments of figure 7.3. All of these datasets differ
considerably from the model we have studied analytically. In particu-
lar, the random similarities are not identically distributed conditioned
on the true labels of the items, but depend on latent variables, such
as the distance to the center of the Gaussian, in the case of figure 7.1.
Additionally, in the case of the MNIST dataset of figure 7.2, the clus-
ters have different sizes (e.g. 6903 for the 0’s and 7877 for the 1’s).
Nevertheless, we find that our algorithm performs well, and outper-
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Algorithm 9 Non-backtracking local walk for q > 2 clusters

Input: n,q, £, (01 € [ql)ics, B, (Wij)(ij)cE) Kmax
Output: Cluster assignments (64);icn]
1: By + B where B is the non-backtracking matrix defined in equa-
tion (7.1)
2: forc=1,---,q—1do

3 Initialize the messages v(©) = (Vgo_lj)(ij)eE

4 forall(i—>j)€ﬁdo

5: ifi e £ and cri:cthenvgi)]. +— 1

6 else if i € £ and o; # c then vio_lj ——1

7 else vgo_z]. < =1 uniformly at random
Iterate for k = 1, ..., kmnax
9: vk ¢ Bey(k=D)
10: Pool the messages in a vector V. € R™ with entries (Vi c)icm]
1L foric [n] do¥; . < Zleaiwﬂvgj}“{“)

12: Deflate B,
B (Kmax ), (Kmax) TB
13: Beyq1 < Be — cV v =

V(kmax)TBc\)(kmax)

140 Concatenate V < [0q]--- Vg1l € R™*(a=1)
15: Output the assignments (63 )icn] kmeans(V)

forms the popular label propagation algorithm ([170]) in a wide range
of values of the sampling rate «.

In all cases, we find that the accuracy achieved by algorithms 8
and 9 is an increasing function of «, rapidly reaching a plateau at
a limiting accuracy. Rather than the absolute value of this limiting
accuracy, which depends on the choice of the similarity function, per-
haps the most important observation is the rate of convergence of the
accuracy to this limiting value, as a function of . Indeed, on these
simple datasets, it is enough to compute, for each item, their simi-
larity with a few randomly chosen other items to reach an accuracy
within a few percents of the limiting accuracy allowed by the quality
of the similarity function. As a consequence, similarity-based cluster-
ing can be significantly sped up. For example, we note that the semi-
supervised clustering of the 0’s and 1’s of the MNIST dataset (repre-
senting n = 14780 points in dimension 784), from 1% of labeled data,
and to an accuracy greater than 96% requires o =~ 6 (see figure 7.2),
and runs on a laptop in 2 seconds, including the computation of the
randomly chosen similarities. Additionally, in contrast with our algo-
rithms, we find that in the strongly undersampled regime (small ),
the performance of label propagation depends strongly on the frac-
tion 1 of available labeled data. We find in particular that algorithms
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Figure 7.1 — Performance of algorithms 8 (denoted Algorithm q = 2) and 9 (denoted Algorithm
q > 2) compared to label propagation on a toy dataset in two dimensions. The
left panel shows the data, composed of n = 10% points, with their true labels. The
right panel shows the clustering performance on random subsamples of the complete
similarity graph. Each point is averaged over 100 realizations. The accuracy is defined
as the fraction of correctly labeled points. We set the maximum number of iterations
of our algorithms to kmax = 30. « is the average degree of the random similarity graph
G, and n is the fraction of labeled data. For all methods, we used the same similarity
function si; = exp —diz)- /o2 where dy; is the Euclidean distance between points i and j
and o7 is a scaling factor which we set to the empirical mean of the observed squared
distances dizj. For algorithms 8 and 9, we used the weighting function w(s) = s —3§
(i.e. we simply center the similarities, see text). Label propagation is also run on
the random similarity graph G. We note that we improved the performance of label
propagation by using only, for each point, the similarities between this point and its
three nearest neighbors in the random graph G. Figure taken from [138].
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—e— Algorithm q =2,1=0.01 —— Label Prop.,n=0.01 —— Label Prop.,n=10.1
—— Algorithm q > 2,1n1=0.01 —— Label Prop.,n=0.05
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Figure 7.2 — Performance of algorithms 8 (denoted Algorithm q = 2) and 9 (denoted Algorithm

q > 2) compared to label propagation on a subset of the MNIST dataset. The left
panel corresponds to the set of 0’s and 1’s (n = 14780 samples) while the right panel
corresponds to the 0’s,1’s and 2’s (n = 21770). All the parameters are the same as
in the caption of figure 7.1, except that we used the Cosine distance in place of the
Euclidean one. Figure taken from [138].

8 and 9 outperform label propagation even starting from ten times
fewer labeled data.

7.3 PROOF OF THEOREM 7.1.1

Consider the model introduced in section 7.1 for the case of two
clusters. We will bound the probability of error on a randomly chosen
node, and the different results will follow. Denote by I an integer
drawn uniformly at random from [n], and by 6§k) = £1 the decision
variable after k iterations of algorithm 8. We are interested in the
probability of error at node I conditioned on the true label of node I,
ie. P((Argk) # o1lo1). As noted previously, the algorithm is local in the

sense that cﬁk] depends only on the messages in the neighborhood
of I consisting of all the nodes and edges of G that are at most k + 1
steps aways from I. By bounding the total variation distance between
the law of Gy k41 and a weighted Galton-Watson branching process,
we show (see proposition 31 in [19])

ok Tlogn

P (6§k) # GI|GI) <P (O-I\A’Erli) < 0) +C Vol (7.12)
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Figure 7.3 — Performance of algorithm 8 (denoted Algorithm q = 2)
compared to label propagation on a subset of 20 News-
groups dataset with q = 2 clusters. We consider the top-
ics “misc.forsale” (975 documents) and “ soc.religion.christian”
(997 documents), which are relatively easy to distinguish, to
illustrate the efficiency of our subsampling approach. The re-
sulting dataset consists of n = 1972 text documents, to which
we applied a standard “tf-idf” transformation (after stemming,
and using word unigrams) to obtain a vector representation of
the documents. We used the same similarity (based on the Co-
sine distance) and weighting functions as in figure 7.2.
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where C > 0 is a constant, and the random variables \A)E,k) for o = #£1
are distributed according to

d] d;

A(k) D k K

o 2 Zwi,in"g,cg T Z Wiyoutvi—)a’ (7:13)
i=1 i=1

where 2 denotes equality in distribution. The random variables vk

i,0
for 0 = *1 have the same distribution as the message "E:)j after
k iterations of the algorithm, for a randomly chosen edge (i — j),
conditioned on the type of node i being o. They are i.i.d. copies of
a random variable vgk) whose distribution is defined recursively, for

1 > 0 and o = %1, through

4 a,
1+1) D 1 !
Y+ 2 Zwi)invié + Zwi,OUtvg,lc' (7.14)
im1 i—1

In equations (7.13), d1 and d; are two independent random variables
with a Poisson distribution of mean «/2, and wj j, (resp. Wy out) are
ii.d copies of wi, (resp. wout) whose distribution is the same as the
weights wy;, conditioned on oy = 0j (resp. o; # 0j). Note in particu-
lar that ng) has the same distribution as vgkﬂ ),

Theorem 7.1.1 will follow by analyzing the evolution of the first and
second moments of the distribution of vﬂ?” and v(_k1+1 ), Equations
(7.14) can be used to derive recursive formulas for the first and sec-
ond moments. In particular, the expected values verify the following

linear system

E [vif]“)} o | Ewinl  Eweul E [Viul”
=5 (7.15)
E[] Elwoul Efwil | \E [vY]

The eigenvalues of this matrix are [E [win] + E [Wey:] with eigenvector
(1,17, and E Win] — E [wout] with eigenvector (1,—1)7. With the as-

sumption of our model, we have E [vf” =1n=—-E [vgﬂ which

is proportional to the second eigenvector. Recalling the definition of
A(w) from section 7.1, we therefore have, for any 1 > 0,

E [VE:]H)} = aAW)E {vi&” , (7.16)

and E [v(j” =—FE {vﬁ ] With the additional observation that

e[ ()] = [(2)] =1, 717

a simple induction shows that for any 1 > 0,

E [(vgg)z] _E [(VH;)Z] , (7.18)
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and that, recalling the definition of Y (w)? from section 7.1, we have
the recursion

E [(\)E}T]))z] = «?*AW)’E [vﬂl”z + o Z(w)’E [(vﬂ)z} . (7.19)

Noting that since we assume A(w) > 0, we have ¢ E [vgkﬂ )} > 0 for

o = %1, the proof of theorem 7.1.1 is concluded by invoking Cantelli’s
inequality
P (Gvgk“) < 0) <1 —Tier (7.20)

with, for 1 > 0,

mn=E {vg)]ZIE [(\;E}))z} ; ) (7.21)

where 11 is independent of o, and is shown to verify the recursion
(7.6) by combining (7.16) and (7.19).

7.4 PROOF OF THEOREM 7.1.2

The proof is adapted from a technique developed in [76]. We show

that the random variables vE} ) are sub-exponential by induction on

l. A random variable X is said to be sub-exponential if there exist
constants K > 0, a, b such that for |[A|] < K

E[eMX] < exa+7\2b_ (7.22)

Define fg)U\) =E [e)“’(ﬁl)} for | > 0 and ¢ = £1. Define two se-
quences (ai)i>o, (br)1>0 by ap =n,bg =1/2and for 1 > 0

a1 = aA(w)ag,

3 (7.23)
by = aZ(w)? (bl + Zmax(a%,b1)> .

Note that since we assume aA(w) > 1 and aX(w)? > 1, both se-

quences are positive and increasing. In the following, we show that

fg—k+1)()\) < e()'?\(lk+1+?\2bk+1 , (724)

for Al < (2max (ay, \/bk))_1. Theorem 7.1.2 will follow from the
Chernoff bound applied at

* Ax+1 . Z(W)Z
AL =—0 min | 1 . .
o 2] K1 1 < ) 3 (W) (7 25)

The fact that |A}] < (2max (ax, \/bk))il follows from (7.23). Noting
that oA} < 0 for 0 = %1, the Chernoff bound allows to show

P (mgw < o) <D ()
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where qx4+1 = aﬁ +1/bx41 is shown using (7.23) to verify the recur-

sion (7.11). We are left to show that fgqu] (A) verifies (7.24). First,

with the choice of initialization in algorithm 8, we have for any A € R

0 0 14 1—m _ 2
MM = = S+ heh e 2 )

where the last inequality follows from the fact that for x € [0, 1],A € R

xe (1 —x)e ™ < e@DA+A2/2 (7.28)

Therefore we have f((yo] (A) < exp (oAag +A?by). Next, assume that

for some 1 > 0, and V[A| < (2max (a1, \/b1,1))_1

M (A) <exp(cAar+ A? by, (7.29)

with the convention a_; = b_; = 0 so that the previous statement
is true for any A € R if | = 0. The density evolution equations (7.14)
imply the following recursion on the moment-generating functions,
forany A € R,0 = +1,

fH ) = exp <_(x+ & <1EWin [fg)(AWin)] + Ewou [f(_l(),(hwout)D) i

2
(7-30)
We claim that for [A| < (2max (ay, \/bT))*1 and o = +1,
1
> (B [£8 W) + B [ (Awour)] ) <
(7:31)

1+0ai AW)A+A2Z(w)? (bl + % max(a?, bl)) .

Injecting (7.31) in (7.30) yields fg””()\) < exp (oAayy1 +A?byq), for
Al < (2max (al,\/bT))q, with ai41,bry1 defined by (7.23). The
proof is then concluded by induction on 0 < 1 < k. To show (7.31),
we start from the following inequality: for |a| < 3/4,

e® <1+a+(2/3)a’. (7.32)
With [w| < 1 as per the assumption of theorem 7.1.2, we have that
for Al < (2max ((11,\/b71))_1 and o = £1, |[oAway + A*w?by| < 3/4.
Additionally, since a; and by are non-decreasing in 1, we also have
Al < (2 max ((11,], v/bi_q ))71, so that by our induction hypothesis,
for 0 = 41,

fE})()\w) < eU)\walJr?\zwzbl) (733)

2
< 1+ oAwag + A2w?by + 3 (oAwar + Azwzbl)z , (7.32)

2
< 1+ oAwag + A2w?by + gkzwz (ap + |7\|b1)2 , (7.35)
< 14 oAway + A?w?by + gkzwz max(a%, bi), (7.36)

where we have used that (a; + \)\Ibl)z < 9/4max(a%,b1). (7.31) fol-
lows by taking expectations.
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7.5 CONCLUSION

In this chapter, we have considered a semi-supervised similarity-
based clustering problem, and have argued that a small number of
randomly chosen similarity measures are enough to cluster the data
to high accuracy. In particular, we introduced a highly efficient local
algorithm based on a power iteration of the non-backtracking opera-
tor, and gave rigorous guarantees regarding its performance on a sim-
ple model. We also illustrated the good performance of this algorithm
on other types of data, including real world datasets, and showed that
it compares favorably with the popular label propagation algorithm.
In the next chapter, we come back to the Bethe Hessian and consider
an application in matrix completion.
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MATRIX COMPLETION AND THE HOPFIELD
MODEL

We consider here the (noiseless) matrix completion problem, where
the aim is to infer the missing entries of a (low rank) matrix from a
small number of revealed entries. More precisely, we are looking to
reconstruct a rank-r matrix M€ € R™*™ written as

MITUe = XYT | (8.1)

for some (unknown) tall matrices X € R™*" and Y € R™*". We as-
sume that we observe only a small fraction of the elements of M'!e,
chosen uniformly at random, and we wish to infer the missing en-
tries using the low rank assumption. This problem has witnessed a
recent burst of activity (see e. g. [26, 27, 80]) motivated by many ap-
plications such as collaborative filtering [26], quantum tomography
[55] in physics, or the analysis of a covariance matrix [26]. Perhaps
the most widely considered question in this setting is perfect recovery,
i.e. how many entries need to be revealed in order for the matrix to
be completed exactly in a computationally efficient way [26, 80]. The
main questions we investigate in this chapter are different.

The first question we address is detectability, which here can be
stated as: how many random entries do we need to reveal in order
to be able to estimate the rank r reliably? This is motivated by the
more generic problem of detecting structure (in our case, low rank)
hidden in partially observed data. As argued in section 1.4.1, it is
reasonable to expect the existence of a region where exact completion
is hard or even impossible yet the rank estimation is tractable. A
second question we address is what is the minimum achievable root
mean square error (RMSE) in estimating the unknown elements of the
matrix. In practice, even if exact reconstruction is not possible, having
a procedure that provides a very small RMSE might be quite sufficient.

Like in the previous chapter, our approach to this problem differs
considerably from the strategy we adopted for the first clustering
problems presented in this dissertation. For these, we were able to
write down the posterior probability of the true cluster assignment
on a probabilistic model, and to solve it either using BP or spectral
methods tightly related to BP. For matrix completion, the situation is
different. While we can still consider a generative model and write
the posterior distribution of the missing entries, the marginalization
problem turns out to be intractable, even using BP. This is because, un-
like the previous clustering problems, the hidden assignment is here
real valued, so that the BP messages are now full-fledged real distri-
butions, instead of finite distributions, which could be represented
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as vectors. To solve the BP equations, one would have store a large
number of populations, representing the marginals of the problem,
and iteratively update these populations which is very expensive in
practice '. Instead, we use here the available data to define a tractable
pairwise model, whose marginals, we believe, may help us solve the
problem. This approach is similar in spirit to the computer vision
example of section 1.3.1, and corresponds to the “ad hoc” type of ap-
plications introduced in section 1.7 when describing the general ap-
proach of this dissertation. Anticipating on the following, the model
we will consider is a Hopfield model, where the patterns will corre-
spond to the factors X and Y of equation (8.1). When in the retrieval
phase, as explained in section 1.6.6, the free energy of this model has
interesting local minima, correlated with the patterns. The number of
these local minima gives away the number of patterns, i.e. here the
rank r of the matrix. We use a spectral method based on the Bethe
Hessian to detect all these interesting local minima at once.

The resulting algorithm, called MaCBetH (for Matrix Completion
with the Bethe Hessian), allows to infer the rank and reconstruct the
missing entries of M€, and is the main subject of this chapter. For
a random model, we will compute explicitly the number of obser-
vations required for the algorithm to correctly infer the rank r. In
particular, we will show that MaCBetH efficiently detects the rank r
of a large n x m matrix from C(r) r y/nm entries, where C(r) is a con-
stant close to 1, which we compute numerically. Additionally, we will
show on numerical simulations that MaCBetH compares favorably to
state-of-the-art matrix completion approaches in terms of reconstruc-
tion RMSE. Our presentation follows the publication [141], with some
remarks and numerical simulations. We formally define the matrix
completion problem and present generally our approach in the con-
text of existing work in section 8.1. In section 8.2, we describe our
algorithm and motivate its construction via a spectral relaxation of
the Hopfield model. Next, in section 8.3.1 we show how to compute
the phase transition in rank estimation, and also compute the spectral
density of the Bethe Hessian on the sparse Hopfield model. Finally,
in section 8.4 we present numerical simulations that demonstrate the
accuracy of MaCBetH. Implementations of our algorithm in the Julia
[16] and Matlab programming languages are available on the SPHINX
webpage http://www.lps.ens.fr/~krzakala/WASP.html.

8.1 PROBLEM DEFINITION AND RELATION TO OTHER WORK

Let M be given by equation (8.1), where X and Y are called the
factors. Recall that we observe only a small fraction of the elements of

1. An interesting approach was proposed by Keshavan in his dissertation [81].
This approach iteratively computes the most probable value of the missing item
using a message-passing algorithm. The messages are in this case vectors.
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8.1 PROBLEM DEFINITION AND RELATION TO OTHER WORK

M€, chosen uniformly at random. We call E the subset of observed
entries, and M the (sparse) matrix supported on E whose nonzero
elements are the revealed entries of M"™®. The aim is to reconstruct
the rank v matrix M"¢ = XYT given M. An important parameter
which controls the difficulty of the problem is o = [E|/y/nm. In the
case of a square matrix M, this is the average number of revealed
entries per line or column. In our numerical examples and theoreti-
cal justifications we shall generate the low rank matrix M = XYT,
using tall matrices X and Y with ii.d Gaussian elements, and call this
the random matrix setting. The MaCBetH algorithm is, however, non-
parametric and does not use any prior knowledge about X and Y. The
analysis we perform applies in the limit n — co while m/n is fixed
and r = O(1).

The matrix completion problem was popularized by [26] who pro-
posed nuclear norm minimization as a convex relaxation of the prob-
lem. The algorithmic complexity of the associated semidefinite pro-
gramming approach is, however, O (n>m?). A low complexity pro-
cedure to solve the problem was later proposed by [23] and is based
on a singular value decomposition (SVD) of the observed matrix M.
A considerable step towards the theoretical understanding of ma-
trix completion from few entries was achieved by [80o] who proved
that with the use of trimming (see following), the performance of
SVD-based matrix completion can be improved and a RMSE propor-
tional to y/nr/|E| can be achieved. The algorithm of [80] is referred to
as OptSpace, and empirically it achieves state-of-the-art RMSE in the
regime of very few revealed entries.

OptSpace proceeds in three steps [80]. First, one trims the observed
matrix M by setting to zero all rows (resp. columns) with more re-
vealed entries than twice the average number of revealed entries per
row (resp. per column). Second, a SVD of the matrix M is used to com-
pute the r pairs of singular vectors with largest singular value. When
the rank r is unknown, it is estimated as the index for which the ratio
between two consecutive singular values has a minimum. Third, a
local minimization of the discrepancy between the observed entries
and the estimate is performed (see following). The initial condition
for this minimization is given by the top r left and right singular
vectors from the second step.

The advantage of trimming is that it allows to avoid the localiza-
tion phenomenon discussed in the introduction of chapter 3 by re-
moving the high degree vertices of the Erd¢s-Rényi graph G = (n, E).
However, this improvement comes at the cost of erasing part of the
available data. On the other hand, we have been discussing at length
two operators that do not suffer from the localization problem, even
on very sparse graphs, namely the non-backtracking operator and
the Bethe Hessian. In this work we improve upon OptSpace by re-
placing the first two steps by a different spectral procedure, based on
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the Bethe Hessian, that detects the rank and provides a better initial
condition for the discrepancy minimization. We find that this new
approach to matrix completion provides an improvement analogous
to the one obtained in clustering by using the Bethe Hessian (or the
non-backtracking) operator instead of more traditional matrices.

8.2 ALGORITHM AND MOTIVATION

We start by introducing our algorithm, and motivate it by making
the connection with the Hopfield model explicit.

8.2.1  The MaCBetH algorithm

A standard approach to the completion problem (see e.g. [80]) is to
minimize the cost function

min My — (XYT)12, (8.2)

over factors X € R™*" and Y € R™*". This function is non-convex,
and global optimization is hard?. One therefore resorts to a local
optimization technique with a careful choice of the initial conditions
Xo,y Yo. In our method, given the matrix M, we consider a weighted bi-
partite undirected graph with adjacency matrix A € R(ntm)x(ntm)

0 M
A_<MT o ) (8.3)

We will refer to the graph thus defined as G. We now define the
Bethe Hessian matrix H(B) € R(M*+*mM)x(+m) 5 be the matrix with
elements, for i,j € [n]

tanh? PA; .. tanh BA;
HIJ(B) =(1+ Z E i 1(12))_ Bz . )
1 —tanh” A« 1 —tanh ﬁAi]'

keoi

1
= (1 + k;i sinhz BAik> 6i]’ — i Sinh(ZBAi]‘) s

- (84)
where {3 is a parameter that we will fix to a well-defined value 3sg de-
pending on the data, and 91i stands for the neighbors of i in the graph
G. We justify the form of this matrix in the next section. The MaC-
BetH algorithm that is the main subject of this chapter is described in
algorithm 10. In step 1 of this procedure, Bsg is an approximation

2. It was recently proved [49] that when o = polylog(n), this cost function has
no spurious local minimum, so that a simple local optimization of the cost function
(8.2) starting from any initial condition allows to perfectly recover the matrix M. In
practice, and for the very sparse regimes we consider in our numerical tests, we will
see that the initial condition plays an important role.
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Algorithm 10 MaCBetH algorithm for matrix completion

Input: Partially observed matrix M, which we assume to be centered
1: Solve for the value of Bsg such that F (Bsg) = 1, where

F(B > tanh?(BMy;). (8.5)

1
| —
\/ﬁ(i,i)eE

2: Build the Bethe Hessian H (Bsg) of equation (8.4).

3 Compute all the negative eigenvalues Aq,--- ,A+ of H (Bsg) and
their corresponding eigenvectors vi,---,v;. is our estimate for
the rank r. Set X (resp. Yo) to be the first n lines (resp. the last
m lines) of the matrix [v; vy -+ v;].

4: Perform local optimization of the cost function (8.2) with rank #
and initial condition X, Yp.

to the optimal value of {3, for which H(f) has a maximum number
of negative eigenvalues (see section 8.3.1). Instead of this approxi-
mation, 3 can be chosen in such a way as to maximize the number
of negative eigenvalues. We however observed numerically that the
algorithm is robust to some imprecision on the value of Bsc. Note
that in step 2, we could also use the associated non-backtracking ma-
trix with weights tanh (BMij) (see section 8.3.1). The Bethe Hessian is
however smaller and symmetric, which reduces the complexity of the
spectral part of our algorithm. In the next section, we will motivate
and analyze this algorithm in the setting where M""¢ was generated
from element-wise random factors X and Y. We will argue that in this
case MaCBetH is able to infer the rank whenever « > «., where o,
is a (small) constant, independent of n. Figure 8.1 illustrates the spec-
tral properties of the Bethe Hessian that justify this algorithm. With
the choice B = Pgg, the informative eigenvalues of H(p) are nega-
tive, and well separated from the bulk of uninformative eigenvalues,
which stays positive.

8.2.2  Motivation from a Hopfield model

As shown in section 2.3.2, the matrix H(3) is closely related to the
pairwise MRF

1
P(o,7) = 7 exp | B > Mo |, (8.6)
(ij)eE

where the 0 = (01)icn) and T = (T)i¢[n] are two collections of binary
variables, and {3 is an inverse temperature controlling the strength
of the interactions. This model is a (generalized) Hebbian Hopfield
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model (see section 1.6.6) on the bipartite sparse graph G, with r pat-
terns given by

Xu

g = eR™™,  Vupell, (8.7)

Vi

where X, (resp. Y,.) denotes the p-th column of the factor X (resp. Y).
From the analysis of section 2.3.2, H(f3) is the Hessian (or suscepti-
bility) of the Bethe free energy at the trivial, paramagnetic stationary
point of this model.

Let us recall here the salient features of the Hopfield model, sum-
marized in the phase diagram 1.11, which justify algorithm 10. For
 small enough, model (8.6) is in its paramagnetic phase, meaning
that the paramagnetic stationary point of the Bethe free energy is a
(global) minimum. Therefore, we expect (and can check by the Ger-
shgorin circle theorem) that H((3) is positive definite. As we lower f3,
model (8.6) may enter its retrieval phase, in which we expect the para-
magnetic stationary point to become a saddle point. In this phase,
the Bethe free energy has local minima correlated with the factors
X and Y. We therefore expect that in the corresponding range of
(inverse) temperature (3, H(3) has negative eigenvalues, with corre-
sponding eigenvectors approximating the magnetizations of model
(8.6) in the various retrieval states. These retrieval states have a finite
overlap (1.100) with the patterns (8.7). Therefore, the eigenvectors
of H(B) with negative eigenvalues are suitable initial conditions for
the optimization of the cost function (8.2). Additionally, as argued
in section 1.6.6, we expect the dimension of the subspace of R**™
spanned by these retrieval states to be r, so that we expect H(f3) to
have exactly r negative eigenvalues, from which we can infer the rank.
Finally, as we increase (3 above a critical value s the Hopfield model
eventually enters its spin glass phase, marked by the appearance of
many spurious minima. In particular, for low enough 3, the paramag-
netic stationary point may become a local minimum again. Figure 8.1
summarizes the consequences of the phase diagram of the Hopfield
model for the spectrum of H(f3). The choice of 3 = Bsc used in algo-
rithm 10 approximates the critical temperature corresponding to the
paramagnetic to spin glass instability (see section 8.3.1). As in the
previous clustering examples, we expect from the phase diagram of
figure 1.11 that if the retrieval phase exists, then the paramagnetic to
retrieval transition happens for 3 < sg. Another justification for this
particular choice of 3 is provided in section 8.3.1.

Note that a similar approach was used in [169] to detect the re-
trieval states of a Hopfield model using the weighted non-backtracking
matrix, which linearizes the belief propagation equations rather than
the Bethe free energy, resulting in a larger, non-symmetric matrix.
The Bethe Hessian, while mathematically closely related, is also sim-
pler to handle in practice.
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Figure 8.1 — Spectrum of the Bethe Hessian H([3) for various values of the parameter 3. The
red dots are the result of the direct diagonalization of the Bethe Hessian for a rank
r=5and n = m = 10* matrix, with « = 15 revealed entries per row on average.
The black curves are the solutions of (8.18) computed with belief propagation on a
graph of size 10°. We isolated the 5 smallest eigenvalues, represented as small bars
for convenience, and the inset is a zoom around these smallest eigenvalues. For (3
small enough (top plots), the Bethe Hessian is positive definite, signaling that the
paramagnetic stationary point is a local minimum of the Bethe free energy. As f3
increases, the spectrum is shifted towards the negative region and has 5 negative
eigenvalues at the approximate value of Bsc = 0.12824 (to be compared to fr =
0.0832 for this case) evaluated by our algorithm (lower left plot). These eigenvalues,
corresponding to the retrieval states, eventually become positive again as 3 is further
increased (lower right plot), while the bulk of uninformative eigenvalues remains at
all values of B3 in the positive region. Figure taken from [141].
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Interestingly, if we solve the Hopfield model (8.6) in the nMF ap-
proximation instead of the Bethe approximation, we have seen in sec-
tion 2.3.3 that the Hessian of the free energy at the paramagnetic
point is then straightforwardly related to the weighted adjacency ma-
trix (8.3) of the bipartite graph G, i. e. (a symmetrized version of) the
observed matrix M. Finding the smallest eigenvalues of the nMF Hes-
sian is therefore equivalent to solving for the largest singular values
of M, which sheds a new light on the matrix completion algorithms
based on the SVD of M, such as OptSpace. Consistently with the dis-
cussion of section 2.3.3, when there are enough revealed entries so
that the graph G is dense enough, the spectrum of the nMF Hessian
is well behaved, and the informative eigenvalues are those lying out-
side of the bulk that can be derived form the Marchenko-Pastur law
[20, 99]. In the sparse case, however, we will see that replacing the
nMF approximation by the Bethe approximation leads, once more, to
substantial improvements.

83 ANALYSIS OF PERFORMANCE IN DETECTION

We now show how to analyze the performance of MaCBetH using
statistical physics tools to compute the rank detectability transition.
We then give an independent justification of our choice of B = Bsg in
algorithm 10 based on the analysis of the spectral density of H(f3).

8.3.1 Analysis of the phase transition

We investigate here the minimal value of « from which algorithm
10 starts inferring the rank r correctly. As noted previously, the Bethe
Hessian of equation (8.4) is closely related to the non-backtracking
operator defined for (i —j),(k = 1) € E by

Bi_j k-1 = tanh (M) . (8.8)

In particular, by the Ihara-Bass formula, the appearance of negative
eigenvalues of H(3) is related to the appearance of eigenvalues of B
with modulus larger than 1, i. e. to the instability of the paramagnetic
fixed point of BP for model (8.6). Assuming a random matrix setting
in which the entries of the factors X and Y are i.i.d random variables
with mean 0, the stability of this paramagnetic fixed point can be
studied by means of the cavity method, using the same arguments as
in section 3.1.2 [10, 28, 156, 169]. The only two differences here are,
first, that we are considering a bipartite graph, and second, that since
the patterns of the Hopfield model are real-valued, the weights of
the non-backtracking operator (8.8) are correlated random variables.
As a consequence, the definition of the various parameters of sec-
tion 3.1.2 need to be adapted. In particular, we find that the bulk of
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uninformative eigenvalues of B is constrained in the disk of radius
R(B) = /ax Z(B)%, where

t T T
Z(p)*=lim B |[Ttanh?® { B3 xt'ut | tanh? { B3 iyt
1=1 =1 n=I1

t—o0

(8-9)
In the last expression, the expectation is with respect to the distribu-
tion of the i.i.d random variables x}* 2 x and yi 2 yforle N, pelr],
where x (resp. y) has the same distribution as the entries of the factor
X (resp. Y). The parameter R(B) = v/« Z()? thus defined equals the
growth rate of a noisy perturbation of the paramagnetic fixed point,
uncorrelated with the patterns of the Hopfield model, as we iterate
the non-backtracking operator. Additionally, there is an informative
eigenvalue «A(f3) of B, with multiplicity r, outside of the disk of
radius R(pB) if and only if « A(3) > R(), where

,
AB) = = lim E Htanh B‘x{y”—i—BZx{‘y{l
n=2

(8.10)

N~
[

.
1.1
x tanh | B |x{ Y1 |+ BZX{LHU{L )
pn=2

where the expectation is positive since we assume the variables x and
y to be centered. With this definition, the parameter x A(3) controls
the growth rate of the overlap (1.100) with the first pattern &' defined
in (8.7), as we iterate the non-backtracking operator, starting from an
initial condition correlated with the patterns of the Hopfield model.
We may now define the critical temperature Br (resp. Bsg) marking
the onset of the paramagnetic to retrieval instability (resp. param-
agnetic to spin glass). These temperature are defined implicitly as

aZ(Bsg)® =1
CXA(BR) =1 )

so that for 3 > Br (resp. > Psg), a perturbation initially correlated
with the patterns (resp. a noisy perturbation) grows when iterating
B. From the phase diagram of the sparse Hopfield model 1.11, the
retrieval phase exists if the paramagnetic to retrieval instability hap-
pens at larger temperature (smaller (3) than the paramagnetic to spin
glass instability. This is equivalent to the condition

(8.11)

Bsc > Pr- (8.12)

Note that this condition implies the existence of a range of values of
 for which B has an informative eigenvalue outside of the bulk of
radius R(f3). More precisely, since £ and A are increasing functions
of B, for B = Bsg, we expect under condition (8.12) that B has an
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Figure 8.2 — Rank detectability threshold for factors X,Y with Gaussian en-
tries of mean 0 and unit variance. MaCBetH is able to estimate
the correct rank from [E| > C(r)ry/nm known entries, where
the value of C(r) is represented as red dots. The gray dashed
line gives the asymptotic value C(r) = 1 in the limit r — oo
(see text). We used a population dynamics algorithm with a
population of size 10° to compute the functions £ and A from
equations (8.9,8.10). The dotted line is a fit suggesting that
Clr)—1=0(131). Figure taken from [141].

informative eigenvalue x A(fr) > 1 with multiplicity q outside of the
bulk of uninformative eigenvalues of radius R(B) = \/ax Z(Bsc)? = 1.
As a consequence, we expect that under condition (8.12), H(sg) has
an informative, negative eigenvalue with multiplicity r.

We define the critical value «. of « such that 3sg > Pr if and
only if « > .. In general, there is no closed-form formula for
this critical value, which is defined implicitly in terms of the func-
tions £ and A. We can however compute &, numerically using a
population dynamics? algorithm [102] which allows to compute the
parameter C(r) = & /7. The results are presented on figure 8.2. Quite
remarkably, with the definition & = [E|/\/nm, the critical value o,
does not depend on the ratio m/n, only on the rank r.

In the limit of large o and , it is possible to obtain a simple closed-
form formula for «.. In this case the observed entries of the matrix

3. We use a population dynamics algorithm to iterate the linear distributional
recursion (3.31) for the non-backtracking operator (8.8). We monitor the evolution of
the overlap with a pattern to compute A, and the evolution of the Edwards-Anderson
parameter to compute X.
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become jointly Gaussian distributed, and uncorrelated, and therefore
independent. Expression (8.9) then simplifies to

I(B)? rgOOIE [tanh2 (BZX“g“)] . (8.13)

p=1

Note that in step 1 of algorithm 10, we use an empirical estimator
F(B) ~ aZ(B)? of the quantity (8.13) to compute a simple approxi-
mation Psg of Bsg from the revealed entries. In the large r, o regime,
both Bsc, Br decay to 0, so that we can further approximate

1=aZ(Bsc)? ot B3 EX?] Ely?], (8.14)

1 =aA(BRr) e x Br E[x?] ]E[UZ] y (8.15)

so that we obtain the simple asymptotic expression a. = 1, in the
large «, limit, or equivalently C(r) = 1. Interestingly, the same re-
sult was obtained for the detectability threshold in the completion of
rank r = O(n) matrices from O(n?) entries in the Bayes optimal set-
ting in [72]. Notice, however, that exact completion in the setting of
[72] is only possible for « > r(m+n)/y/nm. Clearly detection and
exact completion are different phenomena, with different transitions.
The previous analysis can in principle be extended beyond the ran-
dom setting assumption, as long as the empirical distribution of the
entries is well defined, and the lines of X (resp. Y) are approximately
orthogonal and centered. This condition is related to the standard
incoherence property of matrix completion [26, 8o].

8.3.2  Computation of the spectral density

The spectral density vg(A) of H(p) can be computed using the
method presented in section 3.2.1. We find that v (A) verifies

n+m

, 1
vg(A) _n,%rioo e ; Im A (M), (8.16)

where the A; are complex variables living on the vertices of the graph
G, given by

. 1. -
A = (— AT+ Z Sll’lh2 PA — Z Z Slnhz(ZBAil)Alﬂi)
keoi leoi
(8.17)

The Ai_,; for (i — j) € E are the (linearly stable) solution of the
following fixed point equation

1 _
Ai—))’ = (— AT+ Z Sinh2 BAix — Z Z Sinhz(ZBAu) A1_>i)
keoi leoi\j
(8.18)
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Figure 8.3 — Mean inferred rank as a function of «, for different sizes, averaged over 100 samples
of n x m matrices XYT. The entries of X,Y are drawn from a Gaussian distribution of
mean 0 and variance 1. The theoretical transition . is computed with a population
dynamics algorithm (see section 8.3.1), and is in good agreement with the empirical
performance of MaCBetH in rank estimation. Figure taken from [141].

The previous fixed point equation can be solved using BP, which al-
lows to accurately compute the spectral density of H(3), as shown
on figure 8.1. Using the same arguments as in section 3.2.1, we can
argue that the spectral density vg(A) vanishes on an open set sur-
rounding A = 0 for any 3 < sg, where s has been defined in the
previous section. To see this, we note that A;_,; = cosh_z(BAij) is a
real solution of (8.18), yielding a vanishing spectral density. By fol-
lowing the same steps as in section 3.2, we can show that this implies
the existence of a real and stable solution of (8.18) in a an open set
surrounding A = 0 whenever p (B) < 1, where B is defined by

Biyj, k-1 = tanh? (BMy) . (8.19)

This is a non-backtracking operator whose spectral radius can be com-
puted using the methods explained in section 3.1.2. As noted in the
previous section, we only have to deal with the additional subtlety
that the graph G is a bipartite graph, and that the weights carried by
the non-backtracking operator (8.19) are correlated random variables.

We find that
p(B)=1/aZ(B)?, (8.20)

where Z(B)? is defined in equation (8.9). This formula generalizes
equation (3.126) to the case of correlated weights. Since X is an in-
creasing function of (3, we have p (B) < 1 for any < Psg, implying
the existence of an open set U > 0 such that for A € U, vg(A) = 0.
As we increase {3 from a small value, we therefore expect the bulk of
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uninformative eigenvalues of H(p) to reach A = 0 at § = Bsg, so that
the informative eigenvalues of H(fsg) are negative, as illustrated on
figure 8.1. As explained in the previous section, the choice B = Psg
in algorithm 10 approximates the critical value. Interestingly, this fig-
ure suggests that for § > Bsg, the bulk of uninformative eigenvalues
shifts back to the right on this problem.

8.4 NUMERICAL TESTS

Figure 8.3 illustrates the ability of the Bethe Hessian to infer the
rank rabove the critical value . defined in section 8.3.1, in the limit
of large size n,m — oo.

In figure 8.4, we demonstrate the suitability of the informative
eigenvectors of the Bethe Hessian as starting point for the minimiza-
tion of the cost function (8.2). We compare the final RMSE achieved on
the reconstructed matrix XYT with 4 other initializations of the opti-
mization, including the top singular vectors of the trimmed matrix M
as used in the OptSpace algorithm [80]. In all cases, the optimization
of the cost function is carried out using an off-the-shelf quasi-Newton
algorithm (see caption of figure 8.4). MaCBetH systematically outper-
forms all the other choices of initial conditions, providing a better
initial condition for the optimization of (8.2). Remarkably, the perfor-
mance achieved by MaCBetH with the inferred rank is essentially the
same as the one achieved with an oracle rank. By contrast, estimat-
ing the correct rank from the (trimmed) SVD is more challenging. We
note that for the choice of parameters we considered, trimming had
in practice a negligible effect.

We also investigated the effect of choosing a different optimization
procedure for the minimization of the cost function (8.2). As shown
in figure 8.5, when using the popular Alternating Least Squares (ALS)
method [58, 67] as the optimization method, we also obtained a sim-
ilar improvement in reconstruction by using the eigenvectors of the
Bethe Hessian, instead of the singular vectors of M as initial condi-
tion. Along the same lines, OptSpace [80] uses yet another minimiza-
tion procedure, close in spirit to ALS, and that had, in our tests, the
same performance.
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Figure 8.4 — RMSE as a function of the average number of revealed entries per row «: comparison
between different initializations for the optimization of the cost function (8.2). The
top row shows the probability that the achieved RMSE is smaller than 107!, while the
bottom row shows the probability that the final RMSE is smaller than 1078, These
probabilities were estimated as the frequency of success over 100 samples of matrices
XYT of size 10000 x 10000, with the entries of X, Y drawn from a Gaussian distribu-
tion of mean 0 and variance 1. All methods optimize the cost function (8.2) using
a low-storage BFGS algorithm [96] part of NLopt [71], starting from different initial
conditions. The maximum number of iterations of the L-BFGS algorithm was set to
1000. The initial conditions compared are MaCBetH with oracle rank (MaCBetH OR)
or inferred rank (MaCBetH IR), SVD of the observed matrix M after trimming, with
oracle rank (Tr-SVD OR), or inferred rank (Tr-SVD IR, note that this is equivalent to
OptSpace [80]), and random initial conditions with oracle rank (Random OR). For the
Tr-SVD IR method, we inferred the rank from the SvVD by looking for an index for
which the ratio between two consecutive eigenvalues is minimized, as suggested in
[79]. Figure taken from [141].
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Figure 8.5 — RMSE as a function of the average number of revealed entries per
row «: comparison between different choices of optimization
routines for the minimization of the cost function (8.2). Like in
figure 8.4, the probability that the output RMSE is smaller than
107 is estimated as the frequency of success over 100 samples
of matrices XYT of size 10000 x 10000, with the entries of X,Y
drawn from a Gaussian distribution of mean 0 and variance 1.
The rank is here fixed to v = 3. The blue curve (Tr-SVD (OR)
+ ALS) was obtained by using Alternating Least Squares (ALS)
as the optimization routine, initialized from the singular value
decomposition of the trimmed observed matrix M, using the
oracle rank. By replacing this initialization by the eigenvectors
of the Bethe Hessian, we obtain a significant improvement in
reconstruction accuracy as shown by the red curve, even using
the rank inferred by our algorithm instead of the oracle rank
(MaCBetH (IR) + ALS). We show for comparison in purple the
result of using MaCBetH with the off-the-shelf L-BFGS algo-
rithm (MaCBetH (IR) + L-BFGS) used for figure 8.4.
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8.5 CONCLUSION

In this chapter, we have introduced MaCBetH, a matrix completion
algorithm based on the Bethe Hessian. We have argued that MaC-
BetH is efficient for two distinct and complementary tasks. First, it
has the ability to infer the rank of a strongly subsampled matrix from
fewer entries than any existing approach. In particular, on synthetic
problems, we were able to make a precise prediction about the exact
number of entries that are needed, and showed numerical simula-
tions in excellent agreement with our predictions. Second, we found
empirically that MaCBetH provides a lower reconstruction RMSE than
its competitors.

In the next chapter, we come back to statistical physics, and show
how the non-backtracking operator and the Bethe Hessian can be
used to prove rigorous bounds on several quantities of interest in the
ferromagnetic Ising model.



SPECTRAL BOUNDS ON THE ISING
FERROMAGNET

We have used extensively the non-backtracking operator and the
Bethe Hessian to approximate the magnetizations of an Ising model
associated with a given inference problem. For both operators, this
approach is based on the Bethe approximation, which, although it is
believed to be accurate for sparse random graphs, does not in gen-
eral provide bounds on the magnetizations (see section 1.5.3). In this
chapter, we show that in the special case of the Ising ferromagnet, we
can establish algorithmic upper bounds on the partition function, the
magnetizations, and the correlations, which are expressed in terms
of the non-backtracking operator and the Bethe Hessian. The gen-
eral approach we follow is not new, and is based on a bound on the
so-called high temperature expansion due to Fisher [44], which we
review in section 9.3.1. However, up to now, and to the best of our
knowledge, this approach has not yielded explicit bounds that could
be computed efficiently, except in very particular regular graphs [44]
with particular couplings. In the following, we explicitly compute the
upper bound obtained using the approach of [44] on arbitrary graphs,
yielding a simple algorithmic upper bound expressed in terms of the
non-backtracking and Bethe Hessian operators, which can be com-
puted efficiently.

9.1 INTRODUCTION

Our starting point is the general Ising model in non-vanishing
fields defined by the pairwise MRF

1
]P(O') :EeXp Z JijGiGj+Zhi oi |, (91)
(ij)€EE(G) iev

where G = ([nl, E(G)) is an arbitrary graph, with n vertices and edge
set E(G), 0 € {£1}™ is a collection of binary spins, and the partition
function Z is defined by

Z = Z exp Jij010j H exp hioj . (9.2)
oce{£1}" (ij)€E(G) ieVv

We say that the Ising model (9.1) ferromagnetic if both the couplings
(Jij)(ij)ce(g) and the fields (hi)ic(n) are all positive. Recall ([151])
that an Ising model of the form (9.1) is completely specified by its
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magnetizations (Mq)qem) and its susceptibility matrix x € R™*™, de-
fined by

mq =E(og) = Z 0q P(0) forae nl, (9.3)
oe{£1}n
Xab = E(0q0p) = Z 0401 P(0) fora,ben]. (9.4)
oe{£1}n

We are interested in upper bounding the quantities (9.2,9.3,9.4).

9.1.1 Significance and prior work

The task of computing the quantities (9.2, 9.3, 9.4) knowing the joint
probability distribution (9.1) is a typical inference problem. Its appli-
cations, alluded to in chapter 1, include e. g. reconstructing partially
observed binary images in computer vision [54], or similarity-based
clustering into 2 groups [17]. Conversely, the task of computing the
joint probability distribution (9.1) knowing the magnetizations (9.3)
and correlations (9.4) is usually called learning, or inverse problem.
The practical importance of this inverse task stems in part from the
fact that model (9.1) is the maximum entropy model with constrained
means and correlations, as shown in section 1.3.2. In particular, it
has found numerous applications in biology [13, 109], from predict-
ing the three-dimensional folding of proteins, to identifying neural
activity patterns. In machine learning, a variant of this inverse prob-
lem is usually referred to as Boltzmann machine learning [7], and
is a typical unsupervised learning problem. In practice, learning is
done through a local optimization of the likelihood function, which
involves the partition function (9.2), and whose gradients involve the
magnetizations (9.3) and correlations (9.4) (see next chapter).

Despite their considerable practical importance, the estimation of
these three quantities in general is a notoriously intractable problem,
except in particular cases, notably when the graph G is planar and
the external fields (hi);c[n) vanish. In the latter case, explicit expres-
sions exist, originating in the work of Kac and Ward [43, 74, 78], and
allowing to devise polynomial-time inference algorithms [144]. Re-
cently, [70] proposed a greedy algorithm to approximate an arbitrary
graph by a planar one, thus making inference and learning tractable
in a more general setting. Their approach, however, does not provide
bounds on their estimates.

For the case of the ferromagnetic Ising model (9.1) with positive
couplings (Jij) (ij)ce(g) and fields (hi)icn), it is well known [87] that
the ground-state, i.e. the configuration of the spins with minimum
energy, can be found in polynomial time via graph cuts. This method
has been used successfully in a number of computer vision problems,
(see e.g. [21, 22, 54]), where a ferromagnetic Ising model is used to
denoise a partially observed image. Under the same ferromagnetic
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assumption, sometimes called attractive or log-supermodular in the
machine learning community, [135, 157] showed that the stationary
points of the Bethe free energy allow to lower bound the partition
function (9.2). The proof of [157] relies on a loop series expansion
of the partition function first derived by [30]. In this paper, we show
how to upper bound the marginals, correlations and partition function
of the ferromagnetic Ising model. Interestingly, our results also have
a strong connection with the Bethe approximation (see section 9.2.3).

The difficulty of inference and learning in the Ising model (9.1)
has prompted the development of a wealth of numerical methods to
approximate the quantities (9.2, 9.3, 9.4). In the ferromagnetic case,
a particularly important breakthrough came from the so-called clus-
ter Monte Carlo methods of [147, 158]. By updating a whole clus-
ter of spins instead of a single one, these algorithms can make non-
local moves in the space of spin configurations, while still verifying
the detailed balance condition. Therefore, they provided a substan-
tial speed-up over conventional Markov Chain Monte Carlo methods,
especially when the model (9.1) is near criticality. Other numerical
methods are typically based on a low or high temperature expansion
of the quantities of interest, and an exhaustive enumeration of an
increasing number of the terms contributing to this expansion [25].
On the learning side of the problem, [31] introduced a principled
and accurate approximation scheme based on the identification of
the clusters of spins that contribute the most to the entropy of the
model. While potentially allowing to reach an arbitrary accuracy in
the determination of the quantities (9.2,9.3,9.4), these numerical ap-
proaches do not, by nature, admit a closed-form solution, and do not
in general provide bounds on their estimates.

In this chapter, we prove explicit upper bounds on the three quan-
tities of interest (9.2,9.3,9.4) for arbitrary graphs. These bounds are
valid under two assumptions. First, we consider the particular case
where the couplings (Jij) (ij)ce (g) and the fields (hi)icn) are positive.
Second, we require the model (9.1) to be in a well-defined high tem-
perature region, specified by a condition on the spectral radius of the
non-backtracking operator of model (9.1). Our results use the same
starting point as some the intensive numerical methods described
previously, but are much simpler in nature, and provide a simple
and efficient closed-form bound, valid on any finite graph, as long as
the couplings and the fields are positive. We therefore expect these
results to find natural applications, e.g. in the inference and learn-
ing examples listed above, where the computation of quantities such
as the partition function (9.2) and the expectations (9.3, 9.4) play a
central role.

Our approach is based on the high temperature expansion of the
Ising model, reviewed in section 9.3.1. For ferromagnetic models, this
expansion is composed of positive contributions corresponding to cer-
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tain paths on the graph G. Our upper bounds are obtained by noting
that the set of such paths is included in a tractable set of more gen-
eral walks, for which an analytical expression can be derived. In this
sense, our work is closely related to [44] who derived similar upper
bounds. However, unlike [44] who derived formulas only for some
regular lattices, our approach generalizes to arbitrary topologies and
arbitrary positive couplings.

9.1.2 Assumptions and definitions

It will prove convenient to restrict our analysis to the Ising model
in vanishing external fields, defined by

Reduction to an

. . 1
Ising model in P(o) = < exp E Jijoioj | . (9-5)
vanishing fields Z (ij)€E(G)

While this may look like a severe restriction, the addition of a sin-
gle spin makes model (9.5) as expressive as model (9.1) [44]. More
precisely, we will use proposition 1 in [70], which we recall here for
completeness.

Proposition 9.1.1. (proposition 1 in [70]) Consider the Ising model (9.1)
on the graph G = ([nl,E(G)), with couplings (Ji;)ij)ee(g) and fields
(hi)ie[ny, and corresponding partition function Z, magnetizations (Mq)qcn],
and correlations (Xav) (a,b)en2- Define another Ising model on the graph
G = (n+1],E(G) U{(i, n+ N}ien)) with vanishing fields, and couplings

R {]ijif]'<1’l+]
Jij =

. .6
hiifj:n+1 (9 )

Call Z its partition function, and (Xab) (a,b)em+1)2 its correlations. Then
2 =2%and

(9-7)

. Xabifa<n+Tandb <n+1
Xab =

meifa<n+landb=n+1"

We will therefore consider model (9.5) in the following, and bound
its partition function and correlations, which will yield a bound on
the partition function, magnetizations and correlations of model (9.1).
Note also that from proposition 9.1.1, the new couplings (Ji;) (ij)€E(G)
are positive if and only if both the original couplings (Ji;)(ij)ee(G)
and original fields (hi);c[n] are positive.
Non-backtracking The upcoming results are expressed in terms of the non-backtracking
operator and Bethe operator and Bethe Hessian of model (9.5), which definition we now
Hessian recall. For a given graph G, we denote throughout the chapter by
E(G) its set of edges, and by E(G) its set of directed edges. The non-
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backtracking operator B € RIE(G Gl of model (9.5) is defined by

its elements, for (i — j),(k = 1) € E(G)

B(ij), (k-1 = tanh(Jx) 1(i = V1(j # k). (9-8)

In this chapter, we will call Bethe Hessian the matrix H € R™*™
defined by its elements

H;; (1 + Z ] fanh ]“‘ > ~afj e op)2Uy)

(9:9)
As shown in section 2.3.2, this matrix is (the only non-trivial block
of) the Hessian of the Bethe free energy at the paramagnetic fixed
point of model (9.5). In other words, it is also the inverse of the
susceptibility matrix, in the Bethe approximation.

Our results hold for arbitrary finite graphs G, provided the two

following conditions hold.

— First, we assume that all the couplings (Ji;)(ij)ce(g) as well as
the external fields (hi)ic[n) are non-negative, so that the Ising
model in vanishing field (9.5) given by proposition 9.1.1 has
positive couplings.

— Second, we assume that the model (9.1) is in a high tempera-
ture region, specified by the condition p(B) < 1. This condition
corresponds to assuming that the paramagnetic fixed point of
BP is stable.

9.2 MAIN RESULTS

We now state our main results and some of their consequences,
leaving the proofs to the next section. Recall that throughout the
chapter, we denote by E(G) the set of edges of a graph G, and by
E(G) its set of directed edges.

9.2.1  Bound on the partition function

Our first result is an upper bound on the partition function (9.2).

Theorem 9.2.1. Consider model (9.5) with positive couplings Ji; > 0 for
(ij) € E(G). Assume that p(B) < 1, where B is the non-backtracking matrix
defined in (9.8), and let H be the Bethe Hessian defined in (9.9). Then

2<2"det(1-B)""/* J] cosh(Jy),

(ij)€E(G)
-1/2 2 (9-10)
< 2™ det(H) [T cosh(ls)?.
(J)€E(G)

1. This matrix corresponds to the Bethe Hessian H(x) of equation (3.107) evalu-
ated atx = 1.
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Note that for graphs that are not sparse, the non-backtracking op-
erator is a large (IE(G)I X |E(G)|>, non-symmetric matrix, non-trivial
to build or manipulate. The equality in (9.10) allows to compute this
bound without having to build the non-backtracking matrix, by us-
ing instead the smaller (n x n) and symmetric Bethe Hessian. This
last equality is a simple consequence of the Thara-Bass formula 3.2.2,
which states here that

det(I—B) =det(H) [] cosh(Ji;)72, (9.11)
(ij)EE(G)

where [ is the identity matrix in dimension [E(G)]. In particular, this
formula implies that on any finite graph, H is non-singular under
the condition p(B) < 1. In the thermodynamic limit n — oo, some
subtleties arise, as discussed in the next section.

As will be apparent from the proof, this bound is based on an over
counting of the subgraphs of G contributing to the high temperature
expansion of the partition function (see section 9.3.1). These sub-
graphs correspond to closed paths (i. e. closed self-avoiding walks),
and are notoriously hard to count [45]. To derive an analytical upper
bound on the partition function, the set of contributing subgraphs
must be included in a larger set of walks on the graph G whose
contribution can be computed analytically. A simple bound can be
obtained by including the set of closed paths in the set of all closed
walks on the graph G. This approach yields an analytical bound simi-
lar to theorem 9.2.1 expressed in terms of the adjacency matrix of the
graph, namely

z<2det(I-A)"" J] cosh(y), (9.12)
(ij)€E(G)

whenever p(A) < 1, where A is the weighted adjacency matrix of the
graph G, with entries Ai; = tanh(J;;) 1(i € 9j) (see section 9.3.2 for de-
tails). This bound is however too loose, because it counts many spuri-
ous contributions, in particular walks that are allowed to go back and
forth on the same edge. In particular, by the argument explained in
the introduction of chapter 3, on sparse Erd6s-Rényi random graphs,
the spectral radius of A in unbounded with the size n of the graph,
so that the bound (9.12) is not useful. We considerably improve this
bound by forbidding that the walk immediately backtracks to the pre-
vious edge. This is achieved by replacing the adjacency matrix with
the non-backtracking operator. From the proof of section 9.3.2, it is
straightforward to see that the bound (9.10) is less tight if the graph
G contains more loops. In practice, however, figure 9.1 shows that
using the non-backtracking operator instead of the adjacency matrix
leads to a dramatic improvement, even in the case of a 3D lattice Ising
model, which has many loops.
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9.2.2  Bound on the susceptibility

We now state our upper bound on the correlations, encoded in the
susceptibility matrix x of equation (9.4).

Theorem 9.2.2. Consider model (9.5) with positive couplings Ji; > 0 for
(ij) € E(G). Assume that p(B) < 1, where B is the matrix defined in
(9.8). Define the matrices P,Q € R IE(G)] by their elements, for a €
l, (ij) € E(G)

Pq (i) = tanh(]J;)1(a =7j), Qua,(imj) =1la=1). (9.13)

Then
X <PI—B) QT +Inxn, (9.14)

where the inequality holds element-wise.

Note that P is the pooling matrix (3.127) associated with the non-
backtracking operator. Once more, it is possible to express this last
result in terms of the Bethe Hessian rather than the non-backtracking
operator, yielding a surprisingly simple result.

Corollary 9.2.3. Let H be the matrix defined in (9.9). Under the same
assumptions as theorem 9.2.2, it holds that H is invertible, and

x<H, (9-15)
where the inequality holds element-wise.

This corollary results from applying proposition 3.2.1 to the in-
equality (9.14). As for the partition function, these bounds rely on the
inclusion of the set of paths between two spins in a larger, tractable
set of walks on the graph G (see section 9.3.3). More precisely, expres-
sion (9.14) follows from the inclusion of the set of paths between two
fixed spins a,b € [n] in the set of non-backtracking walks starting at
a and ending at b. If we allow these walks to backtrack, i.e. if we in-
clude the set of paths in the set of all walks, we get the looser bound

X < (In _A)71 ) (916)

whenever p(A) < 1 where A is the weighted adjacency matrix with
elements Aj; = tanh(Ji;) 1(i € 9j). Once more, forbidding backtrack-
ing allows to dramatically improve the bound on the susceptibility,
as shown in figure 9.1. In fact, we have seen in section 2.3.3 that the
Hessian of the nMF free energy at the paramagnetic point is given
by I — A, so that equation (9.16) bounds x by the nMF susceptibility.
By contrast, the corollary (9.15) bounds x by the susceptibility in the
Bethe approximation. We come back to this point in section 9.2.3.
While valid only on finite graphs, the previous results allow us, in
certain cases, to derive a bound on the paramagnetic to ferromagnetic
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phase transition of the Ising model. More precisely, for a sequence of
Ising models, the previous results allow to bound the scalar suscepti-
bility, defined as

31—

n
X = Z Xxy - (9.17)
x,y=1

Corollary 9.2.4. Consider a sequence (1,)p,en of Ising models of the form

(9.5), each of them defined on a graph G, with positive couplings ]gﬂ >0,

for (ij) € E(Gyp), and scalar susceptibility (9.17) denoted Xp. Denote By,
the non-backtracking operator defined in (9.8) for the Ising model 1, and
assume that Vp € IN, p(Bp) < 1. Define Hy, to be the Bethe Hessian
defined in (9.9) for the Ising model 1,,, and let Anin (Hyp) denote its smallest
eigenvalue. Assume that there exists € > 0 such that ¥p € IN, Apin(Hp) >
€. Then for any p € N,

1
Xp < (9.18)
€
Proof: for any fixed p € IN, let n,, be the number of vertices of the
graph G,. Defining U, € R™ to be the vector with all its entries
equal to 1, and denoting by ||.||,, the euclidean norm, we have from

corollary 9.2.3

1 & U,"H;'U, 1 1
Xp < — (Hp)gy = /PP <p(Hy') = — o~ < -,
" Mp x,yZ—I Py HUPH% ( P ) }\mm(Hp) €

(9-19)
where we have used that the matrix H, is symmetric.

For sequences of graphs that admit a thermodynamic limit, corol-
lary 9.2.4 implies a condition under which the infinite Ising model is
in the paramagnetic phase, therefore yielding a bound on the para-
magnetic to ferromagnetic transition. As an explicit example, let us
consider the case of a sequence (Gy)pen of d-regular graphs with
uniform couplings J;; = 3. We assume that the number of vertices in
Gp goes to infinity as p — oo. It is straightforward to check that, for
any p € N,

_ (H,) =1 4tanh(B)
p(Bp) = (d—1) tanh(p) and Amin(Hp) = T+ tanh(p)
(9.20)
By application of corollary 9.2.4, it follows that if
(d—1)tanh(B) < 1, (9.21)

the scalar susceptibility X, remains bounded. Equivalently, if the
sequence of Ising models admits a thermodynamic limit with a phase
transition at 3., then

Bc > atanh ﬁ : (9.22)
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Interestingly, the right hand side of the last equation corresponds to
the critical inverse temperature in the Bethe approximation, which is
already known to be a lower bound on 3. for certain ferromagnetic
models on hypercubic lattices [44]. Our contribution generalizes such
previous results, giving a simple algorithm to derive a lower bound
on arbitrary graphs, with arbitrary (positive) couplings. It is worth
noting that, perhaps unsurprisingly, this bound is tight on sparse ran-
dom d-regular graphs with uniform couplings V(ij) € E(G),]i; = B.
Indeed, on such locally tree-like graphs, the existence of the thermo-
dynamic limit has been proved, and the critical temperature has been
shown to verify (d — 1) tanh(f:) =1 [35, 37].

From the Ihara-Bass formula (9.11), it holds that on any finite graph,
Amin(H) > 0 as long as p(B) < 1. Therefore one may expect that the
condition on the smallest eigenvalue of Hy, in corollary 9.2.4 could
be relaxed, e.g. by assuming instead that p(B) < 1 — e for some
e > 0. This relaxation turns out to be not possible, because it may
happen that the spectral radius of B is bounded away from 1, while
the smallest eigenvalue of H tends to O, the limit p — oco. As an
example, take G, to be the star graph with n, = p + 1 spins and
edges (i,p+1) for i € [p], and uniform couplings J;; = B. Since
Gp is a tree, and the non-backtracking operator is nilpotent on trees,
it holds that p(B,) = 0 for all p. On the other hand, the spectrum
of Hy, can be computed explicitly, and its smallest eigenvalue shown
to verify

1
— 0. (9.23)

Mnin(Hp) 5 S tanh(B)2 poee

9.2.3 Relation to belief propagation and susceptibility propagation

Recall from section 2.2.2 that a standard approach to compute the
magnetizations of the Ising model (9.5) is to use BP, which approxi-
mates the magnetizations m; = [E(0;) as

m; ~ tanh (Z atanh (m_,; tanh ]u)) , (9.24)

leoi

where the messages (m;_,; )( verify the fixed point equation

1i—j)€E(G)

m;_,j = tanh Z atanh (my_,itanhJi) | - (9.25)
1€0i)\j

In practice, starting from a random initial condition, one iterates equa-
tion (9.25) until convergence, and outputs the result of (9.24). BP is
known to be exact on trees, and widely believed to yield asymptot-
ically accurate results for sparse, locally-tree like graphs with few,
large loops, as well as models with small couplings [103].

This message-passing approach can be extended to allow the com-
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putation of the correlations xi; for any 1,j € [n] using the fluctuation
dissipation theorem. The resulting algorithm is called susceptibility
propagation [104, 108], and approximates Xi; as

X1—1,j tanh ]11
~ (1— , .26
( < Z tanh? Jir (9:26)

1661 ml—>1

where the (m;_,;) (imj)cE(G) are the fixed point of (9.25), the (my)icn;
are the BP estimates of the magnetization derived from (9.24) and the
(Xiaj,k)(i_)j)eﬁ(e)’ke[n] verify the fixed point equation

2 X1—i,k tanh Jiq
Xiosje = (1=mi,;) [1(i=%)+ Z 2 2 ’
1681\) —my_,; tanh” J

(9-27)
Similarly to BP, starting from a random initial condition, equation
(9.27) is first iterated until convergence, and the correlations are then
estimated from equation (9.26). Note that it is possible to invert the
relation between the susceptibilities and the couplings, resulting in
an inference algorithm for solving the inverse Ising model. This al-
gorithm has been shown to yield better results than other mean field
approaches on certain problems [108, 128].

While only exact on trees, both BP and susceptibility propagation
have been observed to yield good approximate results on more gen-
eral topologies, when they converge. However, these algorithms are
based on the Bethe approximation [160], which, unlike the naive
mean-field approach, does not provide bounds on the actual partition
function [151]. The following result might therefore appear surpris-

ing.

Corollary 9.2.5. Consider model (9.5) with positive couplings Ji; > 0 for
(ij) € E(G). Assume that p(B) < 1, where B is the non-backtracking
matrix defined in (9.8). Then (mi; = 0);_; ¢ () 5 @ stable fixed point
of the BP recursion (9.25). Additionally, the corresponding susceptibility
propagation algorithm converges, and yields an upper bound on the true
correlations, regardless of the topology of the graph.

Proof: the fact that (mi_,; = O)(iaj)eﬁ(G) is a fixed point of BP is
readily checked on equation (9.25). To see that it is stable, we repeat
the arguments developed at length in chapter 2. Starting from a small
perturbation éml . we have at first order at iteration t > 1

dm 1—>J Z tanh J;; 6ml~)l’ (9.28)

leoi\j

which in matrix form can be written dm! = Bém'~'. The stabil-
ity of this fixed point follows from the assumption p(B) < 1. The
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corresponding BP solution is m; = 0,Vi € [n]. The corresponding
susceptibility propagation recursion reads

Ximjk =1(i=k)+ >  XiixtanhJi. (9-29)
1edi\j

This defines a linear system which we now write in matrix form. For
k € [n], define a vector xi € RE(G)l with elements Xi—j,k, for (i —
j) € E(G), and call Qy the k-th line of the matrix Q defined in theorem
9.2.2. Then equation (9.29) can be rewritten in matrix form as

Xk = QxT+Bxxk. (9.30)

whose solution xx = (I—B)~'QxT exists and is unique, since p(B) <
1. Iterating equation (9.29) starting from the initial condition X%/ we
get at iteration t > 1

Xk —xk =B —xx) (931)
so that xf — xx as t — oo, using again that p(B) < 1. Finally,
using equation (9.26), it is straightforward to check that the correla-
tions output by susceptibility propagation are given in matrix form
by P(I— B) " 'QT + I,y xn, which is, by theorem 9.2.2, an upper bound
on the true correlations >.

9.3 PROOFS

We now detail the proof of our two main theorems, involving the
non-backtracking operator. We start by reviewing the high tempera-
ture expansion of the Ising model. We then use it to prove theorems
9.2.1 and 9.2.2.

9.3.1 High temperature expansion

Central to our results is the high temperature expansion of the par-
tition function, which we quickly rederive here. We use the following
rewriting of the Boltzmann weight, relying on the fact that the spins
are binary variables equal to £1

exp Jijoi05 = aij(1 +byjoi05), (932)

2. The fact that, when susceptibility propagation converges, its estimates for the
correlations can be expressed in terms of the inverse of the Bethe susceptibility, is
still true outside of the paramagnetic phase, and was first noticed by [128].
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Figure 9.1 — Numerical simulation of the 3D lattice Ising model with n = 323 spins, with periodic

boundary conditions, and uniform couplings J;; = . The left panel is the scalar
susceptibility X of equation (9.17), and the right panel is the log of the partition func-
tion defined in equation (9.2). For both quantities we represented the exact value
computed via a Monte Carlo simulation (using the Wolff algorithm [158]), and the
upper bounds (9.10) and (9.15) expressed in terms of the Bethe Hessian operator. The
dashed lines signal the critical temperature 3. of the 3D Ising model as computed nu-
merically in [127], and the lower bound on this critical temperature provided by the
Bethe Hessian (9.22). Finally, we included for comparison the upper bound obtained
by using the adjacency matrix A instead of the non-backtracking matrix (equations

(9.12) and (9.16)).
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with ai; = cosh(]ij), bi; = tanh(J5). The partition function of model
(9.5) is given by

= ) I[I exlyoio (9:33)

oe{£1}" (ij)EE(G)

= [T «)] > [ (+byoioy) (9-34)

(1J)EE(G) oe{£1}" ({)EE(G)
= IT ] 2 |1+ 2 byouo
(iJ)EE(G) oe{x1 ({J)€E(G)

(9-35)

+ Z bijkaO'iO'jO'kO'L-i-"'
(1), (k) €E(G)

After summing on the spin configurations o € {£1}™, the only terms
in the expansion that do not vanish are the ones supported on a sub-
graph of G where all nodes have even degree. These are closed paths
(not necessarily connected). Each of these closed paths contribute a
factor 2™ to the partition function. We can therefore rewrite the parti-
tion function in the following form, called high temperature expansion

Z=2" H aj | |1+ Z H (9:36)

(1j)EE(G) geC (ij)€k(g)

where C is the set of closed paths, possibly disconnected.

9.3.2  Proof of theorem 9.2.1

We now introduce the set C{ of connected closed paths of length 1.
We denote by WY the sum of all contributions to the partition function
coming from connected closed paths of length 1 > 1, i.e.

= Z H byj . (9:37)
geCt (ij)ek(g)

We have the inequality

1
C C C
<1+ ) = ) LWE - WE ]
1>1 ne>l Lt Al =1
Nc

<2 I ey 1+ ) L, D Wi : (9:38)

(i))€E(G) ne1 ¢\
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Indeed, the product Wi Wy, ---W{_  contains all the contributions
coming from dlsconnected closed paths whose connected components
are of size ly, - - - , ln,.. The factor n.! accounts for all the permutations
of the factors in this product. This is only an inequality because we
are counting graphs in which some edges appear more than once.
However, the factors Wy are still hard to compute, and we will look
for an upper bound. A simple upper bound can be derived by consid-
ering a weighted version of the adjacency matrix of the graph. Define
A € R™ ™ by its entries

bi;  if (ij) € E(G
Ay = ) (5 _ (6) : (9:39)
0 otherwise
then it holds that
TrAl
LS (9-40)

Indeed, the right hand side contains all contributions coming from
closed walks that start and end at the same point. The factor 1/1
accounts for the choice of the starting point. However, as hinted at in
section 9.2.1, this upper bound is loose, because the adjacency matrix
allows backtracking, and therefore going back and forth on the same
edge, whereas such contributions do not appear in the partition sum.
To improve this bound, we use a matrix that forbids backtracking:
the operator B of equation (9.8). Since connected closed paths are
closed non-backtracking walks (although the converse is not true), it
holds that
l

i< %. (9-41)
where the additional factor 1/2 accounts for the degeneracy due to
the orientation of the non-backtracking closed walk. Under the as-
sumption that p(B) < 1, the following bound holds

T B 1 |
1>1 1>1

where I € RIE(GIXIE(G)] js the identity matrix. This, along with the
Ihara-Bass formula (9.11) completes the proof of theorem 9.2.1.

9.3.3 Proof of theorem 9.2.2

The correlation functions are given, for any x,y € [n], by

> oxoy I  (1+by0i05) ) [T by

E(o,0,) = oe{+1n (ij)€E(G) _ gEPxy+C (ij)€E(g)
x Oy I (1+byj0i05) T+ Y [T by
oe{+1)" (ij)€E(G) g'ce (i)2E (g)
(9-43)

where
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— Pyy is the set of paths from x to y.

— C s, as in the previous section, the set of closed paths.

— Pxy + Cis the set of diagrams made of a path from x to y and
any number of disconnected closed paths such that each edge
is selected at most once. The closed paths therefore do not in-
tersect the path from x to y.

We assume without loss of generality that x # y. From the previous

definitions, we have that

< > [1 bij) <1+ > II bu’)
9EPy (i))EE(g) g'€C (ij)€E(g))
1+ 11 by " (9.44)

g'cC (ij)€E(g")

<2 11 vy

ge€Pxy (1j)€E(g)

E(oxoy) <

Indeed, developing the product at the numerator gives a sum of
positive contributions including the ones in Py, + € and also (posi-
tive) spurious contributions coming from diagrams where the closed
loops intersect the path from x to y. We now introduce the set

}X ), (YY) of non-backtracking walks of length 1, starting on
the directed edge (x — x’) and terminating on the edge (y" — y).
For a non-backtracking walk w, we denote by £(w) the list of edges
crossed by w, where each edge appears with a multiplicity equal to
the number of times w crosses this edge. Since any path in Py is a
non-backtracking walk (though the reverse is again, in the presence
of loops, not true), it holds that

E(oxoy) <Y Y > IT b5 (945

> ’ L N
= ;‘122; WEN (), (v ) (ij)e&(w)

where 9x denotes the set of neighbors of x in the graph G. In order to
write this last expression in terms of the non-backtracking operator,
we introduce the vector uy,_,, € RE(G) with entries all equal to
0 except for the (x — x’) entry, which is equal to 1. Similarly, we
introduce the vector vy/_,y € RIE(S) whose only non-zero entry is
equal to by, in position (y — y’). Then we have

Z H by = Vy/%yTBl_1ux%x/ » (9-46)
IENL L) y/y)  (FIEER(G)
so that
T
IE(O—XGy) < Z Vy' =y ZB1_1 < Z ux—>x’> (947)
y’€dy 1>1 x'€0x

T

< Z Vy' =y (I*B)_] ( Z ux%)d) (948)

y'edy x'€9x
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where we have used the assumption p(B) < 1, so that the series of
powers of B is summable. To write this last equation in a more com-
pact way, recall the definition of the susceptibility matrix x € R™*™,
with elements x,y = [E(0x0y). Then it holds element-wise that

X <P(I—-B)7'QT +1xn (9-49)

where P,Q € R™*IE(G)l are defined in equation (9.13). Note that the
addition of an identity matrix ensures that the inequality also holds
on the diagonal of x. This completes the proof of theorem 9.2.2.

9.4 CONCLUSION

In this chapter, we have considered the ferromagnetic Ising model,
and used the non-backtracking operator and Bethe Hessian to derive
rigorous bounds on the partition function, the magnetizations, and
the correlations, valid on arbitrary graphs, in a certain high temper-
ature region specified by the spectral radius of the non-backtracking
operator. Our approach builds upon previous work by explicitly com-
puting an upper bound which was known, but for which a tractable
expression existed only in very special cases. By contrast, our bounds
can be easily implemented and efficiently computed on arbitrary fi-
nite graphs, with arbitrary (positive) couplings. As a by-product, we
were able to show that, in the same high temperature region, the pop-
ular susceptibility propagation algorithm converges to approximate
correlations that admit an analytical expression, and that these corre-
lations are an upper bound on the true correlations. In the next, and
final chapter of this dissertation, we hint at a possible application of
some of the previous ideas to a learning problem.



OUTLOOK: LEARNING AND THE NATURAL
GRADIENT

Throughout the dissertation, we have been interested exclusively
in inference, i. e. the task of computing the marginals of a given pair-
wise MRF. In this last, short chapter, we hint at the possible appli-
cability of some of the ideas developed previously in the context of
learning, where the aim is to recover a pairwise MRF from a dataset as-
sumed to be sampled from it. After presenting succinctly the learning
problem in exponential families, we introduce the concept of natu-
ral gradient, which modifies the usual maximum likelihood learning
rule to take into account information geometry considerations. We
show how to give a mean-field approximation to the natural gradi-
ent, and illustrate our computation on a binary restricted Boltzmann
Machine (RBM). Our very preliminary results still lack an empirical
validation, but may hopefully serve as a basis for future investiga-
tions.

10.1 LEARNING IN EXPONENTIAL MODELS

We consider here an exponential model with so-called canonical pa-
rameters 0 = (04 )qcg € R?!, for some index set J, defined by the
joint probability distribution

IPg(0) = exp ({0, f(0)) + F(6)) (10.1)

where o € X™ is a collection of random variables, f(0) = (f«(0)) g €
RP!'is a vector-valued function of ¢ called sufficient statistics, and the
angular brackets denote the canonical inner product in R!. Recall
that, as seen in section 1.3.2, the exponential model (10.1) is the max-
imum entropy distribution with constrained expectations

Ep, [f«(0)], for e . (10.2)

In particular, when the sufficient statistics f(o) contain only functions
of single variables o or pairs of variables (o}, 0j), the model (10.1)
defines a pairwise MRF in its exponential representation (1.13). The
quantity J(0) enforces the normalization of the probability distribu-
tion and equals the Helmholtz free energy of the model

5(0) = —log ( > exp <e,f(o)>) (10.3)

ocexn

We assume that we are given p iid samples & = (6(}), c(p drawn
from the distribution (10.1), and we are looking to learn the param-
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eter 0 from these samples. It can be shown [152] that the optimal

estimator § of @ that minimizes the mean square error is given by
0= argmax, { (0, 6) , (10.4)

where ( (0, &) is the log-likelihood of the observed samples, given by

1 g .
£(6,6) = = Zlogll’e (6(1)> , (10.5)
i=1

= <e> |:L> +3(0), (10.6)

where (i = (la) g € R is a vector of empirical means

(e = if(x (6m> . (10.7)
i=1

To maximize the log-likelihood in (10.5), a popular algorithm is
(stochastic ') gradient ascent. With a small, time-dependent learning
rate 1¢, we iteratively update 0'*1 < 0 + A@' where for a € J,

A0 =11 (VE(6,6))

. (10.8)
=Tt <ch - IE:]Pet [fa(c)]> )
where we have used that
0F(0)
0. Ep,, [fx(o)] . (10.9)

In particular, the algorithm has converged when the moments of the
exponential distribution (10.1) match the empirical means (10.7).

10.2 NATURAL GRADIENT

It is easy, but instructive, to re-derive heuristically the previous
learning rule. At each iteration t, we are looking for a small move
AB in the Euclidean space R! that maximally increases the log-
likelihood. Therefore, we are solving

A®' = argmax{ (6" + A6, 6) (10.10)

ABeRP
llael|=e

where ||Af| is the Euclidean norm of A8. We are therefore solving a
constrained optimization problem with Lagrangian

L=10(0"+A0,8) —A(]|a0)* —€?),

10.11
~ 0(0%) + A0 VL (0,5) — A (]|A0]* —€?) . (10.11)

1. Stochastic gradient ascent considers, at each iteration, a random subset of the
samples, called a mini-batch.
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where A is a Lagrange multiplier, and we have used that e is small
to expand, to first order, the log-likelihood. Note that we neglect
here the second order term in the expansion of {, which would give
us a (regularized) Newton algorithm. Equating the gradient of this
Lagrangian to 0, we obtain the classical learning rule

A x VL (0,06) . (10.12)

When deriving this learning rule, we have identified our probabil-
ity distribution with its vector 0 of canonical parameters, i.e. with
an element of an Euclidean space. A fruitful approach, pioneered by
Amari [9], is to consider instead that the optimization takes place on
the manifold of exponential models of the form (10.1). In other words,
instead of considering that we optimize over 6, we optimize directly
over the probability distribution IPg. The geometry of this manifold is
non-trivial, as there is no clear notion of distance between probability
distributions (recall that the KL-divergence introduced in section 1.5.2
is not symmetric). Still, we can endow the manifold of exponential
models of the form (10.1) with a local Riemannian structure by show-
ing [9, 123] that, locally, the KL-divergence defines a metric F given in
matrix form by

1
Dx1 (P [Pt a0) Dki(Potao |[Po) ~ SABTFAB, (10.13)
AD—0 2

AO—0

where F is the Fisher information matrix (hereafter the Fisher)

(10.14)

02 logPg(0)
002

F = Ep, {—

The natural gradient approach seeks to find a small update A6 that
minimizes £(0 + A0, &) under the constraint that Dxp (Pe || Po+nae)
(rather than the euclidean norm of A0) is fixed. The Lagrangian (10.11)
then becomes

1
L~ L0 4+A0VLE(0,8)—A <2A9TFA9 — ez) , (10.15)

so that the update rule, with a time-dependent learning rate, becomes

AOt =1 F1vL(0). (10.16)

The natural gradient approach enjoys desirable properties such as
invariance with respect to the parametrization of the exponential
model (10.1) [9], and it has proven to speed up learning in various
problems [9, 123, 134]. One major drawback, however, of this method
is that it requires to store and, more importantly, to invert the very
large matrix F. Several approximation schemes have therefore been
proposed. Notably, the authors of [36] tune the architecture of a deep
neural network in such a way that the natural gradient is approxi-
mately equal to the classical gradient. As a consequence, the usual
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(stochastic) gradient ascent learning rule (10.8) is approximately iden-
tical to the natural gradient learning rule. The authors report an im-
pressive improvement in training time on various popular datasets.
In the rest of this chapter, we would like to argue that we can com-
pute directly an approximation of the inverse Fisher F~! using mean-
field approximations, eliminating the need to invert it. Additionally,
our approximation turns out to be sparse, making its implementation
efficient both in terms of time and memory complexities.

It is worth noting that in the case of exponential models defined
by (10.1), the natural gradient approach is equivalent to Newton’s
method. Indeed,

9?2 logPg(0)
925(0)
~ 302 (10.18)
o 9%0(0,X)
~ %02 (10.19)

so that —F is in fact the Hessian of the objective function. We note
that this fact is not general [134] and stems from the log-linear nature
of model (10.1).

10.3 MEAN-FIELD APPROXIMATION TO THE NATURAL GRADIENT

Using the variational approach developed in section 1.5.2, it can be
shown (see chapter 3 of [151] for the details) that the Helmholtz free
energy J(0) is related to entropy by the following Legendre transform

7(0) = inf (~(0,1) — S(w) (10.20)

where, with an abuse of notations, we write S(u) for the entropy of
the distribution Pg,,), where 8(u) is defined by the conditions

Epy,, fal0)] = pa, YaeJ. (10.21)

In equation (10.20), M is the set of realizable mean parameters, i. e. the
set of mean parameters p that can be written as the moments of a
certain exponential model

M ={p e R 30 € R”I such that Vo € 9, Ep, [f«(0)] = p«t (10.22)

The main ingredient of our approach is the following standard result
in conjugate duality

225 (0)\ 325 ()
-1 _ _
F ' = < 302 ) 2 |, (10.23)
where the last derivative has to be evaluated at u* such that
0S
VF(0) = —u* 95w — 9. (10.24)
ou —
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We therefore have an explicit formula for the inverse of the Fisher. Un-
fortunately, computing this entropy is still intractable in any interest-
ing problem. However, we have seen various mean-field approxima-
tions to the entropy in chapter 1, and we illustrate here how they can
be used to approximate the inverse Fisher. For instance, within the
Bethe approximation ?, we may try to approximate equation (10.23) as

02§ Bethe(p_)

op? ’
where the derivative is evaluated at pu* given by equation (10.24),
which translates, in our approximation, as

Fla— (10.25)

oS Bethe ( P')

on =—0. (10.26)

p=p*

In other words, p* is a stationary point of the Bethe free energy, since
the previous relation can be written as

a:}*Bethe(e’ P')

on =0, (10.27)

p=p*

where by its definition (1.64), the Bethe free energy reads
gethe(9, 1) = —(8, ) — S Pee(p) (10.28)

Note that we have made here the dependence of F5h¢ on the canon-
ical parameters explicit. Finally, since the internal energy —(0, ) is
linear in 6, we may rewrite equation (10.25) as

B aZ&rBethe(e, H)

2 )
o —

F (10.29)
where p* is a local minimum 3 of the Bethe free energy (over a corre-
sponding set M of realizable parameters translating the consistency
constraints (1.63) on the beliefs, which we write explicitly on an ex-
ample in the following). We have therefore expressed the natural
gradient in terms of the Hessian of the Bethe free energy, a matrix
we have become well-acquainted with. Note that contrary to our past
approaches, we evaluate here the Hessian at a non-trivial value of p,
which is always a local minimum of the Bethe free energy, so that this
Hessian should always be positive definite.

2. These arguments can be adapted to other mean-field approximations.

3. The “true” free energy —(6, u) — S(p) where p is defined by (10.21) is convex,
and has a unique stationary point specified by the condition (10.24), which is also a
global minimum. In our mean-field approximation, we have to deal with the non-
convex Bethe free energy, which may have multiple saddle points and local minima
that all verify the condition (10.27), so that it is not obvious how to make sense
of this definition of u*. It is reasonable to require, in addition to the stationarity
condition (10.27), that u* be a local minimum (not a saddle) of FBethe gince the
Fisher should be positive definite in well-defined problems.
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Let us illustrate our approach on a simple binary example. We
consider a Boltzmann machine (i. e. an Ising model) on a graph G =
([n],E), where E is the set of edges of the corresponding pairwise
MRF. The Boltzmann distribution is then given by

n
Po(0o) =exp Zeiai—l— Z 0ij0105 + F(0) (10.30)
i=1

()ekE

where the sufficient statistics are here fi(x) = oy, fij(0) = oy05 for
i € [n],(ij) € E. As is usual in the machine learning literature, we
assume here that o; € {0,1} for i € [n]. The canonical parameters
are here the 0;,0;; for i € [n], (ij) € E. The Bethe free energy can
be written in terms of mean parameters i, pij, for i € [n], (ij) € E

as* ([154])

n n
Fhethe(g, 1) =Y Oipi+ ) O+ (1—10:) M) +n(1 — )]
i=1 (ij)eE i=1
+ 3 )+l +1—pi— 1)+l — )+l —py) -
(ij)€E

(10.31)
where |0;] is the degree of vertex i in the graph G, and n(x) = xlogx.
The set of realizable mean parameters is here ([154])

M= {(Ui) Fl-i)') € [O) 1]n+|E| ’ V(i,j) € E)
(10.32)
max(0, ui +py — 1) < pyj < min(py, Hj)} -

Computing the Hessian of the Bethe free energy is then a simple
matter of algebra. We find

02 FBethe g o 1—d; 1(j € di
FT O _ gyt DEN 1 (o33)
OHLi 1 mil=—m)  wy+l—pmi—w
aZ§Bethe(e) FL) :_1(1 _ k) 1— 1
Hij Hi - (Mt HL])(!TIL . i H]) ) (10.34)
] (5 = 1) (g + T — i — 1)
o2gBethe(g, 1) 1i=k)1(j =1
o = —— : : ) : : . (10.35)
Hij bkt i (e — 1) (5 — ki) (g + 1 — 1 — 1)

To compute the natural gradient, one only needs to find a local
minimum p* of the Bethe free energy, and evaluate the previous Hes-
sian at u*. This local minimum can be computed in various ways,
from the BP algorithm (which however may output a saddle point of
the Bethe free energy), to the direct (constrained) optimization of the

4. Note that this expression is slightly different from the one used in section 2.3.2
because we consider here “spins” o; € {0, 1}.
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Bethe free energy on the set M [154]. A simple and efficient approach
is to use the TAP approximation of [47], which approximates (to good
accuracy when the couplings 6;; for (ij) € E are small enough ) the
stationary points of the Bethe free energy [154].

Finally, we note that although the Hessian (10.33) is of size (n + |E|
it is very sparse (even when G is a dense graph), and contains only
n + 7|E| non-zero elements. For example, for a RBM® trained on the
MNIST dataset of handwritten digits, with n,, = 784 visible units and
ny = 500 hidden units”7, the Hessian is of size (500 + 784 + 500 x
784)% = 3932842, but it contains only 2745284 non-zero entries, 1i.e.
less than 0.002% of the total number of entries. Since the natural
gradient learning rule requires multiplying the gradient of the log-
likelihood by this matrix at each iteration, the sparsity of the Hessian
is a very important feature in practice.

)2

7

10.4 CONCLUSION

In this chapter, we have outlined a possible application of the ideas
developed previously in this dissertation to a learning problem. In
particular, we have argued that the Hessian of the Bethe free en-
ergy may allow to approximate the natural gradient, thus providing
a more efficient learning rule. We ran some preliminary numerical
tests of the MNIST dataset of handwritten digits, and found that this
mean-field natural gradient approach allows to train a RBM to good
accuracy. It is however still unclear whether this approach improves
the speed of convergence, compared to the classical contrastive di-
vergence approach [64] (which uses a short Markov chain to sample
from the Boltzmann distribution), or the TAP approach of [47]. The
problem we found is that, as is well-known, the training speed largely
depends on the learning rate 1 in all of these methods, which should
be chosen in different ways depending on the precise learning rule.
Before being able to perform a consistent comparison between these
methods, it is important to find a principled way to fix this learning
rate. This problem is interesting both in theory and in practice, and
should be the focus of future work.

5. It is good practice to regularize the log-likelihood by adding a penalty term
favoring small couplings.

6. A RBM is defined on the complete bipartite graph with n,, visible spins (or
neurons) and ny, hidden ones.

7. When dealing with hidden units 0 = (v, h), various approaches to the natu-
ral gradient are possible [123]. We could ascend the manifold of probability dis-
tributions on the visible units by integrating out the hidden units, ie. Pg(v) =
> nPPg(v,h). We choose instead to consider the manifold of joint probability distri-
butions Pg (v, h).
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In this dissertation, we have considered the problem of estimating
the marginals of a pairwise MRF using spectral methods derived from
mean-field approximations. We have identified a class of factorized
and symmetric models for which BP possesses a trivial, uninformative
fixed point. By analyzing the stability of this fixed point, we have un-
covered a phase transition expressed in terms of the spectral radius
of a certain operator, called the non-backtracking operator. We have
linked this operator to another, smaller and symmetric matrix which
we called the Bethe Hessian. This latter operator controls the sta-
bility of the paramagnetic phase of an Ising model associated with
the original pairwise MRF, in the Bethe approximation. By studying
the spectral properties of these two operators on random graphs, as
well as their relationship to each other, we have argued that both al-
lowed to design accurate and efficient spectral algorithms on sparse
graphs. We have finally illustrated the performance of these algo-
rithms on various problems, in the fields of community detection,
similarity-based unsupervised and semi-supervised clustering, and
matrix completion. In some cases, we have been able to produce rig-
orous guarantees for the performance of the algorithms based on the
non-backtracking operator.

There are various natural directions for further investigations. On
the theoretical side, although we have presented several indirect ar-
guments for the optimality of the Bethe Hessian, we still lack rigor-
ous guarantees. In addition to its impact on the inference problems
where the Bethe Hessian is applicable, a rigorous result on the neg-
ative eigenvalues of this operator might also have consequences on
(part of) the phase diagram of sparse Ising spin glasses, which are
notoriously hard to obtain. For the non-backtracking operator, the sit-
uation is better. Relying heavily on the techniques developed in [19]
in the case of the SBM, we were able to sketch rigorous arguments
concerning the spectrum of the (weighted) non-backtracking opera-
tor of the 1SBM, in the special case of q = 2 clusters, with ain = Xout,
i.e. in the case where the graph is a homogeneous weighted Erd&s-
Rényi random graph. Adapting these results to a general instance
of the 1SBM (i. e. proving the conjectures of section 3.1.3) is still an in-
teresting open problem, which should be attainable by adapting the
techniques developed in [19] and extended in this dissertation.

On the practical side, one of the most pressing point is to under-
stand how to adapt the methods presented here to more realistic
graphs. In particular, it was shown in [68], perhaps unsurprisingly,
that the methods presented here, which rely on the Bethe approxi-
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mation, are very sensitive to the addition of loops in the graph. A
possible way out, based on more complex Kikuchi approximations,
was hinted at in section 2.3.3. Another possibility is to systematically
improve the mean-field approximation used with adaptive methods
such as those presented by [120] in the context of the TAP approxima-
tion. Note that when we get to choose the graph, e. g. in the context
of randomly subsampled clustering as in chapters 6 and 7, the issue
raised by [68] does not apply. Finally, it would be interesting to find
more applications of the ideas developed here. One idea, sketched
as an outlook in chapter 10, is to use free energy Hessians to approx-
imate the natural gradient and speed up learning. This direction is
attractive, since the use of ideas closely related to the natural gradient
has recently been shown to provide important improvements in deep
learning applications [36]. More generally, the ideas developed in this
dissertation can be though of as an approximate optimization scheme.
As argued in section 1.7, when given a cost function (or energy) E, we
may define a probabilistic model of the form

P(o) o< exp (—B E(0)) .

It is reasonable to expect that, for a carefully chosen range of values
of 3, the distribution thus defined will concentrate around configura-
tions that are good approximations to the minimizers of E. We may
therefore minimize E by computing approximate marginals using the
methods introduced in this dissertation. Finding interesting use cases,
with accurate corresponding mean-field approximations suited to the
structure of the energy E, may provide a promising family of exten-
sions of the present work.



APPENDIX: JACOBIAN OF BELIEF PROPAGATION
AT THE TRIVIAL FIXED POINT OF FACTORIZED
MODELS

We compute the Jacobian J of the function F, whose components
are defined in equation (2.15), at the fixed point b* of equation (2.11).
We use throughout the computation the symmetry property of pair-
wise potentials, equation (1.12), i.e. Pk (0, 0’') = Py1(0’, 0) for any
(k1) € E, 0,0’ € X. We have for (i — j),(k > 1) € E,0,0" € X,

(o)
3(0’0/) B 8fi_>].(b)

i—j,k—=1 abk_>1(0/)
b=b*

By the definition of fgi)j in equation (2.15), this quantity is non-zero

only if | =1 and k # j. In this case we have, for all k € 01\j, 0,0’ € X,

ofL%). (b) 1

abH):(a/) =5 bilelulo,0) [T D wale,o0bisi(o)
k—i i) 1edi\{j,k} o €X
1 az’i*)]'
BEZ I O [T > wulo,o0bisifo),
imj TPk l€di\j o1€X

and the derivative of the normalization is given by

0%i,; o5
= bilos) [ D wulos,o1)bisi(on)
. / .
Oby_i(0”) Oby_i(0”) o 1€0i\j 01eX
=Y dilobilono) [T D wuloy,o0)bisi(on).
GLEX L€di\[j,k} 01€X

We recall that the factorized condition imposes that the following
quantities are independent of o

> Wbulo,o)di(o) =it VI€di,oeX
o eX

When evaluating the previous quantities at the fixed point b*, we
have, recalling that we assume Vi € [n],} ;. di(0) =1,

Zi—n}b:b*: H Tisl-
1€\

N _ Tk—i
=Tk H Tisl = —— Zisj|p_p -
b=b* LediN(j, k) ik

02
oby_i(0’)
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Evaluating the non-zero elements of the Jacobian at the fixed point,
we therefore get

(o)
iy P) (s o, T

b=b*

Hleai\j Tisl

Tioi Lieaiyy Timt

)
Tisk H[e 9i\j Ti—1

—:(0) <1l)ik(0, o) Tk—n) .

Tisk Tisk

— ¢i(0)

The full Jacobian can therefore finally be written as

T = o) (P ) gz ).

Tl—k Ti—k
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Résumé

Face au déluge actuel de données principale-
ment non structurées, les graphes ont démon-
tré, dans une variété de domaines scientifiques,
leur importance croissante comme language ab-
strait pour décrire des interactions complexes en-
tre des objets complexes. L'un des principaux dé-
fis posés par ’étude de ces réseaux est l'inférence
de propriétés macroscopiques a grande échelle,
affectant un grand nombre d’objets ou d’agents,
sur la seule base des interactions microscopiques
qu’entretiennent leurs constituants élémentaires.
La physique statistique, créée précisément dans
le but d’obtenir les lois macroscopiques de la ther-
modynamique a partir d"un modele idéal de par-
ticules en interaction, fournit une intuition déci-
sive dans 1’étude des réseaux complexes.

Dans cette these, nous utilisons des méthodes
issues de la physique statistique des systemes
désordonnés pour mettre au point et anal-
yser de nouveaux algorithmes d’inférence sur
les graphes. Nous nous concentrons sur les
méthodes spectrales, utilisant certains vecteurs
propres de matrices bien choisies, et sur les
graphes parcimonieux, qui contiennent une faible
quantité d’information. Nous développons une
théorie originale de l'inférence spectrale, fondée
sur une relaxation de I'optimisation de certaines
énergies libres en champ moyen. Notre approche
est donc entierement probabiliste, et différe con-
sidérablement des motivations plus classiques
fondées sur I'optimisation d"une fonction de cofit.
Nous illustrons 1’efficacité de notre approche sur
différents problemes, dont la détection de com-
munautés, la classification non supervisée a par-
tir de similarités mesurées aléatoirement, et la
complétion de matrices.
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Abstract

In an era of unprecedented deluge of
(mostly unstructured) data, graphs are
proving more and more useful, across the
sciences, as a flexible abstraction to cap-
ture complex relationships between com-
plex objects. One of the main challenges
arising in the study of such networks is
the inference of macroscopic, large-scale
properties affecting a large number of ob-
jects, based solely on the microscopic in-
teractions between their elementary con-
stituents. Statistical physics, precisely cre-
ated to recover the macroscopic laws of
thermodynamics from an idealized model
of interacting particles, provides signifi-
cant insight to tackle such complex net-
works.

In this dissertation, we use methods de-
rived from the statistical physics of disor-
dered systems to design and study new al-
gorithms for inference on graphs. Our fo-
cus is on spectral methods, based on cer-
tain eigenvectors of carefully chosen ma-
trices, and sparse graphs, containing only
a small amount of information. We de-
velop an original theory of spectral in-
ference based on a relaxation of various
mean-field free energy optimizations. Our
approach is therefore fully probabilistic,
and contrasts with more traditional mo-
tivations based on the optimization of a
cost function. We illustrate the efficiency
of our approach on various problems,
including community detection, random-
ized similarity-based clustering, and ma-
trix completion.
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