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I don’t know anything,

but I do know that everything is interesting
if you go into it deeply enough.

— Richard Feynman
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Abstract

Systems found in nature are composed of numerous components that interact with each
other. Sometimes a small change in the microscopic interactions is accompanied by an
abrupt change in the material properties. This phenomenon is called a phase transition.
A simple example of a phase transition is the transformation of a liquid into a solid. A
transition that remained to this day one of the most mysterious is the glass transition.
The glass transition is present in amorphous materials and manifests itself in a slowdown
of the dynamical properties of the material. A glass can be seen in many aspects as a
frozen liquid.

The phase and glass transition are not only found in nature, but also in artificial systems
used in computer science and communications. In this context, these transitions appear
as sudden changes in the execution or in the performances of algorithms. In particular,
we retrieve the glass transition in systems where the interactions between constituents
are represented by a sparse graph. It appears that these systems are similar to spin
glasses that were developed in statistical physics to study the glass transition. Within
this framework, a non-rigorous mathematical tool, called the cavity method, has been
developed to analyze these models.

In this thesis we focus on the application of the cavity method in coding theory. Our
work focuses on two topics related to code constructions based on sparse graphical models.

Our first contribution concerns two error correcting codes: low-density parity-check
(LDPC) codes and low-density generator-matrix (LDGM) codes. These codes are used to
correct the errors that appear when information is transmitted over an imperfect channel.
The conditional entropy is an important quantity for analyzing the performance of a code,
but difficult to compute. The cavity method predicts that the conditional entropy is
asymptotically equal to another quantity that is easy to compute: the Bethe free energy.
We present a rigorous proof that the prediction of the cavity method is exact for LDGM
and LDPC codes over a binary symmetric channel (BSC) in a high noise regime. For this
we develop a new technique that combines loop calculus and the polymer expansion from
statistical physics. The conditional entropy is computed as a series expansion containing
the Bethe free energy as its zero-th order term plus some correction terms. We show that
the series is convergent for graphical model at high temperatures. Moreover if the graphs
have large girth, we prove that the correction terms are asymptotically vanishing. This
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Abstract

applies immediately to LDGM codes. The application to LDPC codes requires more
care as the parity constraints in such codes correspond to a low temperature regime.
Nevertheless, by combining the properties of graph expansion and counting arguments,
we can prove that the conditional entropy is asymptotically equal to Bethe free energy.

Our second contribution concerns lossy source coding. Our objective is to compress a
binary symmetric source. It is well-known that once compressed, the source cannot be
reconstructed without a certain number of errors that is called “distortion”. For a fixed
compression rate, the distortion cannot be smaller than the Shannon distortion. We
investigate an encoding scheme based on spatially-coupled LDGM codes. The LDGM
codes that we consider have check nodes with regular degree and variable nodes with
random degree distributed according to a Poisson distribution. We show that these
codes equipped with a low-complexity encoding algorithm, approach the Shannon dis-
tortion for any compression rate. The algorithm we consider is a belief-propagation
guided-decimation (BPGD) process. The BPGD algorithm depends on a probability
distribution on the space of compressed sequences. This distribution can be interpreted
as the Gibbs measure of a spin glass at finite temperature. We compare the properties of
this Gibbs measure and the performance of the BPDG algorithm. Therefore, we study
the phase diagram of this measure using the cavity method. In particular, we compute
two transition temperatures called dynamical temperature and condensation temperature.
We observe that, in the case of spatially coupled LDGM codes, the dynamical temperature
saturates to the condensation temperature. This saturation mechanism is similar to
the so-called threshold saturation that appears in channel coding with spatially-coupled
codes. In addition, we show that, as the degree of the check nodes increases, the typical
sequences of the Gibbs measure at the condensation temperature give rise to a distortion
that tends to the Shannon distortion.

Keywords: Spin glass, cavity method, dynamical and condensation temperatures, Bethe
free energy, polymer expansion, loop calculus, lossy source coding, low-density generator-
matrix codes, low-density parity-check codes, spatial coupling, threshold saturation,
rate-distortion bound, belief propagation, decimation
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Résumé

Les objets qui nous entourent sont composés de nombreux constituants en interactions.
Il arrive qu’une petite modification dans les interactions microscopiques s’accompagne
d’un changement abrupt dans les propriétés du matériau. On parle alors de transition
de phase. C’est ce qui arrive par exemple lorsque qu'un liquide se transforme en solide.
Une des transitions qui reste a ce jour parmi les plus énigmatiques est la transition
vitreuse. Présente dans les matériaux amorphes, elle se manifeste sous la forme d’un
fort ralentissement de la dynamique sous-jacente. Ainsi un verre ressemble sous bien des
aspects a un liquide figé.

Les transitions de phase et la transition vitreuse ne sont pas uniquement présentes dans la
nature mais aussi dans certains systeémes artificiels que ’on rencontre en informatique ou
en communications. Dans ce contexte, ces transitions se manifestent par des changements
soudains dans le fonctionnement d’un algorithme ou dans les performances de celui-ci.
On retrouve la transition vitreuse en particulier sur des modeéles ou les interactions entre
les constituants sont représentées par des graphes creux. Ces derniers possédent une
structure mathématique proche de ce qui est appelé des verres de spins avec interactions
diluées. Les verres de spins sont des modeles théoriques de physique statistique qui furent
développés pour étudier la transition vitreuse. Plusieurs outils mathématiques furent

inventés dans ce cadre pour comprendre et étudier ces modeles.

Dans cette thése nous nous concentrons sur I'application dans le codage de 1'un de
ces outils, qui est non rigoureux, appelé la méthode de la cavité. Notre travail porte sur
deux sujets d’étude relatifs & des codes construits a partir de graphes creux.

Notre premiére contribution concerne deux codes correcteurs d’erreurs : les codes a
controle de parité de faible densité (LDPC) et les codes a matrice génératrice creuse
(LDGM). Ces codes sont utilisés pour se protéger contre une altération de données sur un
canal de transmission imparfait. La qualité d’un code se mesure par le nombre d’erreurs
qu’il est capable de corriger. Une quantité difficile a calculer mais primordiale dans le
controle de la qualité d’un code est ’entropie conditionnelle. La méthode de la cavité pré-
dit que cette entropie conditionnelle est asymptotiquement égale a une quantité aisément
calculable : I’énergie libre de Bethe. Nous prouvons rigoureusement que dans le cas d'un
canal de transmission binaire fortement bruité, la prédiction de la méthode de la cavité
est exacte pour les codes LDGM et LDPC. Pour ce faire nous développons une nouvelle
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Abstract

technique combinant la série des boucles et le développement en série de polymeres
de la physique statistique. L’entropie conditionnelle apparait comme étant égale a une
somme dont le premier terme est 1’énergie libre de Bethe suivit de termes correctifs.
Nous montrons que pour les modeles graphiques a haute température cette somme est
convergente. De plus si les graphes en question ont une grande maille, nous prouvons que
les termes correctifs a 1’énergie libre de Bethe sont asymptotiquement nuls. Ce résultat
s’applique immédiatement aux codes LDGM. Le cas des codes LDPC est plus délicat car
les contraintes de parité correspondent a un régime de basse température. Néanmoins en
combinant les propriétés d’expansion des graphes et des arguments de comptage, nous
prouvons que les termes correctifs a I’énergie libre de Bethe sont asymptotiquement nuls.

Notre deuxieme contribution concerne le domaine du codage de source avec perte.
L’objectif est ici de compresser une source d’information binaire et symétrique. Il est
bien connu qu’une fois comprimée, cette source ne peut pas étre reconstruite qu’avec un
certain nombre d’erreurs appelé distorsion. Pour chaque taux de compression, il existe
une limite inférieure a la distorsion atteignable qui s’appelle la distorsion de Shannon.
Notre étude porte sur un procédé d’encodage basé sur des codes LDGM spatialement
couplés. Les codes LDGM que nous considérons ont des noeuds de contrainte réguliers et
des nceuds de variable ayant des degrés aléatoirement distribués selon une loi de Poisson.
Nous montrons que ces codes associés a un algorithme de basse complexité peuvent
approcher la distorsion de Shannon quel que soit le taux de compression. L’algorithme
dont il est question est un processus de décimation de graphe guidé par une propagation
de croyance (BPGD). L’algorithme BPGD est dépendant d’une distribution de probabilité
sur les séquences compressée. Cette distribution de probabilité peut étre interprétée
comme une mesure de Gibbs d’un verre de spins a température finie. Nous comparons les
propriétés de cette mesure de Gibbs aux performances de I’algorithme BPGD. Pour cela
nous étudions le diagramme de phase de cette mesure en utilisant la méthode de la cavité.
En particulier nous calculons deux températures de transition appelées température
dynamique et température de condensation. Nous observons que dans le cas des codes
LDGM spatialement couplé, la température dynamique sature vers la température de
condensation. De plus nous montrons que lorsque le degré des nceuds de contrainte
augmente, les séquences typiques de la mesure de Gibbs a la température de condensation
donnent lieu & une distorsion approchant la distorsion de Shannon.

Mots clés : Verre de spin, méthode de la cavité, température dynamique et de conden-
sation, énergie libre de Bethe, développement en série de polymeres, série des boucles,
codage de source avec perte, codes a contrdle de parité de faible densité, codes & matrice
génératrice creuse, couplage spatial, saturation de seuil, courbe de distorsion, propagation
de croyance, décimation
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Preamble

Systems found in nature involve many constituents that interact locally with each other.
Simple relationships between parts can give rise to complex collective behaviors of a whole
system. We cite the examples of ants exchanging pheromones and building an anthill,
neurons transmitting electrical pulses or avalanches in a pile of colliding sand grains.
This mechanism is not only found in nature but also in artificial systems such as those
that are encountered in information theory and coding, statistical inference, theoretical
computer science, bio-informatics and signal processing. In these latter models, the
dependencies between constituents are often represented by sparse random graphs. It
is surprising that these systems are similar to spin glasses with dilute interactions, a
subject studied in statistical mechanics.

Spin glass models are toy examples that were developed in the 1970s to understand the
behavior of disordered systems and try to unravel the mystery of the glass transition
in amorphous materials. In 1975, D. Sherrington and S. Kirkpatrick introduced one of
the first exactly solvable models of spin glasses that now bears their name [1]. Four
years later G. Parisi solved the SK model, perfecting the replica trick [2, 3|, a highly
non-rigorous method involving ill-defined mathematical objects. In their 1985 paper “SK
Model: The Replica Solutions without Replicas” [4], M. Mezard, G. Parisi and M. A.
Virasoro developed the cavity method in an attempt to replace the lack of rigor of the
replica trick by a more probabilistic approach.

The cavity method combines the advantages of reproducing the replica trick results and
is much more intuitive. The cavity method can be regarded as a series of successive
approximation steps called “replica symmetry breaking (RSB) steps” and is a non-trivial
generalization for loopy graphs of the Bethe-Peierls approach on trees. This makes its
formalism closely related to algorithms such as belief propagation (BP) or min-sum
algorithm (MSA). For this reason the cavity method has been applied fruitfully outside
statistical physics in fields as diverse as biology [5, 6], compressed sensing [7, 8], machine
learning [9, 10], neural networks [11, 12], coding theory [13, 14] and constraint satisfaction
problems [15, 16]. The strength of the cavity method is its ability to provide theoretical
insights, as well as algorithms to compute entropies, thresholds or ground-state energies.
However, formulas predicted by the cavity method remain unproven in most of cases.



Despite the success of the rigorous approach by Guerra and Talagrand [17, 18] for the
SK model, the whole field is very much at its beginning, and there remain many open
problems.

This thesis focuses on the applications of the cavity method in coding theory. The core
of the present document consists of two parts.

Part II concerns channel coding on the binary symmetric channel with codes based on
sparse graphical models. In this context the cavity method is at its minimal level of
complexity (no RSB steps) and reduces to the Bethe-Peierls mean field theory. It has
already been used extensively to provide computationally efficient decoding algorithms
and formulas that predict the performance of such codes. Qur contribution lies in a
mathematically rigorous proof of the wvalidity of the Bethe formula for computing the
conditional entropy of code instances. The techniques we present are new and are based
on a combinatorial tool from statistical physics, called the polymer expansion.

Part III presents a different flavor in that it consists in an exploratory work in lossy
source coding theory and in the use of the cavity method for interpreting algorithmic
results. We show that spatially-coupled codes approach the rate-distortion bound under a
low-complexity message-passing and decimation algorithm. Spatial coupling, a graphical
construction recently discovered in channel coding, has quickly proved fruitful in other
areas of study. Using the full machinery of the cavity method, we give an interpretation
of the performance improvements in terms of glass transitions. We also provide tools
for computing performance thresholds and show that the so-called threshold saturation
mechanism takes place.

The present introductory part consists of three chapters. In Chapter 1, we first present
the general formalism of graphical models and explain briefly the basic assumptions of
the cavity method. Most of the concepts that are at the basis of the cavity method
come from glass theory and statistical physics. Therefore we present a review of the
glass phenomenology and the main results on the Ising model, along with the cavity
method. In Chapter 2, we express two problems from coding theory in the language of
spin glasses. The first is the computation of the conditional entropy for sparse graph
codes in channel coding, and the second is the application of spatially-coupled codes
in lossy source coding theory. We also provide a general review of the channel coding
theory and the rate distortion theory. Chapter 3 contains the statement of the main
contributions, along with a summary of Part IT and Part III.



I} Spin GGlasses and the Cavity
Method

In this chapter, we provide an introduction to spin glasses, a particular type of random
graphical models.

In Section 1.1, we present certain concepts from statistical physics. In particular, we
introduce the free energy as a central object to study graphical models.

In Section 1.2, we illustrate the concepts of the preceding section with the square lattice
Ising model and introduce the concept of extremal measures.

In Section 1.3, we give a review of the glass phenomenology and describe some properties
of the glass transition.

In Section 1.4, we present the notion of quenched disorder and describe some of the most
iconic spin glasses.

In Section 1.5, we provide a high level introduction of the main concepts of the cavity
method.

1.1 Graphical Models and Concepts from Statistical Physics

In coding or spin glass theory, we encounter probability distributions that take values on
binary alphabets that could be either bits u € {0, 1} or equivalently spins o € {—1,1}.
A factor graph I' = (V,C, E) is a bipartite graph that represents the factorization
properties of such distributions. It is defined by a set of variable nodes V', a set of
function nodes or check nodes C and a set of edges £ C V x C. The number of
variable nodes is n = |V| and the number of check nodes is m = |C|. The letters
1,7,k € V refer to variable nodes and a,b,¢c € C to check nodes. We also use the
notation i = {a € C'| (i,a) € E} (resp. da = {i € V | (i,a) € E}) to denote the variable
neighborhood (resp. check neighborhood). Variable nodes i € V are associated with
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binary variables u; € {0,1} and check nodes are associated with non-negative weight
functions 1, whose arguments are uy, := {u; | i € da}. The weight functions have the
general form

Ya (Upa) = exp (—BH (upq | a)), (1.1)

where H is a real valued function, possibly infinite, that could depend on a local parameter
x, and on a global parameter 8 > 0. The collection of local parameters is denoted by .
By analogy with the corresponding parameter entering the Gibbs distribution of physical
models, 5 is called the inverse temperature. The Gibbs measure associated with the
factor graph I is

pp (u] z) = I %a (uaa) - (1.2)

5’1‘ acC

The normalization factor Z in Equation (1.2) is called the partition function and is a
sum over all configurations u € {—1,1}" of the product of the interaction functions

Z@Blz)= > I %a(usa)- (1.3)

u€{0,1}" a€C

1.1.1 The Free Energy

Most often, we are interested in computing the average of a quantity A (u) under the
measure p. This average is traditionally denoted with brackets as

B\x Z“B ul|z)Au). (1.4)

It turns out that this can always be mapped to the computation of a central object called
the free energy

f<ﬂ|x>=—7jﬁlnz<mx>. (1.5)

Finding (A) is equivalent to first computing a perturbed version of the free energy (here
e > 0 is a small perturbation parameter)

f(Bsel x) ——ln (Z ecA(ur) H Va (Lq ) ) (1.6)
acC

and taking a derivative with respect to the perturbation parameter

1
np

For this reason, it is often said that the free energy contains all the “useful information”

(A) gy = %f(ﬁ;e | z) (1.7)

e=0

about the Gibbs measure pu. However the perturbed free energy (1.6) could be much
harder to compute than the free energy (1.5) of the original problem.



1.2. An Important Paradigm: the Square Lattice Ising Model

The free energy is a central object to understanding a graphical model. Unfortunately
it is an object that is a priori hard to compute. The partition function (1.3) is a sum
involving 2" terms. When there exist symmetries in a problem, for instance if the graph
is a lattice or if the interactions are uniform (1, = 1), the complexity can sometimes
be reduced drastically. This is, however, never the case for glassy systems that are at
the core of many problems in computer science. These are “disordered” systems with no

explicit symmetries.

1.2 An Important Paradigm: the Square Lattice Ising Model

Graphical models involve a large number of degrees of freedom (say w; € {0,1}); for
instance 10* in coding or 10?3 in statistical physics. In general, we are interested in the
asymptotic properties of a system. The limit when the number of variables tends to infinity
is called the thermodynamic limit. The thermodynamic limit of the free energy probes
the sudden changes of the structure of Gibbs measures as a control parameter (e.g., the
temperature) varies. Consider the free energy in the thermodynamic limit as a function
of the control parameter. When this quantity has a point of non-analyticity, we say that
the system undergoes a phase transition. Phase transitions are ubiquitous in nature; for
instance, water turns to steam or snow, or a piece of iron acquires a magnetization. Phase
transitions are also present in information science when an overload of noise, pushing a

system off capacity, suddenly disrupts all communications.

One of the earliest attempts to model a phase transition was the square lattice Ising
model. This model combines the benefits of being both simple enough to be analytically
solvable and complex enough to have a phase transition.

The Ising model for a one-dimensional chain of spins was first introduced and solved
by Ising [19] in his 1924 thesis. Although this model was developed for studying the
ferromagnetic transition in matter, there is no phase transition in 1D. The two dimensional
version of the problem is much harder and was solved analytically in 1944 by Onsager
[20]. Unlike the one-dimensional system, the Ising model on the square lattice possesses a
paramagnetic-ferromagnetic phase transition at finite temperature where a spontaneous
magnetization develops.

Denote by A, = (V, E) the square lattice with n = L? spins with periodic boundary
conditions (Az is equivalent to the torus (Z/LZ)?). We will use the letters i, j for vertices
in V' and we denote by a couple (i,7) € E an edge of the lattice. In this example we can
dispose of the bipartite structure of factor graphs as the function nodes are in one-to-one
correspondence with the edges. A spin is a binary variable o; € {—1,1} associated with
a vertex i € V of the lattice. A spin configuration is a vector of n binary variables
o € {—1,1}". The occurrence probability of a configuration at temperature =1 is given
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by the Gibbs measure

1
pin (@) = ——e~PHn(2), (1.8)
n
where the energy cost function, called the Hamiltonian, contains only nearest neighbor
interactions
H, (o) = Z —Jo;o;. (1.9)
(l,])eAL

The coupling constant J in the Hamiltonian (1.9) is non-negative. Such interactions
between spins are called ferromagnetic interactions.

The free energy of this model first computed by Onsager is given in terms of an elliptic
integral. We first introduce the dimensionless rescaled temperature

z :=tanh (8J). (1.10)

The temperature is minimal when z = 0 and becomes maximal when z = 1. The free
energy in terms of the rescaled temperature is

In2 1 4
fo(z):%+% A0 K (5,0), (1.11)
where
14 22)% 4 /1 — 422 42224 — 426 4 28 — 82 (1 — 22)%cos (260
K (e0) = L) Y1t L=2)7cos(20) ) )

(1—22)°

The free energy is a continuously differentiable function of z, but it is not analytic on
the whole interval z € [0, 1]. The second derivative becomes singular at the point

zZe =2 —1~0414. (1.13)

The temperature z. is the critical temperature (recall z = tanh (5.J)) at which the
square-lattice Ising model undergoes a phase transition. To understand the nature of
the phase transition and its implication on the structure of the Gibbs measure (1.8), we
introduce the concept of extremal measures, which is central in Gibbs measures theory.
It is well known that in the thermodynamic limit, Gibbs measures of the form (1.8) are
contained in a set closed under convex combinations. Different Gibbs measures can be
obtained using different boundary conditions. The pure states or extremal measures
are Gibbs measures that cannot be expressed as a convex combination. For periodic
boundary conditions the thermodynamic limit of the Gibbs measure (1.8) yields

1o z < Z,
=9 . ¢ (1.14)
St + 50— 22> Ze,



1.2. An Important Paradigm: the Square Lattice Ising Model

Figure 1.1: Squared lattice with + boundary conditions. On the left AJLr:5 and on the
right A7 _..

where pg is the unique high-temperature measure and py and p— are the two extremal
measures at low temperature [21].

The extremal measures at low temperature are induced by the square lattices A}f and
A} with variables at the boundary fixed to +1 and —1 respectively. Figure 1.1 shows
the square lattices AZ and A, for L = 5. We describe some property of the pure states
p+ and p—. Denote by (-) (periodic boundary condition), (-), (+ boundary condition)
and (-)_ (— boundary condition) the average with respect to p, p4 and p—. The average
value of a spin is called the magnetization. Take without loss of generality the spin o;—¢
at the center of the lattice. The magnetization m = (op) is always equal to zero. This is
because the Gibbs measure (1.8) is symmetric under spin configuration flips (this is valid
for periodic boundary conditions)

tn (01, .oy op) = i, (=01, ..., —0n) . (1.15)
The magnetizations my = (00), and m_ = (09)_ are computed exactly for the Ising
model [22]
1/8
P 4 (1.16)
m = — . .
* 2z

The magnetizations as a function of the rescaled temperature are depicted in Figure 1.2.
The values m4 are called the spontaneous magnetizations. If the system is perturbed by
an arbitrarily small magnetic field, it will be described by the measure p4 or p—, breaking
the symmetry (1.15). This mechanism is responsible for the spontaneous magnetization
that occurs in ferromagnetic material. The spontaneous magnetizations informs us about
the typical sequences or support of the pure states. The support of the extremal measure
t+ (resp. p_) contains typical spin configurations with positive (resp. negative) average
magnetization. At low temperatures, the convex combination (1.14) is thus supported
on two “clusters” of spin configurations with mostly +1 or —1 values. Whereas at
high temperatures, the support of the measure pg is a giant cluster containing typical

9
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Figure 1.2: Magnetizations for the Ising model. The spontaneous magnetizations m.
and m_ are shown in blue and red respectively. The magnetization m = 0 is shown in
purple.
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Figure 1.3: Pictorial representation of the phase transition in the Ising model. The boxes
represent the state space {—1,1}" and the circles represent the states on which the Gibbs
measure is supported. A typical configuration of each support is depicted. An arrow up
(resp. down) represents a +1 spin (resp. —1).

sequences with zero average magnetization. The clustering of the measure is depicted in
the diagram in Figure 1.3

We make one last remark about the pure states and the clustering in the Ising model.
The clustering can also be characterized by point-to-point correlations

corr (0;,05) = (o;05) — (03) (0j) - (1.17)

The point-to-point correlations were computed exactly in 1976 by Wu et al. [23]; but
their form is too complicated, hence we simply give the essential property. Away from
the phase transition, the point-to-point correlation functions for the pure states pg, p+

10
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and p_ are vanishing if spins are far away. That is,

lim COITo,+ (UZ‘, O'j) = 0, (1.18)
li—jl—o0
where|i — j| is the Manhattan distance between two spins. The decay of correlations
is even exponential with the distance. However, because of the convex decomposition
(1.14), point-to-point correlations for distant spins are non-zero in the low-temperature
phase

lim corr (07, 05) =m2 > 0. (1.19)
li—j|—o0

1.3 Glass Phenomenology

Numerous materials do not possess a crystalline structure, and it is common to find
amorphous solids without long-range ordering. A glass is a particular class of amorphous
solids, which exhibits a glass transition. In this section, we provide a brief description of
the glass phenomenology based on the topical reviews [24, 25, 26].

The material made of sand, lime and soda constituting our windows is one of the best
known examples of glass. The method of its manufacture has been known since the
beginning of antiquity [27]. We find glass in various aspects of our daily lives, some of
which are unexpected. Glasses made of sugars and water is important in cereal-based
food processing [28] and in the preservation of vaccines [29]. Glasses are also used for
making optical fibers [30] and solar cells [31].

The structure of a glass is similar to that of a liquid, but its mechanical properties are
similar to those of a solid. Various methods exist to create glass, but the most common
way is by rapidly cooling a melt. This reduces the mobility of the molecules and avoids a
possible rearrangement into a crystal. The rate of cooling necessary to reach a glassy
state depends strongly on the material considered. For example, it attains the value of
50 K/s for salol, 107 K/s for water and more than 10'° K/s for silver [32]. During the
cooling process the viscosity! of the material increases by several order of magnitude.
Although this transition is abrupt, it does not involve discontinuous changes in any
physical property.

One definition of the glass transition temperature 7, is the temperature at which the
shear viscosity reaches 10'3 Pa-s (in comparison, the viscosity of water is about 1073
Pa-s). T, depends upon the cooling rate; the slower the cooling rate is, the lower the glass
transition temperature is [33]. However, the dependence on the cooling rate is rather
weak (in practice, it is observed that T} is proportional to the logarithm of the cooling
rate [34]). The typical relation between the volume and the temperature of a liquid
is depicted in Figure 1.4. The glass transition temperature is below the melting point

1The viscosity measures the resistance of a fluid to a shear stress.

11
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Volume

Temperature

Figure 1.4: Typical relation between the volume and the temperature of glass in the
liquid (solid line), glassy (solid lines a, b) and crystalline states (dashed line). Ty, is the
melting temperature, Ty, and Ty, are the glass transition temperatures corresponding to
a slow (a) and a fast (b) cooling rate. Unlike crystallization, vitrification is a smooth
transition. (From [35].)

Ty, (if it exists) and two different cooling scenarios give rise to different glass transition
temperatures.

There exists a theoretical lower-limit to the glass transition temperature. If it were
possible to obtain a transition at an arbitrarily low temperature, the entropy of the
glass would be lower than the entropy of the crystal. Since the entropy of the crystal
vanishes when T" — 0, this would imply that the glass thus formed would have a negative
entropy at low temperature. The entropy being intrinsically a non-negative quantity?,
this would be paradoxical. The lowest temperature before the paradox occurs is called the
Kauzmann temperature Tk [35]. To avoid an entropy crisis at exactly Tk, the material
should form an ideal glass with a unique (or at least sub-exponential) configuration. In
practice the Kauzmann temperature is not reachable as it would require an infinitely
slow cooling rate. The critical point Tk is only estimated from extrapolations of the
liquid behavior below T,. Thus the existence of an ideal-glass state remains debated [36].

To interpret the phenomenology just described, Goldstein [37] developed a convenient
framework that is known today as the landscape paradigm. The potential energy® of a
material is an n-dimensional function of the configurations of the particles or molecules
present in the system. Goldstein assumes that the energy landscape generated by this
function provides information about the dynamics of relaxation towards equilibrium.
At high temperatures, the particles have sufficiently high kinetic energy to visit any

2In thermodynamics, the entropy is the logarithm of the states accessible by the system.
3The total energy is the sum of the potential energy, depending on the positions of the constituents
and the kinetic energy associated with their motion.

12
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Transition states /V\‘\‘

Potential energy

Ideal glass Crystal L

Coordinates

Figure 1.5: Schematic representation of a glass energy landscape. The number of
transition states is exponential in the size of the system. A sub-exponential fraction of
transition states are deep minima and correspond to ideal glass states. (Adapted from
[36].)

configuration. When the temperature is cooled down below the melting point T}y, it is
likely that the system remains trapped in a local minimum of the potential energy. Due
to fluctuations, the system jumps from a local minimum to another in a time that is
exponential in the energy barrier between those minima. In non-glassy materials, the
system eventually relaxes from these transition states to the crystalline configuration that
is a global minimum of the potential. However in glass, the energy landscape is complex
and consists of a multitude of local minima. A schematic representation of a complex
energy landscape is depicted in Figure 1.5. The transition states are exponentially
numerous and they are clustered into basins separated by a high energy barrier. As a
consequence of both effects, the relaxation time towards equilibrium becomes exponential
in the system size and the system remains trapped in transition states. Glasses are
peculiar in that they are off-equilibrium systems with properties constantly evolving very

slowly with time.

1.4 Spin Glasses

Like glass, “spin glasses” have a complex energy landscape. This is due to the fact that,
unlike the Ising model, spin glasses have little or no explicit symmetry. A system is said
to present quenched disorder if some parameters controlling its properties are random
and do not evolve with time [38]. The word “quenched” is borrowed from the terminology
of the manufacture of alloys. There is a presence of impurities in the metal when it is
in the molten state. To obtain a metallic glass, the alloy is subject to a rapid cooling.
This procedure, called quenching, freezes the positions of the impurities and prevents the
material from entering into an ordered state. Although two quenched workpieces do not
have the same global structure, their properties are similar.

13
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We can distinguish between two types of quenched disorder entering in the Gibbs measure
(1.2) of a spin glass.

Structural disorder: The graph I' which shapes the dependencies between the variables
is sampled randomly from a prescribed ensemble.

Interaction disorder: The parameters controlling the interactions (the x, in (1.2)) are
random.

The systems that we are studying in this thesis have both structural and interaction
disorder. Therefore the Gibbs measures that we consider are random objects.

The average over the disorder is called a quenched average and is denoted by Er x [-]. In
all spin glass models, much attention is given to the calculation of the quenched average
of the free energy

F(8) = lim Erx[f(8]2)]. (1.20)

In general we expect that the free energy is a self-averaging quantity that converges to a
non-random object as n grows. Thereby the quenched average (1.20) should capture the
typical behavior of the disorder realizations.

We mention below some of the most iconic spin glasses.

Edwards-Anderson (EA) model [39]: The graph is a D dimensional lattice. Like
the Ising model, the interactions are between spin pairs JgAaiaj. However the
coupling constants are independent and identically distributed (i.i.d.) random
variables that have a Gaussian distribution of mean 0 and variance J2. The
EA model is the most difficult spin glass to analyze and little is known beyond
mean-field approximations. As the interaction graph is a regular lattice, we do not
expect that mean-field methods (such as the cavity method) are exact for finite D.
However, in the asymptotic regime D — oo, we recover the SK model.

Sherrington-Kirkpatrick (SK) model [1]: The graph is the complete graph K, with
n vertices, where n is the number of spins. The interactions are also between pairs
of spins JiSjKO'Z'O'j. The coupling constants are i.i.d. distributed according to a
Gaussian with mean 0 and variance J2/n. The 1/n scaling factor ensures that the
free energy is not trivial in the asymptotic limit as the number of interacting pairs
is quadratic in n. So far, it is proven rigorously that the cavity method gives the
correct quenched free energy for the SK model [17, 18]. Using similar techniques it
is also proven that the quenched free energy of the SK model is self-averaging [40].

Dilute p-spin models: The graph is a random bipartite graph and function nodes are
regular with degree p. The interactions involve the product of p spins J,041 - - - 0gp.
The coupling constants are i.i.d. random variables with Gaussian distribution

14
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N (0,J%) or with Bernoulli symmetric distribution, depending on the models
considered. For variable nodes with Poisson-distributed random degree and at zero
temperature, it is proven that the cavity method predicts the correct free energy.
The proof is algorithm-based and exploits the property that at zero temperature
the system is identical to XORSAT [41].

The models encountered in coding theory on which this thesis focuses are similar to
p-spin models.

1.5 Introduction to the Cavity Method

Computing the free energy is generally a hard task and is a fortiori even harder for glassy
systems. Rather than calculating the exact quantity, we can look at an approximation.
Mean-field approximations enable us to replace the exhaustive computation of the free
energy by solving a system of several equations. The price to pay is that in general those
approximations are not accurate when the correlations between distant variables are
strong.

The approximation method at the basis of the cavity method is the Bethe-Peierls mean-
field theory. First introduced in 1935 by Bethe [42] and extended the following year by
Peierls [43], it can be considered as a sophisticated mean-field approximation that goes
beyond the slightly older Curie-Weiss theory. Particularly well suited to graphical models
that are locally tree-like, it is even conjectured for these graphs that it is asymptotically
exact in the presence of short-range correlations. The cavity method is a non-trivial
generalization of this approximation to systems that exhibit long-range correlations
between variables.

1.5.1 Graphical Models on Trees: the Bethe Free Energy

Consider the Gibbs measure

b

e (ul2) = 2 1T ¢a (upa) - (1.21)

acC

If the graphical model is a tree, there exists an iterative procedure for computing exactly
and efficiently the free energy.

We call “message” any probability distribution over a single binary variable. Assign to
edge (ia) € E a pair of messages vq(u;) and Ug(u;) that satisfies the belief propagation
(BP) equations

15
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Vig(u;) = Hbea"\“;bi(ui)
e Zsi Hch’%\a/y\bi(si)'

(1.22)
~ B Zuaa\i Ya(oa) [ Leai vialus)
pail) = Zsaa ¢a(§5“)njec’9a\¢"ja(sj) ’

By convention when 9i \ a (resp. da \ i) is an empty set, the product over b € i \ a (resp.
Jj € da )\ i) is equal to one. The BP equations, also called sum-product equations, admit
a unique solution on a tree. The iterative version of equations (1.22) is the sum-product
algorithm. On trees, we find a solution after t* iterations, where t* is the diameter of the
tree.

Denote the collection of all messages by (v,7). The Bethe free energy is a functional of
the messages (v,7) associated with a fixed point of the BP equations (1.22)

fhethe(y, p) = % (Z Fo+ Y F— Y Ea) , (1.23)

acC 1% (i,a)eE

where

Fo = _71 ln{Zuaa %(ﬂaa) Hjeaa Vja(uj)}v

Fi = 5 {3, [eo: i (ui)}4 (1.24)

Fio = 3 {3, Via(ui)Pai(us)}.

It is well known that on trees, the Bethe free energy is equal to the free energy.

Lemma 1.1 (Exactness of the Bethe free energy on trees). If the graphical model is a
tree, then

f =1, D), (1.25)
where (v,0) satisfies the BP equations (1.22).

A proof of this lemma can be found in [44] or in Section 4.2 as a consequence of the loop
sum identity.
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1.5.2 Loopy Graphs: Predictions From the Cavity Method

It is tempting to conjecture that Lemma 1.1 is true for locally tree-like graphs, at least
in the asymptotic regime n — oo. This is however not the case in general and many
systems are known to behave differently such as the XORSAT or K-SAT models [41, 45].
The general picture is much more flavored and interesting.

The cavity method assumes that the random Gibbs distribution (1.2) can, in the limit of
n — +00, be decomposed into a convex superposition of N “extremal measures”

N

ps(u | z) = Z Wp Mﬁ,p(ﬂ | z), (1.26)
p=1

each of which occurs with a weight w), = e By =1) where fp is a free energy associated
with the extremal measure g ,. Notice the similarity between the hypothesis contained
in Equation (1.26) and the energy landscape paradigm in Section 1.3. Here pure states
play the role of the transition states.

The convex decompositions of the Gibbs distribution into bona fide extremal measures
are under mathematical control for “simple” models such as the square lattice Ising
model [46]. But for spin glass models, is it not known how to construct or even precisely
define the extremal measures. One important conceptual difference with respect to the
Ising model, which has a small number of extremal states, is that for spin glasses we
envision the possibility of having an exponentially large (in n) number of terms in the
decomposition (1.26).

In the context of sparse graphical models it is further assumed that there are “extremal”
Bethe measures that are a good proxy for the “extremal measures” discussed above.
The Bethe measures are those measures that have marginals given by BP marginals.
When the BP equations have many fixed point solutions there are many possible Bethe
measures. Heuristically, the extremal ones correspond to the minima of the Bethe free
energy?. Similarly, it is assumed that the Bethe free energies corresponding to solutions
of the BP equations are good proxies for the free energies f,. Moreover we expect that
the free energies f, are self-averaging quantities.

Since the weights wj, have to sum to 1, we have
N
e Bt Z e Pnfp ~ e—ﬂnminw(w—ﬂ*12(¢;ﬁ))’ (1.27)
p=1

where ¢"*(#8) counts the number of extremal states pgp With free energy f, ~ ¢. Once
we choose to replace f, by the Bethe free energies, then the counting function X (¢; ) and

4Remarkably, it is not very important to be able to precisely select the “extremal” ones because at
low temperatures we expect that they outnumber the others.
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Chapter 1. Spin Glasses and the Cavity Method

the free energy f can be computed through a fairly technical procedure, and a number
of remarkable predictions about the decomposition (1.26) emerge.

The cavity method predicts the existence of two sharply defined thresholds 84 and .
at which the nature of the convex decomposition (1.26) changes drastically. Figure 1.6
gives a pictorial view of the transitions associated with the decomposition (1.26).

Replica-symmetric (RS) phase: For § < 4 the measure pg(u | z) is extremal, in
the sense that N' =1 in (1.26). In this phase, the Bethe free energy should be
asymptotically exact

Tim Ep x [|f — foemel] = 0. (1.28)

Dynamical replica-symmetry breaking (d-RSB) phase: For 34 < 8 < f. the
measure is a convex superposition of an exponentially large number of extremal
states. The exponent ¢ — 3713 (p; 3) in (1.27) is minimized at a value @iy ()
such that X(pin(8); 8) > 0. Then the growth rate (as n — +00) of the number
of extremal states that dominate the convex superposition of pure states (1.26) is
defined as

5(B) = E(em(B); B) = Bl (B) — f(B)), (1.29)

and is strictly positive. This quantity is called the complexity. It appears that
the complexity is a decreasing function of £, which becomes equal to zero at f..
In summary, for g € [B4, B[, an exponentially large number of extremal states
with the same free energy iy contribute significantly to the Gibbs distribution.
Surprisingly, the convex combination is itself a Bethe measure. Therefore there
exists a BP fixed point for which the corresponding Bethe free energy should be
exact. In practice this enables us to compute the quenched free energy but not the
free energy of a particular instance, as there is no known method to discriminate
this particular fixed point from the (exponentially numerous) others.

Static replica-symmetry breaking (s-RSB) phase: For 5 > (. the number of ex-
tremal states that dominate the measure is finite. It is said that the measure is
condensed over a small number of extremal states. In fact, there could still be
an exponential number of extremal states but they do not contribute significantly
to the measure, because their weight is exponentially smaller than the dominant
ones. In this phase, the Bethe free energy is not exact and we should use the full
machinery of the cavity method (see Chapter 8).

There exists a mathematically more precise definition of 34 and . in terms of correlation
functions. When these correlation functions are computed within the framework of the
cavity method, the resulting values of 84 and (. agree with those given by the complexity
curve (/). In the RS phase and the d-RSB phase, point-to-point correlation functions of
type (1.17) decay with respect to the distance between spins. Like the low-temperature
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Figure 1.6: Pictorial representation of the decomposition of the Gibbs distribution into a
convex superposition of extremal states. Balls represent extremal states (their size represents
their internal entropy). For § < (4 there is one extremal state. For f4 < 8 < f. there are
exponentially many extremal states (with the same internal free energy ¢int). For 5 > . there is
a finite number of extremal states.

case of the Ising model, this is not the case in the s-RSB phase. There exists another type
of correlations relevant to the characterization of the d-RSB: the point-to-set correlations.
Point-to-set correlations measure how correlated a spin is with respect to any change in
the set of spins located at a distance R from it. Although point-to-set correlations decay
exponentially fast with R in the RS phase, this is not the case for the d-RSB and s-RSB
phases [47, 48].

What is the significance of the transitions at 8q and .7 The condensation threshold is a
thermodynamic phase transition point: the free energy f(f) is not analytic at 5.. At
B4 the free energy has no singularity: in particular, its analytical expression does not
change in the whole range 0 < 8 < .. At B4 the transition is dynamical: Markov chain
Monte Carlo algorithms have an equilibration time that diverges when 8 1 B4, and are
unable to sample the Gibbs distribution for 5 > 4. For more details we refer to [44].
The d-RSB and s-RSB are thus very similar to the phenomenological glass transition
discussed in Section 1.3, where 4 and j. have to be linked with 7T}, (the glassy transition
temperature) and Tk (the Kauzmann transition temperature), respectively.

19






] Coding Theory and Sparse Graph
Constructions

In this chapter, we express two problems from coding theory in the language of spin
glasses.

In Section 2.1, we start by an introduction to the channel coding problem. We present
two code constructions based on sparse graphical models, the low-density parity-check
codes and the low-density generator-matrix codes. We show that the measure of their
error correction performances is linked to the computation of the free energy of a spin
glass.

In Section 2.2, we give a brief review of the lossy source coding problem and rate distortion
theory. We present an encoding scheme based on low-density generator-matrix codes for
binary sources. We express the encoding process as a problem of sampling according
to the Gibbs measure of a spin glass. Finally, we present a code construction technique
called spatial coupling and describe the corresponding spatially-coupled low-density
generator-matrix codes.

2.1 Channel Coding

The transfer of information through a noisy medium is one of the most fundamental
topics in information theory. Everyone has experienced talking to a person across the
street during a windy day. To be heard, we have to sometimes repeat the same word
several times. We can then ask if this way of proceeding is optimal. Is there a minimum
amount of information that must be retransmitted in order to be understood? And
just as importantly, if not more, how can we efficiently achieve this optimal number of
retransmissions? The first question was answered by Shannon [49] in his 1948 paper,
thus creating the field of information theory. The second question still stimulates the
active research field of channel coding. Since then, many different code constructions
were invented. We mention the Hamming codes [50] discovered in 1950 among the early
algebraic codes, or more recently the Polar codes that are provable capacity-achieving
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codes developed in 2009 by E. Arikan [51].

Our study concerns codes constructed from sparse graphical models, and more specifically
low-density parity-check codes (LDPC) and their dual construction, the low-density
generator-matrix codes (LDGM). LDPC codes were first developed in Gallager’s thesis
[52] in 1963 but overlooked because they were too complicated for the technology of
the 1960s. The importance of these codes was recognized three decades later, when in
1996 they were rediscovered independently by Neil and McKay [53] and by Sipser and
Spielman [54]. LDPC codes perform very well under distributed low-complexity decoding
algorithms and have been proven to achieve capacity over binary erasure channels (BEC)
[55]. Since 1996, they have been integrated into standards for wireless data transmissions,
computer chips and commercial cell phones.

In this section, we start by reviewing the problem of communicating through a noisy
memoryless channel. Then we follow with an overview of the LDPC and LDGM code
construction and how to measure the quality of their error correction through the
conditional entropy of the source given the received message. We finish by showing that
the computation of the conditional entropy of an LDPC or an LDGM code is tantamount
to computing the free energy of a spin glass system.

According to the prediction of the cavity method, the Bethe free energy of an LDGM or
an LDPC code should be equal to its the free energy. In this thesis we prove that the
prediction of the cavity method is exact over binary-symmetric channels (BSC) at high
noise. For this we use a tool from statistical physics called the polymer expansion.

Let us briefly comment on the connections of this work with other recent approaches. For
the class of graphical models that describe communication with LDPC and LDGM codes
over BSC we have ample evidence that the replica-symmetric solution® is exact. Bounds
between the replica-symmetric and true free energy were derived in [56, 57, 58], and for
the special case of the binary erasure channel equality was proved in [59, 60]. These
results are based on specific methods such as combinatorial calculations for the binary
erasure channel, and the interpolation method for the bounds on general channels. In
[61] a more generic approach is taken based on cluster expansions combined with duality.
The cluster expansions used in [61] are sophisticated forms of polymer expansions. It is
proven that correlations between pairs of distant (with respect to graph distance) bits
decay exponentially fast for LDGM codes in the regime of large noise, and LDPC codes in
the regime of small noise. This has also allowed us to conclude that the replica-symmetric
formulas are exact in these regimes for general binary-symmetric memoryless channels.
A case where the cluster expansions of [61] does not work is that of LDPC codes over
BSC in the regime of large noise, which is the case considered in this thesis.

'Replica-symmetric formulas are quenched averaged forms of the Bethe formulas.
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Figure 2.1: Communication through a noisy channel

2.1.1 Communication Through Noisy Memoryless Channels

Alice wants to send messages to Bob. The source of the messages is modeled as a random
variable U which generates strings of M bits u € {0, l}M uniformly at random. To
protect the messages against interferences, Alice adds redundancy. This procedure is
called the encoding process and can be viewed as a one-to-one mapping from u to a
longer string of bits z € {0, l}N , where N > M. The message with redundancy is called
a codeword, and the set of codewords is called the codebook €. The measure of the
redundancy is the rate. It is defined as the ratio between the number of bits M that
carry the information and the number of bits N that compose a codeword.

R= (2.1)

SE

Alice sends a codeword z € €y to Bob through a noisy memoryless channel. The string
of bits that Bob receives, denoted by y € AN | is a corrupted version of the codeword.
The corrupted codeword does not necessarily belong to a binary alphabet. For instance, if
we are in the presence of erasures, the alphabet is ternary A = {0, 1, erasure}. Once Bob
receives the corrupted codeword of Alice, he will decode it by constructing an estimate
of the codeword & (g) or of the original message & (g) The communication process is
summarized in Figure 2.1.

When we say that the channel is memoryless, we mean that the probability to receive the
particular bit y; in y depends only on x; in z. The term “memoryless” refers to the fact
that if bits are sent one after the other, the state of the channel (or the noise realization)
is independent of its previous state. Thus the probability that Bob receives y takes the
simple form of a product

N

Pyix (ylz) = [Taw =), (2.2)

=1
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qly=1lz=1)=1-p

Figure 2.2: Transition probability of the BSC (p) channel.

where ¢ (y | ) is a transition probability that characterizes the channel completely. The
transition probabilities of a channel are traditionally represented by a diagram. For
example, the transition probabilities of the BSC are depicted in Figure 2.2. The BSC is
a model for channels that corrupt bits by transforming a zero into a one or vice versa
with an equal flipping probability p.

For a given pair (u,u), we measure the fraction of incorrectly decoded bits by the relative
Hamming distance

o1 X

dy (w @) = -7 > T(us # ), (2.3)

i=1
where I denotes the indicator function. The quality of the reconstruction is measured by
the probability of block code error

Py =Py ylu# 1, (2.4)

and by the average bit-error probability

Dy = Eyyldu (. (y))] (2.5)
In the present case the average bit-error probability is equal to the average distortion.

Alice decides to send messages with a rate R and she tolerates a fraction of bit-error D.
She asks if a sequence of encoding schemes exists with the prescribed requirement that
limpy; oo Dy = D. This question is answered by the famous Shannon theorems. The
version presented below is transcribed from MacKay’s book [62, p. 162].

Theorem 2.1 (Noisy-Channel theorem). Define the capacity of a binary input memory-
less channel as the mazimum of the mutual information over all probability distributions
for X € {0,1}

C =maxp, ] (X;Y). (2.6)
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Figure 2.3: The achievable coding region for the BSC (p) with a rate R = 1/2 is shown
in blue. For p < (.11, it is possible to achieve a vanishing block code error.

1. If R < C, there exist codes and decoders achieving lim ;o Py = 0.

2. IfR>C and he (D) > 1—%, there exist codes and decoders achieving lim ;oo Dpr =
D.

3. For any D, rates higher than %2@) are not achievable.

In Theorem 2.1 we introduced the binary entropy function

hs (p) = —plogyp — (1 — p)logy (1 —p). (2.7)

To illustrate the theorem, we take an example with R = % and D = 0 on the binary
symmetric channel. The capacity of the BSC(p) is

Cpsc(p) =1—ha(p). (2.8)

For flipping probability less than p = 0.11, the rate is smaller than the capacity and a
vanishing block code error probability is achievable. For higher flipping probabilities
p & 0.11, the average bit-error probability can be at best Dgy = hy ! (1 — %@2@)) as
depicted in Figure 2.3.

2.1.2 Codes Based on Sparse Graphical Models

LDGM and LDPC codes are linear codes constructed from sparse matrices. A common
advantage of both types of codes is that they can be described in terms of sparse factor
graphs. The decoding process for these codes tantamount to an optimization problem on
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a graphical model.

LDGM Codes

A low-density generator-matrix code is defined by its M x N generator-matrix G, where
G is created randomly. The fraction of rows with row weight? s, 1 < s < ljax, is Ag > 0,
and the fraction of columns with column weights ¢, 1 <t < rpax, is P > 0. It is easy
to see that Y max A, = S"Tmax P, = 1 and the average row and column weight fractions
| =Y lmax A s, = Y mex Pt satisfy

Ml = Nr. (2.9)

It is convenient to use the generating functions A (z) = Zl;;al" Ag2%, P (z) = Y jmax P2t
to refer to the fractions of rows and columns weights. The ensemble of generator-matrices
with the same fractions (A, P) is denoted by LDGM(A, P, M). A generator-matrix is
selected uniformly at random?® from the ensemble LDGM(A, P, M). For example, the
following matrix belongs to the ensemble LDGM(z%, 22, 3)

111100
G=|l110011]. (2.10)
001111
Note that in regime of interest M — 0o, the matrix G becomes sparse. The design rate
of the code is by definition Rypam = 7.
Given a message u, the corresponding codeword is simply
z = uG, (2.11)

where the matrix product is performed in F9. The optimal block decoder is the maximum
a posteriori (MAP) decoder

aMAP = arg max Py (g | g) , (2.12)

and the optimal bit decoder is the bit-MAP decoder
a%\/IAP

= argmax Py, 1y (ul ] g) : (2.13)

The block MAP decoder (2.12) minimizes the probability of block error (2.4) and the bit
MAP decoder (2.13) minimizes the average bit-error probability (2.5).

2The weight of a row or column is the number of non-zero elements that it contains.
3This ensemble is not practical to generate in practice. One uses slightly different ensembles that have
the same asymptotic properties. For details we refer to [59].
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Figure 2.4: Graph of LDGM code corresponding to the matrix (2.10).

The conditional probability distribution and its marginal which appear in (2.12) and
(2.13) are Gibbs distributions. Using Bayes rules and the memoryless property of the
channel (2.2), we obtain

(71)%(28(1)
2

N
Pyy (g | y) o H (W) . (2.14)

a=1

The underlying graphical model is constructed by taking the number of variables n = M,
the number of check nodes m = N and drawing an edge (i,a) iff G;, = 1. Figure 2.4
shows the graph corresponding to the generator-matrix G in (2.10). The probability
(2.14) is the following Gibbs measure

1 H eha Hie@a(il)ui y (215)

Pyyy (u]h) = Z1LDGM
acC

where the normalization factor

ZLDGM = Z H eha Hieaa(_l)"17 (216)

u€{0,1}" acC

is the partition function of the LDGM measure. The quantities h, which appear in the
measure (2.15) are the half log-likelihood ratios of the channel observations y,

(2.17)

The LDGM Gibbs measure (2.15) is that of a disordered system. The factor graph T’
is selected uniformly at random among the ensemble of bipartite graphs with fractions
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of variable nodes with degree s equal to A; and with fractions of function nodes with
degree t equal to P;. The channel observations h, are also randomly distributed. For
the BSC (p), as the code is linear and the optimal decoder is symmetric, we can assume
without loss of generality that the all-zero codeword is sent (see Appendix A), which
implies that the probability distribution of A, is

q(ha) = (1 —=p)0(hg—h)+pd(ha+h), (2.18)
where
1. 1-p
=1 . 1
h 5o ; (2.19)

The type of interaction in (2.15) is similar to the magnetic interactions discussed in the
Ising model section. The difference is that the coupling constant could be negative or
positive, and the number of variables (or spins) involved are in general more than two.
The intensity of the half log-likelihood ratios (2.19) is viewed as the temperature of the
system.

LDPC Codes

A low-density parity-check code (LDPC) is a dual construction to the LDGM code.
An LDPC code from the ensemble LDPC(A, P, N) is generated from an (N — M) x N
parity-check matrix H, where the fraction of row weights (respectively, columns weights)
is prescribed by A (z) (respectively P (z)). For instance, the following matrix belongs to
the ensemble LDPC(22, 24, 3)

111100
H=|110011 (2.20)
001111

If and only if a sequence z is a codeword, it satisfies

Hz" =0,

and the codebook is then the subspace €y = {g € {0, l}N | Ha! = O}. The design rate

of the code is Rippc =1 — % The optimal block and bit decoder are also given by their
respective maximum a posteriori (MAP) decoder

z= argmgx]P’&X (g \ y) , (2.21)

and
T; = arg max Px.ly (mz | g) . (2.22)

Using the memoryless property of the channel, the conditional probability distribution
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Figure 2.5: The graph associated with the parity-check matrix (2.20).

in (2.21) and (2.22) can be factorized in a Gibbs measure

M N (D%

Py (2]y) o [T 1((H2") =0)T] (‘q%) c (2.23)

a=1 i=1

To construct the underlying graphical model, we take the number of variables to be
n = N, the number of check nodes to be m = N — M, and we draw an edge (i,a) iff
HL = 1. Figure 2.5 shows the graph corresponding to the parity-check matrix H in
(2.20).

The conditional probability (2.23) becomes

Pxiy (z|h) =

11 (1 +11 (—1)3“) IT 0, (2.24)

Z1pPC acC i€da i€V

where the normalization factor

Zivee= Y, ]I (1+ 11 (—1)"’”) [T &m0, (2.25)

z€{0,1}" acC 1€0a eV

is the partition function of the LDPC code. Similarly to LDGM codes, the quantities h;
are the half log-likelihood ratios of the channel observations y;

1. q(il0)
hi(yi) = = In ———. 2.2
(y) = 5" (2.26)
The Gibbs measure (2.24) is a measure of a disordered system. Similarly to the LDGM
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case, the factor graph I is selected uniformly at random among the ensemble of bipartite
graphs with fractions of variable nodes with degree s equal to As and with fractions of
function nodes with degree t equal to P;. Under the all-zero codeword assumption for
the BSC (p), we recover the distribution of half log-likelihood ratios

q(hi) = (L—=p)d(hi —h)+pd(hi+h), (2.27)
where h is the amplitude of the half log-likelihood ratios given by (2.19).

The LDPC Gibbs measure is, however, very different from the LDGM measure (2.15) in
that it contains parity-check constraints. These interaction functions are “hard” in the
sense that they are equal to zero for certain variable configurations (when z ¢ €). The
amplitude h = %ln 1%1; cannot be interpreted as a temperature for LDPC codes. The
LDPC Gibbs measure can in fact be viewed as a spin glass measure at zero temperature
(infinite energy cost if z ¢ €) with a ground state degeneracy (there is an exponential
number of codewords).

2.1.3 The Conditional Entropy as a Measure of Optimal Performance

We want to measure the behavior of the average bit-error probability (2.5) of a code
as the channel parameter changes. The performance of the code is lower-bounded by
the optimal bit-MAP decoder (2.13) for LDGM codes and (2.22) for LDPC codes. The
average bit-error probability DMAP of the MAP decoder is a quantity difficult to analyze
and control. Fano’s inequality [63] provides a lower bound on the error in terms of the
conditional entropy

o (DYAP) > L H (U |Y) = o H (X V). (2.28)

The averaged conditional entropy over the LDPC (23, 26) ensemble is depicted in Figure
2.6. The Shannon lower bound on the entropy of the average error probability is shown
for comparison. The smallest value of p, for which the conditional entropy is non-
zero, is called the MAP threshold pyap and according to Fano’s inequality DMAP >0
for p > pymap. The conditional entropy is trivial at low noise and is non-analytic at
pmap ~ 0.101. The picture for LDGM codes is slightly different at low noise, because
these codes exhibit an error floor hso (DJI\\/I/[AP) > LH(U|Y) > 0. This issue can be
fixed, however, by adding a precoder, thus making LDGM codes still useful in practice.

If we define the free energy for the LDGM and LDPC codes, respectively, as

1 1
fipam = - In Zipagm and frppc = - In Z1,ppc, (2.29)

then the conditional entropy on the BSC (p) channel is directly related to the free energy
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Figure 2.6: Conditional entropy and Shannon bound on the BSC (p). The average
conditional entropy for the LDPC(z3, 2%) ensemble is shown in red. Its threshold is
pyap =~ 0.101. The optimal Shannon bound is shown in dashed blue and its threshold is
psh ~ 0.110. (Adapted from [59]).

of the codes through the formulas (see [64] for a derivation)

1 11-2p
~H Y)=E -
77 Hipan {uly) n [ fupam] "

1-p
In —— 2.
5 n pa (2.30)

and

1-2p. 1-—p

In —. 2.31
52— (231)
Therefore the analysis of the performance of LDGM or LDPC codes under MAP decoding

is tantamount to the computation of the free energy of spin glasses.

1
NHLDPC (X]Y) = Ep[fuopc] —

2.2 Lossy Source Coding

Lossy source coding is one the oldest and most fundamental problems in communications.
It was originally created to answer the following question: Up to which fidelity can
we reconstruct a source of information if we only have a limited amount of memory
to describe it? The measure of fidelity depends on the application considered. If the
source is a picture or a song, the fidelity will depend on the human perception and its
aesthetic sense. The concept of lossy compression gave rise to numerous efficient encoding
algorithms, notably for movies, music or photos. An example: a Beethoven symphony
takes about three times less memory space with an MP3 encoder than with a lossless
sound compression algorithm, such as FLAC, and this is without a perceptible difference
of quality for the human ear.
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The rate-distortion theory was created by Shannon in 1948. Far from the technical
complexity of current lossy-encoding techniques, it nevertheless poses a solid theoretical
foundation. Being a dual problem of channel coding, the rate-distortion theory can be
explained within a common framework. The fidelity of the reconstruction is measured by
the distortion that is identical to the average error probability encountered previously
in channel coding. Thus lossy compression can be viewed as communication through
a perfect channel but with codewords shorter than the original message. Therefore
Shannon’s theorems for channel coding apply, characterizing the achievable region of
distortion versus a compression-rate diagram. The question of an explicit construction of
an efficient encoding/decoding scheme remains unanswered by the theorem and forms an
active research area.

It has been known since 1963 [65] that linear codes can achieve the Shannon rate-distortion
bound. However, it is of fundamental importance to find encoding/decoding schemes
with a low computational complexity. One of the first attempts is the work by Viterbi and
Omura [66] who designed in 1974 trellis codes approaching the rate-distortion bound for
memoryless sources and bounded distortion measures. Although linear in the number of
encoded bits, the complexity increases exponentially as we approach the distortion bound.
In the past few years, different techniques emerged for designing efficient algorithms. We
mention the concatenation of small codes under optimal encoding [67], and also the polar
codes that achieve the rate-distortion bound with almost linear complexity [68].

It has been shown that LDGM codes equipped with low-complexity message-passing
algorithms approach the rate-distortion curve for optimized degree distributions (A, P)
[69, 70, 71]. However, these results are empirical and there is no real principle for the
choice of the degree distribution.

The construction investigated in this thesis is based on simple spatially-coupled LDGM
codes. Spatially-coupled codes were first introduced in the context of channel coding in the
form of convolutional LDPC codes [72] and it is now well established that the performance
of such ensembles under BP decoding is consistently better than the performance of the
underlying ensembles [73, 74, 75]. This is also true for coupled LDGM ensembles in the
context of rateless codes [76]. The key observation is that the BP threshold of a coupled
ensemble saturates towards the maximum a posteriori MAP threshold of the underlying
ensemble as the width of the coupling window grows. A proof of this threshold saturation
phenomenon is in [77, 78]. An important consequence is that spatially-coupled regular
LDPC codes with large degrees universally achieve capacity. Recently, more intuitive
proofs based on replica-symmetric energy functionals have been given in [79, 80]. Spatial
coupling has also been investigated beyond coding theory in other models such as the
Curie-Weiss chain, random constraint satisfaction problems [81, 82, 83], and compressed
sensing [84, 7, 85].

Our motivation to study spatially-coupled LDGM codes in lossy source coding is two-fold.
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2.2. Lossy Source Coding

First we want to know if the spatially-coupled version of an LDGM code can approach
the rate-distortion bound under low-complexity message-passing decoding when the
underlying code cannot. Second, we want to assess if, as in channel coding, a threshold
saturation phenomenon occurs and, if so, what is the specific nature of such thresholds.

Our focus is on LDGM codes with Poisson-distributed degrees for function nodes and
regular degrees for variable nodes. This degree distribution is known to achieve the
rate-distortion bound under optimal decoding [69] but shows poor performance under
message-passing decoding. A similar conclusion is reached (by non-rigorous means) by
the cavity [86] and replica [14] methods from statistical physics.

In this section, we start by reviewing the basics of the rate-distortion theory. Subsequently,
we present the way in which an LDGM construction can be used as a lossy source encoding
/decoding scheme. Finally, we introduce the concept of spatial coupling and the related
code construction.

2.2.1 The Rate-Distortion Theory

Consider a source of information X generating sequences of N bits x € {0, 1}N. Without
loss of generality, we consider that this source has maximal entropy H (X) = N. Thus
X; are i.i.d. Bernoulli 1/2 random variables. We want to encode this information into
a smaller sequence that possesses only M < N bits. We have then to compress an
information sequence to a smaller string of bits u € {0, 1}M . The reproduction of the
source based on the stored sequence is denoted by X. The measure of fidelity is simply
the Hamming distance between the original signal and its reproduction

I _
dy (z,2) = N D lwi — @l (2.32)
i—1

The distortion is the average of the Hamming distance (2.32) over the source realizations
and over the encoding/decoding realization*

Dy =E, ¢[dv (z,2)]. (2.33)

ELREL S

The inverse ratio between the length of the source and its representation in the memory
measures the compression rate

M
R= N (2.34)
The problem of determining, for a given rate, what is the achievable distortion is
then isomorphic to a channel coding problem. Lossy source coding can be viewed as
communication through a noiseless channel at a rate R~'. The distortion (2.33) can be,

in this context, interpreted as the average bit-error probability (2.5). The following is

4The encoding/decoding scheme can be a probabilistic algorithm.
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Figure 2.7: Shannon rate-distortion curve and the achievable region.

thus a consequence of Theorem 2.1 (see [62, p. 167]).

Theorem 2.2 (Lossy source coding theorem). Define the Shannon rate-distortion curve

as

Dgsn (R) =hy' (1 —R). (2.35)

1. If D > Dgy, (R), there exists codes achieving imy_,oo Dy = D.

2. For any R, distortions lower than Dgy, (R) are not achievable.

The rate-distortion curve is shown in Figure 2.7. The blue area represents the achievable

region.

2.2.2 LDGM as a Lossy Source Compression Scheme

Let G be an M x N generator-matrix from an LDGM (A, P, M) ensemble. We start by
describing the decoding process. The reconstructed message is defined as the product of
the compressed sequence u and the generator-matrix

z (u) = uG. (2.36)

As the matrix G contains only NI non-zero entries, decoding is an operation of linear
complexity. The difficulty comes from the encoding process. The optimal encoder finds a
compressed sequence u such that the resulting distortion is minimized

opt

uP’ = arg mgind (z,Z (u)). (2.37)

34



2.2. Lossy Source Coding

U X

L =L
E—B—E
o B
e

—

H
=

Figure 2.8: Coding of 9-bit images representing the word “LTHC” into 4-bit images.
This code is based on the matrix (2.38).

So far, no polynomial complexity algorithms that can solve the optimization problem
(2.37) are known. In fact for the regular distribution P = 2!, this problem turns out
to be MAX-I-XORSAT, which is known to be NP-hard [87, p. 366], thus leaving little
chance that such algorithms exist.

An example of an LDGM encoding/decoding process is depicted in Figure 2.8. The
3 x 3-bit images representing the word “LTHC” are compressed to 2 x 2-bit images, then
recovered with some distortion. The images are transformed into a string of bits starting
with the pixel in the upper left corner and going from left to right and from top to
bottom. The matrix used to realize this example is the following:

(2.38)

Gexample =

_ o O =
o = O O
_ o O O
o O O

1
1
0
1

S O O

10
11
11
10

S O = =

We use the optimal encoding scheme (2.37), which requires looking through 24 configura-
tions. For compressed images of size 16 x 16, the number of configurations would exceed
the number of atoms in the universe.
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Chapter 2. Coding Theory and Sparse Graph Constructions

2.2.3 Decoding by Sampling: BP Guided Decimation

The optimization problem (2.37) can be formulated in terms of a graphical model. We
consider n = M variable nodes and m = N check nodes, and we draw an edge (i, a) iff
Gie = 1. On this graph we define the Gibbs measure

1 —28Ndy(z2(w)
Zg(z)

1 .
S — ¢ 2Plra~ Do, il (2.39)
Z5(z) oo

ps (u| z) =

where 8 > 0, the inverse temperature, is an open parameter. The normalization factor in
Equation (2.39) is the partition function

Zs(@)= Y. e Brcoarl, (2.40)

u€{0,1}" acC

Suppose for the moment that we are able to sample a configuration u* according to the
distribution (2.39). As f increases, the resulting distortion becomes lower on average
and in the limit we have

lim d(z,Z (v")) = mind (z,Z (u)) . (2.41)
B—00 u

Sampling a configuration for a value of § large enough is equivalent to solving the

optimization problem (2.37).

We can design a sampling algorithm if we can compute the free energy of a system. We
recall that the perturbation of the free energy gives us access to the expectation of bits
and thus to their marginal distributions (see Eqn. (1.6)). By the Bayes rule:

n

ps(u| z) = [T mp(wilz, ur, ... uia). (2.42)
i=1

Thus we can sample u by first sampling u; from pg(ui|z), then us from pg(us|z, uq) and
SO On.

The sampling procedure is summarized by the Algorithm 2.1. This algorithm fixes a
variable at every step and then removes it from the variable set. Such a process is called
decimation. The graphical model thus changes after each iteration, but it is not hard to
see that it remains in the same form (2.39) albeit with a different graph.

In order to have a low-complexity algorithm, the estimation of the marginal distributions
(2.43) can be made through the Bethe free energy. We then refer to a belief propagation
guided decimation (BPGD) algorithm. If, as in Algorithm 2.1, the value of ] is sampled
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2.2. Lossy Source Coding

Algorithm 2.1 Sampling by decimation

fort=1toi=ndo
compute the conditional marginal distribution

pp (ui | z,ui, . uiq); (2.43)

sample v} according to (2.43);
return u*;

from the marginal distribution (2.43), we say that we have a BPGD algorithm with
randomized rounding (BPDG-r).

We also mention the existence of another type of decimation widely used for constraint
satisfaction problems. The bit u] is fixed to a value that maximizes the marginal
distribution (2.43). Such a decimation process is call hard and the associated algorithm
is denoted by BPDG-h. We stress that these algorithms are not samplers. The reasons
for using hard decimation procedures is primarily empirical. BPGD-h algorithms are
deterministic and they achieve distortions lower than BPGD-r algorithms. Unfortunately
there is no clear interpretation of the output sequence of BPGD-h algorithms in terms of
the Gibbs measure (2.15).

2.2.4 Spatially-Coupled LDGM Codes

Spatially-coupled LDGM codes are codes based on a special class of M x N generator-
matrices. These matrices are block lower-band matrices. There are L column partitions,
L + w — 1 row partitions and the blocks are formed of % X % matrices G ,. The
integer L is called the spatial extent or length and the integer w < L is called the coupling
window. The reason for having a terminology related to space will appear once the
graphical model is built. A generator-matrix G of a spatially-coupled LDGM code has
the following form

Gii 0 0
: - 0
G=|GCru 1. Gro |- (2.44)
0 : :
0 0 Gryw-1,L

If the columns of G have a weight distributed according to P and the rows in the
partitions w — 1 < u < L 4+ 1 have a weight distributed according to A, we say that the
matrix belongs to the ensemble SCLDGM (A, P, L, w, M). Notice that the rows in the
partition u < w — 1 or u > L + 1 have a different weight distribution. Those partitions
play an important role in coupled codes.
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Figure 2.9: Factor graph associated with the spatially-coupled matrix (2.45).

The principal feature of graphical models associated with spatially-coupled codes is that
they possess an ordering along a “spatial” direction. The spatial position is denoted
by the non-negative integer z < L + w — 1. The variable and function node sets are
also composed of subsets labeled by their respective spatial position V = Ugilw ~1Y, and
C = UleCz. The subset of function nodes C, at position z contains m/L elements and
the subset of variable nodes V, at position z contains n/ (L + w — 1) elements. We draw
an edge (i,a) € E iff there exists a non-zero element in ith row and the ath column of
the matrix G. Note that an edge that links a variable node 7 € V,, to a function node
a € C,, corresponds to an element in the block G, ,. Therefore due to the band structure
of the matrix (2.45), a variable node i € V,, can be connected to a function node a € C,,
only if 0 <v—u < w.

The following matrix belongs to the SCLDGM (izl + %z?’ + iz‘l, 22,4,2, 8) ensemble

1 10
0 0
01
100 1 10 0
01 1 011
Gsc = (2.45)
0 1 01 100
0 00 010
111
0 0
0 01

The corresponding graphical model is depicted in Figure 2.9. Nodes at a common position
z are enclosed in a black box that is called a “copy” of the underlying LDGM code.
Blocks G, in a spatially-coupled matrix are associated with edges drawn inside a copy,
as the other blocks are associated with edges between distinct copies. The blocks G 1
(resp. G12) in (2.45) and its associated edges in Figure 2.9 are shown in blue (resp. red).
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2.2. Lossy Source Coding

2.2.5 The Poisson-Regular Degree Distributions

The LDGM ensemble studied in this thesis has p-regular check nodes and no constraints
on the degree distribution of the variable nodes.

The M x N LDGM matrix is randomly generated as follows: Initialize the matrix to
the all-zero matrix. For each column, choose p entries at random and assign their values
to one. The degree of the variable nodes is then a random variable with Binomial
distribution Bi(/NV,p/M). In the asymptotic regime of large N, M with M /N = R the
code-bit node degrees are i.i.d. Poisson distributed with an average degree p/R.

The coupled version of the LDGM matrix is generated analogously. For each column
in the partition z € {1,..., L}, we choose p entries at random among the rows in the
partition u € {z,...,z 4+ w — 1} and assign their values to 1.

To simplify notation, we will denote these ensembles by LDGM (p, R, N) and their coupled
version by SCLDGM (p, R, L, w, p), where p = N/L is the density of function nodes per

copy.

One reason to look at the variable Poisson-degree distribution is that it possesses a
universality property that the other distributions do not. Suppose that the amount
of memory for compressing a sequence is fixed to M but the length of the sequence
is unknown, except that it is less than N < M/R*, for some rate R*. One way of
treating this issue could be to have several different matrices with rates ranging from
R* to 1. This would require the storage of several matrices. The Poisson distribution,
however, enables us to cover all rates R > R* using only one matrix. To do so, we first
generate an M x M/R* matrix G from the LDGM (p, R*, M /R*) ensemble (resp. from
the SCLDGM (p, R*, L, w, M/LR*) ensemble). If N = M /R < M/R*, we delete from G
the columns k (1 — R*/R) ™! with k € {1,..., M (1/R* —1/R)}. The resulting matrix G
belongs to the LDGM (p, R, N) ensemble (resp. belongs to the SCLDGM (p, R, L,w, N/L)
ensemble).
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8] Contribution and Organization

In Part IT of the thesis, we prove the exactness of the Bethe free energy for LDGM and
LDPC codes over a BSC at high noise. These results are based on the paper by Macris
and Vuffray [88].

In Part IIT of the thesis, we show that spatially-coupled LDGM codes with BPGD
algorithms approach the rate-distortion bound. This work and its presentation are based
on the paper by Aref, Macris and Vuffray [89].

In this chapter, we summarize the main contributions of the thesis.

Exactness of the Bethe Free Energy for Sparse Graph Codes
(Part IT)

We prove that the Bethe free energy enables us to compute the conditional free entropy
of LDGM and LDPC code instances on a BSC at high noise. By this we mean that the
Bethe free energy associated with an LDPC code or an LDGM code used over a BSC in
a large noise regime is, with high probability, asymptotically exact as the block length
grows. The proof of this fact is obtained with the help of a tool from statistical mechanics,
called the polymer expansion, which is new in the context of coding theory. The polymer
expansion has an easy application to the case of low-density generator-matrix (LDGM)
codes for high noise, and more generally, to graphical models in a high-temperature
regime. It is interesting that the polymer expansion has to be combined with special
features of the graphical model associated with LDPC codes (features that are not needed
in the usual applications of the polymer expansion).
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Chapter 3. Contribution and Organization

The Polymer Expansion (Chapter 4)

In 2006 Chertkov and Chernyak [90] developed a loop-sum representation for the partition
function of graphical models. The virtue of this representation is that the partition
function factorizes as the product of the Bethe contribution and a finite sum of terms
over subgraphs (not necessarily connected) with no dangling edges. Each term of the sum
involves only the belief-propagation messages on the edges contained in the subgraphs
and in its edge boundary . In [90] these subgraphs are called loops. It is tempting to use
the loop-sum representation not only as a mere formal tool, but to compare the true and
Bethe free energies.

One of our contributions in the thesis is the development of this idea from a systematic
point of view. We recognize that the loop-sum is itself the partition function of a system
of polymers (Equation (4.22) on page 54). A loop can be seen as an union of connected
subgraphs with no dangling edges, called polymers. Each polymer has an associated
weight that depends only on the belief-propagation messages on the edges contained
in the polymer and in its edge boundary. The representation of the loop-sum as the
partition function of a polymer system with infinitely repulsive interactions opens the
way to the computation of the logarithm of this sum via a combinatorial expansion
known in statistical mechanics as the polymer expansion [91] (Lemma 4.1 on page 56).

If this expansion converges, then we can in principle compute corrections to the Bethe free
energy (which corresponds to the zero-th order term of the expansion) to an arbitrarily
high order. A sufficient condition for the convergence of the expansion is that the activity
of a polymer decreases exponentially fast enough in the polymer size (Corollary 4.1 on
page 59).

At the end of this chapter, we provide a pedagogical application of the polymer expansion
for the square lattice Ising model. We derive the first correction terms to the Bethe free
energy for this model and compare the results to the exact solutions. We show that the
first correction terms given by the polymer expansion significantly improve the Bethe
estimation of the critical temperature.

High-Temperature Models (Chapter 5)

If the girth of the graph is large, all contributions beyond the zero-th order Bethe free
energy only come from large loops and, if these contributions become small as the size
of a loop increases, we could expect that, provided the expansion converges uniformly
in system size, the Bethe free energy is asymptotically exact. More generally, this
mechanism could occur for typical instances of graphs from a random Erd&s-Rényi type
ensemble of sparse graphs, because the neighborhood of a given vertex is tree-like.

We show that the polymer expansion is absolutely convergent for general models pro-
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vided that the temperature is high enough. We give an immediate application of this
result to models whose factor graph has a large girth in the sense that the girth grows
logarithmically with the size of the graph. For such models, we prove that the Bethe free
energy is asymptotically exact in the thermodynamic limit (Theorem 5.1 on page 75).

We directly apply this result for irregular LDGM codes in the high-noise regime. We
prove that the free energy of an instance drawn at random from an irregular LDGM
ensemble is, with high probability, given by the Bethe formula in the large block length
limit (Theorem 5.2 on page 79).

LDPC Codes (Chapter 6)

In this chapter we consider regular LDPC codes used over a BSC in the high-noise
regime. For this model the solutions of the BP equations are not unique. In particular,
the low-noise solution is always a solution. We impose a restriction on the class of BP
solutions in which we evaluate the Bethe free energy, and we call high-noise solutions
the solutions obtained from this restriction (Hypothesis 6.1 on page 83). In the case of
LDPC codes, we cannot prove that the polymer expansion is absolutely convergent. The
reason is that the check-node constraints are indicator functions. Such constraints cannot
be viewed as high-temperature constraints but rather of low (even zero) temperature.
Therefore the polymer expansion cannot be used directly by itself.

It is interesting that we can show that a truncated form of this expansion does converge
absolutely (uniformly in the system size), using expander properties of typical instances
from the LDPC ensemble. Moreover, we prove that the convergent truncated expansion
accounts for the biggest part of the corrections to the Bethe free energy, up to a remainder
of order O(e™"¢), € > 0 (Theorem 6.1 on page 94). This remainder is not controlled with
the polymer expansion but estimated by a combinatorial counting method. The final
result is again that the Bethe free energy is asymptotically exact with high probability
in the large size limit (Theorem 6.2 on page 96).

Approaching the Rate-Distortion Bound by Spatial Cou-
pling, a Perspective from the Cavity Method (Part III)

We investigate an encoding scheme for lossy source compression of a binary symmetric
source which is based on spatially-coupled LDGM codes. The degree of the check nodes
is regular, and the degree of the variable nodes is Poisson distributed with an average
depending on the compression rate. We show that under a low-complexity BPGD-h and
BPGD-r algorithm, we approach the rate distortion curve for any compression rate.

The BPGD encoders are based on a random Gibbs measure with non-zero “temperature.”
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We investigate the links between the algorithmic performance of the BPGD encoders
and the phase diagram of this Gibbs measure. Using the cavity method, we investigate
the phase diagram that predicts a dynamical and condensation thresholds for the Gibbs
measure. We observe that the dynamical threshold of the spatially-coupled code saturates
towards the condensation temperature. Moreover, for large degrees the condensation
temperature approaches the temperature related to the information theoretic Shannon
test-channel noise parameter of rate-distortion theory. This provides heuristic insight
into the excellent performance of the BPGD algorithms.

Approaching the Rate-Distortion Bound by Spatial Coupling (Chapter
7)

Recall that p denotes the check-node degree, R denotes the rate, L denotes the coupling
length, w denotes the coupling window and p denotes the number of check nodes per

copy.

The Gibbs measure (2.39) is the basis for setting up the BPGD algorithms. At each step
of the decimation procedure, we compute with BP the marginal distribution of individual
bits. The main idea is that, when the marginal distributions are close to be uniform, a
random bit from the boundary of the chain is fixed to a random value; and as long as
there exist bits with biased marginal distribution, they are eliminated from the chain
by fixing them and decimating the graph. We consider two forms of BPGD algorithms
(Algorithm 7.1 on page 113). The BPGD-h algorithm which turns out to perform slightly
better, is based on hard decisions. The BPGD-r algorithm uses a randomized decimation
rule for fixing the bits.

For both algorithms, we observe that the rate-distortion curve of the coupled ensemble
approaches the Shannon limit when p > L > w > 1 and the node degree grows large
(Figure 7.3 on page 114 and Figure 7.4 on page 115). We cannot assess if the Shannon
limit is achieved based on our numerical results. However we observe that, in order to
avoid finite size effects, the degree has to grow large only after the other parameters
grow large in the specified order. In practice though p = 2000, L = 64, w = 3 and check
degrees equal to p = 3 yield good results for a compression rate 1/2.

The performance of the BPGD algorithms depends on the inverse temperature parameter
in the Gibbs measure and is optimal for a specific 5* (R, p) (Figure 7.5 on page 116).
Using the prediction of the cavity method for the average distortion, we compare the
quality of sampling of BPGD-r algorithms. We observe that the BPGD-r algorithm
correctly samples the Gibbs measure (2.39) down to inverse temperatures roughly higher
than g*(Figure 7.6 on page 117).
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A Perspective from the Cavity Method (Chapter 8)

We provide a summary of the main technical ideas of the cavity method at the beginning
of this chapter. We then proceed to derive the equations necessary for computing the
dynamical and condensation thresholds 84 and (. of the Gibbs measure (2.39). The
cavity equations take the form of six fixed-point integral equations (Equations (8.51)
on page 131 and (8.52) on page 131 and Equations (8.54) on page 131 and (8.55) on
page 132 ) .

Using population dynamics we solve the fixed point integral and compute the values of
these thresholds for the coupled and underlying ensembles (Table 8.1 on page 139 and
Table 8.2 on page 139 ). We observe that for both ensembles we always have 5* < 4. In
particular, the BPGD-r algorithm does not sample correctly after 5;. We also observe that
when p > L > w > 1 and for every p, there is threshold saturations 5* — 85 — . for
the coupled ensembles. This explains the good performance of the BPGD-r algorithm. On
the coupled ensembles, the BPGD-r correctly samples at low-temperatures configurations
that have a small distortion.

Moreover, we observe by population dynamics that two of the six cavity equations are
satisfied by a trivial fixed point. This is justified by a theoretical analysis for large degrees
p. When this trivial fixed point is used, the remaining four equations reduce to two
fixed-point integral equations that have the form of usual density evolution equations
for a BSC (Equations (8.63) on page 136 and (8.55) on page 132). This simplification
is slightly surprising because although the original Gibbs measure does not possess
channel symmetry!, this symmetry emerges as a solution of the cavity equations. Within
this framework the saturation of the dynamical temperature towards the condensation
temperature appears to be very similar to threshold saturation, in the context of channel
coding with LDPC codes.

The simplifications of the cavity equations enables us to perform an asymptotic analysis
in the limit p — co. We show that in this limit the dynamical threshold g4 goes to
zero for the underlying ensembles. Moreover, for both ensembles 5. — fsn, where fSgp,
corresponds to the amplitude of the half log-likelihood ratios of a BSC test channel at
capacity Cpsc = R (Equation (8.73) on page 138). This shows that the rate-distortion
curve can be interpreted as a line of condensation thresholds for each R.

In the context of spin glass theory this is the Nishimori gauge symmetry.
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“1'The Polymer Expansion

In this chapter, we present the polymer expansion and show that it enables us to compute
the correction terms of the Bethe free energy in a systematic way.

In Section 4.1, we set up the notation and recall the definition of the Bethe free energy.

In Section 4.2, for the convenience of the reader we provide a derivation of the loop sum
identity of Chertkov and Chernyak.

In Section 4.3, we show that the loop sum can be represented as the partition function
of a system of polymers (Equation (4.22) on page 54). We also present the polymer
expansion that enables us to compute the corrections to the Bethe free energy (Lemma 4.1
on page 56).

In Section 4.4, we give a sufficient condition which ensures the uniform convergence
of the polymer expansion. The condition is that the activity of a polymer decreases
exponentially fast enough in the polymer size (Corollary 4.1 on page 59).

In Section 4.5, we provide a pedagogical application of the polymer expansion for the
Ising model. To our knowledge this formalism has never been applied on this model.

4.1 Settings

The LDGM and LDPC codes are special cases of general factor graph models. We find it
convenient to develop the formalism of the loop sum and polymer expansions in a unified
manner which applies to general models.

We begin with a few definitions and notations. Consider two vertex sets: V a set of n
variable nodes and C' a set of m check nodes. We think of n and m large. We consider
bipartite graphs — call them I' — connecting V' and C. The set of edges is E. Letters i, j
will always denote nodes in V and letters a, b nodes in C. We reserve the notations 9i
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(resp. Oa) for the sets of nodes that are neighbors of ¢ (resp. a) in T

Consider a bipartite graph I'. We construct a general factor graph model or spin system
as follows. We attach spin degrees of freedom s; € {—1,+1} to nodes i € V. A spin
configuration is an assignment s = (s;);ev. To each check node a we associate a weight
depending on spins ¢ € da. The collection of spins s; with ¢ € da and the associated
weights are denoted sy, and 1, (ss,), respectively. The partition function of the factor
graph model (or spin system) is

Z= > ] ta(s0a)- (4.1)

se{—1,+1}n aeC

The free energy is defined by
1
f=—-InZ (4.2)
n

and its thermodynamic limit is taken in the limit n — 4-oc0.

If we restrict ourselves to the class of strictly positive weights their most general form is

%(Saa) = exp{ﬁ Z Jr H Si}a (4'3)

I1COa il

where 5 > 0 has the interpretation of an inverse temperature and J; € R have the
interpretation of coupling constants.

The cavity method enables us the computation of candidate approximations, called Bethe
free energies, for f = %ln Z. In the case of LDPC and LDGM codes it enables us the
computation of candidate approximations for the free energies frppc and frpam. As
explained in the introduction, controlling in a rather systematic way the quality of these
approximations is the object of Part II.

Let us first recall the Bethe formulas for general factor graph models. This involves
a set of messages v;4(s;) and U,;(s;) attached to the edges of (ia) € E. Messages are
probability distributions over the single spin space {—1,1}. The collection of all messages
is denoted (v, V); they satisfy the belief propagation fixed-point equations

Vs (S) — Hbeai\a’//\biisi)
e Zsi Hbeai\a Vbi(si) ’

(4.4)
~ o Zsaa\i Ya(Soa) Hjeaa\i Via(sj)
Vaz(sz) - Zsaa Ya(50a) Hjeaa\i Via(s;)

The Bethe free energy functional associated with a particular solution of these equations
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is

fBethe (Z; 2) _

S|

(ZFﬁZFi— > F) (4.5)

acC i€V (i,a)eE

where

Fo= 1n{253a Ya(S0a) [Ljcoa Via($j)},

F; = ln{ZSi Hbe@i ﬁbi(si)}a (46>

Fio = {325, Via(8i)Vai(si) }-

Notice that the functional fB¢*he (v, D) is well defined for any sets of messages v and

fBethe(

v. The stationary points of v, V) considered as a function of the messages over

RP x R, satisfy the belief propagation equations (see [92]).

4.2 Loop Sum Identity

The “loop sum identity” is a representation of the error term between the free energy and
the Bethe free energy. It takes the form of the logarithm of a sum over sub-graphs that
are non-necessarily connected. This identity was first derived for graphical models with
binary variables by Chertkov and Chernyak in [90] and later generalized for variables on
a g-ary alphabet by the same authors in [93]. The extension of the loop sum identity to
continuous alphabet has been carried out by Xiao and Zhou in [94]. The present section
contains a short derivation of the loop sum identity based on the original paper [90].
There exists other representations of the loop sum identity and its generalization notably
as the holographic transformation of a normal factor graph [95, 96].

Consider the problem of computing the partition function of a factor graph model
(Equation (4.1)). The loop expansion takes a natural form on graphical models called
vertex models, where variables are attached to edges. We introduce the auxiliary set of
Spins 044, 04; € {—1, 1} attached to directed edges (i — a) and (a — ) respectively. We
denote by 05, = {0ja|j € Ja} the collection of spins that are on edges pointing toward a
and we denote by dg; = {03;|b € Ji} the collection of spins that are on edges pointing
toward i. We can rewrite (4.1) as a partition function of a vertex model

Z= Y I vuloaw) [T out0) I 27 (1.7

o,.0e{—1,1}1El a€C eV (ayi)ERE

where 455
_ OpiOci
9i(Gai) = [] # (4.8)

b,c€0i
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Chapter 4. The Polymer Expansion

Let us comment on the expression (4.7). The new factors (4.8) ensure that all spins
on edges outgoing from a variable node ¢ take the same value s;. The last product in
(4.7) forces spins on the same edge to be equal. The key idea in the loop expansion is to
“soften” the constraints on the edges before performing the expansion.

Using the following identity, valid for any binary distributions v;, and ,; ,

L+ 0ia0ai _ Via(0ia)Vai(0ai) + Tialai(—0ia)0aiVia(—0ai) (4.9)
2 Dose{-1,1} Via(5)Vai(5) ’

we can rewrite the partition function (4.7) as

Z = Z H T;Z)a(o-aa) H Vja(gja)
o.oe{—1,1}1El a€C jEda
x I ¢:(Gai) TT 2i(Gi)

eV beoi

-1
X H ( Z ym(s)ﬁai(s))
(ayi)eE \se{-1,1}

< 11 (1+am”“(_‘”a)&m”ﬁ“(i"“i)). (4.10)

(ai)EE Via(ia) Vai(Oai)

We use the “generalized binomial formula” on graphs. For any function x defined on the
edges e € E of a graph I, the following relation holds

H (I+x(e) =1+ Z H x(e), (4.11)

eck gCl'eeENg

where the sum runs on every non-empty subset of edges represented by subgraphs g
whose vertices are incident to the edges in the subset. Expanding the last product in
(4.10) with the generalized binomial formula yields

Z = exp(nf?he(y,0)) x (1 +> K(g)) (4.12)

gcT’

The quantity that is factorized in the expansion appears to be the Bethe free energy
functional (4.5) evaluated at the distributions v and 7. The weights K(g) associated
with each subgraph can be distributed in contributions coming from vertices in g

K@= 11 K ][] Ke (4.13)

iegnNV acgnC
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4.2. Loop Sum Identity

where
Ki(g) = ZeHleeong e Loy s, (414
s; Llacoi Val(sl)
and
Ka(g) _ Zsaa %(Saa) Hieaa\g Via(si) Hieaaﬁg SiVai(_Si) . (4'15)

2500 Ya(50a) Iicoa Via(si)

The sum over non-empty subgraphs in (4.12) is the loop sum identity. Note that for
the moment the binary distributions entering in (4.9) are completely arbitrary. The
transformation (4.9) is crucial in that it allows the preservation of the correlations between
neighboring spins. Messages 7, ; directed toward a spin o; can be interpreted as an
interaction from the neighboring variables oy,\; that bias the average value of the spin o;.
Expanding the Kronecker delta in (4.7) directly is equivalent as taking v and U as being
uniform distributions. Such an expansion would be accurate only in a regime were the
spins are almost independent from each other and almost uniformly distributed between
+1 and —1. This is the case for instance in the high-temperature regime. Thanks to
the transformation (4.9), the effect of correlations between neighboring spins can be
captured by the distributions v and v. Thus, for appropriate choices of messages (v, 1),
the expansion can also be accurate in the low-temperature regime.

In order for the loop sum identity to be useful, one has to choose the “correct” binary
distributions. We call d;(g) = |0i N g| (resp. du(g) = |0a N g|) the induced degree of node
i (resp. a) in a subgraph g. If d; (g) > 2 and d, (¢) > 2 for all i,a € g, we say that g is a
loop. In other words a loop has no dangling edge. The natural requirement for sparse
locally tree-like graphs is that every subgraph g that is not a loop must have a zero
weight. In particular if I' is a trees, it implies that the loop sum is equal to zero. This
condition requires that the distributions v and 7 must be chosen such that d,(g) = 1 and
di(g) = 1 implies K,(g) = 0 and K;(g) = 0 respectively. The requirement K,(g) =0 is
fulfilled by distributions 7,; that satisfy the following equation

Zsiﬁm’(—si) Z wa(Saa) H Vja<3j) =0. (4.16)

Soa\i j€da\i
This is satisfied if 7; is a solution of the first belief propagation equation (4.4)

Zsaa\i Ya(59a) Hjeaa\i Vja(sj)

Vai(8) = : (4.17)
T D soa Va(S0a) Hjeaa\i Via(8;5)
Similarly one can check that the requirement K;(g) = 0 is fulfilled by the choice
< Di(ss
Via(Si) _ Hbe@z\a bl( 2) (418)

> Hbeoina Poi(si)
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Chapter 4. The Polymer Expansion

g=mMUr D=7 N

Figure 4.1: Example of I € B(3,4,8). The loop g has two disjoint connected parts ~;
and yo.

This is nothing else but the second belief propagation equation (4.4).

4.3 Polymer Expansion of the Loop Sum Identity

4.3.1 Polymer Representation

In the loop sum identity (4.12), only non-empty subgraphs g C I" with no isolated vertices
and no dangling edges are present. These subgraphs are called “loops”. Note that these
loops are not necessarily cycles, and are not necessarily connected. Figure 4.1 shows an
example.

Each generalized loop can be decomposed in a unique way as an union of its connected
components
9 = Uk, (4.19)

where v, are the connected components of g. It is easy to see that the 7 entering in
(4.19) are non-empty connected loops and are mutually disjoint (see figure 4.1). The
connected loops 7 are called polymers. Remarkably, each weight K (g) can be factorized
(see Section 4.2, Eqn. (4.13)) in a product of contributions associated with the connected
parts of g. We have

K(g) = [T K () (4.20)
k
The factorization implies
14+ )" K (g) = zrobymer, (4.21)
gCcnl’
with
1 M
Zrobymer — 3" il > TIEOw) [T TNy =0). (4.22)
M>0""" 41,y CT k=1 k<K
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4.3. Polymer Expansion of the Loop Sum Identity

G Ui (m) g3 Us (71,72,73)

(I(yi Ny =0)—1)
X (I(y Nz =0)—1)

+

(I(yv1Nye=0)—1)
X (I(y2 N3 =0)—1)
Go Uz (71,72)

(I(y1 Ny =0) = 1)
X (I(y2 N3 =0)—1)

+
O—@ ImnNr=0-1)

+
Iy Ny =0)—1)
X ([(y1Ny3 =0)—1)
X (I(y2Nys=0)—1)

Figure 4.2: All the Mayer graphs for M = 1,2,3 and their associated Ursell functions.

In the second sum on the right-hand side, each 7, runs over all polymers contained in I'.
The factor ﬁ accounts for the fact that a polymer configuration has to be counted only
once. The indicator function ensures that the polymers do not intersect. By convention
the term corresponding to M = 0 is equal to 1. The convention is also taken that if
M = 1 the product over the indicator functions equals 1. Note that because of the
non-intersection constraint of the polymers, the number of terms in the sums on the
right-hand side is finite.

From a physical point of view (4.22) interprets the loop sum in Eqn. (4.12) as the partition
function of a gas of polymers that can acquire any shape allowed by I'. The polymers
in this gas have an activity! K () and interact via a two body hard-core repulsion
which precludes their overlap. This analogy enables us to use methods from statistical
mechanics to analyze the corrections to the Bethe free energy.

4.3.2 A Combinatorial Tool: the Polymer Expansion

The polymer expansion is a powerful tool from statistical physics to expand the logarithm
of a polymer partition function in powers of the activity. We give in this section a quick
derivation of the polymer expansion based on [91].

We denote by G the set of all connected graphs G with M labeled vertices 1,..., M

L« Activity” is the name used by chemists for the prior probability weight K () of an isolated polymer.
Note that here K(v) can be negative and this analogy is at best formal. We use the name “activity”
rather than “prior weight” for K (v) precisely because they can be negative in the present context.
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Chapter 4. The Polymer Expansion

(see figure 4.2). These are called Mayer graphs.We associate to an ensemble of Mayer
graphs Gy an Ursell function whose arguments are polymers

Ycean Hpea LNy =0) —1) M >2

. (4.23)
1 if M =1

Uni(v, - yym) = {

were the product runs over the edges (k, k") of G.

Lemma 4.1 (Polymer expansion). If ZP°Ymer ig the partition function of a polymer
system (Eqn. (4.22)), the following equality hold

[e%s) 1 M
mnzPemert = %7 30 Un (o) [T K (). (4.24)
M=1"""y1,..,ymCl k=1

Proof. Let us introduce some notations. We denote the complete graph with M labeled
vertices by Kps. A partition of the set {1,..., M} into g “blocks” is an unordered list
{Z:,...,Z,} of disjoint nonempty subsets Z, C {1,..., M }. The partitions of M elements
into ¢ “blocks” form an ensemble denoted by P},.

We recall that polymers v are connected subgraphs of I' that cannot intersect due to the
presence of the hard core constraints I (75 Ny = ). The polymer expansion identity is
based on the expansion of these hard core constraints using the binomial theorem on
graphs (Eqn. (4.11))

[TTownw=0= J[ @Tnw=0-1+1)

k<k’ (k,k") e M

1+ Y [ Twnw=0-1. (425

GCKu (k,k)eG

The sum in (4.25) runs over non-empty subset of edges of K, represented by subgraphs G
whose vertices are incident to the edges in the subset. Notice that each general subgraph
in Kps can be written as an union of disjoint connected subgraphs G, ..., G4. This with
the fact that U (%) = 1 enable us to re-sum (4.25) as

1+ Y I @Gewnw=0-D=% ¥ [[Uz(Ower)- (426

GCRt (kk)eG 4=14{T,,.. I,}eP!, =1
Figure 4.3 gives a pictorial representation of the formula (4.26) in the case M = 3.

Together with (4.25) and (4.26), the polymer partition function (4.22) can be rewritten
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4.3. Polymer Expansion of the Loop Sum Identity

G C Ky=3
RO VI
L% @ I |
q=3 q=2 g=1
1 Uz (71,72)  U2(v1,73) Uz (72,73) Us (71,72,73)

Figure 4.3: Example in the case M = 3 of the terms entering in the re-summation (4.26).
The number of “blocks” in a partition of {1, 2,3} is denoted by ¢. Recall that U; () = 1.

as
1 U a
lymer __
ZPONmT =14 3 T5d. D H ¢ (Ly) (4.27)
M=1 =1{11,...7,}ePi, t=1

where

7) =Y Uy ((wher) TT K () (4.28)

Yke, ke

The function introduced in (4.28) depends only on the size of the ensemble

¢ (L) = o (ITal) (4.29)

as k € I, in (4.28) are just dummy indices. The number of partitions of {1,..., M} with
prescribed size |Z;| = my, ..., |Z4| = mq is

1
Z 1="" H —_ (4.30)
{|Z1]=ma,..., | Zq|=mq } P, ' .

where my, ..., my are non-zero integers satisfying mi+- - -+m, = M. These considerations
allow us to rewrite (4.27) as

polymer _| Z ]2”: l‘ > 12[ & ;,Zt)'
M>1g=1"*" my+-+mg=M t=1
M s q
Z—: l‘ MX:q 1+ tmg=M t=1 ¢7($t)
M 00 q
() o
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Chapter 4. The Polymer Expansion

The argument in the exponential of (4.31) is equal to the right-hand side of (4.24). O

Lemma 4.1 is rather general and is a combinatorial feature of polymer systems. It requires
no special property from the polymers v or from their containing graph I'.

4.4 Convergence Criterion and Control of the Polymer Ex-
pansion

The polymer expansion presented in Section 4.3 gives us a way to compute the logarithm
of the loop sum. Unlike the polymer partition function (4.22), the polymer expansion
(4.24) contains an infinite number of terms as polymers can overlap. It is then necessary
to have tools to ensure that the series is absolutely convergent. Besides in order to be
able to take the limit n — oo terms by terms in the series, we have to ensure that the
convergence is uniform in the system size. This is ensured by the following lemma

Lemma 4.2 (Convergence criterion). Let
1
Q=2+ sup > [y'|[K(), (4.32)

where the last sum in (4.32) runs over polymers v containing x. If Q < 1 then the
polymer expansion (4.24) is absolutely convergent. Moreover we have the following bound

; J<(2e) 2 g

zeVUC 72z

o0 M
M=1 k=1

Y15 Y CT

Proof. We use the remarkable inequality [91]

Unr (v, < > T Moy =0) =1

TETw (kKT

= > I Townw #0), (4.33)

TeTn (kk)ET

where Ty is the set of trees on M vertices labeled 1,--- , M. Using (4.33) we find that
the term of order M in (4.24) is smaller than

M
Yo Uu(nm) [TEw|< Y, > I Twnyw #0) H|K Vi)
k=1

Y15 YM CT TGTM V15 YM (k,k)ET

(4.34)
We will now estimate the sum over ~i,...,vys for each tree T. Let t1,...,t) be the
degrees of the nodes 1,..., M. One can decide that ~; is the root of T and that the leafs
are among 2,..., M. We first perform recursively the sum over s, ...,y by starting
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4.4. Convergence Criterion and Control of the Polymer Expansion

from the leaf nodes in this set. One finds the estimate

M M
S Il I H(vm%/#@)smwn(;gp Zlvltk‘llKWN)-

V200 M k=2 (k,k)ET\{1} k=2 UC sz
(4.35)
This implies
M
oK) IT Twnaw #0)< > DK (v)l ™
Vs YM k=1 (k,k"eT yeVuC 13y
M
< TI| sup D * 'K (v)]
k=2 LBGVUC "/938
(4.36)
Now it is easy to estimate the sum over 7" in (4.34). According to Cayley’s formula, the
number of trees with M labeled vertices of degrees t1,...,t;s is equal to
(M —2)!

(4.37)

(t1 — D) (tp — 1V
so we find that (4.34) is upper bounded by

+o0 M-1
Yo YK (n)|e 2\14 (Ztl, sup > K (v ) : (4.38)

yeVUC 713y 'yax

We see that in this expression the quantity in parenthesis is

27 sup 3~ 'K (v (4.39)
=0

which is smaller than 1 by hypothesis. O

An immediate application of this lemma is the following corollary which gives a conver-
gence condition independent of n.

Corollary 4.1 (Uniform convergence criterion). Recall that the degree of the variable
nodes is upper-bounded by lyq: and the degree of the check nodes is upper-bounded by
Tmaz- Define by Ry the minimal size of polymers containing x € VU C'. Let € < % If

[ ()] < (et mmmstimss )} 7 (440)
then:
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Chapter 4. The Polymer Expansion

1. %ln zpolymer has an absolutely uniformly (in n) convergent expansion.

1 polymer
2 Lz

4 Rg
<= 2zevuc €

Proof. The number of polymers with size |y| = 7 containing a node z € V UC is
upper-bounded by eax (lmax,Tmax )7 (See Appendix B). Therefore as a polymer contains at

least two nodes
2 1
0< - <=
—1l—€ 2

Application of Lemma 4.2 ends the proof. ]

(4.41)

An important consequence of Corollary 4.1 is that it implies in particular that the
polymer free energy is analytic as a function of {K(v),y C I'}.

A mathematically precise and simple way to express the analyticity of the series is to
replace K () by zK(7), z € C, |z| < z9, where zp > 1 is fixed. Then the polymer free
energy becomes a function of the complex variable z,

% In ZPolymer ) (4.42)
and (4.1) becomes a series expansion in z™, M > 1. If the convergence criterion (4.40)
holds with K () replaced by zoK () we can conclude by Montel’s theorem [97] that the
series is holomorphic for |z| < zp. Moreover the limit n — 400, as long as it exists, is
also holomorphic for |z| < zp. In practice, existence of the limit requires some regularity
structure on the sequence of graphical models (which is not the case in the present
formulation), and it can be checked term by term on the series expansion. We take zg > 1
in order to then apply the results to the case of interest z = 1.

As will be seen in Chapter 5 it is fairly easy to check that the inequality (4.40) is satisfied
for high-temperature general-models and also for typical instances of LDGM codes in the
large noise regime. These cases also serve as pedagogical examples to better understand
the difficulties that arise in the case of LDPC codes. In fact for LDPC codes we are not
able to satisfy this criterion as such. However the criterion holds if I' is an expander
and the sum in ZP°Y™eT ig restricted to small polymers of size |y| < An, 0 < A < Ao < 1.
The contribution of “large” polymers |y| > An is treated differently.

4.5 Illustration with the 2D Ising Model

The section’s goal is to illustrate the concepts presented above with the square lattice
Ising model encountered in Chapter 1. We compare quantities computed within the
Bethe approximation and the exact solution and we show how the polymer expansion is
effective to computes the corrections to the Bethe approximation.

60



4.5. Tllustration with the 2D Ising Model

4.5.1 Preamble

Denote by A,, = (V, E) the square lattice with n spins with periodic boundary conditions.
We will use the letters i, j for vertices in V' and denote by a couple (i,7) € F an
edge of the lattice. A spin is a binary variable o; € {—1, 1} associated with a vertex
i € V of the lattice. A spin configuration is a vector of n binary variables ¢ € {—1,1}".
The Hamiltonian or energy-cost of the Ising model contains only ferromagnetic nearest
neighbor interactions

H, (o) = Z —Joio;. (4.43)

(i,7)€An

The occurrence probability of a configuration at temperature 3~! is given by the Gibbs

measure

1
n (@) = e ), (4.44)

n

where Z,, is the partition function

Zy =3 e Blnl@), (4.45)

We denote by brackets (-) ., the average with respect to the measure p. Note that the
measure (4.44) can be interpreted as a factor graph model on a bipartite graph if for
each edge (i, j) € E we create a check node with factor exp (8Jo;0;) .

We are interested in the properties of the system in the thermodynamic limit n — oo.
The quantities of interest are the free energy

1
flsing = lim —InZ,, (446)

n—o00 n

the dimensionless internal energy

1
u= lim — (Hy), . (4.47)

n—oo Jn n

the entropy

s = lim %1 (In ), (4.48)
and the heat capacity
0=~ ﬁd_l (Ju). (4.49)
We introduce at this point the dimensionless rescaled temperature
z = tanh (8J). (4.50)
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The temperature is minimal when z = 0 and becomes maximal when z = 1. Quantities
(4.47), (4.48), (4.49) can be obtained by taking derivatives? of the free energy (4.46). It
is straightforward to derive the following identities

d
w=—(1-2%) = fuing, (4.51)
1— 22 14+2\ d
s = fISing - 9 ln (1 — Z) %flsing, (452)
1—22 14 2\)\?2 o\ d? d
C= 4 <111 (1 — Z>) <(1 -z ) @fIsing - 2Z%flsing . (453)

4.5.2 The Bethe Free Energy of the Ising Model

Because the measure (4.44) is translation invariant, the belief propagation messages are
uniform over the graph. The BP messages v (o) are parametrized by a single number

szau(U).

The Bethe free energy for the square-lattice Ising model takes the following form in the
limit n — oo

ngethe (Z) — In ((1 + f2)4 + (1 _ fz)‘l) —2In (1 + 62z> —In (1 — 22> , (454)

where the value of the parameter £ € [—1, 1] satisfies the following belief propagation
equation

(1+28° — (1—20)°
(1428 + (128"

Equation (4.55) has several solutions and we should define a way to select one of them in

¢ = (4.55)

which to evaluate ngethe (z). For the Ising model, it appears that the polymers activities
K () are non-negative independently of the BP fixed point. It implies that the Bethe
free energy is a lower bound to the free energy

f£l3ethe (Z) < fIsing (Z) s (456)

reproducing the results of Sudderth et al. [99] and Ruozzi [100] for more general graphical
models. Inequality (4.56) implies that following fixed-point selection principle minimizes

2The free energy is a convex function of z. This enables us to exchange the derivative with the
thermodynamic limit [98, p. 203].
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the error

fBethe () .= max ngethe (2). (4.57)

A phase transition occurs in the number of solutions of the belief propagation equation
(4.55) at

1
zoothe = — (4.58)
3
Bethe

The high-temperature regime, z < z , is characterized by a unique, trivial solution

c

&high = 0. (4.59)

Bethe

" , two solutions which differs only by a sign emerge

As for low temperatures, z > z

1-3z
é-low ==+ m (460)

The associated high and low-temperature free energies are respectively

B (z) =m2 - (1-22), (4.61)
and
1622

1]23,1:116 (Z) =In (1 + Z) (1 _ Z) (1 + 62 — 22) . (462)

Note that for z > zB°he the low-temperature free energy is always bigger than the
high-temperature free energy. Thus according to our selection principle (4.57) zB°the also
corresponds to a phase transition in the Bethe approximation.

4.5.3 The Polymer Expansion for the Ising Model

According to Section 4.2, the difference between the Bethe free energy and the free energy
is given by

fIsing (Z) o ngethe (Z) _ fg’ol}’mer (2) 7 (4.63)
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where
fEm = lim g Z P2 H Ke(w) > JI @ownw =0)-1).
’71, STM k=1 GeGy (kkEG
(4.64)
In (4.64), weights are given by the following formula
l_g‘h1+Z§4_Qi+_1(h‘1+2§qi1_z€4_qi

i€V (1+26)" + (1 - 2¢)*
where ¢; = |{j € V| (4,7) € yN E}| is the induced degree in vy of the vertex .

In the next subsection we compute the first terms of the expansion (4.64) which are the
leading correction terms of the Bethe free energy. Up to the third order correction terms
we find that the phase transition occurs at a lower temperature than predicted by the
Bethe free energy®

ZBetheeorr o 9 405, (4.66)

This transition temperature is found by applying the selection principle of the fixed point
(4.57) to the Bethe free energy to which we added the first correction terms from the
polymer expansion. We define accordingly the corrected Bethe free energy as

fBethe+Corr = mgax (ff + COI‘I‘&) . (467)

High-Temperature Expansion

At the high-temperature fixed-point (4.59), weights (4.65) become

B 1+ (=1)%
Kiggn (1) = 2”77 ] AT (4.68)
ieyNV

According to (4.68) a polymer is any subgraph with vertices of even induced degree. The
activity of a polymer is exponentially decreasing in the number of edges contained in the
polymer.

Figure 4.4 shows the first polymers entering in the expansion. The multiplicity of
a polymer described in Figure 4.4 is the ratio between the number of polymers of a
particular shape (up to rotations and translations) and the number of vertices. Let us
define more precisely the notion of multiplicity. We say that two polymers 1 and s
have the same shape if there exists a transformation 1" composed of a translation and
a rotation such that y; = T [y2]. We clearly see that “having the same shape” defines

3In general mean-field methods neglect fluctuations and overestimate the critical temperature.
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Khigh(7) multiplicity x ([v]) # of edges

24 1 4

HEBDEIQ

[:}:] 218 2 8

Figure 4.4: Polymers entering in the first orders of the expansion at high temperature.

an equivalence relation between polymers. The interest of this equivalence relation is
that polymers with the same shape give the same contribution in the polymer expansion.
Therefore we can simplify the polymer expansion by considering only contributions given
by a certain shape of polymer rather than contributions given by the polymers themselves.
The multiplicity x ([]) is a number associated to an equivalence class of polymers having
the same shape. It represents in the thermodynamic limit the number of occurrence per

variables of a certain shape in the lattice

x () = tim 001 (4.69)

n—oo N

Using the polymer expansion (4.64) we compute the difference between the free energy
and the Bethe free energy up to the first few small-order correction-terms

. 9
flsing _ fﬁgﬂhe =2t 4+ 2%+ 528 +0 (210) ~ (4.70)

Low-Temperature Expansion

Similarly to the high-temperature case we compute the activity at the low-temperature
fixed-point (4.60)

Kiow )= ][ Fa- (4.71)
ieyNV
where (- Z)z (- Z)z
Fy= =+ 0 ((1-2)%), (4.72)

65



Chapter 4. The Polymer Expansion

v Kiow(7) multiplicity x ([v]) perimeter

~(1—2)8 1 8

1
[1T7] ~ (1 —2)10 2 10
]

~ (1 —2)12 2 12

| ~ (1 —2)12 4 12

T ~G-2m > 12

~ (1 —2)12 1 12

[:FI ~ (1 —2)12 2 12

Figure 4.5: Polymers entering in the first orders of the expansion at low temperature.

1— 22 1—2

K = W\/(&z— 1)(3—2) = +0((1-27), (4.73)
2
/-:4:—1_12%1:1—(1_22)+0((1—z)3). (4.74)

Polymers are subgraphs with no induced degree-one vertex. According to (4.71), the
activity of a polymer is in the first order in (1 — 2)

Klow (7) =

1 — 2\ 4Vyl=2[Enyl
< ) + high order terms. (4.75)

2

But the exponent on the right-hand side of (4.75) is the number of edges attached to
but not in . The activity of the polymer is exponentially decreasing in the perimeter
size, where the perimeter are edges which connect the polymer to the rest of the lattice.

Figure 4.5 shows the first polymers entering in the low-temperature expansion. The
difference between the free energy and the Bethe free energy in the first few small-order
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Table 4.1: Phase transition temperature for the different approximations

Ze Z?et he Z?etheJrcorr

0.414 0.333 0.405

correction-terms

f— fgfgt}‘:e —rka + 2K9K3 + Kakaky + 2K + 2raKa + ARSKAK, + 2KS Ky

1 21 45
o (1 B ()0 2 (0
o 1~ tgg (-2 -2+ g (1=2)
687 12, 609 13 14
000 R 1— ). 4
2006 L T2t ogg (1) T+ 0= 2) (4.76)

4.5.4 Comparison with the Exact Solution

We compare the value of the free energy (4.46), the internal energy (4.47), the entropy
(4.48) and the heat capacity (4.49) obtained by the exact computation, by the Bethe free
energy approximation and by the polymer expansion. Table 4.1 shows a recapitulation of
the various phase transition temperatures predicted by the three approaches. In Figures
4.6, 4.7, 4.8, 4.9 and 4.10 the exact quantity is represented in black, the Bethe quantity
is in blue and the Polymer corrections are in red.

Figure 4.6 depicts the various free energies. Figure 4.7 shows the relative difference
between the exact solution and the approximations

approx __ fapprox
Af _ =

/e (4.77)

In Figure 4.8 the free energy is reported. Figure 4.9 shows the entropy and Figure 4.10
shows the heat capacity.

The first few small-order correction-terms given by the polymer expansion already
improves significantly the quantitative results predicted by the Bethe approximation.
Notably, the relative error on the phase transition temperature predicted by the Bethe
approximation is reduced from 24% to 2%.

4.5.5 On the Convergence of the Polymer Expansion

The mechanism which ensures that the polymer expansion is a convergent series is
different between the high and the low-temperature regime.

In the high-temperature regime we can directly apply apply Corollary 4.1 by noticing
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Figure 4.6: Free energy. The curves are: f in black, f2¢*"¢ in blue and the corrections
fBethe—l—corr in red.
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Figure 4.10: Heat capacity. The curves are C' in black, CB°*"® in blue and the corrections
CBethe+corr in red.

with (4.68) that |Kpign (7)| < 2"l < 2l We thus find that for a temperature » <
%e‘g’ ~ 0.003 the polymer expansion is an absolutely convergent series. This extremely
small convergence radius contrasts with the result found in the previous subsection.
Apparently from the comparison with the exact solution, it seems reasonable to think
that the polymer series is convergent up to the phase transition z < v/2 — 1. However
because of estimates made in Lemma 4.2 and more importantly the loose bound on
the number of rooted polymers in Corollary 4.1, we cannot expect to ensure absolute

convergence on a large interval.

The low-temperature regime is more challenging. The activity of polymers does not
decrease fast enough with the system size uniformly in n (take for instance the activity
of the whole lattice Koy (Ay) ~ (1 — % (1-— z))n) We cannot directly apply Corollary
4.1 in this situation. However on the lattice, a polymer is almost completely determined
by the position of the boundary nodes. Once the induced degree two nodes and three
nodes are placed on the lattice, there are almost no other choice for placing the degree
four nodes (They must “fill” the space between the degree two nodes and three nodes).
It implies that the number of polymers containing a vertex z € V with a prescribed
boundary size |0y| = 7 is exponentially increasing in 7. This combines with the fact
that the activity is decreasing in the boundary size enables us to fulfill the convergence
criterion of Lemma 4.2.
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In this chapter!, we prove that the Bethe free energy is exact for high-temperature
models.

In Section 5.1, we sketch the general strategy of the proof.

In Section 5.2, we show that the polymer expansion is absolutely convergent for general
models provided that the temperature is high enough. A direct application of this result
is the proof that the Bethe free energy is exact at high temperatures for factor graphs
with large girth (Theorem 5.1 on page 75).

In Section 5.3, we apply the result of Section 5.2 to LDGM codes. We prove that the free
energy of an instance drawn at random from an irregular LDGM code ensemble is, with
high probability, given by the Bethe formula in the large block length limit (Theorem 5.2
on page 79).

5.1 Preamble

We recall that the partition function of a general graphical models for binary variables is

Z= Y ]I ¢a(s0a), (5.1)

se{-1,+1}" acC

with weights

%(Saa) = eXp{ﬁ Z JIHSi}~

ICOa el

All the correction terms to the Bethe free energy are contained in the free energy of the

!The material of this chapter is based on [88].
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polymer gas, namely
l nZz = fBethe + l In Zpolymer‘ (52)
n n

If a suitable fixed point of the belief propagation equations is chosen such that the Bethe
free energy is a good approximation, then we expect that the polymer free energy is
small (or negligible in an appropriate limit). One way that this could happen is if the
activities of the polymers become small as the size of the polymers increase. Let us
explain this point in more detail. We expect the activities to be exponentially small in
17| (as will become clear later for LDGM codes this is true for small h = % In %). For h
small enough the smallness of the activities enables us to expand thelog in a power series
in K (). Since the polymers have no dangling edges, on a locally tree-like graph they
have a typical size |y| & cInn for some small constant c¢. This means K (7) ~ O(e~¢m")
and since the series expansion starts linearly with K(v), the polymer free energy is
itself O(e¢™™™). Note that the polymer free energy could still be negligible even if
the activities are not small because in general they have signs and cancellations could
occur. However such cancellations would be difficult to control. The regimes investigated
in the present chapter are those where the activities are small enough so that their
weight counterbalances the entropy of the polymers and we do not need to track sign
cancellations.

5.2 Exactness of the Free Energy at High Temperature

When we speak of the high-temperature regime it is meant that the coupling constants
Jr are finite and # > 0 is small enough so that

W= 2 sup Z |J7| < 1. (5.3)
a€C 1Ha

We remark for later use that in the high-temperature regime

W’a({saa}) - 1|§ . (5'4)

It will become clear that for LDGM codes the high-temperature regime is equivalent to
large noise. However for LDPC codes this is not true because these codes essentially
correspond to have J; = 4o00.

We begin with the high-temperature regime of general factor graph models. It has
been proven [101] that when the high-temperature condition (5.4) is satisfied the belief
propagation equations have a unique fixed-point solution. We assume in the present
chapter that the Bethe free energy is computed at this fixed point.

-1

Lemma 5.1 (High-temperature bound on the activities). For u < (202, "max) , the
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5.2. Exactness of the Free Energy at High Temperature

polymers activity is bounded by

1K ()] < (6ep)219l/ 247ma)

Proof. In order to find bounds on the activities (4.14) and (4.15), we should control the
behavior of the belief propagation messages. This is realized through the BP equations
(4.17) and (4.18). We first choose to parametrize the BP distributions v, 7 with real

~

numbers (, ¢

1+ s; tanh Gy
Dai(s1) = T i Zn Cai and vq(s;) =

1+ s; tanh (4

: (5.5)

The BP equation (4.17) now reads

Zsaa Va(S9a)si Hjeaa\z‘ Vja($5)
D soa Ya(Sa) Hjeaa\i Vja(sj)

tanh Gy = (5.6)

Using the high-temperature condition (5.4) leads to the following bound

(s, (als0a) =1+ 1) 8 TTjcon Via(s))|
1432, (Walsoa) — 1) Iljcaa\i Via(s))
1S40 (Ya(s0a) = 1) i Tljcoa Vials))

T 1= [, (Walson) = 1) eon Via(s)))

D son [Va(50a) — Ulcoa\: Vial(s)

—1- Zs@a Wa(saa) - 1| Hjeaa\i Vja(sj)
7]

I—p
< 2p, (5.7)

| tanh Co—yi =

IN

where in the last line, we use the fact that p < 1/2.
The other BP equation (4.18) takes the form
tanh ;o = tanh [ > Gy | - (5.8)
bedi\a
Using the bound (5.7) on messages Ea_n gives

| tanh ;4| < tanh ((ZmaX -1) tanh_1(2,u)>
S 2(lmax - 1):“' (5'9)

The inequalities (5.7) and (5.9) can be restated in terms of distributions 7, v and take

73



Chapter 5. High-Temperature Models

the form

1=20 55 (o) < 1420
{ 2 S Pailsi) < 5 (5.10)

1—2(lmax—1 1+2(lmax—1
( 2a )7 S Vm(sz,) S ( 2a ):U'.

By noticing that Y, sts(s) = tanh Ea_n- and using the bound (5.7), we are in position to
control the activity (4.15)

Zsaa Va(50a) — 1 Hieaa\»y Via(8:) Hieaam»y Vai(—5i)
L=, [Ya(50a) — 1| Ticoq Via(si)
[Licoany | 2os; 8iVai(si)]
L =32, [Ya(s0a) — 1 1Licoq Via(si)
_ it ()P
< T
< 6y, (5.11)

[Ka(7)] <

_l’_

where in the last line we use the fact that subgraphs v have no dangling edges (i.e.,
|0an~|>2)and p<1/2.

The second activity (4.14) is directly controlled using bounds on distributions v and v
given by equations (5.10)

() < 2 Tacon Pai 50l Tacouny ¥ia(—51)
Z - | Zsi Hae@i ﬁai(si”
lmax
< (1 + (lmax - 1)2'u>
N 1-2u
< (1 + 4lmaxﬂ)lmax . (5.12)

The total activity of a polymer, given by the relation (4.13), is then bounded by

(K< [T 15l T 1Kl

1eyNV aeynC
< exp (W N Vlmax (1 + dlmaxp) + [y N C| ln(6u)> : (5.13)
There are two antagonistic contributions in the loops activities. One is exponentially
increasing in the number of variable nodes contained in . The other is exponentially
decreasing in the number of check nodes contained in . We recall that the size of a

subgraph +, denoted by |7/, is the total number of variable and check nodes contained in
the loop

7] :==yNCl+|ynV]. (5.14)

In order to show that the activities in (5.13) are exponentially decreasing in the polymer
size, we have to show that the number of variable nodes contained in a polymer cannot
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5.2. Exactness of the Free Energy at High Temperature

be arbitrarily larger than the number of check nodes. Consider the number of edges
contained in a subgraph. We can bound from above this number counted from the
check node perspective and we can find a lower bound counted from the variable node
perspective. This leads to the following bound on the number of variable nodes

Tmax|Y N C| > 2|y N V. (5.15)

Using the definition (5.14) and the bound (5.15), we find that for every non-negative
numbers p and ¢

YN Vip—|yNClg=—(p+q)|yNC|+ply

TmaxP — 2
S S — (5.16)
This implies the upper bound for the exponent in (5.13)
_h ln((Geu)z(l + 4lmaxu)rma"lma"> . (5.17)
2 + Tmax
Moreover for p < 1/2(2,Tmax We have
(61) (1 + drmaxp) ™= < (6ep). (5.18)
From (5.13), (5.17) and (5.18) we deduce the bound on the activities
K ()] < (6epa) 1/ Zrms), (5.19)
O

Theorem 5.1 (Exactness of the Bethe free energy: High temperature). Let Iy, be a
sequence of Tanner graphs, with uniformly bounded degrees and with large girth in the
sense that girth(I'y) > C'In|I',| where C' > 0 is a numerical constant. Consider the free

-7

2
energy sequences of models constructed on T'y,. For 0 < p < e~ ™aX(Imax;Tmax) we have

: __ rBethe _
Jim |f = fP (v p)] = 0. (5.20)
Remark 5.1. Even if the individual limits of f and fBe™® are not well defined their
difference tends to zero. As will be seen in the proof, the order of magnitude of this
difference is O((cp)?2"™/ G+rmax)) with ¢ > 0 a constant depending only on the degrees of
the nodes and the couplings Jy.

Proof. Let n the number of variable nodes of the graph I',,. Proving Equ. (5.20) is
equivalent to

lim - In ZPelymer — (5.21)

n—+oo n
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2

To show this we apply Corollary 4.1 for € = (6ep)ZFrmax el tmax(maxrmax) - Lemma, 5.1
ensuring that the activities are decreasing fast enough. The graphs I';; have large girth,
and since a polymer v C I',, containing = certainly contains at least one closed cycle, we
have |y| > C'lnn (for C' > 0 not too large). Using this fact we find

1 4

7’1anolymer‘ <= Z |6‘Clnn

n

zeVucC

<4 (1 + l) e[ O (5.22)
T

Clearly this estimate tends to zero as n — +oo for p < e—max(lmax,Tmax)* =7 [ fact we
have that n~!In )Zp"lymer = O(p28irth/2+7max), O

5.3 Application to LDGM Codes

5.3.1 Preamble

For a graph I' from a standard ensemble LDGM(A, P) [59] the fraction of variable nodes
of degree 1 < s < lnax is Ag > 0, and the fraction of check nodes with degree 1 <t < rypax
is P, > 0. Of course Eé‘:‘l" Ag =3y P, = 1. Here I is the Tanner graph of an LDGM
code with design rate r/l = n/m, where [ and r are the average variable and check node
degrees, respectively. The large block length limit corresponds to n,m — oo with fixed
design rate. When we say that I' is random we mean that we draw it uniformly from
some specified ensemble. The corresponding expectation and probability are denoted by
Er, Pr.

We transmit codewords from an LDGM code with Tanner graph I' and uniform prior
over a BSC with flip probability p. Here information bits u = (u;)}; are attached to
variable nodes V' and codewords are given by z = (x,)i; with

ZTq = Dicalli - (523)

We must have n < m and [ > r so that the design rate r/l is well defined. We can
assume without loss of generality that the all-zero codeword is transmitted. The posterior
probability that z = (z;)"_; € {0,1}", or equivalently u = (ugq)i-, is transmitted given
that y = (ya)iz, € {0,1}" is received, reads

1 ha [, (—1)%
pglZ (g‘g) = ZLDGM H [ Hzeaa( ) . (524)
acC
In this expression
1. 1—p
he = (—=1)%2=1In 5.25
o= (15— (5.25)
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are the half-log-likelihood ratios and

ZLDGM = Z H eha‘ Hieaa(—l)“i (526)

ue{0,1}" acC
is the partition function. The amplitude of h, is set to

1 1-
Iha| = EilnTp. (5.27)

It is good to keep in mind that the high-noise regime — p close to 1/2 — corresponds to small
h. It is equivalent to describe the channel outputs y in terms of the half-log-likelihood
ratios h = (hq)J; which are i.i.d. with probability distribution

q(he) = (1 = p)d(hg — h) + pd(hg + h). (5.28)

The expectation with respect to this distribution is called Ey,.

Remark 5.2. Equ. (5.26) is the partition function of a spin system with one coupling
constant BJ; — hg per check, and the high-temperature regime (5.4) simply corresponds
to h < 1.

The free energy for fixed (I',y) is

1
fipbem = —In Zupeu (5.29)

For communications, the importance of this quantity stems from the fact that it is
intimately related to the Shannon conditional entropy by the simple formula,

1 [1—-2 1-—
—Hrpewm (UY) = Ey [fupam] — = P =—2. (5.30)
n r 2 P
5.3.2 The Bethe Free Energy for LDGM Codes
We parametrize the BP messages by reals numbers
Gisa = ZgiVia (0;) and ga—m' = Zaiﬁm‘ (o) - (5.31)

It is immediate to specialize the Bethe formulas to LDGM codes. The Bethe free energy
(4.5) is given by a sum of three quantities

B¢ O=Y"F.+Y F— Y Fa, (5.32)

acC eV (¢,a)€E

77



Chapter 5. High-Temperature Models

where
F, = In{1 + tanh hq [];cq, tanh ;4 } + Incosh A,

F; = In{[],e0:(1 + tanh (o) + [aepi(1 — tanh (o) } (5.33)

F;, = In{1 + tanh (;_,, tanh Za_,i}.

The BP equations (4.4) become

Gisa = Ebeaz‘\a Zb—n’
(5.34)

Casi = tanh ™! (tanh hy, [Tjcoa\; tanh sa)-

-~

If the LDGM code contains no degree-one check nodes then (¢,¢) = (0,0) is the trivial
fixed point. However if there is a non-vanishing fraction of degree-one check nodes the

~

fixed point (¢, () is non-trivial.

5.3.3 Exactness of the Bethe Free Energy for LDGM Codes

For h small enough, an instance of an LDGM code is a particular high-temperature
graphical-model.

Lemma 5.2. For h < (4l?naxrmax)_1, the polymers activity is bounded by

1K (7)] < (12eh)21/@Hrmas)

Proof. The LDGM codes can be seen as a special case of the high-temperature general-
models with I — da and SJ; — h,. The high-temperature condition translates into
2sup, |ha| = p < 1. Recalling that |h,| = h = 1n 1;%, we see that the high-temperature
condition is equivalent to taking p close to 1/2. The bound on the activity is obtained

by applying (5.19)

1— p> 2|7/ (2+rmax)

IK(7)| < <661n (5.35)

The activities of the LDGM codes have a high-temperature bound and the high-noise
regime p &~ 1/2 is then similar to a high-temperature regime for general models. O

Remark 5.3. There is a simplification for LDGM ensembles with no degree-one check

~

nodes. In this case the BP equations admit a trivial fized point where (¢,¢) = (0,0). The
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activities at the trivial fized point can be computed exactly

. tanh A, if danNg=20
Kiel(g) = § g oang = oo (5.36)
0 otherwise,
and
e trivial(g) 1 if|0ang|is even (5.37)
0 otherwise.

Subgraphs contributing in the loop sum are only those which have check nodes with
maximal induced degree and variable nodes with odd degree. Their activities admit the
stmple bound

2|g]

‘Ktrivial(g” < (1- 2p)|gﬂC| < (1 — 2p)2Frmax (5.38)

Theorem 5.2 (Exactness of the Bethe free energy: LDGM at high noise). Suppose

that we draw T' uniformly at random from the ensemble LDGM(A, P,n). For h <
e~ max(lmax,rmax)Q_? we h(we

lim Er||fipav — fE5dsi(¢, Q)| = 0. (5.39)

n——+o0o

2|v|
Proof. Set € = (12¢h) Trrmax ¢~ (maxmax) =1 For b small enough Corollary 4.1 implies

1 4
Sl ZPp <~ 30 e (5.40)

zeVuC

We recall that R, is the shortest size of a polymer containing z. Taking the expectation
of this inequality,

1 ! 1
Er|=|1 Zpd”n”} <14(1 ““X> > Ep |, 5.41
F[n’ NZipem || S A Vuc], & r [e ] (5:41)

Given I', let Np(x) be subgraphs formed by the set of nodes that are at distance less
than D from z. For the moment D is a fixed number. For D fixed and n large enough,
this subgraph is a tree with probability

| = O(Ymcrmae ) (5.42)

n

where Cy,.. ru.,p > 0 depends only on D and the maximal degrees. This means that

Tmax,

for n large enough the polymers v > x have a size |y| > D. Thus for D fixed and n large
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enough

1
VucC|

> By [ef] <eP(1 - o DDy | 20 DD

zeVUC n n

Replacing this estimate in (5.41) and taking the limit n — +o0,

1 lym
lim Ep|=|ln ZP2Ymer
e BT n| LDGM ’

§4(1+lmax>6D.

rmax

Finally taking the limit D — oo ends the proof.
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LDPC Codes

In this chapter!, we prove that the Bethe free energy is exact for LDPC codes over a
BSC at high noise.

In Section 6.1, we set up the notation and recall the relation between the conditional
entropy of a code and its free energy.

In Section 6.2, we compute the free energy of an LDPC code and we derive the associated
BP equations. We show that the activity of a “big” polymer does not necessarily decrease
with increasing size. We separate in the loop sum contributions from “small” and “big”
polymers.

In Section 6.3, we show that, by using expander properties of typical instances from the
LDPC ensembles, the polymer expansion truncated to “small” polymers is uniformly
convergent (Corollary 6.1 on page 89).

In Section 6.4, we estimate the contribution from “big” polymers by using a combinatorial

counting method.

In Section 6.5, we prove that the convergent truncated polymer expansion accounts for
the biggest part of the corrections to the Bethe free energy, up to a remainder of order
O(e™), € > 0 (Theorem 6.1 on page 94). Finally, we prove that the Bethe free energy
is with high probability asymptotically exact in the large size limit (Theorem 6.2 on
page 96).

In Section 6.6, we discuss some remaining open problems.

!The material of this chapter is based on [88].
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6.1 Settings

For LDPC codes we will limit ourselves to regular code ensembles with variable-node
degree [ and check-node degree r. Instead of using the notation LDPC(z!, 2", n), we find
it more convenient to denote the regular ensemble by LDPC(l,r,n). The Tanner graph
of a regular LDPC code is a bipartite (I,r) regular graph — call it I" — connecting V" and
C. In other words the vertices of V' have degree [, vertices of C' have degree r, and there
are no double edges. We recall that the design rate of a LDPC code is 1 —1/r =1 —m/n.
The large block length limit again corresponds to n,m — 400 with fixed design rate.

We transmit code words with uniform prior, from an LDPC code with Tanner graph
I', over a BSC with flip probability p. Here n > m and [ < r so that the design rate
1—1/r is well defined. We assume without loss of generality that the all zero codeword is
transmitted. Then the posterior probability that x = (z;)_; € {0,1}" is the transmitted
word given that y = (y;)i—; € {0,1}" is received, reads

Px|y (:L‘|y) ZLDPC H I(Picqxi = 0) le_‘[/exp h;) . (6.1)
In this formula 11
. - D
hi =(=1)¥%-1ln—= 2
(15— (6.2

are the half-log-likelihood ratios and the normalizing factor Z is the partition function

Zippe = >, ] 1(®icoawi = 0) [] exp((=1)"ha). (6.3)

z€{0,1}" acC eV

As before the amplitude of h; is set to |h;| = h = %ln lp%p and the high-noise regime - p
close to 1/2 - corresponds to small h. The distribution of the i.i.d. half-log-likelihood
ratios is q(h;) = (1 — p)d(h; — h) + pd(h; + h).

Remark 6.1. Equ. (6.3) is the partition function of a spin system with two types
of coupling constants BJ; — h; and +oo. The infinite coupling constant mimics the
parity-check constraints, so the high-temperature condition (5.4) is never satisfied which
makes the ensuing analysis more challenging.

The Shannon conditional entropy Hyppc(X|Y) of the input word given the output word
y is again directly related to the free energy

1
fuppc = - In Z1,ppc (6.4)
through the formula

1-2p. 1—p
In —. 6.
5 — (65)

1
ﬁHLDPC (X]Y) = Ep[fuopc] —
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6.2 The Polymer Expansion for LDPC Codes

6.2.1 The Bethe Free Energy of LDPC Codes
We parametrize the BP messages by reals numbers (7, 7), i.e

Ti—sa = Zazyza Uz andna—m ZUZVQZ Uz . (66>

g4

The associated Bethe free energy (4.5) is

e = (L P+ XA X Pa), (6.7)

acC eV (i,a)eE

where

P, =In{1 + [];co, tanh i} —In2

= ln{ehi [Tocoi(1 + tanhng_;) + e hi [Tocoi(1 —tanhn, i)} (6.8)

P)ia = hl{l + tanh MNi—a tanh ﬁa%i}'

According to equations (4.4), BP messages satisfy the belief propagation fixed-point
equations

Nisa = hi + Xpeoia Mo
Na—i = tanh ™! (Hjeaa\i tanh Ujaa)-

The BP equations (6.9) always admit the trivial solution tanh7,—; = 1, tanh7;,, = 1
for all noise levels. Thus unlike the high-temperature cases, the BP equations of LDPC
codes are not sufficient to control the BP fixed points. We need an extra requirement on
the class of fixed point used in the loop expansion, called high-noise fixed-points.

Given € > 0, we say that a fixed point (n,7) is an e high-noise fixed-point if for all
(i,a) € E

| tanh 7;q| < 6. (6.10)

where
6 = (1+¢)tanh h. (6.11)

In the remainder of this chapter we work under the following hypothesis
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Hypothesis 6.1 (Existence of high-noise fixed-points). We assume that for h < hy small
enough independent of n and for € > 0 independent of n and h, there exists a solution
(n,n) of the belief propagation equations (6.9) which satisfies the high-noise condition
(6.10).

The analysis does not require the uniqueness of this fixed point but only its existence.
We call such fixed points “high-noise solutions.”

The condition (6.10) can be justified by looking at the Taylor series expansion of a
solution at high noise. For h = 0, the BP equations (6.9) admit the simple solution
tanh 7,_; = 0, tanh 7;_, = 0. If we compute the Taylor expansion of this solution with
respect to the noise parameter, we find

{tanh Na—i = Hjeaa\l- tanh h; (6.12)

tanh 7, , = tanh h; + > i\ o [jepa\; tanh by,
plus some terms of order O((tanh h)"). This shows that there exists a hgo(e,n) such that

the high-noise condition (6.10) is satisfied for h < ho(e,n). However it does not guarantee
that hg(e,n) is uniform in the size of the graph.

6.2.2 Bound on the Activity

We recall that the induced degree of check and variable nodes are denoted by dq(g) =
|0a N g| and d;(g) = |0i N g|, respectively. The number of check nodes and variable
nodes with prescribed induced degree are denoted by ns(g) = [{i € gNV|d;(g) = s}|
and my (g) = |[{a € g N C|da(g) = t}|, respectively.

Lemma 6.1 (High-noise activity bound for LDPC codes). For fixed numerical constants
«, B that we can take close to one, there exist 0y > 0 such that for all § < 6

K (g9)| < K(n(9),m(9)), (6.13)
where

r—1
K(n(g),m(g)) = (1+a")™ 9 T] (aaH) «(9)

t=2

x H( B (1+4s+s )92>

even

x H 2 (6.14)

odd

ns(g)

l\D
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6.2. The Polymer Expansion for LDPC Codes

Proof. The LDPC codes cannot be seen as high-temperature models. The LDPC partition
function (6.3) is composed of two type of factors. The variable-node factors, coming
from channel observations, satisfy the high-temperature condition at high-noise. However
the check-node factors are equal to zero whenever neighboring bits does not satisfy the
parity-check constraints. Thus the check-node factors cannot satisfy the high-temperature
condition (5.4).

By using the high-noise condition (6.10) along with the BP equations (6.9), we find the
reciprocal bound on messages from check nodes to variable nodes

| tanh 7o_;| < 6771 (6.15)

For LDPC codes, the activities associated with check nodes (4.15) are

Ug + (—1)% 9y,

K = 6.16
() = T (6.16)
where
tua = [licoa\g tanh nisa
Vo = Hieaaﬁg tanh 7, (6.17)
wa = [licoang tanh ni—q.

Using inequalities (6.10), (6.15), it is straightforward to bound the check activities

|’LLa|+|Ua|
Ki(9)| £ ——
| a( )| 1_|ua|‘wa‘

r—da(9) (r=1)da(9)
< 0 +0 ‘

< T (6.18)
Thus for a fixed numerical constant « that we can take close to one
Kalg)| < { Sty (619
The activities associated with variable nodes (4.14) read
Ki(g) = T 4 (e I1 cosh flavi (6.20)

e(ui+wi) + e*(’uﬂr’wi) cosh ni_m’

a€ding
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where

u; =h;+ Zaeai\g ﬁ(l*)i
Vi = Dacding i—a (6.21)

wi = Zaeaimg TNa—i-
Again by a direct application of inequalities (6.10) and (6.15), we find

e(di(9)+1) tanh ™" 9 + (_1)d¢(g)ef(di(g)+l)tanh_l 0

|Ki(g)l < o(di(g)+ 1) tanh 10 | o—(di(g)+1) tanh 1
di(g)/2
1+ 6

For a fixed constant 5 close to one we have the following bound

1+ 5(1+4di(9) + di(9)?)60* if di(g) even

B(1+di(9))0 if d;(g) odd. (6.23)

Kig)| < {

Using the formulas (4.13) we derive the estimate (6.14) of subgraphs activities for 6 < 6
small enough. Estimate (6.14) is essentially optimal for small 6 as can be checked by
Taylor expanding K (g) in powers of 6. O

6.2.3 Splitting of the Loop Sum

Estimate (6.13), (6.14) is quite cumbersome, so let us begin with a few remarks to
understand its main qualitative features. The activity K () is not necessarily very small
for graphs containing too many check nodes of maximal induced degree and too many
variable nodes of even induced degree. More precisely for these “bad graphs” the rate of
decay as |y| grows is too slow even for € small, and it is not clear that it counterbalances
the exponentially large entropic terms. However the rate of decay as |0y N C| grows is
large for 6§ small. Here the boundary 0 N C is by definition the set of check nodes in ~
of non-maximal induced degree. An example is shown in Figure 6.1. For this reason we
will analyze the contributions from small and large polymers separately.

The size under which a polymer is small is chosen based on expansion arguments. For
the convenience of the reader we briefly review the necessary tools [59]. We will say that
I'is a (A, k) expander if for every subset V C V such that [V| < An we have

0V > kL |V, (6.24)

where |0V| is the number of check nodes that are connected to V, and A, k are two
positive numerical constants. Take a random I' C B(l,7,n). Fix 0 < x < 1 — % and
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6.2. The Polymer Expansion for LDPC Codes

K = (a6?)? K= ( )?(ad)
(1+ 2562)2 (486)(1 + 12 p6%)©

Figure 6.1: Example for a I' € LDPC (3,4, 8) of polymers and their associated activities.
On the left a small polymer and on the right a large polymer.

0 < A < Ao where )\ is the (only) positive solution of the equation?

-1 1 1
I hg()\o) — ;hg()\olﬂ’) — /\0%7’}12(5) =0. (625)
Then we have 1
P[I" is a (A, ) expander] =1 — O(m) (6.26)
n

2(r—1)
r
the rest of the chapter k is always a constant in this interval, and 0 < A < )Ag. For

Later on we need to take k €]1 — 1-— %[, which is always possible for » > 2. In

concreteness, one can think of the example (I,7) = (3,6), x = 0.5 and \g = 7.7 x 1074,

We say that a polymer is small if |y| < An. We define the partition function (with
activities computed at the high-noise fixed-point) of a gas of small polymers

M
Zoai= Y an 2 I[Kow I[Tknw=0). (627

M>0""" ~1,..oym st |yel<An k=1 k<k'

The loop sum is equal to the partition function of the gas of small polymers plus a
contribution containing at least one polymer of large size |y| > An. We call the latter
contribution Rj,ree. More precisely

1+ Z K(g) = Zsmall + Rlargea (628)
gCcrl’

where

Rlarge = Z K(Q)v (629)
gCI' s.t IyCg with |y|>An

*Here ho(x) = —zInz — (1 — z)In(1 — z) is the binary entropy function.
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6.3 Contribution of Small Polymers

For I' € LDPC(l,r,n) that are expanders, if  is "small” then |0y N C| is of the order of
|7| and the activity is exponentially small in the size of the polymer. This is the meaning

of the following lemma.

Lemma 6.2 (Activity bound for expander graphs). Assume that I" is a (A, k) expander

with k €]1 — 2(1;;1), 1— }[. For|y| < An we have for § small enough
|K(y)] <6217, (6.30)
" cmpo 2T (6.31)
3—1(1-kr) '

Remark 6.2. In the process of this derivation one has to require 3 — (1 — k) > 0 and
2(2;1). Note that
an expansion constant cannot be greater than 1 — 1/, so it is fortunate that we have
1—%>1—@ (for any r > 2).

c > 0. This imposes the condition on the expansion constant k > 1 —

Proof. Recall that d;(y) (resp. dq(7)) is the induced degree of node i (resp. a) in 7.
The type of 7 is given by two vectors n = (ns(7))i_y and m = (my(7))}_, defined as
ns (v) == |{i € yNV|di(y) = s}| and my (7) := [{a € y N C|da(y) = t}|. In words, ns(y)
and my () count the number of variable and check nodes with induced degrees s and ¢ in

~. Note that we have the constraints

_\ r
‘7|l - ZSZQ ns(/y) j_ ZtZQ mt(/y) (632)
D=2 8Ns () = Djma tmu ()
We apply the expander property to the set V ={i € v N V}. This reads
!
|0V| > Kl Zns (y) - (6.33)
s=2

On the other hand [0V] < 327y my(y) + Lo (1 — s)ns(y). With (6.32) and (6.33) this
yields the constraint

T T

S r—=tmu(y) = =1 = k) + (1A — k) +7—1)>_ mu(y). (6.34)

t=2 t=2

Relaxing the second constraint in (6.32) gives

r !
Z tmy(y) > 2 Z ns(7y). (6.35)
t=2 s=2
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Combined with the first constraint of (6.32) this yields

(2> ) = 20+ 3 — ). (6.36)
t=2 t=2

We have by use of inequalities (6.34) and (6.36)

r—1
;(T — tymy(y) = (r - ?)_Zl(Jrli@)M. (6.37)

Finally, by bounding the product over ¢t = 2,--- ,r — 1 in the activity bound (6.14), we
obtain (6.30). O

The free energy of the gas of small polymers n ! In Zgy,a1 has a polymer expansion (4.24)
with the second sum replaced by a sum over 71,...,va s.t |y < An.

Lemma 6.3 (Convergence of the small polymer expansion). Suppose r > 2 and assume

that T is a (A, k) expander with k €]1 — 2(7;;1),1 — %[ One can find 6y > 0 such that for

0] < 6o

1 4 .
|=In Zgnan| < = Y 03feet (6.38)
n n

xeVulC

where Ry is the smallest size of a polymer containing x.

Proof. When T is an expander we can use the bound (6.30) on the activities of the small
polymers and Corollary 4.1. d

Lemma 6.3 has the following consequence:

Corollary 6.1 (Control of the small polymer expansion for expander graphs). Suppose
r > 2. Let E be the event that T is (\, k) expander. For |0| < 0y,

1
Er |: ’ln Zsmall |
n

E} = O(n~17X)) (6.39)

for any 0 < x < 1.

Remark 6.3. We stress that Corollary 6.1 and Lemma 6.3 hold for any (I,7) with
r > 2. The restriction to odd | will come only when we estimate the contribution of large
polymers.

Proof. Taking the conditional expectation over expander graphs (6.38) implies

l

1 ¢
L Zunl ] < 4 (14 1) e o2ttt s
n r

E] , (6.40)

89



Chapter 6. LDPC Codes

were 0 € C'UV is a fixed vertex. We can compute this expectation by conditioning on the
first event that I is tree-like in a neighborhood of size O(Inn) around this vertex, and
on the second complementary event. The second event has small probability O(n~(1=X))
for any 0 < y < 1. Besides, from (6.38) it is easy to show that n~!|In Zgyan| is bounded
uniformly in n (put 2 < R,). Thus the second event contributes only O(n~(1=%)) to
the expectation. For the first event we have that the smallest polymer is a cycle with
|| = O(Inn). This implies that this event contributes O((#2e?)™™)) to the expectation.
For small 6 it is O(n~1=X)) that dominates. O

6.4 Probability Estimates on Graphs

The next lemma shows that the contribution from large polymers is exponentially small,
with high probability with respect to the graph ensemble.

Lemma 6.4 (Control of the large polymer loop sum). Fiz § > 0. Assume | > 3 odd and
Il < r. There exists a constant C' > 0 depending only on | and r such that for 8 small
enough

e on, (6.41)

S

PF |:‘Rlarge| Z 5] S

Proof. Let Qr (n,m) be the set of all g C T with prescribed type (n(g), m(g)). By (6.14)
and the Markov bound

1 _
IP)[|filarge| > 5] < S Z K(ﬂaﬂ) Er HQF (@a m)H’ (642)
n,meA
where
l r l r l T
A= {(n,m) | An < Zns +th, ans = Ztmt, Zns < n,th < nl/r} )
s=2 t=2 s=2 t=2 s=2 t=2
(6.43)

The expectation of the number of ¢ C I'" with prescribed type can be estimated by
combinatorial bounds provided by McKay [102]. It turns out that these subgraphs
proliferate exponentially in n only for a subdomain of A where K (n,m) is exponentially
much smaller in n. In the subdomain where K (n,m) is not small (but it is always
bounded) the number of subgraphs is sub-exponential when [ is odd and [ < r. As a
consequence for [ odd and [ < r, we are able to prove that the sum on the right-hand
side of (6.42) is smaller than e=¢™.

Let us now give the details of this calculation. Let w = 4r? —2r+2, a number independent
of n. The combinatorial bound is only valid for subgraphs g with number of edges at
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most equal to nl —w. Thus we have to separate the domain of summation (6.43) into

l
Aw:Aﬂ{(n,mHansgnl—w} and Al = A\ A, (6.44)
s=2

and handle each part separately.

For (n,m) € Af, a trivial bound of the expected size of Qr (n,m) is given by

Er |05 (n,m)]] < (“l>
—0(n). (6.45)

This is nothing but simply counting the possible subgraphs obtained by removing w
edges from I'. For the same reason the activity (6.14) is upper-bounded by

B
2
—0 <(5 (1+1) (1+a)f 9)”_“) . (6.46)

‘F (n, m)‘ <(1+ab")"r (1 +=(1+4l+ l2)62>w (B(1+ 1o

Indeed the activity of the total graph is upper-bounded by
K (D) = (1+af™)™ (B(1+1)0)". (6.47)

The worst case scenario for the activity of subgraphs obtained by removing w edges from

-1
I' is then bounded by (6.46). Therefore for every 6 < 6; = (ﬁ 1+ 1+ oz)%> and n
large enough, there exists a constant C1 > 0 depending on [ and r such that

5 (o e ) (5

n,meANE

(6.48)

For (n,m) € A,, the probability that a graph g with prescribed type (n(g), m(g)) belongs
to Qp(n, m) is upper-bounded by McKay’s estimate

! U\ el
Prlg € Qr(n,m)] < [Ts= ((l_S)!)(nll;[)t!ZZ ((r_t),) .

(nllels:Q sns 7w) !

(6.49)
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By counting the number of graphs g with prescribed degrees (n(g),m(g)), we deduce

( 2:2 sns)!

l
n ne
Er [|Qr(n,m)|] < r P € Qr(n,m)].
r (|9, m)] <n2,...,nl>(mQ,...,mr>Hi:2s!nsH;‘:2t!mt rlg r )

(6.50)
Setting x5 = ==, y; = 77+, we perform an asymptotic analysis for n large of the bound
(6.50). We first estimate factorials using Stirling approximation valid for £ > 0
1 k! 1
elzhtl < ———— < ek, 6.51
T V2mke kkk T ( )

In order to simplify the terms in w we also use the following inequality valid for n > lw
and 0<z2<1 - ¥

nl

(1—z)ln(1—z)—wln(w> > <1—z—w> 1n<1—z—w). (6.52)

nl nl

This could be easily proven by considering a joint probability distribution p(A =0,B =
0)=0,pA=0,B=1)=2,p(A=1,B=0)= 2, p(A=1,B=1)=1-2— 7 and

applying the inequality
H(A) < H(A,B), (6.53)

where H is the Shannon entropy in nat.

- (1 - ;) In (1 - :l) < % (6.54)

Using the relations (6.50), (6.51), (6.52) along with (6.54) gives the following bound on
the number of subgraphs of I"

Observe that

Er [|Qr(n,m)|] < C’l,,ﬂn%r2 exp (nlf (g, g)) , (6.55)

where (), is a constant that depends only on [ and r and

o) = (1= n (1= 50+ (S 30w (33
)

s=2 s=2 s=2

)i (e ()

( ;
— % <<1 — i:.%) In (1 — iyt> +§:ytlnyt>
t=2 t=2 t=2
l ! !
—}((1—2%) In (1—2x8>+zxslnxs>. (6.56)
s=2 s=2 s=2
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The bound on the activity (6.14) can also be put in a form where the growth rate in n is
explicit

K (n,m) = exp (nlke (L y)) , (6.57)
where

ko (g, g) ln 1+ad")+ Z " (a@r_t>

+Z—1 < B(1+4s+8>02>

l
+ 3 %m (B(1+5)0). (6.58)

s=3,
odd

Define the ensemble

l T
A/E{<l’,y> eRlJr—l XR:__I A< %ZZ‘S—F%ZZ/M
s=2 t=2
l

r l r
ijs:tz;iyt,z;xs<l,tz;yt<l}. (6.59)
= = -

s=2

It is easy to verify that if (n,m) € A, then (@, g) € A’. Combining (6.48), (6.55) and
(6.57) gives finally

> K (n,m)Er [|Qr (n,m)[] < Cf,nT " exp (niA), (6.60)
n,meA,,
where
Ho= (;yl)agm {f (Lg) ko (I’y)} ' (6.61)

In (6.48) we estimate the sum over (n,m) € A, by the crude bound |A,,| < n!~! (%l)rfl.

It remains now to prove that A (@) is strictly negative for # small enough. In the subspace
Ay C A’ defined by having all coordinates z, for s odd and y; for ¢ < r equal to zero, the

function kg (g, g) can be made arbitrarily close to zero as 6 is small. Notice also that

in the complementary subspace A’ \ Ay, the function ky (g, y) can be made arbitrarily
negative for small 8 due to the presence of the terms Inf. It is therefore sufficient to
show that the restriction of f (g, g) to Ag is strictly negative. Call z5 = 295 and define
the set

—1
-1 =N

Af=qz€R? [INSD 2z, <1y. (6.62)
s=1
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-1
If z € Af then (g, y) € Ay, as we can express the variable y, = 7.2, %zs with the

second constraint in (6.59). The restriction to Ag of f (g, g) can be recast into the form

1-1

l < 25
1 (z) = o @) - (1= ) ha | X 2a | (6.63)
s=1
where
-1 -1
- h |3 E S8
fo(z2) == (=1)h S;TZS +;zsn 5
=1 -1 -1
2 2 2
— 1—2,23 In 1—225 —Zzslnzs. (6.64)
s=1 s=1 s=1
The function fy takes its maximum in A at z* = 21—1,1(22) and fo (2*) = 0. Thus, since

-1
21 < Zsi1 %Zs <1- %7 for (L y) € Ag we have

if (z.y) < - (1 - i) min {m (27), ho (;)} <. (6.65)

Therefore for 6 small enough A (6) < 0 and there exist for large n a constant Co > 0
depending on [ and r such that

Y. K(n,m)Er (|9 (n,m)|] < e (6.66)

n,meN,
Combining Markov’s inequality (6.42) and inequalities (6.48), (6.66) ends the proof.

Notice that the condition % < 1 appears naturally in (6.65). It is thus necessary that the
graph I describes a code (i.e., with positive rate). O

6.5 Exactness of the Bethe Free Energy for LDPC Codes

The results of sections 6.3 and 6.4 allow first to prove

Theorem 6.1 (Leading correction terms are given by the polymer expansion). Suppose
lis odd and 3 <1 < r. Take I' at random in LDPC(l,r,n). There exist a small 6y
independent of n such that for 8 < 6y, and any high-noise-solution (ﬂ, ﬁ) of the BP

equations, with probability 1 — O(n~(1=%)=1)) we have

1 R 1 L l(l—r)—1
!g In ZLDPC - (fI]?B%lg (ﬂa ﬂ) +E In Zsmall)‘ - O(e " ) (667)
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Remark 6.4. We recall that 0 < (1 — k) — 1 < (r — 2)/r. This proposition shows that
large polymers contribute only with exponentially small corrections to the Bethe free
energy. Inverse power in n corrections can be computed systematically from the polymer
expansion of n 1 In Zgnall-

Proof. Note that
Rlarge
: ]n S K(g ln Zomall + — ln 1+ , (6.68)
gcl small
which means that the term on the left hand side of (6.67) is equal to

1 arge
- ln(l—l— Barge )‘ (6.69)

n small

On one hand, from corollary 6.1 and the Markov bound, we have for any ¢ > 0,

small

]P)|: —ne < Z ene

1

E} =1—-0(n ), (6.70)
€

On the other hand, from lemma 6.4

IP){|Rlarge 2 5‘E]P[E] §P[|Rlarge| 2 5]

Sée‘c" (6.71)
and since P[E] = 1 — O(n~((1=R0)=1))
2 —Cn
[|Rlarge| > 5 E} < e (6.72)

Using (6.70) and (6.72), and choosing § = e~2"¢ it is not difficult to show that (at this
point one must take 0 < 2e < ()

1
PH?NS > e E] < O~ (7) 4 en(@29, (6.73)
Thus
|| 7| < o] 21 om0, (674
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This implies for n large

IPHln(l + Rlag)’ < Qe M€

small o

E] >1-— 1O(n*“ﬂd). (6.75)
€
Furthermore

P Hln (1 + Rlag)’ < 26"6] >(1 - %O(n’(l’X))) (1= O(n~1=m=1)y)

small -

>1 — O(n~(=R)=1)y (6.76)
The last line is obtained by choosing
e = "Z(T:Hi_l <pTX < % (6.77)
which is possible since k €]1 — 2(3;1)7 1—- %[ and we can take x > 0 as small as we wish.
Finally from
ne = plI=m=14x > pl(1-r)-1 (6.78)
and (6.76) we deduce the statement of the proposition. O

Theorem 6.2 (Exactness of the Bethe free energy: LDPC high noise). Suppose [ is odd
and 3 <1 < r. There exists 6y > 0 (small) independent of n, such that for 6 < 6y and
any high-noise-solution

1 R (1) —
Er || In Zuppc — fESEE (n,n)l}=0<n =m0y (6.79)

The O(+) is uniform in the channel output realizations h.

Remark 6.5. We recall that k €]1 — 2(7;;1),1 - %[ which implies that the expansion
constant k is such that, forr >2,0<l(1—k)—1< (r—2)/r.

Proof. Consider the difference

1 R
‘E In Zippe — fE5P&(n, 1)) (6.80)

We first remark that this quantity is bounded uniformly in n because each term

n~!In Zyppc| and |fE55S| is bounded, as can be checked directly from their defini-

tion.

Now consider the event S - or the set of graphs - such that

(14 Z )| < o (6.81)

small a
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Proposition (6.1) says that
P[S9] = O(n~((1=)71)), (6.82)

Thus we have

1 C(I(1—r)—
B[| 1n Zuore — sl |5 IS = 0(n-(0-9D). (6:89
We will now estimate )
E[|n In ZLppe — fi5p6 } [S]. (6.84)

Since P[S] = 1 — O(n~((=%)=1)) we have to show that the expectation conditioned over
S is small.

1
E ’;IH Zippc — fESbe

1
} IEDnlﬂZLDPC Finsire

SN E}IP’[E]

1
+E [| - In Z1,ppc — fBBtf?(%

SN E} PE.  (6.85)

Since, as remarked before, (6.80) is bounded and P[E¢] = O(n~((1=%)=1) the second
term on the right-hand side is O(n~((1=%)=1) It remains to show that the conditional
expectation in the first term of the right-hand side is small. This is bounded above by
two contributions. The first one is

1
B|
n

and the second (recall corollary 6.1)

ln( + Rk’“ge) HS n E] < et (6.86)

small

1
E { | In Zsma11|
n

sn E} — O(n- (). (6.87)

Putting all contributions (6.83), (6.85), (6.86), (6.87) together we obtain the desired
result

E |:‘1 In Z1ppc — BD%ISI = O(n*u*X)) 4 O(nf(l(lfm)fl))
n
= O(n~ (07w~ (6.88)
In the last step we have taken 0 < xy < I(1 — k) — 1. O
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6.6 Discussion

6.6.1 LDPC: The Case [ Even

When [ is even, the point § = 0 has a singular behavior. As the channel realization is
trivial A = 0, the low-noise fixed-point is simply the all zero messages (7;—q, Ja—i) = (0,0).
The activities can be exactly computed for this BP fixed-point

K, () = 1 if[dany| =7 K(fy):w. (6.89)
0 otherwise ’ 2

When the graph T' is an expander, every small polymer |y| < n\ contains at least one
check node with an induced degree less than r (see Lemma 6.2). Thus K () = 0 and

Zgmman = 1. (6.90)

The contribution of the small polymer vanishes, as predicted already by the polymer
expansion (see Lemma 6.3).

However for the total graph, and unlike the case [ odd, we have
K () =1. (6.91)

More generally, polymers with a size on the order of the total graph have an activity
close to one. This implies that the contribution from large polymers is non-vanishing but
growing linearly

1 < Ep (| Riargel) < Cron®”. (6.92)

This can be shown using the same counting arguments as in Section 6.4. As a consequence,
we find that similarly to Theorem 6.1 the Bethe free energy is asymptotically exact with
high probability. More precisely, with probability 1 — O(n*(l(lf”)*l))

1 1
}H In Zppc — foshe| = 0 (n In n> . (6.93)

The notable difference with Theorem 6.1 is that the decay rate of the difference is not
exponential.

When [ is even and 6 > 0, the bound on the activity of the total graph predict an
exponential growth

J— l n

K(T)=(1+a0")™ (14 562)". (6.94)

The contribution of the large polymer can no longer be estimated as in Section 6.4. To
tackle this problem, we believe that it is necessary to have a precise control of sign
cancellations in the sum Rjarge. Such a control is out of reach of the method presented in
this thesis.
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6.6. Discussion

6.6.2 The Case !l >r

The constraint r > [ appears naturally in the course of proving Theorem 6.4. If r < [, large
polymers with an activity exponentially increasing with their size are also exponentially
numerous. Therefore we found by using counting arguments that the contribution of
Ryarge is not negligible.

When r < [, the graphical model no longer describes a code. In fact at exactly h = 0, the
partition function counts the number of solutions of a random linear system of equations
that is overdetermined. This corresponds to an UNSAT phase of a linear-constraints
satisfaction-problem. In this phase, it is expected that the Bethe free energy is not a
good approximation of the free energy (instead one should use the RSB free energy [44]).
Then it seems reasonable to think that the corrections to the Bethe free energy are
non-vanishing, even with a precise control of the sign cancellation in the activities.

6.6.3 LDPC at Low Noise

The low-noise regime is characterized by half-log likelihood ratios with high magnitudes
h =~ oo. The low-noise fixed-point of the belief-propagation equations is the trivial
solution

(771'—>a7 ﬁa—m’) = ("‘007 +OO) . (6.95)

The activities can be exactly computed at the low-noise fixed-point

_1)l8am]
K= ][ W [T e 1(0iny=1). (6.96)
aeynC 1eynNV

According to (6.96), polymers are subgraphs that have check nodes with even induced
degree and variable nodes with induced degree equal to [. The particularity of the
low-noise activities is that their intensity depends on the sign of the half-log likelihood
ratios h;, and a fortiori on the distribution of h. Using Hoeffding’s inequality, we see that
a polymer has, with large probability, a small activity

P, (|K (,7)| < e—2h(tanhh—25)|7ﬁV\) >1— 6—262|'yﬁ\/|. (6.97)
However, the expected activity is dominated by rare events
Ep [IK ()] = 1. (6.98)

This prevents the use of the same counting arguments as in Section 6.4.
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fd Approaching the Rate-Distortion
Bound by Spatial Coupling

In this chapter!, we show that, under a low-complexity BPGD-h and BPGD-r algorithm,
spatially-coupled LDGM codes approach the rate distortion curve for any compression

rate.

In Section 7.1, we recall briefly the problem of lossy source coding. We describe the LDGM
and the spatially-coupled LDGM ensemble in terms of their graphical representations.
We also recall the spin glass formulation of the problem and its associated Gibbs measure.

In Section 7.2, we define the BPGD-h and BPGD-r algorithms (Algorithm 7.1 on
page 113).

In Section 7.3, we show the simulations results (Figure 7.3 on page 114 and Figure 7.4
on page 115). We also discuss the dependence of the algorithmic performances when we
change the temperature of the Gibbs measure.

7.1 Spatially-Coupled LDGM Codes

7.1.1 Lossy Compression of Symmetric Bernoulli Sources

Let X = {X1, Xo,..., XN} represent a source of length N, where X,, a=1,...,N are
i.i.d. Bernoulli(1/2) random variables. We desire to encode this information into a memory
which possesses only M = RN bits, where R € [0, 1] is the compression rate. The encoder
maps a source word z € {0,1}"" to one of 2V% index words u € {0,1}N%. The decoding
operation maps the stored sequence u to a reconstructed sequence Z(u) € {0,1}". For a
given pair (z,Z), the quality of the reconstruction is measured by the Hamming distance

!The material and the presentation of this chapter are based on [89)].
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between the original sourceword and its reproduction

I .
dn (z,2) = N2|xa_$a|- (7.1)
a=1

The quality of the reconstruction for the encoding/decoding scheme is the average of
(7.1) over the source realizations and over the encoding/decoding output realization

Dy =E, ¢[d(z.2). (7.2)

For the symmetric Bernoulli source considered here, the average distortion of any encoding-
decoding scheme is lower bounded by the Shannon rate-distortion curve (see Section 2.2)

Dg(R) = hy'(1 — R) (7.3)

where ha(q) = —qlogy ¢ — (1 — q) logy(1 — ¢) is the binary entropy function. The rate-
distortion curve is convex decreasing with Dg,(0) = 1/2 and Dg,(1) = 0.

7.1.2 Spatially-Coupled Low-Density Generator-Matrix Constructions

Our lossy source coding scheme is based on a spatially-coupled LDGM code ensemble.
We first describe the underlying ensemble in terms of its graphical representation.

Underlying Poisson LDGM(p, R, N) Ensemble

These are bipartite graphs with a set C' of N check nodes of constant degree p, a set
V of M code-bit nodes with random degree, and a set E of edges connecting C' and
V. The ensemble of graphs is generated as follows: each edge emanating from a check
node is connected uniformly at random to one of the code-bit nodes. The degree of
code-bit nodes is a random variable with Binomial distribution Bi(pN,1/NR). In the
asymptotic regime of large N, M with M/N = R the code-bit node degrees are i.i.d.
Poisson distributed with an average degree p/R.

Spatially-Coupled SCLDGM(p, R, L, w, p) Ensemble

We first lay out a set of positions indexed by integers z € Z on a one-dimensional
line. This line represents a “spatial dimension”. We fix a “window size” which is an
integer w > 1. Consider L sets of check nodes each having p nodes, and locate the
sets in positions 1 to L. Similarly, locate L + w — 1 sets of pR code-bit nodes each,
in positions 1 to L + w — 1. All checks have constant degree p, and each of the p
edges emanating from a check at position z € {1,...,L} is connected uniformly at
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Figure 7.1: A bipartite graph from the underlying LDGM(2,0.5,8) ensemble. Here
N =8, M =4 and p = 2. Labels represent code-bits w;, reconstructed bits Z; and source

bits x;.
;
L

Figure 7.2: A graph from the SCLDGM(p = 2, R = 0.5, L = 4,w = 2, p = 8) ensemble.
The code-bit nodes in boundary sets have smaller degree than the code-bit nodes in the
other sets (in light blue in the figure).

d o o o

random to code-bit nodes within the range {z,...,z + w — 1}. It is easy to see that
for z € {w,..., L —w+ 1}, in the asymptotic limit n — +o0, the code-bit nodes have
Poisson-distributed degrees with average p/R. For the remaining positions close to the
boundary the average degree is reduced. More precisely for positions on the left side
z € {1,...,w— 1} the degree is asymptotically i.i.d. Poisson with average p/R X z/w.
For positions on the right side z € {L +1,...,L + w — 1} the degree is asymptotically
Poisson with average p/R x (L +w — z)/w. Figures 7.1 and 7.2 give a example of an
underlying and a spatially-coupled graph.

Notation

Generic graphs from the ensembles will be denoted by T" or T'(C,V, E). We will use
letters a, b, ¢ for check nodes and letters 4, j, k for code-bit nodes of a given graph (from
underlying or coupled ensembles). Following our convention we denote the total number
of check nodes by m = |C|] and the total number of variable nodes by n = |[V|. We
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will often make use of the notation da for the set of all code-bit nodes connected to
a € C,ie,0a={icV|(ia) € E}. Similarly, for i € V, 9i = {a € C|(i,a) € E}. For
spatially-coupled graphs the sets of nodes at a specified position z are C, and V..

7.1.3 Decoding Rule and Optimal Encoding

A code-bit node i € V is associated with a code bit u;. A check node a € C is
associated with two types of bits: the reconstructed bit Z, and the source bit z,. By
definition the source sequence has length N. So we have |C| = N for the underlying
ensembles, and |C| = pL = N for the coupled ensembles. A compressed word u has
length N R for the underlying ensemble, and pR(L + w — 1) for the coupled ensemble.
Thus the compression design rate is R = M/N for the underlying ensemble, and it is
Reow = pR(L +w — 1)/pL = R(1 + “71) for the coupled ensemble. The compression
design rate of the coupled ensembles is slightly higher, due to the code-bit nodes at the
boundary, but in the asymptotic regime N, M > L > w the difference with the design
rate R of the underlying ensemble vanishes.

Decoding Rule
The reconstruction mapping is given by the linear operation (modulo 2 sum)
-//I;\a(ﬂ) = Dicdalli- (74)

We do not investigate non-linear decoding rules, although the whole analysis developed

here can be adapted to such rules. Source coding with such “non-linear check nodes”

have been investigated for underlying LDGM(p, R, N) ensembles [103].

Optimal Encoding

Given a source word z, the optimal encoder seeks to minimize the Hamming distortion
(7.1), and so searches among all u € {0, 1}V to find a configuration u°P* such that

u®P (z) = argmin dy (z, Z(u)) . (7.5)
The resulting minimal distortion is

dNopt(2) = mindy (z,Z(w)) . (7.6)
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Optimal Distortion of the Ensemble

A performance measure for the code ensemble is given by the optimal distortion of the
ensemble (not to be confused with Shannon’s optimal distortion)

Dy opt = Er x[dn,opt(2)] (7.7)

where Er x is an expectation over the graphical ensemble at hand and the symmetric
Bernoulli source X.

Finding the minimizers in (7.5) by exhaustive search takes exponential time in N; and
there is no known efficient algorithmic procedure to solve the minimization problem.
Nevertheless, the cavity method proposes a formula for the asymptotic value of (7.7) as
N — +o00. It is conjectured that this formula is exact. We come back to this point at
the end of Subsection 7.1.4.

7.1.4 Statistical Mechanics Formulation

We equip the configuration space {0,1}"* with the Gibbs measure (over u € {0,1}V%)

— 11 o 2Blea—D; ¢, wil (7.8)

where the “inverse temperature” 3 > 0 is a real parameter and

Zg(@) =3 o 2BNdy (22(w) (7.9)

is the partition function. The expectation with respect to the Gibbs measure (7.8) is
denoted by the bracket (-). More precisely the average of a function A(u) is

<A(@)>:% T A2 VinaE), (7.10)
ue{—1,+1}RN

The function for which we are interested in the average value is the Hamming distortion
between the pair (z,Z(u)).

Note that the minimizer u°P! in (7.5) maximizes this conditional distribution,
u’®" (z) = argmax, g (u | z) . (7.11)

The source coding problem can thus be interpreted as an estimation problem where z is
an observation and u has to be estimated.
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In the statistical mechanics interpretation, the Gibbs measure (7.8) is the distribution
associated with a spin glass that is defined by the Hamiltonian 2Ndy(z,Z(w)). This
Hamiltonian can be seen as a cost-function for assignments of “dynamical” variables,
the bits u; € {0,1}. The Hamiltonian is random: for each realization of the source
sequence z and the graph instance we have a different realization of the cost-function.
The source and graph instance are qualified as “quenched” or “frozen” random variables,
to distinguish them from dynamical variables.

t

Finding u°P* amounts to finding the “minimum energy configuration”. The minimum

energy per node is equal to 2dy opt, and it is easy to check the identity (use 7.6 and 7.9)
) 1
2dN opt(z) = — [31520 B—N InZg (). (7.12)

As this identity already shows, a fundamental role is played by the quenched free energy

— 1

fn(B) = _BWEF,X [In Zs(z)] - (7.13)

For example the average free energy enables us to compute the optimal distortion of the
ensemble

2DNopt = lim fn(6)- (7.14)

There exists also another useful relationship that we will use between average distortion
and free energy. Consider the “internal energy” defined as

un(f) = 2Er x[(dn (2, Z(w)))] (7.15)

It is straightforward to check that the internal energy can be computed from the quenched
free energy (use (7.9), (7.14), (7.15))

0

un(B) = %(ﬂﬂv(ﬁ)) (7.16)

and that in the zero temperature limit it reduces to the average minimum energy or
optimal distortion (use (7.6), (7.7), (7.15))

2DN,opt: lim ﬁN(ﬁ) (717)
B—

+o0

What is the relation between the quantities fy(3), Tn(8), and Dy pt for the underlying
and coupled ensembles? The following theorem states that they are equal in the infinite
block length limit. This limit is defined as

lim
N—+o0

108



7.2. Belief Propagation Guided Decimation

Table 7.1: Optimal distortion for LDGM(p, R = 0.5) ensembles computed in [103]; The Shannon
bound for R = 0.5 is Dg, ~ 0.1100.

p 3 4 5 6
Dope  0.1179  0.1126 0.1110 0.1104

with M/N fixed for the underlying ensemble; and as

lim = lim lim
N——+oco L—+o00 p——+00
with M/N fixed for the coupled ensemble. We stress that for the coupled ensemble the
order of limits is important.

Theorem 7.1. Consider the two ensembles
LDGM(p, R, N) and SCLDGM(p, R, L, w, p)

for an even p and R. Then the respective limits

lim fy(B8), lim uyn(B) and lim Dy opt

N—+o0 N—+o0 N—+

exist for all B > 0 and have identical values for the two ensembles.

This theorem is proved in [83] for the max-XORSAT problem. The proof in [83] does
not depend on the check nodes density N/M, so that it applies verbatim to the present
setting. We conjecture that this theorem is valid for a wider class of graph ensembles. In
particular we expect that it is valid for odd p and also for the regular LDGM ensembles
(see [104] for similar results concerning LDPC codes).

It is conjectured that the one-step-replica-symmetry-breaking-formulas (1-RSB), obtained
from the cavity method [105], for the N — +o0 limit of the free, internal and ground
state energies are exact. Remarkably, it has been proven [106], using an extension of
the Guerra-Toninelli interpolation bounds [40], that these formulas are upper bounds.
The 1-RSB formulas allow to numerically compute [103], using population dynamics,
Dopy = limy 400 Dy opt- As an illustration, Table 7.1 reproduces Dyt for increasing
check degrees. Note that D, approaches Dy, as the degrees increase. One observes
that with increasing degrees the optimal distortion of the ensemble attains Shannon’s
rate-distortion limit.

7.2 Belief Propagation Guided Decimation

Since the optimal encoder (7.5) is intractable, we investigate suboptimal low-complexity
encoders. We focus on two encoding algorithms based on the belief propagation (BP)
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equations supplemented with a decimation process.

7.2.1 Belief Propagation Equations

Instead of estimating the block u (as in (7.5)) we would like to estimate bits u; with the
help of the marginals

pilui | ) =Y pplu | z) (7.18)
u\u;

where the sum is over uy, ... uy with u; omitted. However computing the exact marginals
involves a sum with an exponential number of terms and is also intractable. For sparse
random graphs, when the size of the graph is large, any finite neighborhood of a node ¢
is a tree with high probability. Computing the marginals on a tree-graph can be done
exactly and leads to the BP equations. Therefore it seems reasonable to compute the
BP marginal distribution in place of (7.18),

1 .
BP/, . _ B(—1)%in; 1
i (ui | z) = 9 cosh Bme (7.19)

where the biases n; are computed from solutions of the BP equations. The latter are a set
of fixed-point equations involving 2 |E| real valued messages 7;_,, and 7,—; associated
with the edges (i,a) € E of the graph. We have

{ﬁa%i = (—1)% B~ tanh ™" (tanh 3 [1jcoq\; tanh BNj=a) (7.20)

Nisa = Zbeai\a Mo—i

and

m = Z ﬁa*)i- (721)
a€0i

For any solution of the BP equations one could consider the estimator

%(1 + sign tanh Bn;), if 7 #0
Bernoulli(3), if m; =0.

BP

aB® = argmaxu (u; | 2) :{ (7.22)

One could then use the decoding rule (7.4) to determine a reconstructed word and the
corresponding distortion. Unfortunately, given z, the number of solutions of the BP
equations which lead to a roughly identical distortion grows exponentially large in N.
This has an undesirable consequence: it is not possible to pick the relevant solution by a
plain iterative method. To get around this problem, the BP iterations are equipped with
a heuristic decimation process.
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7.2.2 Decimation Process

We start with a description of the first round of the decimation process. Let I', z be a
graph and source instance. Fix an initial set of messages n§i)a at time t = 0. Iterate the
l(t_)m and ﬁat_m- at time ¢ > 0. Let € > 0 be
some small positive number and T some large time. Define a decimation instant tgec as

BP equations (7.20) to get a set of messages 7

follows:

e i) If the total variation of messages does not change significantly in two successive

iterations,
1 _(t _(t—1
1B Z nc(l,lﬂ - 77((1%)| <e€ (7.23)
(i,a)EE

for some t < T, then tge. = t.

e ii) If (7.23) does not occur for all t < T then tge. = 7.

(tdec)

At instant tqe. each code-bit has a bias given by 7 . Select and fix one particular

code-bit igec according to a decision rule
(idecs Wige,) < D=y, (7.24)

The precise decision rules that we investigate are described in the next paragraph. At
this point, update z, < x4 ® u;, . for all a € Digec, and decimate the graph I' < I"\ igec.
This defines a new graph and source instance, on which we repeat a new round. The
initial set of messages of the new round is the one obtained at time t4e. of the previous
round.

7.2.3 Belief Propagation Guided Decimation

The decision rule (7.24) involves two choices. One has to choose iqec and then set u;,,,
to some value. Let us first describe the choice of igec.

We evaluate the maximum bias

Bty = (tacc) 2
tdec r{éf%;( ’ 777, ‘ (7 5)

at each decimation instant. If B;, > 0, we consider the set of nodes that maximize
(7.25), we choose one of them uniformly at random, and call it igec. If By, = 0 and we
have a graph of the underlying ensemble, we choose a node uniformly at random from
{1,...m}, and call it igec. If By, = 0 and we have a graph of the coupled ensemble, we
choose a node uniformly at random from the w left-most positions of the current graph,
and call it igec. Note that because the graph gets decimated, the w left-most positions of
the current graph form a moving boundary.
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With the above choice of decimation node the encoding process is seeded at the boundary
each time the BP biases fail to guide the decimation process. We have checked empirically
that if we choose ige. uniformly at random from the whole chain (for coupled graphs)
the performance is not improved by coupling. In [107] we adopted periodic boundary
conditions and the seeding region was set to an arbitrary window of length w at the
beginning of the process, which then generated its own boundary at a later stage of the
iterations.

We now describe two decision rules for setting the value of w;,__ in (7.24).

1. Hard decision

O(n\"*)), if By, >0
idec = { dec d (726)

Bernoulli(3), if By, =0

where 6(.) is the Heaviside step function. We call this rule and the associated
algorithm BPGD-h.

2. Randomized decision

d

1, with prob 3(1 — tanh Bn(tdéc)).

tdec

: (tdec)
. {0, with prob (1 + tanh S <) (7.27)

In other words, we fix a code-bit randomly with a probability given by its BP
marginal (7.19). We call this rule and the associated algorithm BPGD-r.

Algorithm 7.1 summarizes the BPGD algorithms for all situations.

7.2.4 Initialization and Choice of Parameters ¢, 7' and [

(0)
11—
step, rather than resetting messages to zero we continue with the previous messages. We

We initialize n,_;, to zero just at the beginning of the algorithm. After each decimation

have observed that resetting the messages to zero does not lead to very good results.

The parameters € and T are in practice set to € = 0.01 and T' = 10. The simulation
results do not seem to change significantly when we take € smaller and T larger.

The performance of the BPGD algorithm does depend on the choice of 5 which enters
in the BP equations (7.20) and in the randomized decision rule (7.27). It is possible to
optimize over . This is important in order to approach (with coupled codes) the optimal
distortion of the ensemble, and furthermore to approach the Shannon bound in the large
degree limit. While we do not have a first principle theory for the optimal choice of 3, we
provide empirical observations in Section 7.3. We observe that knowing the dynamical
and condensation (inverse) temperatures predicted by the cavity method enables us to
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Algorithm 7.1 BP Guided Decimation Algorithm

Generate a graph instance I'(C, V, E') from the underlying or coupled ensembles;

Generate a Bernoulli symmetric source word z;
Set nga =0 for all (i,a) € E;
while V # () do

Set t = 0; while Convergence (7.23) is not satisfied and t <T do
Update ﬁffil according to (7.20) for all (a,i) € E;
Update n(tH) according to (7.20) for all (i,a) € E;

t«t+ 1.

1—a

(®)

W =5 i forallieV

Compute bias 7 .
Find B = max;ecy |7]Z(t) l;

if B=0 then For an instance from the underlying ensemble randomly pick a
code-bit ¢ from V. For a graph from the coupled ensemble randomly pick a code-bit
from the w left-most positions of I' and fix it randomly to 0 or 1; ;

else
L Select i = argmax;cy ]ngt)]; Fix a value for u; according to rule (7.26) or (7.27);

Update x4 < x, @ u; for all a € 041
Reduce the graph I' <~ T"\ {i};

make an educated guess for an estimate of the optimal 5. In particular, it turns out that
for coupled codes with large degrees the best § approaches the information theoretic
test-channel value.

7.2.5 Computational Complexity

It is not difficult to see that the complexity of the plain BPGD algorithm 7.1 is O(N?)
for both the underlying and coupled ensembles. The reason is that the BP algorithm
requires to update a number of BP messages proportional to N and the decimation
process requires to run the BP algorithm after each decimation. The complexity for
the coupled ensemble can be rewritten as O(p?L?). By employing window decoding
[108, 109], one can reduce the complexity of the BP algorithm and the complexity of the
coupled ensemble becomes O(p?Lw) with almost the same performance. This can be
further reduced by noticing that the BP messages do not change significantly between
two decimation steps. As a result, we could decimate §p code-bits at each step for
some small §, so that the complexity of the BPGD algorithm becomes O(pLw/d). To
summarize, it is possible to get a linear in block length complexity without significant
loss in performance.
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Figure 7.3: The BPGD-h algorithmic distortion versus compression rate R compared to
the Shannon rate-distortion curve at the bottom. Points are obtained by optimizing over
f and averaging over 50 instances. Top: spatially-coupled SCLDGM(p, R, L = 64, w =
3, p = 2000) ensembles for p = 3,4, 5 (top to bottom). Bottom: LDGM(p, R, N = 128000)
ensembles for p = 3,4,5 (bottom to top).

7.3 Simulations

In this section we discuss the performance of the BPGD algorithms. The comparison
between underlying ensembles, coupled ensembles and the Shannon rate-distortion curve
is illustrated. The role played by the parameter 3 is investigated.

7.3.1 BPGD Performance and Comparison to the Shannon Limit

Figures 7.3 and 7.4 display the average distortion Dgpap(R) obtained by the BPGD
algorithms (with hard and randomized decision rules) as a function of R, and compares
it to the Shannon limit Dg,(R) given by the lowest curve. The distortion is computed
for fixed R and for 50 instances, and the empirical average is taken. This average is then
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Figure 7.4: The BPGD-r algorithmic distortion versus compression rate R compared
to the Shannon rate-distortion curve at the bottom. Points are obtained by choosing
B =Ben == log(1 Dhbh) and averaging over 50 instances. Continuous lines are a guide to
the eye. Top spatially-coupled SCLDGM(p, R, L = 64, w = 3, p = 2000) ensembles for

= 3,4,5 (top to bottom). Bottom: LDGM(p, R, N = 128000) ensembles for p = 3,4,5
(bottom to top).

optimized over 3, giving one dot on the curves (continuous curves are a guide to the eye).

The plots at the bottom of Figures 7.3 and 7.4 are for the underlying ensembles with
p=3,4,5 and N = 128000. We observe that as the check degree increases the BPGD
performance gets worse. But recall from Table 7.1 that with increasing degrees the
optimal distortion of the ensemble (not shown explicitly on the plots) gets better and
approaches the Shannon limit. Thus the situation is similar to the case of LDPC codes
where the BP threshold gets worse with increasing degrees, while the MAP threshold
approaches Shannon capacity.

The plots at the top of Figures 7.3 and 7.4 show the algorithmic performance for the
coupled ensembles with p = 3,4,5, p = 2000, w = 3, and L = 64 (so again a total length
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Figure 7.5: The BPGD-h algorithmic distortion versus . Results are obtained for
the SCLDGM(p = 5,R = 0.5,L = 64,w = 3,p = 2000) and LDGM(5,0.5,128000)
ensembles. Results are averaged over 50 instances. The minimum distortion occurs at
/6&70.576473) ~ 1.03 £0.01 and ﬁ€570-5) ~ 0.71 £ 0.01.

of N =128000). We see that the BPGD performance approaches the Shannon limit as
the degrees increase. One obtains a good performance, for a range of rates, without any
optimization on the degree sequence of the ensemble, and with simple BPGD schemes.

The simulations, suggest the following. Look at the regime p > L > w > 1. When
these parameters go to infinity in the specified order for the coupled ensemble, Dgpap(R)
approaches Dgpt(R). In words, the algorithmic distortion approaches the optimal distor-
tion of the ensemble. When furthermore p — +o00 after the other parameters, Dppgp(R)
approaches Dg, (R). At this point it is not possible to assess from the simulations whether
these limits are exactly attained.

7.3.2 The Choice of the Parameter

We discuss the empirical observations for the dependence of the curves Dppgp (3, R) on
B at fixed rate. We illustrate our results for R = 1/2 and with the underlying LDGM(p =
5, R =0.5, N =128000) and coupled SCLDGM(p = 5, R = 0.5, w = 3, L = 64, p = 2000)
ensembles.

In Figure 7.5 we plot the distortion Dgpap—_n(5, R = 1/2) of the hard decision rule. For
all values of 0 < 3 < 3, the algorithmic distortion Dpgp—n(/3, R) of the coupled ensemble
is below the corresponding curve of the underlying ensemble. The most important feature
is a clear minimum at a value 5* which is rate dependent. The rate-distortion curve
for the hard decision rule in Figure 7.3 is computed at this 5* and is the result of the
optimization

Dppgp-n(R) = 151;{)1 Dgpap-n(8, R). (7.28)
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Figure 7.6: The BPGD-r algorithmic distortion versus 3. Results are obtained for
SCLDGM(p =5,R =0.5,L = 64,w = 3, p = 2000) and LDGM(5, 0.5,128000) ensemble.
Results are averaged over 50 instances. The values 8* of Figure 7.5 are reported for
comparison.

*
cou

We observe that the optimal value g%, for the coupled ensemble is always larger than 3,
for the underlying ensemble. Moreover we observe that as the check-degree p increases

¥, tends to zero, whereas (%, saturates to fg,(R) where

(L5 2a) 70

*
cou

1
fan(R) =
This is the information theoretic value corresponding to the amplitude of half log-likelihood
ratios of a test-BSC with the noise tuned at capacity.

In Figure 7.6 we plot the curve Dppgp—:(8, R = 1/2) for the randomized algorithm.
The behavior of the underlying and coupled ensemble have the same flavor. The curves
are first decreasing with respect to § and then flatten. The minimum is reached in the
flattened region and as long as § is chosen in the flat region, the optimized distortion
is not very sensitive to this choice. We take advantage of this feature, and compute
the rate-distortion curve of the randomized decision rule at a predetermined value of 3.
This has the advantage of avoiding optimizing over 3. For reasons that are discussed in
Section 8.4 a good choice is to take Sg,(R) given by Equ. 7.29. With these considerations
the distortion curve in Figure 7.4 is

Dgpep—r(R) = DepcgD—r(Bsh, R). (7.30)
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Figure 7.7: Cpp1(B) versus 5. Empirical convergence probability for SCLDGM(p =
5,R=0.5,L =64,w = 3, p = 2000) and LDGM(5,0.5,128000) ensembles. Solid (resp.
dashed) lines are for the hard (resp. random) decision rule. Results are averaged over 50
instances.

7.3.3 Convergence

We have tested the convergence of the BPGD algorithms for both decision rules. We
compute an empirical probability of convergence Cer (/) defined as the fraction of
decimation rounds that results from the convergence condition (7.23). In other words
Cer(B) = 1 means that at every round of the decimation process the BP update rules
converge in less than T iterations to a fixed point of the BP equations (7.20) up to a
precision €. Figure 7.7 shows C¢ 7 (3) at (e,T') = (0.01,10) for the underlying and coupled
ensembles. The hard decision rule is represented by solid lines and the random decision
rule by dashed lines. The first observation is that both decision rules have nearly identical
behaviors. This is not a priori obvious since the decimation rules are different, and as a
result the graph evolves differently for each rule during the decimation process. This
suggest that the convergence of the algorithms essentially depends on the convergence of
the plain BP algorithm. The second observation is that the values of 8 where C¢ 7 (5)
drops below one are roughly comparable to the values where Dgpgp_; flattens and where
Dppgp_n attains its minimum.

118



A Perspective from the Cavity
Method

In this chapter!, we derive the phase diagram of the Gibbs distribution (7.8) using the
cavity method. It is natural to expect that the behavior of belief propagation based
algorithms should be related in one way or another to the phase diagram of the Gibbs
distribution. As we vary S the nature of the Gibbs measure and the geometry of the space
of its typical configurations changes at special dynamical and condensation thresholds 54
and (. (see Section 1.5).

In Section 8.1, we give a primer on the cavity method.
In Section 8.2, we show the technical derivations for the present problem.

In Section 8.3, we display the set of fixed-point equations needed to compute the
complexity of the coupled ensemble (Equations (8.51) on page 131 and (8.52) on page 131
and Equations (8.54) on page 131 and (8.55) on page 132). We will see that in the present
problem for 8 < . there is a further simplification of the cavity equations. With this
extra simplification, the cavity equations reduce to standard density evolution equations
associated with a coupled LDGM code over a BSC test-channel (Equations (8.63) on
page 136 and (8.55) on page 132 ).

In Section 8.4, we discuss how the dynamical and condensation thresholds are affected
by spatial coupling. We also discuss some heuristic insights that enable us to understand
why the Shannon limit is approached with the BPGD algorithm for coupled ensembles
with large check degrees.

In Section 8.5, we discuss some remaining open problems.

!The material and the presentation of this chapter is based on [89)].
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8.1 The Cavity Method

The treatment given here applies to single instances. Let I' = (V,C, E) be a factor
graph which is assumed to be locally tree-like. We attach spins oj, j € V, to variable
nodes and constraint functions ¢, ({0, i € da}), a € C, to check nodes. We sometimes
use the notation op, = {0;,7 € da} as a shorthand. The formalism developed in this
appendix is valid for general spin variables belonging to a finite alphabet o; € X. The
constraint functions depend only on the set of spins connected to a. We are interested in
the thermodynamic limit where |V| =n and |C| = m tend to infinity and the ratio m/n
is kept fixed. We consider the general class of Gibbs distributions of the form

(o) = % I %a(2s4) (8.1)

acC

where Z is the partition function. The free energy of an instance is defined as usual

£ (8) = —15 nZ(p). (8.2)

n

One of the goals of the cavity method is to compute this free energy in the limit n — 4o0.

Let us first outline the general strategy. For locally tree-like graphs, one can compute
the marginals for a given node by restricting the measure to a tree. In the absence of
long range correlations? the marginal does not depend on the boundary conditions at
the leaf nodes, and the BP equations have one relevant solution. The BP marginals then
constitute a good description of the measure (8.1). In particular, the true free energy is
well approximated by replacing this solution in the Bethe free energy functional. As the
control parameters vary, long range correlations could appear. In such a situation the
marginals computed on a tree will depend on the boundary conditions at the leaf nodes,
and the BP equations will have many relevant solutions yielding nearly the same Bethe
free energy. The cavity method assumes that the measure (8.1) is then described by a
convex superposition of “extremal measures”. There could be a large number of extremal
measures. A good proxy for the extremal measures is given by the BP marginals. The
convex superposition of extremal measures yields a new statistical model on the same
factor graph, the so-called level-one model. Assuming that the level one model does not
display long range correlations, one can solve it using BP equations and the Bethe free
energy. Otherwise, the cavity method iterates the previous considerations and constructs
a level-two model. However, this usually becomes bewildering and one stops at the first
level. In the following paragraphs we give a concrete implementation of these ideas.

We recall that the BP equations are the set of fixed-point equations satisfied by messages

*More precisely point-to-set correlations [44].
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8.1. The Cavity Method

{Vi—)a,, i/\a—ﬂ} - (27 Q)7
Va—si = JBP ({Vj—m}jgaa\i) s Visa = gBP ({ﬁb—n‘}bgai\a) , (8.3)

where

_ Zgaa\i Ya (Qaa) Hjec’)a\i Visa (Uj)
Zgaa Ya (Toq) Hjeaa\i Visa (05)
Hbeaz‘\a Up—i (04)

JBP ({Vj—m}jeaa\i)

D . L) = — ) 8.4
gBP ({ b%z}beal\a) Zoi Hbe@i\a Ui (Uz) ( )

When there is only one relevant solution, the BP marginal for o; is
M?P(Ui) _ lacaiva—i(oi) (8.5)

B Eai Haeai Va—i (Ul) ‘

The set of messages is a proxy for the measure (8.1) in the sense that in principle one
can “reconstruct” the measure from this set. The Bethe free energy functional which
approximates f((3) is given by

1
o) = (S R+ S Fa- S Ful (8.6)
eV acC (i,a)EE

where

Fy(sihiear) = =50 % TT 7o ()

;i bEDL

1
Fa <{Vj—>a}jeaa) = _B lnzwa (o) 1_{)[ Vjisa (0j>
99a J€oa

. 1 N
Fai (V’i—>a7 Va—>i) = _E IHZ Visa (01) Va—i (Uz) . (87)

[oF

As explained in Section 1.5, in the presence of long range correlations this formalism is
too simplistic. The cavity method assumes that:
1. The Gibbs distribution (8.1) is a convex sum of extremal measures.

2. To leading exponential order, the number of solutions of the BP equations is equal
to the number of extremal measures.

3. The free energy of an extremal measure is well approximated by the Bethe free
energy of the BP fixed-point.

These assumptions suggest that the Gibbs distribution (8.1) is well approximated by the
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Chapter 8. A Perspective from the Cavity Method

following convex superposition

M (Q) ~ % Z e—ﬂnfBethe (Z’/E\)'U’(K,E) (Q) (88)

(vv)eBP

The measures Iy p) are the ones whose marginals are given by the BP marginals computed
from (v,7). They play the role of the “extremal measures”. The sum is over solutions
of the BP equations. In principle one should sum only over stable solutions, i.e., local
minima of the Bethe free energy. However at low temperatures these are expected to be
exponentially more numerous than the other critical points and it is assumed to be a
good approximation to sum over all BP solutions. The normalization factor yields the
partition function

Z = Z e BnfPee(v), (8.9)

(vv)eBP

In order to compute this partition function and uncover the properties of the convex
decomposition (8.8) we introduce the level-one statistical mechanical model. The dy-
namical variables of this model are the BP messages (v,7). According to (8.8), (8.9) the
probability distribution over (v, D) is

o~ Bn et (. 5)

Hlevel—1 (Zv 2) = Zevel1 I ((Za Q) S BP) ) (810)
evel—
and ~
Llevel—1 = Z e_ﬁnfBe“‘e (Z£)7 (811)
(K,E)EBP
The level-one free energy is defined as usual,
1
flevelfl(ﬁ) = _/87'” In Zlevelfl- (812)

From (8.9) it should be clear that f(8) ~ fievel—1(3). The average Bethe free energy, or
level-one internal energy, is given by

fun(8) = 7P, Do (8.13)

Here the bracket denotes the average with respect to (8.10).

One also needs to compute the Shannon-Gibbs entropy (/) of fievel—1. An important
“trick” is to replace the explicit 5 dependence in (8.10), (8.11), (8.12) by Sz where z is
for the moment an arbitrary parameter®. This parameter turns out to play a crucial
role and is called the Parisi parameter. This gives us an z-dependent level-one auxiliary

3Note that there is also an implicit 3 dependence in f2°*h¢[y, 7.
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8.1. The Cavity Method

model R
6_5xnfBethe (ZaZ)
evel—1 (v, V3 z) = ————I((v, 1) € BP), (8.14)
Zlevelfl(x)
and ~
Zlevelfl (x) — Z e_ﬁilfn‘fBethe (Zvﬂ) 7 (815)
(v.v)eBP
and also .
Splevel—l(6§x) = _% In Zlevel—l(-r)- (816)
It is then a matter of simple algebra to check that the Shannon-Gibbs entropy (/) is
given by
0
E(/B) = E(/87 :E) = 51'2%3016\,61,1 (Bax) ‘.1’117 (817)
and that
E(ﬂ) = B(Soint(ﬁ) - flevel—l(ﬁ))' (818)

Considering formulas (8.11), (8.13) and (8.18), it is not hard to argue that "> is
(to leading exponential order) the number of BP solutions with free energy oin(3)
contributing to the sum (8.11). The quantity ¥(3) (a kind of entropy) is called the
complexity. It is the growth rate of the number of extremal measures dominating the
convex decomposition (8.8) .

We explain later on how to concretely compute fievei—1(5), @int(8) and 3(5). Let us
immediately describe how () informs us about the convex decomposition of the Gibbs
distribution. We refer the reader to Figure 1.6 for a pictorial representation. For a large
class of problems one finds that () = 0 for 8 < (4, which signals that only one extremal
measure contributes to the Gibbs distribution. At 84 the complexity jumps to a non-zero
value and then decreases as a function of 3 till 3. after which it takes on negative values.
In the range B4 < B < . where ¥(5) > 0 an exponentially large (with respect to n)
number of extremal measures with the same internal free energy ¢in(3) contribute to
the Gibbs distribution. Beyond . one finds a negative complexity: this is inconsistent
with the fact that it is an entropy. In order to enforce this constraint correctly one is
forced to take the Parisi parameter 0 < x < 1 in (8.17). More precisely, one sets x to
the largest possible value (less than 1) such that ¥(3) = 0. With this prescription?® for
the correct value of x when 5 > ., one computes the internal free energy and the free
energy and the complexity from the z-dependent level-one model. The complexity is zero
by construction which means that there exist at most a sublinear (believed to be finite)
number of extremal measures contributing to the Gibbs distribution. This phenomenon
is called condensation.

The nature of the thresholds ; and (. has been discussed in the introduction (see Sect.

“One can argue that the Parisi parameter is a kind of “Lagrange multiplier” that enforces the
non-negativity of the complexity in the level-one model.
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Figure 8.1: On the left, an example of an original graph I'. On the right its corresponding
graph I'; for the level-one model.

1.5) and we do not come back to this issue here.

We now show how the (z-dependent) level-one model is solved in practice. The main
idea is to apply again the BP and Bethe equations for this model. The first step is to
recognize that, if I' = (V, C, E) is the original factor graph, then the level-one model has
the factor graph I'; = (V, C1, E1) described in Figure 8.1.

A variable node ¢ € V', becomes a function node 7 € C7, with the function
O = [ 1(issa = grp) e PP (8.19)
a€oi
A function node a € C remains a function node a € C; with factor
O = ] 1 (Pasi = gup) e 7. (8.20)
i€Da

An edge (a,i) € E, becomes a variable node (a,?) € V4. The dynamical variables are
now couples of distributions (v4—i, Va—i). There is also an extra function node attached
to each variable node of the new graph, or equivalently attached to each edge of the old
graph. The corresponding function is

YD) = PP, (8.21)

ai

With these definitions, Equ. (8.14) can be written as

ITw T 1T »5 (8.22)

Zievel-1(7) i€V acC ai€E

R 1
Mlevel—l(ﬂv v :C) = 5 /N

For the distributions (v, V) that satisfy the BP equations (8.3), some algebra leads to the
useful formulas

o (8.23)

o tB(Fa—Foi) _ gz
e_xB(Fi_Fai) — ZJ?
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e

Mai—i I;—[l ma—)az
Ve —[m v

Do
mz—mz (Vz'—maya—)i) Mai—a

Figure 8.2: Messages are labeled by m if they are outgoing from a variable node in V;
and by m if they are outgoing from a function node in Cj.

where

{Zi—m = Zgi Hbeaz‘\a Vb—i (Ui) (8 24)

Za—i = Zﬁaa Yo (00a) H(‘)an\z' Vi—a (04)
The BP equations for (8.22) involve four kind of messages as shown in Figure 8.2.

Messages from a (new) function node to a (new) variable node satisfy

Ma—sai = Z Q;Z)((zl) H Maj—a

(Z,/Z\)\(Viaa,;aﬁi) aj€da\ai
—etBFai Z I (Dy_si = JBP) (/Z\a—n‘)x H Majora (8.25)
Z\Vi—m, ajGa(l\ai

and

Mi—sai ~ Z %(1) H Mpi—i

(ua)\(um,am) vicoiai
=Pl Z ]I Vz—>a —gBP Zz—m H Mpi—si- (826)
N\Vays bi€di\ai

where the symbol ~ means equal up to a normalization factor. Messages from a (new)
function node to a (new) variable node satisfy

{maiﬁi = ezﬁFaima%ai (827)

2BEF . ~
Mai—a = € g My~ ai-

Notice that equations (8.25), (8.26) and (8.27) imply that mai—q (Visa, Va—si) (resp.
Mai—i (Viesas Va—i)) 1S & constant function with respect to the argument 7,_,; (resp. vi—q).
This allows us to make a simplification by defining the following distributions

(8.28)

Qasi (Vasi) = Maisi (Visas Vasi) -

{Qi—)a (Vi—m) = Mai—a (Vi—>a7 /V\a—m')
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Distributions ) and @ are called cavity messages, and live on the edges of the original
factor graph T' = (V,C, E). From now on we can forget about the factor graph I'y =
(V1,C4, Eq). The cavity messages satisfy

Qa%z Va%z ZH Va%z —gBP a—n H Q]Ha V]Ha)

j€da\i
Qz%a V@%a ZH Visa = gBP z—>a H Qb—)z Vb—)z) . (829)
v bedila

The Bethe free energy functional of the level-one model can be expressed as a functional of
the cavity messages (one way to determine this functional is to write down the functional
whose critical points are given by Equ. (8.29)). This is an approximation for the true
free energy (8.12) of the level-one model

TEACRIR RO SEED SE A DA (5:30)

eV acC (i,a)€EE

where

Fi ({@bai}beai) = —xlﬁln (Z e~ 2PFi H'@bﬁi)
Fa ({Qj%a}jeaa) = xl/@ (Z —xfBF, H Qj*)a)

j€da

~

v,V

Fai (Qi—my@a—m') = :L'ﬁ (Z —zﬁFale—mQa—n) . (8.31)

In principle one has to solve the cavity equations (8.29) for 0 < z < 1, and compute

the z-dependent free energy fiBethe

lovel - From this free energy we obtain the complexity by

computing the derivative in equation (8.17). This allows us to determine the thresholds
B4 and B.. For B < f. the free energy is given by fethe

oot |#=1. This function has no

singularities, which means that there are no static (thermodynamic) phase transitions
for f < B, and in particular at § = (4. In this phase one has X(8;2 = 1) = 0 for
B < Bqg < Peand X(B;2 =1) >0 for g < 5 < fe. For > B. one enforces a zero
complexity by setting the Parisi parameter to a value 0 < z, < 1 s.t. 3(5;24) = 0. The
free energy is not analytic at 5., due to the change of z parameter. This a static phase
transition threshold.

In practice, as long as we are interested only in the range 5 < . we can set x = 1. It is
then possible to simplify the cavity equations (8.29) and the level-1 free energy (8.30).
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8.2 Application to Spatially-Coupled LDGM codes

We apply the formalism of the cavity method to the Gibbs measure pg(u|z) (7.8). Instead
of working with the alphabet {0, 1}, we find it convenient to use the mapping o; = (—1)"
and J, = (—1)"% to the alphabet {—1,+1}. With this change of variables, the Gibbs
measure (7.8) takes the form

1
— T (0, 8.32
k) = 7 T v (o) (332
with
bal{os,i € da}) = e PO Tallicon @), (8.33)

The probability distributions v;_,4(0;) and U,—,;(0;) are entirely characterized by their
means, tanh $n;_, and tanh 37,_,;, as follows (we drop the subscripts)

V(o) = w (8.34)

With this parametrization, the BP equations (8.3) for the model (8.32) become

Na—si = ?J\BP({Uj%a}jeaa\z’ | Ja) (8.35)
Nisa = 9BP({Tb—itoeoina)s
where
98P ({Th—i tocoina) = Zpeoia Moi- (8.36)
gBP({nj—m}jeaa\i | Jo) = % atanh (tanh & Hjeaa\i tanh ﬁnj—m)
The Bethe free energy per check nodes (8.6) reads
1
Bethe ~\ _ _ - —20 _
foete (n, ) = 3 (n(14e7) + (R-1)In2)
1
- ﬂTV Z (1 —[0al) In Zl({nj—m}jeaa | Ja)
acC
R .
~ B Z In Zo({7o—i bveoi), (8.37)
eV
where
Z1({nj=atjcoa | Jo) = 1+ Jatanh B ]];cs, tanh B, (3.38)
Zy({Na—itacoi) = 5 Xsef—1.1} [lacai(1 + s tanh f7a:).
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Since we have parametrized the BP messages by real numbers, the cavity messages Q;—.q,
Qa—i become distributions on 7,4, Ma—i. The cavity equations (8.29) reduce to

Qi—a(Misa) 2/ H dﬁb—)i@bai(ﬁbai)

bedi\a

x Z%({m%}bea@-\m(m% - ng<{m}bea@-\a>) (8.39)
and

@a%i(ﬁa%i) 2/ H dnjﬁanﬁa(njﬁa)

j€a\i

X Zf({nj%a}beai\a)(S(ﬁa—ﬂ — gp({nj—a}jecoa\i | Ja))- (8.40)
For the Bethe free energy of the level-one model one finds

foeter (n,iz) = - ; (n(1 +e72) + (R —1)n2)

1
- (1 - ’8€L|) In dni—in—m(ni—m)
BaN 2 {/ 11

i€da

% ZF({isa}icoa | Ja>}

- . D inf [ TT ducsi Qo)

a€di

x Z%({ﬁa—n'}aeai)}- (8.41)

We are interested in the range 8 < . for which the Parisi parameter is set to x = 1. In

this case the above equations greatly simplify. We first define average cavity messages

) (8.42)

hisa = AV[Qi—m]
Eaﬁi = AV[QaHiL

where the functional Av[P] is
1
Av[P] = Batanh{/an(n) tanh 677}. (8.43)

Thus tanh $h;_,, and tanh ﬁﬁa%i are real valued messages and are averages of tanh 57;_,,
and tanh 7,,; with respect to the cavity distributions Q;—q(7i—a) and Qu—;i(Ma—i)
respectively. The free energy of the level-one model for £ = 1 can be expressed in terms
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of these real valued messages, and one finds

By (1) = = 5 (In(1+ ) + (R— 1) n2))

1
_ ﬁij\f E (1 — |8a|) In Zl({hjﬁa}jeaa | Ja)
aeC
R ~
N I Zo (LR bocoi)- (8.44)
B Zez‘; 2({ho—itoes

Remarkably, the level-one Bethe free energy (8.44) is equal to the original Bethe free
energy functional fBethe (g, ﬁ) defined in (8.37), but now evaluated for the average fields

hi v, and hy_.;. From the cavity equations (8.39)-(8.40) for x = 1, one can deduce after
some algebra that the average fields h;_,, and h,_,; satisfy

{Ea—m' = :q\BP({hj—m}jeaa\i ‘ Ja) (8 45)

hisa = g8 ({hssibocona)-
Remarkably, the average fields h;_,, and haesi satisfy the BP equations (8.35).

To summarize, when x = 1, flz’fglhfl equals fBethe computed at a certain appropriate
BP fixed-point. This fixed point corresponds to messages tanh Sh; 4, tanh BiAla_n which
are an average of the BP solutions tanh n;_,,, tanh 87,_,; over the cavity distribu-
tions Q;—a(Ni—q) and @a_”-(ﬁa_m-). The messages tanh 51, tanh 7,_,; describe the
“extremal states” whereas the messages tanh 8h;_,,, tanh Bﬁaﬁi describe their convex
superposition.

8.3 Quenched Average and Density Evolution Equations

The discussion in Sections 8.1 and 8.2 is valid for a single instance. Unfortunately the
cavity equations (8.39) and (8.40) are complicated to implement in practice as they
involve distributions over real values. Furthermore, there is no known technique to solve
the averaged equations (8.45) as it requires to select a particular BP fixed-point among
an exponentially large set of solutions.

Instead of computing the free energy, internal free energy and complexity, we compute
their quenched average

7:]\}511 Er.g [flgsglhfl]a Ping = Iim Er g [ping], X = lim Ep ;[3]. (8.46)
) N—oo N—o0

The quenched average is performed over the graph ensemble and the Bernoulli source. It
is expected that the free energy, internal free energy and complexity concentrate on their
quenched average.
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To perform the quenched average we assume that the cavity messages Qi—q(7i—q) and
@a_m-(ﬁa_m-) can be considered as i.i.d. realizations of random variables @Q.(n) and @Z(ﬁ)
The random variables depend only on the position z along the spatial dimension and not
on the direction of the edges ¢ — a and a — i. This key assumption is partially justified
by the following reason: If one selects an edge (i, a) randomly, its neighborhood will be a
tree with high probability. Therefore in the limit N — oo, the messages Q;—q(7i—q) and
@aﬂi(ﬁaﬁi) will converge in distribution to the random variables @.(n) and @Z ).

The distributions of the random variables @, (n) and @Z(ﬁ) are denoted Q, and Q.. Note
that the cavity messages are already distributions over real numbers, so that Q, and 0.
are distributions of distributions. From the cavity equations (8.39), (8.40) it is easy to
formally write down the set of integral equations that these distributions of distributions
satisfy. These are the density evolution equations for the cavity message.

8.3.1 Fixed-Point Equations of the Cavity Method for g < 3.

Using the method of [16], we can simplify considerably the equation for the density

evolution for 5 < .. The quenched free energy, internal free energy and complexity

can be expressed with only six distribution over real values ¢.(h), @.(h), ¢Z=*'(n|h) and

=1 (7h) . Two of those densities are the probability distribution for the average fields

~

hi—q and hg_s;,

{qz(h) = [ DQ:[Qé(h — Av[Q)]) (8.47)

g.(h) = [DO.[QI5(h — Av[Q)).

The four remaining densities are transforms, for ¢ = +1, of the conditional distributions
q=(n|h) and gz (7|h),

h
£l = Mz oin)
k) - S, G (549
z 1+o tanh Sh # ’

where the conditional distributions ¢.(n|h) and g, (7j|h) are defined with the respect to

~

q.(h) and q.(h),

)

8.49
) (8.49)

Q
@

g=(nlh)g=(h) = [ DQ.[QIQ(n)d(h — Av]
h 0 h— Av

It is convenient to define two functions g and g which correspond to (8.36) in the case of
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density evolution

Bty heo1) = Y020 Ry

G(h1,...,hy_1|J)=JB " tanh~! (tanh S[[*_| tanh 8h;)

where J = (—1)* is the random variable representing the source bits. Furthermore we
set P(r) = ( /T ?)T e P/B for the Poisson-degree distribution of code-bit nodes.

With the independence assumption on the cavity messages, relations (8.45) imply that

distributions ¢, (h), . (?L) satisfy a set of closed equations®

[e'e) w—1
qz(h)zzpu():) S /Hdhaqz v (ha)5(h = g(ha, ... hy)) (8.51)
r=0 Y1y Yp=

G:(h) =—— /Hdh,qzm Z §(h—G(hi,...,hp_1]J)). (8.52)

Y1, 7yp 1=0 J +1

Let 0; = +1 denote auxiliary “spin” variables. We introduce the conditional measure

OVer T1,...,0]_1,

1+ Jtanh B[P o ' 1+ o, tanh h
1/1(0'1,...,O’l_l‘J,hl,...,hp_l): BHZ 177 H B

1+ Jtanh STIEZ tanhﬁh” 1 2
(8.53)
The equations for distributions ¢7 (n|h) and g (7j|h) are
00 P T w—1 R
2 nla(n) =3 Ty / [T Pt (ilPe)d— ()
r=0 YlseeesYr=
x 5(77—9(711,--.,7%))5(11—9(31,---@)) (8.54)

5We use the convention that if z is out of range the corresponding distribution is a unit mass at zero.
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and

wpP~1
yl» 7yp 1=0

ZAhE0) = / H dhigsy, (he)

><f Z Z 1(0’1,...,O'p_1|JU,h1,...,hp_l)

=+101,...,0p—1=%1
X 6(h—g(h1,..., p—11]J))
p—1
x / TT diaZ,, (0:lh)3 3 — G- mpr | 1)) (8.55)
=1

Equations (8.51), (8.52), (8.54), (8.55) constitutes a closed set of fixed-point equations
for six probability distributions.

8.3.2 Complexity in Terms of Fixed-Point Densities

Let

{Zl(hl,...,%p|J)—1+Jtanh5]‘[ ', tanh Bh; (5.56)

Z2(7117 coshe) =53 e [l (T + atanhﬁhi).

Weights Z; and Zy corresponds to (8.38) in density evolution. We are now ready to
give the expression for the complexity in terms of the densities q,(h), g-(h), ¢7(n|h) and

az (ilh).

The expression of f is the simplest

—Bf =In(1+e %) + (R— 1)1n2
I-1& 1

- T E /H dthz-Fyz )

z=1 Y1,-- 7yp_0

1

x5 > nZi(hy,... hy | J)
J==%1

R L+w—1 oo P(T)

w—1 -
< Y /Hdhaqz vo(ha) 10 Zo (R, ... hy). (8.57)

Y1yesYr=

Recall formula (8.18) which expresses the complexity as

3(B) = B(pimnt(B) = frever-1(8)) (8.58)
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Since we already know that f is given by (8.57), it remains to compute the internal free
energy in the Bethe approximation. For this purpose we use

Ping<(B) = ( Fiovet1 (85 ))|o=1- (8.59)

We compute the z-derivative on (8.41), and average over the cavity distributions, the
graph ensemble and the Bernoulli source. To express @, we first need to define the
conditional measure over ¢ = +1

H];:l(l + o tanh ﬁiAza)

1% O'/f;, ,...,/ﬁ = N ha)
2(olh 2 [1%_, (1 4 tanh Bhy) + [T, (1 — tanh Bh,)

(8.60)

After some algebra one finds that g, () is given by

—B%: =In(1 + 6—25) (R - 1) In 2
_pt Z / [T e 40
z= 1 y1, SYp=0
Xf Z Z V1(0'1,...,0p|J,h1,...,hp)

J +1o01,..., =+1

x / [Lanaze, Culho) o Za0ms ..oy 1)

R L+wlooP

L+w—1 Z Z wT

z=1 r=0

/Hdhaqz va(ha) S va(alha,. .. hy)
Y1,.- 7y7‘_0 o

/ T1 72y, (Faloa) In Zoins .. 7). (3.61)
a=1

Thanks to (8.57), (8.61) the complexity X(3; L, w) of the coupled ensemble is computed,
one reads off the dynamical and condensation thresholds 4(L,w) and S.(L,w). The
corresponding quantities for the underlying ensemble are obtained by setting L = w = 1.

8.3.3 Population Dynamics

The fixed-point equations (8.51), (8.52), (8.54) and (8.55) cannot in general be solved in
closed form. To solve those equations numerically we use a method called population
dynamics.

The idea is to represent the densities ¢.(h), ¢=(n|h), §.(h), and ¢ (7j|h) through a sample
called a population. We have two populations: a code-bit population and a check
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Algorithm 8.1 Population Dynamics for (8.51) and (8.52)

for z=1toL+w—1do
fori=1 ton do

L Draw }Az(zﬂ-) uniformly from [—1, +1];

for t € {1,... ,tima} do
forz=1to L+w—1do

for i =1 ton do
Generate a new h, ;;

Choose p — 1 pair indices ay, ..., ap—1 uniformly from nw pairs (y, j),
yelz—w+1,z]and j € {l,...,n};
if for some index k, ar, = (y,j) and y < 1 then

L Set Eak =0;

Set h,iy = Yh ] hay;

for z=1 to L do
fora=1ton do
Generate J randomly and generate a new ﬁ(zﬂ);
Choose r — 1 indices i1, ... ,i,—1 uniformly from nw pairs (y, j),
y€E€z,z+w—1]and j € {1,...,n};
Compute ?L(Z@) according to (8.52);

population. The code-bit population is constituted of L +w — 1 sets labeled by z € [1, L+
w—1]. Each set, say z, has a population of size n, constituted of triples: (h(z,i), 77;;71.), 77(_,3,1‘))’
1 <i < n. The total size of the code-bit population is (L +w — 1)n. Similarly, we have a
population of triples with size Ln for check nodes, i.e., (iAz(Zﬂ), %7a),ﬁé7a)), z=1,...,L,
a=1,...,n. As inputs, they require the population size n, the maximum number of
iterations tpyax, and the specifications of the SCLDGM (p, R, L, w) ensemble. First we
solve the two equations (8.51) and (8.52) with Algorithm 8.1.

First we solve the two equations (8.51) and (8.52) with Algorithm 8.1. Then we solve
(8.54) and (8.55) with the Algorithm® 8.2. From the final populations obtained after
tmax iterations it is easy to compute the complexity and the thresholds 54, Se.

8.3.4 Further Simplifications of Fixed-Point Equations and Complex-
ity

~ ~

It is immediate to check that g,(h) = 0(h) and g.(h) = d(h) is a trivial fixed point of
(8.51), (8.52). When we solve these equations by population dynamics with a uniform

In the next to last line marked (*) the chosen index is not in a valid range. In an instance of a
coupled ensemble, this happens at the boundary, in which the corresponding node has smaller degree.
In the message-passing equation we discard these indices or equivalently assume that their triples are
(0,0,0).
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Algorithm 8.2 Population Dynamics for (8.54) and (8.55)

for z=1to L do

for i =1 ton do
t Set 17?; = Foo and draw h; ;) from g, (h);

for t € {1,...,tmqes} do
for z=1 to L do

fora=1 ton do

Generate J randomly and generate a new triple (?L(Z’a), ﬁ(t,a)’ﬁ(;,a)):
Choose r — 1 indices i1, ..., i,—1 uniformly from nw pairs (y, j),
y€lz,z+w—1]and j € {1,...,n};

Compute ﬁ(z7a) according to (8.52);

Generate a configuration oy, ...,0,—1 from v1(...|+ J, ki, ..., hi,_,) in
(8.53);

Compute ﬁ(t,a) by plugging nf*,...,n; " in (8.55);

Generate a configuration oy,...,0,_1 from v1(...| — J, ki, ..., hi_,) in
(8.53);

Compute 7, ., by plugging nit, ... mp o in (8.55);

forz=1to L+w—-—1do

fori=1 ton do
Generate a new triple (h,;), 77(2,1)7 77(_Z7i)): Choose p — 1 pair indices
ai,...,ap—1 uniformly from nw pairs (y,7), y € [z —w+ 1, 2] and
je {1";’ ,n}; if  for some index k, ar = (y,j) and y < 1 then

| Set (hays gy i) = (0,0,0)3(%)

B Set h.;) = Zz; Eak, and néi) = Zi;% ﬁi’
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initial condition over [—1, +1] for R, we find that for fixed degrees and S fixed in a finite
range depending on the degrees, the updates converge towards the trivial fixed point.
Up to numerical precision, the values of h, h are concentrated on 0. It turns out that the
range of 8 for which this is valid is wider than the interval [0, 5.]. At first sight this could
seem paradoxical, and one would have expected that this range of 3 is equal to [0, 5.]. In
fact, one must recall that beyond f. the equations of paragraph 8.3.1 are not valid (see
Section 8.1), so there is no paradox. Theorem C.1 in Appendix C shows that, for a wide
class of initial conditions and given [, for large enough degree p the iterative solution
of (8.51), (8.52) tends to the trivial point. This theorem, together with the numerical
evidence, provides strong support for the exactness of the following simplification.

We assume that for 8 < ., equations (8.51), (8.52) have a unique solution ¢.(h) = §(h)
and .(h) = 6(h). For h = h = 0 the distributions in (8.54), (8.55) possess a symmetry
2= (n]0) = ¢Z=1(—n|0), gZ= (5]0) = gZ=~1(~7|0). It is therefore natural to look for
symmetrical solutions, and set

¢ () =qZ" " (0l0),  and g (H) =7~ [@0). (8.62)

Finally, equations (8.54), (8.55) simplify drastically,

%) F’r w—1 R R
=20y / [L a0, (00— o), (869
r=0 YlyeeiyYr=
and
-t (5 — 1 d
G (M) =—= H i 4y, (1)

Yi,-- ’yp 1=0
1+Jtanhﬁ R
(Y LS tanh g

: —m, o [ D) (864

J==%1

Remarkably, these are the standard density evolution equations for an LDGM code over
a BSC test-channel with an amplitude of half log-likelihood ratios equal to 3.

The quenched free energy (8.57) now takes a very simple form
—Bf=I(1+e )+ (R-1)In2. (8.65)

At this point let us note that this simple formula has been proven by the interpolation
method [110], for small enough 3. Since it is expected that there is no (static) ther-
modynamic phase transition for § < ., the free energy is expected to be analytic for
B < Bc. Thus by analytic continuation, formula (8.65) should hold for all § < §.. This
also provides a posteriori support for the triviality assumption made above for the fixed
point. Indeed, a non-trivial fixed-point leading to the same free energy would entail
miraculous cancellations.
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When we compute the complexity, expression (8.65) cancels with the first line in g,
(see Equ. (8.61)). We find

S(B; L _p—1 3 1w_1i +
(B; L,w) _L;wy:o e[qz+y,qz}
1 & R L+w—1
_ v [+ e _ n

where

/dn q"(n) In(1 + tanh Bn),

/ dndi ¢ (7)g" (7) In(1 + tanh By tanh £7). (8.67)
For the underlying ensemble (L = w = 1) the complexity reduces to

S(8) = (p— DZelg™, 7] — pZu[q"] + Rg "] (8.68)

The average distortion or internal energy (see (7.15), (7.16)) at temperature /5 is obtained
by differentiating (8.65), which yields the simple formula

1 1 —tanh

U= g for f<f. (8.69)

It has to be noted that this expression is only valid for § < B.. To obtain the optimal
distortion of the ensemble Dqpy (see table 7.1) one needs to recourse to the full cavity
formulas in order to take the limit 5 — +oc.

It is much simpler to solve the simplified fixed-point equations (8.63), (8.64). The
population dynamics algorithm is almost the same as in Algorithm 8.1. The only
difference is that J is generated according to the p.d.f. (1 + Jtanh f3)/2 instead of
Ber(1/2). The big advantage is that there is no need to generate the 2"~! configurations
01, ...,0._1 which reduces the complexity of each iteration.

As expected the complexity obtained in either way is the same up to numerical precision.

8.3.5 Large Degree Limit

Inspection of the fixed-point equations (8.63) and (8.64) shows that the distributions’

h
07(0) = Gyaol), and g7 (7) = Y LR 5 ) (370
J==*1

"Here we adopt the notation §; . for a unit mass distribution at infinity.
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are a fixed-point solution in the limit p — 400, R fixed. This is (partially) justified
by Theorem C.2 in Appendix C. The fixed point (8.70) leads to a complexity for the
underlying model for p — 400,

lim S(8) =(R-1)n2- 3 1+J;anhﬁ1n(1+‘];anhﬂ). (8.71)

%
p—rteo J—+1

The condensation threshold lim, ., 8. is obtained by setting this expression to zero

L 1 + tanh 5,
1 —R—pETth(#), (8.72)
which is equivalent to
. 1 1-— Dsh(R)
1 e =fFsh = = In(————-—7). .
i Be =P = 5 In(=p =) (873)

In the large degree limit the condensation threshold is equal to the amplitude of half-log-
likelihood ratios of a BSC test-channel with probability of error Dy, (R), i.e., tuned to
capacity. Moreover the average distortion or internal energy is given by

1 —tanh3) B < Ban(R)

Dsh(R) 6 > ﬁsh(R) (8.74)

p—+oo 2

lim 1u(ﬁ) :{ 2

8.4 The Predictions of the Cavity Method

8.4.1 Complexity and Thresholds of the Underlying and Coupled En-
sembles

We have computed the complexity and the thresholds from the cavity theory. These
have been computed both from the full cavity equations of Section 8.3.1 and from the
simplified ones of Section 8.3.4. Numerical values of the dynamical and condensation
thresholds are presented in Tables 8.1 and 8.2. Results are obtained with population sizes
n = 30000 (uncoupled), n = 500 — 1000 (coupled), and iteration number tmax = 3000.

Since the free energies of the coupled and underlying ensembles are the same in the
limit of infinite length (known from Theorem 7.1) and the condensation threshold is
a singularity of the free energy (known from the cavity method), we can conclude on
theoretical grounds that
lim Be(L,w) = Bc(w = 1). (8.75)
L—+o0

The right-hand side of Equation (8.75) is the condensation threshold of the underlying
system that is equivalent to a coupled system with w = 1.
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Table 8.1: The numerical values of 84 and . for SCLDGM(p, R = 0.5, L,w = 3)
ensembles with p = 3,4, and 5 and different values of L.

uncoupled L
ensemble 32 64 128

3 Ba 0.883 0.942 0.941 0.941
Be 0.940 0.958 0.948 0.946

B 0.875 1.010 1.010 1.009
Be 1.010 1.038 1.023 1.017

5 Ba 0.832 1.032 1.030 1.029
Be 1.032 1.067 1.048 1.039

p B

Table 8.1 shows that the condensation threshold S.(L,w) of the coupled ensemble is
higher than . for the uncoupled ensemble and decreases as L increases. The finite size
effects are still clearly visible at lengths L = 128 and are more marked for larger w. This
is not surprising since we expect the finite size corrections to be of order O(w/L).

Let us now discuss the behavior of the dynamical threshold. Table 8.2 displays the results
for the ensembles LDGM(p = 5, R = 0.5) and SCLDGM(p =5, R = 0.5, L, w).

Table 8.2: The numerical values of 84 and S, for SCLDGM(p = 5,R = 0.5, L, w)
ensembles with different values of L and w.

L B

1 2 3 4

Bq 0.832 1.028 1.029 1.030
Be 1.032 1.038 1.039 1.043

Bq 0.832 1.023 1.027 1.029
Be 1.032 1.035 1.037 1.038

128

256

The column w = 1 gives the dynamical and condensation thresholds of the underlying
ensemble, f4(w = 1) and f.(w = 1). We see that for each fixed L the dynamical threshold
increases as a function of w. Closer inspection suggests that

li li L = =1). .

G lim  By(L,w) = Fe(w=1) (8.76)
Equ. 8.76 indicates a threshold saturation phenomenon: for the coupled ensemble
the phase of non-zero complexity shrinks to zero and the condensation point remains
unchanged. This is analogous to the saturation of the BP threshold of LDPC codes

towards the MAP threshold [78]. It is also analogous to the saturation of spinodal points
in the Curie-Weiss chain [82]. Similar observations have been discussed for constraint
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satisfaction problems in [83].

8.4.2 Comparison of * with [y

We systematically observe that the optimal algorithmic value 8* of the BPGD-h algorithm
is always lower, but somewhat close to 34. For example for the uncoupled case p =5 we
have (5%, B4) ~ (0.71,0.832). For the coupled ensembles with (L = 64, w = 3) we have
(8, B4) ~ (1.03,1.038). In fact, in the coupled case we observe * ~ 84 ~ .. Thus for
the coupled ensemble BPGD-h operates well even close to the condensation threshold.

This is also the case for BPGD-r as we explain in the next paragraph. We use this fact in
the next section to explain the good performance of the algorithm for coupled instances.

8.4.3 Sampling of the Gibbs Distribution with BPGD-r

Threshold saturation, equation (8.76), indicates that for L large, the phase of non-zero
complexity, occupies a very small portion of the phase diagram close to .. This then
suggests that for coupled ensembles Markov chain Monte Carlo dynamics, and BPGD-r
algorithms are able to correctly sample the Gibbs measure for values of 8 up to ~ g..
Let us discus in more detail this aspect of the BPGD-r algorithm.

By the Bayes rule:

N

pp(u | z) = [ pp(uwilz, u, .. uis). (8.77)
i=1

Thus we can sample u by first sampling u1 from pg(ui|z), then us from pg(us|z, uq) and
so on. Then, computing x, = ®;co,u; and the resulting average distortion, yields half the
internal energy u(53)/2. With the BPGD-r algorithm the average distortion is computed
in the same way except that the sampling is done with the BP marginals. So as long as
the BP marginals are a good approximation of the true marginals, the average distortion
Dgpcp-r(B) should be close to u(/3)/2. This can be conveniently tested because the
cavity method predicts the simple formula (8.69) for the internal energy.

In Figure 8.3 we observe Dppap—r(83) &~ (1 — tanh 3)/2 for 8 < (', with a value of /3’
lower but comparable to 84. In particular for a coupled ensemble we observe 3’ ~ 4 ~ ..
So Figure 8.3 strongly suggests that BPGD-r correctly samples the Gibbs distribution of
coupled instances all the way up to ~ ., and that BP correctly computes marginals for
the same range.
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Figure 8.3: The performance of the BPGD-r algorithm. The plot shows that the algorithm
can approximate average distortion quite precisely for 3 < 3’ ~ 4. The black curve shows
the average distortion u(/3)/2 = (1 — tanh 3)/2 for 5 < .. The results are obtained for
the underlying LDGM(5, 0.5, 128000) and coupled SCLDGM(5, 0.5, 64, 3, 2000) ensembles.
The results are averaged over 50 instances. Numerical values of various thresholds are
Bd,un = 0.832, Bq,cou = 1.030, 3. = 1.032.

8.4.4 Large Degree Limit

According to the information theoretic approach to rate-distortion theory, we can view
the encoding problem as a decoding problem for a random linear code on a BSC (q) test-
channel with noise ¢ = Dg,(R). Now, the Gibbs distribution (7.8) with 8 = $1n(1 —q)/q
is a MAP-decoder measure for a channel problem with the noise tuned to the Shannon
limit. Moreover, for large degrees the LDGM ensemble is expected to be equivalent to
the random linear code ensemble. These two remarks suggest that, since in the case of
coupled ensembles with large degrees the BPGD-h encoder with optimal 8* approaches
the rate-distortion limit, we should have

ﬁ*%,lnl_q Ellniﬂ“(m_

2 q 2 Dg(R) (878)

In fact this is true. Indeed on the one hand, as explained above, for coupled codes we
find 8* =~ B4 =~ B, (even for finite degrees). On the other hand the analytical large degree
analysis of the cavity equations in Section 8.3.5 enables us to compute the complexity
and to show the remarkable relation

11— Dy(R)

Be~ =In

f 1. .
5 Da(R) or p>> (8.79)

These remarks also show that the rate-distortion curve can be interpreted as a line of
condensation thresholds for each R.
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8.5 Discussion

8.5.1 Summary

We have investigated a simple spatially-coupled LDGM code ensemble for lossy source
coding. No optimization on the degree distribution is required: the check degree is regular
and the code-bit degree is Poisson. We have shown that the algorithmic rate-distortion
curve of a low-complexity encoder based on BPGD enables us to approach the ultimate
Shannon rate-distortion curve, for all compression rates, when the check degree grows
large. The inverse temperature parameter (or equivalently, test-channel parameter) of the
encoder could be optimized. However we have observed numerically and we have argued
based on large degree calculations that a good universal choice is Sgn(R), given by tuning
the test channel to capacity. We recall that for the underlying (uncoupled) ensemble the
same encoder does not perform well; indeed, as the degree grows large, the difference
between the algorithmic rate-distortion and Shannon rate-distortion curves grows. Insight
into the excellent performance of the BPGD algorithm for spatially-coupled ensembles
is gained by studying the phase diagram of the Gibbs measure on which the BPGD
encoder is based. We have found, by applying the cavity method to the spatially-coupled
ensemble, that the dynamical (inverse temperature) threshold §; saturates towards the
condensation (inverse temperature) threshold .. For this reason the BPGD encoder can
operate close to the condensation threshold ., which itself tends in the large degree limit
to Bsh(R), the test channel parameter tuned at capacity. For the underlying (uncoupled)
ensemble the dynamical threshold moves in the opposite direction in the large degree
limit so that the BPGD algorithm cannot operate close to the Shannon limit.

8.5.2 Open Questions

We mention some open questions that are left out by the present study and would deserve
more investigations.

Tracking the Evolution of the Dynamical Threshold

For fixed degrees, the best value of the inverse temperature 5, of the BPGD algorithm
is close to, but systematically lower, than the dynamical temperature ;. Although
the value of 54 can be calculated by the cavity theory, here we determine 3, by purely
empirical means and it is not clear what the theoretical principles that enable us to
determine its value are. As the graph is decimated the degree distribution changes and
the effective dynamical temperature of the decimated graphs should evolve to slightly
different values. It is tempting to conjecture that [, is the limit of such a sequence of
dynamical temperatures. A related phenomenon has been observed for the dynamical
threshold with respect to clause density for random constraint satisfaction problems in
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their SAT phase [111].

Analyzing the Decimation Process

The decimation process used in this chapter is hard to analyze rigorously because it is
not clear how to keep track of the statistics of the decimated graph. However we would
like to point out that a related process has been successfully analyzed in recent works
[112] for the K-SAT problem in the large K limit up to the dynamical threshold (in the
SAT phase). These methods could also be of use in the present case.

Proof of Threshold Saturation

Finally, whereas a rigorous control of the full cavity method is, in general, beyond present
mathematical technology, there are sub-problems for which progress can presumably
be made. For example, in the present case we have observed that the cavity equations
reduce (in the dynamical phase 34 < 8 < f3;) to density evolution equations for an LDGM
code on a BSC. The saturation of the dynamical temperature 5; to the condensation
temperature 3. appears to be very similar to the threshold saturation phenomenon of
channel coding theory. By now, we have a host of mathematical methods pertaining to
this effect for LDPC on general binary memoryless channels [78], [80]. We think that
these methods could be adapted to prove the saturation of 84 towards S.. One extra
difficulty faced in the present problem is that the “trivial” fixed-point of density-evolution
equations of LDPC codes is not always present in the LDGM case.
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'\ The All-zero Codeword Assump-

tion for Symmetric Channels

The all-zero codeword assumption for symmetric channels is general for linear codes and
symmetric decoder. We mention [59] for an extensive proof. We take the opportunity
in this appendix to give an explanation of this assumption in the language of Gibbs
measures and spins systems. The proof is given for LDPC codes but in fact does not
require that the parity-check matrix is sparse.

We recall that a binary string x and its spin sequence representation ¢ are linked by the
transformation

We call ¢ a general codeword, o the emitted codeword and s the received message
after transmission over the channel. We say that a channel is symmetric if its transition
probability satisfies

q(siloi) =q(=s;|—05). (A.2)

If we receive the message s, the probability that the codeword ¢ was sent is given by the
Gibbs measure

1
h) = [T(1+ ] o) I] " A.
pLppc (o | h) Ziovo L ( + ieaaa ) I eivi, (A.3)

where h; are the half log-likelihood ratios

1. q(si|1)
hi S;) — —1In . A4
0= 2 s D) A
The probability distribution of the log-likelihood ratios is based on the distribution of
the received message

P (s)= [T a(silo?)- (A.5)

eV

145



Appendix A. The All-zero Codeword Assumption for Symmetric Channels

We will show now that up to a change of variable in the Gibbs measure, the codeword
sent can be chosen as the all-zero codeword. We introduce the change of variable denoted
by a tilde

G=0-0" (A.6)

were the product is realized componentwise. Notice first that the symmetry of the channel
(A.2) implies

hi (Sz) 0'? = hi (8,‘0’?) . (A7)
Therefore reparametrizing the codewords ¢ in the Gibbs distribution is equivalent as
reparametrizing the channel observation s

propc (@ | b (s)) =pLppc (@ | A (3)). (A.8)

The difference is that now the reparametrized channel observation is distributed as if the
the all-zero codeword was sent

Py (3) = [La(si0? | o)

eV

=IlaGsi | D). (A.9)

eV
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On the Number of Rooted Poly-
mers

The convergence criterion (4.32) in the polymer expansion requires an evaluation of the
“entropy” of rooted polymers. The term “entropy” has to be understood as the number of
polymers of a given size. The following lemma gives a bound on the entropy of polymers
on a d-regular graph. Its generalization to irregular bipartite graphs with degrees of
variable nodes and check nodes bounded by U4 and 7,42 is straightforward by setting

d = max (Imax, "max)-

Lemma B.1 (Bound on the number of rooted polymers). Let I' = (V, E) be a d-regular
graph with vertex set V and edge set E. The number of polymers vy (connected subgraphs)
of size |y N'V| =t rooted to any vertex x € V is upper-bounded by

Z]I(|70V|:t) < e,

yox

Proof. A polymer v > x is uniquely determined by one of its spanning tree T, plus the
complementary set of edges y\T. Figure (B.1) shows an example of this injective mapping.
We ask the following question: If T is a spanning tree, how many different polymers have
T as a spanning tree? In other words how many combinations of complementary edges
can be made once T is given? Let g be the graph spanned by T which contains the most
edges. As T is a tree, |T'N E| = |T'NV|— 1. Therefore the number of complementary
edges unspecified by a spanning tree is at most

g\T|=|gNE|-|TNE|
=|lgNE|—|TNV|+1
=|lgNEl—|gnV|+1

d
< (2—1> lgNV]+1. (B.1)
Denote by A; (x) the number of polymers of size ¢ rooted in € V and call B; the
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Oy YRR (i

L}
A

Figure B.1: On the left: a polymer is represented with colored solid lines. A spanning
tree is shown in blue and the complementary edges in red. On the right: the spanning
tree is shown on the computational tree in blue with a possible representation of the
complementary edges in red.

number of rooted d-ary trees with size t. Based on the previous considerations
Ay (z) < 2061+ g, (B.2)

To find a formula for By, we use a derivation based on generating functions similar to
the one of Catalan numbers in [113]. Define the generating function

B(z):=> z'B. (B.3)
t=0

If one removes the root of a d-ary tree it splits the tree into d trees of smaller size. This
yields the following equation for the generating function

B=1+2zB% (B.4)

By using the Lagrange-Biirmann formula on Equation (B.4) we find

1 td
-] o5

Finally we can relax the bound (B.2) to have a simpler expression by noticing that

2(2-1)itlp, <edt, (B.6)

O]
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Two Theorems for the Density

Evolution Equations

Theorem C.1 provides theoretical support for the simplifications of the cavity equations
discussed in Section 8.3.4.

Theorem C.1. Consider the fixed-point equations (8.51) and (8.52) for the individual
Poisson LDGM(p, R) ensemble with a fized 5. Take any initial continuous density Q(O)(ﬁ)
and consider iterations (j(t)(ﬁ). There exists pg € N such that for p > pg, lims_oo R =0
almost surely.

The proof! is presented in Section C.1. Note that pg depends on 5 and R. However we
expect that as long as 8 < 8. the result holds for all p > 3 and R. This is corroborated
by the numerical observations. When we solve equations (8.51) and (8.52) by population
dynamics with (j(o)(fz) the uniform distribution, we observe that for a finite range of 3
depending on (p, R), the densities ¢ (), g () tend to a Dirac distribution at the origin.
The range of § for which this occurs always contains the interval [0, 8.] irrespective of
(p, R). These observations also hold for many other initial distributions. We note that
these observations break down for 3 large enough.

Theorem C.2 partially justifies (8.70) which is the basis for the computation of the
complexity in the large degree limit in Section 8.3.5.

Theorem C.2. Consider the fized-point equations (8.63) and (8.64) associated with the
individual Poisson LDGM(I, R) ensemble for some p, R and 5 (w =1 in the equations).
Let 1® be a random variable distributed according to g+® (M) at iteration t. Assume that
the initial density is

0w = Y s ), (©1)

Then,

Tt can be extended to other irregular degree distributions.
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Appendix C. Two Theorems for the Density Evolution Equations

1. Forallt,

q
g™ (—n) = e gt () . (C.2)

2. Forany 6 >0, e >0 and B > 0, there exits Iy such that for 1 > 1y and all t.

28
e <) e 4
P{1-e<i 31}>1+625(1 5), (C.3)
1
<< o
P{-1<7 < 1+e}>1+62/3(1 5). (C.4)

The proof is presented in Appendix C.2.

C.1 Proof of Theorem C.1

We first state two useful lemmas

Lemma C.1. Let the random variable X be distributed according to a Poisson distribution
with mean \.

At
i — <
P(X < 2)<<—:-Xp( 10), t<1,
3t At
P(X > —) <exp(——), t>1. (C.5)
2 10
Proof. Use the Chernoff bound. O

Lemma C.2. Let

3
1 = B2 (tanh o) P

eV R
o = exp(—ﬁ) + %exp(— 60\/\/;) (C.6)

with €g = min(1/2, 3/2). Consider the recursions fort > 1

err1 = (t+ l)ﬁ%(tanh et)(pR)1/4,
p p —1
= - 1 =(2 P .
b1 = exp(— (14 1) + L2VE) (1)
There exists an integer py (depending only on R and () such that for p > py,

1. & < 5 fort > 0.
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C.1. Proof of Theorem C.1

2. 0y < 2exp(—xt) fort > 2.

Proof. Consider the first property. At t =0, ¢y < 1/2. Assume that ¢, < % fort > 1,
then

3 . 3
0 = B2 (tanh ) PR < 1822 ey 0P
3p 1 (pR3)1/4 tﬁ% 1
= tﬁﬁ(ﬁ)(p "= ot((LR3)1/4-1) X i1 (C.S)

The proof is complete if tﬁ%p < 2UV/PRP=1) for ¢ > 1. It is clear that this is true for p
large enough.

Now consider the second property. Clearly for p large enough such that

d2 = exp <—5€%) + %(2\/5)7’_1 < 2exp (—51;{) . (C.9)
To complete the proof by induction, we remark that §; < 2exp (—%t)) < 1 implies
P (2v/5,)P71 < exp (—p(t + 1)) (C.10)
R SR
for p large enough independent of t. O

We now turn to the proof of Theorem C.1. It is organized in three steps:

1. We first show that for any small 4; and €1, one can find an integer p; such that for
j = I

qlzp{yh(“yg;}zl—&. (C.11)

2. We then show by induction on ¢ > 1 that

ntIP’{]h(t)| < ;} >1—4,. (C.12)
3. Finally using Lemma C.2 we deduce that h®) — 0 almost surely as t — 4-o00.

Proof. [Proof of Theorem C.1]

We begin by noting that regardless of the initial distribution, g(*) (iAz) has a symmetric
h<t>] < 1 from (8.52). Thus,

density due to the symmetric distribution of J. Moreover,
A0 (iAL(t)) =0 and Var(ﬁ(t)) =Ezo (52) <1.
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Step 1: We set P(r) = e *2; and A = p/R. Let h("t) =31, A where A are i.i.d.
random variables with probability density §*)(h). Let 02 = E((ﬁg )) ) < 1. According to

[114, Theorem 3.5.3] we have for any ¢y > 0. Thus, there exists '(ep, 8) € N such that
for r > 1/,

{]h’"o)\ <2 } > 5\277« (C.13)

Take p such that A = p/R > p//R = 2r/, then

Q0 = P{\h(o)\ < ;O}

=3 P(r)P {th)\ < 60}
r=0 ﬁ
3/2

>3 P(T)P{m(w)y < 2’}

r=\/2
30/2

5\/ 37r 2}\:/2

ﬁ\/?)?(l—Qe 10) (C.14)

The last inequality follows from lemma C.1. Thus for p large enough

Recall A+ = %tanh_l(J tanhBHfz_ll tanh th(t)). From tanh™!(atanh 8) < af for
0 <a <1, we have

p—1
)E““)] <1 tanh]5h§. (C.16)
=1
Define
p—1 p—1
Zz(at) =1In (H tanh ‘ﬁhl(t) ) = Z In (tanh ‘Bhl(t) ) . (C.17)
i=1 i=1

Note that ZI(,t) is always negative and if one of hgt) tends to zero, it diverges to —oo.
Consider ¢t = 0. We will show that Z,SO) has a large negative value with high probability.
Define

W > %

Ui—1, if
u; = (C.18)
u;—1 + Intanh ey, otherwise,

with ugp = 0. One can check for later use that Z;(;O) < uy,. Moreover, because of (C.15)
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C.1. Proof of Theorem C.1

one can consider u, as a random walk (with negative jumps),

i—1, ith b. 1—
v — Ui—1 with pro q (C.19)
u;—1 + Intanh ey, with prob. gp.
Let s = In (tanh(ep)). Using the Chernoff’s theorem [115, Page 151],
L up —3/4 —3/4
P {p_ls <X < exp (—(0 = DDA a0)) (C.20)
where D(z|ly) = zIn({) + (1 — ) ln(%). Now, since
x
zln(—) > zIn(x), (C.21)
4q0
and 1—2 1—2
1—xln< — >> l—xln< — ), C.22
-0 (12 ) > 0 -a)w (5 (©22)
we have
DOA4|go) > —Ha(A™3/*)In(2) — (1 = A3 In (8) (C.23)
for dg defined in (C.15). By a large A\ expansion of the right-hand side of (C.23):
1
—Hy(A\ ¥ In2—(1 = A Indy = ——— 4 o(—=). C.24
Thus, there exists p” € N depending on R, 3 and ¢ such that for p > p”,
1 u _ eo(lp—1)
Pd——-L <) 3/4}<e i ) C.25
{p —1s P 4583 A ( )
By replacing s = Intanh g and A = & =~ % for large degrees,
1/4 _ €V Rp
P{up > (IpR) lntanheo)} < exp < 45\/3771'> , (C.26)

Note that the inequality in P(...) is reversed since s < 0. Now recall Zj(,o) < up.
Therefore,
]P’{ZI()O) < (pR)Y*Intanh eo} > P{up < (pR®)Y*Intanh 60}

oV Rp
4831 ]

>1—exp <— (C.27)
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Appendix C. Two Theorems for the Density Evolution Equations

Consequently,
P{‘B(l)‘ < (tanh 60)(pR3)1/4} > IP’{ Z{9 < (pR)"*In tanh 60}
>1—exp ( 60\/7> . (C.28)
From ‘h("’l)‘ = ‘2221 B
P{‘th)’§7%tanh€0pr%1“} >]P{‘h < tanheoﬂpRﬁlﬂ}
oo (55
- ABV/3m
>1—rexp ( 60\/7> (C.29)

for p large enough. Therefore we have

{‘h ‘< 2 A(tanh eg)( pRS 1/4} ZP P{‘h(r’l)‘ﬁ2)\(tanh60)(pR3)l/4}

3A/2 ry| 3 (pR3)1/4
3" P(r)P ‘h : ‘giA(tanheo)
r=0

Vv

30/2
S~ Pr)P{[nD)] < r(tanh ) ®F |

=0

32/2
> Plr)|1l—rex —60m>>
_Tg ()( p( NG

>1—exp(—0.1\) — Xexp (— fl;%) . (C.30)

Y

To summarize, we have obtained

qlzﬂv{’hﬂ)’ < 61} >1- 4. (C.31)

This completes step 1.

Step 2: The proof is by induction. Assume that
_]P’{\h(t)\ < ;} >1-4, (C.32)

We prove that this holds also for ¢ + 1. This mainly consists in repeating the derivations
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C.1. Proof of Theorem C.1

(C.15) to (C.31) for g, €; and &;. We briefly repeat them here:

P{‘E(Hl)‘ < (tanh et)(pR3)1/4} > P{Zl(t) < (pR*)Y*1n (tanh et)}

>1—exp (-0 - DDA a)) . (C33)
Assume that 6; < 1. From (C.23),
DA lq) > —Hz(A™*) In(2) = (1 = A7) In (5,). (C.34)
If \3/4 < % (equivalently, p > 24/3R),
DO3Y|q) > —In2 — %ln 5. (C.35)
Thus,
P{[RD] < (tanh )P > 1 23/, (C.36)
and finally,

P{‘E(t“)’ < (t+ 1)%)\(tanh et)(lR3)1/4}

3(t+1)M/2 3 -
> ¥ P(T)P{‘h(”’tﬂ)‘§(t+1)2)\(tanhet)(pR) }
r=0
3(t+1)A/2

> ; P(T)P{‘h(r’t+1))Sr(tanhet)(pRS)lM}

3(t+1)A/2

> X PO (1-r2va))

> 1 — exp(—(t + 1)%) SON A (C.37)

Or equivalently,
pes1 =P {|h<t+1>| < “;1} S 1= 6. (C.38)

This completes step 2.

Step 3: Using lemma C.2, for [ large enough (depending on # and R, but independent
of t)

1 p
O s - _
P{‘h ‘ > 52(t+1)} < 6 §2exp( 5Rt) ) (C.39)
The Borel-Cantelli lemma [114, Theorem 2.3.1] states that, h(®) — 0 almost surely if for
all a > 0,

ip{‘h(t)‘ >a} < too, (C.40)

t=1
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Let us verify that h® has this property. For any «, there is 7 such that 1/27"! < Ba.
Therefore, for t > 7,

P{[n0] >} < P{‘h(t)‘ > 2(;%} <4, (C.41)
and hence,
S (] > <7 e B {[n0]> )
<T+ iZexp <—15Rt> < +o0. (C.42)
This completes step 3. O

C.2 Proof of Theorem C.2

Proof. We first show the first property, which is called the Nishimori symmetry. Note
that it is satisfied by gt and ¢*(®. The equations (8.63) and (8.64) are the density
evolution equations associated to an LDGM code over the BSC. It is known that the
Nishimori symmetry is preserved under density evolution recursions (e.g., see [59] for
similar properties in the case of LDPC codes).

Let us turn to the proof of the second property. First note that (C.3) implies (C.4).
Indeed

—1+4e€
Pm®<4+4=/1 7O @)dn

1 ~
- [ i@

—€
> e PP > 1 — ¢}
1

> (-0 (C.43)

So we only have to prove (C.3). We will use induction. The induction hypothesis is (C.3)
for some § > 0 and € > 0 at iteration ¢. It is obviously true at ¢ = 0. Let us first show
that

E(n®) = AE(7®) > 2)s. (C.44)
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for s =2(1—6)(1—e)(1— e 26(1=9) /(1 + e=2F). We have

1

1

1 1
/O A 2817+ O (@)d7 + /0 At O (7)dn
1

"= [
/ 73+ (7)d7 + / RO @)dn
-/

A1 — e (@)
0
1
> [ a0 - e g O
1—e
1
>(1—e N1 —e [ @]
1—e
1— 672,8(176)

This proves (C.44).

By applying Hoeffding’s inequality [115] for A/2 < r < 3\/2,

LN S LN N S
p{ 3ot <3 = p{ S - B <o - |
a=1

a=1

From

P{n(t)<)\;}:§P {ZA“ }

A/2 3)/2

3;)]3“” > PO {ZA“ }+ S PG

r=>\/2 r=3\/2

and Lemma C.1, we get

2
ORI _A> Cexp(AS
P{n >)\2}>1 2exp( 10 exp( )\12).

(C.45)

(C.46)

(C.47)

(C.48)
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Now consider the density evolution equation (8.64). We have

P {ﬁ(tﬂ) > ;atanh <taﬂh(5) [tanh(ﬁ/\;)rj}

A A
ZP{J:Lng) S22 s 25}

5
1 + tanh(p) a o As)\P !
-0 o0 )
1 + tanh(p) A 2\
> — 5 <1 — 2exp <—10) — eXp(—)\m))
e28 P ps?
> 1o (1 -(p-1) (2 exp(~10p) T exp(—m)» (C.49)
Let
1 P p—l
1=<(p. R.9) = Satanh (tanh(ﬁ) [tanh(ﬁs%)] ) , (C.50)
and )
A(p,R) = (p—1) (2 exp(—().l%) + exp(—f;R)> . (C.51)

Inequality (C.3) holds at t + 1 , if e(p, R, ) < € and A(p, R) < . This is true for p > p;
large enough since £(p, R, ) and A(p, R) are decreasing functions of p (for large values
of p). O
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